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The Regulation of Transmitter Expression in Postembryonic Lineages 
in the Moth Manduca sexta. I. Transmitter Identification and 
Developmental Acquisition of Expression 
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The majority of the neurons in the adult nervous system of 
Manduca sextaare born postembryonically, during larval life. 
Stereotypic arrays of identifiable neuroblasts generate their 
clonal families or lineages commencing at the end of the 
second larval instar through pupal day 2, when the neuro- 
blasts die (Booker and Truman, 1987a). We have used im- 
munohistochemical techniques to follow the neurochemical 
differentiation of GABA and a peptide similar to molluscan 
small cardioactive peptide B (SCP,) in identified lineages. 
We report here the distribution and developmental acqui- 
sition of the expression of these putative transmitters. 

There are 24 postembryonic lineages in the second tho- 
racic ganglion of the larvae (Booker and Truman, 1987a). 
Immunoreactivity against GABA and SCP, is seen only in a 
subset of these 24 clonal families. GABA immunoreactivity 
is confined to the progeny of the E, K, M, N, T, and X neu- 
roblasts and is expressed by most or all of the neurons in 
these lineages. The SCP,-like immunoreactivity is found in 
a subset of the neurons in only two clonal groups, the K and 
M groups, and is colocalized with GABA. These results show 
that, though heterogeneity in transmitter type exists (GABA, 
GABA/SCP,), members of a given lineage share at least 
some features (GABA) in common. 

The onset of transmitter expression was followed in detail 
for the K- and M-lineage neurons. During the larval stages, 
the postembryonic lineage cells are developmentally ar- 
rested in a partially differentiated state (Booker and Truman, 
1987a) and do not express transmitter immunoreactivity at 
this time. Their maturation resumes with the onset of meta- 
morphosis. The cells begin to enlarge during the larval-pupal 
transformation, and both GABA and the SCP,-like immuno- 
reactivities begin to appear at 2530% of the pupal-adult 
transition. Neurons that initially express GABA immunoreac- 
tivity continue to express it throughout adult development. 
SCP,-like expression occurs transiently in the M lineages of 
the thoracic ganglia (Tl-T3) but then remains only in the 
M-lineage neurons in the first abdominal ganglion (Al). In 
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contrast, it is stably expressed in all of the K lineages. These 

results suggest that both cell lineage and segment-specific 
factors may be important in establishing transmitter types 
in the postembryonically generated neurons. 

Neurons differ markedly in their morphological and biochem- 
ical properties as well as their functions. Studies in insects, nem- 
atode, and leech have shown that both cell lineage (Sulston and 
Horvitz, 1977; Goodman et al., 1979; Taghert and Goodman, 
1984; Stuart et al., 1987) and cell-cell interactions (Doe and 
Goodman, 1985; Doe et al., 1985; Kuwada and Goodman, 
1985) are involved in determining features such as transmitter 
expression and axonal trajectory in the CNS. The actions of 
glucocorticoids on vertebrate peripheral neurons (Eranko et al., 
1972; Thoenen and Otten, 1978; Bohn et al., 1984; Doupe et 
al., 1985a,b), and 20-hydroxyecdysone on insect motoneurons 
(Levine and Truman, 1985; Weeks and Truman, 1985; Truman 
and Reiss, 1988) suggest that circulating factors also may play 
a role in regulating the expression of particular mature pheno- 
types. 

Invertebrate systems have provided valuable insights into the 
role of cell lineage in determining transmitter phenotypes be- 
cause of the ability to identify specific stem cells and to follow 
their progeny through development. Insects that go through 
complete metamorphosis provide some unique opportunities in 
this respect because large numbers of neurons destined for even- 
tual incorporation into the CNS of the adult are born postem- 
bryonically, during larval life. These cells occur in discrete, ste- 
reotyped clusters within the CNS, each cluster being the progeny 
of a single, identified neuronal stem cell or neuroblast (Booker 
and Truman, 1987a). In contrast to the differentiation of em- 
bryonically generated neurons, which progresses continuously, 
the differentiation of the postembryonically generated neurons 
is interrupted. Shortly after their birth, the postembryonic cells 
begin to differentiate and extend a neurite into the neuropil. 
Their development is arrested at this partially differentiated 
state until the start of metamorphosis, when the cells resume 
maturation synchronously, regardless of birth date. These changes 
are under the control of the steroid hormones that cause meta- 
morphosis (Booker and Truman, 1987b). 

Each thoracic ganglion of larvae of the tobacco homworm, 
Manduca sexta, contains up to 24 distinct lineages of postmi- 
totic immature neurons. Each lineage is a clone arising from a 
single neuroblast. The neurons within each lineage typically 
remain clustered throughout metamorphosis so that in the adult 
one can examine the properties of all the members of a given 
clone. This study used immunocytochemical techniques to ex- 
amine the distribution and developmental acquisition of the 
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expression of putative transmitters among the cells of these 
lineages. We followed the neurochemical differentiation of a 
known inhibitory transmitter, GABA, and of a putative mod- 
ulatory transmitter, a peptide similar to molluscan small car- 
dioactive peptide B (SCP,). The results suggest that the expres- 
sion of these putative transmitters is restricted to and maintained 
within particular clonal groups, but that all the neurons within 
one clonal family need not all express the same transmitter. 

Materials and Methods 
Rearing conditions 
Larvae of the tobacco homworm, Manduca sexta, were reared individ- 
ually on an artificial diet at 26°C under a long day photoperiod of 17 
hr light, 7 hr dark as described by Bell and Joachim (1978). Under these 
rearing conditions, it takes approximately 18 d from hatching to pupal 
ecdysis, and the adult moth emerges about 20 d later. 

For larval, stages and the early portion of adult development, animals 
were timed relative to discrete developmental events: the ecdvsis of 
each larval stage [third, fourth, and fifth instar day 0 (III+O, IV+O, 
V+O, respectivelv)l, the onset of “wandering” bv the fifth stage larva 
[wandering day 0 (W+O), characterized by cessation of feeding and onset 
of intense locomotion], and pupal ecdysis (P+O). Besides the number 
of days past pupal ecdysis, we also used a set of CNS markers associated 
with ganglion migration and fusion to confirm the early stages of adult 
development. .Pigmentation and cuticular markers (Schwartz and Tru- 
man, 1983) were used to stage animals in the last few days of adult 
development. 

Both males and females were used in this study. 

Histological methods 
Ganglia were dissected under insect saline (Ephrussi and Beadle, 1936). 
For paraffin sections, the ganglia were fixed overnight in aqueous Bouin’s 
solution (saturated pi& acid, formalin, and glacial acetic acid, 15:5: 
1) at room temperature (RT) dehydrated, embedded, sectioned at 10 
pm and stained with hematoxylin and eosin. 

We corrected our raw counts of lineage cells using the method of 
Abercrombie (1946) as described in Truman and Booker (1986) to adjust 
for cells that are counted in more than one adjacent section. 

Immunochemical methods 
Different phosphate buffer systems were used for the 5-bromodeoxyuri- 
dine (BUdR), GABA, and SCP, antisera to optimize staining. The buf- 
fers used were the following: for the anti-BUdR serum, lo-mM phos- 
phate buffer (PB) containing 0.15 M NaCl (pH, 7.4; buffer A), and 0.3% 
Triton X- 100 (buffer A-X); for the GABA antibody, a 1 00-mM PB with 
0.5 M NaCl and 0.5% Triton X-100 (buffer B-X); and for the anti-SCP, 
serum, a 1 0-mM PB containing 0.15 M NaCl and 0.1% Triton X- 100 
(buffer C-X). 

Birth-dating. The incorporation of the thymidine analog 5-bromo- 
deoxyuridine (BUdR) combined with whole-mount immunohistochem- 
istry using a monoclonal antibody against BUdR (Gratzner, 1982) was 
used to identify neurons undergoing DNA synthesis. Fifth instar larvae 
were injected with 50 &gm body weight of BUdR (50 mg/ml). Patterns 
of BUdR incorporation were then assessed either 24 hr later or after 
metamorphosis-in the pharate adult (just prior to adult emergence). 

For immunohistochemical analysis, the tissue was fixed in Camoy’s 
solution (absolute alcohol, chloroform, and acetic acid, 6:3: 1) for 2 hr 
at RT. Preparations were rehydrated and then rinsed in buffer A-X. 
Following incubation in 3% hydrogen peroxide in buffer A-X for 15 
min. the tissue was exposed to 2N HCl in buffer A-X for 60 min to 
denature the DNA. Foliowing rinsing and blocking of nonspecific stain- 
ing with a 10% normal goat serum (NGS) for 2 hr, the preparations 
were incubated in the primary antibody (Becton-Dickinson, Mountain 
View, CA) at a 1:200 dilution in 1% NGS in buffer A-X for 2-3 d at 
4°C. Following incubation in the primary antiserum, the tissue was 
rinsed for 2 hr and then exposed for l-2 d in the cold to the secondary 
antiserum [biotinylated horse anti-mouse IgG (Vector Labs, Burlin- 
game, CA) at a 1:200 dilution in buffer A-X and 1% NGS]. Subsequently, 
it was rinsed and then incubated at RT in a 1: 100 dilution of a preformed 

avidin-biotin-horseradish peroxidase complex [ABC-HRP (Vector 
Labs)] in buffer A-X for 2 hr. The antibody-antigen complex was vi- 
sualized using the glucose oxidase (0.3%) method of Watson and Bur- 
rows (1981) with 0.5 mg/ml diaminobenzidine (DAB; Sigma) as the 
substrate. Following this reaction, the tissue was dehydrated, cleared in 
methyl salicylate, and mounted in Canada balsam. 

GABA. For immunohistochemical localization ofGABA in both whole- 
mount and paraffin sections, the ganglia were fixed for 4 hr in a mixture 
of 25% glutaraldehyde (1 part), saturated picric acid (3 parts), and acetic 
acid (1%; GPA, Boer et al., 1979) at 4°C. They were then dehydrated 
and stored overnight in 70% ethanol saturated with lithium carbonate. 
Tissue for whole-mount immunohistochemistry was rehydrated and 
stored in PBS until processing. For paraffin sectioning, tissues were 
dehydrated, embedded in paraffin, sectioned at 8 or 10 pm, and then 
processed immunocytochemically. 

For immunocytochemical staining for GABA, we utilized a polyclonal 
antiserum raised in rabbits against GABA conjugated to keyhole limpet 
hemocyanin (IUH). This antiserum has been well characterized (Hos- 
kins et al., 1986) and was generously provided by Drs. John Hildebrand 
(University of Arizona) and Timothy Kingan (USDA, Beltsville, MD). 
To reduce endogenous peroxidase activity and to increase permeability 
in whole-mount preparations, the ganglia were dehydrated through an 
alcohol series, placed in methanol containing 3% hydrogen peroxide for 
15 min, rehydrated, incubated for 1 hr at RT in 1 M ethanolamine 
(Sigma) in a 100 mM phosphate buffer and then for 1 hr in 1 mg/ml of 
collagenase/dispase (Boehrmger-Mannheim, Indianapolis, IN) in buffer 
B-X. Nonspecific bindina was blocked with 10% NGS in buffer B-X for 
2 hr at 4°C: The tissues ihen were incubated in the anti-GABA serum 
at a 1:5000 dilution in buffer B-X containing 1% NGS for 34 d at 4°C. 
Subsequently, the tissues were incubated in the secondary antiserum (a 
biotinylated goat anti-rabbit IgG at 1:200 dilution in buffer B-X and 
1% NGS) followed by incubation in the ABC-HRP complex. The an- 
tibody was visualized as described above for the anti-BUdR staining. 

For localization of GABA in paraffin sections, the same protocol 
described above for whole-mount preparations was used with the fol- 
lowing modifications: (1) the incubation and rinsing times were short- 
ened (ethanolamine, 30 min; blocking, 60 min; primary antiserum, 
overnight; secondary antibody, 30 min; ABC-HRP, 60 min; rinses, 15- 
30 min), (2) no collagenase/dispase was used, and (3) the visualization 
reaction was done using. 0.25 me/ml DAB and 0.01% hvdroaen Deroxide 
instead of the glucose oxidase method. 

_ I_ 

SCP,-like peptide. For localization of the peptide in whole-mount 
preparations, the ganglia were fixed in 4% paraformaldehyde in 0.1 M 
phosphate buffer (pH, 7.4) for 12-24 hr at 4°C. Because penetration of 
the sheath in paraformaldehyde-fixed tissue was not as difficult as after 
glutaraldehyde fixation, the protocol described for GABA whole-mounts 
was simplified as follows: the preparations were rinsed in a IO-rn~ 
phosphate-buffered saline (0.9% NaCl), dehydrated in a graded alcohol 
series, exposed to 3% hydrogen peroxide in methanol (15 min), and 
rehydrated. To reduce nonspecific staining, the tissue was incubated in 
10% NGS in buffer C-X for 2 hr at 4°C and then incubated for 3-4 d 
in the anti-SCP, monoclonal serum provided by Dr. A. 0. D. Willows 
at the University of Washington (Masinovsky~et al., 1988) at a 1:20 
dilution in buffer C-X with 1% NGS at 4°C. Subseauentlv. the tissue 
was incubated in the secondary antiserum [biotinylated horse anti-mouse 
IgG (Vector Labs) 1:200 in buffer C-X and 1% NGS] for l-2 d, rinsed 
again, and incubated in the ABC-HRP for 2 hr. After a final rinse, the 
peroxidase label was visualized as described above. 

Colocalization of GABA and the SCP,-likepeptide. For colocalization 
of GABA and the SCP,-like veptide. the tissue was fixed in GPA and 
processed for paraffin section&. Alternate sections were mounted on 
separate slides and then processed for immunohistochemistry as pre- 
viously described except that the dilution of the anti-SCP, serum was 
reduced to 1:5 and the ABC ‘Elite’ solution (Vector Labs) was used. 

Preabsorption controls. Preabsotption controls for the specificity of 
the GABA antiserum were performed by incubating the diluted anti- 
serum with 8 &ml of GABA-BSA (bovine serum albumin) conjugates 
overnight prior to immunohistochemistry as described by Hoskins et 
al. (1986). All specific GABA staining in whole-mounts and sectioned 
material was blocked by this preabsorption. 

Preabsorbing the anti-SCP, serum with 10m4 M SCP, (Peninsula, Bel- 
mont, CA) as described by Masinovsky et al. (1988) eliminated staining 
in Manduca sexta. Preabsorption with 10m4 M Phe-Met-Arg-Pheamide 
(FMRFamide; Peninsula) caused a slight reduction in the staining. Low- 
er concentrations of either peptide were ineffective. 
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Figure 1. Map of the postembryonic lineages in the larval and adult T2 ganglion. During the transformation to the adult, fusion of the ganglia 
occurs in the thorax. The pterothoracic ganglion is formed from fusion of T2 and T3 with Al and A2. The larval T2 ganglion contains 47 lineages, 
23 paired and one unpaired (Booker and Truman, 1987a). The positions of the neuroblasts (solid circles) and their associated progeny (outlines) 
are shown on the left. All members of the posterior lateral goup of neuroblasts (N through T) in the larval ganglion have not been included because 
they cannot be uniquely identified in different individuals (Booker and Truman, 1987a). Only the N and T neuroblasts with their family of neurons 
have been labeled in the schematic. The positions of the lineages that we have identified in the adult are shown in the schematic on the right. 
Lineages in the adult that are unlabeled could not be uniquely identified. Br, brain; SEG, subesophageal ganglion. 

Results 
IdentiJcation of the postembryonic lineages in the adult 
thoracic ganglia 
The ganglia of larval Manduca sexta possess a stereotyped set 
of neuroblasts (Booker and Truman, 1987a; Fig. 1). During 
larval life, each neuroblast produces up to 120 neurons, which 
stay as a tightly packed cluster ofarrested, partially differentiated 
neurons and then mature into functional neurons during meta- 
morphosis. The second thoracic ganglion (T2) contains the larg- 
est number of neuroblasts: 47 cells, including one unpaired neu- 
roblast and 23 paired neuroblasts. These neuroblasts and their 
respective lineages can be identified by their positions in the 
ganglion and by the fact that the progeny of a given neuroblast 
extend processes that fasciculate together and insert into tracts 
or commissures that are lineage specific. The various neuro- 
blasts and their neuronal families in T2 are referred to by letter 
(A through X). Other ganglia contain only a subset of the clonal 
groups found in T2 (Booker and Truman, 1987a). Lineages are 
referred to by their letter name (A through X), ganglion [thoracic 
(T) or abdominal (A)], and segment number (1-8) as in Booker 
and Truman (1987a). For example, the M lineage in the first 
abdominal segment will be abbreviated as M(A 1). During meta- 
morphosis, migration and fusion of specific ganglia occur. In 
the thorax, ganglia T2, T3, Al, and A2 fuse, forming the ptero- 
thoracic ganglion, but for simplicity, we will still refer to the 
individual components of a fused ganglion when identifying 
lineages. 

Serially sectioned ganglia were used to follow the fates of 
particular clonal populations from the onset of wandering (W+O) 

through pupal ecdysis (P+O), which occurs 4 d later, and the 
first 5-6 d ofadult development (P+ 1, etc.). By P+9, the ganglia 
have completed the majority of their growth and have finished 
fusing, and the neuronal cell bodies have essentially achieved 
their adult positions. In the larva, the neurons in each lineage 
group are found in compact clusters, and for the most part, they 
remain in discrete clusters during metamorphosis. Also, though 
the position of cells in the ganglia becomes distorted during 
fusion and growth, the lineages retain their spatial relationships 
relative to one another. Another criterion for identification of 
cells in a particular lineage was the various tracts and commis- 
sures into which the cells projected. Although the neuropil un- 
dergoes considerable distortion during metamorphosis, the spa- 
tial relationships of the major tracts are conserved. Most of the 
rostra1 and ventral lineages could be followed as discrete entities 
through metamorphosis. The caudal lineages were more difficult 
to follow because there are many lineages present in this region 
of the ganglion. Because they are more closely spaced, we did 
not try to establish the fates for these lineages except for the 
obvious X (median, unpaired) lineage and the T lineage (des- 
ignation of the posterior, dorsolateral lineage we followed). 

The correspondence between the clusters in the larval and 
adult stages was established by determining the change in po- 
sition of each cluster at daily intervals during the transforma- 
tion. Using this technique we were able to track many of the 
larval lineages into the adult, where they comprised discrete 
clusters of small neurons (Fig. 1). Without using this procedure, 
we would not have been able to identify some of the clusters in 
the adults. For example, the changes seen in the K clonal family, 
a lineage unique among the clones followed in that it separates 
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into a medial (K,) and lateral (K,) subgroup during metamor- 
phosis, are illustrated in Figure 2. Prior to the onset of meta- 
morphosis, the developmentally arrested immature K-lineage 
cells have sent processes into either of two distinct tracts. Some 
project contralaterally into a ventral medial tract (ventral com- 
missural loop II; Tyrer and Gregory, 1982), and the others in- 
serted ipsilaterally into a lateral tract. When metamorphosis 
begins and the maturation of the postembryonic cells resumes, 
the ganglion enlarges due to expansion of the neuropil, and the 
sites where the cells of the lineage insert into their respective 
tracts gradually move apart. The cell bodies of the neurons 
appear to be mechanically separated into the medial and lateral 
groups during this expansion (Fig. 2). The medial group contains 
the neurons with contralaterally projecting processes, while the 
lateral group contains the ipsilaterally projecting axons. The 
subgroups of the K lineage are close to their adult positions by 
P+6, and their positions are fully established by P+9. In other 
lineages, such as in the I and J clonal families, the cell bodies 
of neurons from adjacent lineages could not be distinguished in 
the adult stage by position alone. 

Immunochemical analysis of sections and whole-mounts of 

Figure 2. The positional fate of the K 
lineage throughout metamorphosis: 
camera lucida drawings of sections from 
T2 at the stages indicated. Prior to 
metamorphosis, the K lineage is in a 
lateral position in the ganglion, as is 
shown in the larval map on the right. 
At this time, the immature progeny of 
the K lineage are already subdivided 
into two groups based on the trajecto- 
ries of their primary processes. One set 
projects contralaterally, inserting into 
the ventral medial tract, and the other 
ipsilaterally, into a lateral tract. The two 
subgroups retain their separate neuro- 
pilar insertions and appear to be pulled 
apart as the ganglion enlarges as meta- 
morphosis progresses. Their final po- 
sitions are reached by P+9, when the 
group with the contralaterally project- 
ing axons has been moved to a more 
medial position in the ganglion (I&,) and 
the ipsilaterally projecting group (K,) re- 
mains lateral. The orientation of the 
sections is dorsal surface up. 

thoracic ganglia from either larvae or adults that had been fed 
BUdR during larval life showed that the incorporation of BUdR 
was restricted to discrete clusters of small cells in the larval and 
adult ganglia (Fig. 3). In the larval ganglia, the labeled cells were 
confined to the various lineage groups, as had been previously 
reported by 3H-thymidin&incorporation studies (Booker and 
Truman, 1987a). In the adult, the BUdR again was found almost 
exclusively in the discrete clusters of small neurons, confirming 
that these were indeed derived from the larval lineage groups. 

The distribution of GABA and the SCPJike immunoreactivity 
in postembryonic lineages in the adult thoracic ganglia 
Using whole-mount immunohistochemical methods, we mapped 
the distribution of GABA and the SCP,-like immunoreactivity 
to specific postembryonic lineages in the adult ganglia. As seen 
in Figure 4, GABA immunoreactivity was found in only 6 of 
the 24 lineages in T2: three paired ventral lineages, (K, M, N), 
two paired dorsal lineages (E, T), and the dorsal unpaired lineage 
(X) (n = 50). These six lineages contained GABA-positive cells 
in all three of the thoracic ganglia. All of the K- and M-lineage 
neurons (n = 15) and the majority of the neurons in the E, N, 
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Figure 3. Identification of postembryonic lineages in larval and adult ganglia: photomontages showing the distribution of the neuroblasts and 
their progeny on the ventral surface of ganglion T2 of a fifth instar larva (A) and pharate adult (B). BUdR (50 mg/ml) was injected into V+O larvae, 
and the incorporation was assessed 24 hr later (A) or after metamorphosis was completed in pharate adults (B). In the larval ganglion (A), the F, 
K, L, and M neuroblasts and their progeny are identified. Labeling is also seen in proliferating non-neuronal tissue such as the tracheal cells (left 
lower edge) and glial cells (right upper corner). During metamorphosis, the neuroblasts die. In the adult (B), the BUdR labeling is found only in 
clusters of small neurons, confirming that they were derived from the larval clonal groups. The labeled neurons of the F, K, and L lineages are 
indicated. Scale bar, 50 pm. 

Figure 4. Distribution of the six GABA immunoreactive lineages in ganglion T2. A, Camera lucida drawing shows the positions of the lineage 
identification of GABA-immunopositive neurons. There are three ventral paired lineages, K, M, and N (open circles), two dorsal paired lineages, 
E and T, and one dorsal unpaired lineages, X (solid circles). To the right are photographs of whole-mount preparations of a T2 stained with the 
GABA antiserum. The photographs show the three paired ventral lineages, K (subgroups Km and K,), M, and N(B), and the two paired (E, T), and 
one unpaired (x) dorsal lineages (C). Scale bar (B, c), 100 pm. 
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Figure 5. Distribution of the SCP,-like-immunoreactive lineages in 
the fused pterothoracic ganglion: photograph of a whole-mount prep- 
aration stained with the SCP, antiserum showing the K, neurons in T2 
and T3 with their contralaterally projecting axons (arrows) and the 
M(Al)- (asterisk) immunoreactive neurons. Arrowheads point to the 
boundaries between T2 and T3, T3 and Al, and Al and A2. The large 
immunoreactive neurons are thoracic neurosecretory cells. Anterior is 
to the top. Scale bar, 100 pm. 

T, and X thoracic lineages (n = 5) expressed immunoreactivity 
to GABA. Abdominal ganglia Al and A2 do not have lineages 
E, K, X, and T, but only M and N (Booker and Truman, 1987a), 
and both of the latter produced GABA-positive cells (n = 50). 
No additional lineages containing GABA-positive cells were 
seen in the abdominal ganglia. 

Each of the six postembryonic lineages that contained small 
GABA-immunoreactive neurons (8-l 0 pm) typically was found 
adjacent to a group of about 15-25 larger (15-20 pm) GABA- 
ergic neurons (Fig. 4). These groups of large cells were also 
present in the larval ganglion, but never incorporated BUdR 
when it was fed to the caterpillars. These observations suggest 
that these larger GABA-positive cells were born during the em- 
bryonic stage of neurogenesis. 

Two ventral paired lineages, K and M, also contained cells 
immunoreactive to the antiserum against SCP, (Fig. 5). The K 
lineage occurs only in thoracic segments, and each lineage 
contained a subset of cells (an average of 14) that expressed 
SCP,-like immunoreactivity (n = 100). These cells all had con- 
tralaterally projecting axons and were in the K, subgroup. Oc- 
casionally, we found a few of these cells in an ectopic location 
among the K, subgroup despite the fact that they possessed a 
contralaterally projecting axon. We assume that this occurs due 
to some K, cells becoming tangled and moving passively with 
the other subgroup as the ganglion expands and the groups 
separate. 

In contrast to the expression of the SCP,-like immunoreac- 
tivity in the K lineage, its expression in the M-lineage neurons 
was segment specific. The M lineage is present in all of the 
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Figure 6. Distribution of the total (open column), GABA- (solid col- 
umn), and SCP,-like (hatched column) immunoreactive neurons in the 
adult K lineage. There are approximately 100 neurons in the K lineage, 
and all are GABA immunoreactive. A subset of only 14 cells, however, 
expresses the SCP,-like phenotype. Values are for means and SEM; 
number of preparations examined are in parentheses. 

thoracic and abdominal ganglia, but the peptide immunoreac- 
tivity was confined to the Al lineage in the adult (Fig. 5; n = 
53). As will be described below, the thoracic M lineages [M(T)] 
show a transient expression of this immunoreactivity during the 
middle portion of adult development, but this expression dis- 
appears by the time of adult emergence. 

The distribution of putative transmitters within the K lineage 
The K neuroblast generates approximately 100 cells during lar- 
val life, and essentially all survive to become mature neurons 
in the adult. In T2 and T3, as indicated above, the progeny 
separate into two groups (K, and K,) containing about 50 cells 
each. Counts of GABA-positive cells in K, and K, totaled about 
100 cells (Fig. 6; n = 30). Moreover, in sectioned material all 
neurons that we would ascribe to the K lineage were also GABA 
immunoreactive, suggesting that all the progeny of the K neu- 
roblast express GABA immunoreactivity. In addition, 14 cells 
in the K, subgroup expressed the SCP,-like phenotype (Fig. 6; 
n = 100). Thus, all the cells in the K lineage appear to be GABA 
positive, and of these, our observations suggest that 14 must 
also contain the SCP,-like peptide. 

To test whether GABA and the peptide immunoreactivities 
were colocalized, alternate sections of ganglion T2 were reacted 
with the GABA and SCP, antisera (Fig. 7; n = 5). All of the 
cells that stained for the SCP,-like immunoreactivity also proved 
to be GABA positive. Thus, the peptide and GABA immuno- 
reactivities are indeed colocalized in the same cells in the K, 
sublineage. 

Developmental acquisition and expression of the putative 
transmitter phenotypes in the postembryonic lineages 
The neurochemical differentiation of the GABA and SCP,-like 
phenotypes was followed from V+O through metamorphosis. 
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Figure 7. Colocalization of GABA and the SCP,-like phenotypes in 
K-lineage neurons. Alternate sections were stained with the anti-SCP, 
serum (A) and the GABA antisera (B). All the SCP,-like immunoreac- 
tivity is colocalized with GABA (arrows). Cells that are GABA im- 
munoreactive but do not express the peptide are indicated by the UY- 
rowheads. Scale bar, 20 rm. 

Development of the postembryonic neurons is arrested soon 
after their birth during larval life. Accordingly, none of these 
cells in the larva showed immunoreactivity to either putative 
transmitter (Figs. 89). Their maturation resumes at wandering, 
when the steroid hormones, the ecdysteroids, act in the absence 
ofjuvenile hormone to promote soma enlargement (Booker and 
Truman, 1987a,b). As seen in Figure 9, however, expression of 
the putative transmitter phenotypes was not detected immu- 

0 ci# LO- 

P9 2 4 6 8 IO 12 14 16 I6 l 
DAYS DURING ADULT DEVELOPMENT Adult 

Figure 9. Developmental timetable of the onset of expression of GABA 
[top. K lineage (V)] and the SCP,-like (bottom; K [A], M(A1) [0], M(T) 
[a] lineages) immunoreactivities in the postembryonic lineages. Trans- 
mitter immunoreactivities are not present in the developmentally ar- 
rested neurons in larvae. Immunoreactivity to the putative transmitters 
begins after metamorphosis, when the immature neurons have resumed 
their maturation. The immunoreactivity to both GABA and the SCP,- 
like peptide first appears early in adult development at about P+5-6 
in all lineages. Once the expression begins, it is continuous throughout 
adult development in all lineages, except for the transient SCP,-like 
expression in M(T)-lineage neurons. 

nochemically until about 9 d later, at day P+6 of adult devel- 
opment. Also, transmitter expression is not seen in these cells 
in diapausing pupae. Animals in diapause are developmentally 
arrested at approximately day P+2 of adult development, which 
is prior to the large rise in steroid titer that causes adult devel- 
opment. Thus, transmitter expression is not linked temporally 
to the hormonal cues that cause the larval-pupal transformation, 
but rather to those that promote adult differentiation. 

The time course of expression of the immunoreactivity to 
both putative transmitters was examined. We followed the K 

Figure 8. Whole-mount preparations showmg the developmental acqumtton of the GABAergic phenotype in the K-, M-, and N-lineage neurons. 
A, Prior to the onset of metamorphosis in a V+3 larva, only the embryonic neurons express GABA immunoreactivity (arrowheads). The smaller, 
developmentally arrested postembryonic K-lineage neurons (asterisks) have not yet resumed maturation and do not express any immunoreactivity 
to GABA in the larval stages. II, In a P+9 developing adult, the postembryonic neurons in the Km and K, subgroups and the M- and N-lineages are 
still tightly clustered and are expressing GABA immunoreactivity. Anterior is up; ventral surface is shown. Scale bar, 100 pm. 
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and M lineages in detail because they contained both GABA- 
and GABA+SCP,-like-immunoreactive neurons. Faint GABA 
staining first appeared in the progeny of the K neuroblast at 
about days P+5-6 of adult development (Fig. 9). Staining in- 
tensified over the next 3 d, and by P+ 12, it was similar to that 
seen in the adult. This pattern of onset of expression was the 
same in all GABAergic lineages. 

Similarly, immunoreactivity against the SCP,-like peptide 
also was first detected in the K lineage at P+5-6 (Fig. 9) when 
three cells became immunopositive. As development pro- 
gressed, more cells began to express the peptide so that by P+ 12 
all 14 K,, cells were immunostaining. At P+6, the immuno- 
reactivity was detected only in the somata and proximal regions 
of the processes, but by P+9 it was distributed throughout the 
cell. The intensity of the immunoreactivity in the somata and 
processes increased throughout adult development, achieving 
the adult pattern by P+ 15. 

SCP,-like immunoreactivity in the M(A1) lineage was first 
seen at P+5-6 in 10 cells (Fig. 9). Through the next 2 d, the 
intensity of the staining increased, and the number of positive 
cells reached the adult level of 15. We were not able to follow 
the development of immunoreactivity in the processes of these 
cells. Interestingly, the M(T) lineages also showed transient im- 
munoreactivity from P+6 through P+ 13 (Fig. 9). Staining was 
seen in the somata of up to eight cells in the thoracic lineages, 
in the form of a small number of densely staining granules found 
in the-perikaryon. This level of staining was similar to that seen 
at the onset of expression of the peptide in the K, sublineage 
cells. Unlike the latter, however, the M(T) lineage staining re- 
mained at this low level until P+ 13, when the immunoreactivity 
disappeared. 

Discussion 
Over 75% of the thoracic CNS of the adult moth is derived 
from neurons born during postembryonic life. These adult-spe- 
cific cells arise in discrete clusters, each associated with a single 
neuroblast (Booker and Truman, 1987a). Following their birth, 
the new neurons arrest their development, and their maturation 
is delayed until the start of metamorphosis. 

We have used serial sectioning combined with BUdR and 
transmitter immunocytochemistry to follow the positional fates 
of some of the thoracic lineages throughout metamorphosis. 
Based on positions of cell clusters and trajectories of primary 
neurites in the adult ganglia, we could identify more than half 
of the 24 distinct lineages found in a thoracic ganglion. The 
more posterior and lateral lineages are compressed during the 
transformation to the adult, and it was not possible to sort out 
the individual lineages based on position alone. 

Cells that expressed the two putative transmitters, GABA and 
the SCP,-like peptide, were not distributed throughout all 24 
lineages, but rather were highly restricted. The expression of the 
putative transmitter GABA is confined to only six lineages (E, 
K, M, N, T, X), and the majority or all the neurons in each 
lineage are GABA immunoreactive. GABA is known to be an 
inhibitory transmitter in locust motoneurons (Emson et al., 1974). 
It is found in central neurons in locust (Kerkut et al., 1969; 
Watson, 1986), honeybee (Bicker et al., 1985), cockroach (Bax- 
ter and Torralba, 1975), and Drosophila (Chude et al., 1979). 
In Manduca sexta, it is produced in the CNS (Maxwell et al., 
1978; Kingan and Hildebrand, 1985) and has been immuno- 
chemically localized to neurons in the brain and subesophageal 
ganglion (Hoskins et al., 1986; Homberg et al., 1987) where it 

functions as an inhibitory transmitter for some of the antenna1 
lobe local interneurons (Hoskins et al., 1986). Accordingly, the 
presence of GABA immunoreactivity in the postembryonic lin- 
eages in the thorax suggests that these cells also may function 
as inhibitory interneurons for certain adult-specific behaviors. 

The SCP,-like immunoreactivity is confined to only two lin- 
eages, K and M. At this time, we do not know the nature of the 
peptide that is being recognized by the antibody. Recently, a 
member of the FMRFamide family has been sequenced in Man- 
ducu sexta (Kingan et al., 1990). Antisera raised against syn- 
thetic FMRFamide (generously provided by Drs. R. Calabrese, 
Emory University, and E. Marder, Brandeis University) also 
stained the K- and M-lineage neurons. Because the SCP, anti- 
serum cross-reacts with FMRFamide (Masinovsky et al., 1988), 
it is likely that it is recognizing a member of the Munduca sexta 
FMRFamide peptide family. 

Unlike the GABA staining, which showed no segment-specific 
pattern, the SCP,-like immunoreactivity showed interesting 
variability. It was expressed in a subset of the K-lineage neurons 
in all segments where the K lineage occurs (T l-T3). In contrast, 
stable expression was found in the M lineage only in one segment 
(Al) despite the fact that this lineage occurs in all ganglia from 
T 1 to A8. Interestingly, SCP,-like immunoreactivity did occur 
transiently in this lineage in other ganglia (Tl-T3). It first ap- 
peared in ganglia Tl-Al on day P+5, but by P+ 13 this ex- 
pression had disappeared from the thoracic components, leaving 
immunoreactivity only in Al. This loss of staining could result 
from cessation of peptide synthesis, or it could mean that sub- 
sequent processing might occur differently in thoracic cells as 
compared to their abdominal counterparts. A last possibility is 
that the thoracic cells die, but because the disappearance of the 
staining occurs more than 10 d after the period of cell death in 
the ganglia (Booker and Truman, 1987b), this alternative ap- 
pears unlikely. Thus, the SCP,-like neurons present in the adult 
arise from different neuroblasts in different segments. 

The larva has six clusters of larger GABA-immunoreactive 
neurons that are associated with the six postembryonic lineages 
that also give rise to GABA-positive cells. In many cases, the 
initial neurite trajectories of the embryonically derived cells are 
in the same tracts as seen for the postembryonic lineages. Com- 
parative studies on the Tsetse fly, Glossina palidipes (J. W. 
Truman, unpublished observations), and the fruitfly, Drosophila 
melanogaster (Prokop and Technau, 199 l), show that the post- 
embryonic neuroblasts are the same cells that earlier had gen- 
erated the embryonic lineages. Based on these observations, we 
think it likely that these larger neurons represent the embryonic 
progeny of the neuroblasts that later produced the various post- 
embryonic lineages. If so, then transmitter phenotype is a highly 
conserved feature of the embryonic and postembryonic progeny 
of these neuroblasts. 

The conservation of transmitter phenotype within the lineages 
we examined was an unexpected result of this study. In all six 
lineages that expressed GABA immunoreactivity, all (K, M) or 
almost all (E, N, T, X) the cells in each lineage were GABA 
positive. The cells in each lineage were not homogeneous, how- 
ever, because a subset of the cells in both the M and K lineages 
also expressed an SCP,-like peptide. That a lineage can be het- 
erogeneous in terms of transmitter phenotype is consistent with 
the findings of Taghert and Goodman (1984) showing that locust 
neuroblast 7-3 produces both 5-HT- and non-5-HT-positive 
cells among its early progeny. 

The postembryonic progeny of the median unpaired neuro- 
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blast (X) of the moth are GABAergic. In the metathoracic gan- 
glion (T3) of the locust embryo, the dorsal unpaired median 
neuroblast produces a lineage of approximately 80 neurons. The 
identifiable, large, and first-born progeny of the locust neuro- 
blasts stain with neutral red and have been shown to contain 
octopamine (Goodman et al., 1979). If the unpaired median 
neuroblasts of the moth and locust were homologous, and if we 
assume that the postembryonic lineage represents the later-born 
members of the moth’s lineage, then one might expect that the 
smallest, later-born progeny of the locust neuroblast may also 
be GABA immunoreactive. Staining of the locust metathoracic 
ganglia with the anti-GABA serum reveals an unpaired cluster 
of small cells on the dorsal surface adjacent to each set of large 
identifiable octopaminergic cells (Thompson and Siegler, 1989; 
Witten and Truman, 1989). Due to their location and number, 
it is likely that these small GABAergic neurons are the later- 
born progeny of the median neuroblast. It is likely, therefore, 
that this median neuroblast also produces progeny with two 
different putative transmitter phenotypes, octopamine and 
GABA. Thus, there is heterogeneity in transmitter expression, 
especially in large lineages, but the tendency is for the progeny 
of a given neuroblast to share at least some properties in com- 
mon. 

In the locust T3 ganglion, Burrows and Siegler (1982) and 
Siegler and Burrows (1984) have demonstrated that a midline 
ventral group of neurons function as local inhibitory intemeu- 
rons integrating leg sensory information. Watson (1986) has 
shown that these neurons are immunoreactive to GABA. This 
functionally related group of neurons is in the same position in 
the locust T3 ganglion as are the GABA-immunoreactive K-lin- 
eage cells in the moth thoracic ganglia. Furthermore, the primary 
neurites from the locust ventral midline group and the moth’s 
K lineage insert into homologous tracts (ventral commissure 
II). These similarities suggest that these lineages may be ho- 
mologous. At this time we do not know the function of the 
K-lineage neurons in moths, but these similarities raise the pos- 
sibility that some lineages may comprise a functionally related 
group and be a means of organizing the developing CNS into 
discrete behavioral units. 
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