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The mature neuromuscular
junction is characterized
by the
tight spatial colocalization
of synaptic vesicles and acetylcholine receptor (AChR) clusters. Although
a large body of
work exists on the interactions
between
motoneurons
and
myotubes leading to synaptogenesis
in tissue culture, how
the neuromuscular
junction acquires
its highly specialized
structure in viva is not well understood,
particularly
during
the earliest period of synaptogenesis.
In this study, the development
of the neuromuscular
synapse in chick hindlimb
muscles was examined
and quantified
by simultaneously
labeling the pre- and postsynaptic
elements
from the time
the main nerve trunks leave the lumbosacral
plexus region
to enter the developing
limb (St 24) through the end of the
motoneuron
cell death period (St 36). Based on these results,
synaptogenesis
can be divided into several distinct stages
that are intimately
connected
to the innervation
sequence
described in a previous paper (Dah’m and Landmesser,
1966).
Briefly, as large nerve trunks approach the developing
muscles and the first AChR clusters
are induced
to form on
nearby myotubes, none of these initial receptor clusters are
in direct contact with a nerve profile. The first appearance
of nerve-contacted
clusters (synapses)
is coincident
with
the growth of large, unbranched
nerve trunks into the muscles. The next step is initiated by the formation of small nerve
side branches
that grow out from the larger intramuscular
nerve trunks to bring most axons and myotubes into contact
for the first time. As side branches
form, synapses
appear
around them, and non-nerve-contacted
receptor
clusters
disappear
from around the main intramuscular
nerve trunks.
The next step in synaptogenesis
is the restriction
of synaptic
vesicle antigen to sites of synaptic
contact.
These early
stages of synaptogenesis
are also characterized
by the
growth of the presynaptic
terminal to match the length of
the postsynaptic
receptor
cluster. This study showed
that
AChR cluster formation during early in viwo neuromuscular
development
does not require close anatomical
nerve contact, but that the presence
of the nerves is necessary
for
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AChR clusters to form. This suggests
that the nerves normally induce AChR clustering
via the release of a diffusible
substance,
a suggestion
substantiated
by the obsewation
that AChR clusters do not form on aneural myotubes in v&o.
In order to assess the role of synapse formation in the regulation of motoneuron
number, synaptogenesis
was quantitatively examined
after chronic neuromuscular
blockade,
which prevents
motoneuron
cell death. Activity blockade
caused a large increase in the number of synapses in treated
muscles, and the increase in the peak rate of synapse formation occurred prior to the onset of normal motoneuron
cell
death. This suggests
a critical role for synapse formation in
the regulation
of motoneuron
number during development.

During vertebrate neuromusculardevelopment motoneuron axons exit the spinal cord and follow precisepathways to synapse
with their target muscles(Landmesserand Morris, 1975;LanceJones and Landmesser, 1981; Hollyday, 1983; Tosney and
Landmesser,1985).Though questionsconcerningthe specificity
and precision of motoneuron pathfinding have been well addressedin the intact embryo, those concerning the early events
of synaptogenesishave beenmore difficult to assess
in the complex in vivo environment. Thus, most of the information about
how the neuromuscularjunction acquiresits highly specialized
structure is derived from observationsof motoneuronsand myotubes interacting in tissueculture (for reviews, seeDennis et
al., 1981; Schuetze and Role, 1987)i/This is especiallytrue for
the earliesteventsin this process.For instance,though myotubes
developing in vitro in the absenceof nerves exhibit someAChR
clusterson their surfaces(Fischbachand Cohen, 1973;Anderson
and Cohen, 1977),cocultured motoneuronsdo not preferentially
innervate these regions of high receptor density. Instead, the
motoneuron inducesa new aggregateto form at the site of contact (Frank and Fischbach, 1977; Anderson and Cohen, 1977).
It is not known to what extent these observations generally
reflect the events that occur during development in viva.
To examine the early events of synaptogenesisin the embryo,
it is necessaryto visualize the temporospatial relationship between the ingrowing axons, the developing myotubes, and the
formation of AChR clusters. Many in vivo studieshave examined only one-half of the synapse, i.e., the ingrowing nerves
(Letinsky and Morrison-Graham, 1980; Dahm and Landmesser, 1988; Linden and Letinsky, 1988) or the developing AChR
clusters (Bevan and Steinbach, 1977; Burden, 1977a,b; Steinbath, 1981; Phillips et al., 1985). Others have focusedon later
events in the development of the NMJ (Jacoband Lentz, 1979)
or on different aspectsof the development of the NMJ, such as
the time courseof functional innervation (Landmesserand Mor-
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ris, 1975; Dennis, 1981; Ziskind-Conhaim
and Bennett, 1982)
or the incidence of close ,erve terminal apposition to AChR
clusters visualized at the electron microscopic level (Smith and
Slater, 1983). Although more recent papers have described the
initial appearance of AChR clusters in avian muscles (Godfrey
et al., 1988; Fallon and Gelfman, 1989) and noted the gross
timing of cluster formation with respect to innervation, there
has been no quantitative analysis of the overall temporospatial
relationship between the ingrowing axons and the formation of
AChR clusters during the initial stages of neuromuscular development in vivo. Furthermore, despite a growing body of information that correlates neuromuscular function with NMJ
structure in vitro (Peng et al., 1979; Weldon and Cohen, 1979;
Nakajima et al., 1980; Takahashi et al., 1987; Buchanan et al.,
1989), much less is known about the structure of the earliest
functional synapses in the embryo.
Another important reason to study synaptogenesis in vivo is
the potential role of synapse formation in the regulation of naturally occurring motoneuron cell death (for reviews, see Cunningham, 1982; Hamburger and Oppenheim, 1982; Iamb, 1984;
Pilar et al., 1988). We previously demonstrated that intramuscular nerve ingrowth and branching were highly stereotyped and
precisely regulated for several chick muscles, bringing most myotubes into contact with nerve branches by the middle of the
motoneuron cell death period (Dahm and Landmesser, 1988).
In addition, chronic blockade of neuromuscular activity with
d-Tubocurarine (dTC) or a-bungarotoxin rescues motoneurons
from cell death (Pittman and Oppenheim, 1978, 1979) and also
causes a large increase in intramuscular nerve branching (Dahm
and Landmesser, 1988). These results are consistent with the
possibility that these branches represent sites of uptake of muscle-derived trophic factor and that the increase in branches following activity blockade would result in enhanced motoneuron
survival by allowing greater uptake of trophic factor. Since initial
observations indicated that the side branches were also the sites
of synapse formation in the muscles (Dahm and Landmesser,
1988) one possibility is that synaptic contact is necessary for
trophic factor uptake. Therefore, in this paper, the course of
synaptogenesis is examined quantitatively from the time that
the major nerve trunks leave the plexus region to enter the limb
(St 24) through the end of the cell death period (St 37) both
during normal development and following treatment with dTC
to prevent cell death.

Materials

and Methods

White Leghorn chick embryos were incubated in a humidified, forceddraft incubator at 38°C until the desired age, staged according to Hamburger and Hamilton (195 1) and subjected to the following procedures.
Muscle whole-mounts were prepared as previously described (Dahm
and Landmesser, 1988). Briefly, embryos were decapitated, eviscerated,
and placed in oxygenated Tyrodes at room temperature (20-23°C). Skin
and connective tissue were removed to reveal the underlying muscles.
The iliofibularis (IPIB) and posterior iliotibialis (PITIB) muscles were
carefully stripped of all connective tissue and the sciatic trunk was
removed from the ventral surface of the IPIB. The muscles were left
attached to the limb during all staining procedures.
Two different antibodies were used to visualize the axons in wholemounts: C-2, a mouse IgG monoclonal antibody against a neuronal
cytoskeletal element (Dahm and Landmesser, 1988) and SV2, a mouse
IgG monoclonal that recognizes a synaptic vesicle antigen (Buckley and
Kelly, 1985). To confirm that our results were independent of the expression of a particular antigen, nerves were also visualized with DiI,
a lipid soluble fluorescent dye that labels both axons and growth cones
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(Honig and Hume, 1986), as well as by anterogradely transported horseradish peroxidase (HRP).
For C-2 immunostaining, muscles were fixed in cold acetone for 2
min, washed in phosphate-buffered saline (PBS) (all washes were for
15-20 min with 3 changes), incubated in primary antibody (undiluted
hybridoma supematant) containing 0.3% Triton for l-3 hr at room
temperature, washed in PBS, fixed in 3.7% formaldehyde-PBS for 1530 min, washed in PBS, incubated in rhodamine isothiocyanate (RITC)labeled secondary antibody for 1 hr at room temperature or overnight
at 4°C. and washed in PBS. For SV2 immunostainina. muscles were
fixed in 3.7% formaldehyde-PBS for 15-30 min, washed in PBS, incubated in primary antibody ( 1: 100 dilution of hybridoma supematant)
containing 0.3% Triton for 2-3 hr at room temperature or overnight at
4°C washed in PBS, incubated in fluorescein isothiocyanate (FITC)labeled secondary antibody for 1 hr at room temperature or overnight
at 4°C and washed in PBS.
Muscles were labeled in one of 2 ways to visualize synapses: (1) The
limbs were fixed in 3.7% formaldehyde-PBS for 30-60 min, washed in
PBS, incubated in SV2 (1: 100 dilution of the hybridoma supematant
containing 0.3% T&on) for 2-3 hr at room temperature or overnight
at 4°C washed in PBS, incubated in RITC-goat-anti-mouse
IgG for l2 hr at room temperature or overnight at 4°C washed in PBS, incubated
for 30 min in 10% Rat Serum-PBS, then incubated for 2-3 hr at room
temperature or overnight at 4°C in MAb35 (Tzartos and Lindstrom,
1980) a rat IgG monoclonal that recognizes the a-subunit of the AChR,
to which FITC had been directly conjugated (1:50 dilution; see below
for conjugation procedure), washed in PBS and mounted as above. (2)
Limbs were fixed as in (l), washed in PBS, incubated in R-BTX (25
nM) for 2 hr at room temperature, washed in PBS, incubated in SV2 as
above, washed in PBS, incubated in FITC-goat-anti-mouse
IgG for 2
hr at room temperature, washed in PBS and mounted as above.

Preparation of dye-conjugated MA635
Prior to conjugation with FITC, MAb35-IgG was partially purified by
ion-exchange chromatography (Baker AbX) according to the manufacturer’s instructions. This procedure resulted in approximately 90% pure
IgG. FITC was conjugated to MAb35 using a previously published
procedure (Anderson and Fambrough, 1983). Briefly, 12 mg FITUmg
IgG were added at 20-min intervals to the antibody with constant stirring at room temperature. After 3 hr, the reaction mixture was concentrated to 1 ml and the labeled antibody isolated by gel filtration on
Biogel-P-2 (Bio-Rad Laboratories, Richmond, CA). The FITCMAb35
conjugate was divided into 50 ~1 aliquots and stored at -20°C until
needed.

Frozen sections
Embryos were fixed in 3.71 formaldehyde-PBS for 1 hr, washed in PBS,
infiltrated in 30°h sucrose-PBS, mounted in OCT (Tissue Tek) embedding medium, and frozen quickly in a dry ice/methylbutane mixture.
Fifteen-micrometer-thick
cross sections of the thigh were taken from
the limb and processed for immunohistochemistry.
In order to visualize
the pre- and postsynaptic elements within the same section, dried sections were rinsed in PBS to remove the OCT and then stained using 1
of the following protocols: (1) sections were incubated in SV2 for 1 hr,
washed in PBS, incubated in RITC-labeled secondary antibody for 30
min, washed in PBS, incubated in 10% Rat Serum-PBS for l&l 5 min,
incubated in MAb35-FITC
for 2 hr, washed in PBS, and mounted in
50% glycerin-PBS containing 0.03 mg/ml p-phenylenediamine
(Sigma)
to inhibit fading; (2) sections were incubated in R-BTX for 2 hr, washed
in PBS. incubated in SV2 for 1 hr. washed in PBS. incubated in FITClabeled secondary antibody for 30 min, washed in PBS and mounted
in glycerin as above. In some cases, adjacent sections were stained with
MAb35 followed bv rabbit-anti-rat&G
(no fluoroohore) and then antirabbit-IgG-FITC
in order to enhance the fluorescent signal.
FITC- and RITC-goat-anti-mouse
IgG, FITC- and RITC-goat-antirabbit IgG, and rabbit-anti-rat IgG were obtained from Sigma (St. Louis,
MO). All secondary antibodies were diluted 1:50-l: 100. The MAb35
secreting hybridoma cell line was obtained from American Type Tissue
Culture Collection. R-BTX and the SV2 antibody were generous gifts
of Jon Covault and Kathleen Buckley, respectively.

Drug treatments
For the series of embryos in which motility was chronically blocked, a
square hole was made in the eggshell and a window fashioned from a
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coverslip was sealed in place with melted paraffin. Embryos were given
2 ma of d-Tubocurarine
(dTC. Siama) in 0.1 ml of sterile saline via
dailiapplication
to the chbrioalla~oic’membrane
from St 28-37 (Day
5.5-l 1); 42 such embryos were used in this study. The hindlimbs were
processed for whole-mounts or for frozen sections. To confirm that this
dose of dTC blocked motility, the number of hindlimb movements
during a 3-min observation period was counted each day. The decrease
in motility was similar to that described earlier (see Oppenheim, 1975),
therefore motility counts are not reported here.

Neural tube removals
Neural tubes were removed from St 16-l 8 embryos according to previously published procedures (Landmesser and Honig, 1986). Briefly,
a square hole was made in the eggshell and cuts made through the
membranes to reveal the underlying embryo. A sharp tungsten needle
was used to bisect the neural tube from the midthoracic region caudally
to the tail. The neural tube was then carefully removed with a broken
off micropipette using suction. A coverslip was then sealed in place with
melted paraffin and embryos were incubated until the desired stage. In
order to assess the completeness of the spinal cord deletion, ventral
laminectomies were performed on operated embryos and the lumbosacral region was inspected visually to determine the extent of spinal cord
deletion. In addition, for those embryos in which synapses were quantified from serial frozen sections, adjacent sections were labeled to visualize the nerves. In these embryos no intramuscular nerves were observed in either the IFIB or the PITIB muscles.

QuantiJication of synapses
For the ournoses of this study, a synapse was defined as the colocalization of a presynaptic profile labeled-with SV2 and an acetylcholine
receotor (AChR) cluster labeled with FITC-MAb35
or R-BTX. For
optimal visualization of synapses, R-BTX was better than FITC-MAb35.
The C-2 antibody was not useful for the purpose of quantifying synapse
formation since it did not appear to label the presynaptic nerve terminal
(L. M. Dahm, unpublished observations). The temporal course of synapse formation was determined by quantifying the percentage of AChR
clusters that were colocalized with an SVZ-labeled profile in doublelabeled muscle whole-mounts during the cell death period. An AChR
cluster was considered to be colocalized if it was contacted at any point
along its length by a labeled nerve profile. For each muscle, all of the
AChR clusters within 1O-l 5 randomly selected fields were observed
and classified as colocalized or not, until a total of 100 clusters were
observed. In addition, both the total number of synapses and the total
number of AChR clusters were counted in the PITIB muscle at St 30,
33, and 36 from every 4th, 5th, or 20th frozen section, respectively.
Data were obtained in this way for both control and dTC-treated muscles. AChR clusters and synapses were counted directly under microscopic visualization (Nikon Microphot at 400 x magnification).
When quantifying the total number of synapses in an entire muscle,
errors could have resulted from counting the same synapse in each of
2 sections. To determine to what extent corrections for overcounting
were required, the lengths of the postsynaptic AChR clusters were measured from projected-negatives of muscle whole-mounts at St 31 and
St 37 for control and treated muscles. The mean length of the ACh
receptor cluster did not differ significantly between control and dTCtreated muscles at St 31 (7.4 and 8.6 pm, respectively) or at St 37 (10.8
and 10.2 pm, respectively), though there was a slight increase in length
between the 2 stages. Thus, when comparing total numbers of receptor
clusters in dTC-treated and control muscles, any correction for overcounting would have affected both proportionately.
In contrast, the proportion of the AChR cluster actually occupied by
the presynaptic profile was observed to differ between muscle wholemounts of the 2 groups (see Table 3). For example, at St 31 the presynaptic terminal occupied more than half of the receptor cluster in
only 17% of the synapses in control muscles, whereas this value was
35% for the dTC-treated muscles. Thus, it was possible that this increase
in the length of the “synapse” following dTC treatment would have
resulted in an overestimate of synapses when comparing the dTC-treated
muscles to the controls. To see to what extent the increase in synapses
we observed (3.3 x) could be explained by this, we considered the worst
case situation: assuming that all the dTC-treated synapses occupied
100% of the cluster, whereas all the control synapses were half this
length, one obtains values of 3.7 pm and 8.6 pm for synaptic length of
control and dTC-treated muscles, respectively, at St 3 1. Given the sec-

tion thickness and the correction factor of Abercrombie (1946), the
corrected mean number of synapses at St 31 was 1783 for control and
4394 for dTC-treated muscles. Thus dTC treatment resulted in a 2.5 x
increase in synapses even with this correction. At St 37, the modest
increase observed in the number of synapses, 28,337 vs. 20,783, or a
ratio of 1.4, was reduced to a ratio of only 1.1 following application of
this same correction factor (16,867 vs. 15,282).
In order to determine when AChR clusters and synapses first appeared
during normal development, observations were also made from serial
frozen sections of muscles from St 24-29 for both the IFIB and the
PITIB. At these stages counts were made from every other section (St
24 and 25) or from every third section (St 27-29). Finally, both muscles
were also examined at St 28 following 12 hr of curare treatment and at
St 29 following 24 hr ofcurare treatment to determine the earliest effects
ofactivity blockade (counts were from every third section at both stages).

Electron microscopy
Embryos were decapitated, eviscerated, and placed in an oxygenated
Tyrodes bath at room temperature (20-23°C). Skin, connective tissue,
and all of the thigh muscles except the IFIB and PITIB were removed
from both hindlimbs; the sciatic nerve trunk was left intact, since the
points of emergence of the muscle nerves were used as landmarks for
making sections at the same relative proximodistal position in muscles
from different embryos. Hindlimbs were separated from the spinal cord
by severing the spinal nerves just distal to the dorsal root ganglia. Limbs
were rinsed in low calcium (0.1 mM) Tyrodes for 30 min, fixed in a
triple aldehyde mixture of 1.5% pamformaldehyde (freshly prepared),
1.5% acrolein, and 1.5% glutaraldehyde in 0.1 M cacodylate buffer, pH
7.2, rinsed overnight in the same buffer, postfixed in 2% osmium/O. 1
M cacodylate buffer for 1.5 hr at room temperature, rinsed in distilled
water, dehydrated in ethanol and propylene oxide, and infiltrated with
Epon/Araldite. The blocks were polymerized at 60°C and sectioned
transverse to the long axis of the muscles, using an LKB ultramicrotome.
Thin sections (800-1000 A) were observed and photographed on a
Phillips 30 1 transmission electron microscope.

Results
described the temporal course of innervation of the IFIB and PITIB musclesand found that innerWe have previously

vation occurs in a series of discrete steps (Dahm and Landmesser, 1988). Since we will show in this paper that the pattern

of innervation determinesthe spatial distribution of synapses,
we have included a diagram summarizing the nerve ingrowth
patterns of the IFIB and PITIB muscles(Fig. 1) in order to
facilitate comparisonsbetweenthe events of muscleinnervation
and AChR cluster formation.
The IFIB and PITIB muscle nerves form by St 27-28 by
divergence of axons from the sciatic nerve. The IFIB muscle
nerve entersnear the proximal end of the IFIB, while the PITIB
musclenerve enters at a point midway along the proximodistal
axis of the PITIB. Axons do not immediately invade the muscles,but wait asa large, loosely fasciculatedmasson the surface
of the muscles(Fig. 1A) within 200-300 Mm of the original
muscle nerve entry point until St 29.5-30 (approximately 24
hr; Dahm and Landmesser,1988). From St 30-31, intramuscular nerve trunks begin to grow into the muscles,parallel to
the myotubes in the slow region of the IFIB and transverse to
the myotubes in both the fast region of the IFIB and in the allfast PITIB (Fig. 1B; seeVogel and Landmesser,1987for myosin
ATPase histochemistry). Subsequent ramification of nerves
within the fast region of the IFIB and the fast PITIB occurs
primarily by a processof reductive nerve branching [i.e., at each
branch point a subset of the axons diverges to form a new
branch, so that the branches become progressively smaller in
diameter

(Fig. 1C)]. In contrast,

nerve ramification

in the slow

region of the IFIB occurs primarily by collateral sprouting from
the shaft of axons whoseparent growth conesare in the distal
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Formation

B. st 30-31
Intramuscular
Nerve
Branch
Formation

c. St 32-34
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Figure I. Schematic diagram showing the sequence of steps in the innervation of the IPIB and PITIB muscles. A, Axons diverged from the main
sciatic nerve trunk to form the IEIB and PITIB muscle nerves by St 27-28. The axons remained near the ventral surface of the muscles, at the
proximal end of the IPIB and at a point midway along the proximodistal axis in the PITIB until St 30 (24 hr later). B, Axons began to grow into
the muscles to form intramuscular nerve trunks at St 30. In the slow region of the IEIB, the nerve trunks grew primarily parallel to the myotuhes
from proximal to distal without branching, while in the fast region of the IFIB (the boundary between the fast and slow regions is indicated by a
dotted line in A) and in the all-fast PITIB the nerve trunks grew in predominantly transversely. C, Extensive ramification to form side branches
occurred between St 32 and 34 in both muscles. The intramuscular nerve branching pattern differed between fast and slow muscle.

ends of the main longitudinal trunks. By St 32, this process
forms a series of regularly spaced side branches oriented transverse to the main longitudinal nerve trunks (Fig. 1C’). It is this
difference in the nerve branching pattern that gives rise to the
distinctly different patterns of synapse formation in adult avian
fast and slow muscles: fast muscle receiving a single (few) synapse(s) and slow muscle receiving a spatially distributed series
of endings (Ginsborg and Mackay, 196 1). The temporal course
of AChR cluster formation and synaptogenesis will therefore be
described below with reference to these distinct events in the
innervation of the IFIB and the PITIB muscles.
The distribution of SV2 and R-BTX labeling at the adult
neuromuscular junction
The mature neuromuscular junction is characterized by the tight
spatial colocalization of synaptic vesicles and AChRs at sites of
nerve-muscle contact. This synapse can, therefore, be visualized
effectively using SV2, an antibody that recognizes synaptic vesicles, and R-BTX, which binds to the AChR, to label the preand postsynaptic elements, respectively. In the adult chicken,
SV2 (Fig. 2A) and R-BTX (Fig. 2B) labeling were colocalized
and primarily restricted to the terminal region of axons and to
the directly apposed myofiber membrane. In striking contrast
to this adult distribution, during development, SV2 labeled axons along their entire length (see, for example, Fig. 4A,C,E).
SV2 was also observed to label the growth cones of ciliary motoneurons in culture (Fig. 2C,D) indicating that it was expressed
by motoneuron axons while they were still growing. Since SV2
and R-BTX delineate the mature synapse and were expressed
during early development, the developmental course of synaptogenesis, described below, was examined using these markers. While it is possible that, in a developing muscle, a synapse
could also occur where nerve terminals overlie a low density of
receptors that are not recognizable as a cluster, as described in
Materials and Methods, a synapse was defined as the colocalization of SV2 and R-BTX labeling.

The maturation of pre- and postsynaptic specializations during
the period of initial innervation and motoneuron cell death
The appearance of AChR clusters is the first anatomically definable evidence of postsynaptic specialization at the neuromuscular synapse. Although the initial appearance of AChR
clusters in the developing chick hindlimb has been described
(Godfrey et al., 1988; Fallon and Gelfman, 1989) the precise
relationship of the earliest AChR clusters to the ingrowing nerves
was not directly assessed nor were their numbers quantified. In
addition, although a small number of AChR clusters have been
observed to form on aneural myotubes in vivo (Phillips et al.,
1985; Fallon and Gelfman, 1989), it is not known to what extent
nerve contact is required for AChR clustering to occur during
normal development (but see Jacob and Lentz, 1979; Smith and
Slater, 1983).
We first observed AChR clusters in the proximal region of
the developing muscle masses in frozen sections of St 25-26
hindlimbs. Although muscle nerves have not yet formed, both
the crural and sciatic trunks have penetrated into the limb at
this stage and are in close proximity to the developing muscle
masses (Tosney and Landmesser, 1985). AChR clusters first
formed within muscles that were adjacent to major nerve trunks
(Fig. 3A,B), but, surprisingly, most of the clusters formed on
myotubes that were not in direct contact with nerve processes.
This was also seen at St 27 when muscle nerves diverged to
come into contact with the IFIB and PITIB muscles. Even though
the IFIB muscle nerve had barely penetrated the muscle at this
stage, numerous AChR clusters were induced on myotubes near
the muscle nerve trunk and adjacent to the sciatic nerve trunk.
Although most of these clusters were not in contact with a nerve
process, they were within 100-200 pm of the nerve trunk. AChR
clusters were even induced within the IFlB muscle by the PITIB
muscle nerve as it passed nearby the anterior region of the IFIB
muscle on its way to the PITIB muscle (Fig. 3C,D), supporting
our conclusion that clusters were being induced on myotubes
that were not in direct anatomical contact with nerve.
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Figure 2. SV2 and R-BTX labeling in neuromuscular junctions of the
adult chicken and SV2 labeling of cultured motoneurons. Whole-mount
preparation of the IFIB of a 2-month-old chicken. A, In the adult, SV2
was highly concentrated at the presynaptic terminal region of axons. B,
R-BTX l&e.ling of postsynaptic AChRs in the same preparation revealed the tight spatial colocalization of synaptic vesicles and AChR
clusters characteristic ofthe mature junction. Fluorescence(C) and phasecontrast (D) micrographs of ciliary neurons cultured on polyomithinecoated aclar for 24 hr. SV2 (C) labeled the entire neuron, including the
cell body and growth cone (arrows). Scale bar = 70 pm, A, B, 50 pm,

C, D.

At St 30-3 1, when intramuscular nerve trunks begangrowing
into the developing muscles(Fig. lB, Dahm and Landmesser,
1988)AChR clusterswere againobserved to form on myotubes
in the vicinity of the nerve trunks, but in many casesnot in
direct anatomical contact with SV2-labeled nerve profiles (Fig.
4A,B). Since nerves grow from proximal to distal in the IFIB
musclewith a known time course (seeFig. l), it was possible
to estimate that AChR clusters only appeared on myotubes
severalhours after the nerveshad grown through. Thus, at early
stages,AChR clusterswere presentin the proximal third to onehalf of the IFIB and absent from the distal third (even though
the nerve trunks had entered the distal third of the muscle).
This distribution again supported the suggestionthat AChR
clusterswere being induced by the nerve. However, asat earlier
stages,receptor clustersformed on myotubes that were not in
direct anatomical contact with SV2-labeled nerves.
By St 32, shortly after side branches began to form in the
IFIB (Fig. 1B; Dahm and Landmesser,1988), receptor clusters
beganto disappearfrom around the main intramuscular nerve

trunks and becamerestricted to the side branches(Fig. 4C,D),
this processbeing essentiallycomplete by St 34 (Figs. 4E,F and
5C,D). In the PITIB, a similar processoccurred but with a longer
time course.In this fast muscle(asin the fast region of the IFIB),
receptor clusters disappearedmore gradually from around the
main intramuscular nerve trunks, and becamerestricted to secondary branchesby St 35-36 (Fig. 5A,B).
Interestingly, we alsoobserved a corresponding,gradual shift
in the distribution of synaptic vesicle antigen in both muscles.
SV2, which is highly localized to synaptic contacts at the mature
neuromuscularjunction (Fig. 2A,B), intensely stainedthe entire
intramuscular nerve trunk and branchesup to St 33, followed
by increasedlocalization of staining to the side branches(see,
for example, Fig. 4). Figure 5 demonstratesthat by St 35, the
intensity of staining had diminished greatly within the main
intramuscular nerve trunks in both the PITIB (Fig. 5A) and the
IFIB (Fig. 5C). The staining was brighter in the side branches
and was especiallyintense at sitesof apparent synaptic contact
where intense SV2 staining overlay AChR clusters.
In summary then, between St 30, when intramuscular nerve
branchesfirst form, and St 35-36, which is the end of the motoneuron cell death period, we observeda gradual restriction of
both AChR clustersand SV2 antigen to sitesof apparent synaptic contact. However, at early stages,AChR clustersdid not
appear limited to suchcontact sites,sincethey were induced on
myotubes all along the length of nerve trunks as well as on
myotubes at somedistance away from them.
Becausenerve-induced AChR cluster formation in tissueculture hasbeen observed to occur only at points of nerve-muscle
contact (Fischbach and Cohen, 1973; Anderson and Cohen,
1977; Frank and Fischbach, 1977), it was important to show
that the AChR clustersthat were induced somedistance from
the nerve in vivo were in fact not contacted by nerve processes,
becausethe possibility exists that some early processesmight
be SV2 negative. This was the easiestto verify in the IFIB
because,at St 30, the main nerve trunks are composedof large
bundles of naked, small diameter axons (see,for example, Fig.
7A) that grow the entire length of the musclewithout forming
side branches.AChR clustersare induced on myotubes within
several hundred microns of thesenerve trunks (seeFig. 4A,B).
We confirmed that axons do not extend to these clusters by
labeling the nerves with the lipid soluble fluorescent dye, DiI
(Fig. 6A,C). This dye labels axons to their growth cones and
allows singleaxons to be visualized in tissueculture (seeHonig
and Hume, 1986).Thus, we confirmed by this technique aswell
asby labeling axons with the neuron-specificC-2 antibody (Fig.
6B,D) that side branchesdid not extend from the nerve trunks
at this stageand that the vast majority of these clusterswere,
therefore, not in direct contact with nerve processes.Finally,
the unbranchednature of the axonswithin the St 30 nerve trunks
wasconfirmed in a seriesof musclesby anterogradelabeling of
small numbers of axons with HRP (Fig. 6E). This technique,
which has been shown to label motor axons to their growth
cones(Tosney and Landmesser,1985), allowed us to visualize
long lengths of single axons within these nerve trunks and to
confirm the absenceof side branches.
To ascertain that these early clusterswere in fact being induced by the nerve, we examined the IFIB and PITIB muscles
in 4 St 28 hindlimbs from embryos whoseneural tube had been
removed at St 16-l 7. Analysis of serial frozen sectionsdoublelabeled using SV2 and R-BTX revealed that in these muscles
devoid of nerve, there were only 1.5 + 0.6 AChR clustersper
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Figure 3. AChR cluster formation does not require nerve contact. Frozen cross sections through the IFIB and PITIB muscles double-labeled using
SV2 (A, C) and R-BTX (B, D). Although muscle nerves have not yet formed in this St 26.5 embryo (A), the sciatic nerve trunk (arrow)is in close
proximity to the developing IFIB (IF) and AChR clusters (B) have formed on myotubes that are within 100-200 pm of the nerve trunk. Note that
none of the receptor clusters are in direct anatomical contact with a nerve profile at this stage. By St 29 (C, D), when the PITIB muscle nerve
(arrow)has reached the PITIB (PIT). AChR clusters (D) were observed on mvotubes in the IFIB that were near the nassina
- PITIB nerve. The
hottediinein C denotes the boundary between the two muscles. Scale bar = SdHm.

muscle compared to 617 + 117 per muscle for the control
PITIB, and only 5.5 f 2.3 per musclecomparedto 1146 + 181
per muscle for the control IFIB (n = 4, mean f SEM). This
representslessthan 0.5% of the number of AChR clustersnormally present in these musclesat St 28. Thus, these results
strongly support the ideathat the nerve inducesthe vast majority
of AChR clusters that form by St 28, including those not in
direct anatomical contact with the nerve.
Ultrastructural observationsof early stagesof innervation
At St 30, just at the onsetof the motoneuron cell death period,
careful examination of crosssectionsof the IFIB indicated that
virtually all of the axons within the musclewere within several
large nerve trunks containing hundreds of small-diameter (< 1
pm) naked axons. Such trunks were easily correlated with those
that we visualized with immunostaining at the light microscope
level (seeFig. 6). Approximately half of sucha trunk is shown
in Figure 7A. Especially striking wasthat at this developmental
stage,virtually none of the axons (with the possibleexception
of those at the growing distal end of the nerve) were in contact
with myotubes, but were separatedfrom them by processesof
cellsthat looselyensheathedthe nerve trunks (indicated by stars
in Figure 7A). From previous observations (Dahm and Landmesser,1988) these are likely to be neural-crest-derived pre-

sumptive Schwann and/or other support cells. Thus, prior to
sidebranch formation, most axons wereembeddedwithin tightly packed nerve trunks, surrounded by other axons.
At early stages(St 30), someof the profiles within the nerve
trunks were somewhatenlargedand electron luscent,with abundant vesicularprofilesand smoothendoplasmicreticulum. These
appeared to be growth cones. However, even up to St 32-33
many axonswithin the nerve trunks contained irregularly shaped
membranousvesicular profiles,aswell asoccasional,largerdense
core vesicles. Several such profiles are indicated by arrows in
Fig. 7, B. This fairly abundant membranous material along
axons may be an ultrastructural correlate of the early distribution of the SV2 antigen throughout the entire length of axons.
At St 32-33, side branches containing smaller numbers of
axonal profiles were observed coming into closer contact with
adjacentmyotubes.The axonal profileswithin thesesidebranches
contained numerous accumulationsof small, clear vesicles(arrow, Fig. 70, with somelarger densecore vesiclespresent as
well. However, as at St 30, we only rarely observed direct anatomical contact between axonal profiles and myotubes. As
shown in Figure 7, C, the axonal profiles within side branches
were for the most part separatedfrom adjacent myotubes by
the processesof presumptive Schwann cells (starsin Fig. 7C).
In addition, processesof an unidentified cell type (asterisksin
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Figure 4. AChR clusters become localized to side branches in the slow region of the iliofibularis muscle. Whole-mount preparation of IFIB
muscles, myotubes run from left to right. Axons (left panel) are labeled with SV2 and AChR clusters (right panel) are labeled with R-BTX. By St
30 AChR clusters (B) had formed on myotubes in the vicinity of the main intramuscular nerve trunks (A), several hours after the nerve trunks had
grown through, suggesting that they were induced by the nerve. However, AChR clusters formed on myotubes that were not in direct contact with
the nerve. Arrow indicates cluster that was colocalized at this stage and helps to indicate the position of the nerve trunk with respect to the clusters.
Many of the clusters are 100 pm away from the nerve trunk. By St 32, as side branches (c) formed, receptor clusters (0) began to disappear from
around the main nerve trunks and to become restricted to the side branches. Two side branches are visible in (C’) and the spatial distribution of
receptor clusters in (0) reflects their positions, i.e., there are no clusters in the center of the photograph between the branches. This process of
restriction of receptor clusters Q to side branches (E) is essentially complete by St 34. However, although receptor clusters are restricted to side
branches by this stage, many are still not colocalized to an SVZ-labeled nerve process. Arrows (C-F) indicate nerve profiles and corresponding
colocalized receptor clusters on side branches. Scale bar = 50 pm.

Fig. 7C.Y)
were often interposed between the side branchesand
the surfacesof the myotubes proper. All of the nonaxonal processes
containedribosomesand endoplasmicreticulum and could
be clearly distinguishedfrom axons on that basis.However, by

St 32-33, we did observe portions of some nerve branchesin
direct contact with some myotubes (arrows, Fig. 70); though
once again most of the nerve was separatedfrom the myotube
surfaceby another cell type (stars, Fig. 70). Early presumptive
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Figure 5. SV2 labelingbecomes
localizedto secondarybranchesin both the posterioriliotibialisand iliofibularismuscles
duringnormaldevel-

opment.Whole-mountof a St 3.5PITIB (A, B) and IFIB (C, D) muscledouble-labeled
with SV2 to visualizethe axons(A, C’)and R-BTX to
visualizethe AChRclusters(B, D). A andB, At thisstageSV2stainingis muchbrighterin the sidebranchthanin thetrunk from whichit emerged
and AChR clustersare completelyrestrictedto the sidebranches.(Arrows point to colocalizedclusterandnerve profile.) C and D, In this low
magnificationview of an IFIB musclewhole-mount,the myotuhesandmainintramuscularnervetrunksrun left-to-rightandthe sidebranches
(1
nervetrunks.Both SV2labelingandR-BTX labeledAChRclustersbecome
is indicatedby an arrow in C) emergetransverseto the intramuscular
restrictedto sidebranches(arrow) by St 35 (AChR clustersbecomerestrictedto sidebranchessoonerthan doesSV2 staining,seeFig. 4). Scale
bar = 50 pm (A, B), 150pm (C, D).

synapses(inset, Fig. 70) were also observed where nerve terminals containing sparsevesicles (star) came into direct apposition with the myotube surface.Few obvious synaptic specializations, such aslargeaccumulationsof vesiclespresynaptically
or pre- and postsynapticdensitieswereobserved. However, this
may not be surprisingsince most of thesesynapseswould have
had to have beenlessthan 24-hr old (sidebranchesdo not even
begin to form until late St 30 which is only 24 hr earlier than
St 32 when these contacts were observed). This is consistent
with tissue culture observations where identifiable functional
synaptic contactsmadebetweenXenopusmotoneuronsand myotubes for lessthan 24 hr often contained few ultrastructural
specializations(Takahashi et al., 1987).
We did not make observations at later stagessinceit was not
our intention to study the development of synapsesat the electron microscopelevel. However, our observationsconfirm light
microscopical observations that indicate that, at the onset of
the motoneuron cell death period, most axons are not in direct
contact with myotubes, and that it is only after side branch
formation that apparentsynaptic contactscan be observed.Their
sparsity and lack of structural specialization clearly preclude
quantification of synapseswith the EM at these critical early
stagesof nerve-muscle interaction. For this reasonwe choseto
quantify synaptic contacts using immune staining of specific
synaptic componentsas describedin the next section.

Synapseformation during normal developmentand following
activity blockade
Although at the earliest stages,most AChR clusterswere not
colocalized with nerve processes,even by St 27 a small number
of colocalized receptor clusterscould be demonstratedin frozen
cross sections stained with SV2 and R-BTX (Fig. 8A,B). The
proportion of such colocalized clustersgradually increaseduntil
St 36 when most were closely associatedwith nerve processes
(Fig. 8C,D). Since we defined suchcolocalized clustersas synapses,we first assessed
the temporal courseof synapseformation
during development by quantifying the degreeof colocalization
of AChR clusters and nerve profiles both during normal development and following activity blockade. These results are
presentedgraphically in Figure 9. Although AChR clusterswere
observed on myotubes asearly as St 25, none were found to be
in direct anatomical contact with nerve profiles until St 27-28,
coincident with the divergence of axons from the sciatic trunk
to form the IFIB and PITIB muscle nerves. This initial appearanceof anatomically defined synapsesalsocorrelated temporally with the ability of thesemusclesto contract in response
to nerve stimulation (Landmesserand Morris, 1975).However,
only 3% of the total AChR clustersin the IFIB and 10%of those
in the PITIB were actually colocalized to SVZlabeled nerve
profiles at this stage.This number slowly increasedthroughout
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Figure 6. Axons within the main intramuscular nerve trunks in the iliofibularis muscle are unbranched at St 30. Low (A, B) and high (C, D)
magnification views of 2 different IFIB muscles labeled with the lipid-soluble dye, DiI (A, C) or the axon-specific antibody, C-2 (B, 0). A andB,
All of the intramuscular nerve trunks in the anterior (slow) region of the FIB are visible. C and D, Inspection at higher magnification confirmed
that the axons within these trunks are unbranched at this stage. E, In addition, inspection of single axons anterogradely labeled by small injections
of HRP showed that they grew the entire length of the muscle within the large intramuscular nerve trunks without branching. Arrows indicate the
small fascicle within the intramuscular nerve trunk that was labeled with HRP. Myotubes run from right (proximal) to left (distal) in this figure.
Scale bar = 140 pm (A, B), 80 pm (C, D), and 60 pm (~5).

the cell death period, sothat by St 36, most AChR clusters(7090%) were associatedwith presynaptic profiles. The processof
colocalization occurred with a roughly similar time course in
both muscles(Fig. 9,4,B).
Activity blockade acceleratedthe processof colocahzation in
both muscles(Fig. 9). For instance, in the slow region of the
IFIB, essentiallyall of the AChR clusters(94%)were colocalized
to SV2-labeled nerve profiles by St 32 (compared to only 61%
at this stageduring normal development). The figures for percentagecolocalization reflect 2 processes:synapseformation and
the regressionof non-nerve-associatedAChR clusters, and either one or both could be accelerated by activity blockade.
Therefore, measuringpercentagecolocalization did not allow us
to distinguish between these 2 mechanisms,nor did it give a
measureof the number of synapsesactually formed during the

cell death period. Since our intention was to determine the
relationship (if any) between motoneuron survival and synapse
formation, we neededto quantify the total number of synapses
during normal development and following activity blockade.
To avoid the complicating feature that the IFIB is partially slow
and slow myotubeshave multiple synapses,we choseto quantify
synapsesin the all fast PITIB muscle.
We counted the total number of synapsesformed in the entire
PITIB musclefrom St 24-36 both during normal development
and following activity blockade (Table 1). We alsocounted the
total number of synapsesin the IFIB from St 24-29 in order to
assess
the generality of our observations(Table 2). During normal development the first colocalized AChR clusterswere observed at St 27 in both muscles,32 f 12 total synapsesper
musclein the PITIB and 17 + 8 per musclein the IFIB (n = 4

Figure 7. Most axons are not in direct contact with myotubes at the onset of the cell death period. A, Cross section through 1 of the large
intramuscular nerve trunks located in the slow region of a St 30 FIB muscle. At this stage (the beginning of the cell death period) the nerve trunk
is composed of large numbers of unmyelinated, small-diameter axons which are separated from the myotubes (m) by processes of presumptive
Schwann cells (stars). Note that none of the axons are in contact with the myotubes. B, Higher magnification view of a similar nerve trunk at St
33. The axons contain large amounts of membranous material, including irregularly shaped vesicular profiles and occasional dense core vesicles
(arrows). C, Sectionthrough a side branch as it emerges from an intramuscular nerve trunk in a St 33 FIB muscle. Axons within side branches
also contain numerous vesicular profiles (arrow), however, similar to St 30, most axons were not in direct contact with the myotubes (m) and in
many cases there was an intervening Schwann cell (star). D, The rare presumptive nerve contacts that were observed (arrow) showed little or no
synaptic specialization (inset). Myotubes (m) were identified on the basis of the presence of clusters of contractile filaments which were more
obvious at higher magnification (inset). Scale bar = 1 pm (B, C, D), 5 pm (A).
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Figure&
The distribution of SV2 and R-BTX labeled profiles in frozen cross sections ofthe posterior iliotibialis muscle during normal development.
Analysis of frozen cross sections of the PITIB confirmed that many receptor clusters were not colocalized to nerve profiles during development.
Axons are labeled with SV2 (A, C’) and AChR clusters are labeled with R-BTX (B, D). A, By St 27 the muscle nerve (n) hadenteredthe PITIB. B,
Most receptor clusters were located within 100 Frn of the nerve (large white arrows), but only a few were in contact with a nerve profile (small
arrow). C and D. However, by the end of the cell death period (St 36) most of the clusters were nerve contacted. Arrows in C andD indicateseveral
such nerve-associated clusters and corresponding nerve profiles. Scale bar = 50 pm.

for each muscle, mean + SD). This correlates well with physiological observationsthat this is the earlieststageat which these
muscleswill contract in responseto nerve stimulation (Landmesserand Morris, 1975; Landmesser,1978).
During normal development, the total number of synapsesin
the PITIB increasedfrom 32 at St 27 to approximately 2000 at
the onset of the motoneuron cell death period (St 30). Since the
PITIB at this stagecontains 200 f 40 myotube clusters(Tanaka
and Landmesser,1986), there are more than enough synapses
for each myotube cluster. Becausetheseearly clustersare composedof 4-5 primary myotubes aswell asassociatedmyoblasts
Table 1. The nnmber of synapses in the PITlB
development and following ectivity blockade

during normal

SynapticAChR clusters
Stage

Control

dTC

Ratio

28
29
30
33
36

132 f 12
279
2223
7725 It 1367
20,783

125
440 rt 88
6913
17,201 f 2384
28,337

1.0
1.6
3.1
2.2
1.4

Ratio = dTCXoatro1,

n = 2-5,

mean + SEM, except where n - 2.

which will form secondary myotubes (L. T. Landmesser,unpublished observations), at the onset of cell death there are
roughly 2 synapsesper primary myotube. By St 33, the middle
of the cell death period, the number of synapseshas increased
to nearly 8000; during this same time period the number of
myotubes has increasedto approximately 3000, so, again, the
number of synapsesis roughly double the number of primary
myotubes. From St 34-38 a large number of secondary myotubesform (McLennan, 1983; Fredette and Landmesser,1990).
It is therefore possiblethat the later increasein synapses,reaching approximately 2 1,000 by St 36, reflects synapseformation
onto these secondarymyotubes.
Activity blockade resulted in a 3-fold increasein the number

Table 2. The number of synapses in the IFIB daring early
development
Staae

Number of svnaoses

27
28
29

17 + 8
64 + 9
216 + 39

* n = 2,

avg + diffkrcnct

from the avg all others, n = 4, mean + SEM.
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Figure 9. Quantificationof the temporalcourseof synapse
formation

in whole-mounts
of theiliofibularisandtheposterioriliotibialismuscles
duringnormaldevelopmentand followingactivity blockade.The per-

29-30
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33-36

Stage

Figure IO. The rate of synapse formation in the posterior iliotibialis
muscle is increased following activity blockade. The rate of synapse
formation during normal development and following activity blockade
was estimated by subtracting the number of nerve contacted AChR
clusters present at the younger stage from the number at the older stage
and dividing by the time in hours between the 2 stages. The rate of
synapse formation was initially low during the nerve “waiting period”
from St 28-29 and increased 1Cfold as the intramuscular nerve trunks
grew into the muscle (St 29-30). The rate ofsynapse formation remained
steady at about 150 synapses/hr during the first half of the cell death
period and began to increase in the second half. This latter increase may
have been in response to the generation of secondary myotubes. Although the rate of synapse formation was similar in activity-blocked
and normal muscles at St 28-29, it increased 27-fold as the intramuscular nerves grew in (St 29-30). This represented a doubling in the rate
of synapse formation which led to a 3-fold increase in the number of
synapses in dTC vs control muscles by St 30. This large increase in the
rate of synapse formation was transient (it occurred prior to the onset
of normal motoneuron cell death), dropping to control levels near the
end of the cell death period (St 33-36).

cent of AChR clusters that were contacted by an SV2 labeled nerve

profile in the IPIB (A) and the PITIB (B) increasedsteadilyduring
normaldevelopmentin both muscles
(opensquares). Nerve-contacted
clustersfirst appearedin the developingmuscles
at St 27 and 70-90%
of the clusters were colocalized by the end of the cell death period (St

36). Activity blockadeaccelerated
the processof colocalizationelred

squares) sothat 90-l 00%of theclusters
in bothmuscles
werecolocalized

to nerveprofilesby the middleof the celldeathperiod(St 33).

of synapsesover control values by St 30, the beginning of the
cell death period, and a 2-fold increaseduring the remainder of
the cell death period (Table 1). Activity blockade increasedthe
total number of synapsesin the PITIB by increasingthe rate of
synapseformation (Fig. 10). During normal development, the
rate of synapseformation increasedsteadily from 8 synapses/
hr at St 27-28 to 251 synapses/hrby St 36. Following dTC
treatment, there was a large transient increase in the rate of
synapseformation at St 29-30 followed by a decreaseto control
levels by St 36. Since this large change in the rate of synapse
formation precededthe onset of normal cell death in the lumbosacralmotor column, thesedata strongly suggestthat synapse
formation may be an important determinant of motoneuron
survival.
We previously found (Dahm and Landmesser, 1988) that
activity blockade also increasedand acceleratedthe processof
nerve branching in the slow region of the IFIB so that a plateau
was reachedby St 32 following curarization. In fact, there was
a strong correlation between the degree of synapseformation
(i.e., the percent colocalization of nerve profiles and AChR clusters) and the number of side branches/mm nerve trunk in the

slow region of the IFIB both during normal development and
following activity blockade (Fig. 11).This supportsour anatomical observations, discussedin the following section, that side
branchesare the sitesof synapseformation in this region. The
increasein synapsenumber that occurred during normal development aswell asthat which occurred in responseto activity
blockade correlated with increasednerve branching in the PITIB. Taken together, thesedata suggestthat the pattern of nerve
branching is a major determinant of the distribution and the
number of synapsesin muscles.
We did not attempt to make counting corrections for either
the number of synapsesor the number of AChR clusters. We
found that the average length of receptor clusters measuredin
musclewhole-mounts did not vary significantly from St 3l-37
in either control or curare-treated embryos (Fig. 12). In fact, the
distribution of cluster lengthswasnearly identical betweenagematched control and activity blocked embryos at both St 31
and St 37, and very similar between the 2 stages.However, we
did observe differencesin the length of the presynaptic profiles
that were apposedto the clusters.
Becausethe SV2 antigen is not restricted to sites of nervemuscle contact during early stagesof development (St 35 and
younger), but is instead distributed all along the length of the
axons, it was difficult to measurethe actual lengths of presynaptic profilesapposedto AChR clustersin musclewhole-mounts.
However, we could estimate their relative length by dividing
synapsesinto 2 categories:those that were apposedby a pre-
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Thecorrelationbetweensynapse
formationandsidebranch
formationin the slowregionof the iliofibularisduringnormaldevelopment.The percentof nerve-contacted
AChR clusters increased in
parallelwith the numberof sidebranches/mm
nervetrunk in the slow
regionof the IFlB duringnormaldevelopment(opensquares) and followingactivity blockadewled circles). Data takenfrom St 30-36muscles.

synaptic profile over lessthan half their length and those that
were apposedover greater than half their length. In so doing we
observed that during normal development the majority of presynaptic profiles occupiedlessthan half the length of the receptor
cluster, even at the end of the cell death period (St 36; seeTable
3). In fact, during the early stagesof synapseformation (up to
St 32), many clusters were contacted along only a very small
portion of their total length by what appeared to be a single
bouton (not shown).
In addition to accelerating the processof colocalization and
increasingthe total number of synapsesin the muscles,activity
blockade also enhancedthe extent to which presynaptic nerve
profiles occupied the entire length of receptor clusters, i.e., activity blockade increased synapse length. Following activity
blockade, most of the receptor clusters were colocalized with
SV2-labeling alongmore than half of their length by St 33 (Table
3). Becausethere were no significant differences in either the
length of AChR clustersor in the extent to which their length
was apposedby a presynaptic profile at St 30 between control
and activity-blocked embryos (Fig. 12, Table 3), we feel that
the relative difference in the number of synapsesin control and
dTC treated musclesis accurateasreported for St 30 and younger. However, sincethe percentageof synapsesthat are apposed

Table 3. The percent of synapses in the slow region of the
iliofibularis muscle with a presynaptic profile occupying
greater than half the length of the receptor cluster

% synapses
greaterthan half occupied
Stage

Control (n)

dTC (n)

30
31
32-33
34-35
36-37

24 + 4 (4)
17+3
(2)
30 f 12(6)
39 -t 9 (8)
53 zk 2 (2)

29
35
68
79
94

Mean

f

SEM,

+ 3
+ 21
f 15
+- 10
f 3

(2)
(5)
(3)
(3)
(2)

except for n = 2 where avg * the difference from the avg is given.

0
1

I

6

St 37CTRL
St37dTC

8 1012141618202224262830

Length (pm)
Figure 12. The lengthof AChR clusters remains constant throughout
the cell death period and is not affected by activity blockade. AChR
cluster lengths were measured from negatives of whole-mounts of the
IFIB muscle at St 3 1 (A) and St 37 (B) for both control (open bars) and
dTC treated (filled bars) muscles. Although cluster length varied 2-30
pm, their distribution was nearly identical in control and activity-blocked
muscles at both stages. In addition, the length distribution of receptor
clusters present in muscles at the beginning of the cell death period (A)
was very similar to that in muscles at the end of the cell death period
(B).

by a presynaptic profile along greater than half their length is
doubled at both St 33 and St 36 in curare compared to control
embryos, the uncorrected counts at theselater stagesmay overestimate the difference in synapsenumber betweencontrol and
curare-treated embryos. In fact, count corrections could be estimated by assuminga worst casescenarioin which all of the
control synapsesare only one-half the length of the synapsesin
dTC-treated muscles.Thesecalculations(describedin more detail in Materials and Methods) were made for both St 31 and
St 37 embryos. While the corrected counts were lower in absolutenumber for all conditions, the ratio of synapsesin control
and activity-blocked muscleswassimilar to that obtained using
the uncorrected data (3.3 vs. 2.5 at St 3 1 and 1.4 vs. 1.1 at St
37, uncorrected vs. corrected counts respectively; seeTable 1).
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Table 4. The number of synaptic and nonsynaptic AChR clusters in the PITIB during normal development and following activity blockade

SynapticAChR clusters
Stage Control
dTC
28
29
30
33
36

132 k 12
219
2223
1125 + 1367
20,783

Ratio=

dTC/Control;

125
440
6913
17,201
28,337

Ratio
1.0
z!z 88
f 2384

1.6
3.1
2.2
1.4

NonsynapticAChR clusters
Control
dTC

Ratio

Total AChR clusters
dTC
Control

142
1106
3581
9008
9331

0.66
0.21
0.59
0.63
0.30

874
1385
5810
16,741
30,120

+ 97

+ 3249

492
228
2121
5689
2803

+ 54
+ 840

+

141

+ 4600

617
668
9040
22,890
31,140

Ratio
0.7
+ 141
+ 258

0.5
1.6
1.4

1.0

n = 2-5, mean f SEM, except where n = 2.

In all experiments, the total number of AChR clusters, including both those colocalized and those not colocalized to a
nerve profile, were quantified. As would be expected from the
largenumber of noncolocalized receptor clusterspresentduring
the stagesof development we examined, the total number of
receptor clusters always exceededthe number of synapses.In
Table 4 the number of noncolocalized or nonsynaptic clusters
hasbeen determined by subtracting the number of colocalized
clusters from the total number of receptor clusters. For comparison, the number of synaptic clustershasalsobeenreprinted
from Table 1.
During early stagesof normal development (St 28-29), the
number of nonsynaptic clusters exceeded synaptic clusters by
5-6-fold. However, from St 30-33, when most myotubes were
brought into synaptic contact, the number of nonsynaptic clusters decreasedfrom 1.6 to only 1.2 of synaptic values. Activity
blockade, in contrast to its effect of increasing the number of
synapses,reduced the number of nonsynaptic clusters at all
developmental stages.This effect was most dramatic at St 29
when the number of noncolocalized clusterswasreducedto only
20% of control values. In summary, activity blockade greatly
increasedthe rate of synapseformation as well as the actual
number of synapsesformed during the motoneuron cell death
period, while decreasingthe number of AChR clustersthat were
not associatedwith a nerve profile.

Discussion
In this paper, the simultaneouslabeling of the pre- and postsynaptic elementsin chick thigh musclerevealed that the mature
configuration of the NMJ, characterized by the tight spatial
colocalization of synaptic vesiclesand AChR clusters,is attained
via the gradualrestriction of synaptic vesiclesand AChR clusters
to regions of nerve-muscle contact. Although the presenceof
the nerves is required for AChR clustersto form on myotubes,
asevidenced by the observation that essentiallyno AChR cl&
ters formed on aneural myotubes in vivo, the initial formation
of AChR clusters during in vivo neuromuscular development
doesnot require direct nerve contact. Thesedata strongly suggest
that early in synaptogenesisthe nerve normally inducesAChR
clustering via the releaseof a diffusible substance.
Quantitative comparisonsmadebetweensynaptogenesisduring normal development and following activity blockade to prevent cell death showeda largeincreasein the number of synapses
in treated muscles.That the increasein the peak rate of synapse
formation caused by activity blockade occurred prior to the
onset of normal cell death suggestsa crucial role for synapse
formation in the regulation of motoneuron number. Theseresults are discussedseparatelybelow and, where relevant, com-

parisonsare made with other speciesand with in vitro observations.

The formation

of AChR clusters
AChR clusters appeared in developing thigh musclesat St 25
(seealso Godfrey et al., 1988; Fallon and Gelfman, 1989), and
though individual musclenerves had not yet formed, the main
sciatic and crural trunks were present beside the developing
muscle massesat this time. Clusters did not appear randomly
within the developing musclemasses,but formed only on myotubes that were within approximately 200 pm of the nerve
trunks. At slightly later stages(St 29-31) when the large intramuscular nerve trunks had grown into the muscles,largenumbersof non-nerve-contacted AChR clusterswere observedwithin several hundred microns of thesenerve trunks. The presence
of these AChR clusters on myotubes distant from the nerves
suggestedseveral possibleexplanations: that there were many
SV2-negative processesand therefore theseseeminglynoncontacted clusters were actually induced by axons we could not
visualize, that theseclusterswere the result of transient contacts
between axons and myotubes, or that they were induced by a
diffusible substanceemanating from the nerves. By usinga variety of other markers to label the axons (C-2 antibody, DiI,
HRP) we showedthat SV2 appearedto label most, if not all, of
the axons, and that there are very few axons in position to make
transient contacts with the myotubes as they grow in to form
the large intramuscular nerve trunks; thus neither of the first 2
possibilitiesis supportedby our data. In addition we have shown
2 separateexampleswhere AChRs form on myotubes that have
never been in contact with axons: first, in musclesyounger than
St 27, where we know from HRP fills (Tosney and Landmesser,
1985)and C-2 antibody labeling (Dahm and Landmesser,1988)
that axons have not actually entered the muscle,but rather, are
still within the large muscle nerve which sits on the muscle
surface; and, second,within the region of the IFIB musclethat
is next to the PITIB muscle nerve. Taken together our observations indicate that the formation of AChR clustersdoesnot
require closecontact with the nerve, and suggestthat the nerves
are a sourceof a diffusible signalwhich can act over hundreds
of microns to induce AChR clustering on nearby myotubes.
Several moleculescapable of inducing AChR clusters and/or
increasingthe number of receptors on myotubes in vitro have
beendescribed,including factors isolatedfrom brain/spinal cord
(i.e., ARIA, Usdin and Fischbach, 1986)and from basallamina
(i.e., agrin, Nitkin et al., 1987), as well as the peptide CGRP,
which is present in somespinal cord motoneurons(Fontaine et
al., 1986; New and Mudge, 1986; but seePeng et al., 1989). In
addition, other more ubiquitous moleculescanalsoaffect AChR
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aggregation (ascorbic acid, Knaack and Podleski, 1985; transfen-in, Markelonis and Oh, 1983). At this point it would be
premature to speculate which, if any, of these molecules mediates the induction of receptor clustering described in this study.
The idea that nerves normally induce AChR clustering on
myotubes in vivo was substantiated by our observation that
essentially no receptor clusters formed on aneural myotubes.
This is consistent with more qualitative observations made in
chick hindlimb muscles (Fallon and Gelfman, 1989) but is in
contrast to in vitro observations where AChR clusters are observed to form on myotubes in the absence of nerves (Fischbach
and Cohen, 1973; Anderson and Cohen, 1977). This disparity
may reflect a difference in the type of myotube present during
initial synaptogenesis in vivo compared to that used for in vitro
experiments. In vivo, only primary myotubes are present during
the initial stages of AChR cluster formation, synaptogenesis and
cell death, while most in vitro experiments make exclusive use
of secondary myotubes which do not appear in the limb muscles
until the end of the cell death period, well after the initial period
of synaptogenesis. In addition, primary and secondary myotubes appear to be generated from different populations of
precursor cells which migrate into the developing hindlimb at
different times (Bonner and Hauschka, 1974; Miller and Stockdale, 1986a, b). The differences between primary and secondary
myotubes are also underscored by their requirements for different media in cell culture (White et al., 1975). Finally, the fact
that secondary myotubes are generated after the nerves have
made their initial functional contacts and are, therefore, subjected to a different environment during their differentiation
than are primary myotubes may affect their capacity to cluster
AChRs.
We observed 2 types of AChR clusters during development.
The earliest to appear (St 25) were not localized to a nerve profile
but were near the nerve trunks. As development progressed,
AChR clusters began to be colocalized to nerve profiles and this
process increased throughout development so that by the end
of the cell death period (St 37), the majority of receptor clusters
were in contact with a nerve profile. Since the noncolocalized
receptor clusters present during initial synaptogenesis, although
not synaptic by our definition, were clearly induced by the nerve,
we do not consider them equivalent to the extra-synaptic receptors found in the adult.
The number of noncolocalized receptor clusters increased
throughout development, suggesting that some receptor clustering continued to occur in response to a diffusible factor from
the nerve. Two hypotheses have been proposed concerning the
mechanism of nerve-induced AChR clustering, termed the “trophic factor” and the “contact and adhesion” hypotheses (reviewed by Bloch and Pumplin, 1988). The former suggests that
the axons release a diffusible substance that causes the clustering
of AChRs in nearby myotubes, while the latter proposes that
receptor clustering occurs as a result of nerve-muscle contact
and adhesion. The results of this study favor the trophic factor
hypothesis, especially during early development (St 25-30). At
later stages, as side branch formation increases the likelihood
of direct contact between axons and myotubes, it seems probable
that nerve contact could play an increasingly important role in
the induction of AChR clustering. In fact, recent tissue culture
experiments (Rodriguez-Marin
and Cohen, 1988) suggest that
the capacity of the shaft of an axon to induce AChR clusters is
progressively lost following the formation of a stable synapse
by the terminal region of that axon. Thus, the selective stabi-

lization of synapses at side branches could induce the gradual
loss of noncontacted receptor clusters along the nerve trunks
via a similar mechanism.
It was curious that dTC suppressed the formation of noncolocalized AChR clusters while increasing the formation of
colocalized, i.e., synaptic, clusters. One possibility is that simply
by increasing the rate of synapse formation, dTC treatment
resulted in a larger number of myotubes being contacted by the
nerve with a consequent loss of noncolocalized receptor clusters
from these myotubes. In vitro, nerve contact has been shown
to result in the rapid dispersal of pre-existing clusters (Kuromi
and Kidokoro, 1984). Another possibility is that dTC acting as
a partial agonist, as it does at immature rat neuromuscular
junctions (Ziskind and Dennis, 1978) could destabilize noncolocalized (nonsynaptic) clusters. Bloch (1986) has reported
that carbachol results in the loss of receptor clusters both in
vitro and in vivo. Nonsynaptic clusters might be preferentially
affected if synaptic clusters are stabilized by other influence from
the nerve acting very locally.
Finally, if ACh itself were inducing receptor clusters to form,
dTC treatment might preferentially block this effect at nonsynaptic clusters. Being a low-affinity antagonist, dTC might be
capable of blocking the effect at nonsynaptic clusters where ACh
concentrations would be low, but not at synaptic clusters where
ACh concentrations would be much higher. In addition, other
locally acting neural influences might preferentially stabilize
synaptic clusters, counteracting the effect of dTC. Nerve-induced receptor clusters have been shown to form even in the
presence of neuromuscular blocking agents (Anderson and Cohen, 1977; Davey and Cohen, 1986).
Synaptogenesis during normal development
Muscle nerves contact the developing PITIB and IFIB muscles
beginning at St 27 (Tosney and Landmesser, 1985; Dahm and
Landmesser, 1988). AChR clusters were first observed in direct
anatomical contact with nerve profiles in the developing PITIB
and IFIB muscles at St 27, and the dorsal muscle mass, from
which these muscles derive, was also first observed to contract
in response to stimulation of spinal nerves 4, 5, and 6 (which
innervate the PITIB and IFIB) at St 27 (Landmesser and Morris,
1975). Although these data are consistent with anatomically
defined synapses mediating the earliest contractions, these early
twitch contractions (3-5 set) are much slower than those mediated by mature synapses. The very slow time course of these
early contractions and the fact that contraction in immature
avian myotubes can occur in the absence of muscle action potentials (Saito and Ozawa, 1986) is at least consistent with the
possibility that some of the muscle activation is due to ACh
diffusing to nonsynaptic clusters. This idea is supported both
by our observation that more than 90% of the receptor clusters
present in the muscles at St 27 were not localized to a nerve
profile (although they were within 200 pm of a nerve trunk),
and the fact that muscles at these stages lack acetylcholinesterase
(Ishikawa and Shimada, 1982). Our observations are also consistent with the idea that ACh (as well as other molecules) may
be released along the entire length of the axons during early
development rather than only from the terminal region of the
axon. This idea is supported by tissue culture experiments (Chow
and Poo, 1985; Sun and Poo, 1987) as well as by our observations that both SV2 antigen and vesicular profiles were initially distributed throughout the length of the growing axons.
Examination of the electrophysiological and anatomical corre-
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lates of synapse formation within the same muscle would help
to elucidate the mechanism of early muscle contraction.
It is clear from this study as well as others (Jacob and Lentz,
1979; Smith and Slater, 1983) that an AChR cluster is not
synonymous with a synapse in developing chick muscles, neither
does the early, diffuse distribution of SV2 antigen accurately
predict the location of synapses. In fact, the adult configuration
of the NMJ is achieved via the progressive restriction of both
SV2 antigen and AChR clusters to discrete sites of nerve-muscle
contact, as has also been recently observed in mouse diaphragm
(Lupa and Hall, 1989). However, the aggregation of AChRs to
form clusters is temporally correlated with the onset of functional activity in chick thigh muscle (as described above), in
Xenopus myotomal muscle (Chow and Cohen, 1983), and in
frog pectoralis (Linden et al., 1988) suggesting that contraction
is mediated via binding of ACh to these clusters and further
that receptor clustering may be required for muscle contraction
in vivo. In contrast, in the rat intercostals (Dennis et al., 1981;
Ziskind-Conhaim
and Bennett, 1982) and diaphragm (BraithWaite and Harris, 1979), the onset of functional activity precedes
the appearance of AChR clusters by 12-24 hr, indicating that
early muscle contraction can also be mediated by receptors distributed diffusely in the myotube membrane.
The percent of colocalization of AChR clusters and nerve
profiles increased throughout development in both muscles;
however, at all stages the pattern of nerve branching determined
the spatial distribution of AChR cluster formation (i.e., clusters
always formed on myotubes near or in contact with nerves).
The increase in percent colocalization was due primarily to an
increase in synapse formation rather than the regression of nonnerve associated clusters, in other words, the total number of
synapses increased throughout development. Although noncolocalized receptor clusters disappeared from around the main
nerve trunks, others appeared near side branches, and in fact
the absolute number of non-nerve-associated
clusters also increased during development. Based on the results of this study,
even though many noncolocalized clusters were observed around
the intramuscular nerve trunks prior to the formation of side
branches, it is not possible to say to what extent, if any, axons
may have contacted these clusters rather than, as observed in
vitro (Anderson and Cohen, 1977; Frank and Fischbach, 1979),
induced new receptor clusters to form at the site of contact.

The effect of activity blockade on synaptogenesis
The normal course of synaptic development was characterized
by an increase in the length ofapposition between AChR clusters
and presynaptic nerve profiles. At the mature NMJ, the size and
shape of the pre- and postsynaptic elements are well matched.
Earlier work in the chick wing (Burden, 1977a) had shown that
this was due, at least in part, to a decrease in the length of
clusters beginning at St 36 (the earliest time point studied). Our
results indicate that the normal course of synapse maturation
(from St 30-36) also involves the growth of the nerve terminal
to match the length of the cluster (see also Jacob and Lentz,
1979; Smith and Slater, 1983). Treatment with dTC resulted in
an increase in the percentage of AChR clusters colocalized with
a presynaptic nerve terminal along greater than half the length
of the cluster (i.e., an increase in synapse length). This suggests
that activity blockade increased the maturation rate of the synapses.
Activity blockade altered the rate of synapse formation so
that more synapses formed at the beginning of the cell death

of Neuroscience,

January

1991,

1 f(1)

253

period producing a 3-fold increase in the total number of synapses at St 30 in activity blocked compared to normal muscles.
Thus, the total number of synapses at St 30 in activity blocked
muscles was equivalent to the number in St 33 control muscles
(6913 vs. 7725 total synapses, respectively). The fact that a
treatment which prevents motoneuron cell death produced a
large change in the rate of synapse formation prior to the onset
of normal cell death strongly suggests that synapse formation
plays a critical role in regulating motoneuron survival. This
hypothesis could be directly tested by counting the number of
synapses and motoneurons under conditions which perturb synapse formation. Consistent with our findings are observations
that activity blockade results in an increase in the number of
endlates/myotube in older (day 16-2 1) embryos (Gordon et al.,
1974; Ding et al., 1983; Oppenheim and Chu-Wang, 1983; Oppenheim et al., 1989).
The results of a previous paper suggested that side branches
are the sites of trophic uptake in muscles and that regulation of
their numbers controls the number of surviving motoneurons
(Dahm and Landmesser, 1988). Since synapse formation and
side branch formation are correlated, it is likely that the regulation of branching also controls the number of synapses formed.
Since the extent of branching in the IFIB can be altered by
interfering with the function of different cell adhesion molecules
(Landmesser et al., 1988), quantification of synapses in such
treated muscles will directly test the idea that the extent of nerve
branching determines the number of synaptic sites. It will also
be interesting to try to block synapse formation without perturbing nerve branching. If this is possible, one could then determine if the formation of side branches alone is sufficient to
allow motoneurons to survive or if synapse formation is an
absolute requirement. This will shed light on the type of nervemuscle contact required for successful trophic interactions.
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