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Recent studies suggest that the number of nerve terminals main- 
tained per motoneuron and perhaps other motoneuron proper- 
ties (Grinnell and Herrera, 1980a; Grinnell and Trussell, 1983) 
influence transmitter release. We have examined, in detail, the 
structure and function of motoneurons innervating two different 
twitch muscles, the sartorius and the ext. long. dig. IV (e.1.d.) 
in the adult frog using histochemical and electrophysiological 
techniques. These studies were undertaken with a view towards 
learning whether differences in the number of nerve terminals 
per motoneuron were correlated with differences in transmitter 
release between motoneurons innervating these two muscles. 
Moreover, these studies provide detailed, quantitative data that 
are a necessary prerequisite for carrying out additional studies 
to examine the possible influence of muscle on transmitter re- 
lease properties. 

In low CaZ+ -high Mg*+ Ringer’s solution, mean quanta1 con- 
tent (m) and miniature end-plate potential (MEPP) frequency 
were larger at sartorius than at e.1.d. end-plates. The mean length 
of nerve terminals was also found to be greater in sartorius than 
in e.1.d. muscles. When release was normalized for the differ- 
ence in terminal length, m remained larger in the sartorius, 
whereas MEPP frequency in the two muscles was similar. Cell 
bodies of individual sartorius motoneurons were greater in cross- 
sectional area and maintained approximately 5.6-fold greater 
aggregate length of nerve terminals per motoneuron than did 
e.1.d. motoneurons. This greater aggregate length of nerve ter- 
minal contact with their respective target muscles is primarily 
a result of a greater number of nerve terminals supported by 
sartorius than by e.1.d. motoneurons. Total spontaneous (MEPP 
frequency) and evoked (m) quanta1 release were 5.5 and 11.4 x 
greater, respectively, from individual sartorius motoneurons than 
from e.1.d. motoneurons. The results of this study are discussed 
in terms of the relationship between transmitter release and the 
number of nerve terminals maintained per motoneuron. 

There are marked differences in synaptic efficacy among junc- 
tions within the same muscle as well as between junctions in 
different muscles in the frog. A number of studies have shown 
that transmitter release from frog motor nerve terminals is pos- 
itively correlated with end-plate size, which, in turn, is correlated 
with muscle fiber diameter (Angaut-Petit and Mallart, 1979; 
Grinnell and Herrera, 1980b; Kuno et al., 1971; Nude11 and 
Grinnell, 1982). In addition, transmitter release and end-plate 
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length tend to be more uniform at junctions along the same 
fiber than between different fibers in multiply innervated mus- 
cles (Nude11 and Grinnell, 1983; Weakly, 1978). Together these 
findings provide evidence suggestive that the muscle fiber may 
play a role in synaptic growth and function. 

The overall relationship between transmitter release per end- 
plate and muscle fiber diameter shows considerable variability. 
For example, end-plates of comparable length may be associated 
with lo- to 20-fold differences in m value (Kuno et al., 197 1; 
Nude11 and Grinnell, 1982). Moreover, subgroups of muscle 
fibers having similar diameters show a correlation between re- 
lease and fiber diameter that is actually the inverse of that seen 
in the population of end-plates and muscle fibers as a whole 
(Nude11 and Grinnell, 1982). That transmitter release may vary 
independently of muscle fiber diameter suggests that release may 
depend, at least in part, on intrinsic properties of the motoneu- 
rons. 

One possible determinant of transmitter release at individual 
synapses is the total number of terminals maintained by the 
motoneuron. For example, a given motoneuron may produce 
predetermined amounts of material required for the synthesis 
of transmitter, so that the amount delivered to a given nerve 
terminal is influenced by the number of nerve terminals sup- 
ported by the motoneuron. However, in experiments that might 
bear on this point, direct determination of the number of mo- 
toneurons and the total number of nerve terminals innervating 
a given muscle has not been made. Thus, the results have led 
to apparently disparate conclusions: In some model systems, 
release and number of terminals per motoneuron are inversely 
related (Grinnell and Herrera, 1980b; Herrera and Grinnell, 
1980; Pockett and Slack, 1982; Slack and Hopkins, 1982); in 
others, a positive correlation has been reported (Grinnell and 
Herrera, 1980a; Grinnell and Trussell, 1983). 

The present study was undertaken to examine the extent to 
which transmitter release is correlated with the number of nerve 
terminals maintained by the motoneurons innervating two twitch 
muscles, e.1.d. and the sartorius, in the frog hindlimb. By use 
of retrograde labeling with HRP, the number of motoneurons 
supplying each muscle was determined, and the average number 
of terminals per motoneuron was calculated. We find significant 
differences in transmitter release, both at the level of individual 
terminals and from the sum total of nerve terminals between 
sartorius and e.1.d. motoneurons. 

Materials and Methods 
Experiments were performed on excised sartorius and e.1.d. nerve-mus- 
cle preparations from Ram pipiens (7.0-8.0 cm in body length; pur- 
chased from Carolina Bioloaical SUDD~Y Co.). Muscles were Dinned out 
at 1.1 x their in situ resting-length in a Sylgard-lined bath. All experi- 
ments were performed at room temperature (20-2X), and unless oth- 
erwise specified (see below), preparations were bathed in Ringer’s so- 
lution of the following composition: NaCl, 106.0 mM; KCl, 2.0 mM, 
CaCl,, 1.8 mM; Tris HCl, 10.0 mM (pH 7.2). 
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Table 1. Physiological and morphological properties of end-plates, muscle fibers, and motoneurons for 
frog sartorius and e.1.d. muscles” 

Parameter 
Sartorius E.1.d. 
muscle muscle 
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a. Number of extrafusal muscle fibers 

b. Diameter (pm) of extrafusal muscle fibers 

c. Input resistance (MB) of extrafusal muscle fibers 

d. % End-plates with focal polyneuronal innervation 

e. Number of end-plates per fiber 

f.  Number of motoneurons 

g. Cross-sectional area @m-3, motoneuron cell body 

h. End-plate (total nerve terminal) length (pm) 

i. m per end-plate 

j. m per unit length (1000 Pm-I) of nerve terminal 

k. MEPP frequency (see-I) per end-plate 

1. MEPP frequency per unit length (1000 pm-*) of nerve 
terminal 

804.0 2 27.7 
(n = 5) 

58.0 k 4.0 
(n = 14) 

0.7 k 0.1 
(n = 22) 

7.1 f  0.8 
(n = 14) 

2.1 k 0.2 
(n = 11) 

16.5 f  0.9 
(n = 7) 

1601.7 + 49.8 
(n = 10) 

1002.6 ? 113.9 
(n = 14) 

3.6 + 0.7 
(n = 22) 

3.7 + 0.9 
(n = 14) 

1.1 * 0.2 
(n = 22) 

1.1 ? 0.3 
(n = 14) 

18.4 f  2.4b 
(n = 13) 

39.4 k 3.96 
(n = 13) 

1.1 ZL 0.1* 
(n = 22) 

1.0 ? 0.6b 
(n = 11) 

1.3 * O.lb 
(n= 11) 

3.2 k 0.5b 
(n = 6) 

1113.3 ?Z 67.9* 
(n = 10) 

740.4 + 82.1* 
(n = 13) 

1.3 f  0.26 
(n = 22) 

1.7 t 0.36 
(n = 13) 

0.8 k O.lb 
(n = 22) 

1.2 & 0.26 
(n = 13) 

n refers to number of animals in the experimental group. 

y Values are mean f SEM. 
b Normal sartorius and e.1.d. values statistically different (p < 0.05) by two-tailed t test. 

Electrophysiology 
Intracellular recordings of resting and end-plate potentials (EPP) were 
made from superficial muscle fibers impaled with glass microelectrodes 
filled with 2 M potassium acetate (8-10 MO). Input resistance was de- 
termined using electrodes for current injection and potential recording 
inserted into the same fiber at less than 50 pm separation. The e.1.d. 
muscle contains a small population (< 10%) of slow fibers (Gray, 1958); 
care was taken in all recordings from the e.1.d. muscle to ensure that 
data were collected only from twitch muscle fibers. End-plate responses 
in twitch fibers were identified by the criteria of sharp localization, short 
latency, and low threshold to nerve stimulation (Kuffler and Vaughan 
Williams, 1953). 

Modified amphibian Ringer’s solution containing 0.6 mM CaCl, and 
10.0 mM MgCl, was used for measurement of mean quanta1 content (m 
value) and miniature end-plate potential (MEPP) amplitude and fre- 
quency. Neostigmine methylsulfate ( 1O-6 gm/ml) was added to increase 
the amplitude of MEPPs. For each junction, 50-200 EPPs were recorded 
while stimulating the nerve with a suction electrode at a frequency of 
O.S/sec. This procedure was followed by recording a series of SO-100 
MEPPs. Recordings of EPPs and MEPPs were made at a minimum of 
10 end-plates (range, 10-23) in each muscle. Results were accepted only 
from those fibers in which the resting potential fell less than 10 mV 
during the entire recording period and whose final value was not less 
than -80 mV. 

Mean quanta1 content (m) was calculated by three methods (Del Cas- 
tillo and Katz, 1954): (1) From the ratio of the mean EPP amplitude 
to the mean MEPP amplitude (m = EPP/MEPP), (2) from the method 
of failures (m = ln(no. trials/no. failures)), and (3) from the coefficient 
of variation (CV) of the EPP amplitude distribution (m = l/CY). The 
three m values were averaged, and the results from a junction were 

discarded unless the individual m values agreed closely (within 15%) 
with the averaged m value. In the present study, individual EPP am- 
plitudes were not greater than 15% of the resting potential; therefore, 
no correction for nonlinear summation was required (McLachlan and 
Martin, 198 1). 

For each of 27 muscles (14 sartorius, 13 e.1.d.) in which combined 
electrophysiological and morphological data were obtained, values of 
m and MEPP frequency per unit length of nerve terminal were calculated 
from the ratio of the mean value of m or mean frequency and the mean 
terminal length for that muscle. Terminal length was determined (see 
below) from junctions on randomly selected, superficial muscle fibers 
following completion of the electrophysiological portion of the experi- 
ments. The values of m and MEPP frequency per unit length shown in 
Table 1 represent averages of the values in these 27 muscles. 

For determination of the incidence of focal polyneuronal innervation, 
muscles were bathed in normal Ringer’s containing curare (2.0-3.5 x 
10m6 M). Polyneuronally innervated junctions were identified by the 
presence of “step” changes in the EPP amplitude with gradations in the 
intensity and/or duration ofstimuli applied to the nerve (Redfem, 1970). 
Approximately 50 (range, 40-100) sartorius and 25 (range, 10-35) e.1.d. 
junctions were examined in each muscle. 

Histology 
Nerve terminals were stained with nitroblue tetrazolium (NBT, Letinsky 
and DeCino, 1980), and muscle end-plates were stained for AChE ac- 
tivity (Kamovsky and Roots, 1964). Muscles were prefixed while in 
place in the recording chamber with 2.5% glutaraldehyde-10% dimethyl 
sulfoxide (DMSO) in 0.1 M phosphate buffer, pH 7.3. After a briefprefix, 
the nerve terminals were stained for 4-6 min with NBT (1 .O mg/ml; 
Sigma) and phenazine methylsuflate (0.1 mg/ml; Sigma), freshly pre- 
pared in 2.5% glutaraldehyde-10% DMSO and phosphate buffer solu- 
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Figure 1. Histograms showing distribution of m values for EPPs at 
sartorius and e.1.d. end-plates. Arrows indicate means: sartorius, 3.6 + 
0.7 (216 end-plates in 22 muscles); e.l.d., 1.3 k 0.2 (190 end-plates in 
22 muscles). Mean m values for the two muscles were significantly 
different by t test (p < 0.05). 

tion. After rinsing in phosphate buffer for 10 min, muscles were stained 
for AChE, postfixed in 2.5% glutaraldehyde, rinsed, and then stored 
overnight in glycerol at 4°C. 

Between 15 and 25 muscle fibers were dissected from each prepara- 
tion. Following determination of the number of end-plates per muscle 
fiber, segments of fibers containing end-plates were dissected, and the 
fiber diameter (maximum diameter + minimum diameter/2) was de- 
termined using an ocular micrometer. The fiber segments were then 
mounted, with the end-plates en face, between coverslips in a water- 
soluble medium (Hydramount, Gurr) and photographed on color trans- 
parency film (Kodak Ektachrome 64) at 100-400 x under the LM. The 
color slides were projected onto a digital data tablet, and the total end- 
plate length and nerve terminal length (summed length of AChE-stained 
regions and NBT-stained strands, respectively) were measured with the 
aid of a PDP- 1 l/45 computer. 

The number of muscle fibers per muscle was determined from 5 hrn 
cross sections (stained with H & E) through the midportion of muscles 
fixed in 10% formalin. 

The number of motoneurons supplying the muscles was determined 
using retrograde transport of HRP (Sigma, type VI). The sartorius (10 
animals) or e.1.d. (10 animals) nerve was crushed at the muscle entry 
zone between the tips of #5 watchmaker’s forceps onto which HRP had 
been recrystallized (Fare1 and Bemelmans, 1980). The forceps were held 
in place until the HRP completely dissolved. Seven to 14 days later, 
the frogs were anesthetized with Finquel@ (Ayerst), perfused with 2.5% 
glutaraldehyde, and lumbosacral spinal cord was removed and sec- 
tioned. Serial cryostat sections were cut at 40 pm, reacted with the 
Hanker-Yates substrate for HRP (Hanker et al., 1977) and mounted; 
motoneurons containing the brown reaction product were counted. 

M.E.f?P FREQUENCY (se.5’ ) 

Figure 2. Relationship between mean quanta1 content (m) and MEPP 
frequency for sartorius (circles) and e.1.d. (triangles) junctions. Each 
point represents an individual junction. Representative data from sar- 
torius and e.1.d. junctions whose m value did not exceed 4.0 are shown 
in order to facilitate comparison (see Results). For both sartorius and 
e.1.d. muscles, m and MEPP frequency were positively correlated. The 
correlation coefficient was 0.79 for sartorius (47 end-plates in six mus- 
cles) and 0.81 for e.1.d. junctions (55 end-plates in six muscles). The 
slopes of the least-square regression lines were significantly different 
(p < 0.05; t test) 

Cross-sectional area of the HRP-filled motoneurons was determined 
from camera lucida drawings of cell bodies that contained a clearly 
defined nucleolus (McHanwell and Biscoe, 198 1). The cell body outlines 
were digitized with the aid of a digital data pad and the cross-sectional 
area and perimeter measured using a PDP- 1 l/45 computer. 

Statistics 
Unless otherwise specified, the data are presented as means * SEM. 
Mean values in Table 1 were compared by Student’s (two-tailed) t test 
and were considered significantly different when p < 0.05. n refers to 
the number of animals in a particular experimental group. Values in 
Table 2 were calculated from the experimental data in Table 1. 

Results 

Transmitter release 
Spontaneous release 

The frequency of MEPPs was significantly different in the two 
muscles. As shown in Table 1, the mean MEPP frequency per 
end-plate was 1.1 f 0.2 set-l for the sartorius and 0.8 f 0.1 
see-’ for the e.1.d. 

The mean MEPP amplitude was significantly larger in e.1.d. 
than in sartorius muscle fibers (0.64 f 0.08 mV, in 22 muscles 
vs 0.45 f 0.05 mV, in 22 muscles; p < 0.05). However, MEPP 

Table 2. Physiological and morphological properties of nerve terminals and motoneurons innervating 
frog sartorius and e.1.d. musclesa 

Parameter 
Sartorius E.1.d. 
muscle muscle 

a. Number of end-plates per muscle 217.8 101.9 
b. Number of nerve terminals per muscle 2327.1 102.9 
c. Number of nerve terminals per motoneuron 141.0 32.2 
d. Length of nerve terminal (pm) 935.3 733.2 
e. Evoked transmitter release (m value) per nerve terminal 3.4 1.3 
f. Evoked transmitter release (m value) per motoneuron 479.4 41.9 
g. MEPP frequency (set-I) per nerve terminal 1.0 0.8 
h. MEPP frequency (set-I) per motoneuron 141.0 25.8 

a Values calculated from the experimental data in Table 1 (see Results). 
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amplitude is known to be proportional to muscle fiber input 
resistance, which was found to be significantly greater, on av- 
erage, for e.1.d. (1.1 f 0.1 MQ) than for sartorius (0.75 f 0.1 
MO) muscle fibers. Quanta1 size (0.58 mV/Mn for e.1.d.; 0.65 
mV/MO for sartorius), derived by normalizing the MEPP am- 
plitude for differences in muscle fiber input resistance (Katz and 
Thesleff, 1957), was not significantly different (p > 0.05). The 
similarity in quanta1 size suggests that the amount of transmitter 
per quantum and the density of postsynaptic ACh receptors may 
be similar in the two muscles. 

Evoked release 
Under low Ca2+-high Mg2+ conditions, the m value at sartorius 
end-plates was approximately 2.8 times greater than that of e.1.d. 
end-plates (3.6 vs 1.3, Table 1, i). The distribution of m values 
shown in Figure 1 shows that, at the same ambient Ca*+/Mg*+ 
concentrations, junctions with EPPs of large quanta1 content 
occur more frequently in the sartorius than in the e.1.d. muscle. 

Relationship between spontaneous and evoked release 
d$ers for sartorius and e.1.d. muscles 
A positive correlation between m and the MEPP frequency was 
found in both sartorius and e.1.d. junctions (Fig. 2). For clarity, 
Figure 2 was constructed from a subset of six pairs of muscles 
in which the largest individual m did not exceed 4.0; the rela- 
tionship between m and MEPP frequency was similar when 
junctions having larger m values were included. The slope of 
m vs MEPP frequency for the sartorius junctions was approx- 
imately twice that of e.1.d. junctions, and this difference was 
statistically significant. 

Spontaneous and evoked release d$er in their dependence 
on nerve terminal length 
Transmitter release from amphibian motor nerve terminals is 
believed to take place at regularly spaced “active zones” that 
occur in register with the junctional folds of the end-plate (Heu- 
ser and Reese, 1973). Based on the finding that m and MEPP 
frequency at the frog neuromuscular junction are proportional 
to nerve terminal size, Kuno et al. (197 1) suggested that this 
dependency may result from increased numbers of active zones 
with increasing terminal length. Thus, the observed differences 
in transmitter release between sartorius and e.1.d. junctions may 
simply reflect differences in total length of the nerve terminal. 

In the present study, the mean total length of nerve terminals 
in each of the two muscles was determined from randomly 
selected, superficial fibers stained both for AChE activity (Kar- 
novsky and Roots, 1964) and nerve terminals (Letinsky and 
DeCino, 1980). Presumably, these samples were representative 
of those from which electrophysiological data were collected 
(see above). At a particular neuromuscular junction, the nerve 
terminal and end-plate were found to be coextensive along at 
least 97% of their total length. Thus, we consider the length of 
the end-plate and nerve terminal within a given junction to be 
essentially equivalent, a conclusion that is consistent with pre- 
vious studies (Letinsky and DeCino, 1980; Letinsky et al., 1976; 
Wemig et al., 1980). 

As shown in Table 1, h, mean end-plate length and, therefore, 
mean total length of the nerve terminal per end-plate were sig- 
nificantly greater in sartorius than in the e.1.d. muscle (1002.6 f 
113.9 Km; 205 junctions in 14 muscles vs 740.4 f 82.1 pm; 
169 junctions in 13 muscles). This difference in total nerve 
terminal length (1.4-fold) was similar to the difference in mean 
MEPP frequency per end-plate (1.4-fold), suggesting that the 
greater MEPP frequency in sartorius junctions may be account- 
ed for by the greater overall length of sartorius nerve terminals. 
In fact, when the mean MEPP frequency was divided by mean 
end-plate length (in 14 sartorius and 13 e.1.d. muscles for which 
both sets of data were available from the same animal), the 
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Fig-we 3. Relationship between end-plate length and muscle fiber di- 
ameter in sartorius (circles) and e.1.d. (triangles) fibers from a pair of 
muscles taken from the same animal. The slopes of the least-square 
regression lines were not significantly different (p > 0.05; t test). The 
correlation coefficients were 0.46 for sartorius and 0.58 for e.1.d. fibers. 

calculated rate of spontaneous discharge of transmitter per unit 
length of nerve terminal was not significantly different between 
e.1.d. and sartorius terminals (MEPP frequency = 1.1 + 0.3 
see-I. 1000 pm-l for sartorius vs 1.2 f 0.2 set-‘. 1000 km-’ for 
e.1.d.; Table 1, 1). Thus, comparable lengths of nerve terminal 
in the two muscles appear to have equivalent rates of sponta- 
neous transmitter release. 

In contrast, when the average m value was normalized for 
differences in end-plate length, m per unit length was signifi- 
cantly greater at sartorius than at e.1.d. junctions (Table 1, j). 
Clearly, under our experimental conditions, intrinsic physio- 
logical differences existed between the two types of nerve ter- 
minals. In response to a single stimulus, sartorius terminals 
released 3.7 f 1.0 quanta/1000 pm of terminal, whereas e.1.d. 
terminals released an average of 1.7 f 0.3 quanta/l000 pm of 
terminal. Our results show that the 2.8-fold greater average m 
value at sartorius junctions cannot be explained on the basis of 
differences in nerve terminal length. Rather, it appears that this 
difference may be related to intrinsic differences between release 
per unit length of nerve terminal in the two muscles. 

Possible causes for the disparity in m per unit length of 
nerve terminal in sartorius and e.1.d. muscles 

Relationship between fiber diameter and nerve 
terminal length 
It is widely accepted that among fibers in a given muscle, release 
and end-plate length are positively correlated with muscle fiber 
diameter (see review, Grinnell and Herrera, 198 1). Within this 
overall trend, however, it has been shown that for fibers of 
comparable diameter, there may be an inverse relationship be- 
tween the m value per unit length and total terminal length 
(Nude11 and Grinnell, 1982). Thus, we examined whether the 
greater m value per unit length in the sartorius muscle might 
reflect compensation for a less steep relationship between nerve 
terminal length and fiber diameter in sartorius than in e.1.d. 
muscles, so that the safety factor at end-plates on similar di- 
ameter muscle fibers was equivalent. 

The mean diameter of sartorius fibers (58.0 + 4.0 pm) was 
found to be significantly greater (Table 1, b) than that of fibers 
in the e.1.d. muscle (39.4 f 3.9 pm), an observation compatible 
with the observed differences in muscle fiber input resistance 
(Table 1, c). Mean end-plate length was significantly greater in 
the sartorius than in the e.1.d. muscle (see above). However, as 
shown in Figure 3, the slope of the relationship between end- 
plate length and fiber diameter was similar in sartorius and e.1.d. 
muscles. Thus, the observed differences in transmitter release 
cannot be attributed to a compensation for a different relation- 
ship between muscle fiber diameter and length of the end-plate. 
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Table 3. Quanta1 contents (m values) of sartorius [m(sart)] and e.1.d. 
[m(e.l.d.)] end-plates in muscles bathed with solutions with different 
Ca*+ and Mg*+ concentrations” 

Divalent cation 
concentration (mkf) 

m Value 

Ca*+ Mg*+ m(sart) m(e.1.d.) 

0.6 10.0 3.6 2 0.7 1.3 + 0.2 
(n = 22) (n = 22) 

0.7 9.0 21.1 -t 8.4 8.1 + 3.0 
(n = 4) (n = 4) 

n refers to number of animals in the experimental group. 
y Values are means i SEM. 

m(sart)l 
m(e.1.d.) 

2.8 

2.6 

Incomplete action potential invasion of the nerve terminal 
One physiological process that might explain the difference in 
m per end-plate (and, therefore, in m per unit length of terminal) 
is failure of action potential conduction into terminal branches. 
If failure of invasion occurred with greater incidence in e.1.d. 
terminals, the difference in m value between e.1.d. and sartorius 
junctions might be considerably less than that predicted from 
the observed differences in terminal length. Because MEPP fre- 
quency does not depend on action potential invasion, one would 
expect the ratio of mIMEPP frequency to differ between the two 
muscles, as we found to be the case (Fig. 2). To test for invasion 
failure, we examined the responses to stimulation in e.1.d. end- 
plates with m values of less than one. Conduction failure, if 
present in this group of low quanta1 content junctions, should 
be readily evidenced by fewer EPPs composed of one, two, or 
three quanta than predicted from Poisson’s theorem and the 
observed number of failures. In all cases, the number of EPPs 
with single, double, or higher-multiple quanta1 contents agreed 
well with predictions from the observed number of failures. 
Moreover, at each junction, there was good agreement between 
estimates of quanta1 content calculated by the three different 
procedures (see Methods; Martin, 1966). Thus, it seems unlikely 
that the difference in evoked release from e.1.d. and sartorius 
terminals can be attributed to intermittent conduction failure. 

Dependence of transmitter release on extracellular 
calcium concentration 
We also considered the possibility that the dependence of quan- 
tal content on Ca2+ or Mg*+ concentration might differ between 
terminals in the two muscles. To test the Ca*+ and Mg2+ sen- 
sitivity of the terminals, we compared the m value of sartorius 
and e.1.d. junctions in bathing solutions of differing divalent 
cation composition (Table 3). With ambient Ca*+ and Mg2+ 
concentrations of 0.6 and 10.0 mM, respectively, the average m 
of sartorius terminals was about 2.8 times that of e.1.d. terminals 
(Tables 1, i, and 3). When the CaZ+ concentration was elevated 
to 0.7 mM and the MgZ+ concentration was reduced to 9.0 mM, 
the absolute values of quanta1 content per end-plate were in- 
creased substantially in both muscles (Table 3). The ratio of m 
values between sartorius and e.1.d. junctions [m(sart)lm(e.l.d.) 
in Table 31, however, was similar (2.6 vs 2.8). Such results are 
consistent with the idea that the slope of the relationship be- 
tween m and external CaZ+ and Mg2+ is similar in sartorius and 
e.1.d. junctions. Our results are in agreement with those of Grin- 
nell and Herrera (1980b), who found that the slope of the re- 
lation between m and external Ca2+ concentration was the same 
in frog cutaneous pectoris and sartorius muscles even though 
the average m value per unit length of nerve terminal differed 
by 3-fold. 

J2mV 
B. 4msec 

Figure 4. Focal polyneuronal innervation in frog sartorius muscle fi- 
bers. The intracellularly recorded EPP shows two (A) or, less often, three 
(B) components, each recruited at a sharply defined threshold, with 
graded stimulation of the muscle nerve. The muscle was paralyzed with 
d-tubocurare, 3 x 1O-6 M. 

Number of nerve terminals per motoneuron 
Grinnell and colleagues (1980, 1980a, b, 1983) have proposed 
that quanta1 content per unit length of nerve terminal is related 
to the number of nerve terminals maintained by a motoneuron. 
To further examine this relationship, we gathered the following 
data, which were then used to estimate the number of nerve 
terminals supported, on average, by a motoneuron: (1) the mean 
number of motoneurons innervating each muscle; (2) the mean 
total number of end-plates in each muscle; and (3) the incidence 
of polyneuronal innervation and the average number of poly- 
neuronal inputs per junction in each muscle. 

The numbers of sartorius and e.1.d. motoneurons were esti- 
mated by counting the labeled anterior horn cells in the ipsi- 
lateral spinal cord (see Methods). The mean number of moto- 
neurons supplying the sartorius muscle was 16.5 (Table 1, f), a 
value that agrees well with previous estimates of 10-15, based 
on the number of increments in twitch tension observed with 
graded stimulation of the sartorius nerve (Grinnell and Rheu- 
ben, 1979; Herrera and Grinnell, 1980; Luff and Proske, 1976). 
HRP application to the e.1.d. nerve resulted in a mean of 3.2 
labeled motoneurons (Table 1, f). Thus, the e.1.d. muscle is 
innervated by considerably fewer motoneurons than is the sar- 
torius muscle. 

The total number of end-plates per muscle can be calculated 
from the number of fibers per muscle and average number of 
end-plates per fiber. The sartorius muscle contains about 10 
times more extrafusal fibers, on average, than does the e.1.d. 
muscle (804.0 f 27.7 vs 78.4 f 2.8; Table 1, a). 

In agreement with earlier work (Weakly, 1980), the number 
of end-plates per muscle fiber, as determined from AChE-stained 
material, was different in the two muscles (Tables 1, e). The 
number of end-plates per sartorius fiber ranged from 2 to 5, 
with a mean of 2.7; in contrast, e.1.d. muscle fibers each had 
one or two end-plates, with a mean of 1.3 per fiber. Thus, there 
are, on average, 2 170.8 end-plates in the sartorius and 10 1.9 in 
the e.1.d. muscles (Table 2, a). In each muscle, the total number 
of nerve terminals (Table 2, b) exceeds the number of end-plates 
by a small amount because some end-plates are innervated by 
two or more axons. Such focal polyneuronal innervation was 
revealed by intracellular recording from lightly curarized mus- 
cles (Fig. 4). With graded stimulation some EPPs could be bro- 
ken into 2 (Fig. 4A) or occasionally 3 (Fig. 4B) components, 
which usually showed similar rise time, duration and latency. 
Such end-plates were most often supplied by two axons; end- 
plates with three axons were encountered in only 1.4 and 4.0% 
of polyneuronally innervated sartorius and e.1.d. end-plates, re- 
spectively. The overall incidence of focal polyneuronal inner- 
vation was low in both muscles (7.1% in the sartorius and 1 .O% 
in the e.1.d.; Table 1, d). 

The number of end-plates per muscle (Table 2, a), along with 
the incidence of doubly and triply innervated end-plates can be 
used to estimate the total number of nerve terminals per muscle, 
which was calculated to be 2327.1 in sartorius and 102.9 in the 
e.1.d. (Table 2, b). If it is assumed that the nerve terminals are 
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distributed equally among the observed number of HRP-labeled 
motoneurons, our data suggest that the number of terminals 
maintained by a “typical” sartorius motoneuron (14 1 .O) is more 
than 4 x greater, on average, than that maintained by an e.1.d. 
motoneuron (32.2; Table 2, c). Thus, a given sartorius moto- 
neuron, on average, releases more transmitter per length ofnerve 
terminal on stimulation and supports more nerve terminals than 
an e.1.d. motoneuron. Evoked release per unit length of nerve 
terminal, therefore, is not inversely related to the number of 
nerve terminals maintained in either sartorius or e.1.d. moto- 
neurons. 

Other differences between sartorius and e.1.d. motoneurons 
Little is known about the factors that determine characteristic 
motoneuron properties. It is known that larger motoneurons 
conduct action potentials more rapidly along their axons (see 
review, Schwindt, 1976) and are associated with larger motor 
units (Luff and Proske 1976; Ridge and Thomson, 1980). We 
have examined whether sartorius and e.1.d. motoneurons differ 
in (1) average cross-sectional area of the motoneuron cell body, 
(2) total release per motoneuron, and (3) total aggregate length 
of synaptic contact per motoneuron. 

Cell body size 
Cross-sectional area was determined from tracings of HRP- 
labeled motoneuron profiles containing a clearly defined nu- 
cleolus (see Methods). Although considerable overlap in the 
areas of individual motoneurons was evident (Fig. 5), the mean 
cross-sectional area of sartorius motoneurons (160 1.7 pm2) was 
significantly greater (Table 1, g) than that of e.1.d. motoneurons 
(1113.3. pm*). Thus, sartorius motoneurons, which supported 
the greater number of nerve terminals (see above), also had 
larger cell bodies than e.1.d. motoneurons. 

Transmitter release per motoneuron 
The estimated total MEPP frequency per sartorius motoneuron 
(the product of frequency per terminal and the number of ter- 
minals per motoneuron) was 141.0 see-I, compared with 25.8 
set’ for e.1.d. motoneurons (Table 2, h). The resting discharge 
of transmitter in the form of spontaneous MEPPs, therefore, 
was more than 5 x larger for sartorius than for e.1.d. motoneu- 
rons. 

Total evoked release (total m value) was also markedly larger 
from sartorius than from e.1.d. motoneurons. On average, sar- 
torius motoneurons released about 11 x more quanta per im- 
pulse than e.1.d. motoneurons (479.4 vs 41.9 quanta; Table 2, 
f). Thus, sartorius motoneurons released more transmitter both 
from individual terminals (Table 2, e, g) and from all their 
terminals together (Table 2, f, h), than did e.1.d. motoneurons. 

Total length of synaptic contact per motoneurons 
Because more than one nerve terminal may occupy an end-plate 
(see above), the mean end-plate length shown in Table 1, h is 
not necessarily indicative of the length of individual nerve ter- 
minals. Nevertheless, the length of sartorius and e.1.d. terminals 
can be estimated (Table 2, d) by multiplying the total terminal 
length per end-plate (Table 1, h) by the total numbers of end- 
plates per muscle and dividing this product by the number of 
nerve terminals per muscle (Table 2, a, b). On this basis, the 
mean length of individual sartorius nerve terminals was deter- 
mined to be approximately 935 pm, whereas the mean length 
of e.1.d. terminals was approximately 733 pm. Thus, the length 
of individual nerve terminals, as well as the total length of nerve 
terminal per end-plate (see above), is greater in the sartorius 
than in the e.1.d. muscle. 

Finally, if one compares the mean aggregate length of all 
terminals maintained by a sartorius or e.1.d. motoneuron (cal- 
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Figure 5. Histograms showing distribution of cross-sectional area of 
motoneurons innervating sartorius and e.1.d. muscles. Arrows indicate 
means: sartorius, 1601.7 + 49.8 (129 motoneurons from 10 animals); 
e.l.d., 1113.3 + 67.9 (29 motoneurons from 10 animals). Mean cross- 
sectional areas for motoneurons innervating the two muscles were sig- 
nificantly different by t test (p < 0.001). 

culated by dividing the total end-plate length per muscle by the 
number of motoneurons), another striking difference is noted. 
The combined length of nerve terminals supported by a “typ- 
ical” sartorius motoneuron (13 1.9 mm) is approximately 5.6 x 
larger than for an e.1.d. motoneuron (23.6 mm). 

Discussion 
Tables 1 and 2 summarize the differences in motoneuron and 
muscle properties between the sartorius and e.1.d. muscles. Of 
particular interest was the observed 2.8-fold difference in mean 
quanta1 content (m) per end-plate between sartorius and e.1.d. 
muscles. Even after the average m for each muscle was nor- 
malized for length, the m value per unit length of end-plate of 
sartorius terminals was more than twice that of e.1.d. terminals. 
Nerve terminal length, therefore, only partially accounts for the 
difference in evoked transmitter release. 

From data in this and previously published work, the impulse- 
dependent release of transmitter (m) per unit length of nerve 
terminal varies substantially among different frog muscles. The 
m value per unit length appears largest in the cutaneous pectoris 
(Grinnell and Herrera, 1980b), being about 3 x that of sartorius 
and 6 x greater than for terminals of the e.1.d. muscle (see Re- 
sults). 

We have expressed the dilIerences in release properties of 
sartorius and e.1.d. terminals in terms of m per unit length. It 
should be pointed out that these values are averages and are 
not necessarily intended to imply that release is uniform along 
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the entire length of a terminal. In fact, evidence of variability 
in the probability of evoked release along frog terminals has 
been presented (Bennett and Lavidis, 1979, 1982; DeCino, 198 1; 
but cf. D’Alonzo and Grinnell, 1982). Even if release is not 
uniform, however, the greater average release from sartorius 
terminals indicates that their release sites are more effective or 
greater in number, irrespective of their spatial distribution, than 
release sites in e.1.d. muscles. 

The basis for differences in m per unit length of nerve terminal 
in different muscles remains to be determined. We find that the 
difference in m per unit length of nerve terminal at sartorius 
from e.1.d. terminals cannot be explained by different Ca2+ 
and MgZ+ sensitivities (Table 3) or by intermittent failure of 
conduction in the terminals of the e.1.d. muscles. A similar 
conclusion has been reached by Grinnell and Herrera (1980b) 
from their comparison of sartorius and cutaneous pectoris re- 
lease properties. 

Recently, Mallart (1984) has shown that the density of sodium 
channels is very low at the most distal regions of the nerve 
terminal in the frog. This finding raises the possibility that the 
action potential does not fully invade terminal branches of frog 
motor endings. It is possible that the length of nerve terminal 
invaded by an action potential is greater in sartorius than in 
e.1.d. terminals and that differences in the degree of invasion 
may underlie the observed differences in m per unit length of 
terminal. 

Another possible explanation for the different m values is that 
competitive interactions between terminals at separate end-plates 
on the same muscle fiber may result in a lower m value than at 
junctions on muscle fibers innervated at a single site (e.g., see 
Grinnell et al., 1977, 1979; Haimann et al., 1981; Mallart et 
al., 1980). The present experiments show that a reciprocal re- 
lation between m and the mean number of end-plates per fiber 
is not invariably present among different muscles. Despite the 
greater average number of end-plates on sartorius fibers, the m 
value at sartorius end-plates was found to be distinctly greater 
than at e.1.d. end-plates (Table 1, h). Thus, although the number 
of end-plates per fiber may be one determinant of synaptic ef- 
ficacy, our data suggest that other factors must also be consid- 
ered. 

In addition to physiological processes, there are a number of 
presynaptic morphological differences, including (1) width of 
the nerve terminal, (2) spacing of active zones, and (3) density 
of synaptic vesicles, which might explain the observed differ- 
ences in transmitter release between sartorius and e.1.d. nerve 
terminals. Our measurements of active zone spacing and nerve 
terminal width at the LM level have revealed no significant 
differences between sartorius and e.1.d. preparations. Similarly, 
Grinnell and Herrera (1980b) found no morphological corre- 
lates, such as (1) spacing of active zones, (2) width of synaptic 
contact, (3) number of presynaptic vesicles, and (4) number of 
mitochondria per cross-sectional area of terminals, that could 
explain the greater release from cutaneous pectoris than from 
sartorius nerve terminals. Additional studies using EM and 
freeze-fracture techniques are required to further investigate the 
possible morphological differences between sartorius and e.1.d. 
terminals. 

We have shown that sartorius motoneurons have more ter- 
minals and release greater amounts of transmitter per terminal, 
on average, than do e.1.d. motoneurons. In contrast, Grinnell 
and Herrera (1980b) found that cutaneous pectoris motoneu- 
rons, which maintained fewer terminals, released more trans- 
mitter from their terminals than did sartorius motoneurons. 
Thus, as was true for m per unit length (see above), m per 
terminal appears to depend on factors other than, or in addition 
to, the number of terminals maintained by a motoneuron. 

We have found MEPP frequency per unit length of nerve 
terminal and per end-plate (Table 1) to be similar in the sartorius 

and e.1.d. muscles. Our data also show that the slope of the 
relationship between MEPP frequency and end-plate length is 
similar for fibers within the same muscle and from the two 
muscles (Fig. 3). These similarities raise the possibility that 
common mechanisms may be acting between nerve and muscle 
to regulate transmitter release and nerve terminal length in sar- 
torius and e.1.d. muscles. 

Our results demonstrate that, for the observed difference in 
end-plate length between the two muscles, the difference in m 
was proportionately greater than MEPP frequency (Fig. 2). A 
dissociation between MEPP frequency and m has also been 
noted during development and regeneration (see review, De- 
Cino, 198 1; Dennis, 198 1; Ding, 1982). In addition, the MEPP 
frequency and m value at adult end-plates depend differently 
on the external calcium concentration and may be altered dif- 
ferentially after experimental manipulation (Ceccarelli and 
Hurlbut, 1980; Ceccarelli et al., 1979; Colmeus et al., 1982; 
Dennis, 198 1; Dennis and Miledi, 197 1; Hubbard, 1973; Mel- 
low et al., 1982, Molgo and Thesleff, 1982). Together, these 
observations suggest that spontaneous and evoked release are 
mediated by separate processes and regulated by different mech- 
anisms. 

We have asked whether the length of individual terminals 
might be less for sartorius motoneurons, which maintained the 
greater number of terminals, than for e.1.d. motoneurons. Sur- 
prisingly, individual sartorius terminals (935 pm) were found 
to be longer, not shorter, on average, than e.1.d. terminals (733 
pm). Moreover, a “typical” sartorius motoneuron was found to 
support a minimum of 5-6 x greater aggregate synaptic contact 
length than an average e.1.d. motoneuron (132 vs 24 mm). Thus, 
in addition to maintaining greater numbers of terminals, sar- 
torius motoneurons also possess, on average, terminals that are 
longer, both individually and in their totality, than those of e.1.d. 
motoneurons. Therefore, from examination of sartorius and e.1.d. 
motoneurons, we find no evidence that motoneurons with larger 
numbers of terminals attempt to conserve synaptic machinery 
by reducing their total terminal length. 

It should be emphasized that the observed lack of correlation 
between number of terminals and individual terminal length 
among motoneurons innervating different muscles does not ex- 
clude the possibility that such a relation is present among the 
motoneurons supplying any one muscle. Among homonymous 
motoneurons, there may be an optimum ratio between overall 
length and number of terminals, but this ratio may differ from 
one pool of motoneurons to another. Additional experiments 
are needed to test this point. 

The present study has shown that the larger-diameter sartorius 
motoneurons maintain greater numbers of nerve terminals and 
total length of synaptic contact with their target muscle and 
release more transmitter per motoneuron than the smaller-di- 
ameter e.1.d. motoneurons. We have calculated mean e.1.d. mo- 
toneuron values for these parameters based on our finding that 
3.2 motoneurons (Table 1, f) innervate the e.1.d. muscle. This 
number of motoneurons is less than might be expected from 
previous anatomical studies (Gray, 1957; Katz, 1949) which 
suggested that six motor axons supplied the extrafusal fibers of 
the e.1.d. muscle. It is unclear whether our results represent a 
true discrepancy with earlier work or whether, for unknown 
reasons, some e.1.d. motoneurons were not labeled in the present 
experiments. In this regard, it is noteworthy that both Katz 
(1949) and Gray (1957) commented on the presence in some 
animals of anomalous branches of the e.1.d. nerve that became 
evident only with extensive dissection. In our HRP experiments, 
the initial dissection was kept to a minimum in order to avoid 
damage to the surrounding musculature and possible nonspecific 
labeling of motoneurons. It is possible that some e.1.d. axons 
did not receive HRP; if true, our mean value of 3.2 e.1.d. mo- 
toneurons may be regarded as a minimum. The calculated val- 
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ues per e.1.d. motoneuron, therefore, represent maxima. Thus, 
the differences observed between sartorius and e.1.d. motoneu- 
rons may be even greater than those shown in Table 2. 

Finally, we do not have an explanation for the differences in 
transmitter release per unit length of nerve terminal in the two 
muscles. However, our findings that in both the sartorius and 
e.1.d. muscles, positive correlations were present between (1) 
nerve terminal length and muscle fiber diameter, (2) transmitter 
release and end-plate length, and (3) transmitter release per end- 
plate, release per motoneuron, and the number of nerve ter- 
minals supported by a motoneuron (and consequently the num- 
ber of end-plate sites contacted by a given motoneuron) raise 
two testable hypotheses. First, these findings raise the possibility 
that retrograde signals from muscle may influence the release 
properties of the motoneuron. Alternatively, these observations 
may represent inherent, fixed properties of motoneurons (Grin- 
nell and Trussell, 1983). A subsequent paper will present the 
results of cross-innervation experiments, which suggest that the 
properties of frog motoneurons depend, at least in part, on their 
particular target muscle. 
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