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Abstract 

To test for submembrane structures common to postsynaptic membranes of muscle and electric 
tissue, mouse sternomastoid muscles were fixed in the presence of tannic acid under conditions such 
that a heavy layer of densely staining material was built up on plasma membranes. In thin section 
electron micrographs of such muscles, the hydrophobic portion of the bilayer and some membrane- 
associated structures appear in strong negative contrast. At the endplate, acetylcholine receptor- 
rich membrane regions appear as a broad (14- to 15nm) image approximately bisected by the thin 
(-2-nm) image of the bilayer. The extracellular half of the image arises from the receptor protein. 
The cytoplasmic half contains a distinct bar of contrasted material which is precisely co-extensive 
with the receptor image. Quantitative and direct visual comparisons show that the image is almost 
indistinguishable from that obtained by a similar method applied to isolated postsynaptic membranes 
from electric tissue of Torpedo californica (Sealock, R. (1982) J. Cell Biol. 92: 514-522). In the latter 
case, the bar probably arises from the 43,000-dalton protein, a major peripheral membrane protein 
component of the isolated membranes. The results thus suggest that the 43,000-dalton protein in 
muscle and electric tissue forms similar structures and, conversely, that the structure in the isolated 
membranes retains the essential features of its in situ state. 

An important new problem in the study of purified 
postsynaptic membranes from electric tissue concerns 
the localization and functions of protein components 
other than the cholinergic receptor. Recent studies of 
these membranes by thin section electron microscopy 
have produced evidence for nonreceptor components as- 
sociated with the cytoplasmic surface of the membrane 
in regions of high receptor density (Sealock, 1980, 1982; 
Sobel et al., 1980; Csrtaud et al., 1981). In one of these 
studies, membranes were prepared for microscopy under 
conditions such that tannic acid in the fixative caused an 
extensive build-up of stainable material around individ- 
ual vesicles (Sealock, 1982). This unusual material seems 
to infiltrate molecular structures much as conventional 
negative stains do so that the membrane and associated 
structures are revealed in strong negative contrast. In 
transverse sections through regions of high receptor den- 
sity, the image of the membrane is unusually broad (13 
to 14 nm) and approximately bisected by the image of 
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the lipid bilayer. The outer half of the image could be 
ascribed to the well known portions of the receptor 
molecule which project above the membrane surface 
(Cartaud et al., 1978; Heuser and Salpeter, 1979). The 
most strongly contrasted feature of the inner (i.e., cyto- 
plasmic) half of the image appeared as a bar or line lying 
4 to 6 nm from the center of the bilayer. Since the bar is 
eliminated by extraction of the membranes at pH 11 
prior to fixation, it was tentatively ascribed to the so- 
called 43,000-dalton protein,” a major alkaline-extract- 
able protein which is believed to be associated specifi- 
cally with the postsynaptic membrane (Sobel et al., 1977; 
Neubig et al., 1979; Elliott et al., 1980). 

The membranes used in the above study were isolated 
by vigorous homogenization of electric tissue followed by 
density gradient fractionation at nearly zero ionic 

’ The term “43,000-dalton protein” in this paper refers to membrane- 

bound protein material which migrates as a single band on one-dimen- 
sional polyacrylamide-SDS gels with M, z 43,000 and is quantitatively 
extracted at pH 11. Although this material has behaved as a single 
protein species in our experiments others have found that the band 
may, in fact, contain multiple species (Barrantes et al., 1980; Gysin et 
al., 1981). 
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strength (Sobel et al., 1977). This procedure, as carried 
out in this laboratory, leads to the loss of cytoplasmic 
filaments and dense material which are associated with 
the membrane in situ (Rosenbluth, 1975; Sealock, 1980; 
Cartaud et al., 1981). Thus, the relationship of the inner 
surface image to the structure of the membrane in situ 
remained unclear. In this study, I have sought both a 
partial resolution of this problem and a comparison of 
the postsynaptic membranes of electric tissue and skel- 
etal muscle by application of tannic acid-mediated neg- 
ative contrasting to the mouse motor endplate. This 
approach was prompted by the many similarities be- 
tween muscle and electric tissue (see Sealock and Ka- 
vookjian, 1980) but has gained in interest because of the 
immunofluorescent demonstration that anti-43,000-dal- 
ton antibodies bind to the rat neuromuscular junction 
with a distribution similar to that of the receptor (Froeh- 
ner et al., 1981). The results show that the negatively 
contrasted images of the two postsynaptic membranes 
are qualitatively and quantitatively similar. In particular, 
the inner surface bar is a prominent feature of the image 
in regions of high receptor density (i.e., at the tops of the 
junctional folds) and it is absent elsewhere. These results 
suggest that the bar does, in fact, reflect structures pres- 
ent in situ and that detailed morphological study of the 
isolated membranes from electric tissue can have direct 
relevance to study of the endplate. 

Materials and Methods 

The sternomastoid muscle of the mouse was selected 
for these experiments because of its relatively narrow 
endplate zone. The fixative was physiological salt solu- 
tion (130 mM NaCl, 6 ITIM KCl, 3 mM CaClz, 1 ITIM MgC12, 
1 mM sodium phosphate) buffered with 10 mM sodium 
cacodylate and supplemented with 2% glutaraldehyde 
(Polysciences EM grade, 8% stock) and 0.5% tannic acid 
(the low molecular weight product from Mallinckrodt; 
Simionescu and Simionescu, 1976). The pH was adjusted 
to 7.2 after the mixing of all components. The muscles 
were exposed in ether-anesthetized mice, flooded with 
fixative, excised, and pinned out under additional fixa- 
tive. After 30 min at room temperature, thin (-0.8-mm) 
transverse slices were taken from the endplate zone with 
a razor blade. The slices were fixed for an additional 30 
min at room temperature and then shaken for 18 hr in 
fixative at 4’C in cold salt solution, postfixed for 2 hr at 
4°C with 0.5% osmium tetroxide in buffered salt solution, 
washed in water, dehydrated with graded alcohols, and 
infiltrated with Epon 812. 

After polymerization, the slices were mounted on Epon 
blanks so that they could be sectioned parallel to their 
faces. Endplates were located in 0.3-pm sections taken 
from the immediate surface of the slices. Silver sections 
of endplates were poststained with 2% uranyl acetate in 
water for 10 min, followed by lead citrate (Reynolds, 
1963) for 10 min. 

Micrographs were taken at x 31,600 with a Zeiss EM 
10A microscope operated at 60 kV with a 60-pm objective 
aperture. 

For quantitative measurements, clear, well contrasted 
regions which appeared to have been sectioned trans- 
versely, as judged principally by a thin middle lamina, 

were printed at x 300,000. Lines were drawn along the 
outer and inner edges of the images, and the perpendic- 
ular distances from the center of the bilayer image to the 
outer line (Z,,) and to the inner line (ZJ and the overall 
width (L + I,) were measured. Only one set of measure- 
ments was taken per usable stretch of membrane for a 
total of 33 measurements. 

Results 

In the preliminary phase of this study, tannic acid- 
mediated negative contrasting of muscle fibers was in- 
duced by immersion of intact muscles in fixatives con- 
taining tannic acid. The resulting negative contrasting 
material was, however, restricted invariably to the out- 
ermost muscle fibers, making the location of endplates 
very inefficient. Extension of the contrasting to the in- 
terior of the muscle by perfusion with fixatives containing 
tannic acid was not tried, since several previous attempts 
with electric tissue (R. Sealock, unpublished experi- 
ments) had established that, at least in that tissue, the 
intensity of the negative contrasting obtained by perfu- 
sion fixation was always weaker than that obtained by 
immersion fixation. I chose, therefore, to incubate thin, 
transverse slices of preliminarily fixed muscle overnight 
in fixative containing tannic acid. Fibers throughout the 
cross-section of the muscle were contrasted by this pro- 
cedure, but the contrasting extended only a short dis- 
tance into the slices. Preliminary experiments also estab- 
lished that the depth and strength of the contrasting 
were not increased greatly by the use, in various combi- 
nations, of high concentrations (6 to 8%) of tannic acid, 
of 0.1% saponin to permeabilize the membranes (Seeman, 
1967), and of hypotonic fixatives (Ohtsuki et al., 1978). 
Hence, the results reported here were taken from thin 
sections made from the faces of slices which had been 
fixed extensively in the presence of 0.5% tannic acid. 
Since the slices were taken from endplate zones, one or 
more endplates usually could be found by light micros- 
copy in each face of a slice. 

A typical negatively contrasted neuromuscular junc- 
tion is shown in Figure lA. The negative contrasting 
material was particularly dense on the extracellular sur- 
faces of membranes, on collagen fibers and basal laminae, 
and in the primary and secondary synaptic clefts. Struc- 
tures in the interior of muscle cells most often were 
positively contrasted in the conventional manner or were 
seen in weak negative contrast. This was true even 
though the sections were made very near the cut ends of 
the cells. Frequently, however, there was strong negative 
contrasting inside of nerve terminals and overlying 
Schwann cells as in Figure lA. Nerve terminals were 
particularly susceptible to damage during the slow fixa- 
tion as shown, for example, by the multilamellar struc- 
ture in Figure lA, but deformation or stretch of the 
muscle plasma membranes did not occur as indicated by 
their completely normal relationship to the muscle basal 
lamina and the lack of blebbing. 

The membranes which bound the synaptic cleft are 
shown at higher magnification in Figure 1B. The inner 
and outer surfaces of the nerve terminal membrane and 
the outer surface of the postsynaptic membrane are 
strongly contrasted, while a somewhat lower degree of 
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Figure 1. The negatively contrasted neuromuscular junction. A, A typical junction showing the strong negative contrasting of 
extracellular elements, particularly collagen fibrils and basal laminae, even in the depths of the junctional folds (arrows). The 
interiors of the overlying Schwann cell (S) and the muscle fiber are poorly contrasted. Mitochondria are not contrasted. This view 
includes a muscle nucleus (N). B, The nerve terminal (N) and postsynaptic membranes at the mouth of a junctional fold (F). 
The juxtaneural postsynaptic membrane has negatively contrasted specializations on both surfaces (arrowheads), while the 
membrane in the deeper portion of the folds appears only as a thin line (arrows). Magnifications: A, X 21,400, B, X 210,000. 

contrasting occurs on the cytoplasmic surface of the 
postsynaptic membrane. The common feature in the 
images of all membrane species in muscle and electric 
tissue (Sealock, 1982) is a thin (-2-nm), strongly con- 
trasted line which arises by exclusion of the contrasting 
material by the hydrophobic portion of the bilayer. In 
addition to this line, the image of the postsynaptic mem- 
brane at the tops of the folds (i.e., the juxtaneural mem- 
brane) includes distinct, negatively contrasted structures 
associated with both the inner and outer membrane 
surfaces. Several examples are shown in Figures 1B and 
2, A to E. These images can best be appreciated by 
viewing from the side, sighting almost along the tangent 
to the page. In contrast to the juxtaneural membrane, 
the thin line is the only image given by membranes in 
nerve teminals (Fig. lB), the lower portions of junctional 
folds (arrows in Fig. lB), extrajunctional regions of mus- 
cle fibers (Fig. 2F), and Schwann cells (not shown). In 
fact, a thorough study of the tissue failed to uncover any 
other membrane species having strongly contrasted spe- 
cializations on either surface. The juxtaneural membrane 
is thus a morphologically unique membrane species in 
negatively contrasted muscle. 

At higher magnification, the inner and outer surfaces 
of the juxtaneural membrane are easily distinguished 
(Fig. 2, A to E). The structure on the outer surface 
appears as roughly rectangular projections or as a band 
of contrasted material with a rather poorly defined inter- 
nal structure. The center-to-center separation of the 

projections is -9 nm, similar to the value (8 to 9 nm) 
found with negatively contrasted postsynaptic mem- 
branes from Torpedo californica (Sealock, 1982). At the 
cytoplasmic surface, the most strongly contrasted and 
most consistent feature of the image appears as a roughly 
linear grouping of points of strong contrasting which may 
fuse into a distinct bar or line (Fig. 2, A to E). This bar 
forms the cytoplasmic edge of the image and usually is 
separated from the bilayer image by a thin intermediate 
zone which is wholly or partially filled with contrasting 
material (Figs. 1B and 2, A to E). In places, distinct 
substructures give the appearance of connecting the bi- 
layer image with the bar (Fig. 2C), but more commonly, 
the intermediate zone contains an amorphous image of 
relatively weak contrasting (Fig. 20). The appearance of 
the inner surface specialization as a bar can be enhanced 
by the underfocusing of the microscope, but in the most 
convincing cases, such as Figures 1B and 3, A and E, it 
remains throughout a through-focus series of micro- 
graphs (data not shown) and therefore does not arise 
primarily through inappropriate use of the microscope. 

The outer surface image in muscle can be identified 
with the acetylcholine receptor protein on the basis of 
several lines of evidence: (1) it is restricted to the juxta- 
neural membrane, which is the only site of high receptor 
density in innervated muscle (Fertuck and Salpeter, 
1976); (2) it is similar to the outer surface image obtained 
with membranes from T. californica, where the identi- 
fication is conclusive (Sealock, 1982) (Fig. 3); (3) the 
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receptor is believed to project above its membrane in 
muscle as it does in electroplax (Rosenbluth, 1974; Rash 
and Ellisman, 1974; Hirokawa and Heuser, 1980); and (4) 
the receptor is densely packed and occurs in rows in the 
muscle postsynaptic membrane (Rash and Ellisman, 
1974; Hirokawa and Heuser, 1980). Hence, the outer 
surface image consists of simple projections when the 
receptor rows are aligned with the optical axis of the 
microscope and as a band when they are viewed partially 
from the side. 

At the present time, the inner surface image can be 
identified only through reference to the isolated mem- 
branes. Figure 3 shows the qualitative similarities be- 
tween the two images. The high degree of similarity 
suggests that they arise from corresponding structures, 
even though the muscle membrane is underlaid by a 
dense, filamentous material which extends much further 
from the membrane surface than the negatively con- 
trasted structure (Figs. 1B and 2; Couteaux and Pecot- 

Figure 2. Negatively contrasted muscle membranes at higher 
magnification. The upper surface in each picture is the outer 
surface of the membrane. A to E, Juxtaneural postsynaptic 
membrane. The outer surface image often contains distinct 
projections (arrows). The inner surface image appears as a line 
or bar of strongly contrasted points (arrowheads). Occasional 
structures appear to join the bilayer image with the bar (arrow- 
head in C). F, A typical stretch of extrajunctional membrane. 
No regularly occurring, negatively contrasted structures are 
apparent. Magnifications: x 250,000. 

Dechavassine, 1968; Rosenbluth, 1974; Heuser, 1980; Hi- 
rokawa and Heuser, 1980), while any such material in the 
electroplax (Sealock and Kavookjian, 1980; Cartaud et 
al., 1981) is removed during membrane isolation (Sealock, 
1980). The inner surface bar in membranes from Torpedo 
is largely eliminated by extraction of the membranes at 
pH 11 prior to fixation, while the outer surface image is 
nearly unchanged (Fig. 30). The 43,000-dalton protein 
appeared to be the only major protein removed by ex- 
traction from the membranes used in the preparation of 
Figure 3, B and D (Sealock, 1982) as expected (Neubig et 
al., 1979). However, the possibility that the membranes 
contained an extractable, major protein which was not 
detected by gel electrophoresis could not be eliminated 
entirely. Hence, the bar seen with Torpedo membranes 
was tentatively identified with the 43,000-dalton protein. 

The images of the muscle and isolated membranes are 
also quantitatively similar. Table I shows that there is 
good agreement among the widths of the outer (Z,,) and 
inner (ZJ halves of the images obtained in muscle and the 
two species of electric tissue studied previously. In all 
three cases, the image is approximately symmetrical with 
respect to width about the layer image (lo/& z 1.0). This 
consistent finding suggests that the slight increase in the 
overall widths of the images in going from Torpedo to 
Nczrcine to muscle reflects systematic variations, such as 
section thickness and contrasting intensities of the sam- 
ples rather than differences in molecular sizes. Hence, 
the negatively contrasted portion of the membrane in 
muscle is probably somewhat narrower than the meas- 
ured 14.7 nm. 

TABLE I 
Dimensions of negatively contrastedpostsynaptic membranes 

Torpedo” Narcine” Muscle 

nm 

lob 6.3’ 6.8 7.3 
lid 6.4 6.9 7.4 
1, + I, 12.8 13.7 14.7 

L/l, 1.0 1.0 1.0 

a From Sealock, 1982. 

* The distance from the center of the bilayer image to the outermost 
edge of the overall image. 

‘Standard deviations of the means range from 9 to 15% for aII 
measurements. 

d The distance from the center of the bilayer image to the innermost 
edge of the overall image. 

Figure 3. Comparison of the membrane in muscle (A, C, and E) with intact (B) and alkaline-extracted (D) membranes from T. 
californica. The micrographs in B and D are taken from a previous study (Sealock, 1982; reprinted with permission from The 
Rockefeller University Press). This figure, like Figure 2, is best viewed from the side at an angle of -30” to the plane of the page. 
Magnifications: X 350,000. 
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Discussion 

The results of this study show that the cytoplasmic 
surfaces of the acetylcholine receptor-rich, postsynaptic 
membranes in mouse skeletal muscle and after isolation 
from electric tissue give similar images after tannic acid- 
mediated negative contrasting. This result could have 
been anticipated from published micrographs (Rosen- 
bluth, 1974; Heuser, 1980) in which the (positively con- 
trasted) receptor-rich membrane in muscle appears to 
have a thick inner lamina like that in electric tissue and 
membranes derived from it (Sealock, 1980). The use of 
negative contrasting to investigate the inner surface has 
the particular advantage, however, that it reports more 
on the concentration of protein in a given region than on 
the ability of the region to bind heavy metals. Conven- 
tional negative staining is inconvenient for this purpose, 
since it rarely gives an unobstructed view of the inner 
surface of isolated membrane vesicles (but see an exam- 
ple in Cartaud et al., 1978), and its application to muscle 
would require the use of ultrathin frozen sections (Tsuji, 
1978). On the other hand, tannic acid-mediated negative 
contrasting for thin section electron microscopy affords 
simultaneous but separate views of both surfaces in un- 
limited quantity, and it is easily extended to muscle. 

The image of the postsynaptic membrane obtained by 
negative contrasting of muscle is best analyzed by com- 
parison to the image of isolated membranes from electric 
tissue for three reasons. First, the mechanism by which 
the contrasting material accumulates around structures 
and is excluded from some portions of them is not known 
with certainty. However, in the study of isolated mem- 
branes, 8-nm rosette-like structures which could be reli- 
ably identified as individual receptor molecules could be 
seen in areas where the plane of the membrane lay within 
and parallel to the plane of the section (Sealock, 1982). 
From these observations, it was concluded that the mech- 
anism of image formation, at least as far as the receptor 
is concerned, must be similar to that in conventional 
negative staining. Furthermore, these observations 
showed that the inherent resolution in the method is 
surprisingly high, although much of this resolution is 
sacrificed in practice due to superposition of contrasted 
structures through the thickness of the sections. Sec- 
ondly, the internal and external environments of the 
isolated membranes can be controlled and made identi- 
cal, thereby assuring optimal contrasting of both sides. 
The quality of the negative contrasting obtained with 
muscle, where many of the chemical conditions are fixed, 
has been consistently inferior (Fig. 3). Finally, the iso- 
lated membranes prepared in this laboratory do not carry 
extensive filamentous material like that found in muscle 
so that the material need not be invoked to offer an 
explanation of the observed image. The close similarities 
between the inner surface images of muscle and electric 
tissue membranes therefore suggest that they have their 
origins in homologous structures and that the structure 
is relatively little altered, at least in its gross features, by 
the membrane isolation procedure. 

A tentative identification of the inner surface bar in 
biochemical terms is possible through the alkaline ex- 
traction experiment. Since the bar is strongly contrasted 
in the isolated membrane, it must be true not only that 
its individual elements exclude the contrasting material 

well but also that they occur at rather high density. 
Hence, these elements are likely to be major protein 
components of the membrane. The 43,000-dalton protein 
is probably the only major protein extracted from the 
membranes at pH 11, and simple calculation suggests 
that there are sufficient amounts of it on the membranes 
to account for the observed image (Sealock, 1982). The 
evidence thus suggests that the 43,000-dalton protein 
may be the major component of the structure which 
gives rise to the bar in electric tissue and, by extension, 
in muscle. This conclusion does not, of course, exclude 
the possibility that the structure contains other protein 
as well. 

Correlation of a cytoplasmic structure with the 43,000- 
dalton protein also is supported by other, independent 
experiments. The 43,000-dalton protein on isolated mem- 
branes is not modified by trypsin (Wennogle and Chan- 
geux, 1980) or lactoperoxidase-catalyzed iodination (St. 
John et al., 1982; St. John, 1980) unless steps, such as 
pretreatment with saponin, are taken to cause reagents 
to enter the sealed, right-side-out vesicles formed by 
postsynaptic membranes. At the rat neuromuscular junc- 
tion, the distributions of reactivities to antibodies against 
Torpedo receptor and against the 43,000-dalton protein 
are identical at the light microscopic level (Froehner et 
al., 1981). The latter experiments were carried out on 
frozen sections so that the side of the membrane to which 
the anti-43,000-dalton antibodies bound could not be 
determined. All of the available evidence is thus con- 
sistent with the hypothesis that the 43,000-dalton protein 
is associated with the cytoplasmic surface of the mem- 
brane and precisely confined to receptor-rich regions. 

Changeux and co-workers (Cartaud et al., 1981) have 
correlated a somewhat different structure with the 
43,000-dalton protein in membranes from electric tissue 
of Torpedo marmorata. They find that receptor-rich 
regions of these membranes, when fixed in the presence 
of tannic acid for positive contrasting, contain large 
“condensations” of material associated with the cyto- 
plasmic surface and extending as much as 40 nm from 
the center of the bilayer image. The condensations are 
eliminated by alkaline extraction so that they have been 
identified tentatively with the 43,000-dalton protein. Ex- 
trapolation of this result to muscle would suggest that 
the extensive filamentous material underlying the recep- 
tor-rich membrane is the site of 43,000-dalton protein 
localization. However, similar condensations occur only 
occasionally in vesicles prepared according to method of 
Sobel et al. (1977) from tissue of Narcine brasiliensis 
and T. californica (Sealock, 1980, 1982), even though 
these preparations have a full complement of the 43,000- 
dalton protein (cf., Sobel et al., 1977, and Sealock, 1982). 
An inner surface bar like that seen here is a prominent 
feature in membranes from T. marmorata subjected to 
tannic acid-mediated negative contrasting (Sealock, 
1982). Hence, these condensations appear to be a most 
interesting postsynaptic structure now subject to bio- 
chemical analysis but possibly not related to the 43,000- 
dalton protein. 

Submembrane densities and specializations at syn- 
apses are of considerable general importance and interest 
in neurobiology. Among other functions, those on the 
postsynaptic side frequently are supposed to serve some 
role in maintaining high densities of neurotransmitter 



The Journal of Neuroscience Postsynaptic Membrane Structure in Muscle 923 

receptors in the postsynaptic membrane. The 43,000- 
dalton protein appears to be one cytoplasmic structure 
for which direct experimental evidence for such a role is 
beginning to accumulate. Thus, the acetylcholine recep- 
tor protein gains rapid rotational mobility (Rousselet et 
al., 1979; Lo et al., 1980) and assumes a more disordered 
distribution (Barr-antes et al., 1980) after alkaline extrac- 
tion of isolated postsynaptic membranes, and it becomes 
further dispersed in the plane of the membrane if alka- 
line-extracted, but not intact, membranes are caused to 
fuse with liposomes (Cartaud et al., 1981). These data 
suggest, but do not establish, that the 43,000-dalton 
protein acts to limit lateral diffusion of the receptor, 
presumably by direct association with the cytoplasmic 
ends of receptor molecules. Thus, the study of nicotinic 
synapses appears to have entered an exciting phase in 
which nonreceptor components, suspected or not to exist 
at synapses of interest, can be discovered and indirectly 
tested for function via study of electric tissue. 
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