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Froures 29 and 80 Cross sections through normal regions of loaded terminals. Nearly 509 of the vesicles
contain HRP, which corresponds to the number which should have been depleted by the stimulation and
reformed from HRP-containing cisternae. Fig. 80 illustrates that the HRP-containing vesicles appear to
be distributed randomly within the nerve terminal, including the area near the presynaptic surface, shown
in more detail in Fig. 29 to illustrate that HRP-containing vesicles in contact with the plasma membrane
do not discharge HRP, even though the tracer has been washed out of the synaptic cleft. Fig. 29, X
85,000; Fig. 30, X 33,000.

secretory cells, where it is possible actually to
visualize that this results from exocytosis, or
coalescence of vesicles with the plasma membrane
to release their contents (1, 29, 41, 58, 59, 61).
Furthermore, the disappearance of HRP from synaptic
vesicles coincident with transmitter release would also
indicate that exocytosis is occurring; that is,
vesicles are opening wide enough to discharge
their entire soluble contents. Such coincident
release of large proteins and transmitter has been
found to occur at other synapses (42, 76) and
neurosecretory cells (48, 79), and is considered to
be good evidence for exocytosis (75).

Membrane Recovery via Coated Vesicles

The apparent failure of HRP to enter synaptic vesicles
near the synaptic cleft during the early phases of stimula-

tion would indicate that synaptic vesicles are not
directly retrieved after exocytosis. The alternative
that vesicles are directly recovered but fail to
take up HRP in the process, has been rendered
unlikely by the finding that they apparently can
discharge HRP during stimulation. The uptake of
HRP by coated vesicles proliferating near the Schwann
coat during stimulation would seem to be sufficiently
rapid and extensive to represent the major route
for retrieving membrane from the surface.® This

3 The density of empty coats or baskets along the
Schwann-covered surface of resting terminals often
reaches 50/um? (Fig. 15), from which it may be
calculated that a resting end plate could contain at
least 10* free coats in all. Consistent with this estimate
is the presence of nearly 10* coated vesicles in ter-
minals stimulated for 15 min (Table I and Fig. 8),
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Ficure 81 Cross section through a damaged region of the same loaded terminal as in Fig. 80. Typical
of the deleterious effects of HRP, a large whorl of membrane has accumulated at the lateral surface of the
terminal. X 55,000.

FicurE 32 Another deleterious effect of HRP is illustrated in the physiological record of m.e.p.p. activity
in a different end plate approximately 15 min after it was loaded. Short bursts of high frequency m.e.p.p.’s
recurred at variable intervals. Calibration, 1 mV, 100 ms.

pathway has been suggested, on purely morpholog-
ical grounds, in the past (2, 3, 26, 27, 64, 80).
The coat apparatus has been considered to be
the visible aspect of a special mechanism for
deforming the plasma membrane and pinching
off vesicles from it (44, 72). In addition, since
there may be chemical differences between the
plasma membrane and vesicle membrane (21, 37),

when membrane retrieval would be operating at a
high rate. Given this many coats, simple calculations
suggest that during continuous stimulation membrane
could be retrieved from the surface as fast as it was
added by exocytosis of transmitter if each coat took
around 1 min to attach to the plasma membrane,
pinch off a vesicle, and detach from the vesicle to
reorganize on the plasma membrane again.

the coat apparatus could maintain this chemical
differentiation by gathering components of vesicle
membrane and excluding components of the
plasma membrane as it pinched off vesicles. The
release of membrane at one locus and recovery at
a distant locus would require the rapid migration
of the vesicle membrane within the plasma mem-
brane. Such rapid mixing of different membranes
has recently been directly visualized (23) and a
model embracing membrane fluidity proposed
(74).

It was not surprising to find that coated vesicles
take up HRP at this synapse, since they are spe-
cifically involved in protein absorption in many
types of cells (9, 72). Furthermore, coated vesicles
have previously been found to take up extracellular
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Ficure 33 Cross section of a loaded terminal that was restimulated for 1 min. The new cisterna (ar-
row) and coated vesicles (inset) formed as a result of the second stimulation do not contain HRP, pre-
sumably because they have formed from the surface and have accumulated tracer-free extracellular flnid,
rather than forming from coalescence of synaptic vesicles which now contain the tracer. X 70,000; inset,
X 150,000.

Fraure 84 Cross section of loaded terminal that was restimulated for 15 min. None of the new coated
vesicles or cisternae (¢) contain HRP, and the proportion of HRP-containing synaptic vesicles has de-
clined. X 40,000.

F1cuRE 35 Cross section of a loaded terminal that was restimulated for 15 min and then allowed to rest
again for 1 h. Tracer remains in only one synaptic vesicle (arrow) laying among a normal complement
of empty synaptic vesicles. X 50,000.
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Fiaurr 86 Diagrammatic summary of the path of synaptic vesicle membrane recycling proposed in this
study: synaptic vesicles discharge their content of transmitter by coalescing with the plasma membrane
at specific regions adjacent to the muscle; then equal amounts of membrane are retrieved by coated vesi-
cles arising from regions of the plasma membrane adjacent to the Schwann sheath; and then, the coated
vesicles lose their coats and coalesce to form cisternae which accumulate in regions of vesicle depletion

and slowly divide to form new synaptic vesicles.

proteins at rat neuromuscular junctions (82), and
at central nervous system synapses (10) and
neurosecretory terminals (19, 60). Nevertheless,
there is some question about whether coated
vesicles are the primary route of HRP entry and
membrane retrieval during stimulation (12). They
appear to be the primary route in certain neuro-
secretory cells, where the retrieved membrane is
apparently not used over again immediately be-
cause HRP does not enter the secretory vesicles
(19, 58). But at the neuromuscular synapse
HRP does enter a large proportion of synaptic
vesicles after prolonged stimulation (12, 36) pre-
sumably because the retrieved membrane is
immediately used over again to make new vesicles.
Once a large number of vesicles contain HRP, it
becomes difficult to determine whether those con-
nected to the surface are forming or discharging
(12). The present experiments attempted to avoid
this complication by examining the first moments
of HRP entry. After short periods of stimulation HRP-
containing vesicles were few and most of them were of the

coated variety. Still it was not possible to be certain
that coated vesicles represented the primary route
of HRP entry and membrane retrieval, because
after short periods of stimulation many cisternag con-
tained HRP as well. If these cisternae form as direct
invaginations of the plasma membrane, as others
have suggested (13), then they would represent
the major route of membrane retrieval. Neverthe-
less, in spite of an intensive search it was not
possible to visualize direct connections of cisternae
with the plasma membrane in the present ma-
terial. It i3 quite possible that such connections
would break during the osmium fixation used
in the purely morphological part of this study
(17, 71). However, it was not possible to remove
HRP from cisternae by washing it from around
nerve terminals and it was not possible to intro-
duce lanthanum tracer into cisternae after alde-
hyde fixation. Thus it would appear that most
cisternae do not arise directly from the plasma
membrane by invagination.

Instead, cisternae appeared to form by coales-
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cence of coated vesicles. During the period of their
Jformation cisternae were often connecied fo coated
vestcles, and several intermediate forms that could
be interpreted as coalescing coated vesicles were
found. The alternative interpretation of these
observations, that coated vesicles form from cis-
ternae as well as from the plasma membrane,
seems less likely because coated wvesicles were less fre-
quently connected to cisternae during pertods of rest when
the cisternae were disappearing. Thus it appears, on
the basis of the present evidence, that cisternae
are indirectly connected to the plasma membrane
by coated vesicles which represent the major route
of synaptic vesicle membrane retrieval.

Conclusive determination of the exact sequence
of membrane movements between cisternae and
coated vesicles in these nerve terminals may be
aided by additional information on the mode of
formation of the empty vacuoles that appear in
the apical cytoplasm of other secretory cells during
plasma membrane retrieval (1, 41). These vacuoles
may be equivalent to the cisternae found in
stimulated synapses. Currently these vacuoles
are thought to form by direct invagination of the
plasma membrane (41), but improved methods
for visualizing coat material may reveal that they
form by coalescence of coated vesicles that indi-
rectly link them with the surface.

Formation of New Synaplic Vesicles
from Cisternae

The initial entry of HRP into cisternae before it
enlers synaptic vesicles, and the gradual disappearance
of cisternae as vesicle numbers recover after stimulation
would indicate that during intense stimulation
of this isolated synapse, cisternae represent
an intermediate step in the formation of new
synaptic vesicles, and that the final step in the
recycling of synaptic vesicle membrane is the
division of cisternae into new vesicles. The exist-
ence of such an intermediate in retrieval of vesicle
membrane was presciently hypothesized some
years ago (2). During the early phases of low rates
of transmitter release, the division of cisternae
into vesicles could proceed so rapidly that few
cisternae accumulate or grow to noticeable size
(6, 7, 12). In fact, if division of cisternae pro-
ceeded as rapidly as formation, it would become
impossible to distinguish these intermediates
from normal synaptic vesicles and it would
appear that new synaptic vesicles emerge directly
from coated vesicles (27). On the other hand,

during the later phases of intense transmitter
release, the division of cisternae into vesicles
would appear to be the rate-limiting step in the
entire membrane cycle, because under these con-
ditions cisternae progressively accumulate as
synaptic vesicles disappear (34, 49).

This formation of cisternae during stimulation,
reflecting what may be a slow step in the recycling
of synaptic vesicles, raises the possibility that
quantal size remains relatively constant during
fatigue of transmitter release (15, 16), because
cisternae divide to form vesicles only when they
become filled with transmitter. This attractive
possibility may not be the case. The availability
of extra transmitter substrates outside the terminal
does not speed cisternal division, and the applica-
tion of hemicholinium-3 to interrupt substrate
availability and completely exhaust transmitter
stores in the terminal does not prevent cisternal
division. In fact, after prolonged stimulation in the
presence of I mM hemicholintum-3, frog motor nerve
terminals recover a large population of synaptic vesicles
while spontaneous and evoked release remains
too small to measure, indicating that they can
form new synaptic vesicles from cisternae that
contain no transmitter. This is consistent with
findings at other synapses, where application of
hemicholinium-3 during stimulation does not
exaggerate synaptic vesicle depletion (28, 69).
However, it should be stressed that all of our
experiments on the effects of hemicholinium
on vesicle membrane changes were evaluated only
by visual inspection and will have to be evaluated
quantitatively, since they differ from some other
reports on the effects of hemicholinium (43), and
since the interrelation of transmitter metabolism
with vesicle membrane changes is of such im-
portance.

Other Constderations

The frog motor nerve terminal may thus be
differentiated into regions adjacent to the dense
bands for transmitter release, where vesicles line
up to contact and coalesce with the plasma mem-
brane, and adjacent regions beneath the Schwann
processes for membrane retrieval, where a distinct
filamentous coat pinches off vesicles from the
plasma membrane. The repeating association of
such areas along the length of the terminal to
form morphological synaptic units, noted by
others as well (55), may indicate that this synapse
is differentiated into a series of relatively self-main-
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taining mechanisms for transmitter release, each
perhaps similar to a single central nervous system
bouton (63, 80). Conversely, the intermittent
contact of astrocytic processes with calyceal
synaptic endings in the central nervous system
(53) may indicate a differentiation of this synapse
into functional zones similar to those in the motor
nerve terminal.

The scheme presented here implies that a rapid,
local recycling of intact synaptic vesicle membrane
influences the short-term dynamics of transmitter
release at this synapse, by controlling the imme-
diate availability of vesicles. However, this scheme
does not consider how long-term exchange of
membrane along the axon, between the synapse
and the cell body, might interact with the local
membrane recycling to influence the long-term
behaviour of the synapse. This interaction could
take the form of replenishment of synaptic vesicle
membrane by anterograde transport of axonal
endoplasmic reticulum or removal of old synaptic
vesicle membrane by retrograde transport of
multivesicular bodies, and thus might control the
size of the total stock of synaptic vesicles in the
resting terminal.

It now seems clear that the morphology of
synapses can be reproducibly altered by intense
stimulation delivered under the appropriate
conditions. It is possible that as the morpholog-
ical changes become better recognized and the
conditions for stimulation determined, this will
become a useful method for tracing functional
pathways in the central nervous system.

The technical assistance of Mr. Frank D. Nolan is
gratefully acknowledged.
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