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Abstract

The mechanism of formation of acetylcholine receptor (AChR) clusters at developing mammalian endplates
was investigated in vitro, using intercostal muscles from embryonic rats. The muscles were explanted in organ
culture with the spinal cord attached, as described previously (Ziskind-Conhaim, L., and M. J. Dennis (1981)
Dev. Biol. 85: 243-251). AChRs on the myofibers were labeled with ['*°I]-a-bungarotoxin shortly before clusters
appeared and subsequently were cultured in unlabeled toxin for 1 day. Autoradiography of the cultured fibers
demonstrated the presence of labeled clusters of AChRs indicating that the AChRs in the newly formed clusters
arise from AChRs that had previously been uniformly distributed on the muscle surface.

When nerves first make functional contact with myotubes
during the development of the neuromuscular junction, acetyl-
choline receptors (AChRs) are diffusely distributed on the
surface of the myotubes (Dennis et al., 1981). One to 2 days
after neuromuscular transmission is established, a high-density
cluster of AChRs appears in the myotube membrane at the site
of nerve contact; the appearance of this cluster is one of the
first detectable signs of synaptic differentiation (Dennis, 1981).
In dissociated nerve and muscle cultures from Xenopus, such
clusters have been shown to arise, at least in part, by redistri-
bution of AChRs that exist on the myotubes prior to their
innervation (Anderson et al., 1977). We have investigated the
origin of the AChR clusters at mammalian endplates using an
organ culture system of embryonic rat muscle in which the time
course of differentiation closely parallels that seen in vivo
(Ziskind-Conhaim and Dennis, 1981). We have labeled AChRs
in this muscle with [***I]-a-bungarotoxin ([***1]-«-BuTx) prior
to cluster formation and have examined quantitatively the
redistribution of the labeled AChRs. Our results demonstrate
that a significant fraction of AChRs in the clusters formed in
vitro were previously diffusely distributed.

Materials and Methods

Segments of thoracic body wall, including intercostal muscles, ribs,
and spinal cord, were taken from 15-day embryonic rats and maintained
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in organ culture as described by Ziskind-Conhaim and Dennis (1981).
Previous experiments had established that, at 15 days of gestation,
AChRs are uniformly distributed along 90% of the intercostal muscle
fibers and that a single AChR cluster appears at the site of nerve
contact after 1 day in organ culture (Ziskind-Conhaim and Bennett,
1982). This cluster appears within 1 day only when the muscle is
cultured with spinal cord, and its time of appearance coincides with
the normal time (16 days) of cluster appearance in vivo (Bevan and
Steinbach, 1977; Harris, 1981).

AChRs were labeled in our experiments according to four protocols.
To determine the total number and distribution of AChRs, intercostal
muscles from 15-day-old rat embryos were labeled directly with [**1]-
«a-BuTx before (15) and after (15 + 1) being cultured for 1 day in
normal medium. To label separately AChRs that were present at the
time of culture and those that appeared later, we labeled 15-day muscles
with [***I]-a-BuTx and subsequently cultured them in unlabeled toxin
(15 + 1, prelabeled), or incubated them in unlabeled toxin followed by
culture in medium containing labeled toxin (15 + 1, postlabeled).

AChRs were labeled by placing segments of muscle-spinal cord on a
rocking platform and incubating them with 2 ug/ml of [**I]-a-BuTx
for 2 hr at 31°C, the highest temperature at which the explants survive
in vitro (Ziskind-Conhaim and Dennis, 1981). Under these conditions
AChRs were assumed to be quantitatively labeled, since in separate
experiments incubation of 15-day explants with 0.5 ug/ml of unlabeled
a-BuTx for 1 hr completely blocked the depolarizing response to 10
mM carbamylcholine ejected locally from a micropipette. Following
incubation with labeled toxin, muscles were thoroughly washed by
changing the medium every 10 min for the first 30 min and every 30
min for the next 3 hr. At the end of the washout period, the amount of
radioactivity in the medium was less than 0.5% of that originally
present. In experiments in which muscles were maintained in organ
culture after labeling (15 + 1, prelabeled), muscle-spinal cord explants
were incubated at 31°C for 22 hr in medium containing 10 pg/ml of
unlabeled «-BuTx. The unlabeled toxin, whose concentration was 5-
fold higher than that used to label the AChRs, prevented rebinding of
any released ['®I]-a-BuTx to newly synthesized receptors. In the
experiments designed to label AChRs that appeared during culture (15
+ 1, postlabeled), muscles were incubated in 10 ug/ml of unlabeled
toxin for 2 hr, washed as described above, and then cultured for 22 hr
in medium containing 2 ug/ml of ['*I]-a-BuTx. After each protocol,

2346



The Journal of Neuroscience

the muscles were fixed, dissociated to single fibers, and prepared for
autoradiography as previously described (Ziskind-Conhaim and Ben-
nett, 1982). The specific activity of the toxin varied between 95 and
160 cpm/fmol, and the emulsion was exposed for 3 to 7 days. Grain
density determined on emulsion outside the fibers was taken as back-
ground and was subtracted from all values determined over the fibers.
For calculating the number of AChRs from the rate of grain production
we assumed that 3 cpm are equivalent to 1 grain/min (Burden, 1977).

Results

Autoradiography of muscle fibers that were labeled immedi-
ately after being taken from 15-day embryonic muscles con-
firmed that AChRs in these fibers were uniformly distributed
and established their density at 218 + 5 (mean + SE, n = 36)
toxin-binding sites/um?. This is comparable to the value of 157
sites/um” measured by Bevan and Steinbach (1977) in 15-day
embryonic sternomastoid muscle fibers. At day 15 clusters were
seen on 12% of the intercostal muscle fibers. After 15-day
muscles were cultured in normal culture medium for 1 day (15
+ 1), the density of AChRs in the extrajunctional membrane
was approximately the same as at day 15 (243 + 12 sites/um?,
n = 59); in addition, clusters were formed on 90% of fibers.
AChR density in the clusters was approximately 5-fold higher
than the extrajunctional density (Table I) and was similar to
that seen in vivo (Bevan and Steinbach, 1977). In most fibers,
no more than one cluster occurred per fiber. Calculation of the
total number of AChRs (assuming the muscle fiber is a col-
lapsed cylinder of length 200 gm and diameter 4 um, and one
cluster per fiber with an average length of 16 um) indicated
that the number of AChRs per muscle fiber increased by 24%
during the period of culture (Table I). Because the extrajunc-
tional density increased by only 11%, the remaining 13% in-
crease must be due to the clustered AChRs.

We then examined AChR redistribution by labeling the
receptors in day-15 muscle-spinal cord explants with [*°I]-«-
BuT'x and subsequently culturing them for 22 hr in the presence
of unlabeled toxin. Autoradiography of the pulse-labeled fibers
showed that 84% had an AChR cluster. These were usually in
the center of the fibers (Fig. 1). The density of AChRs in these
clusters was 1123 + 74/um?® (n = 41; Table I), a value that is
87% of that seen in control muscles (15 + 1) which were labeled
after culturing for 1 day. The mean size of the clusters in 15-
day muscles that were labeled and then cultured (15 + 1,
prelabeled), and in muscles that were labeled after culturing
(15 + 1), was the same (16.2 = 0.7 um and 16.0 + 0.5 um,
respectively). Thus, the clusters induced by the nerve in the
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cultured explants appear to have been formed in part from
AChRs that were diffusely distributed on the surface of the
muscle fibers at the time of labeling.

A comparison of the density of AChRs in the extrajunctional
membrane of labeled 15-day fibers and pulse-labeled muscles
cultured for 1 day (15 + 1, prelabeled) showed that the extra-
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Figure 1. Autoradiography of single muscle fibers from rat embryos
labeled with [**I]-a-BuTx. The fibers were derived from a 15-day
embryonic muscle (15), from a 15-day muscle cultured for 22 hr in
normal medium (15 + I), and from a muscle that was pulse labeled
with [*I]-a-BuTx and subsequently cultured for 22 hr in unlabeled a-
BuTx (15 + 1, pre.). The specific activity of the toxin was 137 cpm/
fmol, and the emulsion was exposed for 5 days. The distribution of
AChRs on the 15 + 1 and 15 + 1, prelabeled fibers is similar. Seale bar,
20 pm.

TABLE 1
The redistribution of [**I]a-BuTx binding sites in embryonic muscle during explantation in organ culture
Intercostal muscles with spinal cord attached from 15-day rat embryos were cultured with and without «-BuTx in the medium. Muscles were
labeled with [***T]-a-BuTx before (15) and after (15 + 1) culture for 22 hr in normal medium as described in the text. Muscles were also labeled
with [***I]-a-BuTx and subsequently cultured in unlabeled toxin (15 + 1, prelabeled) or were incubated with unlabeled toxin and subsequently
cultured in ['*I]-a-BuTx (15 + 1, postlabeled). The procedure for autoradiography on single fibers was described by Ziskind-Conhaim and
Bennett (1982). For calculating the total number of receptors we measured grain density only on fibers at least 200 um long. We assumed that
the fibers are collapsed cylinders of length 200 um and diameter 4 ym and a rectangle cluster 16 ym long and 4 um wide. The increase in the size
of the muscle fibers during the time in organ culture is smaller than in vive (Ziskind-Conhaim and Dennis, 1981) and for these calculations is

negligible.
Bound [***I]-a-BuTx
Densit; 1 “
HEUE aialocibon i) Total Number Percentage
Muscle Clustered Extrajunctional (molecules/fiber X 10%) Change

15 218 +5 (n=36/4)° 5.48 100

15+1 1297 + 37 243 + 12 (n = 59/4) 6.78 124

15 + 1, prelabeled 1123 + 74 153 = 10 (n = 41/4) 4.46 81

15 + 1, postlabeled 1241 + 82 239 + 20 (n = 24/3) 6.65 121

? Mean = standard error; n = number of fibers per number of experiments.
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junctional density of labeled AChRs declined approximately
30% during the culture period. This decline reflects both AChR
turnover and loss of extrajunctional AChRs to the newly formed
clusters. We estimated the extent of receptor turnover during
the culture period by calculating the total number of labeled
AChRs (clustered and unclustered) as described above and
found only 19% loss of toxin-receptor complex from the muscles
during culture (Table I). The increased metabolic stability of
the receptors in our experiments compared to extrajunctional
receptors in vivo (Reiness and Weinberg, 1981) presumably is
due to lower temperature of explant incubation (31°C) and is
in good agreement with the rate of degradation of AChRs at
30°C seen in chick primary muscle culture (Devreotes and
Fambrough, 1975). The total number of AChRs in the clusters
of pulse-labeled muscles (15 + 1, prelabeled) was 7.18 x 10*
(assuming the cluster is a rectangle of 16 um length and 4 ym
width), which constituted 13% of the total number of receptors
detected at day 15 (Table I) and 16% of the total number of
receptors in these fibers. In control muscles (15 + 1) the
clustered AChRs account for 12% of the total number of
receptors.

Because unlabeled muscles undergo a 24% increase in AChR
number during the culture period (cf. (15) and (15 + 1) in Table
I), new AChRs must be added during this time. To determine
the disposition of the newly added AChRs, we blocked all
AChRs in 15-day muscles with unlabeled «-BuTx, and, after
washing, subsequently incubated the muscles for 22 hr in
radioactive a-BuTx (15 + 1, postlabeled). Autoradiography of
these fibers showed both diffuse labeling and labeling of clus-
ters. Thus, in addition to pre-existing diffuse AChRs, newly
formed clusters also contained AChRs that were added during
the culture period.

Discussion

The most important result of our experiments is the dem-
onstration that AChR clusters that appear at developing end-
plates in mammalian muscle arise in part from the redistribu-
tion of pre-existing, diffusely distributed AChRs. AChRs la-
beled at day 15, when most muscle fibers do not have AChR
clusters, aggregate to form clusters in vitro that contain labeled
AChRs. Nerves have been shown to cause a redistribution of
AChRs on cultured Xenopus myocytes (Anderson and Cohen,
1977), but such an effect has not been reported previously for
mammalian muscle cells. When cultured with rat myotubes,
cells in spinal cord explants make functional synapses with the
myotubes but do not induce clustering of AChRs at synaptic
sites (Kidokoro and Patrick, 1978; Kidokoro, 1980); neuro-
blastoma cells, in contrast, induce high ACh sensitivity in rat
myotubes at sites of contact but do not form functional syn-
apses (Harris et al., 1971). Brain extracts have also been shown
to increase the number of receptor clusters at random sites
along mouse and rat myotubes (Christian et al., 1978; Salpeter
et al., 1982). However, AChR clustering at functional synaptic
sites does occur in vitro, in the explanted rib cage-spinal cord
preparation used in these experiments (Ziskind-Conhaim and
Dennis, 1981). In the explanted thoracic body wall, the normal
topographic relations of nerve and muscle are maintained, and
differentiation of the endplate occurs with a time course that
closely mimics that seen in vivo. The clusters that are formed
occur only at sites of nerve-muscle contact and are of compa-
rable size to those seen in vivo (Ziskind-Conhaim and Bennett,
1982).

The use of [***I]-«-BuTx rather than fluorescent toxin in our
experiments allows quantitative assessment of the contribution
of prelabeled AChRs to cluster formation. The results of the
prelabeling experiment, considered alone, would suggest that
most of the receptors present in the cluster arise by redistri-
bution of pre-existing receptors. Thus, the density of labeled
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AChRs in clusters on muscles that were prelabeled and cultured
with nonradioactive toxin was 87% of that seen in control
muscles that were labeled after culturing for 1 day. However,
the examination of muscles that were cultured in labeled toxin
revealed that the experimental situation was more complicated.

The total number of AChRs in muscles cultured in the
presence of a-BuTx is the sum of those that were present before
culture at day 15 and those that appeared during the 22 hr of
culture. Each of these two populations was measured separately
in the protocols that we used. Thus, receptors that were present
at day 15 were measured by labeling with radioactive toxin and
culturing with nonradioactive toxin (15 + 1, prelabeled), and
receptors that were added later were measured by incubating
briefly with nonradioactive toxin to block existing receptors
and then culturing with radioactive toxin (15 4 1, postlabeled).
When these two populations (Table I, lines 3 and 4) are
summed, the total number of AChRs in muscles cultured with
toxin is greater than the number of AChRs in muscles cultured
without toxin (15 + 1). This is true for both unclustered and
clustered AChRs. Thus, the density of AChRs in the extrajunc-
tional membrane on cells cultured with toxin was 392/um?® and
the density of those on control cells cultured without toxin was
243/um?®. The corresponding values for AChRs in clusters were
2364 and 1297/um?, respectively. The total number of AChRs
was thus 64% higher in muscles cultured with toxin than
without it. In both normal and toxin-treated muscles, the
density of AChRs at the endplate is comparable to that meas-
ured in vivo at 16 days of gestation (Bevan and Steinbach,
1977) but is well below that seen at junctions in adult rat
muscle (Fambrough and Hartzell, 1972; Weinberg et al., 1981).
Our experiments do not show whether the receptors that were
inserted in the membrane during the culture period were added
directly to the newly formed clusters (Bursztajn and Fischbach,
1980) or were added to the extrajunctional membrane and
subsequently recruited into the cluster.

The increased number of AChRs in our experiments probably
results from the continuous presence of «-BuTx in the culture
medium. As the nerves in these cultures are normally active
(Ziskind-Conhaim and Dennis, 1981), the neuromuscular
blockade produced by the toxin would cause a decrease in
activity of the muscle fibers. Neuromuscular blockade has been
shown to increase extrajunctional AChR density both in adult
and in developing muscle fibers (Berg and Hall, 1975; Shainberg
et al., 1976; Burden, 1977; Drachman et al., 1982), and the
increased density of AChRs in the extrajunctional membrane
could be responsible for the increased density of AChRs in the
cluster. Thus, if extrajunctional AChRs are the major source of
AChRs that form the cluster, as our results suggest, an in-
creased number of precursors may hasten the growth in density
of the cluster.

Our experiments clearly demonstrate that AChRs in the
clusters formed in vitro at mammalian endplates arise in part
by redistribution. They also show that continuous incubation
in a-BuTx can increase the rate of growth of these clusters.
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