
The Journal of Neuroscience 
July 1966, 6(7): 1941-1951 

Concanavalin A Prevents Acetylcholine Receptor Redistribution in 
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During neuromuscular junction formation ACh receptors accu- 
mulate at the nerve-contact region. It has been shown that this 
is at least partly due to lateral migration of existing receptors 
in the membrane (Anderson et al., 1977). Randomly diffusing 
ACh receptor molecules in the membrane may be trapped at the 
nerve-contact region to form a high receptor density area. If this 
were the major mechanism, cross-linking ACh receptors by tet- 
ravalent concanavalin A (Con A) should immobilize receptors 
and prevent nerve-induced receptor accumulation. 

We examined the effect of Con A on nerve-induced receptor 
accumulation and on the mobility of ACh receptors in cultured 
Xenopus muscle cells. ACh receptors were stained with tetra- 
methyl rhodamine conjugated cr-bungarotoxin. The cells were 
then treated briefly with Con A, and neural tube cells were 
added to these cultures. The mobility of ACh receptors was 
measured by the fluorescence photobleaching recovery method. 
The Con A treatment prevented rapid diffusion of ACh recep- 
tors as well as nerve-induced receptor accumulation. Functional 
synapse formation was not inhibited by this treatment. In con- 
trast, divalent succinyl Con A did not affect the mobility of ACh 
receptors nor prevent nerve-induced ACh receptor accumula- 
tion. When the Con A concentration was varied, the blocking 
effect on the nerve-induced receptor accumulation changed in 
parallel with the mobile fraction of receptors. Newly inserted 
ACh receptors after the Con A treatment were found to be mo- 
bile and to accumulate at the nerve-contact region. In these 
cultures, new receptors accumulated around old, immobilized 
receptors in some areas along the nerve contact. This observa- 
tion suggests that new receptors were inserted elsewhere and 
migrated to the nerve-contact region surrounding immobilized 
old ones. 

In addition to the accumulation of receptors, the nerve dis- 
perses preexisting receptor clusters prior to induction of high- 
density regions along the contact area, and, at this early stage, 
denervation disperses nerve-induced receptor clusters in Xeno- 
pus cultures (Kuromi and Kidokoro, 1984a, b). When cultures 
were treated with Con A, neither of these events occurred, sug- 
gesting that these are also diffusion-mediated. 

In embryonic muscle cells, prior to innervation, ACh receptors 
are diffusely distributed over an entire surface and the nerve 
induces accumulation of receptors at the contact region during 
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neuromuscularjunction formation (Bevan and Steinbach, 1977; 
Braithwaite and Harris, 1979; Ziskind-Conhaim and Bennett, 
1982). In Xenopus cultures, development of the high receptor 
density region at the subneural muscle membrane was dem- 
onstrated to be at least partly due to redistribution of ACh 
receptors within the sarcolemma (Anderson and Cohen, 1977; 
Anderson et al., 1977). To explain this remarkable develop- 
mental phenomenon, a simple model, a passive-diffusion trap 
mechanism, was proposed by Edwards and Frisch (1976). In 
this model, freely diffusing ACh receptors in the membrane are 
trapped at the junctional region and eventually form high re- 
ceptor density areas along the course of nerve contact. 

The following findings in the Xenopus nerve-muscle cultures 
support this model: 

1. During ACh receptor cluster formation, initially small clus- 
ters emerge from the background at the nerve-muscle contact. 
These clusters increase in size and in number and fuse to form 
larger clusters (Kuromi and Kidokoro, 1983; Kuromi et al., 
1985). These observations suggest that the molecular mecha- 
nism underlying nerve-induced receptor accumulation is dif- 
ferent from that in “cap” formation in B lymphocytes. During 
“capping” the surface immunoglobulin molecules are cross- 
linked by antibodies to form “micropatches,” which subse- 
quently migrate as a whole to one pole of the cell to form a 
“cap” (Schreiner and Unanue, 1976). 

2. Diffusely distributed ACh receptors move laterally at a 
speed fast enough to account for the fastest rate of ACh receptor 
cluster formation following innervation and the rate of receptor 
cluster dispersal after denervation (Kuromi and Kidokoro, 1983, 
1984a, b; Kuromi et al., 1985). 

3. The great majority of ACh receptors within the nerve- 
induced clusters are poorly mobile (Kidokoro and Brass, un- 
published observations), as reported for receptor clusters in rat 
myotubes cultured without nerve (Axelrod et al., 1976a, b). 

4. In addition to redistribution of existing receptors, prefer- 
ential insertion of newly formed receptors to the nerve-contact 
area might significantly contribute to this developmental phe- 
nomenon (Bursztajn et al., 1983). In this model we would expect 
a higher proportion of new receptors at the junctional region. 
When we stained new and old receptors separately and quan- 
titatively determined their distribution at the newly formed 
junction, we found that new receptors did not preferentially 
accumulate at the junctional sites (Kidokoro and Brass, 1985). 
This contrasts with the situation in chick nerve-muscle cultures, 
in which preferential insertion was suggested as the major mech- 
anism for receptor accumulation (Role et al., 1985). 

Although these observations are compatible with the diffusion 
trap model, they do not exclude other mechanisms. For ex- 
ample, micropatches might be too small to be observed under 
the fluorescence microscope, but the basic mechanism might be 
the same as that for “capping” in lymphocytes. Or receptors 
could be internalized at one location, transported within the 
cytoplasm to nerve-contact sites, and then inserted into the sur- 
face membrane. To further support the diffusion trap model, 
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we wanted to gain evidence that nerve-induced receptor accu- 
mulation is closely correlated to the diffusible state of receptors 
in the membrane. 

Concanavalin A (Con A) is a tetravalent lectin that binds to 
ACh receptors (Brockes and Hall, 1975; Meunier et al., 1974; 
Nicholson, 1974). In cultured Xenopus muscle cells, pretreat- 
ment with Con A prevented the electrophoretic accumulation 
of ACh receptors (Orida and Poo, 1978). These results suggest 
that Con A cross-links and immobilizes ACh receptors in the 
muscle membrane. If nerve-induced ACh receptor accumula- 
tion were primarily the result of lateral migration of receptors, 
Con A should prevent this process by cross-linking with con- 
sequent immobilization of receptors. 

Pulse treatment with Con A prevented accumulation of ACh 
receptors at the nerve-contact region and dispersal of receptors 
after denervation. Newly inserted receptors, however, accu- 
mulated at the nerve contact region even after old receptors 
were immobilized by Con A. The percentage of muscle cells 
with nerve-induced receptor accumulation decreased as recep- 
tors were gradually immoblilized with various concentrations 
of Con A. We will discuss other effects of Con A and alternative 
interpretation of our results. 

Preliminary results of this study have been published else- 
where (Kuromi and Kidokoro, 1983). 

Materials and Methods 

Cultures 
Muscle and nerve cells were obtained from embryos of the African claw- 
toad, Xenopus laevis, and were grown in culture as previously described 
(Anderson et al., 1977; Kidokoro et al., 1980). After plating, muscle 
cultures were kept at room temperature for 3-4 d. 

Staining of ACh receptors 
For staining of ACh receptors, culture medium was removed and saved 
for later use. New culture medium containing 2 PM tetramethyl rho- 
damine-conjugated cY-bungarotoxin (TMR-(YBT) was added to the mus- 
cle culture and incubated for 60 min. The stained culture was then 
incubated for 15 min in culture medium containing various concentra- 
tions of Con A (Sigma) or 100 &ml succinyl Con A (Sue-Con A, 
Vector) or in culture medium without added drugs. These treated cul- 
tures were washed at least 3 times with fresh culture medium and were 
finally transferred into the previously saved medium. Neural tube cells 
were obtained from a new batch of embryos and added to these treated 
or control cultures (4-7 neural tubes per dish). 

Fluorescence staining (ACh receptor cluster distribution) in the nerve- 
contacted muscle cells was observed under a fluorescence microscope 
(Zeiss IM35) on the first and second day after addition of neural tube 
cells. Some cultures were stained again with TMR-(rBT after the first 
observation and reexamined. Receptor staining patterns were classified 
as follows: When large clusters of ACh receptors (about l-5 pm long) 
or double-band structures were associated with the nerve-contact area 
(see microaraohs in Kidokoro et al.. 1980). the muscle cell was classified 
as ACh recepior accumulation (+)I When a few small speckles of ACh 
receptor clusters were associated with the nerve-contact path, or when 
the nerve contacted the muscle along the edge, it was classified as ACh 
receptor accumulation (+) for the following reasons: Small speckles were 
often scattered over the muscle surface, and it was quite likely that a 
few of them were associated with the nerve-contact path even though 
the nerve was not inducing ACh receptor clusters. Furthermore, Xen- 
opus muscle cells in culture often have ACh receptor clusters along the 
edge, and it was difficult to distinguish nerve-induced clusters from 
clusters normally found at the edge. When there were no ACh receptor 
clusters along the nerve, the cell was classified as ACh receptor accu- 
mulation (-). Receptor clusters were often seen elsewhere in these cases. 

For denervation experiments, neural tube cells were added to muscle 
cultures. After 1 or 2 d of co-incubation, ACh receptors were stained 
with TMR-(YBT as described above; subsequently, these cultures were 
treated with 100 &ml Con A for 15 min. Cultures without the drug 
treatment were used as controls. After washing, nerve-contacted muscle 
cells were examined under the fluorescence microscope. Muscle cells 
with characteristic receptor clusters along the nerve were identified and 

photographed (15 set exposure). The coordinates of the microscope 
stage and rough sketches of the area surrounding the cell were recorded 
for later relocation of the identified cell. Denervation was performed 
mechanically using a glass micropipette. The nerves were easily pulled 
away without distorting muscle cells even after induction of extensive 
receptor accumulation. About 20% of identified cells were left without 
denervation and served as controls. Approximately 4 hr after dener- 
vation, previously identified muscle cells were relocated and photo- 
graphed. 

Photomicrographs were taken on the Zeiss inverted microscope (Zeiss 
lM35) using Kodak Tri-X film and processed for 14 min at 20-22°C 
with Kodak Microdol (diluted 1:3). The film was fixed with Rapid-fix 
(Kodak) for 3 min and then washed for 30 min. 

Mobility measurement of ACh receptors 
The mobility of ACh receptors in the muscle membrane was assessed 
by estimating the diffusion coefficient of TMR-aBT-labeled ACh re- 
ceptors by the fluorescence photobleaching recovery method previously 
reported (Axelrod et al., 1976a, b). For photobleaching, a small area of 
the muscle membrane (w = 1.3 pm, where w is a half-width of the beam 
at the e-> height in intensity) was exposed to an intense light for 10 or 
20 msec. Recovery of fluorescence was monitored continuously with 
the attenuated laser beam. The output of the photomultiplier was mea- 
sured for 204.8 set with a 200 msec dwell time, or for 102.4 set with 
a 100 msec dwell time. These experiments were carried out on the 
muscle cells at various intervals after treatment with Con A (5-500 pgi 
ml) or Sue-Con A (100 &ml) or without treatment. The mobilitv of 
ACh receptors inserted after the treatment with unlabeled &BT and Con 
A was measured 1 or 2 d later after staining with TMR-aBT. The 
diffusion coefficient was estimated by fitting a curve to the fluorescence 
recovery with 3 adjustable parameters, namely, characteristic diffusion 
time, bleaching parameter, and percentage of recovery. These param- 
eters can be estimated reliably by the curve-fitting procedure only when 
they are within a certain range. When the parameters are outside of the 
appropriate range, the observation period has to be changed by choosing 
a different dwell time. When the percentage of recovery was small (~20%) 
during the observation period, as in Con A-treated cultures, the esti- 
mates scattered in a wide range and became unreliable. Therefore, in 
order to compare the effect of various concentrations of Con A. on 
receptor mobility, we used an apparent recovetv index defined differ- 
ently from above-mentioned percentage of recovery. Thus, with the 
standard 200 msec dwell time, all points (50-100) prior to a bleach 
pulse were averaged and used as prebleach level of fluorescence intensity 
(I,,,,). The fluorescence intensity immediately after the bleach pulse was 
obtained by averaging 10 points (lo), and at the end of observation (200 
set, I,,,) it was obtained by averaging 100 points. The apparent recovery 
index (AR) is defined as 

This value was 88 ? 17% (mean + SD, n = 46) of that of the recovery 
parameter obtained by curve fitting in control cultures. We considered 
the portion of fluorescence that did not recover during the observation 
period as a “poorly mobile” fraction of surface receptors, because even 
those receptors may move at a much slower rate (Stya and Axelrod, 
1983). 

Measurement of synaptic potentials 
Spontaneous synaptic potentials (miniature endplate potentials, mepps) 
were recorded on an FM tape recorder (Racal) using the g&-seal tech- 
nique described previously (Kidokoro, 1984). In off-line computer anal- 
yses (Digital PDP 1 l/23), mepps with an amplitude greater than 0.5 
mV were digitized with a sampling interval of 0.5 msec. The mean 
amplitude was calculated from 50 to 100 individual mepps. As described 
previously (Kidokoro, 1984; Kidokoro et al., 1980), there are many 
mepps whose amplitude is smaller than 0.5 mV in this preparation. 
Therefore, our estimate of the mean mepp amplitude is undoubtedly 
biased toward a greater value. However, this problem does not affect 
the conclusions drawn in this study. All experiments were carried out 
at room temperature (22-23°C). 

Results 

Binding of Con A and &c-Con A to ACh receptors 
Con A has been shown to bind solubilized ACh receptors (Brockes 
and Hall, 1975; Meunier et al., 1974). Also, Orida and Poo 
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(1978) have shown that pretreatment of cultured Xenopus mus- 
cle cells with Con A prevents asymmetrical distribution of ACh 
sensitivity induced by an electric field. Thus, it is likely that 
Con A binds to ACh receptors in cultured Xenopus muscle cells. 

To confirm this point we stained muscle cells with fluorescein- 
conjugated Con A (FITC-Con A; Cappel). As shown in Figure 
lC’, the muscle cells stained diffusely with irregularly shaped 
high receptor density regions. When these cells were stained 
again with TMR+BT, some of the regions were doubly stained 
(compare Fig. 1, B and C). All clusters of cvBT binding sites 
were stained with FITC-Con A. It is obvious, however, that the 
distribution of Con A receptors is much wider than that of aBT 
binding sites. This was expected, since Con A binds as well to 
other unidentified surface molecules. 

Sue-Con A was expected to bind to the Con A binding sites 
(Gunther et al., 1973). Indeed pretreatment with 100 &ml Suc- 
Con A inhibited staining of muscle cells by FITC-Con A. It is 
thus most likely that Con A, as well as Sue-Con A, binds to the 
ACh receptor in Xenopus muscle cells. 

Effect of Con A and Sue-Con A on nerve-induced ACh 
receptor accumulation 
Muscle cells were first stained with TMR-aBT and incubated 
for 15 min with 100 &ml Con A or 100 &ml Sue-Con A. 
Cultures were washed thoroughly and neurons added. Two days 
later the distribution of receptor clusters was examined under 
a fluorescence microscope. 

Table 1 shows the results of Con A and Sue-Con A treatment 
on ACh receptor cluster distribution. The formation of ACh 
receptor clusters at the nerve-muscle contact was determined 
according to the criteria described in Materials and Methods. 
A total of 80 nerve-contacted muscle cells in 4 Con A-treated 
cultures and 62 nerve-contacted muscle cells in 3 Sue-Con A 
treated cultures were examined. In control cultures, about 60% 
of nerve-contacted muscle cells at day 2 of co-incubation ex- 
hibited typical ACh receptor cluster distribution; that is, several 
receptor clusters were aligned along the path of nerve contact 
and receptor clusters were rarely observed at the extrajunctional 
region (Fig. 2, A and D). In contrast, in Con A-treated cultures, 
no distinct ACh receptor accumulation was observed along the 
path of nerve-muscle contacts, and large ACh receptor clusters 
remained at the extrajunctional region (Fig. 2, B and E). In Suc- 
Con A-treated cultures, however, there was no difference from 
control in the distribution of receptor clusters (Fig. 2, C and F). 

Thus, tetravalent Con A inhibited nerve-induced receptor 
accumulation, as well as dispersal of clusters in the extrajunc- 
tional region, but divalent Sue-Con A did not. 

Control cultures restained with TMR-(uBT exhibited in- 
creased fluorescence intensity compared with unstained cul- 
tures, but the pattern of cluster distribution was the same. In 
Con A-treated cultures, ACh receptor clusters became notice- 
able at the nerve-muscle contacts after restaining on the second 
day, and the percentage of nerve-contacted muscle cells that had 
no ACh receptor clusters along the nerve contact decreased from 
87.5 to 40.0%. Although in this experiment we did not find 
muscle cells with typical nerve-induced receptor accumulation, 
the (+) category, which probably contains some nerve-induced 
accumulation, increased correspondingly from 12.5 to 60% (Ta- 
ble 1). Since the fluorescent clusters that became visible after 
restaining are considered as receptors inserted after the first 
staining, it is concluded that ACh receptors cross-linked by Con 
A were inhibited from accumulating at the nerve-muscle con- 
tact, but newly inserted ones were not. This result suggests either 
that newly synthesized receptors were preferentially inserted at 
the nerve-contact region or that new receptors were inserted 
elsewhere and accumulated at the junctional site by lateral dif- 
fusion. The latter possibility was further tested by measuring 
the lateral mobility of newly inserted receptors, as will be de- 
scribed below. 

Mobility of ACh receptors after Con A or Sue-Con A treatment 
It has been shown in cultured rat muscle cells with the fluores- 
cence photobleaching recovery method that lateral movement 
of ACh receptors was inhibited by Con A treatment (Axelrod 
et al., 1978). With the same method we measured the mobility 
of ACh receptors after treatment with Con A or Sue-Con A. 
Figure 3 shows typical fluorescence recovery curves after bleach- 
ing in control (Fig. 3A) and Con A-treated muscle cells (Fig. 
3B). In control cultures, approximately 65% of ACh receptors 
in the diffusely distributed region were mobile, while the ma- 
jority of those in clusters were poorly mobile. After Con A 
treatment a majority of ACh receptors in the diffusely distrib- 
uted area also became poorly mobile (Fig. 3B). In contrast to 
Con A treatment, Sue-Con A did not significantly change the 
mobility of ACh receptors. The diffusion coefficient and the 
percentage of recovery after bleaching of diffusely distributed 
ACh receptors were 2.3 * 0.08 x lo-lo cm2/sec (mean + SEM) 
at 22°C and 64.2 rf: 7.9%, respectively, in Sue-Con A-treated 
cultures (n = 5). These values were similar to those obtained in 
control cultures: diffusion coefficient, 2.4 f 0.07 x lO+O cm*/ 
set; percentage of recovery, 68.2 f 5.5%, n = 5. This value for 
the diffusion coefficient in control cultures is about 10 times 
smaller than that previously published by Poo (1982). We can- 
not offer an explanation for this discrepancy. 

Local binding of Con A to mouse fibroblasts inhibits the 
mobility of surface molecules over the entire surface (Schles- 
singer et al., 1977a, b). If this effect prevails in Xenopus muscle 
cells, newly inserted receptors might not be mobile if old re- 
ceptors were immobilized by Con A treatment. One or 2 days 
after Con A treatment, receptors were labeled with TMR-(uBT 
and photobleaching recovery experiments performed. The per- 
centage of recovery and the diffusion coefficient were 47 f 4% 
(n = 10) and 3.0 f 0.2 x lo-lo cm2/sec (n = 9), respectively. 
Since receptors cross-linked by Con A are practically immobile, 
this recovery from photobleaching must have been due to new 
receptors inserted after the Con A treatment. Thus, we con- 
cluded that newly inserted receptors after the Con A treatment 
were mobile. 

Functional synaptic transmission in Con A-treated 
muscle cells 
We tested the effect of the Con A treatment on functional syn- 
aptic transmission. Muscle cultures were treated with 100 ~g/ 
ml Con A for 15 min and thoroughly washed with culture me- 
dium; neuronal cells were then added. Small and infrequent 
mepps were detected the next day; 2 dafter the Con A treatment, 
mepps were frequently encountered in nerve-contacted muscle 
cells. The mean amplitude was 3.7 ? 1.1 mV (n = 7), which 
was close to that in control cells, 4.9 f 1.1 mV (n = 7). The 
resting membrane potential in Con A-treated cells was -80 + 
2 mV (n = 8), which was not different from that in control cells 
(- 8 1 f 2 mV, n = 5). The large mepp amplitude in some cases 
after 2 d of the Con A treatment suggests that ACh receptor 
accumulation occurred at the sites of ACh release (Kidokoro et 
al., 1980). This agrees with the result that some nerve contacts 
showed nerve-associated clusters after restaining (Table 1). Thus, 
the Con A treatment does not appear to affect nerve transmitter 
secretion. 

Eflects of various concentrations of Con A on nerve-induced 
receptor accumulation 
In the experiment described earlier we used a high concentration 
of Con A (100 @/ml) to test its effect on nerve-induced receptor 
accumulation and on the mobility of ACh receptors in the mem- 
brane. If Con A affects receptor accumulation by decreasing the 
receptor mobility, the concentration dependence of these 2 ef- 
fects should be similar. 

Muscle cultures were stained for ACh receptors with TMR- 
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R-aBT 

Figure I. Distribution of AC% re- 
ceptors and Con A receptors on the 
muscle cell. Four-day-old muscle cell 
was stained with TMR-~YBT (2 PM for 
60 min) and then stained with PITC- 
Con A (50 &ml for 15 min). A, Phase- 
contrast view. B, Photograph with 
rhodamine optics. C, Photograph of 
the same field with fluorescein optics. 
Arrows in B indicate receptor clusters; 
arrows in C are corresponding bind- 
ing sites for Con A. Scale bar, 10 pm. 

F-CON. A 

CZBT and subsequently treated for 15 min with various concen- 
trations of Con A. Cells were then washed 3 times with normal 
culture medium and freshly dissected nerve cells were added. 
These cultures were examined under a fluorescence microscope 
for the receptor cluster distribution after 1 or 2 d of coculture, 

and the percentage of nerve-contacted muscle cells exhibiting 
typical nerve-induced receptor accumulation was determined. 
The details of this assay are described in Materials and Methods. 

In control cultures not treated with Con A, 32 + 6.9O/6 (n = 
8) of nerve-contacted muscle cells had nerve-induced receptor 
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Table 1. ACh receptor cluster formation at the nerve-muscle contact in Con A- and Sue-Con A-treated and control muscle cells 

ACh receptor cluster formation (% + SD) 

Experimental Day ’ Day 2 Day 2, restained 
condition - -t + - I!I + - t + 

Control 
(100; 5) 43.0 + 6.6 24.0 f 3.3 33.4 + 3.4 27.0 + 5.8 14.0 +- 5.8 59.0 f 5.3 21.0 zk 3.9 22.0 f 6.0 57.0 + 4.1 

Con A 
(80; 4) 100* 0* 0* 87.5* I!Z 5.2 12.5* +I 4.3 0* 40.0* AZ 3.6 60.0* f 5.3 0* 

Sue-Con A 
(62; 3) 47.0 k 6.5 22.0 + 5.0 31.0 zk 4.7 25.0 Z!I 5.0 15.0 k 1.7 60.0 z!z 5.8 

Patterns of ACh receptor clusters were classified with fluorescence microscopy after labeling receptors with TMR-orBT. When large clusters (about l-5 pm in length 
parallel to the nerve) were observed along the path of nerve contact and virtually no ACh receptor clusters elsewhere on the muscle cell, the muscle cell was classified 
as haying ACh receptor cluster formation (+). When a few small clusters or clusters along an edge of the cell were associated with the path of nerve contact, the cell 
was classified as having ACh receptor cluster formation (k). When there were no Ach receptor clusters along the path of nerve contact, the cell was classified as haying 
ACh receptor cluster formation (-). 
* Significant difference (p < 0.001) compared to control value. In parentheses, numbers of cells and numbers of cultures, respectively. 

accumulation at 1 d of coculture. This percentage increased 
slightly by the second day to 44.4 f 7.9 (n = 14, Fig. 4). This 
indicates that nerve-induced receptor accumulation was still 
progressing after 1 d of coculture. 

With low concentrations of Con A (5 and 20 &ml), the 
percentage did not differ from control either at day 1 or 2. At 

Figure 3. Fluorescence photobleaching recovery curves of TMR-aBT. 
TMR-cYBT-stained muscle cells were incubated in 100 &ml of Con A 
for 15 min (B) or in culture medium (A), and were washed at least 3 
times with culture medium. Measurements were performed on the mus- 
cle cells at room temperature (22-23°C). Note that the bleached TMR- 
(uBT fluorescence in diffise areas recovered during the observation pe- 
riod of approximately 200 set after the bleach pulse (20 msec) in control 
muscles (A, the average percentage of recovery is about 70%), but the 
recovery was slow in Con A-treated muscles (B). Total length of the bar 
at the bottom is 100 sec. 

50 &ml, however, the percentage was significantly lower, 7.6 f 
4.1 (n = 7), than control at day 1 but increased almost to control 
level, 35.8 f 13.7 (n = 1 l), at day 2. Note that the variation 
here is larger. It appears that at 50 Ilg/ml Con A, receptors 
accumulate more slowly. At 100 &ml, the percentage was 4 
and 0% of 2 cultures at day 1 and 9.3 + 7.4 (n = 6) at day 2, 
confirming the earlier result. However, although it was not pre- 
viously noticed, there occasionally was unambiguous nerve-in- 
duced receptor accumulation at day 2. 

Thus, 100 &ml Con A was the minimal concentration need- 
ed to block nerve-induced receptor accumulation at both day 1 
and 2 of coculture. The slower onset of nerve-induced receptor 
accumulation at 50 &ml Con A could be due to one of several 
mechanisms. Con A might slowly dissociate from its binding 
sites, or ACh receptors associated with Con A might diffuse in 
the membrane at a slower rate. These possibilities can be dis- 
tinguished by measuring the mobility and mobile fraction of 
ACh receptors with the fluorescence photobleaching recovery 
technique described below. 

Efects of various concentrations of Con A on 
ACh receptor mobility 
To determine the mechanism of the blocking effect of Con A 
on nerve-induced receptor accumulation, we measured the mo- 
bility and the percentage of diffusible receptors with the fluo- 
rescence photobleaching recovery technique (Axelrod et al., 
1976a). For the reasons described in Materials and Methods, 
curve fitting was unreliable with the experimental data, less than 
20% of the bleached fluorescence intensity being recovered dur- 
ing the observation period of approximately 200 sec. Therefore, 
instead of using the percentage recovery derived from curve 
fitting, we used the apparent recovery index defined in Materials 
and Methods. This index is a function of both the diffusion 
coefficient and the percentage of the mobile fraction. 

If Con A dissociates slowly from ACh receptors, we would 
expect the apparent recovery index to increase during culture. 
The absolute fluorescence intensity declined gradually during 
culture. This is most likely attributable to turnover of ACh 
receptors. The apparent recovery index, however, did not change 
(Table 2). Therefore, Con A seems to remain bound to the site 
during a culture period of up to 3 d. 

The effect of various concentrations of Con A on apparent 
recovery is shown in Figure 5. At 10 &ml Con A, no effect 
was found, however, at 20 &ml, a significant reduction of 
recovery was observed. At 100 &ml, only 12% was recovered, 
similar to the value at 500 &ml. There was only a small dif- 
ference in the effect on the apparent recovery between 50 and 
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,t.leH-A--,L 
day2 day1 5 10 20 50 100 

control 
Con A concentration (pglml) 

Figure 4. Effects of various concentrations of Con A on nerve-induced 
receptor accumulation. Percentage of muscle cells that exhibited typical 
nerve-induced receptor accumulation was plotted on the ordinate against 
Con A concentrations on the abscissa in a logarithmic scale. Filled circles 
represent data from 1 -d-cocultures; open circles, data from 2-d-old co- 
cultures. Control values (without Con A treatment) are plotted at the 
left of the graph (bar, 1 SEM). 

100 &ml Con A, which contrasts with the difference in the 
blocking effect on nerve-induced receptor accumulation. At 50 
&ml Con A, there was a slow recovery that became evident 
when the dwell time was increased from the usual 200 msec to 
1 set; consequently, recovery was observed approximately at 
1000 sec. The dill&ion coefficierit was 5.8 f 1.1 x 10-l’ cm2/ 
set, which is about 4 times slower than that of control cultures. 
This slower diffusion may have caused the slower onset of nerve- 
induced receptor accumulation with 50 &ml Con A. 

E#ect of Con A on the dispersal of ACh receptor clusters 
after denervation 
We have previously shown that nerve-induced receptor clusters 
along the neNe disperse after denervation, and we suggested 
that, the dispersal of receptor clusters may also be mediated by 
diffusion of receptors in the membrane (Kuromi and Kidokoro, 
1984b). Alternatively, it could be due to accelerated intemali- 
zation of receptors after denervation. If the former interpreta- 
tion is correct, cross-linking of receptors by Con A should pre- 
vent the dispersal of receptor clusters after denervation. 

Nerves were severed mechanically by a glass pipette. In con- 
trol cultures we confirmed the previous result in 9 cases, namely, 
that the nerve-induced receptor clusters disperse quickly after 

Table 2. Fluorescence recovery from photobleaching after Con A 
treatment 

Days after 
treatment Apparent recovery index 

50 pg/rnl Con A 
0 23 + 9*(n = 10) 
1 17 * 12(n= 10) 
2 19+ ll(n=19) 

100 &ml Con A 
0 8 + 8 (n = 8) 
1 6 f 4 (n = 7) 

2 16 k 15(n= 16) 

Fluorescence due to ACh receptors at the diffusely distributed region was bleached 
with a 20 msec pulse and recovery measured for approximately 200 set with a 
200 msec dwell time. Apparent recovery index is defined in Materials atid Methods. 
*MeankSD. 

1947 

f 

10 20 50 100 500 
Con A concentration (pg/ml) 

Figure 5. Fluorescence recovery from photobleaching after treatment 
with various concentrations of Con A. Apparent recovery index (defined 
in Materials and Methods) is plotted on the ordinate against the Con 
A concentration on the abscissa in a logarithmic scale. Control values 
(without Con A treatment) are plotted at the left of the graph (bar, 1 
SEM). 

denervation. As shown in Figure 6, A-C, only small speckles 
remained 4 hr after denervation. In contrast, in Con A-treated 
cultures, receptor clusters remain almost unchanged 4 hr after 
denervation (Fig. 6, &F). In 10 other cells examined, the result 
was essentially the same. Only in 1 case did clusters seem to be 
partially dispersed. The cluster distribution in Con A-treated 
cultures did not differ from that in nerve-contacted muscle cells, 
in which the nerve was not severed (Fig. 6, G-I). 

This result supports our previous interpretation that dispersal 
of clusters after denervation is due to diffusion of receptors in 
the membrane. However, this could be interpreted as that Con 
A inhibits internalization of receptors after denervation. Con A 
is known to slow the rate of receptor turnover in cultured chick 
muscle (Prives et al., 1979). 

Distribution of newly inserted receptors after 
Con A treatment 
We have shown previously that old and new receptors are dis- 
tributed in the same proportion at the nerve-induced receptor 
clusters as at the diffusely distributed region (Kidokoro and 
Brass, 1985). In cultured rat myotubes it has been demonstrated 
that receptors within the cluster are exchangeable, although 
slowly, with diffusely distributed ones (Stya and Axelrod, 1983). 
Therefore, wherever new receptors are inserted, they may mix 
with old receptors after a period of time. If old receptors are 
immobilized with 100 I.lg/ml Con A, the distribution of new 
receptors inserted after the Con A treatment may accumulate 
differently at the nerve-contact site. 

Nerve-muscle cultures were incubated with Con A after stain- 
ing with TMR-(rBT. After 1 or 2 d, pictures were taken and the 
cultures were then stained with TMR-aBT for new receptors. 
As shown in Figure 7, receptor clusters were associated along 
the course of nerve contact (Fig. 7B, the first exposure; Fig. 7C, 
the second exposure after restaining). Close examination of each 
cluster revealed that some clusters had an annular shape after 
restaining, that is, fluorescence intensity at the center of the 
cluster was weaker than in the surrounding region. An arrow in 
Figure 7C points to an annular-shaped cluster; the correspond- 
ing area in Figure 7B (arrow) has a dense region at the center. 

Previously we looked for similar annular structures of recep- 
tor clusters in several nerve-muscle cultures not treated with 
Con A but processed in a fashion similar to that described above. 
We did not find the characteristic annular structures. 

This result can be interpreted in 2 ways. Either new receptors 
were indeed inserted preferentially at the junctional region, par- 
ticularly at the periphery of clusters, or new receptors were 
inserted elsewhere on the surface membrane and then migrated 
to the nerve-contact region and accumulated at the periphery 
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of clusters to form an annular shape. We demonstrated earlier 
that newly inserted receptors were mobile even though old re- 
ceptors were immobilized by the Con A. We prefer the latter 
interpretation for the reason described in the Discussion. 

Discussion 
We examined the effect of Con A on the mobility of ACh re- 
ceptors in the membrane and on nerve-induced receptor ac- 
cumulation of nerve-muscle contacts and found that the mo- 
bility of receptors in the membrane and nerve-induced receptor 
accumulation are closely correlated under various experimental 
conditions. Namely, 100 pg/ml of Con A immobilized ACh 
receptors and also inhibited nerve-induced receptor accumu- 
lation, whereas 100 &ml Sue-Con A neither immobilized re- 
ceptors nor blocked receptor accumulation. Even after old re- 
ceptors were immobilized with Con A, new receptors inserted 
after the treatment were mobile and the nerve did cause receptor 
accumulation. The concentration dependence of these 2 param- 
eters, the mobility of receptors and the percentage of cells with 
nerve-induced receptor accumulation among nerve-contacted 
muscle cells, was similar. These observations are consistent with 
the idea that diffusely distributed mobile receptors migrate in 
the membrane to nerve-contact sites and form high receptor 
density regions in the postjunctional membrane. It is, however, 
difficult to rigorously exclude other possibilities, and we discuss 
alternative explanations of the effect of Con A. 

Con A has various effects on cell-surface molecules. In HeLa 
cells, 50 &ml Con A cross-links receptors and forms micro- 
patches, which are then pulled together to form a “cap” (Bour- 
guignon and Singer, 1977). This phenomenon does not occur 
in Xenopus muscle cells in culture. The distribution of Con A 
receptors remains unchanged after treatment (Orida and Poo, 
1978). We also observed that the distribution of ACh receptor 
clusters in Xenopus muscle cells was similar after Con A treat- 
ment. A similar observation has also been reported in cultured 
chick myotubes (Prives et al., 1979). 

Relatively low concentrations of Con A ( 10 Ilg/ml) reduce the 
turnover rate of ACh receptors in chick myotubes (Prives et al., 
1979). We did not quantitatively examine the effect of Con A 
on the turnover rate of ACh receptors in Xenopus muscle cells. 
However, the rate of incorporation of new receptors after treat- 
ment with unlabeled cvBT and Con A was similar to that ex- 
pected from the turnover rate in untreated cultures at 52 hr 
(Brehm et al., 1983), judging from the fluorescence intensity 
measurement in microphotographs (Kidokoro and Brass, 1985). 
The fluorescence intensity of old ACh receptors declines during 
days in culture, as in untreated cultures, even after Con A treat- 
ment. Therefore, the effect of Con A on the turnover of ACh 
receptors in Xenopus muscle cells does not seem to be as great 
as reported in chick myotubes. Recently, Con A (100 &ml) 
was found to accelerate slightly the degradation rate of (uBT 
binding sites in Xenopus tail muscles: half-degradation time, 
97 + 19 hr (n = 6) in controls; 79 f 9 hr (n = 9) in Con A- 
treated tails. (The tadpoles used were at stage 37-38, and the 
experiments were carried out at 20°C; P. Brehm, personal com- 
munication.) 

A more subtle effect of Con A was found in 3T3 cells. Locally 
applied Con A modulated diffusion of receptors on other parts 
of the cell membrane (global effect; Schlessinger et al., 1977a, 
b). In Xenopus muscle cells, however, newly inserted receptors 
moved even after old receptors were immobilized by Con A. 

It appears that Con A has various secondary effects after cross- 
linking surface receptors. Even if the primary cross-linking effect 
occurs in all cases, the secondary effect may vary greatly from 
one cell type to another or may depend on the state of cells. It 
is most likely that Con A binds and immobilizes ACh receptors 
in Xenopus muscle cells. In this case, nerve is no longer able to 
cause receptor accumulation. These observations, however, do 

C 

Figure 7. Annular shape of nerve-induced clusters. The nerve-muscle 
culture was treated with 2 PM TMR-(uBT for 60 min and 100 &ml 
Con A for 15 min. After washing thoroughly, the culture was incubated 
for 2 d at room temperature. The first picture was taken with 40 set 
exposure time. During this prolonged exposure, a majority of old ACh 
receptors were bleached out. Then, new ACh receptors were visualized 
by staining again with 2 PM TMR-LuBT. A, Phase-contrast micrograph. 
Arrow in C indicates an annular structure after restaining. There is no 
such structure in B at the corresponding spot (arrow), which was taken 
during the first exposure. Thus, B depicts the distribution of Con A-im- 
mobilized old receptors. Bar in C, 10 pm. 

not indicate whether immobilization per se or its secondary 
effect is responsible for inhibition of nerve-induced receptor 
accumulation. 

It has been demonstrated that at least some of the receptors 
in nerve-associated clusters are old ones that existed prior to 
nerve contact (Anderson and Cohen, 1977; Anderson et al., 
1977). We will consider 3 possible mechanisms for relocation 
of old receptors. 

1. Active and selective attraction of small receptor clusters to 
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nerve contact, analogous to the mechanism involved in “cap- 
ping” in B lymphocytes (Bourguignon and Singer, 1977). Surface 
receptors are cross-linked to form micropatches which are then 
pulled to one pole of the cell. We have previously observed the 
process of nerve-induced receptor accumulation in a sequential 
manner using an image intensifier and concluded that receptor 
clusters at the junction did not form by aggregation of small 
clusters being pulled together. Of course, it is possible that mi- 
cropatches in Xenopus muscle cells might be too small to be 
seen in the optical fluorescence microscope. If receptors formed 
invisible micropatches when nerve contacted muscle and those 
micropatches were pulled together at nerve contact, we would 
expect the mobile fraction of receptors to decrease as the nerve 
contacts the muscle cells because micropatches have been shown 
to be associated with underlying actin filaments and most likely 
to be anchored (Bourguignon and Singer, 1977). However, the 
mobile fraction of ACh receptors was the same between muscle 
cells with and without nerve contact (Kuromi et al., 1985). 
Therefore, we conclude that this is an unlikely mechanism for 
nerve-induced receptor accumulation. 

2. Active transportation of receptors through the cytoplasm. 
Receptors or the receptor-rich membrane could be internalized 
into small vesicles that are transported to the nerve-contact 
region and inserted into the surface membrane. In ultrastruc- 
tural studies of newly formed neuromuscular junctions in cul- 
ture, Nakajima et al. (1980) noted that “coated caveolae” were 
often associated at the postsynaptic membrane. Also at bead- 
induced receptor clusters, coated vesicles 60-100 nm in di- 
ameter were reported in the vicinity of bead-muscle contact 
(Peng and Cheng, 1982). These observations may support this 
mechanism for ACh receptor accumulation. If Con A prevents 
internalization of receptors, this mechanism would be blocked. 
Many observations described in this study can be explained by 
this mechanism. We showed, however, that new receptors were 
mobile and accumulated at the nerve-contact region even when 
old ones were immobilized by Con A. Since old and new re- 
ceptors are mixed homogeneously at the diffusely distributed 
region, it may be difficult to sort out new receptors from old 
ones and to transport new ones selectively to the subsynaptic 
membrane. In order to accommodate all observations, this 
mechanism would become very elaborate. Therefore, we would 
consider this possibility seriously only if other alternatives are 
exhausted. 

3. “Diffusion trap” mechanism in which freely dilhtsing ACh 
receptors in the membrane are trapped at the nerve-contact sites 
and form high-density regions. In this study we showed that 
Con A immobilized ACh receptors and prevented nerve-in- 
duced receptor accumulation under various experimental con- 
ditions. We prefer this mechanism over the one described above 
because of its simplicity and its ability to account for all ob- 
servations without further elaboration. 

We have so far dealt with the mechanism of redistribution of 
existing receptors. In addition to this mechanism, preferential 
insertion of newly formed receptors at the junctional region may 
occur. This mechanism is particularly attractive when we view 
the neuromuscular junction of adult animals, where a relatively 
small subsynaptic region contains an extremely high concentra- 
tion of receptors. If receptors are inserted far from the junctional 
site it will take a long time to passively diffuse in the membrane 
to the junction. For a preferential insertion mechanism to work 
effectively, receptors have to be anchored or immobilized at the 
site of insertion. If inserted receptors were free to diffuse in the 
membrane, it is energetically difficult to maintain the concen- 
tration gradient at the edge of the subjunctional area by simply 
pumping in receptors at a spot (refer to the discussion in Almers 
et al., 1983). Therefore, we consider that the preferential inser- 
tion mechanism is closely linked to the receptor-immobilization 
device. Previously, we stained old and new receptors separately 

during the period of receptor accumulation and quantitatively 
determined their distribution; we found that the proportion of 
old and new receptors at all nerve-induced receptor clusters was 
similar to that at diffusely distributed extrajunctional regions. 
Therefore, we concluded that preferential insertion does not 
make a significant contribution in Xenopus cultures (Kidokoro 
and Brass, 1985). Recently, however, Role et al. (1985) have 
shown that in chick nerve-muscle cultures, the relative propor- 
tion of newly inserted receptors at the nerve-induced clusters is 
higher than at the preexisting “hot spots,” and they concluded 
that preferential insertion of new receptors at the junctional 
region is the major mechanism for nerve-induced receptor ac- 
cumulation. It should be noted that in their study the relative 
proportion of new receptors at the junction was not compared 
with that in the surrounding background region. Therefore, it 
is possible that receptors were inserted near the junctional area 
and accumulated at the junction by diffusion. Large, multinu- 
cleated chick myotubes may have this kind of mechanism to 
avoid the above-mentioned problem of a too-long diffusion 
pathway. On the other hand, Xenopus myotomal muscle cells 
are mononucleated and small (about 100 pm in length and 10 
pm in diameter at the stage of innervation). Therefore, the dif- 
fusion time is not great wherever in the membrane new receptors 
are inserted. 

When old receptors were immobilized with Con A and new 
receptors separately stained, we found that new receptors ac- 
cumulated around old ones in some areas along the nerve-con- 
tact regions. This observation suggests that new receptors are 
diffusible in the membrane and are trapped at the peripheral 
fringe of growing clusters. Indeed, with the fluorescence pho- 
tobleaching recovery technique we showed that receptors in- 
serted after the Con A treatment are mobile. A similar pattern 
of accumulation of new receptors has been reported at ectopic 
synapses in the adult rat skeletal muscle (Weinberg et al., 198 1). 

All of our observations were compatible with the diffusion 
trap mechanism, which is the simplest of the available alter- 
natives. However, further quantitative studies are required for 
determining which molecular mechanism uniquely underlies 
nerve-induced receptor accumulation. 
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