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Axonal Guidance and the Development of Muscle Fiber-Specific 
Innervation in Drosophila Embryos 
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The outgrowth of peripheral nerves and the development of 
muscle fiber-specific neuromuscular junctions were exam- 
ined in Drosophile embryos using immunocytochemistry and 
computer-enhanced digital optical microscopy. We find that 
the pioneering of the peripheral nerves and the formation of 
the neuromuscular junctions occur through a precisely or- 
chestrated sequence of stereotyped axonal trajectories, me- 
diated by the selective growth cone choices of pioneer mo- 
toneurons. We have also examined the establishment of the 
embryonic muscle fibers and, using intracellular dye fills, 
have identified cells that are putative muscle pioneers. The 
muscle fibers of the bodywall have completed their mor- 
phogenesls prior to the initiation of synaptic contacts, and 
owing to the timing of neurite outgrowth from the CNS, syn- 
aptogenesis is synchronous at muscle fibers throughout the 
bodywall. At each muscle fiber the innervating axons make 
their initial contacts on a characteristic surface domain of 
the target cell’s membrane. Through stereotyped growth 
cone-mediated trajectories the motoneurons actively estab- 
lish the basic anatomical features of the mature neuromus- 
cular junction, Including the stereotyped, muscle fiber-spe- 
cific branch anatomy. These events occur without significant 
process pruning or apparent synapse elimination. Our re- 
sults suggest that the basic elements of the mature neuro- 
muscular innervation, including the details of the ending tra- 
jectory on the target cell’s surface, are formed by the precise 
navigation and presumed recognition by the motoneuron 
growth cones of muscle membrane surface features. 

Embryonic axons must pioneer novel pathways both within the 
central nervous system and to and from the periphery. In both 
vertebrates (Jessel, 1988) and invertebrates (Goodman et al., 
1984; Keshishian, 1987; Harrelson and Goodman, 1988) the 
pioneering axonal projections are often the product of highly 
stereotyped growth cone behavior, guiding the axons to the 
vicinity of their proper synaptic targets where selective and 
specific contacts are made. Among the mechanisms thought to 
assist in neuronal recognition and in the guidance of pioneering 
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axons over uncharted embryonic landscapes are the recognition 
of (1) guidepost neurons and glia (Bentley and Keshishian, 1982; 
Bastiani and Goodman, 1986), (2) epithelial gradients (Nardi, 
1983), (3) segmental borders (Bentley and Caudy, 1983), and 
(4) the dynamic expression of surface molecules on labeled ax- 
onal pathways and target cells (Harrelson and Goodman, 1988). 
To date most of our understanding of neuronal guidance and 
recognition in vivo has been based on the behavior of elongating 
neurites over very complex embryonic substrates, such as the 
CNS neuropil. In this report we describe the development of 
innervation of a simple and accessible neuromuscular system 
in the embryo of the fruitfly, Drosophila melanogaster. 

In Drosophila embryos and larvae the musculature consists 
of a segmentally repeated pattern composed of 3 1 or fewer dis- 
crete unicellular muscle fibers per hemisegment (Hertweck, 193 1; 
Jan and Jan, 1976; Crossley, 1978; Campos-Ortega and Har- 
tenstein, 1985; Anderson et al., 1988). We have recently shown 
that in third instar larvae each of the identifiable muscle fibers 
is innervated by motoneurons expressing glutamate as a trans- 
mitter and that the neuromuscular junctions are anatomically 
stereotyped, with muscle fiber-specific branching patterns (Jo- 
hansen et al., 1989). One likely mechanism to account for this 
high degree of precision in neuromuscular connectivity is that 
each muscle cell is labeled by one or more specific “recognition” 
molecules, to guide growth cones as they establish the different 
stereotyped innervation patterns. The innervation of the Dro- 
sophila embryonic and larval musculature, therefore, is a valu- 
able model system for studying in detail the navigation and 
target recognition by motoneuronal growth cones of specific 
identified muscle cells. In this paper we examine the formation 
of muscle fibers and the pioneering of the peripheral nerves, as 
well as the temporal aspects of synaptogenesis and the onset of 
transmitter expression. A detailed analysis of growth cone be- 
havior that results in specific motoneuronal ending anatomy is 
presented for several muscle fibers. Some of these observations 
have been published in abstract form (Johansen et al., 1988). 

Materials and Methods 
Preparations and solutions 
Stocks. Wild-type Canton S D. melanogaster stocks were maintained 
under standard laboratory conditions in uncrowded bottles. Staged and 
timed embryos were obtained by 1 or 2 hr collections of eggs laid on 
apple juice-agar plates. The eggs were allowed to develop to the desired 
stage by incubation at 25 f 1°C. Embryos were staged according to the 
morphological staging criteria described by Campos-Ortega and Har- 
tenstein (1985). 

Saline. Osmotically balanced insect saline solutions consisted 
of (in mM) 140 NaCl, 5 KCl, 5 CaCl,, 4 NaHCO,, 1 MgCl,, 5 
N-Tris(hydroxymethy1) methyl-2-aminoethanesulfonic acid (TES), 5 
trehalose, and 100 sucrose at pH 7.2. For some of the dissections a 0 
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mM Ca, 6 mM Mg version of this saline was used to suppress synaptic 
activity and muscle contractions. 

Dissections. Larvae were dissected in Ca-free insect saline by a dorsal 
incision through the bodywall and pinned out flat in Sylgard coated 
dishes with loo-pm insect pins. All internal organs were removed, ex- 
posing the inner surface of the bodywall musculature. 

Embryos were manually devitellinized on double-sided tape. For stages 
prior to the secretion of cuticle (14-15 hr of development) the embryos 
were attached to clean glass slides and filleted open under insect saline 
using glass micropipettes. All viscera and yolk were removed. After 
secretion of cuticle and until hatching (at this stage the embryos do not 
stick to the glass), the embryos were devitellinized and pinned out in 
Sylgard coated dishes with the broken tips of glass microelectrodes. To 
limit muscle contractions the dissections were performed in C&free 
saline which was cooled to 4°C by a Peltier plate (Cambion Instruments). 

Immunocytochemistry 
Antibody and phalloidin sources. The antiserum to glutamate was the 
generous gift of Drs. C. Toomim and P. Petrusz. The rabbit antiserum 
was raised to glutamate coupled by glutaraldehyde to keyhole limpet 
hemocyanin (Hepler et al., 1986). The antibody has been characterized 
by Toomim et al. (1986), Hepleret al. (1988), and Johansen et al. (1989). 
Antiserum to HRP (goat) and a direct fluorescein-conjugated goat HRP- 
antiserum were from Cappel. In addition, rhodamine-conjugated phal- 
loidin (Molecular Probes, Eugene, OR) was used to label actin filaments 
in muscle fibers. 

Fixation and cytochemistry. Preparations were fixed in 4% parafor- 
maldehyde for 1/2-l hr in 100 mM NaH,PO, adjusted to pH 7.4, blocked 
for 1 hr with 1% BSA in PBS (20 mM NaH,PO,, 150 mM NaCl, adjusted 
to pH 7.2), and then incubated overnight at room temperature in pri- 
mary antiserum diluted 1:200-1:400 in TBS (PBS with 0.2% Triton 
X- 100) containing 1% BSA. Alternatively, staining of filamentous actin 
was carried out by incubating the tissues overnight in rhodamine-con- 
iuaated nhalloidin (66 nd diluted in TBS. After washina in TBS for 1 
&-those preparations &tiring secondary labeling were incubated at 
room temperature for 2 hr in either HRP-, fluorescein- or rhodamine- 
conjugated IgG specific to the primary (40 rcg/ml). The HRP reaction 
was developed as previously described (Johansen et al., 1989). All prep- 
arations were rinsed with TBS (1 hr) and distilled water (15 min) before 
mounting on slides in 5% n-propyl gallate glycerol (Giloh and Sedat, 
1982). 

For double labeling experiments with both glutamate antisera and 
HRP-specific IgG the preparations were fixed for ‘/2-l hr in 4% para- 
formaldehyde/O. 1% glutaraldehyde in 100 mM NaH,PO,, pH 7.4. Fol- 
lowing 1% BSA blocking the preparations were incubated overnight at 
room-temperature in the rabbitiderived glutamate antiserum (1:200- 
1:400 in TBS with 1% BSA). washed 1 hr in TBS. and then labeled for 
2 hr with a sheep-derived a&rabbit rhodamine-conjugated IgG (40 p@ 
ml in TBS with 1% BSA). The preparations were washed for 1 hr in 
TBS before incubation overnight in fluorescein-conjugated goat-derived 
anti-HRP IgG (25-50 &ml in TBS with 1% BSA). Tissues were rinsed 
in TBS and distilled water and mounted as described above. 

Digital optical microscopy 
Embryonic Drosophila neurons and growth cones are extremely small, 
and well-resolved fluorescence micrographs cannot be easily obtained 
using conventional photographic methods. Effective images of growth 
cones at high magnification were routinely acquired using computer- 
enhanced digital microscopy. Epi-illuminated fluorescently labeled 
specimens were observed with a 63X 1.4NA planapochromat objective 
and 5X ocular using a Dage-MT166 silicon intensifier target (SIT) video 
camera adjusted for maximal sensitivity and gain. Frames were digitized 
using an IT1 FGlOO 1024 x 1024 x 12 bit digitizing board in a 16- 
MHz 386 desktop computer to yield displayed images of 512 x 480 x 
8 bit resolution. Up to 32 digitized frames were integrated to yield an 
S-fold improvement in signal to noise, and the resulting images were 
processed for gray scale manipulation and inversion. Composite images 
were made by tableting the in-focus areas of multiple averaged video 
images taken at different focal planes. Some of the images were con- 
volved with a 7 x 7 sharpening algorithm as well as by a median filter. 
Images were photographed directly from a high-resolution video mon- 
itor using Kodak T-MAX 100 or Technical Pan film. 

Intracellular dye Jills 
Drosophila bodywalls were filleted in 0 mM Ca saline and secured to 
glass slides as described in the immtmocytochemistry methods. Selected 
muscle cells were observed using differential interference contrast (No- 
marski) microscopy using a 40X 0.75NA water immersion objective 
with the image relayed via a 5X ocular to a video camera (Newvicon 
tube Dage-MTI70). All intracellular impalements were done by viewing 
the targeted, image-enhanced cells on a video monitor. 250-400 Ma 
electrodes with tips filled with 10% Lucifer yellow CS in distilled water 
were used with shanks backfilled with 1 M LiCl. The dye was iontopho- 
resed into the cells using 0.1-0.2 nA continuous hyperpolarizing current. 
Dye-filled cells were fixed with 4% paraformaldehyde or the living dye- 
filled cells were used for video microscopy as described above. The dye- 
filled preparations were processed for anti-HRP staining, to establish 
precisely the stage of development and correlate the muscle fiber dif- 
ferentiation to neurite outgrowth. 

Results 
Muscle pattern, peripheral nerves, and stereotyped 
neuromuscular innervation in larvae 
The musculature of each hemisegment in the bodywall of mature 
embryos and larvae is organized into a segmentally repeated 
pattern of 3 1 or fewer discrete unicellular muscle fibers. While 
there are segment-specific patterns for each of the thoracic seg- 
ments Tl-T3, and the most posterior abdominal segment A8/ 
9, the same pattern is used in abdominal segments Al-A7, with 
the exception of a single fiber difference in Al (Campos-Ortega 
and Hartenstein, 1985; Anderson et al., 1988). In the following 
all descriptions are derived from observations of the abdominal 
segments Al-A7. The left panel of Figure 1 shows the pattern 
of a single abdominal hemisegment with the filamentous actin 
of the muscle fibers fluorescently labeled with rhodamine-con- 
jugated phalloidin. Each muscle fiber is clearly distinguishable 
and singly identifiable on the basis of its position, size, and 
orientation. The numbering system used to name the muscle 
fibers (middle panel of Fig. 1) is adapted from Crossley (1978) 
and Anderson et al. (1988). It shouid be noted that rare vari- 
ations in the basic pattern can be encountered, for example, 
occasionally one of the dorsal external longitudinal fibers (9, 10, 
or 11) in a single segment may be missing, as is illustrated in 
Figure 1. 

The bodywall musculature is innervated by central motoneu- 
rons, which extend their axons through 2 peripheral nerve roots, 
the anteriorly positioned intersegmental nerve (ISN) and the 
posteriorly positioned segmental nerve (SN) (Thomas et al., 
1984; Canal and Ferrus, 1986). The segmental nerve can further 
be divided into four major branches, which are denoted in this 
paper as SNa, b, c, and d. In Figure 1 (right panel) the trajectory 
of the peripheral nerves is illustrated, indicating as well the 
specific muscle fibers innervated by each of the nerve branches. 
The dorsal musculature is innervated by the ISN, whereas the 
ventral muscle fibers are innervated exclusively by the SN. This 
analysis is based on tracings of peripheral nerves labeled with 
anti-HRP antiserum (aHRP) in bodywall preparations of third 
instar larvae. The antibodies are specific to the membrane sur- 
faces of all insect neurons (Jan and Jan, 1982; Snow et al., 1987). 
In addition to innervating the bodywall musculature, the two 
nerves collect axons from the different groups of peripheral sen- 
sory neurons (Campos-Ortega and Hartenstein, 1985; Canal and 
Ferrus, 1986; Ghysen et al., 1986; Hartenstein, 1988), and thus 
they contain both afferent and efferent axons. 

Using a glutamate-specific antiserum we recently demonstrat- 
ed that glutamate-immunoreactive motoneurons innervate the 
entire larval bodywall musculature, with each muscle fiber re- 
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Figure 1. The abdominal segmental muscle fiber pattern and its innervation by the 2 peripheral nerve roots. In this and all following figures 
anterior is to the left and dorsal at the top. L@ panel, Muscle fibers of an abdominal hemisegment labeled by rhodamine-conjugated phalloidin. 
Middle panel, A schematic representation of the muscle fibers in the left panel, with the fibers illustrated given their identifying numbers. Right 
panel, Schematic drawing of the intersegmental nerve (ZLW) and the segmental nerve (SZV) based on tracings of the nerves labeled with HRP-specific 
antibodies. The SN has been subdivided into 4 branches (a, b, c, and d). The numbers identify the muscle fibers innervated by the various branches 
of the nerves. 

ceiving at least one glutamatergic ending (Johansen et al., 1989). 
The motoneuronal innervation is initiated at a stereotyped lo- 
cation for each muscle fiber, from which moderately branched 
varicose nerve processes project over the internally facing mus- 
cle surface. Endings on individual muscle fibers have distinct 
and stereotyped branching patterns, with the motoneuronal pro- 
cesses occupying characteristic surface domains of the muscle 
fiber. 

In this study anti-HRP immunocytochemistry was used to 
label developing embryonic neurons, to reveal all participating 
efferent and afferent projections. The aHRP allowed us to de- 
scribe the morphology of neuronal projections prior to the onset 
of transmitter expression. We have compared neuromuscular 
junctions in larvae labeled with the glutamate-specific antiserum 
to those labeled with the anti-HRP antibodies, to determine 
whether the glutamatergic projections represent all or only a 
subset of the innervating axons. Figure 2 illustrates the HRP- 
antiserum labeling of third instar muscle fibers 4, 12, and 13, 
and 6 and 7. The morphology of these motoneuronal endings 
was indistinguishable from that obtained with the glutamate 
antiserum (aGlu; cf. to figures 3 and 4 from Johansen et al., 
1989). A direct correlation is shown in Figure 3, comparing the 
same neuromuscular projections on muscle fibers 12 and 13 
(Fig. 3, A, B) and 4 (Fig. 3, C, D) double labeled with both the 
aGlu and the aHRP. The labeling by the 2 probes is coextensive 

for each of the neuromuscular endings on the 3 muscle fibers 
illustrated. Similar results obtained for muscle fibers 2, 4, 6, 7, 
12, and 13 throughout the bodywall strongly indicate that all 
nerve endings innervating skeletal muscle fibers in Drosophila 
larvae are glutamatergic. The anti-HRP-labeled junctions there- 
fore confirm the earlier description of muscle fiber-specific and 
anatomically stereotyped neuromuscular junctions that were ob- 
tained using transmitter specific probes. The remainder of this 
paper describes how the stereotypic innervation pattern ob- 
served in larvae is established during embryogenesis through a 
series of highly orchestrated and precisely timed events. 

Muscle formation 
As the axonogenesis and initial outgrowth of pioneering axons 
from the CNS takes place in embryos before muscle fibers have 
formed (Campos-Ortega and Hartenstein, 1985), the temporal 
relationship between muscle differentiation and peripheral nerve 
development was examined to follow possible interactions be- 
tween the events. The anterior comer cell (aCC) is the first 
motoneuron to extend an axon toward the periphery and this 
neuron is thought to pioneer the ISN at the beginning of stage 
13 (9.30-10.00 hr postfertilization; Thomas et al., 1984; Canal 
and Ferrus, 1986). At this stage the somatopleura, which gives 
rise to the somatic musculature (Campos-Ortega and Harten- 
stein, 1985), consists of a layer of unfused spheroidal mesoder- 
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ma1 cells without any obvious signs of organization within the 
segment (Fig. 4A). By stage 14, however, the mesodermal cells 
of the somatopleura have begun to aggregate and fuse to become 
the syncytial muscle fibers (Fig. 4B). Several identifiable muscle 
fibers, principally the internal and external longitudinals, can 
be distinguished at this stage. In Figure 4B the white arrows 
indicate the developing ventral longitudinal muscle fibers (6, 7, 
12, and 13). Throughout stage 14 fusion continues between the 
developing muscle fibers and the numerous myoblasts present 
at the bodywall (Fig. 4B, black arrows). 

In contrast to the grasshopper embryo, where muscle pioneers 
are responsible for structuring the muscle pattern (Ho et al., 
1983; Ball et al., 1985a), it is not known in Drosophila how the 
correct muscle fiber pattern is being organized, or how fibers 
insert on the epidermis at the proper sites. Intracellular Lucifer 
yellow dye fills of mesodermal cells in the somatopleura during 
early stage 13 revealed that most of the mesodermal cells were 
small and round without any distinguishing features; however, 
among these cells a few larger, segmentally repeated bipolar cells 
were identified (n = 6 examples observed, Fig. 54). These cells 
are good candidates for being the muscle pioneers of Drosophila 
embryos. They are located on the inner surface of the ectoderm 
and extend large growth cones toward the anterior and posterior 
segmental borders (Fig. 5A, arrows). These projections appear 
to delineate the future muscle fiber insertion sites. Thus, the 
Drosophila cells share several properties with the grasshopper 
muscle pioneers previously described, including a bipolar shape, 
growth cone-like processes at each end, and their early appear- 
ance among the developing myoblasts (Ho et al., 1983; Ball et 
al., 1985a). Time-lapse video analysis will be required to de- 
termine whether these bipolar cells in Drosophila embryos 
undergo fusion with the myoblasts and thus develop into muscle 
fibers, or alternatively serve as substrates for myoblast align- 
ment. 

Lucifer yellow dye fills of muscle fibers also revealed that 
several of the longitudinal muscle fibers are transiently dye- 
coupled during stages 14-15 (n = 4 embryos; Fig. 5B). The 
coupling was observed in up to 4 adjacent fibers. However, by 
late stage 15 this dye coupling is lost (Fig. 5C9, and each muscle 
fiber appears to be a separate and independent entity for the 
rest of development. 

We did not detect either dorsoventral or rostrocaudal timing 
gradients in the development of the muscle fibers. As shown in 
Figure 4C, the muscle fiber pattern is essentially complete by 
late stage 15, although a few individual unfused myoblasts are 
still present (Fig. 4C’). At this stage of development (which ap- 
proximately coincides with dorsal closure) spontaneous con- 
tractions of the musculature begin. This is correlated with the 
onset of phalloidin staining in the individual muscle fibers, in- 
dicating the presence of filamentous actin in the sarcomere (Fig. 
6). Thus, the development of a fully organized pattern of con- 
tracting muscle fibers from an initial mass of spheroidal myo- 
blasts is accomplished within 2 hr. 

Figure 2. The characteristic muscle fiber-specific anatomy of neuro- 
muscular junctions labeled with HRP-specific antibodies. A, The typical 
short Type I nerve ending on muscle fiber 4, which branches off the 
ISN. B, Motor endings on muscle fibers 12 and 13, which are innervated 
by the segmental nerve branch b (SA%). C, Nerve endings on muscle 
fibers 6 and 7, showing labeled projections running longitudinally along 
the cleft between the fibers. Peroxidase immunocytochemistry. ZZ, Type 
II varicose endings of less than 2 pm. 

Pioneering and formation of the peripheral nerves 
When the first central axons pioneer the ISN at early stage 13 that the efferents begin their outgrowth. The several classes of 
they do it in an environment of as yet unfused myoblasts, an sensory neurons are generated in a dorsoventral sequence, start- 
expanse that is seemingly devoid of organization except for the ing with the dhl (dorsal hair 1) sensory neuron (Ghysen et al., 
putative muscle pioneers. While there are no obvious morpho- 1986; Hartenstein, 1988). The axons of these peripheral sensory 
logical guidance cues at the light microscopic level evident in neurons project toward the CNS at the same time the efferent 
the organization ofthe developing myoblasts, the first peripheral axons grow toward the dorsal midline. Efferent and afferent 
sensory neurons are appearing in the epidermis at the same time pioneer axons meet and fasciculate in early stage 14 embryos 
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Figure 3. Double labeling of nerve endings with HRP and glutamate-specific immunocytochemistry. A, Motor endings on muscle fibers 12 and 
13 labeled with glutamate antiserum (aGLU) and rhodamine-conjugated secondary antibody. B, The same endings as in A labeled with fluorescein- 
conjugated anti-HRP antiserum (aHRP). C, Nerve endings on muscle fiber 4 labeled with glutamate antiserum and rhodamine-conjugated second 
antibody. D, The same endings as in C labeled with fluorescein-conjugated anti-HRP. In both cases the labeling by the HRP and glutamate antisera 
is coextensive. 

at a site approximately halfway between the dorsal and ventral 
midline (Ghysen et al., 1986; Hartenstein, 1988). It is possible 
that the sensory cells or their axons play a role in the distal 
guidance of the ISN efferents to their muscle fiber targets, al- 
though no experimental evidence has been presented supporting 
this notion. The initial outgrowth of aCC and the follower U 
neurons from the CNS (Thomas et al., 1984) is dependent first 
on the recognition of specific glial cells, including the segmental 
boundary cell (SBC, in grasshoppers: Bastiani and Goodman, 
1986; in Drosophila: Jacobs and Goodman, 1988). Once out of 
the CNS the axons project through the mass of myoblasts in 
the ventral somatopleura which will later form the ventral in- 
ternal longitudinal muscle fibers (6, 7, 12, and 13). Distal to 
this point the axons project away from the ectoderm toward the 
embryonic interior and subsequently grow over the inner facing 
surfaces of the developing myoblasts (Fig. 7, C, D). Initially the 

growth cones follow a trajectory close to the anterior border of 
the segment. In the mid-bodywall region the growth cones angle 
their trajectory posteriorly and then continue their distal tra- 
jectory halfway between the anterior and posterior segmental 
borders (Fig. 7, C, E). This sequence of axonal projections is 
illustrated in Figure 7, where HRP-antibody-labeled bodywall 
preparations from stages 14-l 6 are shown with corresponding 
Nomarski images indicating the state of muscle development. 

Figure 7A shows the efferent pioneer axons of the ISN at stage 
14 when they meet and fasciculate with the first dorsal sensory 
afferent axons. While afferent axons contact and follow the ISN 
axons proximally into the CNS, the distally directed ISN growth 
cones pioneer an independent trajectory toward the dorsal mid- 
line without following any obvious structural guidance cues or 
other axons. At this stage the somatopleura is still in a dynamic 
state of muscle formation, with only a few of the muscle fibers 
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yet visible (Fig. 7B). The first axons pioneering the SN are 
emerging from the CNS at this time. 

By stage 15 (Fig. 7C) the ISN is more robustly labeled by the 
HRP antibodies than at stage 14 (Fig. 7A), owing to the addition 
of both afferent and efferent axons to the nerve. Peripheral neu- 
rogenesis is now nearly complete. The full trajectory of the ISN 
can be traced from the CNS to near the dorsal midline. Many 
of the filopodia ofthe ISN axonal growth cones are clearly visible 
(Fig. 7C, curved arrow). The full extent of the filopodia reach 
15 Frn and are able to sample the entire width of each segment. 
At this stage growth cones pioneering the SN are prominent 
some 2 hr after their ISN counterparts (Fig. 7C). 

By stage 16 the ISN has reached the dorsal midline (Fig. 7E) 
and spaced growth cones are clearly visible along the ISN at the 
branch point sites where axons will diverge to innervate partic- 
ular muscle fibers. The several branches of the SN are also being 
pioneered at this time, as illustrated in Figure 7E. Figure 8 
demonstrates the relationship between the ISN and the emerging 
SNa and c branches, and shows the lateral and ventral sensory 
neurons that project into the CNS through the SNa and c branch- 
es. The growth cones of the SNa subbranch, which will innervate 
muscle fibers 2 l-24, are indicated by the arrow. The arrowhead 
points to the growth cones of the small branch which projects 
posteriorly within the mid-segment to innervate muscle fibers 
5 and 8. The SNa is the first branch of SN to appear and precedes 
the SNb, c, and d branches, which emerge simultaneously. 

As a rule axons innervating the most distant peripheral targets 
are the first to exit the CNS, while axons innervating more 
closely located targets exit later, following an order inverse to 
the distance they will grow. Thus, the anterior nerve ISN, which 
innervates the dorsal musculature, is the first nerve to be pi- 
oneered. By the time the ISN growth cones reach the dorsal 
midline the pioneering axons of the SN have exited the CNS; 
they will subsequently pioneer branch SNa. These axons will 
also innervate the most distant targets (muscle 5, 8, 21-24) of 
the nerve. The axons of SNb, c, and d, which innervate more 
proximal muscle fibers roughly equidistant from the CNS, ap- 
pear simultaneously a short time later. The dorsal muscle fibers, 
which have not yet been formed when the first axons of the ISN 
exit the CNS, are differentiated by the time ISN collateral growth 
cones reach them. By contrast, the SN axons, which have a 
much shorter distance to grow, exit the CNS at a later stage and 
thus reach their targets at approximately the same time the ISN 
axons do. The coordinated outgrowth of axons from the CNS 
in each segment compensates for the time it takes to reach 
peripheral targets, and as a result ensures that the onset of syn- 
aptogenesis is synchronous throughout the segment. As there 
are no major timing gradients in neuromuscular development 
between the segments, the skeletal muscle fibers through the 
bodywall are innervated in a synchronous fashion during stage 
16. This is borne out by the corresponding synchronous onset 
of transmitter expression at neuromuscular endings (see below). 

Pioneering of branch SNb and the formation of 
neuromuscular junctions 
To examine the muscle fiber-specific cues used to guide growth 
cones to their targets, we focused on the pioneering of the SNb 
projection. This branch of the segmental nerve projects almost 
exclusively on the surfaces of muscle fibers, and hence its de- 
scription is not complicated by the presence of fasciculating 
afferent axons, as are the other nerve branches. Furthermore, 
as the SNb trajectory runs for part of its length on the internally 

Figure 4. Muscle development in Drosophila embryos. In each of these 
fillets 5 ipsilateral abdominal segments are shown at 3 successive stages. 
The segmental borders of the 3 figures are similarly aligned and are 
indicated by the white arrow3 in C. A, Stage 13 embryonic fillet. The 
CNS is indicated by the arrows. The mesoderm, viewed here from its 
internal aspect, consists of undifferentiated myoblasts with little appar- 
ent organization. B, Stage 14. Many of the muscle fibers are beginning 
to be recognizable (the small white arrows here indicate the ventral 
longitudinal muscle fibers). Numerous small round myoblasts are still 
present (black arrows), some of which appear to be fusing to form the 
muscle fibers. C, Stage 15. The final pattern of muscle fibers has been 
formed and individual muscle fibers are now distinctly recognizable. 
The white arrows indicate the segmental borders. Compare with Figure 
6 for the rhodamine phalloidin staining of the muscle fibers at this stage 
of development. 
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Figure 5. Lucifer yellow dye fills of developing muscle fibers and putative muscle pioneers. A, Homologous presumptive muscle pioneers and 
their extensive filopodial processes, revealed in 2 adjacent abdominal segments by intracellular Lucifer yellow dye fills of a stage 13 embryonic 
fillet. The segmental borders (SB) are indicated by arrows. B, The internal longitudinal muscle fiber 6 was impaled and dye-filled in a stage 14 
embryonic fillet. After several minutes Lucifer yellow could be seen in muscle fiber 7, and a short time later in muscle fibers 12 and 13. The dye 
coupling was restricted to the segment. C, By late stage 15 dye filling indicates that muscle fibers are uncoupled. Here a single internal dorsolateral 
longitudinal muscle fiber 4 was filled. The muscle nuclei are clearly revealed (n). The video fluorescence images are from living, unfixed preparations 
from 5 to 10 min after impalement. Scale bars A, C, 5 pm; B, 10 pm. 

facing surfaces of the musculature, the axons are physically sep- 
arated from potential surface guidance cues located on the epi- 
dermis. The SNb innervates only 6 muscle fibers (Fig. 1) and 
at its distal extent terminates on muscle fiber 12. 

Figure 9A shows the growth cones pioneering the SNb branch 
emerging from the CNS in a late stage 15 embryo. In contrast 
to the ISN, the pioneering neurons for this nerve branch are not 
yet identified. At this stage the muscle pattern is fully formed, 
providing a different environment when compared to the me- 
sodermal layer of undifferentiated myoblasts through which the 

Figure 6. Fillet of stage 15 embryo labeled with rhodamine-conjugated 
phalloidin. The individual muscle cells in the final segmental pattern 
are clearly recognizable. Phalloidin binding filamentous actin is visible 
within the muscle fibers at this stage. Arrows point to the segmental 
borders. 
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Figure 7. The development of the intersegmental (ZSN) and segmental nerves (SN), viewed in embryonic fillets. A, Early outgrowth of the ISN 
during stage 14. B, Nomarski image of A. C, The ISN at stage 15. The curved arrow points to the pioneering growth cones at the advancing tip of 
the nerve (note the apparent gap in the staining where for a short stretch the ZSN grows beneath the ventral internal longitudinal muscles and is 
out of focus). The growth cones of the SN (arrow) have exited the CNS. D, Nomarski image of C. E, At stage 16 the ISN has reached the dorsal 
midline and the trajectories of the subbranches of the SN (a, b, and c) are in the process of being pioneered. F, Nomarski image of E. Most of the 
peripheral neurons are out of the plane of focus in these images. The nerves were labeled with HRP antibody and visualized with fluorescein- 
conjugated secondary. 

ISN grew. The growth cones of the SNb begin their projection growth cones flatten and extend filopodia along the lateral edge 
wedged between the internally facing surfaces of muscle fibers of muscle 13, displaying a characteristic T-like appearance (Fig. 
14 and 28 and the externally facing surface of muscle fibers 6 9, B, C). Elsewhere along the length of the SNb other growth 
and 7. By early stage 16 the growth cones have reached the cones emerge to project over muscle fibers 6 and 7 and 14 and 
border between muscle fibers 6 and 13 (Fig. 9, B, C). Here the 28, as illustrated in the tracing on the Nomarski image in Figure 
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Figure 8. Growth cones of the SNa branch in a stage 16 embryo. The 
figure shows the stereotyped trajectories of the SNa in three adjacent 
segments. The arrowhead indicates growth cones from the SNa sub- 
branch that will innervate muscle fibers 5 and 8, whereas the arrow 
points to growth cones of axons that will innervate muscles 2 l-24. The 
preparation was labeled by HRP antibody and fluorescein-conjugated 
secondary. Is, lateral sensory neurons; vs. ventral sensory neurons. 

9D. The growth cones of the axons innervating muscle fibers 6 
and 7 extend along the cleft between the two muscle fibers where 
they are apposed to each other (Fig. 9, D, F). 

Immediately following the exploration of the lateral edge of 
muscle fiber 13 a growth cone emerges from the T (Fig. 9, E, 
F, arrows) which navigates across the inner surface of muscle 
13 and projects to a specific, stereotyped site on the anterolateral 
membrane surface of muscle fiber 12. While the growth cone 
at this stage has filopodia long enough to sample the entire 
surface of muscle 12, it invariably contacts the muscle fiber at 
a specific site that is located on the anterior-medial internally 
facing surface of the cell. There are no distinguishing morpho- 
logical features on the muscle fiber surface visible in the light 
microscope that characterize this site, nor does it correspond to 
the location of one of the fiber’s nuclei. The precise selection of 
this one region of the fiber strongly suggests the presence there 
of a localized guidance cue residing on the muscle fiber mem- 
brane surface itself. 

By the middle of stage 16 glutamate immunoreactivity ap- 
pears in the axonal endings (Fig. 10). Our present experiments 
do not allow us to determine whether the glutamate expression 
slightly precedes innervation or whether it coincides with the 
establishment of neuromuscular junctions. However, if the em- 
bryo is released from the egg at this stage, it will show bending 
and flexing and other forms of coordinated movements, strongly 
suggesting that the neuromuscular junctions have become func- 
tional. 

A major focus of our work was to determine how the stereo- 
typed morphology of the neuromuscular innervation of partic- 
ular muscle fibers is formed during development. Figure 11 
shows the progressive elaboration of the neuromuscular inner- 
vation of muscle fibers 12 and 13, and 6 and 7. The first neu- 
romuscular contacts are highly localized and resemble growth 
cones, consisting of l-3-pm swellings of the process, from which 
fine filopodia extend over the inner facing muscle fiber surface 
(Figs. 10; 11, A, B). The primary contact in the embryo is made 
at precisely the same area of the muscle fiber surface which will 

correspond to the nerve entry point in third instar larvae. Fur- 
thermore, the trajectory and branch morphology of the initial 
neuromuscular contact establishes de nova the basic elements 
of the mature branch anatomy of the junctions. For example, 
Figure 11A shows that the distinct branch and ending features 
of muscle fibers 12 and 13 are evident in the first contacts made 
on the fibers in the embryo: here muscle fiber 12 has its char- 
acteristic Y-shaped anteriorly and posteriorly directed nerve 
processes while muscle fiber 13 has its typical posteriorly di- 
rected process. Muscle fibers 6 and 7 also have their character- 
istic neuromuscular projection confined to a narrow, 1 -pm strip 
along each fiber where they are apposed. At stage 17 the mor- 
phology is maintained, with the length of the neuromuscular 
endings increased together with the size of the muscle fibers 
(Fig. 11, C, D). During the remainder of stage 17 through hatch- 
ing the neuromuscular junctions expand over the muscle fiber 
surface and the thinner Type II endings appear. The postem- 
bryonic innervation pattern in the first instar larvae (Fig. 11, E, 
F) very closely resembles that of third instar larvae (Fig. 2). 

The sequence of events described in detail for muscle fibers 
6 and 7, and 12 and 13 also holds true for the other segmental 
muscle fibers. Thus, (1) After the growth cones from the inner- 
vating axons reach their target muscle fibers they initiate con- 
tacts at specific and stereotyped membrane sites. (2) The earliest 
contacts consist of 1 or 2 l-3-pm growth cone-like swellings 
from which fine filopodia extend over the inner muscle surface. 
(3) Expression of the neurotransmitter glutamate appears just 
prior to or coincidental with the establishment of the first neu- 
romuscular contacts. (4) The characteristic mature neuromus- 
cular junction branching pattern for each muscle fiber is ap- 
parent in the morphology of the initial innervation. 

Discussion 
In this paper we have examined the formation of bodywall 
muscle fibers and the development of their anatomically ste- 
reotyped innervation by the efferent motoneuronal axons in 
Drosophila embryos. We find that these events occur in a pre- 
cisely timed, essentially invariant sequence. Figure 12 gives a 
schematic summary of the relative development of the bodywall 
muscle fibers, the CNS, and the peripheral nerves. This is shown 
in relation to staging features during embryogenesis, from com- 
pletion of germband shortening to hatching (Fig. 12). 

The pioneering of peripheral nerves 
An important observation emerging from this analysis is that 
the bodywall muscles differentiate synchronously throughout 
the segments and that the mature pattern of muscle fibers is 
fully formed before synaptic innervation takes place. Further- 
more, the 2 peripheral nerve branches innervating the bodywall 
musculature are pioneered in a sequential fashion. Thus, the 
axons of the ISN, which exclusively innervate dorsal and dor- 
solateral muscle fibers, are the first to grow out, at a time when 
the bodywall substrate consists of undifferentiated myoblasts. 
In contrast, the SN, which innervates only ventral muscle fibers, 
exits the CNS 2 hr later when the muscle fibers have fully formed. 
While we have not been able to correlate specific growth cones 
to CNS cell bodies in this study, there are probably in each 
segment at least 2 distinct populations of motoneurons, whose 
timetable of differentiation is staggered by about 2-3 hr, and 
whose axons exit the ISN and SN, respectively. However, be- 
cause the ISN has to reach the dorsal muscle fibers and thus 
has a further distance to grow than the SN, it reaches its target 



The Journal of Neuroscience, December 1989, 9(12) 4327 

Figure 9. Development of the SNb branch. A, The first pioneer growth cones of the SNb in a late stage 15 embryo. B, The SNb in a stage 16 
embryo. Growth cones are diverging toward individual muscle fibers. C and D, The SNb in 2 adjacent segments in a stage 16 embryo. In D a 
tracing of the nerve trajectories has been superimposed on a Nomarski image of the bodywall muscles (arrowhead indicates the segmental border). 
E and F, The SNb at a slightly later stage than in C. A growth cone has been extended from the border of muscle fibers 6 and 13 toward a stereotypic 
location on muscle fiber 12 (arrows). In F a tracing of the nerve trajectories has been superimposed on a Nomarski image of the bodywall muscle 
fibers (arrowhead indicates the segmental border). The Nomarski image in D and F does not depict all the muscle fibers in the region, since the 
plane of focus is on the axon fascicle, which grows wedged between the muscles. However, the location and identity of the indicated muscles were 
verified by comparing different focal planes. Scale identical for C, D, E, and F. The nerves were labeled with HRP antibody and visualized with 
fluorescein-conjugated secondary. 
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Figure 10. Neuromuscular endings on muscle fibers 12 and 13 labeled 
with glutamate antiserum (aGLU) in a stage 16 embryo. Rhodamine- 
conjugated secondary. 

muscles at essentially the same time as the SN. As a result the 
pioneering of the 2 nerves allows growth cones to reach target 
muscle fibers throughout the segment synchronously. While the 
onset of synaptogenesis could result entirely from the precise 
timing and regulation of efferent outgrowth, it is also possible 
that its onset is triggered by a single commonly acting hormonal 
signal. The timing is late enough so that neuromuscular junc- 
tions are not functional and that no evoked contractions of 
muscle fibers occur before secretion of cuticle and hardening of 
the apodeme insertion sites, possibly preventing damage from 
premature muscle contractions. 

Due to their staggered genesis, the ISN and the SN are pi- 
oneered over very different embryonic landscapes. Consequent- 
ly, the growth cones of the 2 nerves may be encountering dif- 
ferent kinds of guidance cues. Several factors that could govern 
the course of initial outgrowth of the ISN from the CNS include: 
(1) a dorsoventral gradient (Ghysen et al., 1986), (2) factors 
intrinsic to the pioneer neurons, (3) ectodermally derived land- 
marks within reach of the growth cone filopodia, and (4) selec- 
tive cues from the muscle pioneers. Evidence for the last mech- 
anism has been presented by Ball et al. (1985b) for peripheral 
pathfinding by motoneurons in the developing grasshopper. In 
the case of the SN, however, the source of potential guidance 
cues seems more limited and is likely to be provided by the 
substrate of the lily differentiated muscle cells. 

Development of muscle fiber-specific neuromuscular junctions 
We have previously shown (Johansen et al., 1989) that the post- 
embryonic muscle fibers of Drosophila are innervated by uniquely 
identifiable and anatomically stereotyped neuromuscular syn- 
apses. The neuromuscular endings on a specific muscle fiber 
possess several stereotyped features, including the nerve entry 
point, the innervated muscle fiber cell-surface domain, and the 
neurite branch anatomy. The specializations seen in larvae could 
in principle result from postembryonic muscle fiber-specific re- 
modeling of generic neuromuscular contacts made on the em- 
bryonic fibers. However, the results from this study show that 
the stereotypic features seen in the larvae are actually due to 
precise projections laid down by the pioneering growth cones 
during embryogenesis, possibly in response to localized cell- 
surface features on the target muscle fibers. A significant feature 
in this context is that the muscle fibers are fully differentiated 

and are arrayed in their mature pattern before individual growth 
cones begin projecting onto their surfaces to form neuromus- 
cular junctions. This suggests that the differentiation of the mus- 
cle fiber may be a prerequisite for the correct guidance and 
formation of the motoneuronal contacts and the establishment 
of subsequent trajectories. Growth cone filopodia approaching 
the muscle fibers can measure up to 15 pm in length and are 
thus able to extend and potentially sample the full surface of a 
muscle fiber within a segment. The first growth cone contacts 
are made at stereotypic sites characteristic for each muscle fiber, 
which do not necessarily correspond to the location closest to 
the nerve branch. This suggests an active guidance mechanism, 
where growth cones seek out features residing on the muscle 
fiber surface. 

We found that in Drosophila embryos the establishment of 
the initial motoneuronal projection to a muscle fiber is not 
achieved by trial and error or by significant remodeling. In each 
case we examined, the mature larval anatomy of the neuro- 
muscular junction was reflected in the morphology of the earliest 
embryonic neuromuscular contacts, first apparent at 15 hr of 
development. Also, while adjacent muscle fibers within a seg- 
ment will bear anatomically quite different neuromuscular pro- 
jections, homologous muscle fibers from segment to segment 
will possess essentially identical projections, suggesting that the 
guidance mechanisms are segmentally recapitulated. Our results 
suggest that the basic features of the mature third instar larval 
neuromuscular innervation pattern are formed over a period of 
about 1 hr by the precise navigation and recognition by the 
innervating axons of their appropriate target muscle membrane 
surfaces. 

The cellular mechanisms governing the establishment of this 
degree of stereotypy during synaptogenesis remain to be dis- 
covered. One likely mechanism might be the selective expres- 
sion of “recognition” molecules on specific surface sites of the 
target muscle fibers. The ability of cells thought to be involved 
in axonal recognition events to precisely array such substances 
on their surfaces in vivo has been demonstrated in the mam- 
malian spinal cord for the Ll and the TAG-l glycoproteins 
(Jessel, 1988). The expression of these two molecules is both 
temporally and spatially regulated in different populations of 
spinal neurons, providing a possible mechanism for selective 
pathway choices (Dodd et al., 1988). Several other neuronal 
surface molecules expressed in a dynamic fashion on a subset 
of embryonic axons and neurons, and which have been proposed 
to be involved in neuronal recognition and axonal guidance, 
have been identified by monoclonal antibodies in grasshopper 
and Drosophila embryos (the fasciclins: Bastiani et al., 1987; 
Pate1 et al., 1987; Harrelson and Goodman, 1988; Zinn et al., 
1988), and in the developing leech embryo (McKay et al., 1983; 
Johansen et al., 1985). We propose that a comparably precise 
and selective expression of such molecules on the target muscle 
fiber surfaces of Drosophila embryonic muscle fibers may ac- 
count for the precision in the initial growth cone contacts. 

Transmitter expression 
Morphological and electrophysiological evidence suggests that 
each muscle fiber in dipteran larvae is innervated by at least 2 
different axons (Hardie, 1976; Jan and Jan, 1976; Hardie and 
Osborne, 1977; Johansen et al., 1989). In this paper we show 
by double-labeling experiments with glutamate and HRP an- 
tibodies that all neuromuscular junctions of the larval bodywall 
musculature in Drosophila are probably glutamatergic. In ad- 
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Figure Il. Development of neuromuscular junctions on muscle fibers 6, 7, 12, and 13. A, C, and E, Neuromuscular junctions at 3 stages of 
development: stage 16, stage 17, and just after hatching (post emb.). B, D, and F, The corresponding Nomarski images of A, C, and E with 
superimposed tracings of the nerve endings. The junctions were labeled with HRP-antibody and fluorescein-conjugated secondary. 

dition, from immunocytochemical studies it is known that sub- 
sets of the junctions on specific muscle fibers express the neu- 
ropeptide proctolin (Anderson et al., 1988) and octopamine 
(Halpem et al., 1988). These neurotransmitters are therefore 
cotransmitters with glutamate, as has been proposed for other 

insect neuromuscular junctions (Adams and O’Shea, 1983; 
Worden et al., 1985). 

The onset of glutamate immunoreactivity is closely correlated 
temporally to the initiation of spontaneous bodywall muscle 
contractions. The immunoreactivity is first observed in growth 



4330 Johaneen at al. l Development of Muscle Fiber-Specific Innervation 

Figure 12. Developmental time scale 
of the events described in this paper. 
The figure is based on the description 
and staging of Drosophila embryonic 
development at 25°C given by Campos- 
Ortega and Hartenstein (1985) com- 
bined with some of the observations of 
the present paper. The onset of axono- 
genesis is kom Thomas et al. (1984) 
and Canal and Ferrus (1986). 
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cones located on the muscle fiber surface, or in a few examples 
just before growth cones make their first contacts with the target. 
Evidence for growth cone expression of neurotransmitter in vitro 
has been found by Hume et al. (1983) and Young and Poo (1983) 
for explanted motoneuron-myofiber co-cultures. In these studies 
it was shown that acetylcholine could be released from growth 
cones and evoke postsynaptic responses in the contacted myo- 
balls. It seems likely that similar excitation is occurring in Dro- 
sophila embryos. Whether postsynaptic activity plays an essen- 
tial role in the correct establishment of motor synapses or their 
subsequent development in Drosophila remains to be deter- 
mined. 

Muscle development 
In invertebrates the musculature is derived from a mass of 
mesodermally derived myoblasts lying in close apposition to 
the ectodermal epidermis. In insects (Ho et al., 1983; Ball et 
al., 1985a) some of these cells enlarge, become flattened, and 
develop growth cones which insert into the ectoderm delineating 
the future muscle insertion sites. These cells, which later fuse 
with the remaining smaller mesodermal cells and differentiate 
into muscle fibers, have been termed muscle pioneers by Ho et 
al. (1983). Our results suggest that the organization of the body- 
wall muscles in Drosophila larvae develops in a similar way. 
We have identified at 10 hr of development bipolar cells with 
growth cone-like filopodia that extend their processes toward 
the future apodeme insertion sites along the segmental borders. 
These cells, which are located among the myoblasts, are good 
candidates for the muscle pioneers responsible for organizing 
the muscle pattern in Drosophila embryos. Cell manipulation 
or time-lapse micrographical analysis will be needed to establish 
the role of the putative muscle pioneers in muscle fiber devel- 
opment. It also remains to be determined whether there is one 
muscle pioneer per muscle fiber, or whether several muscle fibers 
can be derived from a single pioneer, as has been observed in 

grasshopper embryos. Using antibodies to the j33 subunit of 
tubulin, Leiss et al. (1988) and Kimble et al. (1989) have also 
labeled, in whole-mount Drosophila embryos, early mesodermal 
cells which may include muscle pioneers. 

A second feature of the developing musculature is the early 
and transient appearance of lateral dye coupling between the 
muscle fibers. Such coupling has been observed in both devel- 
oping invertebrate and vertebrate muscle fibers (Dennis et al., 
198 1). The coupling in Drosophila embryos was limited to 3 or 
4 adjacent fibers sharing common orientation and neighboring 
insertions. One purpose served by lateral coupling among func- 
tionally related fibers is to promote synchronous activation dur- 
ing early synaptogenesis, as seen in mammalian muscle devel- 
opment (Dennis et al., 198 1). However, in Drosophila the muscle 
fibers are isolated from each other by late stage 15, at least 1 hr 
before synapses are made, ruling out this mechanism. 

The prior differentiation and subsequent innervation of mus- 
cle fibers in embryos shows that muscle fibers are not dependent 
on motoneuronal innervation in order to undergo their normal 
fusion or patterning. This observation is in contrast to the pro- 
posal of Lawrence and Johnston (1986) for adult muscle de- 
velopment that motoneuronal innervation was essential for the 
development of a male-specific abdominal muscle. As the skel- 
etal musculature is largely degraded during pupation without 
the corresponding degeneration of the motor nerves (Crossley, 
1978; Costello and Wyman, 1986), it may be necessary for nerve 
projections in the pupae to be present for adult muscles to 
differentiate. This mechanism, however, is clearly not utilized 
for the correct differentiation of the muscle fibers during early 
embryogenesis. . 

In many vertebrates, the initial polyneuronal motor inner- 
vation of the neonate is reduced through synapse elimination 
to a single motoneuronal ending per muscle fiber (Redfem, 1970). 
This process is thought to be the result of competitive inter- 
actions between the innervating nerve terminals (for review, see 
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Purves and Lichtman, 1985). The dynamic analysis of synaptic Vol. 2b, M. Ashbumer and T. R. F. Wright, eds., pp. 499-560, AC- 
establishment and reorganization in vertebrates has recently ademic, New York. 

been made possible using vital fluorescent probes (Lichtman et Dermis, M. J., L. Ziskind-Conhaim, and A. J. Harris (1981) Devel- 

al., 1987) illuminating the changes that take place during the 
opment of neuromuscular junctions in rat embryos. Dev. Biol. 81: 
266-219. 

period of synapse elimination (Rich and Lichtman, 1989). In Dodd, J., S. B. Morton, D. Karagogeos, M. Yamamoto, and T. M. 
Drosophila, by contrast, we do not detect a comparable period Jessell (1988) Spatial regulation of axonal glycoprotein expression 
of synaptic reorganization. Instead the mature ending mor- on subsets of embryonic spinal neurons. Neuron I: 105-l 16. 

phology is rapidly attained soon after the first growth cone con- 
Ghysen, A., C. Dambly-Chaudiere, E. Aceves, L. Y. Jan, and Y. N. Jan 

tacts. An additional difference between Drosophila and verte- 
(1986) Sensory neurons and peripheral pathways in Drosophila em- 
brvos. Roux’s Arch. Dev. Biol. 195: 28 l-289. 

brates is seen in the degree of morphological variability of the 
synaptic endings. While vertebrate endplates usually possess a 
general morphology and topography, each identified muscle fi- 
ber in Drosophila has a characteristic and stereotyped nerve 
ending morphology and innervation domain. However, some 
specific and selective nerve-muscle topography during devel- 
opment has been reported for the rat anterior serratus and dia- 
phragm muscles (Laskowski and High, 1989). 

In summary, we have described how precise and stereotyped 
neuromuscular junctions are established during embryonic de- 
velopment in Drosophila. These are rapidly generated over a 
period of approximately 3 hr through an orchestrated sequence 
of specific axonal projections and site-specific muscle fiber con- 
tacts. Of particular significance is that at their targets the mo- 
toneuronal growth cones are capable of establishing selective 
and stereotyped projections over single cell membrane surfaces. 
While the cellular mechanisms governing this high degree of 
neuromuscular specificity remain unknown, one intriguing pos- 
sibility is that each muscle fiber may express on its surface one 
or more specific surface labels, capable of guiding the moto- 
neuronal growth cones. 
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