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Despite the importance of neuropeptide release, which is evoked by long bouts of action potential activity and which regulates
behavior, peptidergic vesicle movement has not been examined in living nerve terminals. Previous in vitro studies have found that
secretory vesicle motion at many sites of release is constitutive: Ca2* does not affect the movement of small synaptic vesicles in
nerve terminals or the movement of large dense core vesicles in growth cones and endocrine cells. However, in vivo imaging of

a neuropeptide, atrial natriuretic factor, tagged with green fluorescent protein in larval Drosophila melanogaster neuromuscular
junctions shows that peptidergic vesicle behavior in nerve terminals is sensitive to activity-induced Ca2* influx. Specifically,
peptidergic vesicles are immobile in resting synaptic boutons but become mobile after seconds of stimulation. Vesicle movement
is undirected, occurs without the use of axonal transport motors or F-actin, and aids in the depletion of undocked neuropeptide

vesicles. Peptidergic vesicle mobilization and post-tetanic potentiation of neuropeptide release are sustained for minutes.

Neuropeptides are synthesized in the neuronal cell body, packaged in
large dense core vesicles (LDCVs) and transported to nerve terminals.
There they accumulate with little docking until they are released away
from active zones, affecting mood, behavior, development and periph-
eral tissues. This release typically occurs slowly over long periods in
response to repetitive firing. In contrast, classical transmitters are pack-
aged in small synaptic vesicles (SSVs) at the nerve terminal and undergo
fast phasic release at active zones in response to single action potentials.
Furthermore, the supply of SSVs is unlimited because they are locally
produced by endocytosis and refilled by transporters. Thus, peptidergic
o and classical neurotransmission are distinct types of neurosecretion
that occur within single nerve terminals'~.

Despite these differences, the release of small-molecule transmit-
ters and the release of peptide transmitters are based on conserved
features. For example, the release of both neuropeptides and classical
transmitters are triggered by Ca?" influx through voltage-gated Ca?*
channels. Likewise, both fast and peptidergic transmissions rely on
the same SNARE proteins®. Furthermore, secretory vesicle motion is
constitutive at many sites of release: Ca®* affects neither the motion
of SSVs in retinal, hippocampal and neuromuscular junction nerve
terminals, nor the motion of LDCVs in growth cones and endocrine
cells®!1, Finally, both fast and peptidergic neurotransmission are
sensitive to patterned electrical activity. For release of classical trans-
mitters, multiple types of synaptic plasticity have been described!?.
Likewise, the activity dependence of neuropeptide release has been
attributed to preparatory, priming and mobilization processes!3-1°,
However, the cell biological mechanisms underlying these regulatory
effects have not been defined.
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Recently, neuropeptide release has been studied by imaging LDCV's
directly in living cells. Inn vitro experiments have revealed diverse strate-
gies for recruiting secretory vesicles. For example, predocked LDCVs
on the surface of endocrine cells dominate the first few minutes of hor-
mone release, whereas cytoplasmic vesicles tend to be depleted much
later'®~18, In contrast, during peptide release by growth cones, mobile
undocked LDCVs are more rapidly depleted!*-2!. Thus far, the behavior
of LDCVs in living synapses has not been examined.

In vivo imaging of neuropeptide vesicles is now possible with trans-
genic animals that express green fluorescent protein (GFP)-tagged
peptides?2. In D. melanogaster, fluorescence microscopy has been used
to detect peptidergic vesicles containing GFP-tagged atrial natriuretic
factor (ANF-GFP) in axons and neuromuscular junctions, and Ba**-
evoked release of the fluorescent peptide from identified type Ib and
I1I synaptic boutons?? that differ markedly in their accumulation of
LDCVs and SSVs?»25, ANF-GFP fluorescence has also been used to
assay neuropeptide release evoked by native behaviors?®?7,

Here we further examine synaptic LDCV behavior and peptide release
in D. melanogaster nerve terminals. We report robust depletion of syn-
aptic neuropeptide stores based on Ca?* influx-triggered liberation of
restrained undocked LDCVs. Peptidergic vesicle motion in nerve termi-
nals is undirected and persists for minutes after seconds of activity.

RESULTS

Activity-induced synaptic neuropeptide vesicle motion

Synaptic LDCV motion, measured by fluorescence recovery after
photobleaching (FRAP) of the fluorescent neuropeptide ANF-GFP, is
not constitutive in predominantly peptidergic D. melanogaster type
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Figure 1 FRAP reveals Ca2*-dependent synaptic neuropeptide vesicle
motion in peptidergic type Il synapses. (a) FRAP in type Il boutons
depolarized for 2 min in the presence (left) or absence (right) of Ca2*.

Pre, before photobleaching; Post, after photobleaching; 2 min stim.,
depolarization for 2 min starting 12 min after the photobleach. Other times
reflect time elapsed after photobleaching. Size bar, 2 um. (b) Time course
of FRAP obtained with depolarization (indicated by bar) in the presence (®)
or absence (O) of Ca2* in type Ill boutons (n = 4). The ratio of fluorescence
in the photobleached region to a distal unbleached region of the bouton
was calculated and then normalized to the ratio before photobleaching to
quantify FRAP. Error bars show s.e.m. in this and all following figures.

Time (min)

III boutons. In resting type III boutons, little FRAP occurred within
10 min (Fig. 1a), indicating that the mobility of synaptic LDCVs is
limited. However, stimulation with a depolarizing version of standard
saline?® (see Methods) induced an increase in neuropeptide in the pho-
tobleached region even though total peptide dropped owing to release
(Fig. 1a). The near completeness of FRAP implies that almost all syn-
aptic peptidergic vesicles were mobilized (Fig. 1b). Furthermore, this
effect was blocked by removing extracellular Cat (Fig. 1a,b). Thus,
LDCV motion in peptidergic synaptic boutons is Ca**-dependent.
This mobilization can be detected without the use of photobleaching in
predominantly glutamatergic type Ib boutons that possess some peptide-
o Igic vesicles?>~2>, Figure 2a shows a wide-field image of a resting type Ib
@bouton along with a pseudocolor image of the change in fluorescence in 3

= s(labeled AF). Because measured total neuropeptide fluorescence did not

change in this short interval, the AF panel indi-
cates intrabouton peptidergic vesicle motion.
A comparison of the control F and AF images
indicates that few puncta are mobile. However,
after electrical stimulation (70 Hz for 15 s) in
the high-Mg?*/Ca?" saline HL3 (ref. 29), synap-
tic neuropeptide vesicle motion was enhanced
(Fig. 2a, AF, Stim.). Again, these data were
obtained during a 3-s interval when there was
no substantial change in total GFP-tagged neu-
ropeptide fluorescence, indicating that the alter-
ation in AF could not be attributed to release.
The mobility illustrated in the AF images was
quantified as a mobility index based on the
pixel-by-pixel correlation coefficient between
sequential images (see Methods). The mobility
index was increased by depolarization for 2 min
(Fig. 2b). A similar effect was elicited by stimu-
lating motor nerves to produce repetitive bursts
(intraburst frequency 70 Hz, burst duration
2 s, mean frequency 35 Hz). However, this

mobilization was abolished by removing extracellular Ca?* or by adding
the Ca?* channel blocker Cd>* to the bathing medium (Fig. 2b). Thus,
Ca?* influx evoked by stimulated activity increases synaptic peptidergic
vesicle mobility.

Physiological motor neuron activity also stimulates synaptic LDCV
motion. Glutamatergic larval neuromuscular junctions in vivo are
driven by repetitive bursts of motor neuron activity with intraburst
frequencies reaching 100 Hz3**!. To preserve this central pattern gen-
erator (cpg)-driven motor neuron activity, the nervous system was
left intact during the dissection in Ca?*-free medium. Under these
conditions, application of Ca?*-containing standard saline re-estab-
lished cpg-elicited rhythmic muscle contractions. Imaging type Ib
boutons between contractions showed that synaptic neuropeptide
vesicle mobility increased markedly (Fig. 2¢). Thus, bursting activ-
ity endogenously generated by the central nervous system induced
mobilization of synaptic peptidergic vesicles.

Mobilization by liberation of peptidergic vesicles

Stimulated neuropeptide vesicle motion seems to be the result of liber-
ation of restrained vesicles. First, the extremely limited extent and slow
time course of FRAP suggest that LDCVs are immobilized in resting
synaptic boutons. Second, Ca®"-activated peptidergic vesicle move-
ment in boutons is not polarized. The FRAP results mentioned earlier
(Fig. 1) show that after stimulation, neuropeptide vesicles move along
the lengthwise axonal axis of type III boutons. To test whether these ves-
icles also move across type III boutons, we used lengthwise edge photo-
bleach profiles (Fig. 3a, left). Complete FRAP occurred upon Ca?* influx,
to again show that essentially all neuropeptide vesicles became mobile
(Fig. 3a). More importantly, upon stimulation LDCVs moved radially
toward the bouton surface. We also detected with wide-field micros-
copy vesicle redistribution in type Ib boutons that have central regions
nearly devoid of neuropeptide (Fig. 3b). Confocal microscopy of large
type Ib boutons verified that neuropeptide vesicles could move into
the ‘dark’ central regions upon stimulation. For example, neuropeptide
fluorescence in the highlighted central region in the bouton in Figure
3¢ increased by 216% even though total neuropeptide fluorescence
was reduced by 33%. This implies that mobilized peptidergic vesicles
moved away from the bouton surface where exocytosis occurred. As
previously mobilized neuropeptide vesicles move toward the center
and the periphery and along the length of boutons, their motion
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Figure 2 Activity-dependent neuropeptide vesicle motion in type Ib boutons. (a) Top (F), wide-field
neuropeptide vesicle fluorescence images of a type Ib bouton before (Con.) and after a 15-s 70-Hz
stimulus (Stim.). Lower (AF), the change in the top images that occurred in 3 s. Note that release,
measured as the change in total neuropeptide fluorescence, in the 3-s interval is negligible and so
the AF images reflect vesicle motion. Size bar, 2 um. (b) Either depolarization or bursting stimulation
(35 Hz mean frequency, 70 Hz peak frequency) for 2 min increases neuropeptide vesicle mobility
in the presence of Ca2*, but this effect is blocked by removal of Ca2* or addition of 0.5 mM Cd2+
(n=6). Open bars, before stimulation; filled bars, after stimulation. (¢) Mobilization is induced by
intrinsic activity. Mobilization is compared before (0 Ca2*) and within 2 min after addition of Ca2*-
containing standard saline to the intact nervous system to enable central pattern generator—induced
rhythmic activity (Ca2* (cpg)) (n = 4).
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Figure 3 Neuropeptide vesicle movement is undirected after liberation.

(a) Depolarization (Stim., indicated by bar in right graph) increases FRAP
after tangential lengthwise photobleaching (n = 5) of type Il boutons. (b,c)
Redistribution of neuropeptide vesicles in type Ib synaptic boutons evoked by
2 min of stimulation (Stim.). (b) Wide-field images before and after bursting
electrical stimulation. (¢) Confocal images before and after depolarization

of a large posterior segment type Ib bouton. Equatorial optical sections of
confocal stacks are shown. Note that peptidergic vesicles moved into the
central region of the bouton indicated by the white outline. Size bars, 2 um.

appears to be undirected as if LDCVs were freed to diffuse within
synaptic boutons.

This conclusion is supported by pharmacological experiments. First,
we examined the effects of N-ethylmaleimide (NEM), a sulfhydryl
reagent that inhibits many myosins and the axonal transport motors
kinesin and dynein®?~34, Earlier work has shown that peptidergic vesi-
cles undergo both anterograde and retrograde transport in larval motor
nerves??. We found that NEM irreversibly abolished all axonal transport
of peptidergic vesicles (Fig. 4a). However, Ca>" influx—induced neu-
ropeptide vesicle mobilization and redistribution in type Ib boutons
occurred after NEM treatment (Fig. 4b,c). The undirected synaptic neu-
ropeptide vesicle movement that can be induced even after inhibition of
many motors is consistent with liberation of restrained LDCVs.

Second, we examined the effect of F-actin—depolymerizing drugs.
Cytochalasin D treatment, which is known to be effective in type Ib
boutons?®, did not affect basal or electrically stimulated LDCV motion
(Fig. 4d). Basal mobility was also unaffected by mycalolide B, a struc-
turally and mechanistically distinct F-actin—depolymerizing drug that
we found effectively blocks muscle contraction (data not shown). In
addition, F-actin was difficult to detect in type Ib and III boutons with
TRITC-phalloidin labeling (data not shown); its scarcity further sug-
gests the lack of a role for polymerized actin. Because myosins require
F-actin for translocation, these results further suggest that mobilization
is based on untethering and diffusion rather than motor activation.

Activity dependence and persistence of vesicle liberation
Synaptic LDCV mobilization is activity dependent, sustained and revers-

o ible. Experiments with type Ib boutons showed that substantial activ-
@ity is required to initiate peptidergic vesicle movement: 1 s of 70-Hz
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stimulation did not affect LDCV mobility (Fig. 5a, circles). However, a
5-s 70-Hz stimulus induced an increase in synaptic peptidergic vesicle
motion that was evident for minutes (Fig. 5a, triangles). Mobilization
seemed to be maximal with a 15-s 70-Hz stimulus (Fig. 5b). Furthermore,
LDCV motion in synaptic boutons stimulated by electrical activity
(Fig. 5¢) or depolarization (data not shown) reversed over a period of
many minutes. This explains why mobilization induced by ongoing intrin-
sic activity (Fig. 2c) was not evident ~10 min after dissecting animals in
Ca?* free medium. More importantly, this establishes that mobilization
is not an irreversible consequence of excitotoxicity, but a persistent physi-
ological activity—dependent response.

Peptidergic vesicle mobilization in synapses is not a direct consequence
of release. First, although NEM spared LDCV liberation (Fig. 4b), it
blocked release as measured by loss of peptide fluorescence from type
Ib boutons. Specifically, in contrast to controls (Fig. 6), after NEM treat-
ment, depolarization for 2 min did not decrease synaptic peptide content
(AF equaled —1.9 + 2.3%, a value statistically
indistinguishable from zero). Thus, mobiliza-
tion must not depend on or require exocyto-
sis. Second, exocytosis is more phase locked

Figure 4 LDCV mobilization persists without
axonal transport motor activity and F-actin
polymerization. (a) NEM inhibits axonal
transport of peptidergic vesicles. Sequential
images of a motor nerve, acquired every 3 s,
were color-coded red, green and blue, and then
superimposed. Note that LDCV images are white
in NEM-treated preparation, indicating that the
LDCVs were immobile in axons. Size bar, 5 um.
(b) After NEM treatment, neuropeptide vesicle
motion in type Ib synaptic boutons was increased
by depolarization for 2 min (n = 9). (c) Panels
show F and AF data from an NEM-treated type
Ib bouton. See Figure 2 for explanation and
comparison. Size bar, 2 um. (d) Exposure to

10 mM cytochalasin D for 10 min (Cyto.) did
not affect mobility in resting type Ib boutons
(Con.) or the effect of 15 s of 70-Hz electrical

Stim. stimulation (Stim.) (n = 5).

Cyto.

NATURE NEUROSCIENCE ADVANCE ONLINE PUBLICATION



http://www.nature.com/natureneuroscience

© 2005 Nature Publishing Group

O]

ARTICLES

a b c
0.15 -4 55 stim. 0.15 0.15
¢ - 1sstim. . %
(4} 1] @O
o 2 2
= £ £
> 0.10 > 010 2 0
5 el 5
o [=] (=]
Z Ty 2 =
0.05 0.05 0.05
T 1 [r——— ——
0 2 4 6 0 5 10 15 120
Time after stim. Stim duration
(min)

(s)

to electrical activity than LDCV mobility, because mobilization lasted
for minutes (Fig. 5a,c) whereas release ceased within seconds (Fig. 6a).
Therefore, mobilization is mechanistically distinct from exocytosis.

Depletion of liberated synaptic neuropeptide vesicles

Two independent types of experiments suggest that mobilized
undocked synaptic LDCVs are depleted within minutes. First, mea-
surement of Ca?*-dependent neuropeptide release indicates partici-
pation of freed peptidergic vesicles. If mobilized cytoplasmic LDCV's
do not participate in release, then the paucity of docked vesicles in
D. melanogaster type Ib and 111 synaptic boutons?*?® should be reflected
in meager Ca?*-dependent neuropeptide secretion. However, substan-
tial neuropeptide release was triggered within minutes by electrical
stimulation of type Ib boutons in HL3 (Fig. 6b,c), and even faster
release was induced with the stronger stimulus of depolarizing stan-
dard saline (Fig. 6d). The large extent of neuropeptide release evoked
within minutes could not have been produced by a small population of
predocked LDCVs, indicating avid participation by liberated synaptic
neuropeptide vesicles.

Second, optical sectioning by confocal microscopy revealed neuropep-
tide depletion away from the nerve terminal surface. For example, neu-
ropeptide levels in the centers of large type III boutons drop markedly
with a 3-min depolarization (Fig. 7a, n = 4). Although light microscopy
cannot distinguish between a docked vesicle and a vesicle that is close
to but not touching the membrane, the resolution of our optics is suf-

bouton surface comes from undocked LDCVs. Thus, the loss of peptide

l, .I ficient to conclude that any fluorescence more than 290 nm from the

= fluorescence in the center of large type III boutons must reflect deple-

tion of undocked peptidergic vesicles. Similar results were obtained in
another larger peripheral peptidergic bouton (data not shown, n =5).
Likewise, confocal microscopy showed that robust release is accompa-
nied by loss of neuropeptide from throughout large posterior segment
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Figure 5 Persistence and activity dependence

of neuropeptide vesicle liberation in type Ib
boutons. (a) Time course of neuropeptide vesicle
motion after 1-s (circles) or 5-s (triangles)
70-Hz stimulations (n = 6). (b) Dependence

of neuropeptide vesicle motion on duration of
70-Hz stimulation (n = 6). (¢) Induction and
reversal of mobilization with 2 min of bursting
activity (indicated by bar; bursts: 2 s of 70-Hz
stimulation, interbursts: 2 s) (n=6).
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type Ib boutons (Figs. 7b and 3c¢) that cannot be accounted for by the
modest movement of peptidergic vesicles into the centers of these bou-
tons. Thus, confocal microscopy reveals robust depletion away from the
bouton surface that could only occur if LDCVs were mobile. As very few
peptidergic vesicles are mobile before stimulation and nearly all LDCVs
are very mobile after depolarization (Figs. 1 and 3a), liberated cytoplas-
mic neuropeptide vesicles must be depleted in synaptic boutons.

Post-tetanic potentiation of neuropeptide release

Our demonstration that mobilization persists for minutes led us to test
for synaptic plasticity on this time scale. First, we identified type Ib bou-
tons that showed little release in response to a 30-s bout of 3 Hz stimu-
lation. Repeating this weak stimulation evoked reproducible release
(Fig. 8a). We then examined the effect of a strong stimulation (70 Hz
for 15 s) that induces mobilization (Fig. 5b). Release in response to the
second bout of 3 Hz stimulation was markedly enhanced 2.5 min after
the intense bout of activity (Fig. 8b). This is significant because it dem-
onstrates a change in release associated with long-term mobilization.
Typically, measurements of release have guided the study of regulatory
mechanisms. However, in this case, monitoring the inner workings of
nerve terminals in vivo led to the discovery that peptidergic neurotrans-
mission is subject to minutes-long post-tetanic potentiation.

DISCUSSION

Neurotransmitter release varies among identified neurons, between
classical and peptide cotransmitters, and with patterned activity. Yet
the mechanisms that determine the time course and activity depen-
dence of synaptic transmission are not understood. Our experiments
with multiple methods and distinct synapse types show that the
LDCV motion that aids in robust depletion of synaptic neuropeptide
stores is unpolarized and independent of conventional motors. This
is reminiscent of SSV behavior in ribbon synapse—containing nerve
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Figure 6 Robust neuropeptide release by electrical activity or depolarization. Release was measured as the loss of peptide fluorescence (see Methods).
(a) Release by type Ib boutons in response to a 15-s 70-Hz stimulus (n = 5). (b) First minute of release by type Ib boutons induced by 70 Hz stimulation
in HL3 (n = 5). (c) Time course of release by type |b boutons evoked by bursting stimulation (mean frequency 35 Hz) in HL3 (n = 6). (d) Release evoked
by type Ib (n=6) and Il (n = 5) boutons in 3 min of depolarizing standard saline. Period of stimulation indicated by bar.
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Figure 7 Depletion of synaptic neuropeptide content detected with confocal
microscopy. (a) Horizontal (xy) and axial (yz) confocal sections of a large

type 111 bouton showing neuropeptide fluorescence before and after a 3-min
treatment with depolarizing standard saline. (b) Horizontal confocal sections
of a large type Ib bouton before and after a 3-min treatment with depolarizing
standard saline. Size bars, 2 um.
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Figure 8 Post-tetanic potentiation of neuropeptide release by type Ib
boutons. (a) Release responses to two trials of 30 s of 3-Hz stimulation
(n=7). The interval between trials was 5 min. (b) Identical stimulation

as a except that a 15-s 70-Hz stimulus was delivered 2.5 min before the
second trial (n = 8). Note that the tetanus potentiated the response to 3-Hz
stimulation. Release was measured as loss of peptide fluorescence.

terminals and LDCVs in growth cones®”1%21, However, peptidergic
vesicle motion in synaptic boutons is not constitutive. Rather, Ca>*
influx induced by depolarization, electrical stimulation or endogenous

© central pattern generator—induced rhythmic activity increases LDCV
la.l movement in nerve terminals. We found this effect dramatic, because

2005 Nature Publishing Group

FRAP experiments show that nearly all synaptic LDCVs can be mobi-
lized. Furthermore, confocal microscopy and secretion measurements
establish that undocked neuropeptide vesicles are efficiently depleted
in the first minutes of release. This could not have occurred if synaptic
LDCVs remained immobilized and hence unavailable. Therefore, the
simplest explanation for our results is that activity-dependent Ca?*
influx liberates neuropeptide vesicles to diffuse in synaptic terminals
to be recruited for exocytosis.

The substantial activity requirement for inducing peptidergic vesicle
mobilization, the depletion of mobile LDCVs, and the post-tetanic
potentiation that accompanies sustained LDCV mobility all indicate
that liberation of restrained synaptic neuropeptide vesicles influences
the time course of peptidergic transmission. Indeed, mobilization seems
to be a type of activity-dependent priming for the undocked reserve
neuropeptide vesicles abundant in nerve terminals. Mobilization may
also be relevant for other aspects of the cell biology of peptidergic syn-
apses. For example, liberation may facilitate replacement of old syn-
aptic LDCVs destined for retrograde transport with newly synthesized
LDCVs undergoing anterograde transport. It is also conceivable that a
similar regulation occurs with SSVs. Although activity-dependent SSV
motion has not been detected, it has never been measured within the
small clusters of undocked SSVs that surround active zones in canoni-
cal fast synapses. Rather, previous FRAP studies with hippocampal

neurons and neuromuscular junctions®® had only enough resolution to
detect lateral motion between these clusters. Recently, it was proposed
that SSVs in the readily releasable pool that supports physiological fast
transmission are undocked and mobile within the active zone—associ-
ated cloud of SSVs3°. Thus, it will be important to determine whether
the mobilization demonstrated here is unique to synaptic neuropeptide
vesicles or operates within the clusters of SSVs adjacent to active zones
to potentiate fast transmission.

METHODS

Transgenic animals. All experiments used transgenic D. melanogaster (UAS-
AnfGFP, FlyBase ID FBti0026990)? in which Emerald GFP-tagged atrial natri-
uretic factor expression was driven by the yeast transcription factor Gal4. To induce
expression of the GFP-tagged peptide, these flies were crossed with other transgenic
lines that express Gal4 driven by endogenous sequences. For this study, we used the
pan-neuronal promoter elav (elav-gal4, FBti0002575) as was done previously?? or
a sequence upstream of a prohormone convertase gene (386-gal4, FBti0020938)%”.
Homozygous female wandering third instar larvae were filleted, and muscle 6, 7 and
12 neuromuscular junction boutons were studied. When necessary for confocal
sectioning, the largest type Ib and III boutons were identified based on their GFP
fluorescence. Initial experiments were performed in anterior segments A2—A5, but
optical sectioning of type Ib boutons was only possible in the more posterior A5
segment where we discovered that these boutons are larger.

Solutions and stimulation. Standard saline?® included 128 mM NaCl,
2 mM KCl, 1.8 mM CaCl,, 4 MgCl,, 35.5 mM sucrose, 5 mM sodium
HEPES, pH 7.2. The high Mg?*/Ca* saline HL3% contained 70 mM NaCl, 5
mM KCl, 1.5 mM CaCl,, 20 mM MgCl,, 10 mM NaHCO3, 5 mM trehalose,
115 mM sucrose, 5 mM sodium HEPES, pH 7.2. Dissections were performed
in the presence of 0-Ca saline in which Ca>" was excluded or substituted with
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0.5 mM EGTA. Boutons were electrically stimulated via a suction electrode on
the motor nerve after reintroduction of Ca?*. To minimize spontaneous muscle
contractions that disrupt imaging during electrical stimulation experiments, the
ventral ganglion was cut to prevent input from a central pattern generator’!, HL3
was used, and 10 mM glutamate was included in the saline to desensitize postsyn-
aptic receptors. Control experiments showed that glutamate did not affect synap-
tic LDCV movement and was not required for induction of motion. Indeed, data
in Figures 1, 3a and 4c were obtained without glutamate. These measures were
necessary because electrically evoked neuropeptide release was compromised by
cutting nerves. Bursting stimulation was generated by alternating between 2-s
trains (for example, 5V for 0.5 ms at 70 Hz) and 2-s silent periods. In most depo-
larization experiments, the preparation was switched directly from a 0 Ca saline
into ‘depolarizing standard saline’ in which 85 mM NaCl was replaced with KCI.
However, the K¥/Na* substitution was performed with HL3 (to generate ‘depolar-
izing HL3’) for the direct comparison of depolarization to electrical stimulation
(Fig. 2b). Because depolarization normally elicits muscle contraction, images
were acquired after removing the excess bath KCl except after treatment with 1
mM NEM for 15 min, which irreversibly inhibits muscle contraction.

Imaging. Neuromuscular junctions were imaged at room temperature on upright
microscopes with direct water immersion objectives. Wide-field epifluorescence
data were collected via objectives with numerical apertures (NAs) ranging from 0.9
to 1.1 with cooled CCD cameras with 6.7-ium-wide pixels. FRAP experiments and
optical sectioning were performed with a Zeiss Pascal scanning confocal micro-
scope equipped with a 0.95-NA objective.

Release was quantified as the loss in bouton neuropeptide fluorescence. This
was possible because photobleaching was minimal in these studies. Furthermore,
because we imaged axons and multiple en passant boutons in each experiment,
our time-lapse imaging revealed that depletion of peptide content occurred with-
out redistribution of peptidergic vesicles into axons, in accordance with previous
experiments?. For ease of presentation, only representative single boutons are
shown in the figures. Furthermore, some figures use pseudocolor scales generated
by Image J or Zeiss Pascal confocal software. Units in these figures are arbitrary, but
the vertical dimension is linear from minimal to maximal values in the figure.

We initially discovered the effect of activity on peptidergic vesicle motion in type
Ib boutons by examining time-lapse movies. However, for analysis, it was necessary
to develop an unbiased indicator of vesicle dynamics. Therefore, we made use of the
pixel-by-pixel correlation coefficient (CC) between neighboring images, acquired
at 3-s intervals, to quantify the degree of vesicle movement. Quantification of such
fluctuations is utilized in fluorescence correlation spectroscopy (FCS), a method
that is analogous to noise analysis for the study of channels. However, deducing dif-
fusion coefficients by FCS requires rigorous geometrical boundary conditions that
@are not apparent for type Ib boutons. Therefore, we characterized LDCV motion by

SV calculating a mobility index equal to 1-CC. As this is a statistical value, we acquired
a series of images under one experimental condition and used the mean value of
the mobility index determined from the series of images. A number of internal
controls indicate that the mobility index accurately reflects vesicle motion, and not
release. First, relative values agreed with qualitative estimates from inspection of
time-lapse movies. Second, the stimulus induced change in the mobility index was
unaffected by inhibiting release with NEM. Third, the time course for the change
in the mobility index did not parallel the time course of release.
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