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Abstract 

An analysis of the physiology, morphology, and position of endplates on identified fibers in the 
Xenopus laevis pectoralis muscle has revealed the following. 

1. The percentage of fibers with one endplate is lower in large muscles, and within the same 
muscle, singly innervated fibers are smaller than dually innervated fibers. 

2. Single junctions tend to be stronger than junctions on dually innervated fibers. 
3. Single junctions typically are located near the middle of their fibers, while the endplates on 

dually innervated fibers are located toward either end and usually are separated by at least 20% of 
the total fiber length. A significant proportion of dually innervated fibers appears to be innervated 
by the same axon at both junctions. 

4. Junctions on the same dually innervated fiber tend to be more similar in length than do 
junctions on different fibers of the same input resistance. This observation is the same whether both 
junctions on a given fiber are formed by the same or different axons. There is no corresponding 
tendency for greater similarity in physiological strength of paired junctions, which frequently show 
large differences in endplate potential amplitude. 

5. The total terminal length on dually innervated fibers of equivalent input resistance is inversely 
correlated with the mean release per unit length and total release of both junctions. There is no 
apparent correlation between the distance separating endplates and their strength or length. 

The data support a model of synaptic regulation in which nerve terminals are attracted, grow, and 
are maintained in proportion to the amount of a substance supplied by muscle fibers. Our findings 
suggest that such a substance is produced or distributed uniformly throughout each fiber in amounts 
proportional to the fiber size and inversely proportional to the total transmitter output of all 
junctions innervating the fiber. A form of competitive interaction between the terminals which helps 
to determine synaptic spacing may involve local depletion or inactivation of this substance. 

Frog neuromuscular junctions customarily are viewed 
as being synapses of relatively uniform structure and 
high safety margin (i.e., evoking postsynaptic depolari- 
zation well above threshold). In fact, however, it has long 
been recognized that even on frog twitch muscle fibers 
some junctions produce only subthreshold endplate po- 
tentials (EPPs) on single stimulation (Fatt and Katz, 
1951; Kuffler, 1952; Luff and Proske, 1976; Grinnell and 
Herrera, 1980; Ridge and Thompson, 1980; see Grinnell 
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and Herrera, 1981, for review), and far from being uni- 
form in their properties, different junctions in the same 
muscle may differ dramatically in size and strength. 
Junctions in a given cutaneous pectoris muscle, for ex- 
ample, vary by as much as 4-fold in size (terminal length) 
and B-fold in amount of transmitter released per unit 
length in normal Ringer solution (Nudell and Grinnell, 
1982). In the sartorius muscle, differences as great as 12- 
fold in length and 25-fold in EPP amplitude and release 
per unit length have been found in the same muscle 
(Grinnell and Herrera, 1981; unpublished observations; 
Weakly, 1978). Moreover, junctional strength can be 
altered sharply by at least two kinds of experimental 
manipulation (Herrera and Grinnell, 1980, 1981), and it 
has been shown that terminals both grow and retract in 
the adult frog (Wernig et al., 1980). 
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tend to have larger junctions (Co&s, 1955; Anzenbacher 
and Zenker, 1963; Kuno et al., 1971; Bennett and Petti- 
grew, 1975; Harris and Ribchester, 1979). However, syn- 
apses of equal size may differ sharply in quanta1 content 
or EPP size, and frequently short terminals are stronger 
than longer ones. In a recent paper (Nudell and Grinnell, 
1982), we demonstrated that in the Rana pipiens cuta- 
neous pectoris muscle much of this variability can be 
explained by an inverse relationship between transmitter 
release per unit terminal length and terminal length for 
endplates on muscle fibers of equivalent input resistance. 
The findings in the cutaneous pectoris suggested that 
terminals with relatively low levels of release per unit 
length compensate for this by increased growth until an 
adequate safety margin for transmission is achieved. 

We have now performed similar analyses for fibers in 
the Xenopus laevis pectoralis muscle, which, unlike the 
singly innervated cutaneous pectoris fibers, may have 
either one, two, or three endplate sites per fiber and in 
which individual surface fibers are exposed along their 
entire length. Our rationale for this study was twofold. 
We wanted to determine whether the same form of 
regulation of synaptic size that we described in the cu- 
taneous pectoris is also found in the multiply innervated 
fibers of the pectoralis. In addition, we were interested in 
elucidating the nature and effects of competitive inter- 
actions between multiple terminals on the same muscle 
fiber. Competitive suppression and displacement of one 
synapse by another have been described in many differ- 
ent amphibian and mammalian preparations (for reviews, 
see Purves, 1976; Jansen et al., 1978; Mark, 1980; Lomo 
and Jansen, 1980; Grinnell and Herrera, 1981), and it has 
been shown in the Xenopus pectoralis preparation that 
the two junctions on dually innervated fibers can com- 
pete with each other and tend to be weaker than junc- 
tions on singly innervated fibers (Angaut-Petit and Mal- 
lart, 1979; Haimann et al., 1976, 1981a, b). In the present 
paper we show that in the pectoralis muscle there appear 
to be clearly recognizable rules that govern whether or 
not a fiber will be singly or doubly innervated, where the 
junctions will form, and the size and mean strength of 
the junctions on any given fiber, at least when both are 
formed by axons of the same nerve. 

Materials and Methods 

Preparation. Xenopus laevis of 3.7 to 7.6 cm length 
(nose to vent), weighing 10.8 to 44 gm, were obtained 
from the South African Snake Farm or, in early stages of 
the research, from ponds in Orange County CA. Animals 
were anesthetized by immersion in 0.01% tricaine meth- 
anosulfonate (Ayerst) and pithed, and the pectoralis 
muscle was dissected out and studied in vitro (see Hai- 
mann et al., 1981a, for a full description and drawing of 
this preparation). The pectoralis muscle is supplied by 
two nerves. These two nerves apparently contain sepa- 
rate populations of axons, since, if one nerve is cut near 
the muscle and that nerve is stimulated just central to 
the cut, no contraction is seen in fibers innervated by the 
other nerve. One nerve enters the muscle at its anterior 
edge and the other at the posterior edge. The anterior 
portion of the muscle is innervated exclusively by the 
anterior nerve, the posterior portion by the posterior 

nerve, and the middle portion by both nerves. We 
avoided this central region of overlapping innervation so 
that virtually all of the fibers studied in a particular 
experiment responded only to stimulation of one nerve. 
Most fibers had two discrete endplate sites, and the 
incidence of fibers with one endplate was correlated with 
muscle size (see below). (Some endplate sites receive 
input from more than one axon, but this is relatively 
uncommon (Haimann et al., 1981a). In the present study, 
we stimulated each nerve supramaximally and treated 
the total response as one junctional potential.) In our 
histological experiments we encountered a very small 
number of fibers with three endplates, for which we do 
not have physiological data. 

Electrophysiology. Pectoralis muscles were stretched 
to about 110% of their in situ length and pinned to a thin 
layer of Sylgard (Dow Corning) lining the recording 
chamber. Within each experiment there was no more 
than 5% variability in the degree of stretch of different 
muscle fibers as judged by sarcomere spacing. This un- 
doubtedly affected our assessment of synaptic strength 
as transmitter release in other frogs has been shown to 
be sensitive to the degree of muscle stretch (Hutter and 
Trautwein, 1956; Turkanis, 1973; Grinnell and Herrera, 
1980). We consider it unlikely that this introduced a 
systematic bias into our results, however, as there is no 
reason to believe that intrinsically strong or weak junc- 
tions were stretched differentially. 

Muscle fibers were impaled with glass micropipettes 
filled with 3 M KC1 (20 to 40 megohms). To measure 
input resistance (Ri,), a second micropipette, for current 
injection, was inserted in the same fiber within 50 pm. 
Fibers with resting potentials of less than -80 mV were 
rejected as were fibers in which both penetrations were 
not abrupt and stable. Input resistance typically was 
measured halfway along the fiber’s length prior to search- 
ing for endplate sites. Input resistance was quite uniform 
along the length of a given fiber, differing by an average 
of only 8% (0.025 megohm) at the two endplate sites in 
15 dually innervated fibers tested. 

Even though each fiber was impaled repeatedly to 
locate endplate sites precisely, as judged by maximal rate 
of rise of the EPP, we feel that our rejection of fibers 
with less than -80 mV of resting potential eliminated 
electrode damage as an important source of error in our 
measurement of synaptic properties. We also tended to 
record from relatively large muscle fibers, which toler- 
ated repeated electrode penetrations with only small 
decrements in resting potential. EPPs at one endplate 
had a negligible effect on recordings of EPPs at other 
endplates. In practice, the EPP generated at one endplate 
was found to contribute no more than 5 to 10% of its 
amplitude to the peak amplitude of a simultaneous EPP 
recorded at a second endplate on the fiber, and even 
these small contributions could only be seen in those few 
instances when pairs of junctions were separated by as 
little as 10 to 20% of the length of the fiber (see Fig. 5). 
Synaptic strength was assessed by taking the average of 
5 EPPs evoked at 1 Hz in a Ringer solution (1.8 mM 
CaC12, 116 mM NaCl, 2 mM KCl, buffered to pH 7.2 with 
approximately 1 mM NaHC03) containing concentrations 
(0.3 to 1.0 X 10m5 M) of d-tubocurarine chloride (Nutri- 
tional Biochemicals) adequate to block muscle contrac- 
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tion. In all EPP measurements synaptic potentials were 
normalized to a standard resting membrane potential of 
-90 mV (Katz and Thesleff, 1957). When we wanted to 
compare the absolute transmitter output of a number of 
junctions (see Figs. 9, 10, and ll), EPP amplitudes were 
normalized for muscle fiber Ri,. Each EPP was multiplied 
by the ratio of the average input resistance of all fibers 
sampled to the input resistance of the fiber in question. 
We did not apply a correction for nonlinear summation 
(Martin, 1955), as recent work (McLachlan and Martin, 
1981) has demonstrated that endplate potentials not in 
excess of 15% of the resting potential require only negli- 
gible corrections. We estimate that the release values 
calculated for the largest EPPs that we observed (20 mV) 
were underestimated by about 10 to 15% due to the 
effects of nonlinear summation (McLachlan and Martin, 
1981). The application of Martin’s (1955) original correc- 
tion (results not shown) would produce an overestimate 
of comparable magnitude and would steepen the slopes 
of the relationships seen between release or release per 
unit length and total terminal length. We did not attempt 
to obtain statistical estimates of quanta1 content (via the 
method of variations (Martin, 1955)) because of the 
theoretical difficulties of applying Poisson statistics to a 
binomial process, the longer series of responses necessary 
for meaningful estimates of amplitude variations, and the 
complicating effects of synaptic depression. 

While it is possible that differences in postsynaptic 
sensitivity to acetylcholine (ACh) and/or acetylcholin- 
esterase (AChE) activity could contribute to the ob- 
served variability in EPP size, we doubt that these effects 
are primarily responsible for the relationships described 
below. Justification for this comes from our previous 
work in the R. pipiens cutaneous pectoris preparation 
(Nude11 and Grinnell, 1982) in which we demonstrated 
that miniature EPP amplitudes varied linearly with Ri”, 
and plots of quanta1 content per unit terminal length 
(obtained in low Ca2+ Ringer solution) showed the same 
results as those of normalized EPP size per unit terminal 
length vs. terminal length. 

Separation of motor units. To determine if the two 
endplates on dually innervated fibers were formed by the 
same or different axons, we simultaneously recorded 
EPPs at both sites and varied the stimulus intensity to 
the nerve. When the endplates were innervated by two 
axons of different threshold, the results were unambigu- 
ous. Endplates were judged to be formed by a single axon 
when EPPs at the two junctions appeared and failed to 
appear synchronously at a constant “threshold” stimulus 
intensity. Estimates of motor unit overlap achieved by 
this method may represent underestimates of the true 
value and must be confirmed by further studies of iso- 
lated single motor units. 

Junctional morphology. At the time of recording, a 
drawing was made of the fiber, electrode position, and 
nearby landmarks to facilitate subsequent identification. 
Immediately after each physiological experiment, end- 
plates were visualized with the combined nitro blue tet- 
razolium method of Letinsky and DeCino (1980) and the 
AChE method of Karnovsky (1964), as described in our 
earlier paper (Nudell and Grinnell, 1982). Terminal size 
was measured as the summed length of nerve branches 
lying within AChE-outlined synaptic gutters. Terminal 

length was normalized to a constant sarcomere spacing 
within each experiment. 

We routinely measured terminal length rather than 
the area of synaptic contact because of the difficulty of 
making light microscopic assessments of terminal diam- 
eter. As a control, however, we sought to determine 
whether release per unit terminal length was well corre- 
lated with apparent terminal diameter in two Xenopus 
pectoralis muscles (25 endplates) and one R. pipiens 
cutaneous pectoris muscle (11 endplates). In none of the 
present experiments did we observe a statistically sig- 
nificant correlation between release per unit length and 
apparent terminal diameter (the correlation coefficients 
for the lines of best fit being 0.3 (N = 12), 0.14 (N = 13), 
and 0.2 (N = 11)). The good correlation between terminal 
length and other synaptic parameters, described below, 
can be taken as additional evidence that length is regu- 
lated independently of apparent terminal diameter (see 
also Footnote 3). 

Determination of release per unit length. Values for 
transmitter release per unit terminal length were calcu- 
lated by dividing the average EPP amplitude, corrected 
for resting potential and Ri,, by the terminal length in 
the case of fibers with one endplate and by dividing the 
summed mean EPP amplitudes of both junctions by their 
summed terminal lengths for fibers with two endplate 
sites. 

Grouping of the data. Synaptic strength was assessed 
in 131 dually innervated and 14 singly innervated fibers 
in 21 muscles. A major aim of this study was to discern 
more clearly the relationship between synaptic effective- 
ness and terminal size. The efficacy of neuromuscular 
junctions depends both on the amount of transmitter 
released and the postsynaptic response to that transmit- 
ter. Previous studies have demonstrated that synaptic 
size and fiber diameter are directly correlated (see the 
introduction). Therefore, in order to study the interde- 
pendence of synaptic size and presynaptic release prop- 
erties, we chose to analyze the relationship between these 
variables under conditions where postsynaptic Ri, did 
not vary significantly. This was facilitated by the fact 
that pectoralis muscle fibers tend to be quite uniform in 
size. Many of the fibers studied in each muscle could be 
subdivided into one or two different groups, within each 
of which the input resistance differed by less than 0.1 
megohm. In most cases, it was possible to do this while 
taking advantage of gaps in the distribution of input 
resistances in the sampled population. In other cases, 
where no such gaps existed over a range of 0.2 megohm 
or more, separate groups were formed arbitrarily. In 
these cases, alternate groupings were tried, but none were 
found that contradicted the conclusions presented below. 
Data from different muscles were not pooled or plotted 
together because of the different degrees of synaptic 
block and individual differences in absolute release levels 
that would have added much variability to the analysis. 

Results 

Numbers and locations of junctions. The pectoralis 
preparation is similar to other frog muscles studied in 
showing an inverse relationship between nerve terminal 
length and muscle fiber input resistance. Figure 1 shows 
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Figure 1. Plot of terminal length vs. fiber input resistance for junctions on nine dually and four singly innervated fibers selected 
at random from one pectoralis muscle. 

characteristic measurements taken from nine dually and 
four singly innervated fibers in one muscle. This relation- 
ship reflects a functional matching between nerve ter- 
minals and the fibers they innervate. Figure 1 also reveals 
two other interesting features of the innervation pattern: 
(a) there appear to be many more doubly innervated 
than singly innervated fibers in the part of the muscle 
studied, and (b) the junctions on singly innervated fibers 
appear to constitute a separate population in which the 
terminals are larger for any given Ri,. 

Figure 2A shows the incidence of singly innervated 
fibers in pectoralis muscles of different sizes. There was 
a marked decrease in the percentage of singly innervated 
fibers with increasing muscle size, from approximately 
25% in muscles having mean fiber lengths of 0.7 to 0.75 
cm (from animals weighing about 10 gm) to under 5% in 
muscles having mean fiber lengths greater than 0.9 cm 
(from animals weighing 40 gm or more). Presumably this 
decrease in proportion of single innervated fibers is a 
growth-related phenomenon, similar to that reported by 
Bennett and Pettigrew (1975) in the frog sartorius. 

Although Angaut-Petit and Mallart (1979) (see also 
Haimann et al., 1981a) did not observe a difference 
between the input resistances of muscle fibers with one 
or two endplates in their study of this preparation, we 
found a clear-cut difference. Even in our physiological 
experiments on identified fibers, where repeated elec- 
trode penetrations are needed and relatively large fibers 
tend to be selected, we found the mean Ri, of singly 
innervated cells to be 0.48 f 0.2 megohm (N = 14) and 
that of dually innervated cells to be 0.38 + 0.15 megohm 
(N = 76) (p < 0.05, t test). When we included the data 
from another preparation in which fiber Rin was the only 
physiological parameter obtained, we found even greater 

differences in mean Ri, (0.59 + 0.3 megohm for singly 
innervated (N = 18) and 0.4 + 0.2 megohm (N = 88) for 
dually innervated fibers (p < 0.01, t test)). This led us to 
suspect that perhaps neither we nor Mallart and his 
colleagues were sampling the true population of singly 
innervated fibers during physiological experiments. To 
obtain a better idea of the relationship between junction 
number and muscle fiber size, we examined large num- 
bers of dissected fibers from small muscles, with a high 
incidence of singly innervated fibers. Figure 2B shows 
data from one such preparation. While there was overlap 
in the range of fiber diameters exhibited by singly and 
doubly innervated fibers, their distributions clearly were 
shifted relative to one another. It should be emphasized, 
however, that singly innervated fibers occasionally were 
found with low Ri,, and the incidence of single junctions 
did not decline to zero even in the largest muscles we 
studied. 

When the location of the endplate on these singly 
innervated fibers was compared with that of the junctions 
on doubly innervated fibers, it was found that their 
distributions were conspicuously different. Figure 3 
shows the mean location (& SD) of the single, double, 
and the few triple endplates that we found, normalized 
for muscle fiber length, in randomly selected fibers from 
nine muscles of 0.7 to 1.2 cm length. While single junc- 
tions were clearly more centered than either the medial 
or lateral endplates of dually innervated fibers, we often 
observed overlap between the ranges of single and mul- 
tiple endplates. This is evident in Figure 4, which shows 
the exact locations of endplates on fibers of four different 
muscles representative of the size range studied. In none 
of the nine experiments did we find any endplates on 
singly innervated fibers to be on the tendon sides of the 



The Journal of Neuroscience 

A 

Regulation of Synaptic Position, Size, and Strength 

B 

1. 
T 

165 

7. 13.7 

6. D 
v) 

E 5 

(99.4) m 4. 
L 

3- - 

p b 2. 

3 
g '5. 

i 1. 
I P- L 

5 

4 

z 
J-(53.3) z5s 

29.7 t 6.6 

8 lo 
4. 

3. - 

5. 
(53.31 

66.21 2. 
1. 

O+ 
.71- .Kl- .a- 1.05- 

0. . , . . . , . . _ . _ 
15 25 35 45 55 65 75 

.74 81 .93 1.10 

MUSCLE FIBER LENGTH (cm) FIBER DIAMETER (pm) 

Figure 2. A, Histogram describing the incidence of muscle fibers with one endplate as a function of the mean fiber length of 12 
pectoralis preparations. This range of mean muscle fiber lengths represents a large range in animal size. The muscle fibers in the 
smallest group (0.71 to 0.74 cm) came from animals which weighed about 10 gm, whereas those of 1.05 to 1.1 cm came from 
animals which weighed over 40 gm. Error bars represent the standard deviation. The number of muscle fibers and muscles are 
shown in oarentheses. B. The data from one muscle which shows the diameters of fibers with one (S; N = 12), two (D; N = 20), 
or three (T; N = 1) endplates. The mean values (A SD) for each group are shown. 

mean medial or mean lateral endplate positions of dually 
innervated fibers. 

A significant feature of the distribution of synapses 
that is not evident from Figures 3 and 4 is the observation 
that the junctions on dually innervated fibers were never 
found close together. None were within 10% of the length 
of the fiber from each other, and only about 7% were 
within 20% of each other. The mean separation was 31% 
of the fiber length (N = 122). This distribution is shown 
in Figure 5. Apparently there is some influence acting to 
ensure a minimum separation between these paired junc- 
tions, a conclusion reached by Bennett and Pettigrew 
(1975) in their study of synaptic spacing in the developing 
frog sartorius. It is noteworthy, also, that no junctions 
were found within 20% of either end of the fiber. Whether 
this represents a spatial restriction is not known. It might 
simply reflect a tendency for fibers to grow at their 
tendon ends (Griffin et al., 1971), or it may imply that 
each terminal requires feedback from a large percentage 
of the length of the fiber. 

It is appropriate to ask: what is the functional advan- 
tage of having a second junction on a fiber or a centrally 
placed single junction? It has been suggested that mul- 
tiple endplates might ensure more simultaneous activa- 
tion of the whole length of the muscle fiber, thereby 
increasing the rate or peak tension of a contraction (Katz 
and Kuffler, 1941). To test this hypothesis we compared 
the contractions of single fibers when action potentials 
were initiated by intracellular current injection through 
floating microelectrodes at single locations or simulta- 
neously at two locations approximating those of the 
endplates in dually innervated fibers. In 20 pectoralis 
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Figure 3. Summary of the mean endplate positions (k SD), 
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and medial ends, of singly (S; N = 31), doubly (D; N = 122), or 
triply (T; N = 4) innervated fibers. In the case of singly 
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fibers so examined, we could detect no differences in 
twitch contraction time or magnitude whether an action 
potential was initiated near the center of the fiber or 
near one of the tendons. Similarly, no acceleration or 
enhancement of contraction was seen with simultaneous 
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activation at two sites. We conclude, therefore, that in 
muscle fibers of the size studied in these experiments, 
there is no obvious functional advantage to dual inner- 
vation or central placement of single endplates in terms 
of contraction speed or magnitude. (On the other hand, 
there should in theory be some reduction in contraction 
time resulting from simultaneous activation at different 
points in longer fibers, and just detectable effects have 
been seen in large frog sartorius fibers, using similar 
techniques (L. Trussell and A. Grinnell, unpublished 
observations)). 

Axonal source of dual innervation. In a separate series 
of experiments with 56 dually innervated fibers (six mus- 
cles), we found that 48% of the fibers were clearly inner- 
vated by different axons (either from the anterior or 
posterior nerves) at the two endplates. We cannot be 
certain that in the other 52% of the fibers the same axon 
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Figure 5. Histogram of the separation between endplates on 
122 dually innervated fibers (expressed as the percentage of the 
fiber’s total length). 

innervated both endplates, but it was likely that this was 
so in a high proportion of these, since the EPPs at both 
sites appeared and disappeared synchronously in random 
fluctuations at threshold (see “Materials and Methods”). 
This is probably a much higher proportion than would 
be expected by random innervation, since the pectoralis 
muscle is reported to contain approximately 50 motor 
units (Haimann et al., 1981a). This result is consistent 
with the unpublished observation of R. Miledi (personal 
communication) that a majority of fibers in the frog 
sartorius are innervated at different sites by the same 
axon. 

Size and strength of junctions on doubly innervated 
fibers. Early in this study we were also struck by the fact 
that terminals on the same fiber were often very similar 
in length. In a typical experiment, for example, the four 
fibers falling in one Ri, category had terminal lengths of 
630 and 635 pm, 940 and 810 pm, 918 and 897 pm, and 
1175 and 1175 pm (see Figs. 9 and 10). The dashed line 
in Figure 6 shows the degree of similarity in length 
exhibited by terminals on the same fiber in all fibers 
studied (108 fibers, 18 muscles). Approximately 65% of 
the terminals on dually innervated fibers were within 
20% of the length of the other terminal on the same fiber, 
even though junctions on different fibers of the same Ri, 
could differ by more than 100%. For comparison, the 
solid line in Figure 6 shows the degree of similarity in 
length seen between terminals on different dually inner- 
vated fibers of equivalent Ri, in the same experiments 
(399 comparisons in 15 muscles, with each junction com- 
pared to all other junctions on different fibers of the 
same Ri, in the same experiment only). These curves are 
clearly different (p < 0.005, x2 test). We conclude that in 
dually innervated fibers some regulatory mechanism op- 
erating at the level of the individual muscle fiber tends 
to equalize terminal length at the two junctions. In 43 
identified fibers for which axonal origin was determined 
(data not shown), the similarity in length of the two 
endplates on the same fiber was no different in those 
instances (N = 23) in which different axons formed the 
two junctions than when both appeared to be formed by 
the same axon (N = 20), and both distributions were 
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Figure 6. Degree of similarity of terminal length in comparisons of terminals on the same fiber (X; N = 108 fibers) and 
comparisons between terminals on different doubly innervated fibers of equivalent Ri,, from the same experiment (e, N = 399 
comparisons). Each point represents the percentage of comparisons falling with a 10% bin. 

indistinguishable from that shown by the solid line in 
Figure 6. 

On the other hand, while terminals on the same fiber 
usually are similar in size, we have confirmed the obser- 
vation of Haimann et al. (1981a) that they can differ 
markedly in physiological strength (see also Ridge and 
Thompson, 1980, for comparable findings in a Xenopus 
foot muscle). For the fibers whose terminal lengths were 
cited above, for example, the pairs of junctions on the 
four fibers evoked EPPs of 14 and 12.6 mV, 15.2 and 6.4 
mV, 17.6 and 3.1 mV, and 11 and 3 mV, in the order cited. 
Figure 7 plots the ratio of EPP amplitudes for pairs of 
junctions in the same fiber vs. the percentage difference 
in length of their terminals. The EPP amplitudes in these 
cases were corrected only for resting potential. A plot of 
quanta1 contents or EPPs corrected for nonlinear sum- 
mation would show greater variation. Figure 7 shows 
that terminals on the same fiber which differ by less than 
10% in length can vary by as much as 500% in EPP 
amplitude. It is of interest to ask whether there is any 
significant tendency for the two junctions on a given fiber 
to be of equal strength. Figure 8 shows the degrees of 
similarity in EPP amplitude (corrected only for resting 
potential) when junctions were compared on the same 
dually innervated fiber or to junctions on different dually 
innervated fibers in the same experiment, regardless of 
Ri,. Apparently there is no greater tendency for the two 
junctions on a given fiber to be of similar strength than 
for any two junctions on different fibers. This was also 
found to be the case for the smaller subpopulation of 
junctions on dually innervated fibers of equivalent Ri,. 

Other variables that could possibly govern the strength 

of two junctions on a fiber did not seem to be important. 
For example, the two endplates derive from medial and 
lateral branches of each nerve. One of these branches 
may normally develop first, so that endplates formed by 
it might have an advantage and be expected to be 
stronger or consistently different in size. In fact, the 
stronger junction was on the lateral side in 39 fibers and 
was on the medial side in 36 fibers. Similarly, the stronger 
junction was longer than the weaker in 39 cases and was 
smaller in 36. Also, there was no apparent correlation 
between average EPP amplitude or terminal length and 
the distance separating endplates on dually innervated 
fibers. 

From these data and Figure 7, it is not surprising that 
simple plots of release per unit terminal length vs. ter- 
minal length for terminals on fibers of equivalent input 
resistance, which revealed an orderly inverse relationship 
in the singly innervated R. pipiens cutaneous pectoris 
muscle fibers (Nudell and Grinnell, 1982)) would not yield 
a meaningful relationship in the case of the pectorahs 
muscle. Suspecting that there may be some orderly re- 
lationship between terminal size and strength in dually 
innervated fibers, however, we have examined the data 
for any form of consistent correlation. Within several 
input resistance groups there was a clear-cut inverse 
relationship between the length of the stronger junction 
and its release per unit length. However, this was some- 
times not the case (see below), and the weaker junctions 
not only fell entirely outside this relationship, but nor- 
mally showed no correlation between length and release 
among themselves. On the other hand, in all input resist- 
ance groups examined (15 groups in 12 muscles), there 
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Figure 7. Plot of the ratio of EPP sizes of endplates on the 
same fiber vs. the percentage difference in their length for 74 
fibers in 14 muscles. The percentage difference in length was 
defined as (longer/shorter - 1) x 100%. 

was a convincing inverse linear relationship between the 
mean release per unit length or total release of both 
terminals on a fiber and the summed length of both 
terminals. Figure 9 shows several examples of the rela- 
tionship between mean release per unit length and 
summed terminal length. Two symbols are used in sev- 
eral graphs. The solid circles represent data taken from 
dually innervated fibers whose individual terminal 
lengths differed by less than 20%. The X’s represent data 
from fibers with terminals differing by more than 20% in 
length. The lines show the best fit for all fibers in each 
input resistance group. It is apparent that in some Ri, 
groups (e.g., Fig. 9, D, F, and H) the correlation between 
release and total length is better for that majority of 
cases in which the two terminals on each fiber were of 
approximately the same length than when fibers are 
included in which the lengths differed by more than 20%, 
although the latter still conformed to the general inverse 
relationship between release and length. In view of the 
striking similarity in terminal lengths on most fibers, we 
feel that there is some justification for treating these 
fibers as a population expressing some form of stable 
regulation of terminal size and strength. The fibers with 
terminals of disparate length may not belong to the same 
population. In particular, they may reflect a different 
developmental history. For instance, these may be fibers 
in which a second endplate had been added at a relatively 
late developmental stage (cf. Fig. 2A). If this is the case, 
the developmentally younger endplates might have had 
less opportunity to influence the growth and release 
properties of the larger, presumably older synapses. It 
might be expected, therefore, that some cells in this 
category would not fit nicely into the curves relating 
average synaptic strength and total terminal length for 
cells whose terminals are very similar in size. 

0 SAME FIBER N =. 74 

50 

q DIFFERENT FIBER SAME EXPERIMENT 

40 N = 820 

0 
/ 0 

1-2 2-3 3-4 4-5 5-6 6-7 7-8 8-9 9-10 lo-11 11-12 12-13 

LARGE EPP/ SMALL EPP 

Figure 8. Histogram showing the degree of similarity in EPP size (corrected for resting potential) seen between junctions on 
the same dually innervated fiber (0; N = 74) and between endplates on different dually innervated fibers in the same experiment 
(El; N = 820). 
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Figure 9. Mean release/100 pm terminal length vs. total terminal length for eight Ri” groups of dually innervated fibers in seven 
muscles. E and F are from the same muscle. EPPs were corrected for resting potential and normalized to the mean input 
resistance of each group. Data for those cells whose terminals differ by 20% or less in length are represented by solid circles, and 
cells whose terminals differed by more than 20% are depicted by X’s. Also shown are the range in Ri, and the correlation 
coefficient for the line of best fit for all of the fibers in each group. 

From the endpoints of the lines of best fit, determined 
by the mean terminal length at the minimum and maxi- 
mum release values observed for the eight groups shown 
in Figure 9, as well as the other seven groups (not shown), 
we found that, for dually innervated cells of equivalent 
Ri,, a 78% greater total terminal length was correlated 
with 72% lower average release per unit length. For the 
two singly innervated Rin groups found (data not shown) 
44% greater length was correlated with 62% lower release 
per unit length. Figure 10 is another plot of data from 
the same Ri, groups as those in Figure 9, but now 
correlating total release (summed EPP amplitudes for 
both terminals, each corrected for resting potential and 
Ri,) with total terminal length. It is clear that the greater 
length of longer terminals does not fully compensate for 
their relative deficits in release per unit length. The fibers 
with shorter terminals received absolutely greater 

amounts of transmitter, in inverse proportion to their 
summed terminal lengths. 

Summarizing these data, the mean ratio of the longest/ 
shortest summed terminal lengths for the 15 dually in- 
nervated Rh groups was 1.65 & 0.34. The mean ratio of 
the EPPs of the longest/shortest terminal pairs, both 
corrected for resting potential, was 0.42 f 0.24. Using 
EPPs corrected for nonlinear summation would further 
reduce the latter ratio. The corresponding figures for two 
Ri” groups of singly innervated fibers were 1.44 (long/ 
short terminal lengths) and 0.53 (long/short EPP, cor- 
rected for resting potential). 

As mentioned above, attempts were made to find other 
or better ways of correlating terminal length with junc- 
tional physiological properties. Since action potential 
initiation at any site along the length of the fibers appears 
to be functionally equivalent to simultaneous action po- 
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Figure 10. The sum of the EPPs evoked at both endplates on dually innervated fibers vs. total terminal length for the same Ri” 
groups depicted in Figure 9. EPPs were corrected for resting potential and normalized to the mean Ri” value in the group. 

Correlation coefficients for the lines of best fit are shown for each group. 

tential initiation at two well separated sites (see above), 
one possibility is that the total terminal length on a fiber 
is regulated by the strength of the stronger junction 
alone. To examine this possibility, the release per unit 
length and total release of the strongest junction on 
dually innervated fibers were plotted against the summed 
length of both endplates. Cases in which the stronger 
terminals on fibers of the same Ri, are roughly equivalent 
in strength but in which the less powerful of the junctions 
on each fiber are very different in their strength should 
provide the best test of this correlation. We have found 
three such cases, in all of which plots of the EPP ampli- 
tude (and to a less dramatic extent, the release per unit 
length) of the strongest junction vs. total terminal length 
yielded a less convincing correlation than mean release 
of both junctions. 

Properties of junctions of disparate size on dually 
innervated fibers. It must be emphasized that the cor- 
relation between release and total terminal length is 
degraded significantly in some cases when fibers having 
terminals which differed by more than 20% in length are 
included in the analysis (cf. Figs. 9 and 10). It is of 
obvious interest to characterize more explicitly the dis- 
parately sized terminals on those fibers whose endplates 
did not seem to follow the same rules as do fibers with 
junctions of similar length. 

In most cases (but not all) the longer of the two 
terminals of disparate length was characterized by lower 
release per unit length and lower EPP values than the 
mean of all the junctions in the experiment. In 13 cases, 
comparisons could be made between fibers with dispar- 
ately sized junctions and more typical fibers in the same 
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Ri, group. Seven of these fibers were characterized by 
having one extraordinarily long terminal, which was 43% 
longer, on the average, than the longest terminal on the 
other fibers. Four of these seven had second terminals 
that were also relatively long, exceeding the mean ter- 
minal length of the junctions on the other fibers in the 
group. These four deviated conspicuously from the rela- 
tionship between release and total length that was char- 
acteristic of the fibers having both junctions of similar 
length. Three of these are included in the examples of 
Figs. 9, F and H, and 10, F’ and H’, from which it is clear 
that their terminals were larger than would be predicted 
from their levels of release. Of the remaining six fibers 
that had terminals of disparate length, but neither un- 
usually long, only one fiber deviated sharply from the 
pattern of others in the Ri, group, and its terminals 
released somewhat less transmitter than would have been 
expected on the basis of the other fibers in the group 
(Figs. 9D and 1OD’). 

Size and strength of terminals on singly innervated 
fibers. In confirmation of the findings of Haimann et al. 
(1981a), we have found that the junctions on singly 
innervated fibers are, on the average, stronger than the 
junctions on dually innervated fibers. Eleven singly in- 
nervated fibers could be compared with dually innervated 
fibers of equivalent Ri, in the same experiment in 10 
muscles, for a total of 23 individual comparisons. Single 
junctions produced a larger EPP than the sum of the two 
junctional EPPs on dually innervated fibers in 15 cases, 
while their EPPs were less than the combined total in 8 
comparisons. In those 8, however, the solitary junction 
was stronger than either junction alone on the dually 
innervated fiber in 4 comparisons. The mean ratio of the 
single junction’s EPP/summed EPPs of the two junctions 
on all of the dually innervated fibers within the same Ri, 
group was 1.58 f 1.11 (N = 23). The single endplates 
were, on the average, 0.58 times the combined length of 
the double endplates. Thus, given the strength of the 
single junction EPPs we observed, it follows that the 
mean release per unit length was much greater (2.63 + 
2.08 times) in single junction terminals than in those 
from dually innervated fibers of the same Ri”. 

Although most single junctions found were strong com- 
pared with the junctions on dually innervated fibers of 
the same Ri,, it is important to note that in each experi- 
ment most dually innervated fibers were of larger diam- 
eter (lower Ri,) (see Fig. 2B), and in many of these fibers 
one or both junctions had bigger EPPs than the single 
junctions. If one compares the average EPP amplitude, 
corrected only for resting potential, for all single junc- 
tions studied (N = 14) with the summed EPPs of all 
dually innervated fibers within each experiment, regard- 
less of Ri” (N = 47), the ratio was 0.86. 

Discussion 
The principal findings of this paper are that: (a) with 

increasing muscle size, an increasing proportion of the 
muscle fibers become dually innervated, probably as a 
result of normal maturation processes. (b) The remaining 
singly innervated fibers have junctions that are some- 
what longer, and much stronger, than most junctions on 
dually innervated fibers of the same input resistance. 

Moreover, the single junctions are located close to the 
middle of the fibers, while the two junctions on dually 
innervated fibers are located to either side and are always 
well separated from one another. (c) The paired junctions 
on a dually innervated fiber tend to be much more similar 
in length than junctions on different fibers of the same 
Ri, group. There is no corresponding tendency for both 
junctions on a given fiber to be of similar strength (EPP 
amplitude). (d) A high proportion (approximately 50%) 
of dually innervated fibers appear to be innervated at 
both sites by the same axon. (e) The length of the 
junctions on dually innervated fibers is inversely propor- 
tional to the total release of transmitter from both ter- 
minals and the Ri” of the fiber. The correlation between 
length and strength for either of the pair considered 
alone is relatively poor. Taken together, these observa- 
tions imply the existence of several interacting influences 
that help govern the morphology and physiology of junc- 
tions in this muscle. Although rigorous answers at the 
mechanistic level are still elusive, considerable insight 
has been gained into the following processes. 

1. The regulation of synaptic length. The two nerve 
terminals on dually innervated fibers tend to be of similar 
length, although they may differ by severalfold in their 
EPP amplitudes, and other fibers in the same Ri, category 
may have terminals of very different mean length and 
strength. Thus some property of each fiber, uniformly 
expressed along its length, appears to be governing syn- 
aptic growth and total length. A key finding in the 
present study is that the muscle fiber property that 
regulates terminal length is itself correlated with the 
mean or total strength of these junctions, not the prop- 
erties of either junction alone. There is no apparent 
tendency for the stronger of the two terminals to be 
longer or shorter than the weaker. Synaptic input is not 
the only correlate of terminal length, however. The size 
of the muscle fiber is also important. As fibers grow and 
their Rti decreases, a given EPP amplitude requires 
greater transmitter release and is correlated with pro- 
gressively longer terminals. One explanation of our find- 
ings is that the combined synaptic input acts to modulate 
the amount of a growth-promoting stimulus that is syn- 
thesized by muscle fibers in proportion to their size 
(volume). A certain amount of this substance may be 
required to maintain a corresponding length of terminal. 
If more is available than is necessary to maintain the 
existent length, perhaps because of fiber growth, the 
terminal might grow to an appropriate length for the 
amount supplied or another axon terminal might be 
accepted. If there is a decline in the amount of growth- 
promoting factor available, for example, because a strong 
second terminal has appeared, reducing the overall level 
of synthesis of the substance and/or inactivating or de- 
pleting it, a long terminal might shrink. A mechanism of 
this sort could explain the dynamic equilibrium that 
appears to exist at normal frog junctions, characterized 
by both elongation and retraction of terminal branches 
as a function of seasonal or other factors (Bennett and 
Pettigrew, 1975; Wernig et al., 1980; Herrera and Grinnell, 
1981). 

Comparable models of regulation have been postulated 
before, on the basis of other lines of evidence. Since the 
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work of Hoffman (1951), it has been thought that dener- 
vated fibers may produce a sprout-inducing substance. 
More recently, it has been shown that both partially 
denervated and paralyzed muscles induce nerve terminal 
sprouting and synapse formation (see review by Brown 
et al., 1981). Conversely, there is competition between 
active junctions on muscle fibers, resulting in synapse 
elimination during early postnatal development, and 
elimination of supernumerary synapses on adult fibers 
(see reviews by Lame and Jansen, 1980; Grinnell and 
Herrera, 1981). This competition can take place up to a 
few millimeters distance (implying interaction via the 
muscle fibers) but apparently not further away (Frank et 
al., 1975; Bennett and Pettigrew, 1975; Brown et al., 1976; 
Kuffler et al., 1977, 1980; Grinnell et al., 1977, 1979; 
Haimann et al., 1976, 1981 a, b). On the basis of these 
findings, Jansen and his colleagues (Jansen et al., 1978; 
Kuffler- et al., 1980; Lomo and Jansen, 1980) have sug- 
gested that muscle fibers produce a substance that in- 
duces sprouting and synapse formation, the amount of 
which varies inversely with the level of muscle fiber 
activity. To explain synapse elimination, Jansen and his 
collaborators postulate that the substance is produced in 
limited quantities and that nerve terminals can deplete 
the substance from surrounding regions of the fiber (see 
also Purves, 1976, for a history of the development of this 
idea). A similar scheme is implied by the results of 
Diamond and his collaborators for skin sensory connec- 
tions in salamanders (Diamond et al., 1976; Cooper et al., 
1977; Diamond, 1979). The Merkle cells in the skin pro- 
duce a sprout-inducing or sensory nerve-attracting sub- 
stance that is suppressed or removed by innervating 
sensory nerves (Purves, 1976; Diamond, 1979). 

In the present experiments, it would appear that the 
modulatory influence of the combined synaptic input is 
somehow distributed evenly throughout the muscle fiber, 
so that terminals tend to be the same length whether 
both are of the same strength or differ by manyfold in 
strength. How can the synaptic influences be summed 
throughout the fiber and expressed equally? The activity 
patern of the muscle fiber is an obvious and attractive 
candidate. One would expect its effect to be equally 
expressed throughout a fiber, and a mechanism of regu- 
lation based on muscle fiber activity would seem to 
provide the most relevant information; that is, is the 
terminal successful in evoking activity, and at what level? 
Moreover, it is well known that directly imposed activity 
can largely reverse the postsynaptic effects of denerva- 
tion (Lprmo and Rosenthal, 1972; Drachman and Witzke, 
1972; Lprmo et al., 1974; Lemo and Westgaard, 1975; 
Lomo, 1976; Fambrough, 1979), as well as prevent nerve 
terminal sprouting (Brown and Holland, 1979; Brown et 
al., 1980) or innervation by a preimplanted foreign nerve 
(Jansen et al., 1973). Synapse elimination is delayed by 
partial denervation (Thompson and Jansen, 1977; Betz 
et al., 1980a) and accelerated by nerve stimulation 
(O’Brien et al., 1978). 

We have no information regarding activity levels in 
different pectoralis fibers or how this is correlated with 
terminal length. It is quite possible that a weak terminal, 
even coupled with a very stong one, could contribute 
importantly to the fiber’s total activity, depending on the 

safety margin of each, the pattern, frequency, and asyn- 
chrony of firing of the two terminals, and the degrees of 
facilitation and depression of each at normally occurring 
firing frequencies. Perhaps terminals are induced to grow 
until the muscle fiber activity they evoke by their com- 
bined suprathreshold inputs reduces the level of growth- 
promoting stimulus to a level that stops further growth. 
However, two lines of evidence make it difficult to explain 
the relationship between summed synaptic strength and 
total terminal length on the basis of muscle fiber activity. 
In the first place, it would seem necessary to assume that 
the contribution of each terminal to the overall muscle 
fiber activity is proportional to the amount of transmitter 
released by each, despite the fact that action potential 
initiation is a threshold phenomenon. Secondly, both 
junctions in a significant proportion of fibers are formed 
by the same axon. The activity patterns of these muscle 
fibers presumably are no different than if they had been 
innervated at only one location, yet the summed synaptic 
output still is an accurate predictor of terminal length. 

An alternative interpretation of our basic finding is 
that ACh or some as yet unidentified trophic substance 
released with ACh, either directly or via a second mes- 
senger in the muscle fiber, is responsible for limiting the 
fiber-wide production of terminal growth factor(s). Our 
measurements of the release elicited in response to a few 
stimuli at 1 Hz undoubtedly do not reflect quantitatively 
the output of ACh (or putative trophic substance) that 
each fiber sees in vivo. Especially if high frequency trains 
of nerve impulses are characteristic of normal activity, 
weaker junctions may be relatively more important, be- 
cause of their greater facilitation and reduced synaptic 
depression (Nudell and Grinnell, 1982). Also, a significant 
fraction of the ACh released by a nerve terminal is in the 
form of nonquantal spontaneous leakage (Katz and Mi- 
ledi, 1977), the rate of which may or may not be propor- 
tional to the terminal’s evoked release capabilities. De- 
spite these uncertainties, however, we feel that our data 
are compatible with a form of regulation depending di- 
rectly upon the total synaptic release of ACh or some 
associated trophic factor. Whatever the underlying mech- 
anism(s) may be, the adaptive significance of such a 
regulatory process might be that it causes paired junc- 
tions with relatively low mean release per unit length to 
compensate for deficits in intrinsic strength by additional 
terminal growth, thereby assuring that each fiber will 
have at least one effective synapse.3 

” Preliminary findings, based on electron microscopic semiserial re- 
construction of several frog sartorius endplates that had been charac- 
terized physiologically, suggest that there is a positive correlation 

between mean release per unit length and the mean cross-sectional 
width of close apposition between the presynaptic terminal and the 
subsynaptic membrane (Herrera and Grinnell, 1982). For a group of 

five junctions in one muscle, an d-fold difference in release per unit 
length was strongly correlated with a difference in apposition width of 
approximately 1.8-fold. Whether this correlation will be confirmed by 
future study remains to be seen. Since we have found that within any 
given R,, group there is usually about a 2-fold range of terminal lengths, 

this ultrastructural correlation raises a possible alternative interpreta- 
tion of our finding that mean release per unit length is related inversely 
to total terminal length, namely that total terminal area of apposition 
might be held constant on fibers of equivalent R,,, with release per unit 
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2. The regulation of synaptic number. Singly inner- 
vated fibers tend to be smaller, with higher Ri”, than 
most dually innervated fibers. Moreover, the single junc- 
tions, at least in those fibers that remain singly inner- 
vated into the adult stages we have studied, are always 
centrally located on their fibers and tend to be longer, 
with larger EPPs, than either junction on dually inner- 
vated fibers. In fact, in most experiments, EPPs from 
single junctions are stronger than the summed EPPs of 
double junctions on fibers of the same Ri,. 

With increasing muscle size, the percentage of singly 
innervated fibers declines. The system behaves as though 
a muscle fiber has a need for innervation (or generates a 
stimulus for innervation such as a sprouting factor or the 
growth-promoting factor postulated above) in proportion 
to its size, and this need is satisfied (or the innervation 
stimulus is removed) by a nerve terminal in proportion 
to its strength. As the fiber increases in size, however, it 
may be that even a strong terminal becomes increasingly 
inadequate to satisfy the fiber’s requirements. In addi- 
tion, a nerve terminal is apparently effective in excluding 
other innervation only over adjacent portions of the 
membrane (see below). If the junction is relatively weak 
or is located to one side (either initially or at later 
developmental stages due to asymmetric fiber growth 
(see Bennett and Pettigrew, 1975)), the other side of the 
fiber can escape regulation and attract (or accept) an- 
other junction. The least likely fibers to become doubly 
innervated would then be those that are small and have 
a strong, centrally located junction. A comparable tend- 
ency to add more junctions during development and to 
maintain a minimum distance between them has been 
pointed out in the frog sartorius muscle (Bennett and 
Pettigrew, 1975). Whether addition of a second junction 
on a pectoralis fiber accelerates muscle fiber growth 
cannot be resolved from our data but is not inconsistent 
with it. 

3. The regulation of synaptic position on muscle fi- 
bers. The junctions on dually innervated fibers are always 
separated by a significant distance. Furthermore, the 
central location of single junctions seemingly contributes 
to their ability to exclude other junctions from the regions 
of muscle fiber that typically accept dual endplates (see 
Figs. 3 and 4). We take these observations to be compel- 
ling evidence for some form of short-range exclusionary 
interaction between junctions. There is widespread evi- 
dence for competitive elimination or suppression of one 
synapse by another in many systems, both during the 
developmental period of synapse elimination (Brown et 
al., 1976; Betz et al., 1980a, b; see reviews by Purves and 
Lichtman, 1980; Grinnell and Herrera, 1981) and in hy- 
perinnervated adult amphibian (Grimm, 1971; Dennis 
and Yip, 1978; Bennett et al., 1979; Grinnell et al., 1979) 
and mammalian muscle (McArdle, 1975; Jansen and Van 
Essen, 1975; Thompson and Jansen, 1977; Brown and 

length steeply related to apposition width. The same ultrastructural 
study has shown that light microscopic measurements of terminal 
width do not reflect accurately the true width of synaptic apposition, 
since this parameter is dependent on the extent of Schwann cell 

interposition between the pre- and postsynaptic structures. 

Ironton, 1978), at least when the junctions are within 1 
to 4 mm of each other (Kuffler et al., 1977, 1980). 

The exclusionary interaction between terminals that 
we observe in Xenopus muscle appears to operate 
strongly only over a distance of 1 to 3 mm; that is, about 
10 to 30% of the length of the fiber. We do not know the 
mechanism of interaction responsible, and there are 
many possibilities. However, our data are compatible 
with the model suggested by Lomo and Jansen (1980), in 
which a nerve terminal, in addition to helping to deter- 
mine the overall fiber-wide synthesis level of a growth- 
promoting substance, also removes or inactivates the 
substance in adjacent portions of the membrane. The 
precise rules governing the spacing of endplates have yet 
to be determined. In these experiments we did not find 
a convincing correlation between the distance separating 
endplates and their synaptic strengths or lengths. 

4. The regulation of synaptic strength. We have no 
explanation for the fact that some nerve terminals release 
large amounts of transmitter per unit length, while others 
are very weak, or why one terminal on a fiber may 
generate a curare-reduced EPP of 15 mV, while the other 
on the same fiber may produce an EPP of only 1.5 mV. 
Presumably this depends on intrinsic properties of the 
different motor neurons and the size of their peripheral 
arborizations (Ridge and Thompson, 1980; L. Trussell 
and A. D. Grinnell, unpublished observation). The results 
summarized in Figures 7 and 8 are consistent with those 
of Ridge and Thompson (1980) and Haimann et al. 
(1981a) in Xenopus muscle but contrast with those of 
Weakly (1978), who found that the multiple endplates on 
R. pipiens sartorius muscle fibers had EPP amplitudes 
much more alike than randomly compared junctions in 
the same muscle. This difference may be attributable to 
species and/or preparation differences or to the fact that, 
in our experiments, comparisons have been restricted to 
fibers with two endplates. As both Angaut-Petit and 
Mallart (1979) and we have shown, singly innervated 
fibers have stronger junctions, on the average, than do 
fibers with multiple endplates. Hence it is likely that 
random comparison of all junctions in the sartorius, 
irrespective of the number of endplates on each fiber, 
would result in more variability than comparisons among 
fibers with the same number of endplates. 

Exceptions and their implications. Not surprisingly, 
there are exceptions to the “rules” delineated above. 
Some dually innervated fibers have junctions of disparate 
length, for example. Even in these instances most pairs 
of junctions conform approximately to the observed re- 
lationship between total release and total terminal 
length, when compared with other fibers of the same Ri,. 
In some cases, however, the deviation is large, especially 
in the direction of having much longer terminals than 
expected for the EPP amplitudes observed. There are 
doubtless many variables involved in determining ter- 
minal size and release properties that we have not been 
able to evaluate, including especially the unknown activ- 
ity levels of different terminals and fibers and the size of 
the motor unit to which each belongs. One plausible 
variable, whether the two junctions formed on a fiber are 
from the same or different axons, appears not to be 
important. However, a possible explanation of these 
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“deviant” fibers is that they are cases in which a singly 
innervated fiber had acquired a second endplate at a 
relatively late developmental stage. This would be con- 
sistent with the observation that these fibers typically 
have one terminal of unusual length. It might previously 
have been an inadequately strong or asymmetrically 
placed single junction that lost its ability to maintain 
exclusive innervation as the fiber increased in size. In 
most cases these long terminals are significantly longer 
and have lower levels of release per unit length and 
smaller EPPs than single junctions in the same experi- 
ments. However, it might be anticipated that, if there is 
a growth-regulating feedback influence from the muscle 
fiber, it would stimulate the existent terminal to grow 
longer well before successfully attracting innervation by 
another axon. 

It may be that equivalence of terminal length on the 
same fiber is an equilibrium state toward which all dually 
innervated fibers tend. If our hypothesis concerning the 
origin of disparately sized terminals is correct, absolute 
differences in terminal length could be minimized by 
either (I) reduction in length (and consequently strength) 
of the first junction or (2) differential growth of both as 
they approximate equality of length. It must be noted 
that if most fibers and their terminals are relatively small 
(Fig. 2B) when a second endplate is added, the equivalent 
growth of both endplates could result in junctions of 
relatively equal length upon examination of fibers from 
older animals. 

If the size and strength of junctions on dually inner- 
vated fibers are determined in large part by the factors 
outlined above, then one might expect single junctions to 
follow the same rules. To a first approximation this is the 
case. Their length is usually less than the total of even 
short pairs of dual junctions, and the transmitter output 
is greater than most in the comparison group. On the 
other hand, single junctions generally do not fit nicely 
into the curves that describe the relationship between 
total release and total length for dual junctions. In some 
cases, for instance, we find dually innervated cells that 
receive as much or more transmitter than do singly 
innervated cells of equivalent input resistance, and yet 
support greater lengths of terminal than do the singly 
innervated cells. This implies that the fiber’s total poten- 
tial to support terminal growth is not fully tapped by 
many single junctions and that there may be spatial 
limits to the ability of a given terminal to draw on a 
muscle fiber’s growth-promoting factor(s). This is con- 
sistent with the finding that most singly innervated fibers 
do eventually acquire another endplate. 

Significance of the second junction on dually inner- 
vated fibers. Finally, it is of interest to ask why a second 
junction is formed on these fibers. Since simultaneous 
activation of the two junctions does not appear to alter 
contraction mechanically, it is more likely that the adapt- 
ive significance of the second input is to ensure an overlap 
of different motor units, providing a mechanism for the 
fine control of muscle tension and perhaps increased 
resistance to neuromuscular fatigue (R. Rahamimoff, 
personal communication). However, the high percentage 
of fibers dually innervated by the same axon, in which 
the second endplate cannot contribute in any obvious 
way to the fiber’s activity, strongly implies that the 

second junction can play an important role independent 
of activity. This finding may have interesting implica- 
tions for other regulatory phenomena, such as the ap- 
pearance of extrajunctional ACh receptors and induction 
of sprouting following partial denervation or neuromus- 
cular block. 

The regulatory processes we infer represent a model 
for competition in that they act to limit the effectiveness 
of certain junctions when they co-innervate a fiber with 
a very strong junction. A terminal of average or subav- 
erage release efficacy coupled with a very strong terminal 
will not grow as long as if it were coupled with a weaker 
terminal. In the first case, it might remain subthreshold 
except at high firing frequencies, while in the latter case 
it might have a significant safety margin. 

It will also be of interest to determine what selective 
processes are responsible for the high incidence of muscle 
fibers that are dually innervated by the same axon. 
Among possible explanations for this pattern of inner- 
vation are a tendency toward selection or retention of 
terminals that are always active synchronously with post- 
synaptic activity (Stent, 1973) or which do not add to 
overall muscle fiber activity (Kuffler et al., 1980). It is 
also possible that the axon forming the original junction 
on a fiber is in a preferred position to sense the growth- 
promoting signal indicating that the fiber is becoming 
receptive to further synaptic input, and it may therefore 
be induced to sprout earlier than other axons. Since 
preliminary results (B. M. Nudell and A. D. Grinnell, 
unpublished observations) indicate that adjacent fibers 
occasionally are innervated by the same axon, these 
adjacent branches might also be in a preferred position 
to respond to a sprouting signal. 
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