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Activity-dependent Fluorescent Staining and Destaining of Living
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Living motor nerve terminals from several species can be
stained in an activity-dependent fashion by certain styryl
dyes, such as RH414, RH795, and a new dye, FM1-43, which
can be imaged independently of the others. The dyes evi-
dently become trapped within recycled synaptic vesicles. In
frog cutaneus pectoris muscle, bright fluorescent spots
spaced regularly along the length of the nerve terminals
appear after stimulation in the presence of the dye. The
spots align well with postsynaptic ACh receptors and are
persistent for many hours, unless further stimulationis given,
in which case the spots disappear. Destaining, like staining,
requires transmitter release and proceeds gradually over
several minutes at high stimulus frequencies (e.g., 30 Hz),
and fluorescent spots in the same terminal disappear at
about the same rate. We suggest that each spot is a cluster
of hundreds of synaptic vesicles and that the mechanism of
staining involves the ability of the dyes to partition reversibly
into the outer leaflet of surface membranes, without being
able to penetrate the entire membrane thickness. Then, dur-
ing endocytosis following transmitter release, dye molecules
become trapped in recycled synaptic vesicle membranes.
The dyes therefore make it possible optically to study ves-
icle exocytosis and recycling in living nerve terminals in real
time, and should be useful for marking terminals in a variety
of preparations according to their level of activity.

Markers that label neurons in an activity-dependent fashion
have been useful tools in neurobiology. HRP was the first such
marker identified (Graham and Karnovsky, 1966); it is endo-
cytosed by nerve terminals following nerve activity and marks
recycled synaptic vesicles in fixed or frozen preparations (Holtz-
manetal., 1971; Ceccarelliet al., 1972, 1973; Heuser and Reese,
1973; reviewed in Zimmermann, 1979). Several hydrophilic
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fluorescent dyes have been shown to stain /iving motor nerve
terminals of the garter snake in an activity-dependent fashion
(Lichtman et al., 1985; Lichtman and Wilkinson, 1987). Un-
fortunately, these dyes, for unknown reasons, do not work well
in other, more commonly used preparations, and so we sought
new fluorophores that would stain a broader range of living
preparations in a nontoxic, activity-dependent fashion. The styryl
dyes RH414, RH795, and a new derivative of RH414, FM1-
43 (which emits at a shorter wavelength), fulfill these criteria,
staining frog, rat, and mouse motor nerve terminals with an
intensity that depends upon the amount of transmitter released
(preliminary account in Betz and Bewick, 1990). In addition,
stained terminals can be destained in dye-free medium, and
destaining also depends upon transmitter release. Several ob-
servations suggest that the dyes mark membranes of recycled
synaptic vesicles. The dyes may therefore be useful tools for
optical studies of synaptic vesicles exocytosis and recycling, and
for marking living terminals in a broad range of preparations
according to their level of functional activity.

Materials and Methods

Staining. Experiments were performed using Rana pipiens cutaneous
pectoris nerve—-muscle preparations between October and April. Prep-
arations were dissected and pinned in a Sylgard-lined chamber, exposed
to dye (RH414, 10-40 um; FM1-43, 1-2.5 um) dissolved in normal frog
Ringer’s (mm: NaCl, 115; KCl, 2; CaCl,, 1.8; NaHCO,, 2.4) for 1-15
min, and then washed in normal Ringer’s. Nerve terminals were stim-
ulated either by electrical stimulation of the muscle nerve with a suction
electrode [typically 1 Hz continuous stimulation for 10-15 min with 2
sec trains (30-50 Hz) every 30 sec] or by exposure for 1-5 min to dye
dissolved in high-[K*] Ringer’s (usually 60 mm; external [Na‘] was
reduced by an equivalent amount). Preparations were washed for 5-
120 min before viewing.

FM1-43 [N-(3-(triethyl ammonium) propyl)-4-(4-dibutylaminostyryl
pyridinium, dibromide; see Fig. 134] is similar to RH414 but contains
only one double bond (and so emits at a shorter wavelength). We studied
spectral properties of both dyes and fi. und that, in preparations stained
with both dyes, FM1-43 could be imaged independently in the green
(450-550 nm emission filter), and RH414 could be imaged almost, but
not completely, independently in the red (600-700 nm emission filter).
FM1-43 also has a longer hydrophobic tail than does RH414 and so
dissolves in membranes more easily, requiring a shorter incubation time
and lower concentration than RH414. The RH dyes were developed as
membrane potential-sensitive fluorophores (Grinvald et al., 1982, 1988),
but in the present experiments potential-dependent changes in fluores-
cence would be, at most, less than a few percent and so would not
significantly affect our conclusions. In addition, we found that the dyes
can block postsynaptic acetylcholine receptors (AChRs), an action that
washes out easily, and thus did not affect the destaining experiments
described here. A detailed account of this effect is in preparation.

For labeling AChRs and nerve terminals simultaneously, preparations
were exposed to 3.75 pg/ml rhodamine-conjugated o-bungarotoxin
(Molecular Probes, Inc.) in normal Ringer’s for 20 min, washed and
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Control

Figure 1. Staining of frog motor nerve
terminals with RH414 depended upon
transmitter release. A, In the control
preparation (/eff), which received no
nerve stimulation during exposure to
dye, myelin stained brightly, but nerve
terminals are only faintly visible. In the
stimulated preparation (right) bright
beadlike fluorescent spots appeared in
the nerve terminals. The nerve was
electrically stimulated (5 sec trains of
10-20 Hz every 30 sec for 15 min su-
perimposed on continuous 1 Hz stim-
ulation). B, Staining depended on trans-
mitter release. These preparations were
stimulated by exposure to 60 mm K*-
Ringer’s (2 min), rather than by elec-
trical stimulation of the nerve. Lefi,
Stimulation in normal [Ca2*]/[Mg?*].
Right, Stimulation in Ca?+-free Ring-
er’s (with 6 mm Mg?* added) blocked
nerve terminal, but not myelin staining.
Scale bar, 10 pm.

exposed to 1 pm FM1-43 in 60 mm K*-Ringer’s for 2 min, and then
washed for 15 min.

Electron microscopy. Freshly dissected muscles were stained with 2
um FM1-43 in 60 mm [K*] for 5 min and washed, and terminals were
imaged under the light microscope to confirm that staining had occurred.
Controls were normal, unstained contralateral muscles. The muscles
were then prepared for conventional electron microscopy. They were
fixed in 2.5% glutaraldehyde for 1 hr, postfixed in 1% OsO, for 1 hr,
dehydrated, embedded in Epon, and sectioned. Sections were stained
with 5% uranyl acetate in 70% methanol for 10 min, placed in Reynold’s
lead citrate for 5 min, and viewed with a Zeiss 9S-2 electron microscope.
Only terminals on surface muscle fibers were studied.

Fluorescence microscopy. The preparation was viewed with a Leitz
Laborlux epifluorescence microscope with a 100 W Hg lamp and 1-
10% (usually 2%) neutral density transmission filters. Objective lenses

Stimulated

{

7
&

0Ca/6 mM Mg

used were Zeiss 40 x water immersion (0.75 NA), Leitz 100 x oil im-
mersion (1.32 NA), and Zeiss 63 x oil immersion (1.4 NA). A coverslip
fragment was glued to the oil immersion objectives. Excitation and
emission filters in the Leitz Ploemopaks were replaced with bandpass
filters (Omega Optical, Inc.) in sliding holders. These consisted of four
10 nm bandpass excitation filters, each centered on a peak of the Hg
lamp, and five 100 nm bandpass emission filters (center points from
500 to 700 nm in 50 nm increments). Thus, for FM1-43, we normally
used a 430-440 nm excitation filter, a Leitz H3 dichroic mirror, and
the 500-600 nm emission filter, and for rhodamine we used a 541-551
nm excitation filter, a Leitz N2 dichroic, and the 600-700 nm emission
filter.

For FM1-43 in preparations also stained with rhodamine, we used
filters as noted above except for a 450-550 nm (green) emission filter.
Control observations of end plates stained with only one dye showed
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Figure 2. The intensity of staining
varied with the amount of transmitter
release. Muscles were exposed to 2 um
FM1-43 for 5 min in high-K* Ringer’s
(K* concentration is marked at the top
of each panel). At 10 mm [K~], little
staining occurred. At 20 mm, a few small
spots were visible, especially over
Schwann cell nuclei. At 30 mm and 40
mwm, the full staining pattern was pro-
duced; these terminals were imaged with
both 40 x (left) and 63 x (right) objec-
tives. Images at the same magnification
were acquired and processed identical-
ly; the 63 x images were digitally mag-
nified by 1.6. Scale bar, 10 um (4 um
at 63 x).

that spectral separation of the two dyes was virtually complete under
these conditions; no “bleed through™ was detectable. (The rhodamine
a-bungarotoxin signal was undetectable in the green. Under optimal
conditions, the FM1-43 signal can be detected in the red, but the rho-
damine signal was so strong in these experiments that the contribution
from FM1-43 was negligible.)

Only terminals on surface muscle fibers were studied. Most often the
terminals lay on the top surface of the muscle fiber and so were viewed
“from above,” as opposed to terminals that lay on the lateral margins
of muscle fibers, which were viewed “from the side.”

Image processing. Images were captured either with a Dage 66 SIT
camera (1-2 sec averaging; with Imaging Technology 151 digitizing
hardware) or Photometrics Star I chilled CCD camera (usually 3 sec
exposure; gain 4). Images were acquired, stored, and processed with a
Silicon Graphics Personal Iris computer running software from G. W.
Hannaway & Associates and printed with a Kodak XL7700 printer.
Digital processing involved only linear global intensity stretching or
compression; differential spatial enhancements were not performed on
images shown here. For destaining time course studies, 12 bit images
were acquired with the Star I camera, pixel values were compressed
identically to 8 bits, images were aligned, spots were marked on the first
image, average intensities were computed for each spot in every image,
and, for each picture, the averages of all measured spots were plotted
(e.g., see Figs. 10, 12). In some cases, areas of interest were enlarged
3 x [with Gouraud (bilinear interpolation) averaging] and realigned; this
made spot marking more accurate.

Results

Staining required transmitter release

As shown in Figure 14 (left panel), after frog cutaneus pectoris
muscles were incubated with dye in the absence of nerve stim-
ulation the terminals were scarcely visible, although myelin
stained brightly. This low level of background staining virtually
disappeared after washing in dye-free medium for 30-60 min.
If, however, the nerve was stimulated during dye exposure (e.g.,
10 Hz for 3-5 min), bright fluorescent spots 1-2 um in diameter
appeared along the length of nerve terminals (Fig. 14, right
panel), and this staining could not be washed out (see below).
Further experiments, described below, led us to conclude that

each spot consisted of a cluster of stained recycled synaptic
vesicles.

Nerve terminal staining did not require action potentials; it
could also be produced by exposure to elevated potassium con-
centrations in the presence of the dye (Fig. 1B, left side). Ter-
minal staining did, however, require transmitter release; if trans-
mitter release was blocked with low [Ca2*]/high [Mg?*] Ringer’s
during dye exposure, virtually no nerve terminal staining oc-
curred (Fig. 1B, right side).

We studied a variety of stimulation paradigms to identify
conditions for optimal staining. For example, as shown in Figure
2, a 5 min exposure to 1 um FM1-43 in 10 mm or 20 mm [K+]
produced little nerve terminal staining, while 30 or 40 mm [K*]
produced intense staining. Electrical stimulation of the nerve in
the presence of dye also produced staining that varied with the
amount of stimulation (results not shown). Typically, 5 sec trains
at 10-20 Hz every 30 sec for 10-15 min in 1-2 um FM1-43
produced maximally intense staining.

In a few experiments, we tested the ability of the dyes to stain
terminals agffer the stimulation period. The muscle nerve was
stimulated electrically (50 Hz for 1 min) in the absence of dye,
and the dye was applied immediately after the stimulation end-
ed. These terminals developed fluorescent spots similar to, though
generally not as bright as, those stimulated in the presence of
dye. This suggests that dye uptake continued for some time after
the cessation of stimulation, as has been shown for vesicle re-
cycling (cf. Heuser and Reese, 1973; Miller and Heuser, 1984),

We also studied the staining properties of mammalian mus-
cles (Fig. 3). In rat lumbrical, soleus, and extensor digitorum
longus muscle and mouse sternomastoid muscle, the intensity
of motor nerve terminal staining depended upon transmitter
release, as in frog muscle. To study the mechanism of the stain-
ing process in detail, we used the frog cutaneus pectoris prep-
aration, and all other experiments reported here were performed
with this preparation.
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Figure 3. Rat and mouse motor nerve terminals stained in an activity-dependent fashion. Muscles were exposed to 2 um FM1-43 in normal
Ringer’s (Control) or in 60 mm [K*]-Ringer’s (Stimulated) for 5 min, washed, and imaged. Each image was acquired and processed to produce

optimum contrast. Scale bar, 10 pm.

Staining was not in muscle fibers

Nerve terminals and Schwann cells can be dissociated from
muscle fibers by treatment with collagenase and protease (Betz
and Sakmann, 1973). When stained preparations were treated
in this way, the fluorescent spots moved with the nerve terminal/
Schwann cell pairs (Fig. 4). Note also that the punctate nature
of staining was preserved. Thus, the staining was not associated
with muscle fibers.

The final staining pattern emerged over several minutes

Unlike the sulfonic acid dyes which stain snake motor terminals,
the styryl dyes are only weakly fluorescent when dissolved in
Ringer’s solution (Grinvald et al., 1982). This enabled us to
observe the onset of staining in the presence of the dye, as shown
in Figure 54. The top image was obtained before stimulation,
about 1 min after adding the dye. The “railroad track™ appear-
ance of the nerve terminals is probably due to nonspecific dye
uptake into the surface membranes of the cylindrical terminal
and Schwann cells. Such staining, which grew progressively
brighter regardless of nerve stimulation, could be washed out
relatively easily. The lower panel in Figure 54 was obtained
after 15 sec of electrical stimulation of the nerve (60 Hz; 9 um
curare was present to block muscle contraction); note that the
region between the railroad tracks brightened considerably. This
type of brightening, which was not observed in unstimulated
terminals, may reflect binding of the dye to synaptic vesicle
membrane exposed to the extracellular fluid during exocytosis.

The initial activity-dependent brightening continued to change
for several minutes, even if stimulation ended and dye was
washed from the chamber (Fig. 5B). The panels in Figure 5B,
which had background values subtracted individually, show a
clear redistribution of dye after stimulation ended and dye wash-
out began. While part of these changes may reflect enhanced

contrast due to background dye washout, some also was clearly
due to the gradual coalescence of the initial, rather diffuse dye
pattern into patches.

The final staining pattern was persistent

While background staining of surface membranes of muscle
fibers, Schwann cells, and myelin washed out relatively easily,
the fluorescent patches were stable for many hours, even with
continuous washing in dye-free medium. Terminals in Figure
6 were stained, imaged, washed for 16 hr, and reimaged. In the
top panels (washed for 16 hr at 4°C), the size and position of
nearly every patch remained fixed, and brightness dimmed by
only 10-15%. In terminals washed at room temperature (Fig.
6, bottom panels), changes were more pronounced. The shape
and position of some spots were altered, and brightness dimmed
by 40-50%. The changes in shape and position may reflect the
beginning stages of nerve terminal degeneration due to the high-
er incubation temperature, and some of the loss of brightness
was probably due to spontaneous transmitter release during the
extended wash period.

Fluorescent spots aligned with ACh receptors

Figure 7 shows end plates from doubly stained muscles. In each
panel, the pattern of postsynaptic AChRs is shown at the top
(red). At the bottom of each panel, the nerve terminal, stained
with FM1-43, is shown in green. Red and green images are
aligned in the middle; regions of overlap appear yellow. There
is a good correspondence between the two stains, although FM 1-
43 staining is more prominent at the lateral margins of the wide
terminals.

Many of these results are consistent with the hypothesis that
the dyes stain recycled synaptic vesicles and that each fluores-
cent spot marks a cluster of vesicles. However, the lateralization
of patches in wide terminals (e.g., Fig. 74) was puzzling, since
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Figure 4. Fluorescent spots could be dissociated from muscle fibers.
This preparation was stained with FM1-43 (2 um in 60 mm [K*]-Ringer’s
for 5 min) and then incubated in 0.1 mg/ml collagenase for 15 min,
followed by 0.01 mg/ml protease for 30 min, a procedure that dissociates
pre- and postsynaptic cells from each other (left; arrowhead points to
Schwann cell nucleus). The same field, viewed with fluorescence optics,
showed that the fluorescence moved with the nerve terminals and
Schwann cells (right). Scale bar, 10 pm.

published electron micrographs of frog motor nerve terminals
almost always show synaptic vesicles in a single cluster. We
therefore reexamined with the electron microscope the dispo-
sition of synaptic vesicles across the width of narrow and wide
terminals, in both normal and stained preparations. Typical
results are shown in Figure 8 (from a stained preparation). In
the narrower terminals (left side), vesicles are indeed localized
as central clusters (compare Fig. 7C), but in the wider terminals
(right side), vesicles are spread rather nonuniformly across the
width of the terminals. Thus, as was found with sulforhodamine
staining of snake motor nerve terminals (Lichtman et al., 1989),
the pattern of dye staining we have observed in frog motor nerve
terminals is consistent with the distribution of synaptic vesicles
in that preparation. In addition, unstained terminals were in-
distinguishable from stained ones, showing that the lateralization
of staining was not due to disruption of normal cellular ultra-
structure by the dye. While studies of identified terminals im-
aged with both fluorescence and electron microscopy will be
necessary to quantify this feature in detail, the present obser-
vations show at least that, in wide terminals, synaptic vesicles
can be distributed across the entire width in a pattern that could
easily lead to lateralization of staining in fluorescence images.

Nerve terminals failed to load with dye when stimulated to
exhaustion

In electron microscopic studies Ceccarelli et al. (1972, 1973)
showed that stimulation of frog motor nerve terminals for 8 hr
at a low rate (2 Hz) exhausted the supply of synaptic vesicles.
Thus, if the styryl dyes mark synaptic vesicles, a similar stim-
ulation pattern during dye exposure should fail to produce the
fluorescent spots characteristically observed after our usual dye-
loading paradigm (e.g., 5 min in dye plus 60 mm K*-Ringer’s).
This was in fact observed, as shown in Figure 9. This preparation
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Figure 5. The time course of staining could be measured. 4, In the
top panel, FM1-43 (1 um) was present in the bathing solution and non-
specifically stained nerve terminals, giving a “railroad track™ appear-
ance. Such staining was easily washed out. After 15 sec of nerve stim-
ulation (60 Hz), the terminals brightened (lower panel). Both panels
were imaged and processed identically. B, Illustrating the slow emer-
gence of the final staining pattern, from a different preparation. The
preparation was stimulated as in 4 and then immediately washed with
normal Ringer’s. Images were obtained 2, 4, and 7 min after the nerve
stimulation, with one or more washes in normal Ringer’s applied be-
tween each image. Panels in B were imaged identically but background-
subtracted individually. The slow emergence of fluorescent spots is ev-
ident. Scale bars: 4, 15 pm; B, 4 ym.

was stimulated at 1 Hz for 16 hr in the continuous presence of
1 um FM1-43, washed, and imaged. The terminals are nearly
devoid of the usual fluorescent spots. An especially clear ex-
ample is shown in the middle panel, which shows a long stretch
of terminal virtually devoid of fluorescent spots.

The images in Figure 9 are shown in color to illustrate a
different observation, namely that the color of the dye varied
according to the structure stained. Thus, myelin appeared green,
while dye spots near Schwann cell nuclei (which probably mark
endocytic vacuoles in Schwann cells) were orange. This illus-
trates the spectral lability of the dye; its color changed depending
upon its microscopic environment.

Other structures were stained

Staining was not perfectly selective for motor nerve terminals.
Three other structures also stained brightly. In each case, how-
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Figure 6. Fluorescent spots did not
wash out easily. Muscles were stained
in the usual way, imaged (Control),
washed for 16 hr at low temperature
(4°C) or room temperature (20°C), and
then reimaged (16 hr wash) with iden-
tical camera settings and processing. At
4°C, few changes occurred during the
wash period. At 20°C, terminals
dimmed by 40-50%, and some spots
became somewhat blurred. Scale bar, 8
pm.

Control

.
- M

S N N

o ,f‘.:r.- ‘-):,'

16 hr wash

T

ever, staining intensity was independent of the amount of nerve
stimulation. (1) Myelin. As noted above, myelin stained in an
activity-independent fashion. This staining could be washed
out, although after long exposure to a dye, the washout was
slow. (2) Schwann cell vacuoles. These bright spots, which were
generally smaller than those in nerve terminals, were seen in
largest numbers in Schwann cell somata (e.g., Fig. 2, second
panel), although some overlapped with nerve terminal spots, in

which case it was not possible to determine whether they were
in Schwann cells or in nerve terminals. These vacuoles had
several characteristics that made them easy to identify. Their
uptake did not depend on nerve activity, nor could they be
destained (see below) by electrical nerve stimulation or elevated
potassium concentration. In addition, such vacuoles often
moved, and movements were relatively rapid and extensive
(some moved more than 200 um in several minutes). Their

Figure 7. Fluorescent spots aligned with ACh receptors. Each of three end plates (4-C) was stained with two dyes, rhodamine-conjugated
a-bungarotoxin (top, red) to stain ACh receptors, and FM1-43 (bottom, green) to stain nerve terminals, and viewed at 100 x. Each pair of images
is superimposed in the middle (regions of red—green overlap are yellow). FM1-43 staining produced typical fluorescent spots which, particularly in
the wider terminals (4, B) are most prominent at the lateral margins of the terminals. Transverse bands of green dye connect the lateral patches
and are aligned precisely with the red stripes of high receptor density, which mark positions of active zones in the terminals. Receptor stripes (4)
extend slightly beyond the FM1-43 spots, reflecting the curvature of the synaptic gutter viewed from above.



The Journal of Neuroscience, February 1992, 12(2) 369

Figure 8. The distribution of synaptic vesicles was consistent with the shape of fluorescent spots. Typical electron micrographs of cross-sectioned

terminals stained with FM1-43 show single, uniform vesicle clusters in narrow terminals (leff panels), but less uniform clusters, often with lateral
vesicle accumulations, in wide terminals (right panels). Scale bar, 1 pm.

movements did not appear to be affected by nerve stimulation. o ) ]

Their appearance always suggested that they were single struc-  Destaining requir ed transmitter release

tures, not clusters of vesicles (e.g., during movement, they did A key prediction of the hypothesis that the dyes label recycled
not break up). (3) Sensory nerve endings. Primary afferent (an- synaptic vesicles is that the fluorescent spots should disappear
nulospiral) endings in muscle spindles stained intensely brightly. when a stained preparation is stimulated in dye-free medium
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Figure 9. Terminals stimulated to ex-
haustion in the presence of dye lacked
fluorescent spots. This preparation was
stimulated electrically (1 Hz) for 16 hr
(a procedure that depletes synaptic ves-
icles) in the presence of 1 um FM1-43,
washed, and imaged. Few fluorescent
spots characteristic of normally loaded
terminals are evident. In addition, the
dye fluoresces with different colors, de-
pending upon the structure stained. For
example, myelin is green and Schwann
cell vacuoles are orange. The prepara-
tion was photographed sequentially with
two different emission bandpass filters
(green and red). Images were processed
individually for optimum contrast and
superimposed. Scale bar, 10 um.

(cf. Heuser and Reese, 1973; Lichtman et al., 1985; Lichtman
and Wilkinson, 1987). This was in fact observed (Fig. 104). The
patches faded gradually and uniformly (Fig. 10B). Typically, the
initial rate of dye loss was linear, about 0.1-0.2% per stimulus
at 5-10 Hz. Fractional loss rate differed little between fluorescent
patches belonging to the same terminal. The position and shape
of each patch changed little during destaining, although some-
times patches viewed from the side appeared to dim first farthest
from the synaptic membrane, as if the dye were moving toward
the synaptic cleft. On rare occasions, a spot moved longitudi-
nally within the terminal, appearing to be captured by a neigh-
boring spot, which brightened as a result.

Destaining, like staining, was blocked when loaded terminals
were stimulated in Ca?*-free Ringer’s with added Mg>* (Fig.
10C). Thus, both staining and destaining depended upon trans-
mitter release. We also found that activity-dependent destaining
occurred in terminals after a 16 hr wash, and in enzymatically
dissociated terminals.

We attempted, without consistent success, to detect dye re-
leased by nerve terminals during destaining. Perfusates (both
raw and extracted into various organic solvents to increase flu-
orescence intensity) were analyzed in a fluorimeter, but the sig-
nal intensity was too low to detect reliably. Neither was a bio-
assay (in which we attempted to stain freshly dissected nerve—
muscle preparations with perfusate from stained, stimulated
preparations) reliably successful. We saw no significant retro-
grade dye movement within terminals or axons, nor did any
combination of optical filters restore fluorescence to destained
terminals. Thus, if the dye was not released from the terminals,
it must have lost virtually all of its fluorescence across UV and
visible spectra. We noted that in aqueous solution dye fluores-
cence was decreased by low pH (pH 4-5), which, since synaptic
vesicle contents are acidic, is in the opposite direction to explain

the destaining. Thus, while not unequivocally proven that the
dye is released to the extracellular medium during destaining,
we will discuss our results based upon this assumption.

In general, fluorescent patches appeared along the entire length
of each terminal, and while local variations in intensity were
evident, we did not observe continuously graded differences
along the length of terminals, either during staining or destain-
ing, using either electrical or high-K* stimulation. A quantitative
account of this is in preparation.

Terminals could be repeatedly stained and destained

The cycle of staining and destaining could be repeated, and
fluorescent patches usually reappeared in the same positions
(Fig. 11). This repeatability shows that the dye and method of
loading are relatively nontoxic. We found, however, that ex-
tended exposure of loaded terminals to bright illumination, par-
ticularly during nerve activity, had toxic effects. The usual ob-
servation was that activity failed to induce destaining; the patches
were rendered permanently bright by overillumination. This
was not due to a failure of action potential conduction because
focal overillumination of a short stretch of terminal did not
block destaining (by electrical stimulation of the nerve) of distal
portions of the terminal. We did not quantify this toxic effect
in detail but found, for example, that no noticeable damage was
produced by continuous illumination for 3 min with a 100 W
Hg lamp through a 1% neutral density filter, 430-440 nm band-
pass excitation filter and 40 x water immersion objective (0.75
NA).

Curare did not affect the rate of dye loss

In addition to its well known postsynaptic blocking action, cu-
rare has been reported also to affect transmitter release (e.g.,
Magleby et al., 1981). Assuming that dye loss occurs during
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Figure 10. Destaining required trans-
mitter release. 4, Intramuscular nerve
branches were cut near the middle of
the muscle so that electrical stimulation
activated terminals proximal (Stimu-
lated), but not distal (Control) to the
cut. All terminals in the muscle were
then stained by exposure to 1 um FM1-
43 in 60 mm K*-Ringer’s for 5 min,
and the preparation was washed. The
muscle nerve was stimulated at 5 Hz
continuously, and images of control (lefi
panels) and stimulated (right panels)
terminals were obtained at the times
indicated. Only the stimulated termi-
nals destained. B, Each sguare marks
the average brightness (+ 1 SEM) of eight
specific fluorescent spots from the con-
trol and stimulated terminal. Back-
ground brightness was less than 10 at
all times. C, In this muscle, all termi-
nals were stained by exposure to 2.5 um
FM1-43 in 60 mMm K*-Ringer’s for 2
min and then washed. Control images
(left column) were then obtained. The
preparation was then soaked in Ca?*-
free Ringer’s containing 10 mm Mg2*
for 40 min, after which the terminals
were again stimulated by exposure to
60 mm K*-Ringer’s (with 0 mm Ca?*
and 10 mm Mg?+) for 5 min and washed.
Then the same terminals were imaged
again (middle column). Note that little
destaining occurred when transmitter
release was blocked by the Ca2*-free
medium. Finally, the preparation was
soaked in normal Ringer’s for 30 min
and then exposed to 60 mm K*-Ringer’s
for 5 min, washed, and imaged again
(right column). The last treatment
caused substantial destaining. Scale bars:
A, 8 pym; C, 5 pm.

S5 mins

exocytsis of stained vesicles, then destaining experiments offer
an independent, optical test of this hypothesis (Fig. 12). Thus,
we measured the rate of destaining at single terminals in the
presence and absence of curare. A preparation was incubated
with unlabeled a-bungarotoxin to block all AChRs, loaded with
FM1-43, and then imaged during destaining (5 Hz continuous
stimulation) in the presence of 9 uM curare. The same prepa-
ration was then reloaded with dye, and after washing for 45 min
in curare-free medium, the destaining and imaging procedures
were repeated. The brightness of the same spots in each series
was then measured, averaged, background-subtracted, and plot-
ted (Fig. 12, graph). It is clear that curare had little effect on the
rate of destaining.

Discussion

The results of the present experiments are consistent with the
hypothesis that the styryl dyes RH414, RH795, and FM1-43
stain motor nerve terminals by marking recycled synaptic ves-
icles (Fig. 13). The mechanism of staining and its persistence
can be explained most simply by a combination of high affinity
for lipid membranes and an inability to penetrate membranes
completely. The structure of the dyes (Fig. 134) supports this
conclusion. The hydrophobic tail would dissolve readily into
the lipid membrane but would be prevented from passing right
through by the highly charged, hydrophilic moiety at the op-
posite end of the molecule: Thus, the dyes seem to partition
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Figure 11. Terminals could be re-
peatedly stained and destained. This
preparation was subjected to five cycles
of loading and unloading (only the last
three are shown) by exposure to 60 mm
K+*-Ringer’s (5 min exposures, with 1
um FM1-43 present during loading, but
not unloading). Note that the bright
spots generally reappeared in the same
positions. Because there was a modest
increase in background fluorescence
with repeated dye exposures, the im-
ages were processed in pairs as indi-
cated by the horizontal white lines. Scale
bar, 6 um.

only into the outer leaflet of surface membranes (Fig. 13B). The
increased fluorescence may result from simple partitioning of
the dye into the membrane. However, the fact that the spectral
properties of the dye can change according to its microscopic
environment (Fig. 9) suggests additionally that the fluorescence
of each dye molecule may increase in the lipid environment, as
drawn in Figure 13B. During stimulation, the dye molecules
become trapped in recycled vesicles during endocytosis (Fig.
13C) and can be subsequently lost with further stimulation (Fig.
13D). This staining mechanism differs from uptake of water-
soluble markers in that the styryl dyes evidently mark vesicle
membrane, and not vesicle lumen (although they are presum-
ably present in both). The alignment of fluorescent patches with
postsynaptic receptors, which mark the positions of active zones
(Peper et al., 1974; Robitaille et al., 1990), is further evidence
that the styryl dyes mark recycled vesicles. Furthermore, the
pattern of fluorescent spots bears a striking resemblance to frog
cutaneus pectoris nerve terminals stained with an antibody to
synapsin I, a protein that is localized in regions of synaptic
vesicle clusters (Valtorta et al., 1988a).

The fluorescent spots did not appear instantly after stimula-
tion. Instead, immediately after a brief period of intense stim-
ulation (e.g., 50 Hz for 15 sec, followed by dye washout) a rather
diffuse brightening of the terminal was evident. Over the next
few minutes, fluorescent spots gradually emerged. We did not
study this process in detail because changes in background in-
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tensity during the washout period made it difficult to quantify
accurately differences between images of spots obtained at dif-
ferent times. Brief, focal superfusion of dye during the stimu-
lation period, rather than bath application of dye, would sim-
plify this analysis. Thus, while the current results show clearly
that dye distribution changed over a period of several minutes
after stimulation, they do not distinguish between recycling routes
involving clathrin-coated vesicles and intracellular cisternae
(Heuser and Reese, 1973, 1981; reviewed in Heuser, 1989) or
simple reversal of exocytosis (Ceccarelli et al., 1972; Torri-Ta-
relli et al.,, 1987; Valtorta et al., 1988b; reviewed in Valtorta et
al., 1990).

Once the characteristic spots had formed, each was stable in
position, shape, and intensity. A simple “cage” surrounding
each spot, and thereby defining its boundaries, could explain
these observations. While no such structure has been identified
morphologically, in rapidly frozen, shallow-etched mouse cer-
ebellar parallel fiber terminals, the cytoskeleton within vesicle
clusters differs from the cytoskeleton in the immediately sur-
rounding areas (Landis et al., 1988). Perhaps vesicles are caged
by virtue of being incapable of partitioning into the adjacent
cytoplasm, although at least some recycled vesicles would prob-
ably have to traverse this region to return to the vesicle cluster.
An alternative, and more likely, mechanism for defining the
boundaries of vesicle clusters involves the binding of individual
vesicles to a meshwork of filaments localized in those regions
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Figure 12. Curare did not significantly alter the rate of destaining. This preparation was stained in the usual way (Load) and imaged during
destaining in the presence of 9 um curare; the last image in the series is shown (Unload). Images were acquired and processed identically and
aligned, six spots were marked, and the average brightness of each spot in each image was measured. Averages (=1 SEM) for all six spots (after
background subtraction) are plotted in the graph (open squares). The preparation was washed 60 min in curare-free medium, and the entire procedure
was then repeated without curare (the same spots were measured), and plotted with solid squares. The rates of destaining were very similar. Scale

bar, 5 um.

(Landis et al., 1988; Hirokawa et al., 1989; Zimmermann et al.,
1989). Some of these filaments are probably the filamentous
protein synapsin I (Navone et al., 1984; Schiebler et al., 1986;
Landis et al., 1988; Valtorta et al., 1988; Hirokawa et al., 1989;
reviewed in Sudhof and Jahn, 1991).

If vesicles within a cluster are anchored at rest, how do they
move toward the active zone during activity? In one model
(Llinas et al., 1985, 1991), it was proposed that activity may
initiate a sequence of events (calcium entry — activation of
calmodulin kinase I — phosphorylation of synapsin I) that leads
to the freeing of synaptic vesicles from their attachments to
synapsin L. If the freed vesicles then move randomly by Brown-
ian motion before docking at release sites at the active zone,
adjacent fluorescent spots should have blurred and coalesced
during destaining as freed vesicles spread out within the ter-
minal. However, fluorescent spots seldom changed shape or
position during destaining; they merely dimmed. Thus, vesicle
movement is apparently restricted even during activity, which
would require either a surrounding cage or a cytoskeletal translo-
cator to move them toward the active zone. A hint of such a
translocation system was observed in several terminals in which
spots moved laterally within the terminal, appearing in time
lapse movies to be swept toward and then captured by adjacent
spots (which brightened as a result). Such movements must have
involved the directed motion of hundreds or thousands of ves-
icles, which of course would require some kind of motor. At
present, however, it is not clear if such a mechanism operates
normally to move vesicles toward the active zone. Further stud-
ies of this type of vesicle movement could best be addressed by
observing the terminals from the side, since the vesicles must

then translocate across the field of view toward the active zone
during destaining. Our preliminary analysis of such side views
suggests that some spots destain first at the margin farthest from
the active zone, as would be expected from a directed translo-
cation process.

Destaining occurred at a rate of about 0.1% per stimulus at
10 Hz. Assuming release of 300 quanta per stimulus per end
plate, and assuming that dye loss from each exocytosed vesicle
was complete, then about 300,000 vesicles in the terminal were
stained by our usual loading procedure. This is within the usual
range observed in ultrastructural studies of normal muscles
(Ceccarelli et al., 1973; Heuser and Reese, 1973).

The dyes we used should be useful tools for some purposes,
but they are not perfect. Their spectral properties can change,
depending upon their microscopic environment (Fig. 9). Their
emission spectra are quite broad, so that, while FM1-43 can be
reliably distinguished from RH414 in the green, both are visible
in the red (although the signal from FM1-43 is very faint).
Neither do they stain motor nerve terminals with complete
selectivity; myelin, primary afferent endings in muscle spindles,
and endocytic vesicles in Schwann cells also stain. Each of these,
however, is easily distinguishable from the stained vesicle clus-
ters in motor nerve terminals. The dyes also can be toxic, es-
pecially when a stained terminal is overilluminated during nerve
stimulation. Fortunately, reliable images can be obtained with-
out signs of toxicity if proper precautions are taken.

Finally, in an attempt to illustrate the potential utility of the
dyes for optical studies of transmitter release, we made prelim-
inary measurements of the effects of curare on the rate of de-
staining. A terminal was destained twice in succession, once



374 Betz et al. » Activity-dependent Staining of Living Nerve Terminals

*SIISIA PIPEO] JO
S1S0)A00X2 BULIND UIBISap S[RUIWLIA) PAUIR)S A[SNOTAAL] ‘@ "UmOys Jou a1e Ful[a45al J[dIsaa Fump sdais a1BIPalLIaIUIL J[QISSO] 'SA[OIsaA d1ldRUAS PI[aAdaT UIYIm vonnﬁ;
JL023q SIMIA[OU AP ‘Fururels Junngg °) "SUBIQUISW YY) UT SIA[OSSIP S[NIJ[OW AP B UM ISBAIOUT OS[B ABLU AIISUANUI 0UDSIONY JY1ads "AOUS[BAID SII JO ISNBIIQ
QuEIqUIdW 2] 31eI11ouad JOUURD NG SIUBIQUIIW JO 12]JBI] J3INO 3Y1 UI SIAJOSSIP 94P UL ‘g “#1HHY Uyl 1FUd[oARM IOLIOYS B JB SIDSAION]) OS PUE SPUOQ J]GNOP ‘0m] UBY)
Iayjel ‘uo AJuo sey pue oriydodi| azour st 0s pue ‘(apis 1y5Ls) sdnoad (Ky1a1p uey) Iayel [KInqIp Suiary ul [ HHY woj s1ayIp 11 “sdnoid siydody) sey osfe 1 ‘suadoniu
Areusyrenb om1 11 Jo anlIIA £Q UOTIBD JUABAIP W "€~ AL JO 3IMI0NNS 94 [ ‘p "SuUrure)s jo wsIueyoaw ay1 Juriizduod suoisn[duod Jofew o jo uonensn[j "£j amsig

“C*HO“HD“HO“HOIN

| r
S

Ll




with and once without curare in the bathing solution. The de-
staining rates were very similar. Previous searches for presyn-
aptic effects of curare on frog motor nerve terminals have been
inconclusive, some showing no effect (e.g., Auerbach and Betz,
1971), others suggesting a presynaptic action (e.g., Magleby et
al., 1981). These previous studies involved relatively short stim-
ulus trains (less than 1 sec in duration). The present measure-
ments, extending over about 20 min, give a more complete
picture and, assuming that dye release provides an optical mea-
sure of transmitter release, offer tentative support for the con-
clusion that, compared to its well-established postsynaptic
blocking action, curare has little or no effect on transmitter
release during continuous stimulation in frog cutaneus pectoris
motor nerve terminals.

In summary, with suitable precautions the styryl dyes should
be useful tools for further cell biological studies of synaptic
vesicle movements, for marking nerve terminals in an activity-
dependent fashion, and for optically monitoring transmitter re-
lease.
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