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Clustering of Muscle Acetylcholine Receptors Requires 
Motoneurons in Live Embryos, but Not in Cell Culture 
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Previous culture studies have demonstrated that muscle cells 
autonomously express and cluster ACh receptors (AChRs) 
and that contact by neurites induces a reorganization of 
these clusters. We studied these phenomena in zebrafish 
embryos where the same cells could be examined in I&O 
and in vitro, and where contacts between cells could be 
viewed repeatedly. Receptor clusters first appeared when 
the pioneer growth cones emerged from the spinal cord, 
were always associated with labeled branches, and devel- 
oped normally in the presence of neuromuscular transmis- 
sion blockers. When motoneurons were removed, the mus- 
cles failed to cluster receptors. In contrast, muscle cells 
grown in cell culture uncontacted by nerves clustered AChRs. 
Our results suggest that clustering of AChRs in living em- 
bryos is induced by the presence of neurites and does not 
occur in the absence of neuronal contact. We suggest that 
conditions in cell culture, which differ from those in the intact 
embryo, induce clusters on isolated muscle cells. Moreover, 
our results demonstrate that receptors cluster without bind- 
ing transmitter and in the absence of neuronal activity. 

To function appropriately, motoneurons must form highly spe- 
cific synaptic connections with skeletal muscles. To make these 
connections, developing motoneurons and muscle cells interact 
to coordinate the organization of presynaptic and postsynaptic 
elements of neuromuscular junctions and to place neuronal ter- 
minals on appropriate muscle fibers. Although much is known 
about the development of the structure of neuromuscular junc- 
tions and the formation of specific neuromuscular connections, 
little is understood about the cellular interactions that regulate 
these processes. 

To form functional synapses, synaptic specializations are 
elaborated (Jacob and Lentz, 1979) and maintained (Balice- 
Gordon and Lichtman, 1990; Chen et al., 199 1) in close ap- 
position by presynaptic and postsynaptic cells. Cell culture stud- 
ies in avian, amphibian, and mammalian species have shown 
that muscle cells express and cluster ACh receptors (AChRs) in 
the absence of neurons (Steinbach and Bloch, 1986, and refer- 
ences therein), and that nerve contact elicits a redistribution of 
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muscle receptor clusters so that they become preferentially as- 
sociated with growth cones and neurites (Anderson and Cohen, 
1977; Frank and Fischbach, 1979). The redistribution includes 
the dispersal of existing clusters, the lateral migration of existing 
receptors, and the insertion of new receptors directly into the 
regions of nerve contact (Peng and Poo, 1986). These in vitro 
studies have led to the popularly held view that neuronal branch- 
es and growth cones play an important role in determining the 
distribution of AChRs but that muscle cells also follow an au- 
tonomous program of receptor clustering. Recent studies in 
chicks, however, have challenged this view, because very few 
AChR clusters form on muscle cells in the absence of inner- 
vation in vivo (Philips et al., 1985; Fallon and Gelfman, 1989; 
Dahm and Landmesser, 199 1). Thus, it is still unclear to what 
extent muscle cells depend upon the motor nerves to form and 
organize their postsynaptic specializations. 

We studied the earliest interactions between individual iden- 
tified motor growth cones and muscle cells in zebrafish embryos 
and between the same cells in culture to learn if nerves are 
required for the clustering of muscle AChRs. We used vital dyes 
to label the presynaptic and postsynaptic elements and thus were 
able to study the first contacts between cells, as well as the 
subsequent formation of neuromuscular junctions in living em- 
bryos. Upon initial contact between the growth cone and a mus- 
cle cell, but not before, AChRs clustered at the point of contact, 
and the muscle began to produce transmitter-dependent twitch- 
es. Receptors clustered in a normal pattern in the absence of 
neuronal activity and when they were occupied by receptor 
blockers. However, in contrast to our own and previous in vitro 
studies, muscle fibers in live embryos deprived of nerve contact 
failed to cluster AChRs. We suggest that extrinsic factors, nor- 
mally provided by the motor growth cone, direct the formation 
of postsynaptic specializations and that neuromuscular connec- 
tions are specified by activity-independent interactions between 
presynaptic and postsynaptic cells. 

Materials and Methods 
Animals. Zebrafish embryos from the Oregon AB line were maintained 
at 28.5”c on a 14 hr light/l0 hr dark cycle. Embryos were reared and 
staged with standard methods (Westerfield, 1989). All embryo ages are 
reported as hours postfertilization (h). During experimental procedures, 
embryos older than 17 h were anesthetized in a 0.02% solution (Wes- 
terheld, 1989) of tricaine methanesulfonate (Sigma). Effective anesthesia 
completely paralyzed embryonic movements while heartbeat remained 
strong. Embryos recovered rapidly from this anesthesia and resumed 
normal body movements within seconds after being transferred to a 
normal medium. 

Microscopy. Embryos were anesthetized and mounted between glass 
coverslips spaced 200 pm apart, and viewed with a 40 x water immer- 
sion lens with an additional magnification of 1.25-2.0x . The fluorescent 
signal from epiillumination was filtered with rhodamine or fluorescein 
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Figure 1. The growth cones of identified zebrafish motoneurons follow 
cell-specific pathways. This schematic diagram illustrates the cell body 
positions and the axonal trajectories of the-three primary motoneurons, 
RoP (rostra1 orimarv. hatched). MiP (middle mimarv. white), and CUP 
@audal prim&y, b&c), as thky appear in a single $egmeit at three 
times, 19 h, 24 h, and 48 h. The solid horizontal line represents the 
ventral edge of the spinal cord and the broken horizontal line represents 
the location of the nascent horizontal septum and the MPs. The growth 
cones initially extend to the region of the nascent horizontal septum (19 
h) and then along the medial surface of the middle of the myotome (24 
h). By the second day (48 h), branches extend throughout the muscle. 
Rostra1 is to the left and dorsal to the top in this and the following 
figures. Scale bar: 18 pm at 19 h, 20 Mm at 24 h, and 30 pm at 48 h. 

filter sets and amplified with a silicon intensified target (SIT) camera 
(General Electric)..Video images were digitized with an image processor 
(International Imaaing Svstems) controlled by a VAX 1 l/750 computer 
(Digital EquipmeniC&$.) and gtored digital& and on analog videotape. 
Between observations, embryos were returned to medium without an- 
esthetic. 

Motoneuron labeling. The lipid soluble carbocyanine dye DiO (3,3’- 
dioctadecyloxacarbocyanine perchlorate; Molecular Probes) was used 
to label individual CaP motoneurons by extracellular application ac- 
cording to Liu and Westerfield (1990). Briefly, micropipettes with tip 
diameters of approximately 2.5 pm were filled with a 1% solution of 
dye in dimethylformamide. The pipettes were inserted into the spinal 
cord and placed near the motoneuron’s soma. A small bolus of dye was 
then pressure ejected onto the identified neuron. 

AChR labeling. AChRs were labeled fluorescently in live embryos as 
oreviouslv described in Liu and Westerfield (1990). We used rhodamine 
conjugatei ol-bungarotoxin (R-BTX), which binds to the a-subunit of 
the AChR (Chang and Lee, 1963), to label receptors in the muscles of 
living embryos between the ages of 17 and 65 h. Embryos were soaked 
in a mixture of 1 O+ M tetramethylrhodamine-Lu-bungarotoxin (Molec- 
ular Probes) and 15% dimethyl sulfoxide in embryo medium for 30-60 
min at 7-10°C. After treatment, the embryos were transferred to cold 
embryo medium and were slowly warmed back to 28.5”c. Most embryos 
were retreated with toxin several times and the distributions of labeled 
receptor clusters were observed for several days. 

We determined which aspects of the staining in the myotome were 
specific for clusters of AChRs by treating embryos with unlabeled toxin 
(10m6 M), followed by rhodamink-conjugated toxin. Because a-bungaro- 
toxin (BTX) binds to nicotinic AChRs with vew hieh affinitv. nretreat- 
ment with unlabeled toxin was expected to bloci all-the spe& binding 
sites and fluorescence detected after subsequent treatment with labeled 
toxin could be attributed to nonspecific staining. Faint homogeneous 
staining in the middle of the myotome and brighter staining at the 
segment borders were observed. No apparent clustering of R-BTX was 
observed after pretreatment with BTX, even with the SIT camera run- 
ning at very high gain. These results suggested that only low levels of 
background labeling with rhodamine toxin are apparent. In general, 
specific labeling was punctate and brighter than the diffuse nonspecific 
labeling. 

Motoneuron ablations. Individually identified motoneurons were killed 
with a laser as previously described (Eisen et al., 1989). The cell bodies 
of motoneurons were visualized in the spinal cord with differential 
interference contrast optics. Primary motoneurons were identified by 
the unique positions of their somata in the spinal cord at 16-18 h, 
prior to axogenesis, and were killed with pulsed irradiation by focusing 
a laser microbeam on their nuclei. Neurons were irradiated several times 
to ensure complete destruction. The somata of irradiated cells acquired 
a granular appearance and began to swell, and completely broke apart 
within about 10 min. We verified the success of the ablations later with 
differential interference contrast optics. 

Spinal ablations. Embryos (15-17 h) were mounted in agarose as 
oreviouslv described (Liu and Westerfield. l990). With the aid of a 
hissecting microscope: a micropipette with a broken tip was inserted 
through the skin and into the spinal cord by hand. Suction was applied 
to the pipette and cells were removed from the spinal cord as the pipette 
tip was moved through one to three segments of the spinal cord. After 
recovering from the anesthesia, these animals behaved and appeared 
normal except for the missing spinal cord in the ablated segments. Some 
embryos were fixed and stained as whole-mounts with the zn-1 mono- 
clonal antibody, which labels zebrafish motoneurons (Myers et al., 1986). 
The zn- 1 staining allowed us to confirm that we had removed all of the 
motoneurons. 

Muscle culture. Neuronal and muscle cell cultures were established 
from 15-l 9 h zebrafish embryos. Embryos, in their chorions, were soaked 
in a 0.07% solution of bleach for 5-10 min. They were then rinsed in 
sterile medium, transferred to tissue culture dishes, and removed from 
their chorions with sterile forceps. About 100 embryos were incubated 
in 5 ml of Custom ATV Solution (Irvine), which contains trypsin and 
no calcium, for 10 min at 28.5”C. Followinr! incubation. the embrvos 
were dissociated by trituration through a Pasteur pipette. The dissdci- 
ated cells were centrifuged for 3 min at 500 rpm and resuspended in 
L15 tissue culture medium with glutamine and Fungibac (GIBCO), 3% 
fetal calf serum, and an extract made from 7 d zebrafish. Drops of the 
cell suspension were plated onto glass coverslips and incubated at 28.5”c. 

Results 
Development of AChR cluster distribution 
We studied the earliest interactions between motor growth cones 
and muscle cells in zebrafish embryos to learn if nerves are 
required for the clustering of muscle AChRs in vivo. We first 
examined myotomal muscle cells in early zebrafish embryos to 
see when they expressed AChRs on their surfaces. We deter- 
mined the onset and distribution of clusters of AChRs by la- 
beling the receptors with R-BTX in living embryos as done 
previously in older embryos (Westerfield et al., 1990). 

Clusters of AChRs appeared in a stereotyped sequence of 
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Figure 2. The addition of new AChR clusters follows the pattern of primary motoneuron axonal branching. Repeated views of R-BTX staining 
in the ventral regions of a single myotome are shown as they appeared at 20 h (A), 23 h (B), and 38 h (C’). The earliest receptor clusters appeared 
near the nascent horizontal septum on the MPs (A. arrow). As development proceeded, dense clusters of receptors formed along the medial surface 
of the myotome and the clusters at the nascent horizontal septum (8 arrow) remained. At later developmental times, after the CaP axon had 
formed branches in the ventral myotome, receptor clusters were present throughout the myotome, and the clusters at the hotizontal septum (C. 
arrow) had condensed. The view in C has been shifted ventrally. Segment 10 on left side. Scale bar, 10 pm. 

positions within the myotome. We viewed the changing distri- 
bution of receptor clusters at several consecutive stages in de- 
velopment (Fig. 1) by repeated application of toxin. At early 
embryonic times (14-l 6 h) before growth cones entered the 
myotome, we observed no specific staining with R-BTX (6 em- 
bryos at 14 h, 5 embryos at 15 h, and 11 embryos at 16 h). The 
earliest time that we detected AChRs was at 16-l 7 h, just when 
the first growth cone of the pioneer CaP motoneuron began to 
leave the spinal cord. These earliest clusters were faint and in 
the region of the nascent horizontal septum on the surfaces of 
identified muscle cells, the muscle pioneers (MPs) where the 
CaP growth cone pauses before extending into the ventral my- 
otome (Myers et al., 1986; Felsenfeld, 1988; Liu and Westerfield, 
1990). The clusters appeared coincidently with the first twitches. 
Within l-2 hr, these clusters grew bigger and brighter and be- 
came longitudinally oriented along the MPs (Fig. 24). By 23 h, 
a string of clusters extended along the pathways of the primary 
motoneurons in the middle of the myotome to its dorsal and 
ventral aspects (Fig. 2B). After the first 24 hr of development, 
new clusters formed throughout the myotome, while the clusters 
in the region of the horizontal septum often condensed (Fig. 
2C). The expanded distribution of receptor clusters was neither 
homogeneous nor haphazard but followed the known pattern 
of development of the first axonal arbors of the primary mo- 
toneurons (Liu and Westerfield, 1988, 1990), initially on the 
medial surface of the myotome and then throughout the muscle. 

&distribution of receptor clusters and neuronal branches 
To see if the earliest receptor clusters formed where the branches 
of motoneurons contacted the muscle fibers, we concurrently 
labeled the pioneer motoneuron, CaP (Eisen et al., 1986), and 
AChRs (Westerfield et al., 1990). The main growth cone of 
labeled CaP motoneurons (n = 8) initially extended along the 
middle of the medial surface of the ventral myotome and formed 
an axon dotted with prominent varicosities as previously de- 
scribed (Liu and Westerfield, 1990). From the earliest times (16 
h), labeled receptor clusters were distributed along this same 
pathway and were always associated with the CaP axon. Fur- 
thermore, the receptor clusters were usually (88% of 168 vari- 
cosities) colocalized with the axonal varicosities. Later, side 

branches extended from some of these varicosities, and AChR 
clusters formed along these branches, usually in association with 
their varicosities (Fig. 3). 

During the first 2 d of development, all receptor clusters in 
the ventral portion of the myotome were associated with labeled 
CaP axonal branches and varicosities (five Caps in five embryos) 
and almost all branches and varicosities (97% of 279 branches 
and 40 1 varicosities) had associated receptor clusters. Later ob- 
servations of the few branches that lacked clusters showed that 
they too eventually had associated clusters (Fig. 3C,D). All re- 
ceptor clusters in this region were stable throughout the 5 d 
period of our observations, with the exception of the clusters at 
the CaP branches near the horizontal septum, which disap- 
peared as previously described even though those muscle fibers 
were contacted by other motoneurons (Liu and Westerfield, 
1990). The latent period between neuronal contact and the clus- 
tering of muscle AChRs can be very short; the minimum interval 
is unknown, but it must be within minutes, because clusters 
sometimes appeared at the same time that the CaP growth cone 
arrived and because many newly sprouted side branches were 
associated with receptor clusters when they first appeared (Fig. 
3G,H). We saw no evidence of clusters forming before the growth 
cone arrived. 

In the dorsal myotome and in portions of the ventral my- 
otome near the horizontal septum, clusters of AChRs formed 
in the absence of labeled CaP axonal branches and were pre- 
sumably associated with the branches of the other, unlabeled 
primary motoneurons. To examine this idea, we concurrently 
labeled the MiP or RoP motoneuron and AChRs (two MiPs, 
and two RoPs; Fig. 4) and found that their axonal branches, 
too, were associated with receptor clusters as seen for the CaP 
motoneuron. Moreover, all the clusters within the RoP or MiP 
territories were associated with branches of the labeled moto- 
neuron. 

The role of motoneuronal branches in the clustering of AChRs 
These observations suggested that receptor clusters are localized 
exclusively in the vicinity of nerve branches, and that prior to 
nerve contact there are no apparent receptor clusters. This de- 
velopmental sequence is consistent with the view that receptors 
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Figure 3. CaP neuronal branches and 
AChR clusters are colocalized. Top, 
Nerve contact can precede AChR for- 
mation. DiO-labeled CaP branches (A 
and C) and associated receptor clusters 
(B and D) are shown as they appeared 
at 48 hr (A and B) and 5 1 hr (C and D). 
At 48 hr, the distal portion of an axonal 
branch (A, arrow) lacked associated re- 
ceptor clusters (B). However, 3 hr later 
the branch (C) was associated with re- 
ceptor clusters all the way to its distal 
tip (D, arrow). Segment 10 on right side. 
Bottom, The latent period between neu- 
ronal contact and cluster formation is 
very short. A CaP neuronal branch (ar- 
rowheads in E and G) and associated 
receptor clusters (F and H) were ob- 
served at 48 hr (E and F) and again at 
5 1 hr (G and IS). During the 3 hr period 
between observations, a small side- 
branch extended (G, arrow) and was al- 
ready associated with a receptor cluster 
(H, arrow). Segment 10 on right side. 
Scale bars, 10 pm. 
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are induced to cluster at points of nerve contact (Steinbach and 
Bloch, 1986, and references therein). To test this idea critically, 
we examined the distribution of receptor clusters in myotomes 
in which we had killed individual motoneurons prior to axo- 
genesis. 

The clustering of AChRs within the specific territory of the 
CaP motoneuron was delayed and occurred abnormally in the 
absence of the CaP motoneuron. When we ablated only the CaP 
motoneuron prior to axogenesis, clusters of receptors failed to 
form in the normal CaP territory (all 23 CaPs in 11 animals; 
Fig. 5) even after 30 h. Starting around 36 h, a time after which 
secondary motoneurons normally extend axons into the ventral 
muscle, receptor clusters began to appear, although the pattern 
was aberrant; the receptor clusters were smaller, fewer in num- 
ber, fainter, and not necessarily located where the branches of 
the nerve normally form (data not shown). However, in all the 
segments in which the CaP motoneuron was ablated, the pattern 
of receptor clusters developed normally in the dorsal myotome 
and at the horizontal septum, on the MPs, regions that are 
innervated by other motoneurons. 

The aberrant receptor clusters that eventually appeared in the 
regions devoid of CaP branches could have been formed au- 
tonomously by the muscles, or they could have been induced 
by the ingrowth of secondary motoneurons that were unaffected 
by the ablation and that normally innervate the ventral my- 
otome later than the CaP motoneuron (Myers et al., 1986). 

To distinguish between these possibilities, we examined the 
pattern of AChR clusters in myotomes deprived of all inner- 
vation. We removed one or more segments of spinal cord from 
nine embryos at about 16 h, prior to outgrowth of the first motor 
growth cones from the cord (Eisen et al., 1986). At 24 h, two 
of the nine embryos had a few remaining neurons in the ablated 
segments, presumably due to incomplete removal of the spinal 
cord. Clusters of AChRs formed in the myotomes associated 

Figure 4. RoP branches are associat- 
ed with AChR clusters. Concurrent la- 
beling of an RoP motoneuron (A) and 
AChRs (B) showed that RoP branches 
were associated with receptor clusters 
as found for CaP branches. The arrow 
in each photo points to the location of 
the horizontal septum. Segment 13 on 
nght side; 43 h embryo. Scale bar, 10 
m. 

with these segments. The seven other embryos completely lacked 
receptor clusters in the ablated segments (Fig. 6). By 65 h, five 
of the remaining seven embryos formed some abnormal recep- 
tor clusters; these clusters were sparse and many muscle fibers 
lacked clusters completely, as would be expected in a region 
contacted by relatively few axonal branches. These branches 

Figure 5. Killing the CaP motoneuron with a laser microbeam disrupts 
the pattern of AChR clusters. Receptor clusters in a normal segment 
(left) were distributed along the medial surface of the ventral myotome 
by 22 h. In the adjacent segment (right) of the same fish, the CaP 
motoneuron was killed by laser irradiation at 14 h, prior to axogenesis. 
At 22 h, this segment lacked receptor clusters along the CaP pathway 
(arrow) but had developed clusters at the nascent horizontal septum 
(arrowheads) where the paths of the remaining motoneurons converge 
(Eisen et al., 1986). In the segments in which the CaP motoneuron was 
ablated, the pattern of receptor clusters developed normally in the dorsal 
myotome (data not shown), a region that is innervated by other mo- 
toneurons. Segments 8 (left) and 9 (right) on right side. Scale bar, 10 
pm. 
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Figure 6. Aneural myotomes lack 
AChR clusters. Slightly more than one 
spinal segment was removed from the 
embryo prior to axogenesis using a fine 
micrdpipctte, resulting in an Gteural 
mvotome. R-BTX labeling showed that 
the uninnervated myotome contained 
no apparent receptor clusters (arrow), 
although neighboring myotomes did 
(arrowheads). The bright signal in the 
ventral part of the aneural segment is 
caused by the birefringence of the mus- 
cle cells and is not due to R-BTX la- 
beling. The aneural segment is 1 I on 
left side. Scale bar, 15 pm. 

may have arisen from adjacent, intact spinal segments (Wes- 
terheld et al,, 1986) or from a few surviving motoneurons in 
the ablated segments. No receptor clusters appeared within the 
affected myotomes in the remaining two embryos, even after 
72 h, suggesting that they completely lacked AChR ciusters. 

The influence of neuromuscular transmission on receptor 
clustering 
These observations, in contrast to older studies (Braithwait and 
Harris, 1979; Harris, 198 1; Creazzo and Sohal, 1983) but in 
agreement with more recent observations (Philips et al., 1985; 
Fallon and Gelfman, 1989; Dahm and Landmesser, 199 l), dem- 
onstrated that clustering of AChRs by the muscle is drastically 
reduced when the motoneurons are absent. Thus, clustering may 
require neuromuscular transmission. We tested this idea by 
blocking synaptic transmission with chronic treatments of tri- 
Caine or BTX from before axonal outgrowth until several days 
of development (Liu and Westerfield, 1990). We ascertained the 
effectiveness of neuromuscular blockade by observing no move- 
ments, or spontaneous or evoked end-plate potentials in the 
muscle (Grunwald et al., 1988). Receptors were labeled with 
R-BTX, and the pattern of clusters was recorded. Consistent 
with previous in vitro (Anderson and Cohen, 1977; Davey and 

Cohen, 1986) and in vivo observations (Dahm and Landmesser, 
199 l), receptor clusters formed in the presence of activity block- 
ers. Additionally, the distribution of receptor clusters in these 
paralyzed embryos appeared at the normal time and in a normal 
pattern (three animals in tricaine, five in BTX), demonstrating 
that AChRs cluster normally upon neuronal contact even in the 
absence of neuromuscular transmission. 

Distribution of receptor clusters on cultured zebra&h muscles 
Previous studies of cell cultures have demonstrated that muscle 
fibers cluster AChRs in the absence of nerve contact (Steinbach 
and Bloch, 1986), although neuronal contact elicits a redistri- 
bution of receptor clusters (Peng and Poo, 1986). This is in 
contrast to our observations in live zebrafish embryos, where 
receptor clusters failed to form in the absence of innervation 
(Figs. 5, 6). This difference might be due to muscle properties 
unique to fish or to differences in the way muscle cells differ- 
entiate in cell culture and in vivo. For a more direct comparison, 
we cultured dissociated zebrafish muscle cells at low density 
before and after nerve contact and examined R-BTX labeling 
on isolated muscle fibers to see whether contact by nerve branch- 
es was necessary for cluster formation. 

In both types of cultures, dissociated before or after the mus- 

Figure 7. Uninnervated zebrafish muscle cells cluster AChRs in culture. Muscle cells (4 and CL’), apparently uncontacted by other cells in the 
culture dish, developed clusters of AChRs (B and D) by the second day in culture. The muscle cells were dissociated from embrvos before I1 6 hr. 
A and B) or after (19 h, C and D) motoneurons had sprouted growth cones that could have contacted these cells. In both cases,*isolated, striated 
cells with receptor clusters were found. Similar results were obtained in 40 wells from five platings before 24 wells from three platings after the 
muscles were innervated. Scale bar, 25 pm. 
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cles were innervated, striated cells had easily observable clusters 
of AChRs on their surfaces (Fig. 7). In each case, some of the 
labeled striated cells were completely isolated from other cells 
and were apparently uninnervated. Thus, cultured zebrafish 
muscle cells cluster AChRs, as do muscles from other verte- 
brates. Furthermore, the size and brightness of the clusters sug- 
gested that we probably would not have missed small or faint 
clusters that might have formed in vivo without innervation. 

Discussion 
Neuronal induction of AChR clusters 
Nerve contact has been shown to have important influences on 
muscle development (Slater, 1982; Steinbach and Bloch, 1986; 
Van Essen et al., 1990), although many aspects of muscle dif- 
ferentiation occur independently (Crow and Stockdale, 1986; 
Sanes, 1987). The results of our experiments in which muscles 
were deprived of innervation suggest that muscle fibers in the 
intact embryo depend on influences from the nerve to instruct 
the placement and distribution of AChRs. If motoneurons were 
ablated before they sprouted growth cones, receptor clusters 
failed to form on the aneural muscles (Figs. 5, 6). 

The instructions that muscles receive from motoneurons in 
zebrafish embryos are very precise and local in nature; receptor 
clusters form only at sites of neuronal contact, consistent with 
studies in other in vivo systems (Van Essen, 1982). In a recent 
study in chick, however, Dahm and Landmesser (1991) ob- 
served AChR clusters in limb muscles 100-200 pm from the 
nerve trunk before muscle nerve branches had formed. Our 
observations, in contrast, demonstrated that clusters always 
formed precisely within a few micrometers of the main body of 
the growth cone. The explanation for the different results ob- 
tained in these two studies is unclear. One difference is that 
development in the zebra&h is much faster; there may not have 
been enough time for ectopic clusters to form before the growth 
cone contacted the muscle fibers. This seems unlikely, however, 
because even at later times, we never saw clusters form away 
from the point of contact. Another difference is the number of 
axons present in the two systems; maybe the hundreds of chick 
growth cones, in contrast to the single zebrafish growth cone, 
produce enough signal to induce clustering at a distance. 

Continued nerve contact, apparently, is important for the 
maintenance of receptor clusters; when neuronal branches re- 
tract, the AChR clusters associated with them also selectively 
disappear (Liu and Westerfield, 1990). Thus, neuronal contact 
determines the pattern of AChR distribution and, at least ini- 
tially, is also important for the maintenance of receptor clusters 
in the embryo. In chicks (Jacob and Lentz, 1979; Meiniel and 
Bourgeois, 1982) and mammals (Frank et al., 1975; Steinbach, 
198 1; Slater, 1982), receptor clusters eventually become much 
more stable and independent of the presence of the nerve ter- 
minal as neuromuscular junctions mature (Wigston, 1990). 

Muscle fibers in zebrafish embryos are devoid of AChR clus- 
ters prior to nerve contact, and clusters fail to form when the 
muscle is denied innervation. Similarly, aneural chick muscles 
produce very few receptor clusters (Philips et al., 1985; Fallon 
and Gelfman, 1989; Dahm and Landmesser, 199 1). In contrast, 
previous studies in embryonic rats (Braithwaite and Harris, 1979; 
Harris, 198 1) suggested that, in the absence of innervation due 
to treatment with &bungarotoxin, which kills motoneurons, 
receptor clusters formed at sites where innervation normally 
occurs. There are several possible explanations for this discrep- 
ancy. For instance, the B-bungarotoxin treatment may have failed 

to kill the motoneurons before they formed axons that contacted 
the developing muscle cells. Contact with the muscles, no matter 
how brief, may have been enough to induce the formation of 
AChR clusters. Similarly, recent reports suggest that some mo- 
toneurons survive P-bungarotoxin treatment (Ross et al., 1987; 
Condon et al., 1990); the survivors could extend axons that 
induce the clustering of receptors. 

The clustering of AChRs on muscles grown in cell culture 
Zebrafish muscle cells, like those from other vertebrates (Stein- 
bath and Bloch, 1986, and references therein), spontaneously 
cluster AChRs when grown alone in cell culture (Fig. 7). Pre- 
vious culture studies have shown that nerve-induced receptor 
clusters are formed by the redistribution of preexisting receptor 
clusters and by localized insertion of new receptors (Anderson 
and Cohen, 1977; Frank and Fischbach, 1979; Peng and Poo, 
1986; Steinbach and Bloch, 1986). On the other hand, muscle 
fibers in the intact zebrafish embryo (Figs. 5, 6) have no de- 
tectable clusters of AChRs prior to nerve contact and, like chick 
muscles (Philips et al., 1985; Fallon and Gelfman, 1989; Dahm 
and Landmesser, 1991), cluster very few receptors spontane- 
ously in the absence of innervation. One explanation for the 
disparity between previous in vivo and in vitro observations may 
be a difference in the types of myotubes used because cell culture 
experiments exclusively used secondary myotubes that form 
well after the period of initial synaptogenesis. However, our 
observations have eliminated this uncertainty because the same 
muscle cells were examined in vivo and in vitro. Our results thus 
raise the possibility that the clustering of AChRs, which occurs 
on isolated muscle cells in culture, is triggered by conditions in 
the culture or by the explant procedure and does not represent 
the normal course of muscle cell differentiation. We suggest that 
during normal development in vivo, motor axons exclusively 
induce the clustering of AChRs on skeletal muscle fibers. 

Mechanisms of induction 
Zebrafish muscles are cholinergically activated from the time 
that motor growth cones first extend into the muscles. Although 
it is tempting to speculate that transmitter-receptor interactions 
may modulate synaptic specificity in the zebrafish motor system, 
as suggested from work in invertebrates (Haydon et al., 1984; 
Goldberg and Kater, 1989), our results argue against this con- 
clusion. Paralyzing doses of curare or tricaine, which block neu- 
romuscular transmission, fail to impair the development of nor- 
mal patterns of AChR clusters. Moreover, normal patterns of 
neuromuscular innervation are established in a zebrafish mutant 
that lacks functional AChRs (Westerfield et al., 1990). 

On the other hand, there may be factors, in addition to ACh, 
released by growth cones that affect the distribution of AChRs. 
Factors with AChR clustering activity have been extracted from 
electric fish (Nitkin et al., 1987), chick nervous system (Usdin 
and Fischbach, 1986), and pig brain (Salpeter et al., 1982). These 
factors would presumably act via contact between the growth 
cones and muscle fibers or by non-impulse-mediated release, 
because we found that receptors cluster in doses of tricaine that 
block action potentials. 

There are a variety of mechanisms that might operate inde- 
pendently of AC&mediated activity to specify neuromuscular 
connections. Various components of the substratum (Letour- 
neau, 1982; Hunter et al., 1989) and cell-surface molecules in 
regions through which growth cones extend may influence the 
direction of axonal growth and the specificity of the synaptic 
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connections they form. These influences could be mediated by 
specific cell-surface receptors expressed by growth cones (To- 
maselli et al., 1986, 1988; Ruoslahti and Pierschbacher, 1987). 
Thus, a series of recognition events may guide motor growth 
cones to appropriate muscle regions where specific interactions 
between the growth cones and muscle fibers lead to differenti- 
ation of neuromuscular junctions. Our results suggest that, for 
pioneer motoneurons in the zebrafish, most if not all of these 
steps are activity independent. 
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