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Abstract 

The distribution of acetylcholine receptors (AChRs) in neuromuscular junctions of embryonic 
and newborn mice (strain 129/ReJ) was examined on the fine structural level using [lz51]cY-bungar- 
otoxin labeling and quantitative electron microscope autoradiography. Changes in junctional recep- 
tor site density were related to changes in the structure of the postjunctional membrane, in particular 
the differentiation of morphologically distinct regions of thickened membrane and the formation of 
junctional folds. The following sequence of development is described: (1) At the earliest age 
examined, embryonic day 16 of gestation (i.e., at approximately the time when junctional receptor 
accumulations are first detected), subneural receptor aggregates have poorly defined boundaries and 
seem to extend beyond the region of direct axonal or Schwann cell contact. At that time the 
subneural AChR site density is somewhat variable but averages -2000 to 3000 sites/pm”, and the 
subneural muscle membrane shows discontinuous membrane specialization (membrane thickening 
plus a cytoplasmic amorphous layer). There seems to be no preferential labeling of contact regions 
rich in such specialization compared with those where membrane thickening was less obvious or 
absent. (2) By birth, junctional AChRs are strongly correlated with morphologically specialized 
membrane, at a constant density of -9000/~m2 (comparable to that in adult animals of this strain 
of mouse). During the first postnatal week, a large fraction of the primary cleft is covered by 
Schwann cell rather than axon terminal. Receptor-rich dense membrane and incipient junctional 
folds are found under axon terminals and, to a lesser extent, under Schwann cell extensions, but 
they are not seen beyond the edge of the “junctional complex.” Coated vesicles are a prominent 
feature of the subjunctional sarcoplasm in neonatal junctions, and their number declines sharply 
during the first week. (3) Junctional folds differentiate mainly after the first postnatal week. 
Development of folds is associated with a 1.5- to 1.8fold increase in length of specialized thickened 
membrane and a parallel increase in number of receptor sites per endplate. Since this is also a 
period of rapid overall endplate growth (Steinbach, J. H. (1981) Dev. Biol. 84: 267-276) the total 
number of endplate receptors increases > 30-fold during the maturation period following the first 
week while the concentration of receptors/pm2 of thickened membrane remains constant. 

Neuromuscular junctions on vertebrate twitch muscles 
display a unique synaptic fine structure. In the adult, the 
postjunctional membrane (pjm) has regularly spaced 
deep infoldings whose openings face the putative trans- 
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mitter release sites (Birks, 1966; Padykula and Gauthier, 
1970; Heuser et al., 1974). Acetylcholine receptors 
(AChRs) are primarily localized on the crests of these 
junctional folds at a local density of 15,000 to 25,000 
AChRs/pm’ of membrane (Fertuck and Salpeter, 1974a, 
1976;3 Porter and Barnard, 1975; Matthews-Bellinger and 
Salpeter, 1978; Land et al., 1980). This localization 
coincides with a region of the membrane which is mor- 
phologically specialized (Ellisman et al., 1976; Fertuck 
and Salpeter, 1976; Rash et al., 1978) and resembles the 

” The AChR site densities given in Fertuck and Salpeter (1976) were 
about 40% too high due to a systematic error in determining the specific 
activity of the [‘““I&X-bungarotoxin. 
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postsynaptic density common at neuronal synapses. In 
contrast to this restricted AChR distribution, acetylcho- 
linesterase is found uniformly along the entire postjunc- 
tional surface at densities of -2000 to 3000 sites/pm’ 
(Salpeter, 1967; Salpeter et al., 1972), most likely localized 
in the surface basal lamina (Hall and Kelly, 1971; Betz 
and Sakmann, 1973; McMahan et al., 1978). Thus the 
adult postjunctional structure is heterogeneous both fine 
structurally and in its molecular organization. 

During development, the junction undergoes a pro- 
longed period of physiological and morphological matu- 
ration, extending to several weeks after birth (see review 
by Dennis, 1981). Several light microscope studies have 
surveyed the changes in the distribution of AChRs on 
developing rat or chick muscle fibers during this period 
(Bevan and Steinbach, 1977; Burden, 1977; Braithwaite 
and Harris, 1979; Steinbach, 1981). Neuromuscular trans- 
mission is first detected in rat muscles on embryonic day 
14 or 15 (Diamond and Miledi, 1962; Bennett and Petti- 
grew, 1974; Dennis et al., 1981). At this time, AChRs are 
distributed uniformly over the surface of the immature 
muscle cells at a density of several hundred AChRs/pm2 
(Bevan and Steinbach, 1977). These authors also showed 
that beginning on embryonic day 16, AChRs accumulate 
at the region of nerve muscle contact, and the extrajunc- 
tional AChR density gradually approaches zero. In both 
rat and chick muscles, the receptors within the initial 
AChR aggregate differ from adult junctional receptors 
with respect to several biochemical and functional prop- 
erties. Adult receptor characteristics are acquired asyn- 
chronously during a period of synaptic maturation which 
takes several weeks (Burden, 1977; Sakmann and Bren- 
ner, 1978; Fischbach and Schuetze, 1980; Michler and 
Sakmann, 1980; Reiness and Hall, 1981; Reiness and 
Weinberg, 1981). The ultrastructural correlates of these 
functional changes have not yet been fully explored. In 
the present study on prenatal and young postnatal mouse 
muscles, we related quantitative changes in receptor 
concentrations to fine structural changes of the pjm as 
postsynaptic dense membrane and junctional folds dif- 
ferentiate. 

Materials and Methods 

This study was done in parallel with an investigation 
of the AChR distribution in dystrophic animals (Mat- 
thews-Bellinger and Salpeter, 1979). Therefore, we used 
primarily mice of the inbred strain 129/ReJ (Jackson 
Laboratory, Bar Harbor, ME) in which murine dystrophy 
first arose (Michelson et al., 1955). All data presented 
here are from animals who were homozygous normal at 
the dystrophy allele. Several Swiss albino mice (Blue 
Spruce Farms, Altamont, NY) of various ages were also 
used for control experiments and for a preliminary inves- 
tigation of an apparent strain difference which was no- 
ticed during this study. 

Because animals of the 129/ReJ strain are poor breed- 
ers, timed matings were not attempted. Pregnant females 
were isolated and checked daily and birth dates were 
recorded. Postnatal ages are given from the birth date, 
day 0 (e.g., “l-day” animals are 24 + 12 hr old). For one 
experiment, homozygous normal embryos were obtained 
from a pregnant female and their prenatal age (-16 days 

in utero) was estimated from external physical charac- 
teristics (Theiler, 1972). A total of 22 129/ReJ animals 
(five adults and 17 young animals ranging in age from 
embryonic day 16 to 2 weeks postpartum) were used in 
defining the distribution of the AChR during normal 
development. 

Preparation of [‘251]a-bungarotoxin. a-Bungarotoxin 
(a-BTX) was purified, iodinated, and characterized in 
collaboration with Dr. Ralph Loring. The purification 
followed the method of Lee et al. (1972) with slight 
modification. Iodination was achieved by a mild lacto- 
peroxidase-catalyzed reaction with carrier-free Na’251 
(New England Nuclear). These procedures and the 
methods for determination of the molar specific activity 
(+15%) were detailed previously (Matthews-Bellinger 
and Salpeter, 1978; Loring et al., 1982). Four separate 
preparations of [‘251]a-BTX, with specific activity up to 
-80 Ci/mmol, were used for the experiments reported 
here. 

Labeling with [‘251ja-BTX after fixation. In most 
cases, we labeled muscles with [‘251]ai-BTX after mild 
prefixation, in order to best preserve neuromuscular fine 
structure while labeling in vitro. The prefixation method 
chosen to minimize interference with subsequent toxin 
binding was paraformaldehyde/lysine/metaperiodate 
(made fresh to final concentrations of 1 or 2% paraform- 
aldehyde, 0.01 M sodium metaperiodate, and 0.075 M 

lysine/HCl, all in 0.037 M sodium phosphate buffer, pH 
7.4 (McLean and Nakane, 1974)). The study was mainly 
performed on extensor digitorum longus (EDL) muscles, 
but soleus (SOL) muscles were also examined. The stan- 
dard protocol for prefixation involved cardiac perfusion 
with cold fixative followed by immersion fixation of the 
muscles (or muscle pieces) for a total of 2.5 to 3.5 hr on 
ice. Fixed tissue was then washed extensively in phos- 
phate rinse buffer (>18 hr total at 0 to 4°C) to reduce 
nonspecific binding of the toxin. AChRs were then la- 
beled to saturation by incubation in 0.3 to 0.4 M [12”I]a- 
BTX for 1.5 hr at room temperature, again followed by 
extensive washing (>18 hr, 0 to 4°C) including two to 
three 30-min washes in unlabeled a-BTX to exchange 
nonspecifically bound iodinated toxin. Tissue blocks were 
postfixed in 1% 0~01, stained en bloc in 2% aqueous 
uranyl acetate (1 to 2 hr at room temperature), dehy- 
drated, and embedded in Epon 812. 

The specificity and magnitude of [1251]a-BTX binding 
after this mild prefixation was studied quantitatively 
with light and electron microscope autoradiography us- 
ing a variety of adult and neonatal (2-day) muscles. To 
verify saturation under our labeling conditions, several 
blocks were pretreated with unlabeled a-BTX (0.4 pM) 

for 1.5 hr prior to labeling with radioactive toxin as 
described above. Residual binding of [‘251]a-BTX at 
either adult or neonatal junctions was never more than 
5% of that seen without such pretreatment. Values de- 
termined for maximal binding of [‘251]a-BTX at the neu- 
romuscular junction after prefixation were comparable 
to values for maximal binding to fresh muscle labeled to 
saturation either in vivo or in vitro. 

Labeling of adult muscles after prefixation resulted in 
slightly higher levels of autoradiographic background 
(I 2-fold) over all tissue. Analysis of [‘251]a-BTX binding 
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by gamma counting confirmed that prefixed muscle had 
somewhat higher binding to nonendplate regions of the 
muscle than did unfixed tissue. This slight increase in 
background was insignificant for the junctional analyses 
reported here. 

Electron microscope (EM) autoradiography. EM au- 
toradiography was done by the flat substrate method of 
Salpeter and Bachmann (1964, 1972). The technique is 
described in detail by Salpeter (1981). We used pale gold 
sections (1000 + 100 A thick by interferometry), Ilford 
L4 emulsions, and D-19 developer. With this system, the 
resolution, expressed as the half-distance (HD, i.e., the 
distance from a line source within which 50% of the 
grains fall), has been determined to be 850 + 120 A 
(Salpeter et al., 1977). 

In order to facilitate judgments of the different mor- 

phological features examined, the contrast of autoradi- 
ograms was enhanced by “poststaining” after they were 
developed and placed on EM grids. All solutions were 
put out as large drops on a clean Teflon surface. The 
collodion substrate was first dissolved by immersing the 
grid in amyl acetate for 2.5 to 4 min, followed by two 
rinses in absolute ethanol for a total of -1 min, then a 
series of rapid rinses in drops of 95%, 70%, 50% and 25% 
ethanol, and finally several drops of distilled water. The 
grid was then dried completely; when dry, the grid was 
touched, section side down, for a few seconds to a drop 
of 2% aqueous uranyl acetate, then carefully washed and 
again dried completely. (This short exposure to uranyl 
acetate seems to stabilize the autoradiogram, preventing 
it from floating off the grid in the subsequent staining 
with lead.) Finally, grids were floated section side down 

Figure 1. Examples of [1251]ar-BTX autoradiograms of early neuromuscular contact areas in EDL muscles of 16-day embryos 
(129/ReJ). In each, the nerve bundle (N), consisting of several axons loosely wrapped by a Schwann cell(s), makes a close 
approach to the surface of a myotube (M). In A, the nerve-muscle cleft is variable and the sarcolemma exhibits discontinuous bits 
of specialization (e.g., arrow) in the region of the contact. In contrast, in B, the cleft is more uniform and contains a discontinuous 
thin layer of basal lamina, and the sarcolemma displays a larger area with distinct thickening and a cytoplasmic substructure. 
Since these autoradiograms were exposed for the same length of time, their similar grain densities imply comparable [‘251]~-BTX 
site densities, in spite of the differences in sarcolemmal differentiation. Bar = 1 pm. 
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on a drop of lead citrate stain (Sato, 1968) for 1 to 1.5 
min (being careful to avoid getting the lead stain on the 
back of the grid where it could contact the emulsion 
directly), washed carefully in many drops of distilled 
water, and dried. 

EM autoradiograms were photographed on a Philips 
201 or Philips 300 electron microscope at an initial mag- 
nification of x 7000 to 10,000 and then printed at x 2.5 
to 3 additional magnification for analysis. 

Absolute quantification of [‘251](u-BTX binding sites/ 
pm2 (i.e., AChR site density) was calculated from auto- 
radiograms as follows: Only regions of endplates in which 
the axonal and postjunctional membranes appeared crisp 
were analyzed, thus excluding regions where these mem- 
branes were sectioned tangentially. Developed grains 
were counted if they fell within 0.5 pm on the axonal side 
or 1.0 pm on the muscle side of the midline of the primary 
cleft. This ensured that we collected >95% of the grains 
which would have arisen from a linear source along the 
crests of the junctional folds (Salpeter et al., 1969, 1977). 
Background values over an equal section area of muscle 
but at a distance from the neuromuscular junction were 
determined and subtracted from the grain count at the 
junction. (Background was, in fact, insignificant, account- 
ing for ~2% of the junctional grains.) The values for 
AChR site density were calculated per pm2 of surface 
area either of specialized postjunctional membrane or of 
a surface parallel to the roof of the primary cleft (lo cleft 
midline). Since both surfaces are at right angles to the 
plane of the section, their areas were determined as 
previously described (Fertuck and Salpeter, 1976; Mat- 
thews-Bellinger and Salpeter, 1978) by measuring the 
lengths of either the membrane or the midline of the 
primary cleft (by the grid intersection method) and mul- 
tiplying these lengths by the thickness of the sections 
(measured by interferometry) (Salpeter and Bachmann, 
1972). The grains within the tabulated junctional area 
(after background subtraction) were expressed as grains 
per unit area of these surfaces. These values were used 
to calculate AChR site density as previously described 
(Fertuck and Salpeter, 1976; Matthews-Bellinger and 
Salpeter, 1978) from the specific activity of the [1251]a- 
BTX, the empirically determined autoradiographic sen- 
sitivity (see Fertuck and Salpeter, 1974b) and the expo- 
sure time. For the present experiments the sensitivity 
was on the average one grain per two radioactive decays. 

Results 

Morphological development of normal neuromuscular 
junctions. Our observations on the morphological differ- 
entiation of the mammalian neuromuscular junctions 
generally confirmed the descriptions given by other work- 
ers (Kelly and Zacks, 1969; Teravainen, 1968; Kornelius- 
sen and Jansen, 1976; Rosenthal and Taraskevich, 1977; 
Nakajima et al., 1980; Bixby, 1981). 

At 16 days in utero, the EDL muscle was mainly 
composed of myoblasts and multinucleated myotubes, 
with a few immature myofibers also forming. Intramus- 
cular nerve branches consisted of multiple axons loosely 
and often incompletely wrapped into bundles by 
Schwann cells. Close approaches between these axon 
bundles and muscle cells occurred quite frequently. At 

many of these regions, the Schwann cell covering was 
partially absent on the side of the contact, allowing one 
or more small axon profiles to appose the muscle cell 
surface directly (Fig. 1). Frequently, we saw synaptic 
vesicles in the axon profiles and sparse bits of basal 
lamina in the irregular gap between axon and muscle. 
The muscle surface at these contacts often displayed 
intermittent membrane thickening, typically in small 
convex patches (Fig. 1A). In some cases, these dense 
patches merged to form a nearly continuous sarcolemmal 
specialization (Fig. lB), yet in no case did the regions of 
membrane thickening have as distinct a cytoplasmic 
filamentous substructure as is seen in the adult. Because 
of the difficulty of recognizing functional neuromuscular 
junctions in embryonic muscle, no quantitative descrip- 
tion of these features was attempted. 

During postnatal development, the major morpholog- 
ical features measured were the extent of junctional folds, 

TABLE I 
Changes in postjunctional morphology during postnatal 

development 
Junctional morphology in EDL muscles was evaluated at several 

times during the fist 2 postnatal weeks. The morphology of the 
postjunctional membrane was quantified by measuring the lengths of 
total pjm and of thickened pjm, and normalizing these to the length of 
the midline of the primary cleft. The resulting ratio of lengths “total 
pjm to I0 cleft midline” is a measure of the extent of postjunctional 
membrane folding. The ratio “thickened pjm to 1” cleft midline” is a 
measure of the relative amount of junctional surface area which is 
specialized thickened membrane. By dividing the two ratios, one can 
determine the proportion of the total pjm which is specialized at each 
age (52 to 58% between days 1 and 7, and gradually falling thereafter to 
the adult value of -30%). For most ages, >800 pm length of lo cleft 
were analyzed (from 20 to 50 separate endplates); in these cases, the 
table gives the mean and standard error of the ratios obtained for the 
several muscle samples. For some ages, fewer total endplates were 
analyzed, and only the overall ratio is given without the error. 

Total counts of coated vesicles within 1 pm of the 1’ cleft were 
normalized by dividing by the volume of subjunctional tissue analyzed. 
Since most of the coated vesicles analyzed were actually lying very 
close to the pjm, the concentration of coated vesicles was considerably 
higher immediately under the junctional membrane and fell off sharply 
with distance from the pjm. 

Total Ratio of Lengths 
Length of No. of Coated 

Strain 
and Age ~~a~~~d Total pjm to 1” Thickened pjm Vesicles/~m3 

to 10 Cleft 
under the 

(pm) 
Cleft Midline Midline Junction” 

129/ReJ 
1 day (4)’ 826.2 1.14 + 0.006 0.58 + 0.05 4.2 f 0.29’ 
3 days (4) 1119.3 1.24 f 0.04 0.69 + 0.03 3.4 + 0.23 
5 days (3) 1080.6 1.23 + 0.05 0.67 f 0.02 1.4 f 0.07’ 
7 days (2) 134.1 1.94 0.86 1.9 
14 days (4) 1097.0 2.03 k 0.07 0.73 + 0.06 1.1 + 0.17 
15 days (3) 148.1 2.25 0.87 1.1 
Adult (5) 967.9 4.40 f 0.33 1.30 -c 0.05 0.9 f 0.05 

Albino 
2 days (2) 358.0 0.63 2.0 
Adult (2) 120.1 4.82 1.24 

n Cubic micrometers were determined by multiplying the surface 
area of autoradiograms tabulated by the thickness of the section. 

b Numbers in parentheses indicate the number of muscles sampled. 
’ Significantly different from each other (p < 0.001) by two-tailed t 

test. 
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Figure 2. Low magnification overviews of high exposure autoradiograms of two neuromuscular junctions from l-day-old 
neonates (129/ReJ). Numerous small axon terminals are embedded in an overlying Schwann cell (Sch). In A, the entire 
prejunctional structure lies indented into the muscle surface. All muscle surface contacted by either axon terminal or Schwann 
cell was considered junctional. The edges of this “junctional complex” are typically very distinct by birth (arrows in A and B), 
and high density grain accumulations rarely extend beyond this boundary. Asterisks in B indicate several nonjunctional grains 
over muscle or Schwann cytoplasm, reflecting the elevated density of nonjunctional sites in neonatal muscle. Bar = 1 pm. 

the amount of specialized dense postjunctional mem- 
brane, the proportion of primary cleft covered by 
Schwann cells or axon terminals, and the frequency of 
coated vesicles in the subjunctional sarcoplasm (Table 
I). Measurement of the dense postjunctional membrane 
was particularly difficult since the exact nature of the 
morphological specialization changed with development. 
In general, dense membrane appeared distinctly different 
from the typical plasma membrane: it was more electron 
dense, with a smooth straight or convex contour and 
usually (although not always) with an underlying cyto- 
plasmic fuzz. 

By 1 day postpartum, the junctional morphology was 
quite clearly defined, although considerable fine struc- 
tural variation was still present. Generally, several small 
axon profiles covered by an overlying Schwann cell clus- 
tered together in contact with the muscle cell surface 

(Fig. 2). The entire region where axons and Schwann 
cells are closely apposed to the muscle surface is included 
in what we term the “junctional complex.” The lo cleft 
defined by this junctional complex was usually of uniform 
width and contained a distinct basal lamina. The post- 
junctional membrane was intermittently thickened and 
had occasional indentations, but junctional folds were 
rarely seen (Fig. 3). Coated vesicles were a prominent 
feature of the sarcoplasm near the pjm (Fig. 3) and were 
sometimes seen to be open to the lo cleft or to smooth 
membranous cisternae just under the pjm. As indicated 
in Table I, the concentration of subjunctional coated 
vesicles within 1.0 pm of the 1” cleft (1 day postpartum) 
was 4.2 & 0.5/pm3. Approximately ‘30% of these lay within 
0.5 pm of the pjm. We also determined that coated 
vesicles were 6 to 8 times more frequent near the pjm 
than near extrajunctional sarcolemma. Thus, there are 
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steep gradients in concentration of coated vesicles with 
distance from the junction. Coated vesicles found deeper 
than 0.5 pm in the subjunctional sarcoplasm were often 
related to Golgi lamellae. In addition, small clear multi- 
vesicular bodies were frequently present, usually near a 
Golgi apparatus. 

Table I shows that the postjunctional morphology was 
nearly constant during the first 5 postnatal days, except 
for a dramatic decrease in the concentration of subjunc- 
tional coated vesicles. Between 1 and 5 days, a large 
proportion (54 & 5%) of the 1” cleft area within the 
junctional complex was apposed by Schwann cell pro- 
cesses rather than axon terminals (Fig. 3). An analysis 
was done to compare the amounts of postjunctional 
membrane specialization in these regions. Overall, there 
was a significantly higher percentage of thickened mem- 
brane that appeared under axon terminals (76 + 3) than 
under Schwann cell (53% f 6). It was quite striking, 
however, that in regions covered by Schwann cell pro- 
cesses, more than half of the muscle membrane was 
noticeably dense or thickened. In contrast, regions of 
plasma membrane outside the junctional complex almost 
never showed similar specialization. 

Between 5 and 15 days postpartum there was an overall 
increase in junctional fold differentiation which seemed 
to occur in a nonsynchronous manner even for nearby 
junctions within a single muscle. During this period, the 
individual axon terminals became separated both by 
muscle ridges and by Schwann cell extensions and the 
number of terminal profiles per endplate declined. This 
is consistent with the timing of the elimination of redun- 
dant innervation in other species (Brown et al., 1976; 
Rosenthal and Taraskevich, 1977; Korneliussen and Jan- 
sen, 1976; Bixby and van Essen, 1979). Schwann cells 
were sometimes unusually electron dense in this phase, 
with condensed nuclear chromatin, and more prominent 
Golgi apparati, rough endoplasmic reticulum, and lyso- 
some-like dense bodies. By 2 weeks the surviving termi- 
nals were enlarged and covered most of the 1” cleft of 
the junctional complex (Fig. 4). Schwann contact with 
the 1” cleft was generally restricted to the edges of the 
junction, as in the adult. 

Postjunctional maturation continued after 2 weeks. 
The major change was an increase in the number and 
average depth of the junctional folds, resulting in a more 
than 2-fold increase in the amount of total pjm and a 1.6- 
fold increase in the amount of thickened pjm per unit 
area of primary cleft (Fig. 5, Table I). The decreased 
distance between folds was associated with a marked 
enhancement of the curvature of the membrane at the 
crests of the folds. 

Since all the above observations were obtained using 
mice of strain 129/ReJ, we examined the junctional 
morphology in EDL muscles of the more commonly 
studied albino mice for comparison. Adult junctional 
morphology is essentially the same in these two strains 
(Table I and previous observations). Similarly, postjunc- 
tional morphology was indistinguishable for neonates of 
the two strains (although slightly fewer coated vesicles 
were seen in the small sample of 2-day albino junctions 
analyzed) (Table I, Fig. 3). The exact time course of the 
observed changes may differ somewhat for different 
strains or species. For instance, junctional maturation, 

and especially the development of junctional folds, may 
be slightly slower in 129/ReJ mice than in rats (see 
Rosenthal and Taraskevich, 1977; Teravainen, 1968; 
Kelly and Zachs, 1969). However, there is no reason to 
believe that the sequence of changes is different. 

a-BTX binding at mature neuromuscular junctions. 
Figure 5 shows an autoradiogram of a junction from adult 
EDL muscle labeled with [‘251]a-BTX after prefixation. 
The a-BTX binding is primarily restricted to the crests 
of the junctional folds, in the region of thickened mem- 
brane, as previously described (Fertuck and Salpeter, 
1974a, 1976; Porter and Barnard, 1975; Matthews-Bellin- 
ger and Salpeter, 1978; Land et al., 1980). This localiza- 
tion was not affected by the prefixation used in the 
present protocol. 

Prefixation also did not affect the absolute number of 
[I”“@-BTX binding sites (Table II). However, we con- 
sistently observed a difference in the LU-BTX binding site 
density between strains of mice (Table II). Whereas the 
[ ‘““I]a-BTX site density at EDL and sternomastoid end- 
plates from Swiss albino mice matches the junctional site 
density seen in other muscles of Swiss albino mice (e.g., 
diaphragm, soleus; results unpublished), the [12”I]a-BTX 
site densities obtained for EDL and soleus muscles of 
mice of the strain 129/ReJ matched each other but are 
significantly lower (-30 to 50%) than that seen in albino 
animals. These lower values in the inbred strain are not 
artifacts of prefixation (Table II). Nor are they a failure 
to saturate the specific junctional sites, since control 
studies in both adults and 2-day neonates (see “Materials 
and Methods”) indicated that >95% of the junctional 
sites were saturated by our labeling procedure. It also is 
not due to a miscalibration of the specific activity of the 
batches of [‘251]a-BTX used in these studies, since dis- 
parate junctional site densities were found for albino and 
129/ReJ mice using the same batch of [1251]a-BTX. 
These observations indicate that the unexpectedly low 
AChR densities reported here for both developing and 
adult junctions are characteristic of the inbred strain of 
mice used. 

a-BTX binding site densities at developing junctions. 
Table III shows that the number of junctional binding 
sites per unit surface area of junction (sites/pm2 lo cleft 
midline) increases 2- to 3-fold during postnatal develop- 
ment while the site density per unit surface of specialized 
thickened pjm is essentially constant. This correlation of 
sites and thickened pjm is consistent with the hypothesis 
that at allpostnatal ages, the AChR is primarily localized 
on regions of morphologically specialized postsynaptic 
membrane. 

The postjunctional membrane of neonatal junctions 
constitutes a mosaic of small regions of dense pjm with 
considerable cytoplasmic filaments interspersed with 
morphologically less specialized pjm (Fig. 3). Since limits 
in the autoradiographic resolution preclude a separate 
assessment of the radiation from each of these regions, 
we could not test for the presence of some receptors on 
the nonspecialized membrane. Such membrane may re- 
semble the nonspecialized membrane regions adjacent to 
the developing junction, where a perijunctional AChR 
gradient is a prominent feature (Bevan and Steinbach, 
1977; Diamond and Miledi, 1962). 

However, two additional analyses were done which 
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Figure 3 
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Figure 4. Autoradiograms of neuromuscular junctions from 2-week-old mice (129/ReJ). The number of terminals per unit area 
of junction has decreased, and the remaining terminals have enlarged to cover most of the primary cleft. As seen in A, the nucleus 
of the overlying Schwann cell is often electron dense. Regions of postjunctional membrane which face the primary cleft are 
distinctly and uniformly thickened with an overlying basal lamina and a cytoplasmic undercoat comparable to that seen in adult 
junctions (asterisks). However, the extent of folding of the pjm varies greatly (compare A and B), and even when folds are well 
developed, they are more widely spaced and shallower than in mature junctions (B ) . Autoradiographic grains are largely restricted 
to a band overlying the primary cleft. Bar = 1 pm. 

confirm that the bulk of [‘251](r-BTX binding sites is most from that under axon terminals. In the second analysis, 
likely associated with regions of thickened membrane. In on junctions from 14-day-old muscles, endplate micro- 
the first case, on &day-old junctions, the postjunctional graphs were subdivided into two groups based on the 
membrane under Schwann cell was analyzed separately extent of folding of the pjm. Although for each of the 

Figure 3. Low exposure [‘251]a-BTX autoradiograms of neuromuscular junctions in neonatal mouse EDL muscles. A, l-day-old 
129/ReJ mouse; B, 2-day-old albino mouse; C and D, 3-day-old 129/ReJ mouse. Presynaptically, the primary cleft is apposed by 
multiple small axon terminals, only some of which are indicated (a), as well as by portions of Schwann cell cytoplasm (stars in 
A). Most of the postjunctional membrane which faces the primary cleft is thickened (e.g., asterisks in A, B, and D), although the 
membrane density and the amount of cytoplasmic filamentous coat varies from region to region. Junctional folds are rare and 
when they occur are shallow and unbranched. Subjunctional sarcoplasm is rich in coated vesicles and coated pits (solid arrows), 
and multivesicular bodies are frequently seen (open arrow in A ) . In D, ridges of sarcoplasm and extensions of Schwann cytoplasm 
are beginning to segregate individual axon terminals, a process which becomes quite prominent at most junctions around the end 
of the fist week after birth. Bar = 1 pm. 
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above analyses, the subgroups differed significantly in The embryonic muscle, like the adult muscles, was 
their ratios of thickened pjm to primary cleft line (in the prefixed prior to labeling with [1251](u-BTX. We have 
day 5 group they were 0.76 + 0.02 versus 0.53 + 0.04; and shown that prefixation does not alter the BTX binding 
in the day 14 group they were 0.84 + 0.03 versus 0.53 + in postnatal muscles (Table II). However, it is conceiv- 
O.Ol), the a-BTX site density/pm2 of thickened pjm re- able that embryonic AChRs have decreased capacity to 
mained constant (in the day 5 group, they were 7900 & bind a-BTX under our fixation conditions. This is not 
636 versus 7800 f 577; and in the day 14 group they were likely since embryonic receptors on rat primary muscle 
8500 + 751 versus 9700 f 1270). cells in vitro are unaffected by relatively gentle fixation 

In contrast to the junctions during postnatal develop- 
ment, a preliminary analysis on prenatal junctions 
showed no clear association between a-BTX binding and 
specialized membrane. In muscles sampled at embryonic 
day 16, we saw sarcolemmal accumulations of grains 
which generally occurred quite near the path of a nerve 
or at an apparent nerve-muscle contact (Fig. l), but often 
extended well beyond the region of actual contact. Neu- 
romuscular contacts which displayed membrane thick- 
ening generally also had grain accumulations. However, 
similar grain accumulations occurred over contact re- 
gions which had little if any obvious membrane thick- 
ening. The average [1251]a-BTX site density was -2200/ 
pm2 of membrane contacted by nerve. Contact areas 
could be classified as having either conspicuous or sparse 
sarcolemmal thickening. If contact regions were selected 
for analysis only if they had extensive patches of special- 
ized dense membrane, and the site density was then 
calculated as if the sites were restricted to these patches, 
the average BTX site density was 2800 sites/hm2. Thus 
an association of grain clusters with distinct membrane 
thickening was not as obvious as in the postnatal junc- 
tions. Furthermore, even when associated with dense 
membrane, these early clusters had considerably lower 
AChR site densities than seen later. 

TABLE II 
Junctional [‘251Ja-BTX binding site density in muscles of adult mice 

Comparison of acetylcholine receptor concentrations, as determined 
by [“51]a-BTX binding site densities at saturation (see “Materials and 
Methods”) for neuromuscular junctions of adult mouse muscles labeled 
either before or after primary fiiation. [iz51]o-BTX site densities, ex- 
pressed per pm2 postjunctional thickened membrane, are given for 
sternomastoid (SM) and extensor digitorum (EDL) muscles of albino 
animals and for soleus (SOL) and EDL muscles of 129/ReJ animals. 
Each value represents the mean and standard error for several (three 
to seven) muscle regions sampled from one or more animals (tabulating 
>lOO grains/animal). Numbers in parentheses indicate the number of 
animals examined. No consistent differences were found between max- 
imal binding site densities of muscles labeled before or after fixation. 
Within a mouse strain, different muscles exhibited comparable binding 
site densities. However, junctional site densities were consistently lower 
in muscles of 129/ReJ mice as compared with albino mice. 

[““I]~-BTX Site Density/yn? Thickened pjm 
Strain Muscle 

Labeled before Fixation Labeled after Fixation 

Albino SM 18,700 + 1,041 (3)” 17,150 f 1,699 (2) 
Albino EDL 20,600 f 2,200 (1)” 21,800 + 1,443 (2) 
129/ReJ EDL 8,200 + 247 (1) 12,100 + 2,021 (4) 
129/ReJ SOL 6,900 + 1,202 (1) 

a Data from Dr. Ralph Loring (personal communication). 

Figure 5. Autoradiogram of typical neuromuscular junction in EDL muscle of adult 129/ReJ mouse showing mature morphology 
of the pjm. Junctional folds are deep and regularly spaced every 0.2 to 0.4 ,um, giving the thickened membrane at the crests of the 
folds (arrow) a scalloped appearance. Autoradiographic grains lie within a band around this region of thickened membrane. This 
level of exposure is deemed ideal for grain tabulation. Bar = 1 pm. 
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TABLE III 
Junctional (‘251]a-BTX binding site density duringpostnatal 

development 
Junctional acetylcholine receptor site densities ([““I]ol-BTX binding 

site densities) were determined for developing endplates in EDL mus- 
cles at 1, 3, 5, and 14 days after birth and for adults (>3 months). All 
animals were of strain 129/ReJ; the number of animals sampled at each 
age is indicated in parentheses. All of the immature muscles and three 
of the five adult muscles were labeled after prefixation. Junctional site 
densities (mean and standard error) are expressed both as sites/pm” of 
junctional surface (sites/pm” 1” cleft midline) and as sites/pm’ of 
specialized thickened membrane. Since, as indicated, at least 200 au- 
toradiographic grains were collected for each analysis, the overall 

100 
autoradiographic sampling error - 

( > v% 
at each stage was always < 

10%. 

[““I]a-BTX Site Density 

Age 
No. of Grains 

Counted per pm2 per pm’ 
1” Cleft Midline Thickened pjm 

One day (4) 224 4,850 + 520 8,200 + 606 
Three days (4) 500 6,300 + 779 9,050 + 866 
Five days (3) 266 5,250 + 530 7,900 f 672 
Fourteen days (4) 335 6,400 f 491 8,800 + 693 
Adult (5) 845 14,050 + 2,650 10,950 f 2,225 

and extensive washing protocol similar to the one used 
here (unpublished data from our laboratory; see also 
Sytkowski et al., 1973; Fambrough and Devreotes, 1978). 

Cytoplasmic label. Muscles from prenatal and neo- 
natal mice (both albino and 129/ReJ) showed higher 
labeling of the cytoplasm of various cell types (Figs. 1 
and 2) than was seen in adult muscles labeled under 
identical conditions (with or without prefixation). The 
nonjunctional label was generally heavier over myogenic 
cells, especially near regions of nerve-muscle contact, and 
was also notable over immature Schwann cytoplasm. At 
least some of the sarcoplasmic sites in neonatal muscle 
are specific, since, in one experiment on 2-day-old albino 
animals, the label over muscle cytoplasm due to binding 
of [‘251]a-BTX was reduced by approximately 50% by 
pretreatment of the muscle with unlabeled toxin (under 
conditions that saturated >98% of the junctional sites). 
Note that this elevated non-plasma membrane label was 
seen, even though we did not use any treatment intended 
to expose internal sites (e.g., saponin pretreatment; Fam- 
brough and Devreotes, 1978; Atsumi, 1981), and was also 
observed in one experiment on neonatal muscle labeled 
prior to fixation. No specific localization relative to any 
cellular organelle was apparent, although no detailed 
quantification was performed. A survey of muscles at 
different ages by light microscope autoradiography indi- 
cated that the sarcoplasmic label declined with age, 
approaching the low levels normally seen in adult mus- 
cles by approximately 2 weeks after birth. Similar cyto- 
plasmic a-BTX binding has been seen in muscle cells 
grown in vitro (Land et al., 1977; Podleski et al., 1979; 
Salpeter et al., 1982) and after denervation (Loring and 
Salpeter, 1978). 

Discussion 

In the present study we examined the relationship 
between AChR distribution and various morphological 
features of the pjm at developing neuromuscular junc- 

tions. Our data can be discussed in terms of four stages 
for the maturation of the junctional fine structure: em- 
bryonic day 16 to birth; the first postnatal week; the 
second postnatal week; and from 2 weeks to adult. 

The first period spans from the onset of the differen- 
tiation of the neuromuscular junction in the embryo up 
to approximately birth. Neuromuscular transmission in 
rodent muscles begins at or before day 15 in utero (Dia- 
mond and Miledi, 1962; Dennis et al., 1981), at a time 
when AChR is distributed uniformly over the entire 
surface of the myotube (Bevan and Steinbach, 1977; 
Braithwaite and Harris, 1979). AChR accumulates in the 
region of nerve-muscle contact about 1 to 2 days later 
(Bennett and Pettigrew, 1974; Bevan and Steinbach, 
1977; Braithwaite and Harris, 1979). 

Patches of junctional membrane specializations char- 
acterized by increased electron density and membrane 
thickening are first seen at approximately the same time 
as is receptor accumulation (Ter&;iinen, 1968; Kelly and 
Zachs, 1969), suggesting an association between these 
processes. However, in our analysis of embryonic mouse 
junctions, we found an equivalent site density of AChR 
of -2000 to 3000 sites/pm2 of surface area whether or not 
extensive dense membrane specializations were obvious. 
These data suggest that initial synaptic receptor accu- 
mulation and the differentiation of extensive membrane 
density are not coincident. Such a conclusion is tentative 
because the early membrane specializations may be less 
easy to visualize than those seen postnatally. Until the 
critical components of the dense membrane are deter- 
mined and those associated with AChR clustering are 
identified, the functional relationship between “dense 
membrane” and AChR clustering cannot be assessed. 
The results also show that the AChR site density within 
clusters which are seen at the 16-day embryonic nerve- 
muscle contact region, although considerably higher than 
that at extrajunctional regions, does not have adult val- 
ues. There must, therefore, be a time-dependent increase 
in AChR site density within these clusters in contact 
with the nerve. The distribution of AChR at very early 
subneural regions in embryonic mouse muscle resembles 
that in receptor aggregates on uninnervated rat myotubes 
in vitro in two respects: the concentration of AChR 
within the aggregate is -3000/pm2 of sarcolemma (Land 
et al., 1977; Salpeter et al., 1982), and, although dense 
membrane specialization occurs preferentially at receptor 
aggregates, they are not as distinct a correlate of the 
entire region of elevated receptor concentration as at 
later times (Hourani et al., 1974; Vogel and Daniels, 1976; 
Salpeter et al., 1982). Furthermore, addition of nerve 
factors to these cultures induces an elevation of the 
AChR site density within the myotube clusters which 
occurs during a period of several days (Salpeter et al., 
1982). Braithwaite and Harris (1979) have shown that, 
even if the nerve is not allowed to grow to the embryonic 
muscle, receptors will accumulate in the region of the 
endplate band. It would be interesting to see what the 
AChR site density in these noninnervated clusters is and 
whether that site density ever increases in the absence of 
nerve. 

In contrast to the prenatal data, the AChR accumula- 
tions were consistently associated with conspicuous 
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dense membrane specializations for all postnatal ages 
examined (although the specialized regions of membrane 
were often less distinct than in the adult), and the AChR 
site density on the dense membrane was constant post- 
natally at -9OOO/pm’ of thickened membrane. Thus, 
even though early subneural AChR clusters may not 
initially be associated with distinct regions of dense mem- 
brane, they become so prior to birth. The 3-fold increase 
in local receptor site density between embryonic day 16 
and birth may be related to this coupling with dense 
membrane. 

These observations on embryonic mouse subneural 
AChR aggregates differ somewhat from those reported 
earlier for embryonic chick junctions. Using horseradish 
peroxidase (HRP)-BTX to examine the distribution of 
AChR at embryonic chick neuromuscular junctions, Ja- 
cob and Lentz (1979) concluded that the subneural HRP 
reaction product was always associated with small 
patches of morphologically distinct dense muscle mem- 
brane, even at the earliest age examined (day 10 in ovo). 
Burden has also shown by quantitative light microscope 
autoradiography that the junctional density of AChRs in 
chick has achieved the adult level of ~10,000 AChRs/ 
pm2 by day 14 in ovo or earlier (see Fig. 3 of that paper). 
However, in chicks, the first neuromuscular contact oc- 
curs around embryonic day 4 to 6 (Landmesser and 
Morris, 1975; Atsumi, 1977). Thus, the initial stage of 
receptor aggregation has not been examined in the chick. 

The early subneural receptor aggregate undergoes 
other related maturational changes between embryonic 
day 16 and birth. The metabolic turnover rate decreases 
to the level seen at mature junctions (Berg and Hall, 
1975; Steinbach et al., 1979; Michler and Sakmann, 1980; 
Reiness and Weinberg, 1981). Concurrently, the sub- 
neural receptor aggregate becomes resistant to various 
treatments which have been shown to disperse immature 
receptor aggregates (Bloch and Steinbach, 1981). In ad- 
dition, the basal lamina, which at embryonic day 16 is 
often sparse and discontinuous (as it is in the noninner- 
vated myotube, e.g., Salpeter et al., 1982) becomes a 
continuous sheet overlying the primary cleft by birth. It 
seems probable that the linking of AChR to submem- 
brane or extracellular specializations provides the mac- 
romolecular machinery responsible for organizing and 
stabilizing the AChR within the postjunctional mem- 
brane. Recent observations on Torpedo electric organ 
synaptic membranes support the hypothesis that the 
submembrane cytoplasmic density is involved in anchor- 
ing the AChR in these membranes (Cartaud et al., 1981). 
Alternatively, there is evidence that the basal lamina 
may play a major role in organizing or immobilizing the 
AChR (Burden et al., 1979; Vogel et al., 1981; Salpeter et 
al., 1982). 

The second stage, from birth to around 6 days post- 
partum, can be described as a quiescent period. There is 
little or no change in the amount of receptor per unit 
area of junction or the extent of postjunctional mem- 
brane specializations (Table I). Numerous physiological 
studies have shown that there are no major changes in 
the character of neuromuscular transmission during this 
period. Junctions remains multiply innervated, and min- 
iature endplate potential (mepp) frequency and mean 

endplate potential (epp) quanta1 content continue to be 
low (Diamond and Miledi, 1962; Redfern, 1970; Bennett 
and Pettigrew, 1974; Dennis et al., 1981). 

One significant morphological change during the first 
week was a dramatic decrease in the number of coated 
vesicles in the subjunctional sarcoplasm. The presence of 
coated vesicles in the postsynaptic cytoplasm at a variety 
of types of developing synapses has stimulated consid- 
erable speculation concerning their possible role in the 
production of synaptic specializations or the transport of 
synaptic macromolecules (Altman, 1971; Rees et al., 1976; 
Rees, 1978; Bursztajn and Fischbach, 1980; Fambrough 
and Devreotes, 1978; Atsumi, 1981). One hypothesis is 
that the coated vesicles transport “preformed” units of 
receptor-rich membrane for local insertion into the newly 
forming postsynaptic membrane. The data presented 
here suggest that this may not be a major function of the 
bulk of coated vesicles at neonatal junctions. The ob- 
served number of subsynaptic coated vesicles was high 
at birth, declined rapidly from day 1 to day 5 after birth, 
and remained essentially constant thereafter (Table I). 
Yet there is no evidence of any massive insertion of 
AChR occurring just after birth when coated vesicles 
were most common: there is virtually no change in either 
the number of AChRs/pm2 1” cleft midline (reported 
here) or the total amount of junctional surface area per 
endplate (Bevan and Steinbach, 1977) during that period, 
and the turnover rate has already become slow prior to 
birth (Berg and Hall, 1975; Steinbach et al., 1979; Michler 
and Sakmann, 1980; Steinbach, 1981). Conversely, there 
is no increase in the number of coated vesicles during the 
period from 1 week to young adulthood when the end- 
plate is undergoing rapid growth of receptor-rich mem- 
brane, junctional fold membrane, and total surface area. 
Thus, there does not seem to be a simple correlation 
between the presence of the coated vesicles and the 
insertion of junctional AChR or the expansion of post- 
junctional surface area. If coated vesicles are involved in 
AChR insertion, then this function must reside in a 
subpopulation of such vesicles which remains to be iden- 
tified. 

During the second stage, Schwann cell processes were 
regularly seen over regions of dense membrane, with 
associated a-BTX binding sites, and over incipient junc- 
tional folds (see also Rosenthal and Taraskevich, 1977; 
Jacob and Lentz, 1979), although the amount of such 
specializations was somewhat less under Schwann exten- 
sions than under axonal profiles. These specializations 
were not seen beyond the edge of the “junctional com- 
plex,” where neither axon terminal nor Schwann cell 
overlay the muscle surface. AChR aggregation at neuro- 
muscular contacts is presently believed to be induced 
specifically in response to the ingrowing motor nerve 
(Frank and Fischbach, 1977,1979; Bevan and Steinbach, 
1977; Anderson and Cohen, 1977; Anderson et al., 1977; 
Weldon and Cohen, 1979), involving, in part, a redistri- 
bution of pre-existing receptors to regions of nerve muscle 
contact (Anderson and Cohen, 1977; Matthews-Bellinger 
and Fischbach, in preparation). The broader distribution 
of specializations within the 1” cleft to include regions 
under Schwann cells could arise if the axon terminals 
move within the 1” cleft to directly contact, at different 
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times, the entire junctional sarcolemma. The induction 
of specializations might then be mediated by a specific 
contact effect between axon and muscle. Alternatively, 
the nerve terminal may produce the sarcolemmal differ- 
entiation by releasing an “inducer” substance (Podleski 
et al., 1978; Christian et al., 1978; Jesse11 et al., 1979; 
Bauer et al., 1981; Salpeter et al., 1982) which diffuses 
throughout the 1” cleft to interact with an area larger 
than that directly contacted by the terminal. The 
Schwann might also act to restrict or concentrate this 
substance within the junctional borders of the lo cleft 
and/or to modulate its effect. 

The third stage, from day 7 through the second post- 
natal week, is a period of rapid developmental changes 
at the junction. The surface area of endplate increases 
(Bevan and Steinbach, 1977) and deep junctional folds 
begin to form, as seen in the increasing ratio of total pjm 
to surface area (Table I). Since the ratio of specialized 
dense membrane to surface area increases less rapidly, 
the percentage of the total pjm occupied by dense pjm 
decreases from 54% to 38%. The early junctional folds 
differ from adult folds in that they are more widely 
spaced, slightly shallower, and less branched. As a result 
of the wider spacing, the dense membrane at the crests 
of the folds has less curvature or “scalloping” than in the 
adult. 

Physiological evidence indicates that in rodent muscles 
the elimination of multiple innervation occurs largely 
during this stage and is nearly complete by 14 to 15 days 
after birth (Redfern, 1970; Bennett and Pettigrew, 1974; 
Brown et al., 1976; Rosenthal and Taraskevich, 1977; 
O’Brien et al., 1978; Dennis et al., 1981). Consistent with 
these physiological findings and with earlier morpholog- 
ical findings (Korneliussen and Jansen, 1976), we ob- 
served fewer terminals per endplate profile during this 
period than in neonates. Changes in the endplate physi- 
ology and pharmacology are also occurring during this 
third period. Most relevant to our study are: (1) increases 
in both epp quanta1 content and mepp frequency (Dia- 
mond and Miledi, 1962), which may reflect the increase 
in presynaptic axonal surface area (Kelly, 1978); and (2) 
a change in the receptor gating rate (Sakmann and 
Brenner, 1978; Michler and Sakmann, 1980; Fischbach 
and Schuetze, 1980) for which no obvious morphological 
correlate can be cited. The specialized dense membrane, 
in which the receptor primarily resides, seems to change 
very little during this period either in terms of absolute 
amount or in morphology. 

The fourth and final period of junctional maturation, 
extending from 2 weeks to the adult, is characterized by 
a continued parallel increase (Table I) in both dense 
specialized membrane (1.6-fold) and total junctional fold 
membrane (-2-fold). The interfold distance decreases 
and the receptive membrane at the crest of the folds 
acquires the characteristic scalloping seen in the adult 
(i.e., it curves and extends about 2000 A down from the 
top of the folds). Others have reported a continuous 
enlargement of the junction (Steinbach, 1981) and a 
parallel increase in epp quanta1 content (Kelly, 1978) 
during this period, which roughly keep pace with the 
increase in the size of the muscle fiber. In addition, 
beginning around the second postnatal week, there are 

changes in the gross structure and complexity of the 
endplate which distinguish fast- and slow-type fibers 
(Tweedle and Stephens, 1981). Therefore, the period 
from 2 weeks to adult may be particularly appropriate 
for studying the physiological consequence of elaboration 
of junctional folds and of endplate resculpturing. 

In conclusion, we found that at 16-day embryonic 
neuromuscular contacts, the concentration of accumu- 
lated AChRs is -3000 sites/pm2. These early clusters 
overlap but do not necessarily coincide with regions of 
distinctly thickened postjunctional membrane. However, 
by birth, postjunctional AChR clusters have adult recep- 
tor densities and are always associated with regions of 
dense specialized membrane. Thereafter, an increase in 
the amount of AChR per endplate is coupled to an 
increase in specialized dense membrane, which is, in turn, 
associated with the development of junctional folds. 
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