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Staurosporine Blocks Evoked Release of FMI-43 but Not 
Acetylcholine from Frog Motor Nerve Terminals 
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The protein kinase inhibitor staurosporine inhibited, and 
often abolished, activity-dependent destaining of frog mo- 
tor nerve terminals that had been preloaded with the fluo- 
rescent dye FMl-43. Staurosporine did not, however, block 
synaptic transmission; staurosporine treated muscles 
twitched in response to nerve stimulation, and the ampli- 
tudes of evoked end plate potentials were reduced only 
slightly, and in some cases not at all. The blockade of FMl- 
43 destaining was not reversed by washing, although treat- 
ment with black widow spider venom caused complete de- 
staining. Nerve terminals pretreated with staurosporine 
could subsequently be stained with FMl-43 (and then de- 
stained by black widow spider venom). Thus, staurospori- 
ne blocked destaining but not staining of nerve terminals. 
Staurosporine treatment had little effect on the ultra- 
structure of resting terminals, the main difference we noted 
being a somewhat closer packing of synaptic vesicles af- 
ter exposure to staurosporine. However, staurosporine 
blocked completely the ultrastructural changes produced 
by prolonged nerve stimulation, such as depletion of syn- 
aptic vesicles, appearance of intraterminal cisternae, and 
the uptake of horseradish peroxidase. The effects of stau- 
rosporine were not mimicked by KN-62, H7, calmidozolium, 
or trifluoroperazine. These and other observations are con- 
sistent with, but do not prove the hypothesis that, after ex- 
posure to staurosporine, the exocytotic fusion pore be- 
haved like a valve, letting FMi-43 in, but not out, as if stau- 
rosporine interfered with the postexocytotic collapse of 
synaptic vesicles into the surface membrane. 

[Key words: neuromuscular junction, staurosporine, exo- 
cytosis, synapse, FM l-43, vesicle recycling] 

FMl-43 appears to stain membranes of recycled synaptic vesi- 
cles, making it a useful tool for the study of vesicle trafficking 
in living nerve terminals. In frog motor nerve terminals, compact 
clusters of stained vesicles are imaged as fluorescent spots l-3 
pm in diameter. Spots seldom move or change shape, even dur- 
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ing tetanic nerve stimulation, which simply causes them to grow 
dim. This activity-dependent destaining evidently reflects exo- 
cytotic secretion of FMl-43 as dye filled vesicles move to the 
presynaptic membrane and undergo exocytosis, losing their dye 
in the process (Betz and Bewick, 1992; Betz et al., 1993; Ryan 
et al., 1993). 

In an earlier study of the nature of synaptic vesicle clustering, 
we screened a number of drugs and toxins for effects on the 
structure of the fluorescent spots (Betz and Henkel, 1994). The 
most effective agent that we tested was the protein phosphatase 
inhibitor okadaic acid, which disrupted the fluorescent spots and 
caused dye (and, as seen in the electron microscope, synaptic 
vesicles) to disperse throughout the terminal. Dye movements 
were unpredictable and nonuniform, and clearly more complex 
than expected from simple diffusion of labeled vesicles; some 
regions actually became brighter after okadaic acid treatment. 
We interpreted these results as an unmasking by okadaic acid of 
a powerful and widespread mechanism for the active translo- 
cation of synaptic vesicles between vesicle clusters, the activity 
of which is normally suppressed (Betz and Henkel, 1994; A. W. 
Henkel, L. Simpson, R. M. A. I? Ridge, and W. J. Betz, unpub- 
lished observations). 

As part of the okadaic acid study, we also investigated the 
effects of protein kinase inhibitors. One of these, staurosporine 
(Ruegg and Burgess, 1989), completely blocked the okadaic acid 
effect, as if it immobilized synaptic vesicles. Staurosporine also 
profoundly inhibited stimulation-induced destaining of the ter- 
minals. However, to our surprise, nerve stimulation continued to 
evoke muscle twitches, suggesting that synaptic transmission, 
unlike FMl-43 release, was not affected by staurosporine treat- 
ment. In the present study, we have confirmed and quantified 
those observations, and we have investigated the mechanism by 
which staurosporine selectively blocks destaining. Electrophys- 
iological and optical and electron microscopic observations sug- 
gest that staurosporine may act by altering the mode of vesicle 
membrane internalization after exocytosis. 

A preliminary of some of these findings has been published 
(Henkel and Betz, 1993). 

Materials and Methods 

Most of the methods have been described previously (Betz et al., 
1992a,b). In the present study, all optical images were “top views”; 
that is, the nerve terminals lay on the upper surface of the most super- 
ficial muscle fibers. All experiments were performed at room tempera- 
ture (about 21°C). 

Staurosporine (Calbiochem) was dissolved in DMSO (214 ~1 of 1 
mu staurosporine), aliquoted, and stored at -20°C for up to 3 months. 
The standard treatment involved bathing a preparation in 2 IJ,M stau- 
rosporine in normal Ringer’s for 1 hr, and then washing with normal 
Ringer’s, The present work was performed over a period of about 30 
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months. During this time, several episodes, each lasting several days, 
occurred during which time experimental results were inconsistent. In 
two such periods staurosporine blocked release by only a modest 
amount, significantly less than the usual 80-90%. Another time, surface 
muscle fibers of several muscles, though of normal appearance, were 
dead. They did not contract and had resting potentials of 0 mV. We 
have not included these results in the analysis. In none of these cases 
were we able to identify unequivocally the source of the difficulties, 
since we changed several procedures simultaneously (e.g., solutions, 
experimental chambers, suction stimulating electrodes, stock of stau- 
rosporine). We suspect the quality or purity of the staurosporine, since 
we never encountered such difficulties when using freshly prepared 
staurosporine. 

We tested several other agents, in an attempt to find other drugs that 
could mimic staurosporine actions. Each was applied to a prestained 
preparation for 45-60 min, and then the nerve was stimulated and im- 
ages were acquired to measure destaining. None of the drugs tested 
blocked FMI-43 destaining. These included H7 (Calbiochem; 50 p,~, 

which according to the supplier (Calbiochem) inhibits at this concen- 
tration several nrotein kinases. including PKA. PKC. and PKG. but not 
MLCK), KN62 (Calbiochem; 10 pM,\n inhibitor of calcium calmo- 
dulin kinase II), calmidozolium (RBI; 10 pM, a calmodulin inhibitor), 
and trifluoperazine (RBI; 20 p,M, also a calmodulin inhibitor). 

The procedures for preparation and use of black widow spider venom 
have been described (Henkel and Betz, 1995). Briefly, venom glands 
were homogenized in normal frog Ringer (1 gland/O.5 ml Ringer), vor- 
texed for 5 min, and centrifuged for 20 minutes at 10,000 X g. The 
supernatant was collected and stored on ice. Nerve terminal destaining 
was assessed by incubating muscles stained with FMl-43 with freshly 
prepared venom (0.3 gland extract per ml, dissolved in normal Ringer’s) 
for 3045 min. 

Standard electrophysiological techniques were used, as described pre- 
viously (Betz and Bewick, 1993). Each recording obtained during pro- 
longed stimulation of unblocked preparations (Fig. 2C,D) was examined 
by eye to determine if the response was an action potential (rapid re- 
polarizing phase) or a subthreshold end plate potential (slower repolar- 
ization). When miniature end plate potentials were recorded, 1 FM neo- 
stigmine was added to the bathing solution to block ACh esterase. In 
most experiments, to verify that the staurosporine was active, we pre- 
stained preparations with FMl-43 and, after completing electrophysio- 
logical recordings, we attempted to destain the nerve terminals by elec- 
trical stimulation. In the few cases in which terminals destained, elec- 
trophysiological results were discarded. 

For dual staining, we used FMl-43 and FM4-64 (Molecular Probes). 
The two molecules are structurally similar. FM4-64 fluoresces at a lon- 
ger wavelength owing to the presence of two additional c=c bonds. It 
can be imaged best with rhodamine (red emission) optics (Heuser et al., 
1993; Vida and Emr, 1995). FMl-43 is faintly visible with rhodamine 
optics (bleedthrough), while FM4-64 shows no bleedthrough if FMl- 
43 is imaged in the green (450-550 nm bandpass emission filter, instead 
of the usual 500-600 nm (yellow) filter). Thus, to minimize bleed- 
through problems, we stained with FM4-64 and imaged first in the red, 
and then stained with FMl-43 and reimaged in the green (cf. Beta and 
Bewick, 1992). We also attempted to stain nerve terminals with other 
fluorophores, hoping to be able to probe the size of the fusion pore with 
molecules of different sizes. Dr. Fei Mao (Molecular Probes) synthe- 
sized a dimer of FMl-43, but it did not stain normal frog nerve ter- 
minals. Likewise, larger water-soluble fluorophores, such as fluorescent 
dextrans (Bonzelius and Zimmermann, 1990), did not stain frog ter- 
minals. 

For ultrastructural studies of stimulated terminals, we stimulated mus- 
cles continuously at 10 Hz or 20 Hz for 1 O-15 min, and then fixed 
them immediately. In all cases, we confirmed visually that muscles 
twitched throughout the entire stimulation period. Thus, for example, 
the failure of staurosporine treated preparations to take up horseradish 
peroxidase could not have been due to nerve block or failure to stim- 
ulate successfully. Muscles were fixed, embedded, sectioned, and ex- 
amined using conventional procedures (Betz and Henkel, 1994). 

To measure uptake of horseradish peroxidase (HRP), muscles were 
preincubated with 5% HRP (Sigma type VI-A) in normal frog Ringer’s 
at room temperature, stimulated electrically via the nerve for 5 min at 
10 Hz, and rested for 10 additional minutes. All subsequent steps were 
performed at 4°C. The preparations were washed for 2 hr in calcium- 
free Ringer’s containing 4 mM MgCl,, fixed in 3% glutardaldehyde plus 
2% formaldehyde (from paraformaldehyde) in 90 mM cacodylate buffer 

(pH 7.4) for 45 min and washed for 2 hr in 90 mu cacodvlate buffer. 
The muscles were cut into small pieces and washed overnight in cac- 
odvlate buffer. The HRP-diaminobenzidine (DAB) reaction was initi- 

\  I  

ated by preincubation of the pieces with 0.05% DAB in cacodylate 
buffer at room temperature for 30 min. The DAB-cacodylate buffer 
solution was renewed and 0.02% H,O, was added for 1 min. The muscle 
pieces were then washed for 2 hr with cacodylate buffer at 4°C and 
subsequently osmium-fixed (2% OsO,, 20 mM CaCl,, 50 mM NaCl, 30 
mtvr barbital buffer, pH 7.4) in the cold. Finally they were subjected to 
a normal uranyl acetate block staining treatment. Control muscles were 
treated identically, but they were not stimulated. Staurosporine-treated 
muscles were incubated for 1 hr in 2 p,M staurosporine prior to the start 
of the experiment. 

To quantify numbers and spatial arrangements of synaptic vesicles, 
photographic negatives from the electron microscope were digitized into 
image files with an image scanner. The coordinates of every vesicle 
were then picked by hand, using a mouse-controlled cursor. In addition, 
the outline of the nerve terminal, and the presynaptic membrane were 
also digitized. Software was then written to perform the analysis of 
vesicle spacing and number of neighbors. 

Photobleaching was performed with a laser fitted on a Biorad 600 
laser scanning confocal microscope (Henkel et al., unpublished obser- 
vations). Images were acquired before and after small circular spots 
were bleached in single stained vesicle clusters. 

In all graphs, results from controls are plotted with open symbols and 
from staurosporine treated preparations with solid symbols. Error bars 
show 1 SEM, unless noted otherwise. 

Results 

Staurosporine blocked FMl-43 destaining. Figure 1 shows re- 
sults from a typical experiment in which staurosporine blocked 
destaining of a nerve terminal. Control terminals destained 70- 
90% in response to the stimulation (30 Hz for 4-6 min), while 
staurosporine treated terminals destained by only 5-20%. In a 
few experiments, after confirming that electrical nerve stimula- 
tion failed to produce destaining, we exposed preparations to 
elevated extracellular [K’] (60 tnM, Na+ replaced by K+) for 5- 
10 min. The terminals remained resistant to destaining, dimming 
by only about an additional 10%. We tested a number of other 
agents (see Materials and Methods), but none of them was able 
to block destaining. 

The block of destaining was not reversible by washing the 
preparation in normal Ringer’s, For example, in one experiment, 
two muscles were stained, treated with staurosporine for one 
hour, washed for 1 hr, and imaged during nerve stimulation (30 
Hz for 5 min). Nerve terminals (6-8 were imaged in each mus- 
cle) destained by an average of 16%. Then the preparations were 
washed an additional 2 hr, and the stimulation was repeated. The 
same terminals were then reimaged; they had destained by only 
an additional 12% (results not illustrated). 

We wondered if staurosporine might somehow predispose ter- 
minals to phototoxic effects, which can block destaining (Betz 
et al., 1992a). Thus, we repeated the experiments in the dark, 
performing no imaging until after the nerve stimulation was 
completed. The results (not illustrated) were no different: stau- 

rosporine blocked destaining, whether or not preparations had 
been exposed to light. 

In addition to blocking destaining, staurosporine also arrested 
movements of stained endosomes, which are often seen in 
Schwann cells, and can be followed most readily in time lapse 
movies. Staurosporine also blocked the vesicle-mobilizing ef- 
fects of okadaic acid, as could be seen in both time lapse movies 
and in fluorescence photobleach recovery studies (Henkel et al., 
unpublished observations; results not illustrated here). 

Staurosporine did not block evoked transmitter release. The 
observations described above naturally suggested that stauro- 
sporine immobilized synaptic vesicles, which might be expected 
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Figure 1. Staurosporine blocked activity-dependent destaining. A. Im- 
ages of a control nerve terminal (left) and a staurosporine treated nerve 
terminal (right). In each panel, the left-hand image was acquired im- 
mediately before nerve stimulation (30 Hz for 5 min), and the right- 
hand image immediately after the end of stimulation. The control ter- 
minal destained by 86%, while the staurosporine treated terminal de- 
stained by only 5%. Scale bar, 10 pm. B, From the same experiment 
as in A, showing the time course of the changes during nerve stimu- 
lation, which began at zero minutes. 

to reduce or abolish quanta1 release of ACh. However, stauro- 
sporine treated muscles contracted vigorously in response to 
nerve stimulation (either single shocks or high frequency repet- 
itive stimulation). It seemed unlikely that such strong contrac- 
tions could have occurred if release of ACh had been blocked 
by staurosporine to the same extent as the block of FMl-43 
destaining. To examine this evident discrepancy, we performed 
a number of electrophysiological measurements in order to 
quantify the staurosporine effect on transmitter release. Figure 
2A shows superimposed recordings of action potentials evoked 
by nerve stimulation in different muscle fibers impaled at ran- 
dom (one response per impalement). The control (left side) and 
staurosporine treated (right side) muscles gave very similar re- 
sults. Thus, staurosporine treatment, while inhibiting FMl-43 
destaining, produced virtually no block of synaptic transmission. 

To quantify evoked transmitter release in more detail, action 
potentials and twitches were blocked by exposing preparations 
to curare (4-6 FM), and the amplitudes of evoked end plate 
potentials (EPPs) were measured. Results from a typical exper- 
iment on three different muscles are shown in Figure 2B. First, 
EPPs were sampled in 15-30 cells; the three symbols near zero 
time show mean EPP amplitudes for each muscle. Next, two of 
the muscles (solid symbols) were exposed to 2 p,M staurosporine 
for about an hour. During this time evoked EPPs were recorded 
every minute from a single muscle fiber in each muscle; results 
from one of the fibers exposed to staurosporine are shown (small 
solid circles; similar results were obtained from fibers in the 
other muscles). Finally, EPPs were again sampled from 15-30 
muscle fibers in each muscle; their means are shown at the right. 
In all three muscles, EPPs declined over time [to 46% (control) 
and 26% and 48% (staurosporine) of mean initial amplitude]; 
these declines were the result of the lack of continuous perfusion 
of the bathing chamber, because reperfusion with fresh Ringer’s 
routinely caused EPP amplitudes to increase (not illustrated). In 
this and five other experiments, it was not possible to distinguish 
unequivocally control from staurosporine treated muscles by re- 
cording evoked EPPs. 

We also investigated the effects of staurosporine on transmit- 
ter release during prolonged nerve stimulation (usually 10 Hz 
for 15 min). Typical results from a pair of muscles are shown 
in Figure 2, C and D. These experiments were performed in the 
absence of curare or other synaptic blocking agents to insure 
that all synaptic potentials were recorded. We impaled 6-8 dif- 
ferent muscle fibers each minute during the stimulation period. 
Most cells, particularly at the outset of stimulation, responded 
with action potentials, but with continuing stimulation many re- 
sponses became subthreshold. Figure 2C shows that the per- 
centage of cells giving action potentials fell progressively during 
the 15 min stimulation period, and that the responses of the 
control and staurosporine-treated muscles were not significantly 
different. We also measured amplitudes of EPPs in cells that did 
not respond with action potentials, as shown in Figure 20. EPP 
amplitudes varied a great deal; linear regressions showed no 
significant difference, however, between control and staurospor- 
ine-treated preparations. Thus, as was the case for the recordings 
of single EPPs in curarized preparations, we could not distin- 
guish electrophysiologically between control and staurosporine 
treated preparations during prolonged nerve stimulation. 

Miniature end plate potential (mEPP) frequency was de- 
pressed by staurosporine. Figure 2E shows results from an ex- 
periment in which we recorded mEPPs for 1 min in each of 10 
muscle fibers, first in a control and then in a staurosporine treat- 
ed muscle. While the average amplitudes of mEPPs were not 
significantly different in the two muscles, nearly three times 
more mEPPs occurred in the control muscle fibers. This depres- 
sion of mEPP frequency by staurosporine was especially notice- 
able after tetanic nerve stimulation (Fig. 2F), and was the largest 
effect of staurosporine that we could detect with electrophysio- 
logical recordings. In two experiments, we examined the effect 
of elevated extracellular potassium concentration on mEPP fre- 
quency. Raising [K+], to 30 mM caused mEPP frequency to 
increase in control and staurosporine treated preparations alike 
(results not illustrated). Thus, as with electrical nerve stimulation 
of staurosporine treated preparations, high [K’], caused little 
FMl-43 destaining but a large increase in ACh release. 

In summary, while we did not investigate electrophysiological 
parameters in thorough quantitative detail, it was clear that stau- 
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Figrrrc~ 2. Staurosporine had little effect on electrophysiological measures of ACh release. A, Synaptic transmission was not blocker 1 by staurosporinc. 

Superimposed recordings of nerve evoked action potentials recorded from about 25 randomly impaled muscle fibers in a control muscle (/c? and from a 
muscle pretreated with staurosporine (rf,qht). For clarity, recordings are plotted as change from resting potential (resting potentials ranged from -75 mV 
(giving action potentials with the smallest amplitudes) to -9X mV; most resting potentials fell between -90 and -04 mV). B, EPP amplitudes were not 
affected by staurosporine. Curare (5.5 FM) was present to block muscle action potentials and contractions. @IWZ circlrs, control mean EPP amplitudes 
recorded from 22 muscle fibers before (l&) and 24 muscle tibers after (rig/~) a 1 hr rest period. Solid s~&ols, like the control muscle, except these 
muscles wet-e exposed to staurosporine for I hr between the two recording sessions. Small .so/id c?nGs, EPPs recorded from a single muscle fiber during 
exposure to staurosporine (applied after the first three EPPs had been recorded). Zero time represents, for each muscle, the time of the first impalement. 
C, Staurosporine did not alter the response to prolonged stimulation. Ncrvcs were stimulated continuously at 10 Hz for 15 min. and recordings wel-e 
obtained from (~8 muscle tibers each minute. Points show the percentage of sampled cells during successive 2 min periods that gave action potentials 
(the others gave subthreshold EPPs). II, As in C, cxccpt that the amplitudes of individual EPPs are plotted. Regression lines are nearly identical. E, mEPP 
frequency was reduced by staurosporinc, but mEPP amplitudes were not affected. Amplitudc histograms of all mEPPs recorded from IO randomly impaled 
fibers in a control muscle (solitl line) and a staurosporinc treated muscle (clotred I&). Each recording lasted I min. Control: 204 mEPPs tot&l, I .40 i 
I.57 mV average amplitude. Staurosporine treated muscle: 77 mEPPs total. I .57 i 1.23 mV 61 > 0.05). F, mEPP frequencies were lower in staurosporine 
treated preparations, especially after tetanic nerve stimulation. Each bar shows the mean mBPP frequency obtained by recording from I(&20 muscle fibers 
for 20-60 set (prestimulation) or S-20 set (poststirnulntion). 
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Figure 3. Black widow spider venom overcame the staurosporine-in- 
duced block of destaining. This shows a typical example of a nerve 
terminal that had been stained with FMl-43 and then treated with stau- 
rosporine. After the control image was acquired, the nerve was stimu- 
lated at 30 Hz for 4.5 min, and another image was taken (Rim). The 
terminal had destained by only 19%. Next, black widow spider venom 
was added, and 30 min later the last image was taken (SWSV); the 
terminal had destained completely. Scale bar, 5 pm. 

rosporine treatment produced a very large discrepancy in esti- 
mates of evoked exocytosis as measured optically, by FMl- 43 
destaining, and electrophysiologically, by post-synaptic potential 
amplitudes. 

Staurosporine treated terminals were destained by black wid- 
ow spider venom. One simple explanation for the results de- 
scribed above is that staurosporine caused FMl-43 molecules to 
become irreversibly bound to synaptic vesicle membranes, so 
that, even though vesicles may have undergone their usual cycle 
of exo- and endocytosis, the dye was incapable of partitioning 
out of the membrane into the extracellular fluid. To test this 
possibility, we applied black widow spider venom, a potent ex- 
ocytotic agent to stained, staurosporine treated preparations (Fig. 
3). Beginning about 10 min after black widow spider venom 
application, spontaneous muscle twitches could be observed, ter- 
minals started to destain, and 2040 min later were completely 
destained. These effects were indistinguishable from controls. 
Thus, staurosporine did not appear to alter the affinity of FMl- 
43 for synaptic vesicle membranes, or, if it did, black widow 
spider venom was able to reverse the effect. 

Preparations pretreated with staurosporine could still take up 
FMI-43. To see if staurosporine could block staining as well as 
destaining, we reversed the order of treatment, first exposing 
preparations to staurosporine, and then attempting to stain them 

with FMl-43 (Fig. 4). We found that the staining pattern in 
staurosporine pretreated preparations was indistinguishable from 
normal muscles, although the intensity of staining was usually 
reduced by 30-50%. The terminals, once stained, were resistant 
to destaining by nerve stimulation (Fig. 4A). The staining after 
staurosporine pretreatment also was activity-dependent; expos- 
ing a staurosporine treated preparation to FMl-43 did not cause 
dye uptake in the absence of activity (results not illustrated). 

Was the reduced staining intensity in preparations pretreated 
with staurosporine due to a reduction in the capacity or the rate 
of dye uptake during the staining procedure (or both)? To test 
this, we stained preparations twice in succession, washing the 
preparations and acquiring images after each staining period. As 
illustrated in Figure 4B, control preparations grew brighter by 
only lo-20% after double staining, which is consistent with ear- 
lier observations (Betz et al., 1992b) suggesting that the normal 
staining procedure stains most, if not all synaptic vesicles. Stau- 
rosporine-treated preparations, on the other hand, increased in 
brightness by 50-60% during the second staining regimen, and 
in most cases the terminals became as bright as controls. Thus, 
staurosporine treatment appeared to reduce the rate at which 
nerve terminals could take up FMl-43, but not their capacity to 
do so. 

We wondered if the uptake of FMI-43 after staurosporine 
treatment might have been mediated by endocytosis from a “re- 
serve” pool of surface membrane having nothing to do with the 
behavior of synaptic vesicles. To test this possibility, we first 
subjected two staurosporine treated preparations to a mock stain- 
ing procedure, stimulating the nerve at 10 Hz for the usual 5 
min, but in the absence of FMI-43. Such stimulation would 
presumably cause the endocytosis of any “reserve” surface 
membrane. Then, after a rest period, the preparations were sub- 
jected to a normal staining procedure. Terminals stained with an 
intensity that was not significantly different from controls (no 
mock staining; results not illustrated). Thus, the uptake of FMl- 
43 after staurosporine treatment was not mediated by endocy- 
tosis from a latent reservoir of surface membrane. 

Finally, we measured the effects of black widow spider venom 
on preparations pretreated with staurosporine and then stained 
with FMl-43 (Fig. 4C). Like preparations treated in the reverse 
order, these preparations were completely destained by black 
widow spider venom. This suggests that FMl-43 was in the 
lumenal, not the cytoplasmic leaflet of the vesicle membrane 
(see Discussion). 

In two experiments, we performed double loading experi- 
ments using dyes of different colors. If staurosporine interfered 
with vesicle movements, then the normal random mixing of re- 
cycled vesicles (Betz et al., 1992b) might be replaced by signs 
of sequestered pools of recycled vesicles. To test this, a prepa- 
ration was first treated with staurosporine, then stained with 
FM4-64 (which fluoresces red), then imaged in the red, then 
stained with FM l-43 and imaged in the green (which completely 
excludes FM4-64 fluorescence; see Materials and Methods). The 
shapes of the fluorescent spots in the paired images of terminals 
were not noticeably different (results not illustrated). Thus, while 
these observations were not quantified, we saw no signs of strict 
queuing or other forms of sequestration of recycled vesicles in 
staurosporine treated terminals. 

In summary, staurosporine treatment slowed by a moderate 
amount the rate of FMl-43 entry into the nerve terminal. In 
addition, the entry appeared to be mediated by vesicles under- 
going exocytosis, as in normal terminals. Thus, staurosporine 
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Figure 4. Terminals pretreated with staurosporine could be subsequently stained with FMl-43. A, Destaining was blocked. Typical terminal after 
treatment with staurosporine, followed by FMl-43 staining (Pre-Stim). After nerve stimulation (30 Hz for 5 min), this terminal had destained by 
14% (Post-Slim). B, Terminals brightened significantly when stained a second time. Control (top) and staurosporine pretreated (bottom) terminals 
after the first loading with FMl-43 (left side) and after a second loading protocol (right side). The control terminal brightened by only lo%, while 
the staurosporine pretreated terminal brightened by 55%, after the second loading. C, Black widow spider venom caused destaining. Terminals were 
preincubated with 2 mu staurosporine and then stained with FMl-43. Images were acquired before (Be-BWSV) and after (Post-BWSV) exposure 
to black widow spider venom for 40 min. Scale bars, 5 pm. 

appeared to create a kind of fusion pore rectification, as if dye 5). A laser was used to bleach a segment of a fluorescent spot, 
could get in, but not out of synaptic vesicles undergoing exo- and the bleached region was monitored for signs of recovery, 
cytosis. which would reflect the movement of dye from unbleached 

Recovery from photobleaching did not occur in control or in regions into the bleached region. In separate work (Henkel et 
staurosporine-treated terminals. We used the fluorescence pho- al., unpublished observations), we showed that little or no re- 
tobleach recovery technique (Axelrod et al., 1976) to study dye covery from photobleaching occurs in normal terminals, either 
movements in single vesicle clusters viewed from above (Fig. at rest or after intense nerve stimulation. Similarly, as illustrated 
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Figure 5. Photobleached regions did 
not recover spontaneously but could be 
restained with FMl-43. Two examples 
(top and bottom) of top views of single 
fluorescent spots, the centers of which 
were bleached by a laser. Control images 
(left panels) were followed by images ac- 
quired immediately after bleaching 
(Bleach; arrowhead points to bleached 
region; regions bleached by 66% and 
65%, respectively), after nerve stimula- 
tion (Stim; 30 Hz for 4 ruin; regions re- 
covered by - 15% and + 19%), and after 
restaining with ml-43 (Reload; regions 
recovered by 86% and 85%). The tetanic 
nerve stimulation caused little recovery 
from the photobleacbing, while restaining 
caused the photobleached regions to dis- 
appear completely. Scale bar, 5 pm. 

by the two examples in Figure 5, in preparations treated with 
staurosporine little or no recovery from photobleaching oc- 
curred, even after intense nerve stimulation. We checked for 
laser-induced photodamage by attempting to restain the termi- 
nals after bleaching. Results (Fig. 5) showed that the bleached 
regions refilled with dye. In some cases, the refilled terminals 
were even brighter than normal, and in others the fluorescent 
spots after restaining were less crisp in outline than initially. In 
all cases, however, the bleached regions disappeared, showing 
that the cytoplasmic machinery for dye uptake had not been 
damaged by the laser. Thus, it appears that in staurosporine treat- 
ed terminals, as in normal terminals, FMl-43 dye molecules and 
synaptic vesicles in individual vesicle clusters are restricted in 
their lateral movements. 

Staurosporine treatment blocked ultrastructural changes pro- 
duced by nerve stimulation. We studied the effects of stauro- 
sporine on nerve terminal ultrastructure under three different 

conditions. First, we examined resting preparations that had been 
stained with FMl-43 in the usual manner, and then exposed to 
staurosporine. Typical examples are shown in Figure 6. General 
ultrastructural properties were not altered by staurosporine. 
Quantitative measurements showed that synaptic vesicles in 
staurosporine treated terminals were more tightly packed than in 
control terminals. In 34 cross-sectioned control nerve terminals, 
each synaptic vesicle had an average of 3.2 ? 0.62 “neighbors” 
(mean 2 SD; a neighbor was defined as a synaptic vesicle closer 
than 60 nm, center to center spacing); in 41 profiles of stauro- 
sporine treated nerve terminals, vesicles had 4.3 ? 0.61 neigh- 
bors (p < 0.01). The absolute numbers of synaptic vesicles per 
nerve terminal profile were not significantly different (control = 
86 + 51.9 (mean + 1 SD); staurosporine treated = 122 + 67.1; 
p > 0.05). The tighter vesicle packing in staurosporine treated 
terminals, while statistically significant, was not particularly 
striking when examined by eye, and it was difficult to sort cor- 

Figure 6. The ultrastructure of staurosporine treated nerve terminals was similar to controls. Typical examples of nerve terminals from a control 
muscle (left) and from a muscle treated with staurosporine (right). There were no discernable qualitative differences between the two types of 
preparations. Quantitatively, the packing of synaptic vesicles was about 30% greater in staurosporine treated preparations. Scale bar, 0.5 brn. 
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rectly mixed electron micrographs from control and staurospor- 
ine treated preparations. In addition, we could not detect signs 
of tighter vesicle packing optically. That is, FM l-43 labeled ves- 
icle clusters were not detectably brighter in staurosporine treated 
preparations, compared to controls (results not illustrated). 

In the second ultrastructural study we examined nerve ter- 
minals that had been subjected to prolonged electrical stimula- 
tion (usually 10 min at 10 or 20 Hz; Fig. 7). Control preparations 
showed the expected changes. For example, they contained few- 
er synaptic vesicles and more cisternae than did unstimulated 
preparations. Staurosporine treatment blocked these changes; the 
number of synaptic vesicles was not significantly different from 
controls, the surface membrane did not appear distended, and 
increased numbers of cisternae were not apparent. Figure 7A 
shows typical examples. We counted the number of synaptic 
vesicles under different conditions; results (Fig. 7B) showed that 
staurosporine blocked the loss of synaptic vesicles produced by 
prolonged stimulation. 

The third ultrastructural study involved a study of horseradish 
peroxidase (HRP) uptake. Prolonged nerve stimulation (usually 
10 Hz for 5 min) was given in the presence of HRP The prep- 
aration was then rested for 10 min, washed for 2 hr in ice-cold 
Ringer’s without HRP, and then fixed. As shown in Figure 8, 
staurosporine treatment greatly reduced the uptake of HRP In 
fact, we could not distinguish control, unstimulated preparations 
from staurosporine treated, stimulated preparations. In both 
cases, there was a small amount of HRP uptake, and in both 
cases the HRP could be found at virtually any location within 
the terminal. No sign of sequestration of the small amount of 
HRP taken up was evident in the staurosporine treated prepa- 
rations. 

Discussion 

Staurosporine nearly abolished activity-dependent release of 
FMl-43, without affecting very much the quanta1 release of 
ACh. Overall, staurosporine treated terminals destained only 
about 15% in response to tetanic nerve stimulation; control prep- 
arations destained about 70-90% under the same conditions. 
Thus, we could without fail distinguish optically a staurosporine 
treated preparation from a control preparation by measuring the 
destaining produced by nerve stimulation. Using electrophysio- 
logical techniques, however, the distinction was far more diffi- 
cult. Staurosporine treatment reduced evoked release of ACh 
only slightly, and in some cases not at all. This result is consis- 
tent with observations on other cell types showing that stauro- 
sporine has little effect on exocytosis; these cell types include 
mast cells, chromaffin cells, lymphocytes, and cultured hepato- 
cytes (Koopman and Jachson, 1990; Morgan and Burgoyne, 
1990; Terbush and Holz, 1990; Fallon and Danaher, 1992; Wu 
et al., 1993). In at least one case, staurosporine has been reported 
to stimulate secretion (van der Merwe et al., 1990). 

The clearest electrophysiologically detectable effect of stau- 
rosporine was a decrease in the frequency of spontaneous m- 
EPPs. This was particularly evident immediately after tetanic 
nerve stimulation (e.g., 20 Hz for 1 min), when mEPP frequency 
in staurosporine treated preparations rose to only several per 
second, about an order of magnitude lower than in controls. 
Spontaneous secretion from chromaffin cells is also reduced by 
staurosporine (Ali and Burgoyne, 1990). Could the staurospor- 
ine-induced reduction of mEPP frequency that we observed ex- 
plain the discrepant optical and electrophysiological results? 
This would require that, in control preparations, loss of dye is 

due almost entirely to the rise in mEPP frequency that occurs 
during tetanic stimulation. That is, activity-dependent dye loss 
would have to reflect exocytosis not of quanta that contribute to 
evoked EPPs, but to mEPPs discharged spontaneously between 
successive evoked EPPs. However, the contribution of such 
mEPPs to overall release during tetanic stimulation can be es- 
timated conservatively to be less than 10% of the total quanta1 
secretion of ACh (e.g., at 10 Hz stimulation, assuming 30 quanta 
per EPP and 30 spontaneous mEPPs/sec, the total quanta/set = 
10 . 30 + 30 = 330, of which 30 (9% of total) are mEPPS). 
On this basis, then, the selective blockade of spontaneous secre- 
tion (mEPPS) by staurosporine would produce, by itself, a neg- 
ligible effect on nerve terminal destaining. 

Alternatively, one might assume that all FMl-43 uptake and 
release normally occurs via asynchronous mEPPs, and that the 
secretory mechanism underlying evoked release is entirely re- 
fractory to staining with FMl-43. This of course would require 
two parallel and independent routes of quanta1 secretion, one for 
spontaneous mEPPS (which stains with FMl-43) and one for 
evoked quanta (which does not stain with FMl-43). Strong ev- 
idence against this is provided by the observation that destaining 
stops when nerve stimulation stops (Betz and Bewick, 1992), 
whereas the posttetanic increase in mEPP frequency persists for 
several minutes after the end of tetanic stimulation. Moreover, 
morphological evidence suggests that all, or nearly all, synaptic 
vesicles can be stained with horseradish peroxidase (Heuser and 
Reese, 1973) a result that we have recently confirmed for FM1 - 
43, using the diamino benzidine photoconversion technique 
(Henkel, Ltibke, and Betz, unpublished observations). In sum- 
mary, the observed reduction in spontaneous mEPP frequency 
after staurosporine treatment cannot account for the profound 
inhibition of destaining. 

How is it possible then, if molecules of FMl-43 and ACh 
coexist in the same vesicle, that one (ACh) is released while the 
other (FMl-43) is not? One explanation that we tested is that 
staurosporine caused FMl-43 to become irreversibly linked to 
the synaptic vesicle membrane, so that it could not partition out 
of the membrane during exocytosis. Black widow spider venom, 
a potent trigger of synaptic vesicle exocytosis (Ceccarelli and 
Hurlbut, 1980), however, could overcome the block to destain- 
ing, causing the loss of dye at a rate and to an extent that were 
very similar to those observed in control preparations. If black 
widow spider venom acted as it does in normal preparations, 
namely to evoke exocytosis and collapse of synaptic vesicles 
into the plasma membrane, then it suggests that staurosporine 
did not act by tethering FMl-43 molecules irreversibly to com- 
ponents of synaptic vesicle membranes. 

Another possibility is that staurosporine simply immobilized 
synaptic vesicles. Consistent with this, staurosporine blocks the 
vesicle mobilizing action of okadaic acid (Betz and Henkel, 
1994) and movements of FM1 -43 stained endosomes in 
Schwann cells. In chromaffin cells the stimulation-induced de- 
stabilization of cortical actin filaments, which may act as a bar- 
rier to the movement of granules to the plasma membrane, is 
also partially blocked by staurosporine, as is nicotine-induced 
catecholamine release (Vitale et al., 1992). However, if all ves- 
icles are immobilized by staurosporine, then vesicular transmit- 
ter release would have to be mediated entirely by the vesicles 
that are “docked” at the presynaptic membrane. Docked vesi- 
cles constitute only a small percentage-less than 5%-of the 
total number of synaptic vesicles in a cluster. Thus, the staining 
by FM l-43 of a preparation pretreated with staurosporine should 
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Figure 7. Staurosporine blocked ul- 
trastructural changes produced by pro- 
longed nerve stimulation. A, Control 
(top) and staurosporine treated (bot- 
fo?n) preparations before (left) and after 
(right) prolonged nerve stimulation (10 
Hz for 10 min). Before stimulation (lef 
side) both preparations had similar ap- 
pearances. After stimulation the control 
preparation (fop right) showed the ex- 
pected changes of fewer vesicles, ex- 
panded surface membrane, and more 
cisternae, while the staurosporine treat- 
ed preparation (bottom righf) resem- 
bled much more closely the control, 
unstimulated preparations. All prepa- 
rations had been stained with FMl-43. 
Scale bar, 0.5 pm. B, Mean density of 
synaptic vesicles (number of vesicles/ 
area of nerve terminal) in profiles from 
control (N = 7) and staurosporine treat- 
ed (N = 9) nerve terminals. The right- 
hand bar is from a preparation (N = 7 
terminal profiles) that had not been 
stained with FMl-43. 
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have been greatly reduced, compared to controls, and should 
have been restricted to faint stripes, about 1 pm apart, marking 
the permanently docked vesicles at each active zone. This was 

not observed. The pattern of staining after staurosporine pre- 
treatment was normal (and entirely dependent on nerve activity). 
The intensity of staining was reduced somewhat, but could be 
increased to normal levels by increasing the duration of the 
staining period. In summary, it appeared that staurosporine re- 
duced the rate of, but not the capacity for, dye uptake. Thus, it 
seems clear that the dye had access to considerably more than 
5% of the vesicle population after staurosporine treatment. 

Perhaps the staining after staurosporine pretreatment reflected 
not the movement of vesicles, but the movement of FMl-43 
molecules from one immobilized vesicle to another. One argu- 
ment against such a possibility is that FMl-43 does not penetrate 
the nerve terminal plasma membrane and therefore should not 
penetrate synaptic vesicle membranes. However, significant dif- 
ferences in lipid composition of plasma membranes and granule 
membranes have been reported in chromaffin cells (Egger and 
Winkler, 1994), and in synaptic terminals (Benfenati et al., 
1989), raising the possiblity that, once inside the terminal, FMl- 
43 might be able to move from vesicle to vesicle. However, if 
FMl-43 could leave a vesicle and enter the cytoplasm, it should 
then stain the cytoplasmic leaflet of all membranes, which would 
give a very different pattern of staining than that which we ob- 
served. On the other hand, our electron microscopic measure- 
ments revealed a modest but statistically significant increase in 
vesicle packing in staurosporine treated preparations, packing 
that might facilitate in some fashion the intervesicular transport 
of FMl-43 (cf. observations of “compound exocytosis”; Alva- 
rez de Toledo and Fernandez, 1990; Scepek and Lindau, 1993) 
without widespread uptake by other intracellular organelles. To 
test this hypothesis directly, we used a laser to bleach a portion 
of a fluorescent spot, and then looked for signs of recovery from 
photobleaching (Axelrod et al., 1976; Jacobson et al., 1991). 
Little or no recovery occurred, either in normal or staurosporine 
treated preparations. To test for laser-induced photodamage, 
which might have blocked dye movements that otherwise would 
have occurred, we attempted to restain the bleached region with 
FMl-43. Restaining was successful. While this does not rule out _, ,. ” ,, ,.’ the possibility that dye movements between vesicles was 
blocked by laser induced photodamage, it shows at least that the 
complex mechanism of dye uptake had not been damaged by 
the laser, and suggests that synaptic vesicles and FMl-43 mol- 
ecules are not free to move laterally within a vesicle cluster. 

Still another explanation for the selective block of FMl-43 
destaining is that staurosporine abolished vesicular release of 
ACh altogether, and that, in response to nerve stimulation, ACh 
was released directly from the cytoplasm (Israel et al., 1989). In 
this case, FMl-43, applied after staurosporine treatment, would 
enter the cytoplasm directly and so gain access to the cytoplas- 
mic leaflets of all membranes in the cell-plasma membrane, 
endoplasmic reticulum, mitochondria, and so forth-which 

t 

Figure 8. Staurosporine blocked the stimulation-induced uptake of 
horseradish peroxidase (HRP). Top panel, a control preparation was 
bathed in HRP for 45 minutes, without nerve stimulation. A small 

amount of constitutive uptake of HRP occurred (dark spots). Middle 
panel, from a preparation treated as in the left panel, except the nerve 
was stimulated (10 Hz for 5 min) in the presence of HRP The synaptic 
vesicles are heavily labeled with HRP Bottom panel, from a preparation 
treated as in the middle panel, except that it was pretreated with stau- 
rosporine. Uptake of HRP was nearly abolished. Note that the small 
amount of uptake is distributed throughout the pool of synaptic vesicles. 
Scale bar, 0.5 pm. 
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would give a staining pattern very different from that observed. 
Moreover, assuming that FM I-43 cannot “flip-flop” between 
membrane leaflets (Higgins, 1994; an assumption supported by 
the lack of recovery from photobleaching described above), such 
an uptake mechanism would be refractory to destaining by black 
widow spider venom, which exposes only the lumenal leaflet of 
synaptic vesicles to the extracellular fluid. In fact, preparations 
pretreated with staurosporine and then stained with FMl-43 
could be readily destained by black widow spider venom. 

These observations make it likely that vesicular discharge of 
ACh was still occurring in staurosporine treated preparations, 
but that FM l-43 was unable to escape from vesicles undergoing 
exocytosis. Conceivably, this could occur if the duration of ex- 
posure of the vesicle lumen to the extracellular space were short- 
ened by staurosporine treatment, so that FMl-43 molecules did 
not have sufficient time to partition out of the vesicle membrane 
and diffuse out of the vesicle into the synaptic cleft before the 
vesicular membrane was reinternalized. A quick closure of an 
open fusion pore could produce such an effect. For example it 
has been estimated that ACh could escape through a l-2 nm 
diameter fusion pore in about 1 msec (Spruce et al., 1991). The 
comparable time for FMl-43 is not known with certainty, but it 
is probably 3-4 orders of magnitude longer. For example, when 
FMl-43 is rapidly washed from a chamber, the destaining of 
some cellular surface membranes requires ten seconds or more 
(Ryan et al., 1993; our unpublished observations). If the same 
is true for synaptic vesicle membranes, then a fusion pore that 
opened for longer than 1 msec, but shorter than a few seconds, 
would be expected to pass virtually all of the ACh inside the 
vesicle, and virtually none of the FMI-43. 

Alternatively, staurosporine might not affect exocytosis, but 
instead act to accelerate the normal endocytic process that re- 
captures vesicular membrane that has collapsed into the surface 
membrane. This explanation, however, does not easily accom- 
modate our electron microscopic observations. Staurosporine 
treatment completely blocked the signs of prolonged, repetitive 
nerve stimulation that occurred in normal terminals (Heuser and 
Reese, 1973; Torri-Tarelli et al., 1987) including depletion of 
vesicles, increase in surface membrane area, increase in intra- 
cellular cisternae, and uptake of horseradish peroxidase. Faster 
endocytosis would require that staurosporine accelerate several 
distinct cellular processes, including vesicle internalization, pas- 
sage through endosomes, and regeneration of nascent vesicles, 
a proposal that seems unlikely. On the other hand, our ultrastruc- 
tural observations are fully consistent with a brief opening of a 
fusion pore. 

A potential difficulty with this explanation concerns the stain- 
ing of terminals pretreated with FMl- 43. Staining was not 
greatly diminished in intensity by staurosporine treatment. 
Would a flickering fusion pore provide adequate time for FMl- 
43 to enter and stain the vesicle membrane? To address this 
question, we estimated the expected amount of dye uptake via 
a fusion pore using diffusion equations (Hille, 1992; Fig. 9). We 
calculated the rate at which FMl-43 molecules would arrive at 
a fusion pore from the extracellular fluid, and the rate at which 
these would penetrate the pore (assumed to be 10 nm long) and 
enter the vesicle lumen. According to these calculations (see Fig. 
9 caption), a fusion pore of l-2 nm radius, open for 1 set, would 
permit the entry of about 100 dye molecules. This is reasonably 
close to the estimated number of FMl-43 molecules in a stained 
vesicle of a normal terminal (about 300-400 molecules/vesicle; 
Henkel and Betz, unpublished observations), and is consistent 
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Fusion pore radius (nm) 

Figure 9. About 100 molecules of FMl-43 would enter a synaptic 
vesicle through a 1 nm fusion pore open for 1 sec. The rate at which 
FM 1-43 molecules in the extracellular fluid arrive at a fusion pore, and 
the rate at which they pass through the pore and enter the vesicle lumen 
(see cartoon) were calculated. The shaded region shows that, for a fu- 
sion pore radius of about 1 nm, about 100 molecules of FMl-43 would 
enter the vesicle each second. The arrival rate was calculated from the 
following expression: flux = 2rraDcN,, where a is fusion pore radius, 
D is diffusion constant, c is FMI-43 concentration (2 FM), and N, is 
Avogadro’s number (from Eq. 11-4 in Htlle, 1992). Results (dashed 
lines) are shown for two values of D (1 and 5 1O-6 cm%ec). The rate 
at which molecules pass through the .fusion pore was calculated from 
the following expression: flux = (mPDcN,)l[1 + 7r(a/2)], where 1 is 
fusion pore length (10 nm; from Eq. 1 l-6 in Hille, 1992). Results (solid 
lines) are shown for the same two values of D. 

with the observation that dye uptake was reduced by about half 
in staurosporine treated preparations. 

The notion of a simple closure of a fusion pore as a means 
of recapturing vesicular membrane has a long history, although 
evidence for its existence has been considerably less compelling 
than the proven mechanism of full vesicular collapse into the 
axon surface (reviewed in Heuser, 1989; Fesce et al., 1994). 
However, recent electrophysiological measurements have re- 
vealed reversible openings of fusion pores of exocytotic granules 
(capacitance “flicker”: Spruce et al., 1990; Monck et al., 1990; 
Lollike et al., 1995; amperometry “foot”: Chow et al., 1992; 
Alvarez de Toledo et al., 1993), and rapid endocytosis (half 
times of a few seconds; Thomas et al., 1994) even in neurons 
that secrete via small, clear synaptic vesicles (von Gersdorff and 
Matthews, 1994), results consistent with a direct reversal of fu- 
sion pore opening. 

According to this model then, a small fusion pore that opened 
for about 1 set would provide an adequate pathway for the exit 
of ACh and the entry of FMl-43, but would be completely in- 
adequate to allow FMl-43 to partition out of the vesicle mem- 
brane and diffuse out of the vesicle. However, if the FMl-43 
could diffuse in the plane of the membrane it might escape from 
the vesicle membrane through a lipidic fusion pore (Nanavati et 
al., 1992; Monck and Fernandez, 1994) to the surface membrane 
very quickly. The average time t required for a molecule to 
diffuse one-half the circumference of a synaptic vesicle (x, about 
80 nm) is given by t = x*/(4 . D), where D is the diffusion 
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coefficient of FM1 -43 in the membrane. If  D = 1 lo-* cmz/ 
set, t is only about 1 msec. In other words, the dye could escape 
in this fashion even with one brief flicker of the fusion pore, 
and then partition out of the surface membrane leisurely, re- 
gardless of the mechanism of reinternalization of the synaptic 
vesicle membrane from which it originated. That this does not 
happen suggests that diffusion of the dye in the plane of the 
membrane is hindered, perhaps by proteins in the vesicle mem- 
brane or by restricted diffusion through a highly curved lipidic 
fusion pore, or blocked completely, perhaps by a proteinaceous 
fusion pore that acts like a gap junction, preventing mixing of 
lipids in the vesicle and plasma membranes (Almers, 1990; Al- 
mers and Tse, 1990; Lollike et al., 1995). 

What might be the fate of a vesicle after quickly discharging 
its ACh and immediately resealing? Would it cast off from its 
docking site and move back into the pool of vesicles, thereby 
providing access to the docking site for another vesicle, or would 
it remain docked, in which case it would have to refill with ACh 
before it could release a normal size quantum? The answer of 
course is not known with certainty, and several observations 
seem contradictory in this regard. As discussed above, stauro- 
sporine treatment abolished movements of endosomes in cells, 
and electron microscopy showed that synaptic vesicles were 
more tightly packed in staurosporine-treated terminals than in 
control terminals, in some cases so tightly packed that it is dif- 
ficult to see how vesicles could easily move past each other in 
opposite directions. In addition, photobleach experiments failed 
to reveal signs of significant lateral movement of dye within 
single vesicle clusters, either in resting or stimulated terminals 
(although the photobleach experiments gave no information 
about dye movement perpendicular to the presynaptic mem- 
brane). These observations suggest that staurosporine acted by 
immobilizing synaptic vesicles. On the other hand, the normal 
staining pattern observed after pretreatment with staurosporine 
suggests that dye had access to virtually all vesicles in the pool. 
One way to reconcile these observations is a model in which 
movements of vesicles or dye (or both) occur, but only along an 
axis perpendicular to the presynaptic membrane; lateral move- 
ments are sharply constrained or prohibited. The existence of 
such an oriented pathway, combined with a block of fusion pore 
dilation by staurosporine can explain virtually all of our results. 
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