
Pfliigers Arch (1983) 398: 48- 54 Pfliigers Archly 
European Journal 
of F~ysiology 

'('~ Springer-Verlag 1983 

Postjunctional characteristics of the endplates in mammalian fast and slow muscles* 

Raimund Sterz, Murali Pagala**, and Klaus Peper 

II. Pysiologisches Institut, D-6650 Homburg/Saar, Federal Republic of Germany 

Abstract. We have studied the postjunctional characteristics 
of motor endplates in the extensor digitorum longus (EDL) 
and soleus muscles of the rat. At voltage clamped endplates, 
equilibrium interactions between acetylcholine (ACh) and the 
ACh receptor were determined from the dose-response curves 
obtained by quantitative ionophoresis of ACh. These results 
showed that the maximum ACh induced conductance change 
per unit endplate surface, gma• was 21.8 +_ 0.9nS/ 
gm 2 in EDL and 8.2 + 0.9 nS/pm 2 in soleus, the apparent 
dissociation constant, K, was 65.9 + 4.3pM in EDL and 
43.5 _+ 3.3 gM in soleus, and the Hill-coefficient, nil, was 2.3 
_+ 0.1 in EDL and 2.2 + 0.1 in soleus. 

Single channel characteristics were derived from analysis 
of the ACh-induced endplate current noise. The results 
showed that at room temperature the mean conductance of 
the single channel, 7, was 24.6 +_ 1.2pS in EDL and 23.9 
+ 1.2 pS in soleus, and the mean life time of the channel, z, 
was 0.80 + 0.05 ms in EDL and 0.71 + 0.03 ms in soleus. 

Of all the properties studied, the maximum conductance 
per unit endplate surface, gin,x, was significantly smaller at the 
soleus endplate than at the EDL endplate. The calculated 
density of functional ACh receptors was 62 % less, and the 
total number of the functional ACh receptors was 60 % less at 
the soleus endplates than at the EDL endplates. These results 
suggest that the soleus has a lower margin of safety for 
neuromuscular transmission than the EDL. 
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Introduction 

Mammalian fast and slow muscles differ significantly in their 
morphology (Stein and Padykula 1962; Ellisman et al. 1976), 
histochemistry (Nachmias and Padykula 1958; Guth and 
Samaha 1969; Ariano et al. 1973), biochemistry (Barany et al. 
1965; Goldspink et al. 1971; Barnard et al. 1971), electro- 
physiology (Yonemura 1967; Albuquerque and Thesleff 
1968; McArdle and Albuquerque 1973; Tonge 1974) and 
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contractile properties (Close 1964). There are also consider- 
able differences between various characteristics in neuromus- 
cular transmission in these two muscles. Motor endplates of 
fast muscle fibers receive a higher frequency of motoneuron 
discharge (Eccles et al. 1958), show a higher frequency of 
miniature endplate potentials (McArdle and Albuquerque 
1973; Tonge 1974), and have a higher quantal content per 
endplate potential (Tonge 1974) than those of the slow muscle 
fibers. Postsynaptic sensitivity to acetylcholine (ACh) is 
restricted to the endplate area in fast muscle fibers, while, 
though highest at the endplate region, sensitivity can be 
detected along the entire length of slow muscle fibers (Miledi 
and Zelena 1966; Albuquerque and McIsaac 1970). However, 
the maximum "sensitivity" to ACh was reported to be similar 
at the endplates of both fast and slow muscle fibers 
(Albuquerque and McIsaac 1970). Since the measurement of 
ACh sensitivity does not describe the equilibrium interactions 
between ACh and ACh receptors (Peper et al. !982), we have 
determined the ACh dose-response relationship by quanti- 
tative ionophoresis (Dreyer et aL 1978) at the endptates of fast 
and slow muscle fibers. In order to further characterize these 
endplates, single channel properties were determined by 
analyzing the ACh-induced current fluctuations (Anderson 
and Stevens 1973 ; Dreyer et al. 1976b). Some of these results 
have already been published in abstract form (Sterz et al. 
1982). 

Materials and methods 

Animals .  Female Lewis rats weighing 200-250g  (age: 
2 -  3 months) were obtained from the breeding colony of the 
Max-Planck-Institut for Immunbiologie (Freiburg, FRG). 

M u s c l e  preparat ion .  The rat was anaesthetized with ether and 
killed by dislocation of the neck. The extensor digitorum 
longus (EDL) from one leg, and the soleus from the other leg, 
were dissected in an oxygenated physiological solution, The 
EDL was pinned down, with the dorsal side up, in a Sylgard- 
filled Petri dish, containing the physiological fluid; and the 
following procedure adapted so as to obtain monolayers of 
muscle fibers on which single endplates could be easily 
visualized with Nomarski-interference optics. Three of the 
four posterior tendons of the EDL were dissected out together 
with the associated fascicles of muscle fibers. The fourth 
fascicle with its tendon was spread out laterally and fixed with 
micropins. Posterior to the point of nerve entry, a horizontal 
incison was made with a pair of iridectomy scissors. When the 
cut muscle fibers retracted, they were gently removed with the 
tips of a fine forceps. This procedure was repeated until a 
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monolayer of muscle fibers with intact nerve terminals was 
obtained. Then the preparation was carefully transferred to a 
glass-bottomed recording chamber, made of magnetic stain- 
less steel. A similar microdissection procedure was used to 
obtain monolayers of muscle fibers from the whole soleus 
muscle. 

Staining procedure. Endplates in monolayer preparations of 
EDL and soleus were stained for ACh esterase following the 
method of  Karnovsky and Roots (1964). The surface area of 
the endplates was evaluated by planimetry of enlarged 
photographs of  endplates which had been stained for ACh 
esterase. A correction for the curvature of  the muscle fibers 
was not made. 

Solutions. The physiological saline solution had the following 
composition (raM): NaC1 135, KC1 5, CaCI2 1, MgC12 1, 
Na2HPO4 1, NaHCO 3 15 and glucose 11 and was oxygenated 
and maintained at pH 7.2 by constant bubbling with a gas 
mixture of  95 % 02 and 5 % CO2. It was continously perfused 
through the recording chamber at I ml/min. The experiments 
were carried out at room temperature ( 2 0 - 2 2  ~ C). 

Electrophysiology. Dose-response relationships were deter- 
mined by performing quantitative ionophoresis as previously 
described (Dreyer e ta .  1978). Only those muscle fibers with 
a resting potential of at least - 60 mV were used for these 
studies. The endplate was located under the microscope at 
400 x magnification using Nomarski-interference optics. 
Two microelectrodes, filled with 3 M KCI and each with a 
resistance of  5 - 1 0  MO, were impaled into the muscle fiber 
on either side of  the endplate. The muscle fiber was voltage 
clamped near the resting membrane potential (usually at 
- 8 0 m V ) .  A micropipette filled with 2.5 M acetylcholine 
chloride (ACh) and with a resistance of 100 -220  Mr2 was 
placed 25gm above the center of  the endplate. Endplate 
currents generated by increasing doses of  ionophoretically 
applied ACh were digitized, recorded and evaluated by a 
computer assisted measuring system (Nicolet Med 80). Dose- 
response curves were obtained by plotting peak endplate 
current (response) against an increasing charge passed 
through the ACh pipette (dose) on a double logarithmic scale. 
These curves were evaluated by using a co-operative model 
for the interaction between ACh molecules and the receptors, 
and a diffusion equation that was approximated using a 
theoretical model: diffusion from a point source (tip of  the 
ACh pipette) to a circular area on the surface of the muscle 
fiber. For  a given distance, z, of  the ionophoretic pipette 
above the endplate, which can be determined micrometrically 
as well as from the time to peak of  the endplate currents 
(Dreyer et al. 1978), the shape of  the dose response curve 
depends on the geometry of  the receptor distribution on the 
postsynaptic membrane. For evaluation of dose-response 
data, receptors were assumed to be homogeneously distri- 
buted over a circular area with its center at the center of  the 
synapse and with a radius R large enough so that all receptors 
which contribute to the dose response curve were contained 
within this circle (see Hohlfeld et al. 1981). R was obtained 
from the best fit of  the data by our model. 

From the computer fit of the experimental dose-response 
curves estimations were made of  the maximum ACh-induced 
conductance change per unit endplate surface (gmax), the 
apparent dissociation constant for the interaction between 
ACh molecules and the receptors (K), and the Hill-coefficient 

(nil) as a measure of the co-operativity of the interaction 
(Dreyer et al. 1978). 

ACh-induced noise was analyzed following the methods 
previously described (Dreyer et al. 1976b). ACh currents of 
10 - 50 nA were applied for more than 30 s, and the resulting 
endplate currents were simultaneously recorded on a low gain 
DC-channel and on a high gain AC-channel (band pass 
between 3 and 1,000Hz; active 6 pole Butterworth filter). 
Following analog-to-digital conversion, 20 records of  1,024 
points were sampled at a rate of  2,000 Hz and stored. After 
analysis, background noise spectra were subtracted from the 
ACh induced noise spectra. From the computer fit of  a 
Lorentzian curve to the resulting spectrum, the cut off 
frequency and the zero frequency amplitude were determined. 
Using these values, the mean life time of an open channel (~) 
and the mean single channel conductance (Y) were calculated. 

Results 

Dose-response curves were obtained from 38 endplates of 
EDL and 20 endplates of soleus muscle fibers, isolated from 
6 rats. Figure 1 shows typical ACh-dose response curves 
obtained under identical conditions from an endplate of  an 
EDL and an endplate of  a soleus muscle fiber isolated from 
the same rat. The striking difference between the curves is that 
the maximum current is substantially lower for the soleus 
endplate than for the EDL endplate, due to a reduced unit 
maximum conductance (gin,x) in the soleus. In addition, the 
curve for the soleus endplate appears to be shifted to the right. 
However, analysis of the data shows that the dissociation 
constant of  the soleus dose-response curve is not greater than 
that of EDL. This can be seen by normalization of the two 
curves with respect to the maximum peak currents. The 
steepness of the two curves in the low dose range is the same, 
suggesting that the Hill-coefficient (n~) at the endplates of  
EDL and soleus muscle fibers is similar. 
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Fig. 1. Dose-response curves obtained from the endplates of a soleus 
muscle fiber and an EDL muscle fiber from the same rat. The responses 
were recorded under identical conditions. Temperature was 22~ and 
the holding potential was -70mV. Dose-response parameters for the 
two curves are, for EDL (soleus): nil: 2.2 (2.2), gmax: 22nS/gm 2 
(8.3 nSAtm2), K: 53 ~tM (48 gM) 
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Fig. 2. Histograms of the distribution of gmax values in EDL (A) and 
soleus (B), as well as the K values in EDL (C) and soleus (D) endplates. 
The number of endplates is indicated in parentheses. Arrows indicate the 
respective arithmetic means. See Table 1 

A summary of  our da ta  is given in Fig. 2 as well as in 
Table 1. Figure 2 A and B show histograms of the values for 
the maximum conductance per unit endplate area gmax, 
obtained from the ACh-dose response curves of all the 
endplates studied. The mean conductance (indicated by the 
arrow) in the soleus endplates was less than half that  of the 
EDL endplates. In addition, in soleus some of the values are 
well below the minimum values found in EDL. Figure 2 C and 
D show similar histograms for the values of  the apparent  
dissociation constant (K). In soleus the mean value for Kwas  
generally lower than in EDL. 

Statistical analysis (t-test) of the dose response parameters 
is shown in Table 1. The mean gmax value in soleus was 62 
lower (P < 0.001) than in EDL. Similarly, the mean Kvalue  in 
soleus was 3 4 ~  smaller (P < 0.01) than in EDL. However, 
there was no significant difference between the values of the 
Hill-coefficient for the two kinds of endplates. 

Dose response curves in E D L  and soleus could best be 
fitted assuming that  the radii R of  the model endplate (see 
materials and methods section) range between 2 0 - 4 0  pm. 

Using values for gmax and R from our response curves 
as well as Y obtained from noise analysis of ACh induced 
current fluctuations we calculated that  on the average about  
2.3 x 106+_ 0.11 (38 fibers) channels in EDL and only 1.1 
x 106 _+ 0.08 (20 fibers) in soleus can be opened at saturation. 

Spectral density analysis of ACh-induced current fluc- 
tuations was carried out at 14 endplates of EDL and 24 
endplates of soleus. Figure 3A and B show typical ACh noise 

Table 1. Comparison of postjunctional properties of fast and slow muscle 
fibers in the rat. Temperature: 20-23~ Values are Mean • SEM 
(number of endplates) 

Dose-response relations EDL Soleus 

Maximum endplate conductance 

per unit surface area 
gmax (nS/g m2) 21.8 • 0.9 (38) 8.2 • 0.9 (20)*** 

Apparent dissociation 
constant K (~tM) 65.9 +_ 4.3 (38) 43.5 • 3.3 (20)** 

Hill-coefficient nu 2.3 • 0.1 (38) 2.2 + 0.1 (20) 

Single channel characteristics 

Mean conductance y (pS) 24.6 • 1.2 (14) 23.9 • 1.2 (24) 
Mean life time ~ (ms) 0.80 • 0.05 (14) 0.71 _+ 0.03 (24)* 

Average number of ionic channels 

per gm 2 of endplate 
surface 837 + 35 (38) 343 + 44 (20)*** 

Statistical significance of difference is given as * P < 0;05, ** P < 0.01, 
and *** P< 0.001 

spectra obtained under identical conditions from the end- 
plates of EDL and soleus muscle fibers isolated from the same 
rat. It  is apparent  that there are no major  differences between 
the noise spectra of  these two muscles and both spectra can be 
described by single Lorentzian curves. Analysis of such curves 
from all the enplates studied showed that there was no 
significant difference between EDL and soleus for the mean 
conductance of a single channel (?), while the mean life time Of 
the channel (~) was slightly (11 ~ )  lower (P < 0.01) in soieus 
than in EDL endplates (Table 1). 

Figure 4 shows some typical endplates in EDL (Fig. 4A) 
and soleus (Fig. 4B) after staining for ACh-esterase. 

Stained areas are not homogeneously distributed over the 
entire endplate surface but  rather show discontinuities. 
Similar patterns are found after labelling mammal ian  end- 
plates with fluorescent c~-bungarotoxin (Anderson and Cohen 
1974; Peper et al. 1980). The shapes of both  types of endplates 
(EDL and soleus) are essentially similar and do not differ 
appreciably from endplates in the omohyoid  muscle (Dreyer 
et al. 1976a). 

The overall shape of the endplates can be described 
mathematically as an ellipse with width a and length b. The 
length b, in 30 endplates each from 6 rats, ranged from 40 - 
70 pm ( 3 5 -  50 gm) and a from 3 0 -  60 pm ( 2 0 -  40 pm) in 
EDL (soleus). The ratio of width to length was fairly constant 
in both types of  muscles (mean + S.E.M.): 0.59 + 0.02 in 
EDL and 0.62 + 0.05 in soleus. These findings concerning the 
overall dimensions of the endplates are comparable to those 
of other authors (Ellisman et al. 1976) and do not  differ 
appreciably from preliminary observations made on end- 
plates which were stained using immunofluorescence (Kaul et 
al. 1982). However, ACh-esterase stained areas and fluores- 
cent areas do not seem to be congruent. 

Interestingly, we found almost perfectly circular endplates 
in some EDL preparat ions (Fig. 4C). Similar endplates wer e 
not found in soleus. In some of the circular endplates the  
ACh-esterase staining was restricted to the circumference:0f 
the circle as in Fig. 4C, in others an irregular staining pattern 
over the entire surface was observed. This observation was 
not  dependent on the time taken for the staining procedure. 
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Fig. 3. Power density spectra calculated from ACh-induced endplate 
current noise, after subtracting the background noise spectra, at an EDL 
muscle fiber (A) and at a soleus muscle fiber (B) from the same rat, 
different from that used in Fig. 1. The current fluctuations were recorded 
under identical conditions at a temperature of 23~ and a holding 
potential of - 70 mV. The corresponding parameters of the spectra are, 
for EDL (soleus): cutoff frequency (arrows): 145 Hz (174Hz), mean 
current: 30 nA (32 nA), z: 1. t 0 ms (0.92 ms), and ~: 23.3 pS (22.1 pS) 

Discussion 

The present investigation shows that, despite many simi- 
larities, characteristic differences exist between the electro- 
physiological properties of endplates in the EDL and soleus 
muscles of  the rat. Analysis of  dose response curves shows 
that there is no significant difference in the Hill coefficient 
suggesting that the cooperative interaction between subunits 
of ACh receptors are similar at the endplates of  both  EDL 
and soleus muscle fibers. However, the apparent  dissociation 
constant, K, is 34 ~ smaller in soleus than in EDL. As K 
pertains to both the ACh binding step and to the confor- 
mational  change of the ACh receptor, a smaller Kcou ld  mean 
either a higher affinity of ACh receptors for ACh, or a more 
rapid change from the closed to the open channel con- 

figuration, or both, The method used in this paper  cannot 
discriminate between these possibilities. 

The most striking difference between the two types of 
muscle concerned the maximum conductance per unit surface 
area of  endplate, g,n,x, which is about  60 % lower in soleus 
than in EDL. A lower gm,x could be due to a lower single 
channel conductance 7, or to a smaller number of functioning 
ACh receptors at the endplate membrane. Al though the single 
channel life-time r was slightly (11%) lower in soleus, 7 was 
found to be similar in EDL and soleus muscles. Hence the 
lower gmax could be due to the presence of a smaller number of 
functioning ACh receptors per unit area of the endplate in 
soleus than in EDL. 

Since we know 7, we can convert gmax into the number 
of ionic channels opened per unit surface area of the endplate 
at saturating agonist concentrations. Thus, with a gmax of  
20.6 nS/ILtm 2 and 7 of  24.6 pS, an average of about 840 ionic 
channels can be opened per gm 2 of EDL endplates. Similarly, 
with a g~ax of 8.8 nS/gm 2 and 7 of  23.9 pS, an average of only 
340 channels can be opened per 14m 2 of soleus endplates. 

An estimate of the total  number of open ionic channels at 
saturat ion can be obtained, using the values of the radius R 
for our model circular endplate derived from computer  fits to 
actual dose-response data. Thus, an average of about  2 • 10 6 
channels can be opened by ACh in EDL endplates, but  only 
1 • 106 channels in soleus endplates. The values for these 
electrophysiological parameters  of the EDL endplates are 
similar to those of  the endplates of the rat  omohyoideus 
muscle, which is also a fast muscle (Hohlfeld et al. 1981). 
However, the values for K a n d  gmax for the soleus endplate are 
significantly less than those found for the omohyoideus 
endplate. 

It should be pointed out that the density of ionic channels 
determined by us assumes a homogeneous distribution of  
these channels over the entire postsynaptic membrane. The 
actual distribution of receptors, however, is highly inhomo- 
geneous as cen be seen from morphological  studies of  
mammal ian  endplates using various techniques (Fambrough  
1979, review and further literature). 

Thus the density of  c~-bungarotoxin binding sites is highest 
at the crest of the junct ional  folds of the endplate,  while at the 
bo t tom of  the folds it is only a tenth of the density at the crest 
(Fertuck and Salpeter 1974; Albuquerque et al. 1974). 

The inhomogeneity of  receptor distr ibution over the 
whole mammal ian  endplate can be impressively demon- 
strated by fluorescent ~-bungarotoxin staining of  ACh re- 
ceptors (Anderson and Cohen 1974; Peper et al. 1980). 

It was shown in a detailed morphological  study on EDL 
and soleus endplates that despite gross morphological  differ- 
ences, packing densities of putative ACh receptors in freeze- 
fracture electron micrographs are similar for the two types of 
muscle (Ellismann et al. 1976). At  the tops of junctional  folds 
macromolecular  specializations had densities of 1 ,800-  
2,300/gin 2 in both EDL and soleus. However, no information 
was provided by these authors about  the distribution and 
total  amount  of putative receptors over the whole endplate. 

A comparative estimate has been made of the number of 
radioactively labelled ~-bungarotoxin binding sites for EDL 
and soleus of mouse which indicates that more than 34% 
more binding sites per endplate exist in soleus than in EDL 
(Robbins et al. 1980). These authors subtracted the values 
obtained from equal lengths of endplate free regions from 
those containing endplates in order  to calculate the number of 
junctional  binding sites. Despite these precautions it cannot 
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Fig. 4 
Typical endplates stained for ACh  
esterase in rat EDL muscle fiber (A, top) 
and soleus muscle fiber (B, middle). In 
some EDL muscle fibers the endplate 
appeared as a perfect circle (C, below): 
Such a shape was never seen in 
soleus muscle fibers. The calibration 
bar represents 20 btm. The 
photographes were taken using a 
microscope fitted with Nomarski  
interference optics and a water 
immersion objective (40 • 
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be excluded that perijunctional receptors may have sub- 
stantially contributed to their estimates. 

Soleus muscle fibers show a considerably greater extra- 
junctional ACh sensitivity than EDL muscle fibers. This 
extrajunctional sensitivity is graded being highest in the 
immediate vicinity of the endplate and lowest in the endplate 
free region (Miledi and Zelena 1966; Albuquerque et al. 
1974). Even though we did not quantify this finding, we also 
observed considerable ACh sensitivity in the vicinity of the 
endptates in soleus but not in EDL. This sensitivity to ACh in 
the vicinity of the soleus endplate could be due to peri- 
junct ional  receptors similar to those which often occur at 
frog endplates (Dreyer et al. 1976b). Thus the method used by 
Robbins et al. (1980) could result in a considerable over- 
estimation in the determination of bungarotoxin binding sites 
on soleus endplates. 

Comparing our results obtained by quantitative iono- 
phoresis with those of morphological studies it should be 
borne in mind that, at present, no exact values have been 
determined relating ~-bungarotoxin sites and macromolec- 
ular structures (putative ACh receptors) in freeze fracture 
studies to ACh controlled ionic channels in the living 
mammalian endplate. 

The factors relating the total populat ion of receptors in 
the closed conformation to the open ionic channels are quite 
complex. These factors are, among others, dependent on the 
so-called "efficacy" of the drug used to open the channels 
and on the phenomenon of desensitization (Peper et al. 1982, 
review and further literature). For the safety of transmission 
from nerve to muscle the number  of "functional receptors" 
(ionic channels) in the postsynaptic membrane is most 
important. 

Our ionophoretic method provides evidence that the 
average density of the ionic channels at the endplate, and thus 
the density of functional ACh receptors is significantly lower 
in the slow muscle, soleus, than in the fast muscle, EDL, even 
though some areas with a similar channel density could exist 
in both muscles. This lower overall density of ACh receptors 
in the slow muscle could provide an explanation for the earlier 
observations showing blockade of neuromuscular trans- 
mission in the cat soleus nmscle on exposure to much lower 
concentrations of d-tubocurarine than was needed to cause 
the block in the fast muscle, anterior tibialis (Paton and 
Zaimis 1951). Owing to the lower density of the ACh re- 
ceptors, the slow muscle could have a lower margin of safety 
for neuromuscular transmission than the fast muscle. In 
agreement with this, we found in preliminary studies that the 
soleus is more sensitive to experimental autoimmune myas- 
thenia gravis than the EDL (Pagala et al. 1983, in prepara- 
tion). Interestingly some preliminary results on electro- 
physiological investigations show a similarly low value for 
gmax at some endplates of the rat diaphragm. 

It must be pointed out, however, that even though the 
average density of the functional ACh receptors is lower 
at the soleus endplate than at the EDL endplate, it may 
still be far in excess of that needed for normal neuromuscular 
transmission. 
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