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ABSTRACT

The distribution of acetylcholinesterase (AChe) in the twitch fibers of the
extraocular muscles of the mouse was examined by light and electron microscope
autoradiography after labeling with radioactive diisopropyl fluorophosphate
(DFP) with, and without, 2-pyridine aldoxime methiodide (2-PAM) reactivation.
The values obtained were compared with those previously reported for the
diaphragm and sternomastoid muscles. The extraocular muscles were studied
because they differ from the other two muscles in that they are among the fastest
of the mammalian muscles, yet their endplates have sparse junctional folds. They
could thus provide information on the extent to which AChe concentration is an
invariant feature of endplate morphology and what, if any, aspects may be related
to their fast speed of response.

We found, using light microscope autoradiography, that in the twitch fibers
of the extraocular muscle, there is an average of 6.4 * 2.1 x 107" DFP-binding
sites per endplate, of which 29% (1.8 x 107) are reactivated by 2-PAM and are
thus AChe. The morphology of the extraocular endplates allowed us to conclude,
on statistical grounds, that the AChe sites are probably localized not only along
the surface area of the postjunctional membrane (PJM) but also along the surface
of the presynaptic axonal membrane. Based on this localization, we calculate
7,800 DFP sites and 2,500 2-PAM-reactivated sites/um? of surface area of pre-
and postjunctional membrane. This stacking density of DFP-binding sites per sur-
face area of membrane (probably in the overlying sheets of basal lamina) is very
similar to that in the diaphragm and sternomastoid muscles.

KEY WORDS acetylcholinesterase - extraccular and on the fine structural level (33, 34, 41). We

muscle - EM autoradiography - track found that in two different mouse muscles, the
autoradiography - neuromuscular diaphragm and sternomastoid, there were about
junctions - acetylcholine receptor the same number of labeled sites per square

micrometer of the folded postjunctional mem-
In several studies we have assessed the number of  brane (PJM). These data suggested that the ester-
esterase sites both at the whole endplate (31, 32)  ases may be present in muscles in some constant
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relationship to the PJM, independently of muscle
morphology or speed of response (4). However,
although mouse diaphragm and sternomastoid
muscles differ somewhat both in morphology and
speed of response (e.g., the diaphragm consists
primarily of red fibers and has a fusion frequency
for maximum tetanic contraction of 25-30 Hz
whereas the sternomastoid consists primarily of
white fibers and has a tetanic fusion frequency of
70-80 Hz), the overall differences are not very
great, and in both muscles there is a similar ratio
(5-6:1) of postjunctional to prejunctional mem-
brane. It was, therefore, difficult to draw any firm
conclusions concerning the above hypothesis
based on data from these two muscles alone.

A muscle which is ideally suited for testing the
hypotheses that the esterase site density remains a
constant function of junctional-fold surface area is
the extraocular muscle, because in this muscle the
junctional folds are relatively sparse when com-
pared with the other two mouse endplates studied
(40), i.e., the ratio of postjunctional to presynap-
tic axonal membrane is 2-3:1. Thus, a constant
ratio of acetylcholinesterase (AChe) to PIM sur-
face area would leave this muscle with relatively
less AChe than is present in the other two mus-
cles. Yet the extraocular muscle is among the
fastest of the mammalian twitch muscles, having
tetanic fusion frequencies 5-10 times faster than
those of the other two muscles (350-450 Hz) (1,
8, 10, 20), and thus it may be expected to have a
greater need for AChe to allow for rapid repetitive
action. The unique morphology of the extraocular
muscle allowed us to determine the extent to
which AChe concentration is indeed a constant
function of junctional fold membranes.

The endplates were labeled using diisopropyl
fluorophosphate (DFP), which phosphorylates the
active sites of a number of esterases and proteases
by forming a covalent bond with a serine residue
(see discussion by Cohen et al. [9]). The reaction
kinetics and subsequent fate of the phosphoryl-
ated enzymes depend on species and class of
enzymes, as well as on pH and temperature.
Studies on mammalian esterases which have been
phosphorylated with DFP indicate that this reac-
tion is essentially irreversible but that the enzyme
can be quickly reactivated by certain nucleophilic
reagents. One such agent, 2-pyridine aldoxime
methiodide (2-PAM), is among the most potent
specific reactivators for phosphorylated AChe
(44, 45). Thus, by labeling the 2-PAM-reactivated
sites, one can distinguish AChe from other DFP-
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phosphorylated sites. In our earlier studies (30),
the validity of the use of 2-PAM reactivation was
established by showing that the same fraction of
sites was protected from DFP by the specific
AChe inhibitor BW 284C51.

In the present study on the extraocular muscles,
we first used light microscope autoradiography to
determine both the total number of DFP-binding
sites per whole endplate and the number of these
sites reactivated by 2-PAM. EM autoradiography
was then used to study the subcellular distribution
of these sites. The sizes of the endplate compart-
ments were also determined, as previously de-
scribed (38).

MATERIALS AND METHODS

The four rectus muscles of the eye in adult albino mice
were used. They were labeled either by: (a) radioactive
DFP, to phosphorylate all reactive sites; (b) radioactive
DFP followed by 2-PAM, to label all reactive sites
except AChe; and (c) nonradioactive DFP, followed by
2-PAM and then by radioactive DFP to label AChe sites
only. Conditions for saturation of DFP sites, for mini-
mizing nonspecific binding, and for reactivating with 2-
PAM have previously been established and were fol-
lowed here (31, 32). Saturation with DFP was always
judged by the absence of cholinesterase reaction prod-
ucts after a 1/2-h staining period using the method of
Karnovsky and Roots (24). The conditions were also
designed to eliminate any significant effect of “ageing’”
on the quantitative results by keeping the time lapse
between the DFP and the 2-PAM incubation to <1 h.
(“Ageing” is a process whereby dealkylation of the
organophosphorous inhibited enzymes occurs with time
and prevents reactivation by 2-PAM. The accumulated
evidence from several studies [5, 9, 11, 14, 21, 22, 23)
leads to the conclusion that the half-life for ageing of
AChe inactivated with DFP is longer than for butyryl-
cholinesterase (BuChe), is on the order of 10-35 h at
room temperature, and is temperature-dependent.)

Light Microscope Autoradiography

TRACK AUTORADIOGRAPHY: Light microscope
track autoradiography was used to obtain the total DFP-
binding sites per whole endplate. Two male Swiss mice,
each weighing ~16 g, were killed by a blow on the head.
The rectus muscles from each eye were fixed in cold 4%
formalin in phosphate buffer (pH 7.4) and stained for
AChe by the method of Karnovsky and Roots (24). This
stain was used instead of a Koelle stain previously used
by Rogers et al. (32) since the latter caused a progressive
reduction with time of the sites available for reaction
with DFP. After staining, the muscles were washed in
phosphate buffer, then incubated with [*P]DFP (Radi-
ochemical Centre, Amersham, England; sp act 0.2 mCi/
0.66 mg of DFP), and finally washed in nonradioactive
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DFP and in buffer, as previously described (31, 32). The
muscles were teased into individual muscle fibers. The
regions bearing stained endplates were then microdis-
sected, placed on gelatinized slides, and coated with a
thick (60-100 pm) layer of Ilford G5 emulsion (Ilford
Ltd., Ilford, Essex, England). The preparations, after
drying, were exposed for 23.5 h. The emulsion was
processed in an Amidol developer and prepared for
track counting (30).

Tracks were counted using a KS x 53 objective on a
Leitz Ortholux microscope. Only tracks traveling up-
wards into the emulsion from the muscle fibers were
counted and were assumed to represent 50% of the total
number of B-particles leaving the fibers during exposure
(the remainder traveling down into the glass slide).
Background values obtained from similar lengths of the
same fiber at a position distant from the endplate were
then subtracted.

GRAIN DENSITY AUTORADIOGRAPHY: Light
microscope grain density autoradiography was used as a
means of determining the fraction of all DFP sites that is
reactivated by 2-PAM and thus is AChe. The rectus
muscles were again dissected from two male mice and
fixed as for track autoradiography, but were then incu-
bated in 10~ M [*H]DFP (Radiochemical Centre; sp act
4.3 Ci/mmol), rather than in [**P]DFP. The muscles
were washed in nonradioactive DFP and in buffer as was
done for the [**P)DFP-treated muscle. They were then
divided into two groups, A and B. Group A was
incubated in [*H]DFP as described above. Group B was
further treated with 2-PAM (1072 M, pH 7.8, for 40 min
at room temperature) to remove the [*PH]DFP specifi-
cally from AChe sites and thus provide tissue in which
all bur AChe sites were labeled. The muscles were then
washed and sectioned on a cryostat at —24°C at a
thickness of 5um. The sections were mounted on gela-
tinized slides, which were then dipped in Ilford L4
emulsion, exposed for 12 days, and processed in an
Amidol developer, as were the track autoradiograms.

To recognize endplates for grain counting, all slides
were stained through the developed emulsion by the
technique of Karnovsky and Roots (24). Specimens for
group A (i.e., in which all sites had been phosphoryl-
ated) were first incubated in a solution of 107> M 2-
PAM for 30 min to reactivate phosphorylated sites, thus
permitting AChe staining. Since this 2-PAM treatment
of group A autoradiograms was done after the photo-
graphic processing was complete, the autoradiographic
results were not affected. (Autoradiograms of group B
were not treated with 2-PAM after photographic proc-
essing since the AChe was already reactivated as part of
the initial incubation sequence.)

All grain counting was carried out by the same
observer. Stained endplates were identified on the sec-
tions and their areas measured using a calibrated grid in
the ocular (unit area = 30 um?). Background correction
was based on the grain counts over similar areas of
muscle fiber without endplate.
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Statistically, one can expect the fraction of an endplate
which will be seen by the emulsion to be roughly the
same for groups A and B. The difference between the
grain counts in the two groups can therefore be used to
determine the fraction of sites reactivated by 2-PAM.

EM Awtoradiography

The four lateral rectus muscles of six animals were
used. The muscles were either fixed in vitro by immer-
sion in 1.5% glutaraldehyde in 0.06 M phosphate buffer,
pH 7.4 (2 h on ice as previously done [34, 41]), or by
perfusion of the whole animal in the periodate lysine-
paraformaldehyde fixative (2% in 0.06 M phosphate
with 6.8% sucrose) (27), followed by 2-h immersion
fixation in the same fixatives. In a recent study,! it was
found that the DFP-binding-site density is not signifi-
cantly different with these two fixation procedures.

Tissue regions rich in endplates were used. They were
thoroughly washed in cold phosphate buffer with 6.8%
sucrose, and then incubated either (a) in [*H]DFP, to
label all DFP sites, or (b) with the sequence nonradio-
active DFP — 2-PAM — [H|DFP, to label only 2-
PAM-reactivated sites. The incubation procedures were
as previously described (33, 34, 41); DFP incubation
was performed at pH 7.4 and 2-PAM incubation at pH
7.8, both in 0.06 M phosphate buffer. The tissues were
then postfixed in 1% OsO, in 0.06 M phosphate buffer,
block stained in 2% aqueous uranyl nitrate or acetate,
and embedded in Epon 812.

Absolute quantitation was made possible by the use
of the “flat substrate” EM autoradiography method of
Salpeter and Bachmann (35, 36). For each animal, pale
gold sections were cut from six different regions of the
muscle (i.e., two different regions of three blocks or
three different regions of two blocks) to get adequate
sampling. The sections were coated with a tightly packed
monolayer of Ilford L4 emulsion (deep purple interfer-
ence color), exposed for ~15 wk and developed either
with Microdol X (Eastman Kodak Co.) for 3 min or with
Gold latensification (GEAS) (43). Autoradiograms were
systematically scanned in the EM and all endplates
photographed, regardless of whether there were any
grains associated with them or not. At least 200 endplate
profiles per animal were tabulated, representing a broad
sampling from all the muscles processed. The micro-
graphs were enlarged photographically to a final magni-
fication of 20,000-30,000 for grain tabulation.

Analysis of Autoradiograms

The grain density distribution method (37, 39) was
used on endplates of two animals to establish the locali-
zation of radioactivity in the subneural region of the
endplate. This procedure was used in our previous
studies on DFP binding to other mouse endplates (34,

! Kasprzak, H., and M. Salpeter. Manuscript in prepa-
ration.
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41) and consists of comparing experimentally obtained
grain distributions around assumed sources with what
one would expect from such sources based on the
resolution of the technique used. The “goodness of fit”
between the expected and experimentally obtained dis-
tributions allows one to define the likely sources of
radioactivity in the tissue. Once this was done, all
animals were analyzed for absolute quantitation. Grain
density (grains per unit area or volume of each potential
source) was -tabulated, and the absolute site density
calculated as previously described? (34, 37, 41).

RESULTS

Morphology of Endplates in
Extraocular Muscle

The fine structure of the myoneural junctions
of mouse extraocular muscle was described in a
previous study (40). There are two major cate-
gories of myoneural junctions: multiple junctions
on tonic fibers and single junctions on twitch
fibers. The single junctions were tentatively fur-
ther subdivided into two groups. The first group
(60-70% of total) consists of large diffuse endings
seen on thin, mitochondrion-rich (“dark red”)
fibers (Fig. 1a). These endings have very sparse
junctional folds (Figs. 15 and 3). The second
group consists of smaller (more compact) junc-
tions on larger fibers with many fewer mitochon-
dria (*off-white” fibers). (For further illustrations,
see reference 40.) These endings have somewhat
more extensive junctional folds. The overall aver-
age ratio of PJM to presynaptic axonal membrane
of both types of endplates in both the earlier and
the present study is 3:1. (In many of the endplates
on the dark red fibers, the ratio is as low as 1.5:1
and on off-white fibers as high as 5.5:1.) The
depth of the folds is 0.3 wm. These ratios of
membrane lengths and depth-of-fold averages
were based on measurements made on numerous

2 The sensitivity value was obtained from the sensitivity
curves reported by Salpeter and Szabo (43). The grain
density over the cleft was used to read the appropriate
sensitivity value which, in the present study, was 1/10-1/
12 for most of our autoradiograms developed with
Microdol X. Because of the high “‘dose dependence”
with Microdol X, which introduces a systematic error
and can limit the accuracy of the absolute quantitation
by ~30%, we no longer recommend the use of the
Microdol X developer. The study reported here, how-
ever, was begun before this dose dependence was discov-
ered. At that time we began using Gold EAS or D19
developers which gave sensitivity values of 1/4-1/5.
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random sections through the endplates of several
different animals and were found to vary within
+ 30% of these mean values. It is not always easy
to distinguish between the two types of endplates
on the extraocular twitch fibers, and a continuum
in the morphology of both the endplates and their
muscle fibers is a real possibility (40). In the
present study, the problem of subdividing the
single endplates on twitch fibers was especially
great for the light microscope images, so in the
specimens for light autoradiography no clear dis-
tinction between the diffuse and compact single
endplates was made. In the EM, these were more
easily distinguished. Since the diffuse single end-
plate on the “dark red fiber” is the prevailing
endplate in the extraocular muscle, the statistical
analysis reflects predominately their input. How-
ever, in two animals we analyzed small subsam-
ples of endplates on off-white fibers separately
and did not note any significant difference in the
distribution of their DFP-binding-site density.?

Light Microscope Autoradiography,
Track, and Grain Density

From track autoradiography we obtained infor-
mation on DFP binding sites per whole endplate.
We identified 44 single endplates and 202 g-
tracks (after background subtractions) originating
from them in the direction toward the emulsion.
From the specific activity of the DFP and the
sensitivity of the calibrated technique, we could
determine that this is equivalent to 6.4 * 2.1 X
107 DFP-binding sites per endplate. There was a
large variation in endplate sizes, the surface area
ranging from ~1,000 to 6,000 pm?. The large
standard deviation in binding sites partly reflects
an increased number of tracks with increased
endplate size. (Surface area was judged by the
overall extent of the reaction product in surface
view after staining for AChe.) However, as can be

3 The small multiple endings on the tonic fibers were not
easily detectable by the light microscope autoradi-
ographic techniques. Only five multiple endings were
seen in the track autoradiography. These had in total
only two @B-tracks above background and thus were
essentially below the sensitivity of the light autoradi-
ographic procedures used. In the EM study, we had no
problem seeing the multiple endings on the tonic fibers
but found an insufficient number of developed grains
associated with them for a statistical analysis. The cur-
rent study was thus restricted to the single endplates on
twitch fibers.
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FiGURE 1

(a) Large diffuse endplate on teased extraocular dark red fiber stained for AChe and seen by

phase microscopy. X 1,000. (b} EM autoradiograph of extraocular endplate on a dark red twitch fiber as
illustrated in Fig. 1 a. Note sparse junctional folds. x 20,200.

seen from Fig. 14, the axonal terminal branches
fan out in a diffuse manner and the overall surface
area of the endplate is not strictly related to
functional area of the endplate. No exact correla-
tion between overall size of endplate and autora-
diography tracks could therefore be established.

The light microscope grain density autoradiog-
raphy (after [°H|DFP binding with and without 2-

PAM) was used for assessing the percent of sites
reactivated by 2-PAM since it was deemed more
accurate than the track autoradiography for this
purpose. This is because a large sample is more
easily obtained and the area for tabulating devel-
oped grains is well-defined and restricted to por-
tions of the endplate which are functionally related
to esterase activity. The section and emulsion
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thicknesses are infinite for tritium radiation and
thus small fluctuations in specimen thickness do
not contribute to the autoradiographic variance.
However, the grain density light microscope au-
toradiograms are not suitable for absolute quanti-
tation of sites per whole endplate because of the
difficulties in determining the fraction of the whole
endplate which is included in the tabulation.

Thus, in group A (i.e., all DFP-binding sites)
132 endplates on twitch fibers were recognized in
sections and their areas measured. In the overly-
ing emulsion, 493 grains were counted, giving a
grain density of 16.96 grains/100 wm? of endplate
area. In group B (all DFP sites minus 2-PAM-
reactivated sites, i.e., 2-PAM insensitive sites),
204 sectioned endplates were identified and mea-
sured, and 933 grains, or 12.11 grains/100 pm?
were found. Therefore, by comparing groups A
and B, it was determined that 28.6% of the DFP-
reactive sites are AChe.

If the results from track and grain density light
microscope autoradiography are combined, we
conclude that in this heterogeneous population of
singly innervated fibers there is an average of 6.4
x 107 DFP-binding sites per whole endplate, of
which an average of 28.6% are reactivated by 2-
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PAM. This gives a value of 1.8 x 107 AChe sites
per endplate .*

EM Autoradiography

GRAIN DENSITY HISTOGRAM: Fig. 1la
shows a stained endplate on a “‘dark red” fiber in
surface view, and Fig. 15 an EM autoradiograph
of a typical profile through such an endplate. Fig.
2 gives a grain density histogram of AChe sites
based on 433 grains from 184 endplates of two
animals and constructed around the postjunctional
membrane as previously described (34, 41). The
smooth curve superimposed over the experimental

4 We now think that the values reported previously for
the eye muscles by Barnard and Rogers (3) are in error.
These authors reported two experiments in which ocular
muscles were examined. In the first, 36 endplates gave a
value of 5-6 x 107 DFP-reactive sites per endplate; in
the second, 21 endplates, observed to be much smaller,
gave 1.25 x 107 DFP-reactive sites per endplate. It was
assumed that the second experiment had involved tonic
endplates; the first, twitch. On reexamination of the
original slides, it is clear that the smaller, second group
did not consist of tonic endplates, but rather were small
twitch endplates, compatible with the lower end of the
size range seen in the present experiments.
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histogram was derived from Salpeter et al. (37)
and represents the expected grain distribution
from a line source coincident with the postjunc-
tional folded membrane corrected for the curva-
ture of the axonal endbulb. It was found that, as
in the other two mouse muscles, the experimental
data are compatible with the hypothesis that the
radioactive source is centered within one resolu-
tion width (HD) of the postjunctional folded
membrane. (The parameter, HD, was defined in
studies on EM autoradiographic resolution as that
distance from a line source within which 50% of
the grains due to that source would fall.) For the
autoradiographic conditions used here, HD is
1,500 A (37). Since the one-HD distance from
the postjunctional membrane included the synap-
tic cleft as well as the presynaptic axonal mem-
brane, these two structures cannot be resolved
directly from the postjunctional membrane by the
procedure used in this analysis and therefore
cannot be excluded as possible sources of radio-
activity.

We therefore had three potential sources, i.e.,
the cleft, the postjunctional folded membrane
(PJM) alone, and the combined prejunctional plus
PJM (prejunctional membrane is defined as that
part of the axonal membrane which is adjacent to
the postjunctional membrane, i.e., bounding the
primary cleft). Site densities were first determined
for these three endplate compartments as if each
was the true source. All the grains within the
histogram distances in Fig. 2 were used to calcu-
late the concentration of sites relative to the three
compartments. Background grains seen over an
equivalent area away from the endplate were
subtracted. The number of DFP- or 2-PAM-reac-
tivated sites per unit surface area or volume was

then calculated (as previously described in refer-
ences 34 and 41). The results are given in Table I.

THE MOST LIKELY SOURCE OF RADIOAC-
TIviTY: The geometry of the extraocular end-
plates provided an indirect means of estimating
the most probable localization of the radioactivity
(i.e., the true source compartment). As can be
seen in Fig. 1b, the predominant endplate
(i.e., large diffuse endplate on dark red fibers)
in the extraocular muscle has very sparse junc-
tional folds. Also, the amount of folding varies
within one endplate, in that there are areas
with no folds and other areas with more frequent
folds. This variation provided the opportunity for
a statistical analysis to help localize the binding
sites. The analysis was performed only on the 2-
PAM-reactivated sites from two animals. The
endplates were subdivided into two zones (Fig. 3).
Zone 1 consisted of regions where there were no
postjunctional folds; Zone 2 consisted of regions
containing junctional folds, and included one res-
olution width (HD 1,500 A) on either side of the
folds. (Any zone segment less than one HD wide
was omitted from the tabulation to minimize the
effect of cross scatter.) Grain densities related to
different endplate compartments were analyzed
separately for the two zones.

The expectation was that the number of grains
should vary between the two zones to the same
extent as the areas or volumes of the ““true source”
(i.e., the endplate compartment with which the
radioactivity is associated). Or, in other words,
the grain densities related to that compartment
which was the true source should remain constant
in the two zones. (The results are seen in Table
II). We found by performing x* tests that only
when the grains were related to the areas of the

TabLE I
DFP-Binding-Site Density for Different Assumed Sources at Endplates of Extraocular Muscle*

Assumed source

PJM surface area: sites (10%/um?)

Axonal plus PIM surface aread

Cleft volume: sites (10°/um®)

sites (10% um?)
Muscle total DFP 2-PAM reactivated total DFP 2-PAM reactivated total DFP 2-PAM reactivated
Extraocular twitch fir 11.3 (8.2-14.2) 3.4(2.4-42) 7.8 (6.2-9.6) 2.5 (1.9-2.6) 136.7 (122-146) 41.4 (33.7-49.1)
ber
Sternomastoidy| 93 2.4 7.8 2.0 123.2 35.2
Diaphragm¥ 8.6 22 7.2 1.8 130.0 29.0

* Compared with that of other mouse muscles.

4 Based on six animals and 36 tissue samples; range of values given in parentheses.
§ Most likely true source in extraocular twitch fibers (see Table II). This information is not yet available for sternomastoid and diaphragm muscles.

|} Data from Salpeter et al. (41), and H. Kasprzak and M. Salp
1 Data from Salpeter et al. (41).
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Figure 3 Extraocular junction of dark red fiber to illustrate Zones 1 and 2 representing regions without

and with junctional folds, respectively. x 30,680.

TasLe II
Search for Most Likely Source of Radioactivity in Extraocular Endplates*

Grains/unit area or volume (arbitrary units)$ related to different assumed source

compartments
Endplate zonest Number of grains PIM surface area¥ Axonal plus PIM surface areal| Cleft volumeY
Zone 1 (PIM has no folds) 102 1.14 0.59 3.50
Zone 2 (PJM has folds) 107 0.69 0.53 2.48

* The rationale underlying these calculations is the assumption that the true source compartment is, on the average,
equally labeled in the entire endplate. Three possible labeled (source), compartments were considered: (a) the
basal lamina along the surface of the PIM; (b) the basal lamina along both the axonal and PJM surface; and (c) the
entire volume of the cleft. Each of the above was then assumed to be the only source compartment. For each zone,
we then calculated separately what the grain density would be if all the grains were due to radioactivity from only
that compartment. Since the relative sizes of the three compartments differ in zones 1 and 2, only the true source
compartment is expected to have the same grain density in each zone. (See footnote || below.)

% For illustrations of zones, see Fig. 3.

§ When comparing grain density in different zones from the same set of endplates the variance is expected to be
merely the sampling error due to the number of grains counted and the measurements of the compartment size.
These are estimated to be <15% for the conditions of this analysis.

| Most likely the true source. x? for zones I and 2 is not significantly different (P = 0.5).

9 x? is significantly different (P < .02) for zones I and 2.

total junctional membranes (pre- plus postjunc-
tional) were the grain densities not significantly
different in the two zones (P = 0.5). The grain
densities were, however, significantly different (P
= < 0.02) between zones 1 and 2 when grains

SALPETER ET AL.

were related either to the postsynaptic membrane
areas alone or to the entire volume of the cleft.
We conclude from these results that the most
likely distribution of the AChe sites is along the
surface area of both, the presynaptic axonal and
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postjunctional (junctional fold) membranes. Re-
cent studies have provided evidence that the
AChe is associated with the basement membrane
(basal lamina) of the cleft and not the plasma
membrane (6, 7, 19, 28). The basal lamina ap-
pears in fine structure as sheets along the surface
contours of both the PJM and axonal membrane,
although sometimes the two lamina appear fused.
In the present study, we use the term ‘‘surface
area of the axonal or PJM” to include the sheets
of basal lamina which lie along these surfaces.

SIZE OF ENDPLATE COMPARTMENTS: One
can calculate the absolute sizes of the subneural
endplate compartments (i.e., surface area of syn-
aptic membranes and volume of cleft) using the
following equation (38):

subneural sites per whole endplate
sites per um?(or um?) of compartment )

= size of compartment (um? or wm?3).

About 90% of entire endplate AChe sites is over
the subneural compartments, the rest being in the
teloglial cap (i.e., Schwann cell and surrounding
connective tissue). We therefore used 90% of the
sites per whole endplate (from the track autoradi-
ographic data) to get the number of subneural
sites per whole endplate for the numerator of the
above equation. The site densities per square
micrometer of membrane or per cubic micrometer
of cleft (from the EM autoradiographic results in
Table IT) were used for the denominator of the
equation. The resultant sizes of the subneural
compartments. compared with those of the dia-
phragm and sternomastoid muscles. are given in
Table I1I.

DISCUSSION

The results of this study indicate that there is an
amazing constancy in the AChe site density per
unit surface area of the junctional membranes
when comparing the very fast extraocular muscle
endplate with other mouse endplates varying in
relative PJM surface area and in speed of the
muscle response (Table I). Also. in terms of total
DFP sites (~6 X 107) per whole endplate as well
as the fraction of these sites that are AChe
(~30%). the fast eye muscles are similar to the
slower sternomastoid and diaphragm muscles.
Many early studies (12. 13. 15. 33. 34, 41) have
placed the enzyme over a broad zone extending
over the depths of the junctional folds. There is
now good evidence that it is associated with the
basement lamina of the clefts (6. 7. 19. 29). In
the present study. we present a statistical argu-
ment (Table II) that at least in the endplates of
the singly innervated ‘‘dark red” extraocular fi-
bers. the AChe sites are distributed on or along
both the axonal and postjunctional membranes.
at a uniform density per square micrometer of
membrane surface area rather than per cubic
micrometer of cleft volume. This conclusion is
compatible with the localization of the enzymes
within the basal lamina, provided these lamina
form sheets along the outer surface of the mem-
branes.

The significance of the conclusion that the en-
zyme may be distributed along the surface of both
the pre- and postjunctional membranes (Table II)
needs some consideration. From Table I. we see
that with such a distribution. the average site
density per square micrometer of membrane sur-
face differs merely by 25% from what it would be

TasLe IIT
Surface Areas (or Volumes)* of Endplate Compartments in Different Mouse Muscles

Endplate compartment

Muscle Cleft volume

PJM surface Prejunctional axonal membrane

pm®

400 (400; 400)
660 (643; 675)
260 (207; 310)

Extraocular twitch
Sternomastoid
Diaphragm

4,750 (5,100; 4,400)
9,200 (8,500; 9,900)
3,620 (3,140; 4,091)

um? pm?

1,950 (2,300; 1,600)

1,820 (1,650; 1,980)
800 (610; 990)

* Sizes were obtained from Eq 1 and each value is an average from two independent determinations; the first using
total DFP binding sites (first value in parentheses) and the second using 2-PAM-reactivated sites (second value in
parentheses). Since the sizes should be independent of the nature of the sites used in the calculation, the difference
in the two values reflects merely statistical fluctuation in both the numerator (sites per whole endplate) and the
denominator (sites per unit area or volume) of the two determinations. Since each is accurate to ~ * 25% the final
value given is estimated to be accurate to better than + 40%.
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if the enzyme were only along the PIM, even in
the extraocular fibers (where the PIJM is relatively
small) and by much less than that in the other two
muscles. However, from the point of view of a
quantal packet of acetylcholine (ACh) traversing
across the primary cleft to interact with the ACh
receptor (AChR) at the PIM, the difference in
AChe site density between the situation in which
the distribution of AChe is only in the basal lam-
ina along the PJM and the one in which the AChe
is also in the lamina along the axonal membrane
is a factor of 2. We do not know whether this
“double layer” distribution of AChe in the pri-
mary cleft is also true for the neuromuscular junc-
tion of other muscles. Recently, Vigny et al. (46)
suggested that the endplate-specific AChe in ster-
nomastoid muscle is restricted to the postjunc-
tional membrane. Until this matter is resolved, we
cannot draw any definitive conclusions as to
whether the additional layer of AChe in the pri-
mary cleft of the extraocular muscle has any sig-
nificance in connection with the higher speed of
this muscle, although this is a tempting specula-
tion (18).

Recent studies have shown that the AChR is
concentrated at 25,000-30,000 sites/um? on a
morphologically specialized thickened region on
the top of the PJM in several mouse muscles (16,
17, 29). This has altered our thinking about the
neuromuscular junction and has modified pre-
vious kinetic calculations (38) which had been
based on the assumption of the mosaic model of
Barnard et al. (2) which stated that the AChR is
uniformly distributed down the postjunctional
folds as is the AChe. Preliminary studies from our
laboratory now also suggest that in the extraocular
muscle of the mouse there is again a high concen-
tration of AChR at the top of the postjunctional
folds. as we had previously reported for the ster-
nomastoid muscle (17). The AChe is thus present
over the receptive surface at a 5- to 10-fold lower
site density than is the AChR. Based on this
molecular organization. a model of neuromuscular
function has been proposed (17. 26) which sug-
gests that each quantum of ACh interacts with a
small postjunctional area at saturating local ACh
concentration. For a quantum packet of 10* mol-
ecules (25), this area would be about 0.3 um?3.
The ratio of AChe to AChR in this region may
become critical in controlling the speed of recov-
ery after the ACh has interacted with receptor. It
appears that in its basic form this model may also
apply to the extraocular muscle. It is therefore of

SALPETER ET AL.

particular interest to determine whether the “dou-
ble layer” of AChe in the primary cleft is unique
to the fast muscle and what its significance is.
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