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ABSTRACT Frog nerve-muscle preparations were quick-frozen at various times after a single
electrical stimulus in the presence of 4-aminopyridine (4-AP), after which motor nerve
terminals were visualized by freeze-fracture. Previous studies have shown that such stimulation
causes prompt discharge of 3,000-6,000 synaptic vesicles from each nerve terminal and, as a
result, adds a large amount of synaptic vesicle membrane to its plasmalemma. in the current
experiments, we sought to visualize the endocytic retrieval of this vesicle membrane back
into the terminal, during the interval between 1 s and 2 min after stimulation. Two distinct
types of endocytosis were observed. The first appeared to be rapid and nonselective. Within
the first few seconds after stimulation, relatively large vacuoles (~0.1 um) pinched off from
the plasma membrane, both near to and far away from the active zones. Previous thin-section
studies have shown that such vacuoles are not coated with clathrin at any stage during their
formation. The second endocytic process was slower and appeared to be selective, because
it internalized large intramembrane particles. This process was manifest first by the formation
of relatively small (~0.05 pm) indentations in the plasma membrane, which occurred every-
where except at the active zones. These indentations first appeared at 1 s, reached a peak
abundance of 5.5/um? by 30 s after the stimulus, and disappeared almost completely by 90 s.
Previous thin-section studies indicate that these indentations correspond to clathrin-coated
pits. Their total abundance is comparable with the number of vesicles that were discharged
initially. These endocytic structures could be classified into four intermediate forms, whose
relative abundance over time suggests that, at this type of nerve terminal, endocytosis of
coated vesicles has the following characteristics: (a) the single endocytotic event is short lived
relative to the time scale of two minutes; (b) earlier forms last longer than later forms; and (c)
a single event spends a smaller portion of its lifetime in the flat configuration soon after the
stimulus than it does later on.

The discovery of synaptic vesicles (27, 30, 33, 34, 38) and the
evidence for the quantal release of transmitter (5) led to the
hypothesis that transmitter release is accomplished by the
exocytosis of synaptic vesicles (6). Electron microscopy of
chemically-fixed nerve terminals revealed pockets in the pre-
synaptic membranes suggestive of exocytosis (9, 22, 31), but
it was not possible to make temporal and quantitative com-
parisons between these structures and the number of trans-
mitter quanta released.

A quick-freezing machine, based on earlier designs by Van
Harreveld (40-42) was developed specifically so that these
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comparisons could be made (23). Exocytosis was difficult to
catch even when the nerve terminals could be frozen within
a few milliseconds of nerve stimulation (12), but, by using 4-
aminopyridine (4-AP)' to augment release, exocytosis was
caught (14). Subsequent analysis illustrated that exocytosis of
synaptic vesicles occurs next to the active zones®? and at

! Abbreviations used in this paper: 4-AP, 4-aminopyridine.

2 Couteaux (9) defined an active zone as a specialized area of the
nerve terminal located directly across from a fold in the postsynaptic
membrane and characterized by a density next to the presynaptic
membrane and an accumulation of synaptic vesicles.
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roughly the same time that transmitter is released; in addition,
the number of exocytotic figures compares favorably with the
number of quanta released (19, 21). Further experiments have
demonstrated that once a vesicle begins exocytosis, its mem-
brane completely merges with the plasmalemma (20). Thus,
although the interpretation of these results is still controversial
(3, 25), quick-freezing experiments provide strong evidence
in favor of the vesicle hypothesis.

Secretion by exocytosis ought to result in an increased
surface area and fewer vesicles; hence, it was proposed that a
compensatory process of membrane retrieval must function
to provide for a viable cell economy (28, 29). In fact, vesicle
depletion associated with increased surface area has been
demonstrated (8, 17, 32, 37), and tracer experiments have
shown that there is a stimulation-dependent uptake of extra-
cellular materials into synaptic vesicles (8, 17, 37).

Coated vesicles have been implicated in this retrieval of
synaptic vesicle membrane at synapses (10, 17, 43), and are
known to be endocytotic in a number of other cells as well
(1, 2, 35, 36). However, a controversy has arisen concerning
membrane retrieval at the neuromuscular junction; some
workers believe that retrieval is accomplished via endocytosis
of uncoated vesicles at the active zones (7, 8), while others
argue that endocytosis of coated vesicles away from the active
zones (and particularly beneath Schwann cell fingers) is the
significant process (17). Thus far, no information has been
available on the time course of compensatory endocytosis at
the neuromuscular junction.

To study membrane recycling at the neuromuscular junc-
tion in more detail, we quick-froze synapses at different
periods of time after a single stimulus. The transmitter release
associated with a single stimulus was augmented ~50-fold
with the drug 4-AP (21). Normally, only 100-200 quanta are
released from each motor nerve terminal upon stimulation
(21, 26), and even the small frogs used in this study possess
some 420 um of active zone on each terminal (21). Hence,
only one synaptic vesicle would be expected to undergo
exocytosis (or endocytosis) in every 2-4 um of active zone.
Unfortunately, only a small portion of a given endplate can
be studied by freeze-fracture, so infrequent endocytotic events
cannot be accurately quantitated. To overcome this problem,
the exaggerated release in 4-AP can be used to elicit a pro-
found endocytotic response that can be followed with quick-
freezing.

Previous papers have given detailed accounts of the struc-
tural events taking place at the height of transmitter release
(21) and between 3 ms and 1 s after nerve stimulation (20).
This paper considers the time interval from 1 s to 2 min. The
aim was to confirm or refute previous indications that com-
pensatory endocytosis of synaptic vesicle membrane does
occur at the neuromuscular junction, and that it occurs
mainly away from the active zones and over an extended time
course.

MATERIALS AND METHODS

Cutaneous pectoris muscles were dissected from frogs (Rana pipiens) (Hazen
Farms, VT) of 1-in body length. The nerve-muscle preparations were refriger-
ated in a Ringer’s solution composed of 116 mM NaCl, 2 mM KCl, 2 mM
CaCl,, 0.5 mM NaH,PO,, and 5 mM HEPES buffer pH 7.0 (5% glucose added)
until 45 min before quick-freezing. At that time they were transferred to room
temperature 4-AP Ringer’s composed of 116 mM NaCl, 2 mM KCl, 10 mM
CaCl;, 1 mM 4-AP, and 5 mM HEPES buffer pH 7.0 (5% glucose added). Each
muscle was then quick-frozen against a copper block cooled to 4°K with liquid
helium, at a specified time after a single supramaximal stimulus to the nerve.
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After freeze-fracture, the replica of each muscle was examined with the electron
microscope. Every well-frozen endplate was photographed for later analysis.
The techniques used for stimulation, quick-freezing, freeze-fracturing, and
electron microscopy have been previously described in detail (21).

Quantitative Analysis and Statistical Methods: For quantita-
tive analysis, electron micrographs of neuromuscular junctions were printed at
%90,000. The nerve terminals’ surfaces were divided into three areas: (@) the
active zones and the immediate regions on either side of them in which
exocytosis occurs (I; [21]); (b) the open areas between active zones (II); and (c)
the areas beneath Schwann cell fingers that embrace the terminals (III) (Fig. 1).
Areas I and III were outlined on each micrograph, and the length of each
active zone was marked. The amount of area I was then determined by summing
the active zone lengths and multiplying that by their overall width (190 nm).
A Lasico rolling desk planimeter and auto-scaler (Los Angeles Scientific Instru-
ment Co., CA) was used to measure areas II and II. To determine the amount
of area II, areas II and 1 were measured in total, and the calculated value of
area | for that micrograph was then subtracted from the total.

Endocytotic events were counted and classified as to their appearance and
location. Concentrations of endocytotic figures were calculated individually for
each area of each endplate studied. This yielded a distribution of concentrations
for each area at each time point. Individual concentrations were used as data
points for comparison of the different times. The concentrations of endocytotic
figures at a given time point were not normally distributed and the distributions
of concentrations at different time points did not have comparable variances.
For this reason, parameters of the normal distribution such as mean and
standard deviation were not appropriate for presenting the data, and it was
necessary to use a nonparametric test (Mann-Whitney U test) to test for
statistically significant differences (44). The Student’s t test was used where
specifically indicated.

RESULTS

Table I lists the time points studied and the number of
muscles, number of nerve terminals, and total area studied at
each time point.

Qualitative Effects of Stimulation

Fig. 1 shows a nerve terminal that was soaked in 4-AP but
not stimulated before freezing (all fracture faces presented are
P faces). There are no distinguishable morphological differ-
ences between a terminal so treated and one that is not
exposed to 4-AP. Note the complement of intramembrane
particles present on the presynaptic membrane; the active
zones are seen as bands lined by double rows of large particles.

Fig. 2 illustrates that when a terminal is stimulated in 4-AP
and quick-frozen during the height of transmitter release (~5
ms after the stimulus), both sides of the active zones are lined
by pits in the presynaptic membrane, all in area I (cf. Materials
and Methods and Fig. 1 for our definition of areas). These
structures are presumed to represent synaptic vesicles caught
in the act of releasing their transmitter by exocytosis (an
interpretation borne out by thin sectioning [14, 21]).

A terminal frozen 1 s after a stimulus in 4-AP is shown in

TaBLE |
Quantity of Data Considered in this Study

No. of
Seconds after nerve Total area
stimulation No. terminals studied
um?

0 3 3 65.9

1 2 4 104.4

5 2 6 179.5

10 3 8 280.4

30 2 10 256.4

60 3 12 134.0

90 3 7 162.3

120 4 4 35.4
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Fig. 3. At this time, the structures thought to be exocytotic
vesicles at the active zones are no longer visible (cf. reference
20 for a description of their time course of disappearance).
Present instead are two new sorts of membrane deformities.
First, consider the structures marked by arrows in Fig. 3.
These are dents in the presynaptic membrane that are larger
than a synaptic vesicle and do not appear to concentrate or
exclude intramembrane particles. They are located all along
the terminal, both at the active zones (in area I) and away
from them (in areas II and III). Correlative thin-section studies
(19) have revealed two important characteristics of these
structures: (a) they take up the extracellular tracer ferritin and
are therefore endocytotic; and (b) they do not have the fuzzy
cytoplasmic coat characteristic of endocytotic structures in
many systems. Hence, these structures are here termed “un-
coated pits”.

A second sort of membrane differentiation present at 1 s
after a discharge is enclosed by circles in Fig. 3. These struc-
tures are present neither on unstimulated terminals (Fig. 1)
nor on acutely stimulated terminals (Fig. 2). They are located
only in areas II and I1I and are not seen at the active zones.
They are generally smaller than the aforementioned “un-
coated pits”, and they usually contain a cluster of large
intramembrane particles. It is possible to classify these and
related membrane differentiations into four related forms
(Fig. 4). Form 1 is a cluster of large intramembrane particles
(at least two) that touch one another and invariably include
at least one particle that is larger than those that line the
active zones. Form 2 is a cluster of large particles in a shallow
depression, while form 3 is a cluster of large particles in a
deeper depression (the distinction between these two forms
being somewhat arbitrary).? Form 4 is an ice-filled depression
in the presynaptic membrane that is interpreted to be a pit so

3 There was some difficulty in identifying the groups of large intra-
membrane particles before any indentation of the membrane oc-
curred, but we believe they represented part of the same process
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FIGURE 2 A nerve termi-
nal soaked in 4-AP Ringer
and stimulated 5 ms be-
fore quick-freezing. Defor-
mations in the plasma mem-
brane have appeared on
both sides of the two active
zones shown here. These
presumably represent syn-
aptic vesicles undergoing ex-
ocytosis. Bar, 0.25 um. X
90,000.

deep that the group of large particles can no longer be seen.

Correlative thin-section studies of frog neuromuscular junc-
tions have indicated that these structures probably correspond
to coated pits of various depths. Treatment of neuromuscular
junctions with the presynaptic neurotoxin S-Bungarotoxin
results in a maximal concentration of the four forms on freeze-
fractured terminals, and, when similarly treated terminals are
thin-sectioned, numerous coated pits are seen (19). Also,
repeated stimulation of neuromuscular junctions leads to the
appearance of these structures in freeze-fracture (13, 14) and
to the appearance of coated pits in thin-sections (17). The
large intramembrane particles that are seen clustered in the
freeze-fracture view of coated pits (Fig. 4) are similar in size
and number to the large particles that are found in the
membranes of the synaptic vesicles (20). Presumably, they
are macromolecular components of the synaptic vesicle mem-
brane that are being recycled along with the membrane itself
(18, 20).

When terminals were frozen 5 or 10 s after a stimulus in 4-
AP, a moderate concentration of coated pits was found in
areas II and III, but none in area I. By 30 s after the stimulus
(Fig. 5), a very high concentration of coated pits was found
in areas II and III. Again, there was no endocytosis at the
active zones, nor were any larger uncoated pits found any-
where on the terminal. By 60 s after the stimulus, the endo-
cytotic response had waned, in that a lesser concentration of
coated pits was found; area I was still free of activity. By 90 s
after the stimulus, the response appeared to be nearly com-
plete: endocytotic figures were rarely found.

because all of the particle groups we saw, indented or not, contained
the same number of particles. The means + SD are as follows: the
number of particles in form / = 5.8 + 3.5, n = 162; the number of
particles in form 2 = 5.6 £ 2.0, n = 60; and the number of particles
in form 3 = 5.9 + 1.7, n = 40. In previous studies, synaptic vesicles
have been shown to possess a similar number of particles in their
membranes (5.3 + 0.7, n = 275; reference 20).



"000°06 x "W GZ°( ‘Jeg "ydesSo.tw siyy
uo {fj eate ou st a1ayy (| ‘814 33s) sau0Z sAde Y1 Suuy saponued aueiqILWRUL
JO SMOJ 3Y) Aq paynuapl aq ued | ealy ‘awn siyl Aq Juasqe si sapisaa dndeuds Jo

SISO1A20Xa JeY) JJON 'SISOIAI0PUS U1 PaAjoAUl yloq ‘,sHd paieod, sajau Aq pasopua
sainonals ay) pue ,sid pajeodun, aq 03 pawnsald ae SMouE 3Y) AqQ Ino pajulod
SaINIONAS 3Y] "dy-+ Ul SNINWIS € 1a)je s | uszod-Inb [euiwsal satau y ¢ 3ANDIY

689

MiLLER AND Heuser  Endocytosis of Synaptic Vesicle Membrane



t‘l

N T, ’_'
“d . T

=N - e -

FiIGURE 4 Four examples of the plasmalemmal dimples seen on nerve terminals after a burst of transmitter discharge. These
structures are thought to be the freeze-fracture views of various stages in coated vesicle formation. They are arranged, from left
to right, in what is believed to be the correct temporal sequence, and are referred to in the text as forms one through four. Bar,

0.125 um. X 180,000.

Quantitative Effects of Stimulation

A quantitative analysis of the data was carried out as
described in Materials and Methods. The overall abundance
of endocytosis and its time course is summarized in Fig. 6 (a
plot of endocytotic figures per square micrometer vs. time
after a single stimulus in 4-AP). This plot presents the median
values at each time point and includes data from all of the
nerve terminals that we analyzed. It illustrates that a statisti-
cally significant increase in endocytotic figures is already
present by 1 s (p < 0.005, t-test). It also displays an apparent
drop in their abundance between 1 and 5 s (p < 0.2), no
change from 5 to 10 s (p > 0.2), and then a dramatic increase
in their abundance at 30 s (p < 0.0053) when a peak of 5.5
endocytotic figures per square micrometer is reached. This is
followed by a significant decline between 30 and 60 s (p <
0.001) and a further drop at 90 s (p < 0.001), followed by no
further change at 120 s (p > 0.2).

Figs. 7, 8, and 9 show these data for areas I, 1I, and III,
respectively, again as median values. It is clear from Fig. 7
that the active zones are not the predominant sites of endo-
cytosis. In fact, there is no activity found in area I at all,
except at 1 s when uncoated pits are present. In contrast, both
areas II and III show a pattern of activity very different than
that seen at the active zones, but are themselves very similar
except for the absolute magnitude of their activity. As Figs. 8
and 9 illustrate, both these areas show a prompt onset of
endocytosis within the first second after stimulation, no
change between 1 and 5 s or between 5 and 10 s, and then a
further rise to a peak of endocytosis at 30 s after stimulation.
This activity then declines back to baseline over the next
minute. The complete sets of data for areas I, II, and III, not
just the median values, are shown in Figs. 10, 11, and 12,
respectively. In these figures each bar represents the concen-
tration of endocytotic figures on a single nerve terminal. There
are several advantages to looking at the data in this way. It
quickly displays the range of the data as well as the variance
and relative variances from time point to time point. The
shapes of the distributions are also evident, and it should be
noted that, regardless of whether the extreme values are
included or excluded, the trends are very clear cut.

We have already mentioned that coated pits could be
classified into four forms according to their appearance in
freeze-fracture (Fig. 4). Although it is not possible to watch
the growth and development of a single coated pit, it is not
unreasonable to assume that these four forms are sequential
intermediates in the process. (Certainly, since the process is
endocytosis, the deeper forms ought to come later.) To gather
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evidence for this assumption, and to learn more about the
mechanism of coated vesicle formation, we compared the
relative concentrations of these various forms over time. Fig.
13 shows the results of this analysis for area II. The points
plotted are medians but the shapes of the curves were the
same regardless of whether we plotted medians, means, or the
total numbers of endocytotic figures divided by the total area
studied at each time point. Note in particular that forms 2, 3,
and 4 follow very similar time courses, with a gradual rise to
10 s and a fall from 30 s on. (There may be a peak between
10 and 30 s that was missed here.) These matching time-
courses for the later forms suggest that a single endocytotic
event is short-lived relative to the overall time scale of 2 min.
If, instead, a single event were long-lived relative to 2 min,
we would have expected to see form 2 peaking first, then form
3, and then form 4.

A further trend that emerges from the data in Fig. 13 is
that at the time of peak abundance of endocytosis (30 s) there
is definitely more form / than 2 (p < 0.001), slightly more 2
than 3 (though this difference was not statistically significant,
p>0.2), and clearly more 3 than 4 ( p < 0.05). Assuming that
the four forms are indeed sequential, these data would suggest
that each succeeding form is briefer than its predecessors, i.c.,
that the individual endocytotic event begins slowly and then
proceeds more rapidly as the invagination gets deeper.

As pointed out previously (Fig. 7), the only activity in area
I occurs at 1 s, at which time three forms have median values
greater than zero: uncoated pits (0.49/um?), form 7 (0.12/
um?), and form 4 (1.31/pm?). Form I may be discharged
synaptic vesicles that have not yet dispersed. Most particle
groups disperse by 225 ms after the stimulus (Fig. 21, reference
20); those seen here could be some groups that dispersed more
slowly than normal, or they could be the remnants of the last
exocytotic events to occur. The form in highest concentration
is form 4. These we believe to be a late stage in the abscission
of uncoated pits (Fig. 3, upper right hand arrow), because
they are present when there is no form 2 or form 3.* Hence
there does not appear to be any evidence for coated vesicle
formation immediately at the active zones.

DISCUSSION
Time Course of Endocytosis
The endocytotic response to the addition of a large amount

4 Note that at later times (Fig. 13), when no uncoated pits are present,

form 4 is always associated with higher concentrations of forms 2 and
3. Similar reasoning leads us to believe that the small peak of form 4
at 1 s in area II (Fig. 13) also represents uncoated pits.
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Ficure 6 A plot of endocytotic figures per square micrometer, vs.
time (in seconds) after a single stimulus in 4-AP, considering the
nerve terminal as a whole. Points are median values. Details of this
endocytotic response are discussed in the text.

of synaptic vesicle membrane to the surface of the motor
nerve terminal was found to follow an extended time-course.
Even though synaptic vesicles join the axolemma and dis-
charge their transmitter within ~8 ms under the conditions
we studied (21), the retrieval of their membrane went on for
more than a minute. Considering the entire presynaptic sur-
face as a whole (Fig. 6), it is clear that endocytosis starts up
within the first second after transmitter discharge. An appar-
ent decline after ~5 s was due to: (a) the completion of an
early round of formation of large “uncoated” membrane
compartments, and (b) a decrease in the number of particle
groups (form 7). A peak abundance occured at ~30 s after
discharge. From that time on, endocytosis declined but it did
not appear to be complete until another minute had passed.
Thus, under the experimental conditions of unusually abrupt
and massive transmitter discharge, endocytosis lags behind
exocytosis and is very prolonged.

Location of Endocytosis

The location of endocytosis is interesting in terms of the
organization of membrane recycling machinery in the nerve
terminal, and has been an area of some controversy (7, 8, 17).
Resolution of the disagreements may be provided by our
demonstration in the present report that two different sorts
of endocytosis occur, one mediated by uncoated pits and the
other mediated by coated pits. Uncoated pits were found both
at the active zones and away from them; hence, Ceccarelli
and co-workers (7, 8) are partially correct in implicating the
active zones as one potential site of membrane retrieval. On
the other hand, Heuser and Reese (17) argue that the region
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beneath Schwann cell fingers is the most common site of
membrane retrieval. This requires the postulate that the sites
of endocytosis can be separated from those for exocytosis.
The present observations indicate that this conclusion is also
partially correct, in that the process that appears to be the
major pathway of endocytosis (the formation of coated pits
and vesicles) is not found at the active zones but is found
both on the open area of the terminal and under Schwann
fingers. Moreover, this sort of endocytosis does occur in
greatest abundance beneath Schwann cell fingers, as can be
seen by comparing Fig. 8 with Fig. 9.

However, in the present experiments we analyzed only that
part of the nerve terminal that directly faces the postsynaptic
element. In this region, the amount of area covered by
Schwann cells (area III) is relatively small compared with the
general open area (area II), so the total number of coated
vesicles formed in area II (which is equal to concentration
times area) is in fact larger than the number formed under
the Schwann fingers. This might at first seem to argue against
the importance of the Schwann-nerve interface, but it should
be remembered that more than two-thirds of the circumfer-
ence of the nerve is normally enveloped by Schwann cells (4)
and even a higher proportion is enveloped during prolonged
activity (17, 32). The earlier thin-sectioning work (17) would
argue that coated vesicles can form anywhere within these
enveloped domains, but due to the characteristics of freeze-
fracture we never saw these domains in the present study.

Quantity of Endocytosis

Previous use of quick-freezing to catch exocytosis has led
to the estimate that, in 1 mM 4-AP, ~5,500 synaptic vesicles
join the nerve terminal surface in response to a single stimu-
lus. Here, we would like to determine whether an equivalent
amount of membrane is retrieved after such a discharge.
However, it is not possible to make accurate estimates of the
amount of membrane retrieved. Because uncoated pits vary
greatly in size and shape, and because they were observed at
only one early time point, it is difficult to estimate their
average surface area or how many occur in total. The coated
pits apparently occur in an asynchronous wave, so use of the
peak concentration of coated pits as an estimate of the total
number of events tends to overlook the very earliest and very
latest events. In thin-sections it is seen that coated pits form
all over the nerve terminal surface (17), but in the present
study we have obtained only fractures of the nerve terminal
surface facing the muscle, which also complicates an estimate
of the total number of coated pits. Thin-section views of
uncoated pits indicate that they do not tend to form on the
side of the nerve terminal away from the muscle (19).

With such potentially large errors it would be misleading
to suggest that we can make any precise comparisons of the
quantity of membrane in the uncoated pits, the coated pits,
or the synaptic vesicles that discharged. However, gross com-
parisons give an indication that the amount of membrane
retrieved from the nerve terminal surface was enough to
compensate for the redundancy in the membrane resulting
from exocytosis.

If we assume the nerve terminal to be a cylinder with a
diameter (d) of 1.2 pum (17, 39), and a typical length (/) of
300 um (21), the surface area (xdl) is ~1,100 pm?, approxi-
mately one-half of which faces the muscle. It is our impression
from thin-sections that a typical vacuole resulting from an
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uncoated pit, when spherical, has a diameter roughly double
that of a synaptic vesicle, and, therefore, a surface area (xd?)
four times that of a synaptic vesicle. There are ~80 pm? of
area I (active zone) per nerve terminal (21) and a peak
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FIGures 7-9 Median values of the endocytotic responses for areas
1, 11, and 111, respectively. Fig. 7 illustrates that in area / there is a
transient but significant rise in activity at 1 s (p < 0.05, t-test)
followed by a prompt and permanent decline by 5 s (significant at
p < 0.005, t-test). Fig. 8 illustrates that in area /I there is a rise at 1
s {p < 0.001, t-test), no change at 55 (p >0.2) or 10s (p > 0.2), a
further rise at 30 s (p < 0.02), a drop at 60 s (p < 0.001) and 90 s
(p < 0.001), and no change from then until 120 s (p > 0.2). Fig. 9
illustrates that in area //l the same temporal pattern occurs, but the
peak concentration is much greater (note the change in ordinate).
There is a rise at 1 s (p < 0.02, t-test), no change at 5s (p > 0.2) or
10 s (p > 0.2), an increase at 30 s (p < 0.005), a decrease at 60 s
(p < 0.001) and 90 s (p < 0.05), and then no further change at 120
s{p>0.2).

concentration of 1.8 uncoated pits per square micrometer (the
sum of the concentrations of uncoated pits and form 4at 1 s
in area I). This means that ~150 uncoated pits, which are
equivalent in membrane area to ~600 synaptic vesicles, form
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at the active zones. That leaves ~470 pm? of nerve terminal
surface facing the muscle with ~0.8 uncoated pits forming
per square micrometer (the sum of the concentrations of
uncoated pits and form 4 at 1 s in area II, which is nearly
identical to that in area III), which means that a total of ~375
uncoated pits form away from the active zones, or the equiv-
alent of 1,500 synaptic vesicles.

Synaptic vesicles and coated vesicles are of about the same
size, implying equal amounts of membrane. A simple way to
estimate the number of coated pits is to use the peak median
concentration of endocytosis for the whole terminal, which is
~5.5 endocytotic figures per square micrometer of surface,
and assume that most events are represented as an early or
late form (there are no uncoated pits at 30 s to cloud the issue
further). When this concentration is multiplied by the calcu-
lated surface area of the terminal, an estimate of ~6,000 is
obtained for the number of coated pits formed. It appears
from these very rough estimates that an amount of membrane
equivalent to ~8,100 synaptic vesicles was retrieved from the
nerve terminal surface by endocytosis in the 2 min after a
single stimulus in 4-AP. This value compares favorably with
earlier estimates (21) of the number of synaptic vesicles re-
leased (which was 5,500) or the number of quanta released
(which varied between 3,000 and 6,000). Hence, it argues that
the endocytosis we observed was sufficiently abundant to be
truly compensatory.

694 THEe JourNAt of CEeLL BioLocy - VoLume 98, 1984

Forms of Endocytosis

Two distinct types of endocytosis were observed. The first
was mediated by uncoated pits. This process appeared to be
nonselective because when the membrane of uncoated pits
was fractured there was no indication that intramembrane
particles were concentrated or excluded (Fig. 3). The second
type of endocytosis was mediated by coated pits, which do
seem to be selective because large intramembrane particles
like those found in synaptic vesicles were concentrated into
such pits. These pits can be further subclassified into four
forms (Fig. 4), and the relative abundance of these forms over
time allows certain predictions to be made about the time-
course of formation of each individual coated pit.

The distribution of these forms versus time in area I, which
is the data-rich area, is plotted in Fig. 13. Form [ (particle
groups) rises quickly between 0 and 1 s, then drops off
transiently between 1 and 10 s (p < 0.01), then rises to a peak
at 30 s and finally gradually disappears. We cannot fully
explain the early transient rise in this form, but two possibil-
ities come to mind. On the one hand, a large fraction of the
particle groups present at 1 s might simply be remnants of
synaptic vesicles that had been added to the surface and had
not yet dispersed. If this were true, then we would have the
first evidence for a delayed, ectopic discharge of synaptic
vesicles after 4-AP, which we actually expected in our earlier
studies of exocytosis in the presence of this drug, due to the
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FiIGURe 13 A plot of the abundance of each stage in endocytosis vs. time, as observed in the very active area /. Important points
are discussed in the text. A, uncoated pits; @, form 1; W, form 2; O, form 3; 0O, form 4.

massive influx of calcium that it permits, but which we never
saw. The current observations might suggest that we did not
look for such ectopic exocytosis late enough.

On the other hand, the rise and fall of form I between 0
and 10 s might represent a first wave of endocytosis via coated
pits. This could be true if there were a certain amount of coat
material present at the time of the stimulus that was imme-
diately available for action, and that by 1 s had already
concentrated some of the particles from synaptic vesicles into
groups. In this case, the transient drop in particle groups
would be due to their rapid uptake into the nerve terminal.
The subsequent rise in this form might then indicate a second
wave, mediated by recruitment of additional coat material
from a cytoplasmic pool, as well as reuse of the coat material
involved in the first wave of coated vesicle formation.

Further information about the duration of a single event
came from the time-courses of forms 2, 3, and 4. These later
forms all parallel one another in their abundance over time,
so it would appear that a single event must be short-lived
relative to the total 2 min observed. Were this not so, form 2
should have peaked first, then form 3, then form 4.

The relative abundance of the forms is also important to
note. Assuming that the forms are sequential intermediates
in a single process, and further assuming that quick-freezing
stops the process very rapidly at whatever form it is in (and
that the formation of each coated pit is independent of other
events), then the higher the concentration of a form, the
longer it must last. In fact, at the peak of the endocytotic
response, the relative abundance of the different forms is 7 >
2 = 3 > 4; hence, each form may last longer than the form
that follows it. This implies that a coated pit begins to form
slowly but then accelerates as it invaginates more deeply. This
suggests a picture of the event as follows. The coat lies flat on
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the cytoplasmic surface of the axolemma and may take part
in the gathering of specific vesicle components. Stress is then
applied by the coat to create a membrane invagination. (How
stress might be applied has been discussed in reference 16.)
The actual invagination starts slowly because interfacial ten-
sion forces must be overcome, but, once the coat has initiated
membrane curvature, it can act more efficiently and can
conclude the event rapidly, thus making later forms relatively
transient. A further point of interest in Fig. 13 is that the
proportion of form / relative to the later forms becomes
progressively greater as time elapses (compare the 30 and 60
s data), which indicates that early forms last a progressively
longer time relative to the later forms. In other words, each
coated pit would appear to spend a greater portion of its
lifetime in the flat configuration once the bulk of membrane
retrieval has already occurred, as might be expected if it had
a harder time overcoming interfacial tension forces.

On the basis of the data presented here and in earlier
publications, we have proposed a model of membrane recy-
cling in motor nerve terminals, which is shown in Fig. 14. It
suggests that, upon stimulation, synaptic vesicle membrane is
added to the nerve terminal surface, thereby changing its
plasmalemma in two ways: first, by expanding its surface area
and second, by adding relatively more lipid to its cytoplasmic
leaflet than to its external leaflet. Both of these effects would
tend to make the membrane buckle back into the terminal.
Uncoated pits and vesicles are thought to be a simple conse-
quence of this buckling inward®, and would be expected to

° The tendency for membrane to buckle back into the terminal would
also affect the coated pits. We believe that this explains the shorter
duration of form / relative to the later forms soon after the stimulus,
as compared with later on (see above).



FiGure 14  This diagram summarizes our interpretation of the membrane dynamics at the frog neuromuscular junction. Synaptic
vesicles undergo exocytosis at the active zones, which results in plasmalemmal redundancies. Some of this excess membrane re-
enters the nerve terminal via the abscission of uncoated pits at the active zones or away from them. These structures are
nonselective in that they do not concentrate or exclude intramembrane particles; they are formed in highest concentration at the
active zones, and in approximately equal concentrations on the open area of the terminal and beneath Schwann cell fingers.
Nearly all of the uncoated pits form during the first few seconds after exocytosis has occurred; they seem to be a simple
consequence of having extra membrane on the nerve terminal surface. Other redundant membrane is retrieved over the next 90
s via coated pits. These structures are selective in that they do concentrate intramembrane particles. They are not found at the
active zones; they are found on the open area of the terminal, and at an even higher concentration beneath Schwann cell fingers.
The coated pits are also affected by the redundancy of the nerve terminal membrane in that they tend to spend proportionally
more time beginning the membrane indentation after a great deal of endocytosis has occurred, as compared with soon after
exocytosis. The path of the coated pits is shown by solid arrows because our observations taken together seem to indicate that
they are physiologically more significant. The uncoated pits may not occur at all during the normal functioning of the synapse.
Membrane compartments are not drawn to scale. Although the two endocytotic processes have been separated here for purposes
of illustration, as far as we know, active zones are equivalent (21). The long-term relationships between the vacuoles formed by
uncoated pits, the coated vesicles formed by coated pits, and other membrane compartments in the nerve terminal have been
discussed previously (14, 15, 24).

internalize random bits of membrane nonselectively. In the
present paper, we have shown that such structures form very
rapidly, mostly within the first few seconds after stimulation,
and often form right at the active zones where synaptic vesicles
normally discharge. In fact, we have the impression that some
of them may grow from synaptic vesicles that fail to collapse
after exocytosis and, instead, swell. Formation of uncoated
pits may be a very abnormal manifestation of the unusually
massive amounts of vesicle membrane added to the nerve
terminal surface in 4-AP. Although we have no evidence that
this process ever occurs in vivo, it may explain the presence
of “cisternae” after an unphysiological train of stimuli (17).
On the other hand, coated vesicles are thought to be a more
selective form of membrane retrieval in nerves (17, 18) as
they are in other cells (11). The data in the present paper

support this notion by showing that the freeze-fracture ap-
pearance of the membrane they incorporate is different than
the bulk of the plasma membrane but very similar to the
membrane of synaptic vesicles (20). Furthermore, the present
data show that this process can be distinguished from the
more random, bulk uptake of membrane described above by
its time-course and distribution on the nerve terminal surface.
Specifically, coated vesicle formation has been found to occur
in areas where synaptic vesicle exocytosis normally does not
occur, and has been found to proceed relatively slowly, as
might be expected from its leisurely rate in other cell systems
(11). These observations, as well as the overall abundance of
coated pits, support earlier claims that coated vesicle forma-
tion is normally the major pathway for retrieval of synaptic
vesicle membrane after exocytosis.
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