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Abstract 

Interactions between synaptic vesicles and the presynaptic membrane which accompany trans- 
mitter release were examined at excitatory, cholinergic synapses in bullfrog sympathetic ganglia. 
Ganglia were fixed at rest or during electrical stimulation of the preganglionic axons and then were 
either thin-sectioned or freeze-fractured. Release of transmitter for brief periods is accompanied by 
selective depletion of four-fifths of the synaptic vesicles aligned at active zones, an overall loss of 
half of the synaptic vesicles in the terminals, and synaptic vesicle openings at active zones. These 
findings are consistent with the hypotheses that synaptic vesicles which are ready to be released are 
aligned at active zones and that these vesicles fuse with and add their membrane to the presynaptic 
membrane as they release transmitter. Larger vesicles with dense cores also contact and open onto 
the presynaptic membrane at the active zone, appearing to release their contents by exocytosis. The 
arrangement of intramembrane particles at fractured postsynaptic specializations resembles that at 
other excitatory, cholinergic synapses. 

The structural concomitants of transmitter release are 
particularly well documented at neuromuscular junctions 
(Ceccarelli et al., 1972, 1973; Heuser and Reese, 1973, 
1979, 1981; Peper et al., 1974; Heuser et al., 1974, 1979). 
We wanted to characterize the structural changes accom- 
panying transmitter release at interneuronal synapses for 
which physiological conditions could be as well defined 
and chose those in the 9th or 10th sympathetic ganglion 
of the bullfrog, Rana catesbiana. The preganglionic fi- 
bers innervating anuran sympathetic ganglion cells 
release acetylcholine in the form of quanta, giving rise to 
fast excitatory postsynaptic potentials (EPSPs) antago- 
nized by nicotinic blocking agents (Blackman et al., 
1963a, b). 

Preliminary experiments using horseradish peroxidase 
(Dickinson and Reese, 1973) indicated that synaptic ves- 
icle membrane is recovered from the axolemma by coated 
vesicles at the frog sympathetic ganglion in a manner 
similar to that at the neuromuscular junction (Heuser 
and Reese, 1973). In order to determine whether synaptic 
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vesicle membrane is actually added to the axolemma of 
these synapses during transmitter release, we decided to 
examine the interactions between synaptic vesicles and 
the presynaptic membrane that accompany transmitter 
release, using thin sections and freeze-fracture replicas of 
ganglia fixed at rest or during electrical stimulation. 
Preliminary reports of these findings have appeared 
(Dickinson and Reese, 1974a, b). 

Materials and Methods 

Chains of sympathetic ganglia from the bullfrog Rana 
catesbiana were cleaned of connective tissue, mounted 
on stimulating and recording electrodes with a few drops 
of Ca2+ or Mg2+ Ringer’s solution, and submerged in 
mineral oil. The sympathetic trunk anterior to the 9th 
and 10th ganglia (as identified by Ecker and Wieder- 
sheim, 1899) was stimulated at 10 Hz with a voltage in 
excess of that required to elicit maximal B and C com- 
ponents in the compound action potential of the postsyn- 
aptic nerve (Nishi et al., 1965; Libet et al., 1968; Tosaka 
et al., 1968). Several volume changes of 0.5% paraform- 
aldehyde and 0.75% glutaraldehyde in either Ca2+ or 
Mg2+ Ringer’s solution, pH 7.3, were added to the small 
bubble of Ringer’s solution surrounding the 9th or 10th 
ganglion while resting or within 10 set of starting the 
stimulation (Ca2+ Ringer’s solution: 116 mM NaCl, 2 mM 
KCl, 1.8 mM CaC12,3 mM glucose; Mg2+ Ringer’s solution: 
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Figure 1. Thin section of a typical synapse from a resting ganglion. Synaptic vesicles approximately 50 mn in diameter are 
clustered along a smooth presynaptic membrane adjacent to patches of filamentous density. This region of presynaptic membrane 
with associated density and synaptic vesicles, the presynaptic specialization, is apposed to a zone of postsynaptic membrane with 
associated density, the postsynaptic specialization, of the ganglion cell. In regions of the terminal peripheral to the presynaptic 
specialization, synaptic vesicles are not aligned at the axolemma and fiiamentous coat material (*) appears free in the axoplasm. 
A few larger vesicles containing dense cores are seen in the terminal. Magnification X 135,000. 

Figure 2. A fracture through a resting axon terminal exposing axoplasm and the cytoplasmic half of the presynaptic membrane. 
The presynaptic specialization of resting synapses is characterized by arrays of large particles within a gently curving, smooth 
region of axolemma. Where axoplasm underlying the synaptic region has been cross-fractured, synaptic vesicles are revealed 
(large arrow) directly under particle-free areas of the presynaptic membrane adjacent to arrays of large particles. Large particles 
can be seen on the cytoplasmic half of the membrane of many of the synaptic vesicles (small arrow). Magnification X 135,000. 

43 



44 Dickinson-Nelson and Reese Vol. 3, No. 1, Jan. 1983 

108 mM NaCl, 1.86 mM KCl, 10 mM MgC12,3 mM glucose). 
Ganglia then were fixed further with 3% glutaraldehyde 
in 70 mM sodium cacodylate buffer containing 10 mM 
Ca”+ or 20 mM Mg”+, pH 7.3 at 5°C. 

For thin sections, ganglia were fixed overnight, post- 
fixed in OsO+ stained in uranyl acetate (1% in 50 mM 
acetate buffer, pH 5.2, 12 to 16 hr at 5”C), dehydrated in 
methanol, transferred to propylene oxide, and embedded 
in Araldite (CY212). Silver-grey thin sections were 
stained with uranyl acetate and lead citrate. 

For freeze-fracture preparation, ganglia were fixed for 
45 min, rinsed in buffer, equilibrated with 22% glycerol in 
water for 2 hr at 22”C, and frozen in Freon 22 (mono- 
chlorodifluoromethane) cooled in liquid nitrogen. Gan- 
glia were fractured at -119”C, etched for 15 set, and 
replicated in a Balzers 360 M apparatus. In the electron 
microscope, terminals synapsing on B cells were not 
distinguished from terminals synapsing on C cells; thus, 
for the purpose of this study, the presynaptic terminals 
were treated as a homogeneous population. Measure- 
ments from prints were made with a Hewlett-Packard 
model 9864A digitizer connected to a model 9810A cal- 
culator. 

Results 

The axon terminal 

Rest. Synaptic regions of resting axon terminals were 
examined and compared in thin sections of three ganglia 
and in freeze-fracture replicas of five ganglia. In thin- 
sectioned terminals (Fig. l), synaptic vesicles approxi- 
mately 50 nm in diameter are typically clustered along a 
smooth presynaptic membrane adjacent to patches of 
presynaptic density. This region of presynaptic mem- 
brane with its associated density and synaptic vesicles is 
the presynaptic specialization, and it is characteristically 
apposed to the postsynaptic density of the ganglion cell. 
Synaptic vesicles seldom contact the axolemma outside 
this specialized region. Terminals also contain a few 
larger vesicles with dense cores; occasionally, these are 
found at the presynaptic specialization (Fig. 8). 

In fractures revealing the cytoplasmic half of the axo- 
lemma, the presynaptic specialization is characterized by 
arrays of large particles approximately 10 nm in diameter 
within a gently curving area comparatively free of the 
small particles scattered over the rest of the axolemmal 
surface (Figs. 2 and 3). Where the axoplasm underlying 
the synaptic region is cross-fractured, synaptic vesicles 
are uncovered directly under these particle-free areas of 
presynaptic membrane adjacent to arrays of large parti- 
cles (Fig. 2). Synaptic vesicles are not associated closely 
with the axolemma outside the presynaptic specializa- 

tion. Large intramembrane particles, approximately 10 
nm in diameter, are found on the cytoplasmic half of the 
membrane of many synaptic vesicles. 

Approximately 60 fractured presynaptic specializations 
were examined from five ganglia fixed while resting in 
Ca”+ Ringer’s solution. No axolemmal deformations, 
which might be openings of synaptic vesicles, were seen 
at the presynaptic specializations of these terminals. Oc- 
casionally, an axolemmal deformation outside the pre- 
synaptic specialization was found at a resting terminal 
(Fig. 3). We were unable to determine whether such 
deformations were coated pits or synaptic vesicle open- 
ings on the basis of their appearance in the fractured 
axolemma. In thin sections, however, coated pits repre- 
sented the only well defined invaginations of the axo- 
lemma found outside the presynaptic specialization (Fig. 
7). 

Stimulation. In order to define the “active zone” (Cou- 
teaux and Pecot-Dechavassine, 1970) for transmitter 
release at this cholinergic synapse and to describe the 
structural changes that occur as transmitter is being 
released, the preganglionic axons of eight ganglia were 
stimulated at 10 Hz in Ca2+ Ringer’s solution while 
compound action potentials of B and C cells were re- 
corded from the postsynaptic nerves. Within the first 10 
set of stimulation, Ca2+ Ringer’s solution containing di- 
lute aldehydes was added to the Ringer’s solution sur- 
rounding the ganglion, and stimulation was continued for 
twice the 2% to 3-min period required to decrease the 
amplitudes of the compound action potentials to zero. 
The fractured presynaptic specializations show a striking 
change after stimulation. Deformations of the cytoplas- 
mic half of the axolemma appear in the particle-free 
regions adjacent to the arrays of large particles (Fig. 4), 
and corresponding protuberances adjacent to particle 
imprints appear on its external half (Fig. 5). Since these 
deformations and protuberances occur in the areas of the 
axolemma under which synaptic vesicles are positioned 
in resting terminals (Fig. 2), we also examined thin sec- 
tions to see what happened to these vesicles and to the 
axolemma during stimulation. 

At the presynaptic specializations of thin-sectioned, 
stimulated terminals, the axolemma shows invaginations 
the size and shape of synaptic vesicles (Fig. 6). No longer 
are synaptic vesicles clustered at the axolemma; only a 
few synaptic vesicles are found contacting or very close 
to it. Axolemmal invaginations at the presynaptic spe- 
cialization are separated from synaptic vesicles above 
them, often by spaces containing little cytoplasmic struc- 
ture. In a few instances the large vesicles with dense 
cores, which occasionally lie near the presynaptic spe- 
cialization, appeared to be fused with the axolemma (Fig. 

Figures 3. The cytoplasmic half of the axolemma of a freeze-fractured, resting axon terminal. No axolemmal deformations are 
seen at the presynaptic specialization, where arrays of large particles lie within a gently curving area relatively free of the small 
particles scattered over the rest of the axolemma. Occasionally, an axolemmal deformation is found outside the presynaptic 
specialization. Magnification x 135,000. 

Figure 4. The cytoplasmic half of the axolemma of a freeze-fractured axon terminal stimulated in Ca2+ Ringer’s solution. 
Axolemmal deformations are found adjacent to the arrays of large particles within the presynaptic specialization. Magnification 
x 135,000. 

Figure 5. The external half of the axolemma of a freeze-fractured axon terminal stimulated in Ca2+ Ringer’s solution. Axolemmal 
protuberances resembling craters are found adjacent to arrays of particle imprints, apparently complementary to the large 
particles of the inner half of the axolemma at the presynaptic specialization. Magnification x 135,000. 
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9), and in other instances electron-dense material resem- In order to determine whether the morphological 
bling their dense cores lay under uncoated axolemmal changes are related to transmitter release, eight normally 
invaginations (Fig. 9, inset). These observations suggest responding ganglia were soaked for 2 to 3 hr in Ringer’s 
that the large granular vesicles also undergo exocytosis solution containing Mg2+ instead of Ca2+. Three of these 
at the axolemma. One example of such exocytosis also were fixed at rest. The other five were stimulated once 
was found at a resting synapse. to confirm that no postsynaptic compound action poten- 

Figure 6. Thin section of a synapse from a ganglion stimulated in Ca”+ Ringer’ solution. Invaginations of the axolemma are 
found adjacent to patches of density at the presynaptic specialization. Synaptic vesicles are further from the presynaptic 
membrane than at resting synapses (see Fig. 1). Invaginations are separated from surrounding synaptic vesicles. Magnification 
x 135,000. 

Figure 7. Thin section of a synapse from the same stimulated ganglion illustrated in Figure 6. A coated pit is typically the only 
well defined invagination of the axolemma seen outside the presynaptic specialization. A large dense core vesicle lies near the 
presynaptic specialization. Magnification x 135,000. 

Figures 8 and 9. Large dense core vesicles at the presynaptic plasmalemma. The preparation shown in Figure 8 was stimulated 
for several minutes before fixing at rest, which accounts for the variability in the size of the clear synaptic vesicles. The large 
dense core vesicle in Figure 9 appears to be fused with the presynaptic plasmalemma. The inset in Figure 9 shows electron-dense 
material resembling a core under an invagination of the presynaptic plasmalennna. Magnification x 150,000. 
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tials appeared, and then Mg”+ Ringer’s solution contain- 
ing dilute aldehydes was added to the ganglia while 
stimulation continued. Thin sections of two ganglia stim- 
ulated and fixed in this manner, showing synaptic vesicles 
clustered at smooth axolemmas, were indistinguishable 
from terminals fixed while resting in Ca2’ or Mg”+ 
Ringer’s solution. Similarly, no axolemmal deformations 
were seen at any of 26 freeze-fractured presynaptic spe- 
cializations in replicas from three ganglia soaked and 
stimulated in Mg2+ Ringer’s solution in the same manner; 
these presynaptic specializations were indistinguishable 
from those of terminals resting in Ca2+ or Mg2+ Ringer’s 
solution. Hence, the invaginations of thin-sectioned ax- 
olemma, the deformations of fractured axolemma, and 
the loss of synaptic vesicles adjacent to the presynaptic 
specialization appear to depend on the release of trans- 
mitter. 

These results identify an active zone at this synapse 
which, like that at the neuromuscular junction (Couteaux 
and Pecot-Dechavassine, 1970; Heuser et al., 1974), ap- 
pears to correspond to the presynaptic specialization. 
During transmitter release, synaptic vesicles open specif- 
ically at sites within the active zone where they originally 
contacted the axolemma. 

Quantitative aspects of exocytosis. We compared the 
numbers of axolemmal deformations at fractured active 
zones with the numbers of invaginations at thin-sectioned 
active zones because these numbers must agree if both 
structural changes are aspects of the same phenomenon. 
We also compared the loss of synaptic vesicles near the 
active zone after stimulation with losses of synaptic ves- 
icles in other regions of the terminal because if synaptic 
vesicles collapse into the axolemma after they open, a 
selectively greater loss of vesicles near the active zone 
might be expected. 

A carefully matched pair of 10th sympathetic ganglia 
from a single frog was placed in Ca2’ Ringer’s solution 
and a similarly matched pair from another frog was 
placed in Mg”+ Ringer’s solution. One member of each 
pair then was stimulated while the other was left resting. 
We photographed in noncontiguous thin sections the first 
25 to 30 terminals which met the following criteria: (1) 
clearly defined presynaptic membrane apposed to a post- 
synaptic density at least 0.20 pm long, (2) synapses with 
the ganglion cell body or axon hillock (axoaxonic syn- 
apses were observed but not photographed), and (3) no 
mitochondria within 150 pm of the presynaptic speciali- 
zation because they would interfere with counts of syn- 
aptic vesicles clustered near the active zone. Synaptic 
vesicles were counted only when their membranes were 
clearly defined for at least half their circumference; this 
criterion minimized overestimates of the numbers of 
synaptic vesicles which would occur when their diameter 
is similar to the section thickness (Heuser and Reese, 
1973). 

In order to determine if the numbers of deformations 
in fractured active zones equal the numbers of invagina- 
tions in thin-sectioned active zones, we photographed 14 
active zones in replicas from three freeze-fractured gan- 
glia that had been stimulaied in Ca2+ Ringer’s solution. 
Ten of these could be seen in their entirety and were 
used to estimate the mean area of stimulated active 

zones. The area measurements were corrected for cur- 
vature” using the ratio, 1: 16, of the linear to point-to- 
point lengths of presynaptic specializations in thin sec- 
tions. The mean area of the stimulated active zones 
measured in this manner was 0.24 pm2. The clearly visible 
regions of the other 4 active zones also were measured 
and corrected for curvature. Axolemmal deformations 
were counted and the mean number of deformations per 
pm2 of active zone was determined to be 14.7, or 3.5 
deformations per active zone. For comparison, 27 thin- 
sectioned terminals from a ganglion stimulated in Ca2+ 
Ringer’s solution were examined for well defined invagi- 
nations of the axolemma at the active zones. Estimating 
section thickness as 60 nm from interference colors, 14 
invaginations found in 15.0 pm of thin-sectioned active 
zone were converted to 15.5 invaginations per pm2 active 
zone, or 3.7 invaginations per active zone, not signifi- 
cantly different from the measurement of deformations 
per active zone in replicas. 

If the invaginations and deformations are formed by 
fusion and coalescence of synaptic vesicles with axo- 
lemma, and replacement of synaptic vesicles near the 
active zone is slow, the vesicles near the active zone 
should be depleted selectively during brief periods of 
stimulation. Accordingly, numbers of vesicles lying 0 to 
5 nm (less than the thickness of a unit membrane) from 
the active zone axolemma before and after stimulation in 
Ca2+ or Mg”+ Ringer’s solution were counted in thin 
sections. These vesicles presumably would be the fast 
available for release upon stimulation. A mean of 82% of 
these “adjacent” synaptic vesicles were lost after electri- 
cal stimulation, which amounted to 3.6 vesicles per pm of 
thin-sectioned active zone. The numbers of adjacent 
vesicles per active zone section fitted a Poisson distribu- 
tion, and the probability, calculated from this distribu- 
tion, that the numbers of adjacent vesicles were the same 
at resting and stimulated active zones was less than 10e4. 

An estimate of 16 adjacent vesicles per active zone 
resting in Ca”+ Ringer’s solution was made from the 
number of synaptic vesicles per pm of thin-sectioned 
active zone, estimated section thickness, and estimated 
mean area of active zones. A loss of 82% of the adjacent 
vesicles with stimulation corresponds to a loss of 13 
vesicles per active zone. The number of adjacent vesicles 
in terminals stimulated in Mg”+ Ringer’s solution was 
93% of the resting Ca”+ value, and the number of adjacent 
vesicles in terminals resting in Mg”+ Ringer’s solution 
was 119% of the resting Ca”+ value. 

After stimulation in Ca”+ Ringer’s solution, only 28% 
of the synaptic vesicles whose membranes lay in a second 

” Curvatures of active zones were determined by dividing the actual 
length of each presynaptic specialization by the shortest distance 
between its ends. At resting synapses the mean active zone curvature 
was 1.11 k 0.01 SEM. A small significant increase in curvature occurred 
after stimulation, regardless of whether the axolemmal extent of invag- 
inations was included (1.20 f 0.03 SEM, p > 99.9%) or excluded (1.16 
+ 0.02 SEM, p > 95%). Mean lengths of presynaptic specializations 
were not significantly different for thin-sectioned terminals from ganglia 
resting (0.56 )rrn + 0.05 SEM) or stimulated (0.56 pm + 0.04 SEM 
excluding and 0.59 pm f 0.03 SEM including the axolemmal extent of 
invaginations) in Ca” Ringer’s solution. 
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TABLE I 
Numbers of synaptic vesicles at varying distances from sectioned active zones 

Statistical tests on vesicles per urn of active zone were based on a Poisson distribution. 

No. of Synaptic Vesicles 
(per running pm of sectioned active zone) No. of 

.Swtinn.s 

No. of Synaptic Vesicles 
(per & of terminal) 

o-5 nm 

Cay+ rest 4.2 
Can+ stimulated 0.6” 
Mg”+ rest 5.0 
Mg’+ stimulated 3.9 

’ Significant difference from Ca2+ rest > 99%. 
’ Significant difference from Ca’+ rest > 95%. 

>5-t5.5 “In 

5.9 
4.4” 
6.6 
6.4 

region > 5 to 55 nm from the active zone were lost (1.5 
vesicles per pm of thin-sectioned active zone). Tests for 
whether vesicles at these distances from the axolemma 
(the range corresponding to the diameter of a synaptic 
vesicle) were similar in resting and stimulated prepara- 
tions rejected their similarity with p > 0.95 for a two- 
tailed test and p > 0.97 for a one-tailed test. The numbers 
of synaptic vesicles at these distances from each active 
zone were estimated to be 21 at rest and 15 with stimu- 
lation. After stimulation in Mg2+ Ringer’s solution, the 
mean number of these vesicles was 108% of the resting 
Ca2’ value, and the number of vesicles in this region at 
terminals resting in Mg”+ Ringer’s solution was 112% of 
the resting Ca2+ value. 

Losses from deeper, third and fourth regions of syn- 
aptic vesicles lying > 55 to 105 nm and > 105 to 155 nm 
from the active zone were 35% after stimulation in Ca2+ 
Ringer’s solution. An average of 29 synaptic vesicles at 
the > 55- to 105-nm distance were present at resting 
active zones and 22 were present at stimulated active 
zones. Thirty six synaptic vesicles were present at > 105 
to 155 nm from resting active zones and 20 were present 
at this distance from stimulated active zones. The com- 
bined numbers of vesicles from these two groups in 
terminals stimulated in Mg2+ Ringer’s solution were 102% 
of the resting Ca2+ values, while the numbers of these 
vesicles in terminals resting in Mg2+ Ringer’s solution 
were 117% of the resting Ca2+ values. The numbers of 
synaptic vesicles per pm of sectioned active zone at 
varying distances from the axolemma in each of the four 
experimental groups are listed in Table I. 

In order to determine the overall depletion of synaptic 
vesicles within the terminal, the numbers of synaptic 
vesicles per thin section of terminal were compared in 
resting and stimulated ganglia. Stimulation in Ca”’ 
Ringer’s solution resulted in depletion to a level of 52% 
(74 & 8 SEM vesicles) of the mean of 143 (+17 SEM) 
synaptic vesicles per thin section of resting terminal 

255-155 nm All Distances 

16.9 29 84 
10.gh 27 49” 
19.7 24 91 
17.3 29 83 

Numbers of synaptic vesicles in terminals stimulated or 
resting in Mg2+ Ringer’s solution were similar to those 
obtained for terminals resting in Ca2+ Ringer’s solution 
(106% and 103%, respectively). When calculated as vesi- 
cles per pm2 of sectioned terminal, stimulation in Ca2+ 
Ringer’s solution resulted in a drop in vesicles to 58% (49 
+ 4 SEM vesicles) of the mean of 84 (+4 SEM) vesicles 
per pm2 at rest. Values for terminals stimulated or resting 
in Mg2’ Ringer’s solution were 99% and 108% of the 
resting Ca2+ values. In terminals which lose half of their 
synaptic vesicles overall with stimulation, an 82% loss at 
the active zone is a highly selective loss. 

Membrane specializations of the ganglion cell 

Aggregates of large particles, 8 to 10 nm in diameter, 
on the cytoplasmic half of the fractured plasma mem- 
branes of ganglion cells are associated with postsynaptic 
specializations (Fig. 10) or with subsurface cisterns, spe- 
cialized areas of apposition between the endoplasmic 
reticulum and plasma membrane (Fig. 10, inset). Clusters 
of particle imprints (Fig. 11) were found on the external 
half of ganglion cell plasma membranes adjacent to active 
zones of axon terminals and to fractured subsurface cis- 
terns. Particles associated with postsynaptic specializa- 
tions tended to be found in round to oval clusters on 
outward bulges of membrane, while particles associated 
with subsurface cisterns tended to lie on relatively flat 
areas of membrane in clusters which were sometimes 
more elongated than the clusters of postsynaptic parti- 
cles. Individual particles associated with these two types 
of structures were indistinguishable and their concentra- 
tions were similar, approximately 2000 per pm2 of aggre- 
gate. Therefore, their identification depended primarily 
on information from cross-fractures which exposed either 
an active zone or a subsurface cistern directly apposed to 
the specialization. No differences in particles or aggre- 
gates could be distinguished between stimulated and 
resting states. 

Figure 10. A freeze-fractured, stimulated synapse, showing a cluster of large particles on the cytoplasmic half of the gently 
bulging, postsynaptic membrane above the cross-fractured axon terminal. Particle imprints may be seen on the external half of 
the axolemma at the active zone. Synaptic vesicles are not aligned at this stimulated active zone. The inset shows particles on the 
cytoplasmic half of the ganglion cell membrane directly over a subsurface cistern. Magnification x 120,000. 

Figure Il. Fractured, adjacent synapses revealing, on the right, presynaptic particle aggregates on the inner half of the 
axolemma and, on the left, an array of particle imprints on the external half of the ganglion cell membrane, apparently 
complementary to the postsynaptic particles characteristic of the cytoplasmic half of the ganglion cell membrane. Magnification 
x 120,000. 
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Subsurface cisterns were found beneath areas of gan- 
glion cell plasma membrane apposed to Schwann cells or 
to regions of axon terminals peripheral to active zones 
(Watanabe and Burnstock, 1976). These subsurface cis- 
terns do not differ in structure from those in other 
neurons (Henkart et al., 1976; Gulley and Reese, 1977; 
Gulley et al., 1978), but their frequent proximity to syn- 
apses is unusual and suggests a functional role. 

Discussion 
Release of transmitter evoked from excitatory, cholin- 

ergic synapses in frog sympathetic ganglion is accompa- 
nied by selective depletion of the synaptic vesicles aligned 
at active zones, an overall loss of half of the synaptic 
vesicles, and axolemmal invaginations at active zones 
which appear to be synaptic vesicle openings. These 
structural changes do not occur with nerve stimulation 
in the absence of transmitter release. We found no mor- 
phological evidence of vesicle release in resting synapses, 
which may reflect frequencies of spontaneous miniature 
EPSPs of less than l/set (Nishi et al., 1967). Moreover, 
the resting rate of miniature EPSPs as estimated by the 
numbers of vesicle openings at resting synapses appar- 
ently is not increased so sharply by aldehyde fixatives as 
it is at the neuromuscular junction (Smith and Reese, 
1980). 

Several earlier studies on muscle (Ceccarelli et al., 
1972, 1973) and on freeze-fractured central nervous sys- 
tem (Pfenninger et al., 1971, 1972; Akert et al., 1972; 
Streit et al., 1972; Pfenninger and Rovainen, 1974) in- 
cluded the suggestion that synaptic vesicles form open- 
ings, release their contents, and then close again. Hex- 
agonal arrays of deformations believed to be persistent 
attachment sites for synaptic vesicles also are found at 
synapses thought to be relatively inactive, although their 
shapes changed during activity (Streit et al., 1972). How- 
ever, the lack of significant change in the numbers of 
vesicle openings in these studies may have resulted from 
an obscuring overlay of vesicle release evoked by form- 
aldehyde fixation (Smith and Reese, 1980). 

Our studies on sympathetic ganglion yielded no evi- 
dence that deformations represent stable attachment 
sites for synaptic vesicles. Thin sections of terminals 
resting in Ca2+ or Mg” Ringer’s solution often show 
vesicles in contact with the presynaptic membrane at the 
active zone, but corresponding freeze-fracture views re- 
veal no axolemmal deformations there. Invaginations in 
the axolemma appear at the active zone after stimulation, 
but thin sections through comparable active zones fail to 
show any synaptic vesicles touching these invaginations. 
These findings seem more compatible with the alterna- 
tive that synaptic vesicles collapse into the presynaptic 
membrane after fusing with it and that the rate of fusion 
exceeds the rate of replacement, which is therefore a 
rate-limiting step in sustained release (Highstein and 
Bennett, 1975). Several lines of direct evidence at the 
frog neuromuscular junction show that synaptic vesicles 
there collapse into the plasma membrane after they open 
(Heuser and Reese, 1973, 1979, 1981; von Wedel et al., 
1981). 

Our observation of selective depletion of vesicles im- 
mediately adjacent to the axolemma further supports the 
concept that synaptic vesicles fuse with and collapse into 

it as they release transmitter. No selective depletion of 
vesicles would be expected if synaptic vesicles re-formed 
at the active zone unless re-formed vesicles immediately 
moved away from it. However, this shift would result in 
an increase in synaptic vesicles neighboring the active 
zone which would be proportional to the depletion of 
vesicles at the active zone. Instead, there is depletion of. 
approximately one-quarter of the vesicles neighboring 
the active zone; there are simply not enough neighboring 
vesicles to conceal a group of vesicles added by moving 
back from the active zone. The increase in curvature of 
the active zone after stimulation in sympathetic ganglion 
and in the brain (Streit et al., 1972) is further indirect 
evidence that vesicles add their membrane to the axo- 
lemma after they open. 

While many studies have shown overall depletion of 
synaptic vesicles with stimulation (e.g., Parducz et al., 
1971; Clark et al., 1972; Pysh and Wiley, 1972,1974; Perri 
et al., 1972; Heuser and Reese, 1973; Birks, 1974), widely 
varying effects of stimulation have also been reported 
(e.g., de Robertis and Vas Ferreira, 1957; Green, 1966; 
Parducz and Feher, 1970). Counts of vesicles close to the 
synaptic cleft have shown modest depletions (Hubbard 
and Kwanbunbumpen, 1968; Perri et al., 1972), no change 
(Korneliussen, 1972), or even increases that were re- 
garded as vesicle mobilization (Jones and Kwanbunbum- 
pen, 1970; Quilliam and Tamarind, 1973). Several studies 
report a greater proportion of the total vesicle population 
located near the synaptic cleft after stimulation (Csillik 
and Bense, 1971; Perri et al., 1972; Korneliussen, 1972; 
Model et al., 1975). Even the studies which singled out 
vesicles at the active zone failed to demonstrate a 
marked, selective depletion, possibly because fixative was 
applied after, rather than during stimulation, allowing 
time for other vesicles to move up to the active zone. It 
is also possible that the osmium fixation used in some 
studies increased the rate of transmitter release suffi- 
ciently to obscure differences between resting and stim- 
ulated active zones (Perri et al., 1972; Heuser and Reese, 
1974). 

The content of the large vesicles with dense cores is 
unknown. It is of interest, however, that a peptide resem- 
bling luteinizing hormone-releasing hormone (LHRH) is 
a transmitter in the sympathetic ganglion responsible for 
a late slow EPSP (Jan et al., 1979, 1980a; Nishi and 
Koketsu, 1968) and has been localized primarily to syn- 
aptic boutons on C cells (Jan et al., 1980b). Since the 
large dense core vesicles contact and open onto the 
presynaptic membrane, they could release a noncholin- 
ergic transmitter such as the LHRH-like peptide. In fact, 
the number of large dense core vesicles in motor nerve 
terminals decreases during nerve stimulation (Lynch, 
1980). Our sampling process did not allow us to determine 
whether large dense core vesicles are mixed with 50-nm 
vesicles in terminals on all ganglion cells. 

The aggregates of 8- to lo-nm particles which fracture 
predominantly with the cytoplasmic half of the postsyn- 
aptic membrane in frog sympathetic ganglion are char- 
acteristic also of postsynaptic specializations at frog and 
mammalian neuromuscular junctions (Heuser et al., 
1974; Peper et al., 1974; Rash and Ellisman, 1974) and 
Torpedo and Ebctrophorus electroplaques (Cartaud et 
al., 1973; Rosenbluth, 1975). Although in frog sympa- 
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thetic ganglion no direct evidence exists for the identity 
of the particles on fractured postsynaptic membranes, 
peroxidase-labeled cw-bungarotoxin and anti-acetylcho- 
line receptor antibodies have been shown to bind exclu- 
sively within the synaptic cleft at the postsynaptic spe- 
cialization (Marshall, 1981), where the particles are 
found, and it is likely that they represent locations of 
cholinergic receptors. In electroplaques it is clear that 
the particles are loci of cholinergic receptors (Cartaud et 
al., 1973; Michaelson et al., 1976; Rash et al., 1978; Heuser 
and Salpeter, 1979), and at neuromuscular junctions, 
labeled a-bungarotoxin has been localized at postsynaptic 
specializations (Daniels and Vogel, 1975; Fertuck and 
Salpeter, 1974, 1976; Matthews-Bellinger and Salpeter, 
1978)). 

The active zone at the synapses studied here may be 
regarded as a cell surface specialization which holds 
secretory vesicles in readiness and directs their secretory 
product toward these postsynaptic receptors. This func- 
tion may.depend on the cytoplasmic filamentous material 
and grouping of large intramembrane particles, which are 
thought to be calcium channels (Pumplin et al., 1981), 
coupled with some means of mobilizing vesicles from 
deeper within the synapse (Smith et al., 1970; Gulley and 
Reese, 1981). The active zone differentiates synapses 
from other secretory cells. For instance, no vesicles con- 
tact the plasmalemma of unstimulated Limulus amebo- 
cytes which normally release their secretory granules 
over their entire surface. Contact between secretory gran- 
ules and the plasmalemma in amebocytes and many 
other secretory cells occurs only after secretion is trig- 
gered (Ornberg and Reese, 1981). The secretory granules 
in amebocytes are associated with cytoplasmic filaments, 
though the nature and exact role of these filaments in 
initiating secretion remain to be defined. Something anal- 
ogous to this filament-associated “approach step” must 
bring synaptic vesicles up to the active zones at frog 
sympathetic ganglion synapses prior to the secretory 
stimulus. Some of these synaptic vesicles, perhaps those 
actually in contact with the axolemma, then are ready to 
be released immediately when an action potential arrives. 
We assume that during repetitive stimulation, replace- 
ment of approached vesicles is slower than their release, 
which is why this subgroup can be depleted selectively. 
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