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Stereotypic 

Each muscle fiber in the segmented body wall of Drosophila 
larvae is innervated by anatomically stereotyped neuromus- 
cular junctions. These synapses arise through the selective 
choices of motoneuronal growth cones at their peripheral 
targets. Using digital optical microscopy of staged intracel- 
lular dye fills, we have singly identified embryonic motoneu- 
rons and have examined individual growth cones when they 
contact and differentiate at the target cells. There is a pre- 
cise connectivity between motoneuron and muscle fiber, 
which is the direct consequence of growth cone behavior. 
We have also found that Drosophila muscle fibers possess 
molecularly heterogeneous cell surfaces that may be in- 
volved in growth cone recognition of appropriate targets. 
Fasciclin Ill, a homophilic adhesion molecule, is coex- 
pressed by several of the efferent growth cones and in a 
site-specific fashion by the target muscle fiber’s membrane. 
The fasciclin Ill expression is transient, corresponding to the 
period in embryogenesis when the first neuromuscular con- 
tacts are made. Upon encountering the target cell surface, 
the growth cones can sprout stereotypically arrayed filo- 
podial processes, orient along the anterior-posterior axis, 
and turn in predictable directions. Subsequently, terminal 
branches are established in a nonrandom order. These phe- 
nomena were found to occur in two motoneurons that in- 
nervate adjacent muscle fiber targets, and may be general 
features of neuromuscular synaptogenesis in Drosophila. 

How the exploring tips of embryonic neurons recognize their 
target cells and evolve from growth cones into synapses remains 
a major question of developmental neurobiology. Studies ad- 
dressing the selective fasciculation and pathway choices made 
during early axon outgrowth have demonstrated that these events 
can be highly predictable in both vertebrates (Landmesser, 1980; 
Eisen et al., 1986; Kuwada, 1986) and invertebrates (Bentley 
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and Keshishian, 1982; Bentley and Caudy, 1983; Raper et al., 
1983; Goodman et al., 1984; Bastiani et al., 1987). The bio- 
chemical nature of some of the presumptive guidance or ad- 
hesion cues involved in axonogenesis has also been examined 
(reviewed by Anderson, 1988; Dodd et al., 1988; Harrelson and 
Goodman, 1988; Jessell, 1988). Although we have a better un- 
derstanding of the mechanisms of axon guidance, there is still 
much to learn about how a navigating growth cone distinguishes 
its appropriate target, and the cellular events that ensue. 

Drosophila is a favorable organism for examining the cellular 
and biochemical processes underlying the development of neu- 
ral connectivity. The embryonic and larval neuromuscularjunc- 
tions constitute a simple and accessible array of synapses (Jo- 
hansen et al., 1989a). The body wall muscle fibers are constant 
in pattern among embryos and larvae. The initial efferent pro- 
jections are also stereotypic and differentiate into motor endings 
of predictable shape and transmitter type (Anderson et al., 1988; 
Halpem et al., 1988; Johansen et al., 1989b). 

In Drosophila embryos and larvae, the skeletal muscle fibers 
are arranged in bilaterally symmetrical, segment-specific pat- 
terns (Hertweck, 193 1; Crossley, 1978; Campos-Ortega and 
Hartenstein, 1985). The second through seventh abdominal 
hemisegments (A2-A7) share a common pattern consisting of 
only 30 muscle fibers. Each fiber is a single multinucleate cell, 
recognizable by its size, polarity of insertion, and relative po- 
sition in the pattern. Twelve dorsal muscle fibers are innervated 
via the intersegmental nerve (ISN), while the remaining fibers 
are innervated by four branches of the segmental nerve (SNa- 
d). During mid to late embryogenesis, 6 hr lapse from the time 
the first efferent axons extend toward the periphery until func- 
tional neuromuscular connections are formed (Johansen et al., 
1989b). Anatomical stereotypy is evident in the embryonic end- 
ings when they are labeled en masse with anti-HRP (Johansen 
et al., 1989b). 

While the studies by Johansen et al. (1989a,b) have revealed 
the structural stereotypy of Drosophila neuromuscular junc- 
tions, several important questions remain unanswered. Since 
neuron-specific antibodies label the entire complement of mo- 
toneurons contacting a muscle fiber, it is difficult to distinguish 
how individual growth cones behave as they make their pro- 
jections. For example, it is not known how the specific ending 
morphology arises during development, nor the extent to which 
these endings are subject to remodeling. Key to understanding 
these events is the identification of individual motoneuronal 
growth cones. Drosophila neurons with efferent projections have 
been described previously (Thomas et al., 1984; Jacobs and 
Goodman, 1989; Halpem and Keshishian, 1990) and recently 
Sink and Whitington (199 1) have characterized the peripheral 
targets of abdominal motoneurons. 
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The high degree of stereotypy evident in Drosophila neuro- 
muscular endings provides a unique opportunity to examine 
how precision in synaptic morphology is established as a func- 
tion of growth cone behavior. In Drosophila, neuromuscular 
development proceeds toward a predictable outcome, where 
each muscle fiber will ultimately bear its own morphologically 
and neurochemically characteristic synapses. Examining how 
individual growth cones generate these synapses will provide 
important insight into the mechanisms that control specific neu- 
ronal form. 

To understand how structurally characteristic synapses arise, 
we have identified the targets and studied in detail the devel- 
opment of two cells, the neurons RPl and RP3 (Pate1 et al., 
1987; Jacobs and Goodman, 1989). These motoneurons lie ad- 

jacent to each other in the CNS, grow through the CNS by 
following a similar trajectory, and exit via the same nerve bundle 
to innervate adjacent muscle fibers. We have used computer- 
enhanced digital optical microscopy to image unfixed, intracel- 
lularlv labeled neurons and have reconstructed the events during 
the target muscle fiber exploration in situ in a series of staged 
embryonic dye fills. Motoneurons in the embryo target not only 
specific muscle fibers but characteristic domains of the target 
cell’s membrane. The growth cones subsequently generate the _ - 
characteristic neuromuscular endings through a sequence of pre- 
dictable projections on the target surface. 

These results were previously reported in part in an abstract 
(Halpem and Keshishian, 1990). 

strutted the behavior of the growth cones by examining a series of staged 
dye fills in the embryos. The growth cones of 69 dye fills were analyzed 
in this study. 

Digital optical microscopy. Fluorescent dye-filled growth cones were 
imaged on the monitor at high magnification using computer-enhanced 
digital microscony. Images of epiilluminated cells were acquired usina 
a silicon intensihkr target video camera. Video signals were digitized 
by a 1024 x 1024 pixel image processing board with I2 bit depth in a 
486 desktop computer and displayed on high-resolution video monitors 
as 5 I2 x 480 pixel images with I-bit depth. The acquired images were 
linearly averaged for up to 32 frames to boost signal to noise and re- 
calculated to optimize contrast. As neuronal projections are often in 
several focal planes, complete axonal trajectories were reconstructed by 
tableting the in-focus regions from several images. Final composites 
were convolved with a 7 x 7 kernel sharpening algorithm and a median 
filter and were stored digitally on a high-density laser optical disk drive 
or as analog images on a laser optical memory disk recorder. Pseudo- 
colored composite images were photographed either from the video 
monitor or with a film recorder using Kodak T-MAX 100 or EKTAR 
125 film. 

For several embryos, the cell body locations of the RPI and RP3 
neurons were ascertained by comparing Lucifer yellow dye fills to the 
Nomarski image using a laser confocal microscope (Bio-Rad MRC 500). 
This allowed us to determine accurately whether a specific neuronal cell 
body corresponded to either RPl or the deeper-located RP3. 

Structural resolution ofjilopodia. In this study, all growth cones were 
imaged while alive with a calculated limiting resolution of 0.3 Frn, using 
fluorescence eoiillumination. We have defined filooodia as those oro- 
cesses less than 0.5 Nrn in width and with a length of at least I’Fm 
emerging from the body of the growth cone. The Lucifer yellow-labeled 
filopodia are of similar length and caliber to those observed using im- 
munocytochemically labeled preparations (Johansen et al., 1989b), and 
they correspond well with motile filopodia imaged in time lapse using 
confocal laser microscopy of I-I’-dioctodecyl-3,3,3’,3’-tetramethylin- 
docarbocvanine perchlorate (Dil) labeled neurons (Chiba et al.. 1990). 

Materials and Methods 
Embryo preparations. Embryos of desired stages were obtained from 
population cages of wild-type Drosophila melanogaster Canton S flies, 
maintained on apple juice agar plates at 25°C. Eggs collected during a 
1 hr period were allowed to develop at 25°C until appropriate stages 
were reached. Embryos were staged using morphological criteria (Cam- 
pos-Ortega and Hartenstein, 1985; Johansen et al., 1989b). In this study, 
the estimated age of the embryos in hours as well as the morphological 
stage are given. To calibrate the staging, in several dye-filled preparations 
the state of neuromuscular development was confirmed independently 
by anti-HRP labeling all neurons (Johansen et al., 1989b). To prepare 
fillets for dye filling, embryos were dechorionated manually and trans- 
ferred to a sliver of double-sided tape within a well made of silicon 
sealant on a glass slide. After adequate numbers of embryos were lined 
up on the tape, either osmotically balanced insect saline (Johansen et 
al., 1989a) or a modified Schneider insect medium (GIBCO) was added 
to the well. In this medium, growth cones will elongate and project 
filopodia on the surfaces of embryonic fillets (Chiba et al., 1990). Em- 
bryos were devitellinized using glass micropipettes and stuck dorsal side 
up to a clean surface on the slide. Internal organs were removed through 
a dorsal incision. The body wall was opened and stretched flat to reveal 
the CNS and peripheral nerves. We found that I7-hr or older embryos 
(stage 17) stick well to glass coated with a thin layer of tacky Sylgard 
silicone elastomer (Dow Coming). Prior to dye filling, fresh aerated 
saline or Schneider medium was added. 

Intracellular labeling. Living cells were observed using a long-work- 
ing-distance 40 x 0.75 NA water-immersion objective and differential 
interference contrast (Nomarski) optics. Images were relayed to a high- 
resolution video camera via a 5 x ocular and displayed on the monitor. 
With this method, neuronal cell bodies are revealed with detail and 
clarity, simplifying their identification and impalement. Neurons in 
abdominal segments were dye filled using 250-600 MB electrodes with 
tips containing 10% Lucifer yellow in water and shanks backfilled with 
1 M LiCl. Dye was passed by a 0.1-0.2 nA continuous hyperpolarizing 
current until motoneurons were filled to their terminal arborizations. 

We observed changes in the morphology of both growth cones, filo- 
podia, and developing muscle fibers after paraformaldehyde fixation. 
The fixation-induced changes were observed at all stages studied. For 
this reason, all the dye fills in this study were characterized in living, 
unfixed preparations as soon as practical after dye filling. We recon- 

Immu~ocytoc~emistry. For double labeling of dye-filled embryos, fil- 
lets were fixed in situ for 15-30 min at room temperature with-freshly 
made 4% uaraformaldehvde in 100 mM NaH,PO,. DH 7.4. The fillets 
were washed several times in PBS (20 mM NaH,PG,, 150 mM NaCl, 
adjusted to pH 7.2) and then carefully scraped off the slide using a glass 
micropipette and transferred to a multiwell dish containing TBS (PBS 
with 0.3% Triton X-100). Tissues were blocked for 30 min in 1% BSA 
in TBS, and incubations of the primary antibodies were performed 
overnight at 4°C at the appropriate concentrations in TBS (anti-HRP, 
Johansen et al., 1989b; anti-Lucifer yellow, Taghert et al., 1982; 22ClO 
monoclonal antibody, Fujita et al., 1982; fasciclin III monoclonal an- 
tibody, 2D5, Pate1 et al., 1987; or even-skipped antiserum, Frasch et 
al., 1987). Following several TBS washes, fluorescent secondary anti- 
bodies (Cappel) were used routinely at concentrations of 1:250 for 2 hr 
at room temperature. The fillets were washed in PBS and water and 
mounted on slides in 5% n-propyl gallate in glycerol (Giloh and Sedat, 
1982). For peroxidase cytochemistry, incubations with the anti-Lucifer 
yellow rabbit serum and the fasciclin III mouse monoclonal antibody 
were carried out simultaneously, as were the subsequent steps for their 
visualization using species-specific HRP-conjugated secondary IgGs (goat 
anti-mouse, Jackson Immunoresearch Labs; goat anti-rabbit, Cappel). 
The fasciclin III monoclonal antibody (1:2.5 dilution) was also com- 
bined with even-skipped antiserum (1:2500 dilution) and visualized 
with the appropriate corresponding fluorescently labeled secondary an- 
tibodies (sheep anti-mouse tetramethylrhodamine isothiocyanate IgG, 
and goat anti-rabbit fluorescein isothiocyanate IgG, 1:250 dilutions, 
Cappel). 

Results 
The segmental nerve branch b (SNb) develops through stereotypic 
axonal projections. In the larval body wall, each muscle fiber 
exhibits an anatomically predictable neuromuscular ending, 
characterized by a preferred contact site by the nerve branch, 
the direction and arborization of the innervating neurites, and 
the muscle cell surface over which synaptic boutons are placed 
(Johansen et al., 1989a,b). During late embryogenesis, these 
features arise through a sequence of growth cone-mediated tra- 
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jectories. This sequence is illustrated for the SNb in Figure lA, 
where the entire complement of outgrowing axons was traced 
at four successive stages of development after being labeled with 
anti-HRP immunocytochemistry. As shown schematically in 
Fig. lB, SNb carries axons to only six ventral muscle fibers, 28, 
7, 6, 14, 13, and 12 (listed in order from the ventral midline). 
The first SNb growth cones emerge from the CNS between 12 
and 13 hr ofembryogenesis (stage 15). They project peripherally 
during the period from 13 to 16 hr of development (stage 16) 
exclusively over the surfaces of already differentiated muscle 
fibers, sandwiched between the external and internal muscle 
layers (Fig. 1A). SNb subbranches are established through the 
ordered divergence of different axonal growth cones at specific 
sites on the six target fibers. Subsequently, each contact evolves 
into the junctional morphology associated with the mature lar- 
val muscle fiber (Fig. lA, bottom trace). The embryonic neu- 
romuscular contacts have predictable lengths, directions, and 
branching patterns that resemble in many respects those seen 
in the third instar larva. 

Characterization of the RP neurons and their targets. Each 
larval muscle fiber may be innervated by multiple motoneurons, 
as deduced from electrophysiology (Jan and Jan, 1976) neu- 
rotransmitter immunocytochemistry (Halpem et al., 1988; Jo- 
hansen et al., 1989a), and electron microscopy (M. E. Halpem 
and W. Costello, unpublished observations). By intracellular dye 
filling in the CNS of unfixed, dissected embryonic fillets, we 
have been able to identify motoneurons and their target muscle 
fibers and to reconstruct the behavior of their growth cones as 
they differentiate into synapses. 

Among the prominent cell bodies visible on the dorsal aspect 
of the CNS are the two paired and medially located neurons 
RPl and RP3. RPl’s cell body is situated between the anterior 
and posterior commissures, in the dorsalmost layer of cells be- 
neath the glial sheath. RP3’s cell body is located directly ventral 
to RPl (Pate1 et al., 1987; Jacobs and Goodman, 1989). Both 
neurons migrate to their midline destinations from more lateral 
positions, beginning at 10 hr (stage 13) of development (Pate1 
et al., 1987; Jacobs and Goodman, 1989). The axons of both 
neurons project within the anterior commissure to join the con- 
tralateral ISN tract (Jacobs and Goodman, 1989). 

Sink and Whitington (199 1) have described the muscle fiber 
targets of the neurons, indicating that RPl projects to muscle 
fiber 13 and that RP3 projects to muscle fibers 6 and 7. We 
have confirmed this characterization as representing the pre- 
dominant pattern in our dye fills, as observed in both Canton 
S and Oregon R wild-type flies. However, we have observed 
dye fills in our own data set where the projections are reversed, 
as confirmed by dual channel confocal microscopy using both 
Lucifer yellow fluorescence and Nomarski optics (RPl, n = 3; 
RP3, n = 2). This may represent reversed cell body positions 
as a consequence of the RP cell migrations. 

Figure 2A shows a computer-enhanced image of the earliest 
stage in growth cone differentiation of RP3 observed on muscle 
fibers 6 and 7, shown here in a 12.5-13.5 hr (late stage 15) 
embryo. We analyzed by means of intracellular dye fills the 
differentiation of the homologous growth cones on these muscle 
fibers in segments from A2 to A7, through the period of 12-l 7 
hr (stages 15-l 7) of development, based on 34 dye fills made 
in 3 1 embryos. The Lucifer yellow-filled growth cone (Fig. 2B) 
in a 14-l 5-hr (stage 16) embryo is shown compared to the 
corresponding Nomarski image of the muscle fibers in Fig. 2C. 
We found that the growth cones and mature endings always 
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Figure 1. The six muscle fiber targets of the SNb are innervated in a 
morphologically stereotyped fashion. A, Progression of SNb develop- 
ment during the interval between 13 and 17 hr of embryogenesis (stages 
16-l 7). Growth cones are arrayed on specific membrane surfaces for 
each of the six target muscle fibers. From these contact sites, charac- 
teristic trajectories of predictable length and direction are made on each 
fiber. In the lowest drawing, each target muscle fiber is indicated by its 
designated number(Crossley, 1978). Tracings were made from enhanced 
video images of embryonic fillets labeled with anti-HRP as previously 
described (Johansen et al., 1989b). Scale bar refers to A. B, A schematic 
representation ofthe SNb nerve’s neuromuscular endings as seen during 
the larval stages. 
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innervate equally and exclusively the two internal longitudinal 
muscle fibers 6 and 7. 

Because of the small size of the RP cell bodies (about 4 pm) 
and their similar CNS trajectories (Jacobs and Goodman, 1989), 
we employed a number of tests to confirm their identity. Several 
RP neurons express fasciclin III on both their cell bodies and 
axons beginning at 10 hr (stage 12-l 3; Pate1 et al., 1987). Figure 
3A shows a labeled contralaterally projecting neuron (in this 
specific dye fill the axon was traced to muscle fibers 6 and 7). 
The cell body is homologous by position to the fasciclin III- 
revealed RP cells in other segments. In the embryo shown in 
Figure 3B, the cell body of a Lucifer yellow dye-filled moto- 
neuron that had projected to muscle fibers 6 and 7 was extir- 
pated. The remaining cells were then labeled with the fasciclin 
III-specific antibody. Consistent with their removal in the in- 
dicated segment (arrow, Fig. 3B), only the remaining, bilaterally 
symmetrical RP neurons exhibit fasciclin III labeling. 

In addition to RPl and RP3, we observed a third fasciclin 
III-immunoreactive neuron lying immediately lateral to and 
usually partially overlapping dorsally RPl in each hemisegment 
(Fig. 3B). To identify this neuron and the other RP cells in the 
vicinity, we examined the expression of both fasciclin III and 
even-skipped. Even-skipped is a pair rule segmentation gene 
expressed at this stage of development by the neuron RP2 (Doe 
et al., 1988), but not by the other RP cells. Figure 4 shows a 
double fluorescence labeling, with the two dorsal fasciclin III- 
positive cells displayed as a negative image superimposed on 
the positive image of the even-skipped-labeled RP2 neurons. 
Through dye filling (n = 6), RP2 was observed to extend its 
axon ipsilaterally, exiting the ISN to innervate dorsal targets, 
confirming the observation of Sink and Whitington (199 1). The 
neurons aCC and pCC are also revealed by their even-skipped 
immunoreactivity. The lateral fasciclin III-immunoreactive cell 
corresponds to the neuron RP4 (n = 5 dye fills), described by 
Sink and Whitington (199 1) as innervating muscle fiber 13. 

Using fasciclin III immunocytochemistry, we have examined 
the RPl, RP3, and RP4 cell body locations by tracing nearly 
500 neurons in 82 hemisegments from eight 15-hr (stage 16) 
embryos. The three RP neurons are present in each abdominal 
segment except A8. We observed that in 87% of the hemiseg- 
ments the neuron RP4 lies partially dorsal to RP 1, although the 
overlap rarely exceeds half the cell’s diameter. In all hemiseg- 
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ments examined, RPl’s cell body is always located directly dor- 
sal to RP3. 

The RPl growth cone makes successive choices in both the 
CNS and periphery as it establishes its mature axonal trajectory. 
We have analyzed this in detail using enhanced video micros- 
copy of dye-filled axons double labeled with 22Cl0, a mono- 
clonal antibody that stains subsets of neurons and fascicles in 
the developing nervous system, thereby revealing features of the 
neuropil not readily detected with Nomarski optics (Fujita et 
al., 1982; Canal and Ferrtis, 1986; Jacobs and Goodman, 1989). 
The CNS trajectory of RPl has been described by Pate1 et al. 
(1987) and Jacobs and Goodman (1989), who showed that RPl 
first extends its axon anteriorly and contralaterally to pioneer a 
fascicle within the anterior commissure. At the longitudinal 
connective, the axon turns posteriorly and follows the ISN tract 
out of the neuropil. We found that as RPl exits the CNS its 
axon crosses to the segmental nerve and continues along the 
SNb branch to contact muscle fiber 13 in the next posterior 
segment. This behavior of crossing to SNb is shown by all other 
fasciclin III-positive axons exiting via the ISN tract, including 
RP3 and RP4. A diagram of the RP neurons and their trajec- 
tories is shown in Figure 5. 

Both growth cones and the musclejibers 6 and 7 express fas- 
ciclin III during their initial contact. Fasciclin III is a cell surface 
glycoprotein (Pate1 et al., 1987) that has been shown to mediate 
homophilic adhesion in vitro (Snow et al., 1989). Antibodies to 
fasciclin III reveal a transient expression on the surfaces of 
several SNb growth cones, including the RP neurons, as they 
grow over their target surfaces (present results; A. Chiba and H. 
Keshishian, unpublished observations). It is also expressed at 
the same time by muscle fibers 6 and 7, in a site-specific fashion. 
The muscle staining is transient and is restricted to two sites on 
the muscle fiber surfaces. Fasciclin III is first expressed on the 
muscle fiber insertion sites (apodemes), where it is detected at 
9-10 hr (stage 12-13; n = 4 embryos). Later at 12 hr (stage 15; 
n = 5 embryos) the staining also is detected on the membrane 
surfaces of fibers 6 and 7 where they contact each other, which 
we term the “cleft” region (Fig. 3C, arrowhead labeled “c”; see 
also Fig. 5). It is at this site that the innervating growth cone 
initiates its synaptic contact by forcing its way through the cleft 
to reach the muscle surface facing the embryo’s interior. Fas- 
ciclin III staining in the cleft is present through 14-l 6 hr (stage 

c 
Figure 2. Video-enhanced images of the axon trajectory and growth cone morphology on muscle fibers 6 and 7. A, A 12.5-13.5 hr (late stage 15) 
dye fill. The neurite has crossed contralaterally within the anterior commissure and has innervated muscle fibers 6 and 7 in the next posterior 
segment. The growth cone has sprouted its twin stereotypic filopodia-like processes. The UWJWS indicate the two anteriorly directed processes that 
lie on each side of the cleft. The posterior process that pioneers the projection through the cleft is indicated by the letter a (this growth cone is 
drawn in Fig. 6C). B, The neuromuscular ending is now fully confined to the cleft between muscle fibers 6 and 7, as seen in a 14-15 hr embryo 
(stage 16; growth cone is drawn in Fig. 6F). The growth cone still retains numerous filopodial extensions. C, The Nomarski image corresponding 
to B. Scale bar: A, 7.5 pm; B and C, 5 pm. 
Figure 3. Fasciclin III expression by the RP cells, SNb growth cones, and by the muscle fibers 6 and 7. A, Double labeling of RPl and fasciclin 
III. The dye-filled RPl (arrow) was labeled with anti-Lucifer yellow antiserum and peroxidase cytochemistry. The axon projects contralaterally and 
lies at the same level as the other segmentally reiterated RP somata, as revealed by fasciclin III antibody and peroxidase cytochemistry. B, Dorsal 
view of fasciclin III immunocytochemistry in segments A2-A6, as seen in a 15-hr (stage 16) CNS. This image reveals the segmental reiteration of 
RPl and RP4 on either side of the midline. Note that the cells can overlap and have slightly variable positions. In the hemisegment shown by the 
arrow a Lucifer yellow dye-filled motoneuron innervating muscle fibers 6 and 7 was extirpated, together with the other RP cells. Only the remaining 
RPl and RP4 somata of the bilaterally symmetric pair exhibit fasciclin III labeling at this level in the ganglion. C’, Fasciclin III is expressed 
transiently both on efferent growth cones (arrows) and at the cleft between muscle fibers 6 and 7 (arrowhead; the fibers are numbered 7 and 6), as 
seen in a 15 hr (stage 16) embryo. The growth cone is fasciclin III positive, as is at least one other SNb growth cone, probably corresponding to 
one of the other RP neurons. Fasciclin III is also expressed on the muscle fiber insertion sites. Abbreviations: CC, growth cone; C, cleft. Scale bar, 
10 pm for A and B; 16 pm for C. 
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filopodia in size, have predictable orientations and length (see 
Materials and Methods for definition), and project over specific 
surfaces of muscle fibers 6 and 7. Two of the stereotypic pro- 
cesses project anteriorly up to 5 pm, one apiece on muscle fibers 
6 and 7 (n = 11 dye fills; marked by arrowheads, Fig. 6A-D; 
these processes are also indicated in the growth cone of Fig. 2A 
by downward arrows). The two processes are thin (less than 0.5 
Mm) and relatively straight and project in parallel on either side 
of the cleft separated by about 2-3 rm. They were not observed 
to cross between the two muscle fibers. 

The third stereotypic process emerges from the posterior side 
of the growth cone, roughly midway between the sites where 
the anterior two processes arise. The posteriorly directed process 
projects along the cleft between muscle fibers 6 and 7 (the process 
is marked by the letter “a” in Figs. 2A, 68-D). It is this third 
process that apparently pioneers the projection of the growth 
cone through the cleft to the interior facing side of the muscle 
fibers, where the mature neuromuscular ending is found. 

While each of the three stereotypic processes resembles filo- 
podia in both caliber and length, their cytoskeletal contents 
remain to be characterized. We do not know how motile these 
processes are, although their consistent detection in growth cones 
at this stage of their morphogenesis suggests that they are not 
short-lived. In contrast to them, several filopodia not showing 
stereotypic orientation project both laterally and anteriorly from 
the growth cone. Occasionally, one or more long filopodia were 
observed to have crossed the anterior segmental border, appar- 
ently to contact the muscle fiber 6 and 7 homologs (n = 2; arrow, 
Fig. 6A). 

Within 1 hr (early stage 16), successive dye fills reveal that 
the entire growth cone extends a posteriorward projection (Fig. 
6E,F, process lettered “a”) that becomes fully aligned along the 
cleft between muscle fibers 6 and 7 (Fig. 6E,I;; n = 4). The two 
stereotypic anterior processes are no longer detected at this stage 
and presumably are retracted. Dye fills of the growth cones that 
have extended posteriorly down the cleft bear numerous short, 
laterally directed filopodial processes, together with other pro- 
cesses directed anteriorly (Fig. 6E,F). These filopodial processes 
are also transient and do not show stereotypy. 

By 15-l 6 hr (late stage 16), dye fills show the muscle 6 and 
7 ending divided into a pair of approximately equal-length neu- 
ritic processes (n = 7; labeled “1” and “2,” Fig. 6G-I). Fills 
made at this time reveal few of the lateral filopodia-like pro- 
cesses that project from the axon proximal to the branch point, 
resulting in a smooth appearance. By 17 hr of development 
(early stage 17), the neuromuscular ending occupies its mature 
extent along the two target muscle fibers (Fig. 6G-I). Fine pro- 
cesses often cross between the two branches (n = 6), a feature 
also found in mature larval endings. Late-stage dye fills display 
axonal swellings that resemble synaptic boutons (Figs. 6H,I; 
7A). At this time, immature endings label with antisera to the 
neurotransmitter glutamate (Johansen et al., 1989b), and the 
muscle fibers contract in response to CNS activity (Anderson 
and Keshishian, 1990). 

By 17 hr (stage 17) of embryogenesis (Fig. 7A), the overall 
motoneuronal ending anatomy resembles that seen in a third 
instar larva (Fig. 7B). The motoneuron divides its ending equally 
between the two muscle fibers and furthermore is mirror sym- 
metrical over their surfaces, with the line of reflection being the 
cleft. Thus, the symmetry extends both to the early behavior of 
growth cone filopodia as well as to the later posteriorward bi- 
furcation of the ending. 

Figure 4. Characterization of the dorsal RP neurons. A double-fluo- 
rescence image showing the neurons immunopositive for even-skipped 
in positive image and the neurons immunopositive for fasciclin III in 
negative image. The composite was generated by subtracting the video 
image for the rhodamine fluorescing fasciclin III-positive cells from the 
image of the fluorescein-labeled even-skipped-immunoreactive cells. 
Both RPI and RP4 are visible on the dorsal surface (arrows), as black 
fasciclin III-immunopositive cells. The even-skipped labeled RP2 (ar- 
row) lies directly anterior to RPI and RP4. The paired cells aCC and 
pCC are also labeled with the even-skipped antibody. Scale bar, 10 Wm. 

16; n = 10 embryos), when the growth cone contacts are made. 
It is no longer detected at the muscle fiber cleft by 16 hr (stage 
17; n = 2 embryos). Staining of the RP growth cones is also lost 
at this stage. The staining is not observed on any of the other 
muscle fibers in the abdominal hemisegment, with the exception 
of two ventral oblique fibers (15 and 16; n = 13 embryos), which 
also have a cleftlike expression pattern and have their motor 
endings similarly aligned on the cleft. Elsewhere in the periph- 
ery, the fasciclin III expression is observed on the surfaces of 
the epidermis, as first noted by Pate1 et al. (1987). 

The muscle fiber 6 and 7 neuromuscular ending develops from 
site-specificjlopodial contacts. We examined the events leading 
to synapse formation on muscle fibers 6 and 7 in a series of 
staged, dye-filled, and unfixed embryos. Each dye fill was used 
to generate a single, computer-enhanced image of the growth 
cone captured at a particular stage in its development. From 
these images (n = 22), we reconstructed the behavior of the 
motoneuron as it differentiated at its target. 

During the period of 12-13 hr (stage 15), the RP3 growth 
cone projects peripherally between two layers of musculature, 
with the muscle fibers 28 and 14 on the external side and muscle 
fiber 7 on the internal side. The growth cone contacts the cleft 
of muscle fibers 6 and 7 at a level midway between the anterior 
and posterior segment borders. While we did not examine the 
dynamics of exploratory behavior by the RP3 growth cone prior 
to its morphogenesis at the cleft, anti-HRP immunocytochem- 
istry (Johansen et al., 1989b; see also Fig. 1A) and vital labeling 
of growth cones (Chiba et al., 1990) indicate that exploring SNb 
growth cones can extend filopodia to lengths of up to 20 pm 
and thus can potentially contact several muscle fibers from a 
single site. 

The morphological changes leading to synapse formation at 
the cleft between muscle fibers 6 and 7 are first characterized 
by the generation of three prominent processes detected at 12.5- 
13.5 hr (late stage 15; Figs. 2A, 6A-D). The processes resemble 
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Johansen et al. (1989a,b) found that in the anterior abdominal 
segments of both embryos and larvae the neuromuscular end- 
ings on muscle fibers 6 and 7 extend equally in both anterior 
and posterior directions from the nerve entry point. As the 
embryonic growth cone and synaptic contact project largely in 
a posterior direction over muscle fibers 6 and 7, we predict that 
in anterior segments muscle fibers 6 and 7 are coinnervated with 
at least one other motoneuron, or that novel anterior branches 
are generated over the muscle fibers in later development. 

In conclusion, RP3’s growth cone establishes a motor ending 
on muscle fibers 6 and 7 over a period of about 2 hr. During 
this period, the growth cone resides exclusively on and about 
the cleft region of the muscle fibers and develops into a branched 
structure that prefigures the mature larval ending. This is ac- 
complished by a series of predictable shape changes, including 
the genesis of stereotypic filopodial processes and the growth of 
processes in specific directions. 

Synaptic morphogenesis on muscle fiber 13. To what extent 
are the features of synapse formation seen at muscle fibers 6 
and 7 shared by other motoneurons? We examined in detail the 
innervation of muscle fiber 13, which lies immediately adjacent 
to muscle fiber 6 (Figs. lB, 5). The peripheral axonal growth 
and innervation of muscle fiber 13 occurs at approximately the 
same time and proceeds at the same rate as the events described 
above for muscle fibers 6 and 7. 

As the trajectory in the periphery to muscle fiber 13 extends 
over the relative wide expanse of muscle fiber 6, we recon- 
structed how the RP 1 growth cones behave over nontarget mus- 
cle fiber surfaces. Figure 8A-D illustrates four dye-filled RPl 
growth cones located on the externally facing side of muscle 
fiber 6 prior to contacting the muscle fiber 13 membrane surface. 
Growth cones over this part of the trajectory were not charac- 
terized by the presence of stereotypic processes. In addition to 
variably directed filopodia, the size of the growth cone lamel- 
lipodia varied considerably between preparations (n = 6; com- 
pare Fig. 8A,B to C,D). Here the growth cones are positioned 
on the side of muscle fiber 6 facing the embryo’s cuticle, opposite 
to the side where RPl makes its ending. This location agrees 
with observations made of whole nerve trajectories in embryos 
by Johansen et al. (1989b), where growth cone filopodia were 
seen to spread from the efferent SNb nerve along the externally 
facing surfaces of muscle fiber 6. 

In contrast to their morphology on the muscle fiber 6 surface, 
RPl growth cone dyefills show a consistent change in appear- 
ance as they approach the edge of fiber 13. Just as RP3 growth 
cones sprout stereotypic filopodia-like projections when they 
reach the muscle fiber 6 and 7 cleft, RPl growth cones align 
along the muscle fiber 13 edge and project a single long, pos- 
teriorly directed process (n = 8; Fig. 8E-H, labeled “a”). A 
similar morphological response was seen in RP4 growth cones 
at this point (n = 4). This “exploratory” process is generated 
while the body of the RP3 growth cone is still on the external 
facing side of muscle fiber 6. The process extends along the side 
of muscle fiber 13 facing the embryonic interior, where the 
mature synaptic contacts are located. Thus, like the behavior at 
the muscle fiber 6 and 7 cleft, muscle fiber 13 growth cones 
project to the interior-facing side when they reach their targets. 
The posteriorward filopodial growth will subsequently mature 
into the principal projection of RPl on muscle fiber 13. Other 
variable filopodia are observed during the transitional phase. 
These filopodia are subsequently lost as the contact further dif- 
ferentiates. 

Figure 5. A schematic representation of the RP trajectories. RPI and 
RP3 share similar central projections, crossing anteriorly and contra- 
laterally to pioneer the anterior commissure (Jacobs and Goodman, 
1989). At the longitudinal connective, the growth cones turn posteriorly 
and follow the ISN out of the neuropil (Thomas et al., 1984; Pate1 et 
al., 1987). Both axons exit the CNS and innervate their respective muscle 
fibers by the SNb branch. RP4 resembles RPI in both its central tra- 
jectory and choice for peripheral target. By contrast, RP2 projects ipsi- 
laterally to contact the ISN tract and ultimately innervates dorsal mus- 
cle fiber targets of its own segment (n = 4 dye fills). Vertical gray bars 
mark the border of the CNS. The trajectories and endings correspond 
to a stage I7 embryo, as viewed in a fillet, from the inside of the embryo. 
Abbrev.: A, P, anterior, posterior commissure; L, longitudinal connec- 
tive. 

The motoneuron’s branching over the target muscle fiber fol- 
lows a predictable sequence (n = 7; Figs. 81-L, 9A). The neu- 
romuscular ending has up to two anterior-lateral branches in 
addition to its posteriorward projection. The anterior-lateral 
branches arise after the posteriorward projection has extended 
some 5-10 pm. Bouton-like varicosities are observed by 16 hr 
(stage 17; Figs. SL, 9B). 

Thus, over a l-2 hr period during late stage 16, the moto- 
neuron’s growth cone follows a precise, orchestrated transition 
into a differentiated motor ending. A comparison of the em- 
bryonic synapse with the mature neuromuscular ending in a 
third instar larva is shown in Figure 9B,C. Mature muscle fiber 
13 endings (Johansen et al., 1989a) usually have multiple pos- 
teriorward branches lying adjacent and parallel to each other. 
It is probable that these projections in larvae represent in part 
the endings of RPl and RP4. 

Discussion 

In this article, we have used computer-enhanced digital optical 
microscopy, dye fills, and immunocytochemistry to deduce the 
growth cone and filopodial behavior of identified Drosophila 
motoneurons. The differentiation and fascicle choices of the RP 
neurons within the CNS have been examined previously, and 
the cells were described as efferents, although their targets were 
not determined (Thomas et al., 1984; Jacobs and Goodman, 
1989). Recently Sink and Whitington (199 1) have identified the 
targets of numerous abdominal motoneurons. 
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Figure 6. Growth cone behavior leading to synapse formation by RP3 on muscle fibers 6 and 7. These tracings were made from enhanced video 
images of dye-filled growth cones from a series of unfixed embryos. The drawings in this figure are positioned in three columns, within which they 
are comparably aligned. The vertical bar under each column denotes the border between muscle fibers 6 and 7 (the cleft). A-D, Stereotypic filopodial 
projections of the growth cone seen as it first contacts muscle fibers 6 and 7, during 12.5-13.5 hr (late stage 15). Two prominent, stereotypic 
filopodia (arrowheads in A-D) are evident in these growth cones. At this time, some filopodia (arrow, A) can cross the anterior segment border. 
However, the small posteriorward process (labeled a, B-D) is fated to pioneer the principal posteriorward growth of the neuronal ending. The other 
filopodia seen are variable in orientation and number. E and F, The posteriorward elongation of the growth cone along the muscle fiber 6 and 7 
cleft. In 14-15 hr (stage 16) embryos, the growth cone advances posteriorly (a) to extend up to 10 pm from its initial entry point. During this stage, 
the ending bears numerous fine and variably directed filopodia. G-I, The subdivision of the motoneuronal ending into symmetrical muscle fiber 
6 and 7 projections. At 15-l 6 hr (late stage 16), the ending divides into two equally long branches, running posteriorly along each muscle fiber 
labeled I and 2). At this stage, there is substantial trimming of finer lateral filopodia, especially those emerging from the axon behind the branch 
point. This stage is also associated with the elaboration of synaptic boutons. Scale bar, 10 pm. 

Connectivity is precise. The Drosophila motoneurons we ex- 
amined innervate specific muscle fibers with high reliability. We 
did not see random collateral axon branches to other muscle 
fibers that are later withdrawn, although filopodia can contact 
multiple muscle fibers. In support of the reliability of moto- 
neuronal targeting is the extensive anatomical stereotypy ofneu- 
romuscular endings seen using neuron-specific antisera (Johan- 
sen et al., 1989a). In addition, Chiba et al. (1990) showed that 

there is a stereotypic pattern in the CNS of backfilled cell bodies 
when muscle fibers are fluorescently labeled with the lipophilic 
dye Dil. Similarly, Sink and Whitington (199 1) have observed, 
in addition to their dye fills, consistent populations ofcell bodies 
when specific nerve trunks are backfilled with Dil or cobalt. 

One consequence of precision in connectivity is that the CNS 
can independently control individual muscle fibers. Also, be- 
cause Drosophila motoneurons can express one or more of sev- 
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Figure 7. A comparison of the embryonic and mature innervation 
anatomy on muscle fibers 6 and 7. A, In a dye fill at 16-17 hr (stage 
17), the principal features of the mature postembryonic neuromuscular 
anatomy are evident, including the bifurcation of the axon (arrows) to 
the two targets, the finer processes crossing between the muscle fibers, 
and the distribution of synaptic boutons (this video image of the mo- 
toneuron’s arborization corresponds to the tracing in Fig. 61). B, In a 
third instar larva, the characteristic neuromuscular arborization on mus- 
cle fibers 6 and 7, corresponding to the region innervated in the embryo 
(arrows), is labeled with a glutamate antiserum and peroxidase cyto- 
chemistry (Johansen et al., 1989a). The letter N corresponds to the RPl 
branch point from the SNh. Scale bar: 5 pm for A; 20 wrn for B. 

era1 transmitters, including glutamate (Johansen et al., 1989a), 
proctolin (Anderson et al., 1988), and octopamine (Halpem et 
al., 1988), muscle fibers may be specifically excited and mod- 
ulated in complex ways. 

A key to understanding connectivity in the Drosophila neu- 
romuscular system is the analysis of the specialized properties 
of the individual muscle fiber membranes. In Drosophila, em- 
bryonic motoneurons not only grow directly to the correct mus- 
cle fibers but also project to favored sites on their target cell 
surfaces. These sites are apparently ignored by other motoneu- 
rons, which must follow the same nerve pathways en route to 
their own muscle fiber targets. Only one of these contacts will 
result in the formation of a synapse. Through unknown mech- 
anisms, each growth cone leaves the nerve to innervate a pre- 
ferred muscle fiber. This suggests that motoneurons recognize 
cell-specific surface features as they contact different muscle 
fibers. 

Is there evidence for the specialization of Drosophila muscle 
fibers at the molecular level? There are two examples of Dro- 
sophila muscle fiber subsets expressing specific molecules during 
the period of embryonic synaptogenesis. Harkins et al. (1990) 
have identified genes using enhancer detector methods, where 
the protein expression is restricted to specific embryonic Dro- 
sophila muscle fibers. The specialized expression is limited, for 
some genes, to a single muscle fiber. In this article, we described 
fasciclin III expression by two pairs of muscle fibers, the ventral 
longitudinals 6 and 7 and the ventral obliques 15 and 16, in a 
temporally and spatially restricted fashion just prior to and dur- 
ing synaptogenesis. For both muscle fiber pairs, the fasciclin III 

expression is found on membrane surfaces where the synapses 
will be made. Furthermore, the expression is also seen on ef- 
ferent growth cones, including in one case the presynaptic mo- 
toneuron. 

Fasciclin III has been shown to mediate a strong homophilic 
adhesion between tissue culture cells induced to express the 
molecule on their surfaces (Snow et al., 1989). As the protein 
is expressed in some cases on both the growth cone and target 
membrane surface region during synaptogenesis, it is possible 
that homophilic adhesion mechanisms may also be occurring 
in the embryo. However, a simple mechanism to explain RPl 
connectivity based solely on the homophilic adhesion of fas- 
ciclin III is insufficient, as the protein is also expressed at the 
muscle fiber apodemes, and because at least one other SNb 
neuron not targeted to muscle fibers 6 and 7 also expresses 
fasciclin III on its growth cone. The phenotype of fasciclin III 
mutants at neuromuscular junctions has not been reported. The 
null mutant is not lethal (Snow et al., 1989), although as is seen 
for fasciclin I (Elkins et al., 1990), the severity of the fasciclin 
III null phenotype could depend on the activity of other loci. 

The dynamic expression of cell-surface molecules on specific 
regions of developing neurons appears to be universal (Jesse4 
1988). Some of the proteins involved are expressed regionally 
on neural surfaces at times appropriate for a role in pathfinding 
and are often attractive or adhesive in function (Bastiani et al., 
1987; Pate1 et al., 1987; Dodd et al., 1988; Snow et al., 1989; 
Furley et al., 1990; Jay and Keshishian, 1990). Numerous pro- 
teins thought to mediate cell adhesion have sequence homologs 
in Drosophila or grasshopper, including laminin (Monte11 and 
Goodman, 1988; Garzino et al., 1989), fibronectin (Gratecos et 
al., 1988), integrins (Leptin et al., 1989), and members of the 
immunoglobulin superfamily (Harrelson and Goodman, 1988; 
Seeger et al., 1988; Bieber et al., 1989). A role for these proteins 
in Drosophila neuromuscular development remains to be de- 
termined. 

Our observation that Drosophila muscle fibers possess mo- 
lecularly heterogeneous cell surfaces is consistent with the cell 
biology of muscle fibers. Cell adhesion molecules, such as NCAM 
and cadherin, are dynamically expressed at developing verte- 
brate neuromuscular junctions in the course of synaptogenesis 
(Rieger et al., 1985; Bixby et al., 1987). Specific proteins are 
also known to be preferentially associated with muscle basal 
lamina at sites of neuromuscular junctions, although they may 
be secreted there by other cells (Sanes, 1989). S-laminin is con- 
centrated in synaptic clefts at muscle fibers and has been shown 
to promote motoneuronal adhesion in in vitro assays (Hunter 
et al., 1989). Finally, in syncytial muscle cells, specific trans- 
membrane proteins are localized to the vicinity of the nuclei 
from which they were derived (Hall and Ralston, 1989; Pavlath 
et al., 1989). A similar strategy could be used in Drosophila 
muscle fibers. 

Growth cones generate stereotypic filopodia when they make 
trajectory changes. In this study, we reconstructed the behavior 
of two motoneurons as they encountered their targets through 
a comparison of a succession of dye fills in staged embryos. An 
outstanding feature of both RPl and RP3 is that their growth 
cones make characteristic shape changes, turn in specific direc- 
tions, and sprout fine, stereotypic processes as they grow on 
their respective targets. 

Filopodial preferences for specific axon surfaces have been 
described by Raper et al. (1983) for central neurons of grass- 
hopper embryos. Similarly, the Til pioneer neurons of grass- 
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Figure 8. Growth cone behavior leading to synapse formation by RPl on muscle fiber 13. These tracings were made from enhanced video images 
of dye-filled growth cones from a series of unfixed embryos. The drawings in this figure are aligned as in Figure 6. The vertical bar under each 
column denotes the border between muscle fibers 6 and 13. A-D, The RPl growth cone prior to contact with muscle fiber 13. In each of these 
examples, the growth cone was positioned on the externally facing surface of muscle fiber 6 and has not yet reached the edge of muscle fiber 13, 
the axonal target. E-H, RPl growth cones make a stereotypic posteriorward projection when they first contact the edge of muscle fiber 13. The 
projection (labeled a) is led by a single lilopodium on the side of muscle fiber 13 facing the embryo’s interior, while the growth cone body is still 
on the cuticle-facing side of muscle fiber 6. I-L, Later differentiation of the ending on muscle fiber 13. Anterior-lateral projections arise (labeled 
b) after the elongation of the posteriorward projection (labeled a). Scale bar, 10 pm. 

hopper limb buds show filopodial projections with characteristic 
surface preferences during their proximal growth (Bentley and 
Caudy, 1983; Caudy and Bentley, 1986; O’Connor et al., 1990). 
In both of these examples, the direction or surface selected by 
a growth cone is predicted by the behavior of its filopodia. Thus, 
in the CNS, specific axonal fasciculations are anticipated by 
filopodial preferences, while for the limb bud pioneer neurons 
the growth cones respond to filopodial contacts made on specific 
guideposts or on segmental borders. O’Connor et al. (1990) have 
shown that single filopodial contacts on a guidepost neuron can 
redirect the trajectory of a growth cone. A similar redirection 
of the RP axons occurs as they first contact their appropriate 
targets. 

In Drosophila, we have found that the behavior of the RPl 
and RP3 growth cones at their respective targets is predictable. 

Stereotypic projections are associated with important trajectory 
changes. For example, a critical step in the innervation of muscle 
fibers 6 and 7 is the turn made posteriorly at the cleft between 
the two fibers. In growth cones we have dye filled at this stage, 
two anteriorly directed processes are seen, arrayed one apiece 
on each of the two fibers. The posteriorward projection is ini- 
tiated by a third process projecting opposite to the anterior two. 
The fact that the growth cone is arrayed in this manner when 
it turns 90” posteriorly suggests that these projections are part 
of the necessary movements needed to shift the motoneuron 
from the SNb nerve tract to innervate a specific target. RP 1 also 
shows this kind of behavior when it initiates its posteriorward 
turn on muscle fiber 13, with a single prominent process running 
down the medial edge of the target. 

The branching of motoneuronal endings during the latter stages 
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Figure 9. Video-enhanced images of growth cone dye fills on muscle fiber 13. A, In a 16-l 7 hr (late stage 16) embryo, fine filopodial projections 
are directed posteriorly from an RPl growth cone (drawn in Fig. 84. One of these is initiating the posteriorward projection (a). Dye fills of RP4 
growth cones at this stage have a similar morphology. B, View of RPl’s growth cone at stage 17, showing the formation of the anterior projection 
(b), in addition to the initial posteriorward projection a (drawn in Fig. 8L). Synaptic boutons are also present. C, For comparison, neuromuscular 
endings on muscle fibers 13 (arrowhead and 12 in a third instar larva are shown labeled with glutamate antiserum and peroxidase cytochemistry. 
Scale bar: 5 pm for A; 8 pm for B, 50 irn for C. 

of synaptogenesis is also precise. For both RPl and RP3 both 
the location and the sequence of branching are predictable. Thus, 
at muscle fibers 6 and 7 the bifurcation of the ending is made 
after the posteriorward process has advanced some 5 pm down 
the cleft. In the case of RP 1, its anteriorward branches are gen- 
erated after the primary posterior-ward process has been estab- 
lished. Also, the anterior branch is generated from the site where 
the growth cone first contacts the muscle fiber. How branch 
generation is controlled in this fashion is not known. 

In all likelihood, the predictable behavior of growth cone 
processes arises in response to features of the muscle fiber sur- 
faces. Reshaping of growth cones by slight differences in filo- 
podial adhesion has been well described and is believed to be 
linked to the reorganization of cytoskeletal components (Le- 
toumeau, 1985; Mason, 1985; Bray, 1987; Smith, 1988). Pref- 
erential filopodial adhesion could also precede the genesis of 
stereotypic processes, the branching of Drosophila motoneurons 
over a single target membrane, and the splitting of a single 
growth cone, as in the situation at muscle fibers 6 and 7, to 
equally adhesive surfaces on its two target cells. The symmetrical 
distribution of fasciclin III on both muscle fibers is consistent 
with this mechanism. 

However, how extracellular signals regulate the motile be- 
havior of growth cones is less well understood. There is evidence 
that neurotransmitters can modulate growth cone morphology 
and motility (Rater et al., 1988). The role of synaptic activity 
in the differentiation of Drosophila neuromuscular connections 
is an open question. Nevertheless, as with other developing 
efferent growth cones (Sun and Poo, 1987; Haydon and Zoran, 
1989) we do know that neurotransmitter is concentrated in 
Drosophila embryonic growth cones (Johansen et al., 1989b) 
and that the muscle fibers contract in response to CNS activity 
during the later stages of growth cone differentiation (Anderson 
and Keshishian, 1990). It has been shown genetically that ac- 
tivity may be an important factor in the shaping of motor end- 
ings observed in Drosophila larvae, influencing both the length 
of processes and the number and placement of synaptic boutons 
(Budnik et al., 1989, 1990). 

In conclusion, we have examined the cellular events governing 
the development of synaptic connections in Drosophila embry- 
os. Motoneuron growth cones exhibit precise targeting and pro- 

ject to specific muscle fibers through active growth cone explo- 
ration. Growth cones are capable of generating precise and 
stereotypic processes that are associated with trajectory changes 
on the target surfaces. Finally, we have provided evidence that 
Drosophila muscle fibers possess molecularly heterogeneous cell 
surfaces that potentially are involved in growth cone recognition 
of appropriate targets. 
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