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Activity Induces Fmr1-Sensitive Synaptic Capture of
Anterograde Circulating Neuropeptide Vesicles
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Synaptic neuropeptide and neurotrophin stores are maintained by constitutive bidirectional capture of dense-core vesicles (DCVs) as
they circulate in and out of the nerve terminal. Activity increases DCV capture to rapidly replenish synaptic neuropeptide stores following
release. However, it is not known whether this is due to enhanced bidirectional capture. Here experiments at the Drosophila neuromus-
cular junction, where DCVs contain neuropeptides and a bone morphogenic protein, show that activity-dependent replenishment of
synaptic neuropeptides following release is evident after inhibiting the retrograde transport with the dynactin disruptor mycalolide B or
photobleaching DCVs entering a synaptic bouton by retrograde transport. In contrast, photobleaching anterograde transport vesicles
entering a bouton inhibits neuropeptide replenishment after activity. Furthermore, tracking of individual DCVs moving through boutons
shows that activity selectively increases capture of DCVs undergoing anterograde transport. Finally, upregulating fragile X mental
retardation 1 protein (Fmr1, also called FMRP) acts independently of futsch/MAP-1B to abolish activity-dependent, but not constitutive,
capture. Fmr1 also reduces presynaptic neuropeptide stores without affecting activity-independent delivery and evoked release. There-
fore, presynaptic motoneuron neuropeptide storage is increased by a vesicle capture mechanism that is distinguished from constitutive
bidirectional capture by activity dependence, anterograde selectivity, and Fmr1 sensitivity. These results show that activity recruits a
separate mechanism than used at rest to stimulate additional synaptic capture of DCVs for future release of neuropeptides and neurotrophins.
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Introduction
Synapses are supplied by anterograde axonal transport from the
soma, the site of synthesis of synaptic vesicle proteins and dense-core
vesicles (DCVs) that contain neuropeptides and neurotrophins. De-

livery to synapses was thought to be based on a one-way anterograde
trip until it was discovered that DCVs are subject to sporadic capture
while traveling bidirectionally through en passant boutons as part of
long-distance vesicle circulation (Wong et al., 2012). Interestingly,
constitutive DCV capture occurs both during fast anterograde and
retrograde transport, which are mediated by different motors (i.e.,
the kinesin 3 family member unc-104/Kif1A and the dynein/dynac-
tin complex, respectively; Jacob and Kaplan, 2003; Pack-Chung et
al., 2007; Barkus et al., 2008; Lloyd et al., 2012; Wong et al., 2012).
Balanced capture in both directions is advantageous because DCVs
are distributed equally among en passant boutons (Wong et al.,
2012). In principle, bidirectional capture could occur by parallel
regulation of anterograde and retrograde motors or by modification
of the microtubules that both anterograde and retrograde DCV mo-
tors travel on.
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Significance Statement

Synaptic release of neuropeptides and neurotrophins depends on presynaptic accumulation of dense-core vesicles (DCVs). At rest,
DCVs are captured bidirectionally as they circulate through Drosophila motoneuron terminals by anterograde and retrograde
transport. Here we show that activity stimulates further synaptic capture that is distinguished from basal capture by its selectivity
for anterograde DCVs and its inhibition by overexpression of the fragile X retardation protein Fmr1. Fmr1 dramatically lowers
DCV numbers in synaptic boutons. Therefore, activity-dependent anterograde capture is a major determinant of presynaptic
peptide stores.
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Before the discovery of bidirectional capture of circulating
vesicles, activity was shown to replenish the presynaptic neuro-
peptide pool following release by inducing Ca 2�-dependent cap-
ture of DCVs being transported through boutons (Shakiryanova
et al., 2006). This result and subsequent experiments (Bulgari et
al., 2014) established that capture, rather than delivery or DCV
turnover, limits synaptic neuropeptide stores. Activity-dep-
endent capture was first described with a GFP-tagged neuropep-
tide in the Drosophila neuromuscular junction (NMJ), but also
occurs with neurotrypsin, wnt/wingless, and brain-derived neu-
rotrophic factor (Ataman et al., 2008; Frischknecht et al., 2008;
Dean et al., 2009). Mechanistically, activity-dependent capture
was characterized in terms of the rebound in presynaptic GFP-
tagged peptide content following release and correlated with
decreased retrograde transport (Shakiryanova et al., 2006). How-
ever, it is now evident that the reduction in retrograde flux could
be caused by enhanced bidirectional capture as DCVs travel back
and forth through the terminal as part of vesicle circulation
(Wong et al., 2012). Therefore, prior studies support the hypoth-
esis that there is only one synaptic capture mechanism, which is
bidirectional and facilitated by activity.

Here we test the above hypothesis by investigating the
directionality of activity-dependent capture. Experiments were
performed with multiple approaches, including inhibiting
retrograde transport, particle tracking, and simultaneous photo-
bleaching and imaging (SPAIM; Wong et al., 2012). Further-
more, the effect of fragile X retardation protein (Fmr1, also called
FMRP) was examined because it is known to affect bouton size
(Zhang et al., 2001) and neuropeptide release (Annangudi et al.,
2010; Francis et al., 2014). Together, these studies establish that
different mechanisms mediate synaptic capture at rest and in
response to activity.

Materials and Methods
Time lapse, fluorescence recovery after photobleaching (FRAP), and
SPAIM experiments were performed at the Drosophila NMJ in
accordance with previously published methods (Levitan et al., 2007;
Wong et al., 2012, 2015; Cavolo et al., 2015). Third-instar Drosophila of
either sex used for imaging were OK6�Dilp2-GFP/CyO and ShB
(ShakingB)�Anf-GFP flies. The UAS constructs were generated by us
(Rao et al., 2001; Wong et al., 2012), OK6-GAL4 was obtained from the
Bloomington Drosophila Stock Center, and ShB-GAL4 flies were kindly
provided by Dr. Tanja Godenschwege (Florida Atlantic University).
Third-instar larvae were filleted in HL3 saline, which contains (in mM)
the following: 70 NaCl, 5 KCl, 1.5 CaCl2, 20 MgCl2, 10 NaHCO3, 5 treh-
alose, 115 sucrose, and 5 sodium HEPES, pH 7.2, or HL3 saline in which
Ca 2� was replaced with 0.5 mM EGTA (0 Ca 2� HL3). Larvae were viewed
with Olympus objectives (60�; 1.1 or 1.0 numerical aperture) on a Flu-
oview 1000 scanning confocal microscope (Figs. 1–4C, 5B), an Olympus
microscope equipped with a Yokogawa spinning disk confocal module
and a Hamamatsu EMCCD camera set up by the Solamere Technology
Group (Figs. 4 D, E, 5A; see 7B), or an Olympus wide-field microscope
(Figs. 6, 7A). SPAIM (Wong et al., 2012) experiments were performed on
a Fluoview microscope equipped with two scanners. As described in the
results, in SPAIM experiments one scanner positioned a beam to photo-
bleach either DCVs moving by anterograde or retrograde transport into
a bouton, while the second scanner imaged the bouton in the region of
interest (ROI). Nerve stimulation (70 Hz) was performed in HL3 supple-
mented with 10 mM glutamate to prevent muscle contraction. For label-
ing small synaptic vesicles, fillets were depolarized for 3 min in saline in
which 70 mM Na � was substituted with K � in the presence of 4 �M

FM4-64. To label mitochondria, fillets were incubated for 5 min in 100
�M MitoTracker Red chloromethyl-X-rosamine (MitoTracker Red) in 0
Ca 2� saline. In both cases, the dyes, which were purchased from Invit-
rogen, were washed out of the bath and labeled organelles were imaged by
confocal microscopy. Imaging data were analyzed in ImageJ (RRID:

SCR_003070), while graphing and statistics were performed with
Graphpad Prism (RRID:SCR_002798). When there were only two exper-
imental conditions, data were analyzed with unpaired or, when possible,
paired t tests. When there were �2 experimental conditions, data were
analyzed by one-way ANOVA and Dunnett’s post-test. For Figures 1 and
2, data during the recovery phase were fit by linear regression and the
significance of changes in slope was determined. For all statistical tests,
two-tailed p values were set with 0.05 set as the threshold for statistical
significance.

Results
Anterograde vesicles contribute to activity-dependent capture
To determine the contribution of anterograde transport to
activity-dependent capture of DCVs, a photobleaching beam was
positioned in the axon upstream of the most proximal bouton in
an NMJ terminal branch (Fig. 1A). Thus, DCVs containing GFP-
tagged Drosophila insulin-like peptide 2 (Dilp2; Wong et al.,
2012) traveling by anterograde transport on their way to enter the
most proximal unbleached bouton were photobleached while
DCVs undergoing retrograde transport and residing boutons
were unaffected. Then while simultaneously photobleaching the
axon and imaging the proximal bouton in the ROI, the axon was
stimulated at 70 Hz to evoke release. Under these conditions,
activity evokes initial decreases in DCV/neuropeptide fluores-
cence in both photobleached and unbleached control animals
that are statistically indistinguishable (Fig. 1B,C; unpaired t test).
Prior studies with biochemical assays, accumulation of fluores-
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Figure 1. Anterograde DCVs contribute to activity-dependent capture. A, Design of SPAIM
experiment to detect contribution of anterograde DCVs. The axon was continuously photo-
bleached (PB) while the most proximal bouton in the ROI was imaged. B, Pseudocolor images
from a single experiment showing neuropeptide content before, immediately after 1 min of 70
Hz stimulation (Stim), and 4 min later. Scale bar, 2 �m. C, Quantification of the effect of
upstream PB on stimulation responses. Bar indicates 70 Hz stimulation. For both controls (Con)
and PB experiments, n � 5.
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cence in other tissues, loss of immunofluorescence, Ca 2� depen-
dence, and sensitivity to N-ethylmaleimide [a defining feature of
SNARE (soluble N-ethylmaleimide-sensitive factor activating
protein receptor)-dependent exocytosis] have established that
this loss of GFP-tagged neuropeptide is produced by release
(Burke et al., 1997; Rao et al., 2001; Husain and Ewer, 2004;
Shakiryanova et al., 2005; Loveall and Deitcher, 2010). Further-
more, the use of a pH-resistant GFP and the low acidity of vesicles
in this preparation (Sturman et al., 2006) exclude a role for pH in
these responses. Following release, there is replacement of re-
leased presynaptic neuropeptide (i.e., the postrelease rebound in
neuropeptide content), which inhibiting DCV transport and
measuring DCV flux showed is mediated by capture of circulat-
ing DCVs that constantly flow through NMJ boutons (Shakiry-
anova et al., 2006; Wong et al., 2012). Notably, this recovery
phase was reduced with upstream photobleaching in axons (Fig.
1B,C; n � 5 for each condition).

Three types of analysis showed that this effect was statistically
significant. In each case, we took into account that another ex-
perimental condition, the effect of downstream photobleach-
ing of retrograde DCVs (see below; Fig. 2A,B), would require
multiple-comparison tests. First, the recovery of fluorescence fol-
lowing stimulation differed based on one-way ANOVA followed
by Dunnett’s post-test (p � 0.05). Second, to take into account

variation in release, fractional recovery was calculated and found
to differ with one-way ANOVA followed by Dunnett’s post-test
(p � 0.001). Finally, linear regression analysis of the plots during
the recovery phase showed that the slope was significantly af-
fected by axonal photobleaching (p � 0.001). Therefore, three
statistical analyses showed that photobleaching anterograde
DCVs significantly reduced activity-dependent capture. This re-
sult provides independent verification of the conclusion by Sha-
kiryanova et al. (2006) that the recovery of neuropeptide stores
following release cannot be attributed to a change in turnover or
exit of resident DCVs, but instead requires DCV axonal trans-
port. Therefore, we focused on whether capture is bidirectional.

Activity-dependent capture without retrograde transport
With vesicle circulation between the axon initial segment and
nerve terminals, anterograde DCVs contribute to retrograde flux
of DCVs through boutons. Therefore, given the requirement for
anterograde axonal transport demonstrated above, we sought
to determine the impact of retrograde transport on activity-
dependent DCV capture. Specifically, replenishment of pre-
synaptic neuropeptide in the minutes following activity-evoked
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Figure 2. Activity-dependent capture does not require retrograde DCVs. A, Design of SPAIM
experiments to detect contribution of retrograde DCVs. B, Release and rebound due to capture
are evident with continuous downstream photobleaching. n �7. C, Release and capture persist
after inhibiting retrograde transport with MB. DMSO control, n � 5; MB, n � 6. Bars, 70 Hz
stimulation.
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Figure 3. Activity selectively increases capture of anterograde DCVs. A, DCV flux was mea-
sured in and out of the most proximal bouton in a branch following its photobleaching. Antero-
grade capture efficiency was calculated as (Ain � Aout)/Ain, while retrograde capture equaled
(Rin � Rout)/Rin. B, Effect of stimulation (Stim) on anterograde capture efficiency (n � 13, p �
0.0001, paired t test). C, Effect of stimulation on retrograde capture efficiency (n � 13). Paired
t test showed that there was no significant change.
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release was again studied at the Drosophila
NMJ, but in this case the photobleaching
beam was positioned just downstream
of the most proximal bouton in a nerve
terminal branch while simultaneously
imaging neuropeptide content (Fig. 2A).
Continuous photobleaching ensured that
any DCVs traveling in the retrograde di-
rection into the imaged bouton were
photobleached and therefore unable to
contribute to the replacement of released
presynaptic neuropeptide from the bou-
ton in the ROI. Despite increased release
(i.e., the immediate drop in Dilp2-GFP
fluorescence) that might reflect local de-
polarization, the recovery of presynaptic
neuropeptide stores indicative of activity-
dependent capture of DCVs was still evi-
dent (Fig. 2B). Indeed, using the analysis
described above, there was no statistically
significant effect of photobleaching retro-
grade vesicles on the extent of recovery,
the fractional recovery or the linear re-
gression slopes for data between 4 and 8
min. Therefore, eliminating the contr-
ibution of DCVs undergoing retrograde
transport into the bouton of interest with
photobleaching did not abolish activity-
dependent capture.

To independently test this conclusion
without an accompanying change in re-
lease or any photobleaching, retrograde
transport was inhibited with the dynactin/
F-actin disruptor mycalolide B (MB;
Cavolo et al., 2015). Specifically, MB was
applied at 2 �M for 20 min, which elimi-
nates retrograde transport in the axon and
terminal while preserving anterograde
DCV transport (Cavolo et al., 2015).
Strikingly, activity-evoked release was un-
affected and the subsequent rebound in presynaptic neuropep-
tide content (i.e., the slow recovery in fluorescence) indicative of
capture was still evident in the presence of MB (Fig. 2C). Again,
statistical analysis of extent of recovery, fractional recovery, and
linear regression slopes showed that there is no significant change
in the recovery phase. These results show that activity-evoked
kiss-and-run exocytic release from presynaptic DCVs (Wong et
al., 2015) and activity-dependent capture are independent of
F-actin and retrograde transport, which are both targeted by MB.
Thus, MB verified that activity-dependent capture does not re-
quire retrograde DCV transport. Together, the above experi-
ments show that activity-dependent capture relies selectively on
anterograde transport of DCVs to the bouton.

Capture efficiency for anterograde and retrograde DCVs
To directly quantify the contributions of anterograde and retro-
grade capture without the confound of release, fractional capture
efficiency was measured based on single particle tracking through
photobleached boutons. These experiments were initially per-
formed with type-Ib boutons, but later type-Is boutons were used
because they displayed activity-dependent capture (see below),
had DCV flux in both directions comparable to that of type-Ib
boutons (2–3 per minute), and presented two technical advan-

tages: (1) single DCVs were �2-fold brighter and so yielded bet-
ter signal-to-noise ratios, and (2) the smaller size of these boutons
ensured that mobile DCVs stayed in focus (i.e., the bouton was
fully contained in the confocal depth of field). Therefore, a prox-
imal Is bouton was photobleached and time-lapse imaging was
used to follow DCVs entering and leaving the bouton by antero-
grade and retrograde transport (Fig. 3A). Finally, to avoid the
contributions of upstream and/or downstream capture to flux
(see Introduction), capture efficiency was quantified in single
photobleached proximal boutons as the fractional difference in
entering and leaving DCVs for each direction (i.e., for antero-
grade DCVs: (Ain � Aout)/Ain; for retrograde DCVs: (Rin � Rout)/
Rin; Fig. 3A) in the 3 min periods before and after 70 Hz
stimulation for 1 min. This type of quantification previously
demonstrated differences in DCV capture efficiency in type-Ib
and type-III boutons (Wong et al., 2012; Bulgari et al., 2014). As
expected, before stimulation (i.e., at rest) DCV capture in type-Is
boutons occurred in both directions with low efficiency (Fig.
3B,C, open bars). However, following stimulation, capture effi-
ciency was increased for DCVs undergoing anterograde transport
(Fig. 3B; n � 13 boutons, p � 0.0001, paired t test). In contrast,
capture efficiency for retrograde DCVs in these same boutons did
not change significantly in response to activity (Fig. 3C). Also, the
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Figure 4. Fmr1 effects on type-Ib boutons and DCVs. A, Images showing Control (Con) and Fmr1 overexpressing type-Ib
boutons with DCVs labeled with Dilp2-GFP (left), SSVs labeled with FM4-64 (center), and mitochondria (Mito) labeled with
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Fmr1, n � 73. D, Fmr1 decreases individual DCV fluorescence (FDCV). Con, n � 138; Fmr1, n � 114. E, Effect of Fmr1 on DCV flux
through proximal boutons. Con, n � 8; Fmr1, n � 9. *p � 0.05; ***p � 0.001, ****p � 0.0001, unpaired t test.
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effect on anterograde transport became statistically insignificant
in the absence of extracellular Ca 2� (n � 8) and was not associ-
ated with DCVs changing direction. Therefore, activity-induced
Ca 2�-dependent capture is not bidirectional. Rather, the optical
and pharmacological perturbations in Figures 1 and 2 and the
particle tracking in Figure 3 all show that activity selectively in-
creases capture of DCVs undergoing anterograde transport.

Fmr1 overexpression selectively inhibits activity-dependent
capture of DCVs
Fmr1, the fragile X retardation 1 protein, increases the size of
type-Ib boutons at the Drosophila NMJ (Zhang et al., 2001).
Therefore, to examine the contribution of DCV transport and
capture to the Fmr1 effect, neuropeptide accumulation and DCV
traffic were studied. Unfortunately, animals expressing a GFP-
tagged neuropeptide and two Fmr1 mutants (Delta50M and
Delta113M) did not survive to the third-instar developmental
stage. Therefore, our experiments focused on the effects of Fmr1
overexpression. As expected, type-Ib boutons were enlarged with
Fmr1 overexpression in motoneurons (Fig. 4A,B; p � 0.001).
However, neuropeptide intensity per bouton (Fbouton) measured
in confocal stacks was dramatically attenuated to only 30% of
controls (p � 0.0001), showing that neuropeptide stores do not
scale with bouton enlargement (Fig. 4A,C). In contrast, labeling
of small synaptic vesicles (SSVs) with the styryl dye FM4-64 did
not reveal an effect of Fmr1 on the abundance of SSVs in boutons
(Fig. 4A); quantification of normalized FM4-64 fluorescence was
100 	 4.7% (n � 13) for controls and 97.3 	 7.0% (n � 12) with
Fmr1. Likewise, there was no obvious difference for mitochon-
dria labeled with MitoTracker Red in boutons (Fig. 4A). Thus,
the Fmr1 effect is selective for DCVs.

Analysis of individual DCVs undergoing transport in the ter-
minal revealed that with Fmr1 overexpression, individual DCVs

contained 71% of the peptide in control DCVs (Fig. 4D; p �
0.001), but arrived more frequently by anterograde flux (i.e., at
more than twice the rate), while retrograde transport decreased
(Fig. 4E; p � 0.05). Taking all of these measurements together
revealed that total neuropeptide delivery [i.e., total (anterograde
plus retrograde) flux into the bouton multiplied by individual
DCV content] was essentially unchanged. Yet, total neuropeptide
content (Fig. 4C) and DCV numbers per bouton (derived by
dividing total peptide fluorescence by individual DCV fluores-
cence) were reduced �2-fold despite an increase in bouton size
(Fig. 4B). Therefore, as neuropeptide content per DCV (Fig. 4D,
FDCV) cannot account for this effect, Fmr1 must either increase
release or inhibit DCV capture to reduce the steady-state presyn-
aptic DCV number.

To determine the effect of Fmr1 overexpression on constitu-
tive capture, capture efficiency was quantified in 0 Ca 2�. Impor-
tantly, the reduction in peptide content induced by Fmr1
overexpession in type-Ib boutons (Fig. 4A,C) was also evident in
type-Is boutons (Fig. 5A). Furthermore, flux analysis in type-Is
boutons showed that constitutive bidirectional capture was
maintained as both anterograde and retrograde capture efficien-
cies were unaffected by Fmr1 (Fig. 5B). Therefore, the drop in
neuropeptide content must arise from regulating either release or
capture induced by activity.

To distinguish between these two hypotheses, we assessed the
impact of activity in type-Ib boutons on muscle 4 and in type-Is
boutons on muscle 6/7. In both cases, Fmr1 overexpression did
not markedly affect synaptic neuropeptide release. However, at
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both synapses activity-dependent capture was abolished (Fig.
6A,B). Therefore, the effect of a genetic perturbation on activity-
dependent, but not constitutive, capture and directional selectiv-
ity shows that activity induces a distinct capture mechanism.
Furthermore, the decrease in neuropeptide/DCV content accom-
panying the selective inhibition of activity-dependent capture
induced by Fmr1 shows that that activity-dependent capture
contributes to steady-state presynaptic peptide stores.

The effect of Fmr1 on Ib bouton size is linked to futsch/
MAP1B; for example, the N94 futsch mutant mimics the effect of
Fmr1 overexpression (Roos et al., 2000; Zhang et al., 2001). How-
ever, this mutant displayed normal presynaptic neuropeptide
stores, activity-dependent release and capture, and DCV flux
(Fig. 7). Therefore, the inhibition of activity-dependent antero-
grade capture by Fmr1 must be through a futsch-independent
mechanism.

Discussion
Until recently, it was thought that presynaptic neuropeptide stores
were set by controlling synthesis and delivery by fast one-way axonal
transport of DCVs. However, studies of the Drosophila NMJ have
shown that there is an excess of DCVs delivered to type-I boutons by
long-distance vesicle circulation. Therefore, because DCV delivery is
not limiting, the presynaptic neuropeptide pool is determined by
capture, which was found to be bidirectional (Wong et al., 2012).
However, in addition to constitutive capture, activity induces Ca2�-
dependent capture (Shakiryanova et al., 2006). This is advantageous
because tapping into the circulating vesicle pool removes delays as-
sociated with synthesis and transport, which can take days in hu-
mans, to rapidly replace released peptides. Surprisingly, experiments

presented here demonstrate that activity-dependent capture is uni-
directional and selectively sensitive to a genetic perturbation (i.e.,
Fmr1 overexpression). Therefore, activity does not simply enhance
constitutive bidirectional capture that operates at rest, but instead
stimulates an independent synaptic capture mechanism.

Previously, it was not possible to genetically block activity-
dependent capture to determine its contribution to steady-state
presynaptic stores. However, this study documented inhibition
of activity-dependent capture by Fmr1 overexpression. As this
was accompanied by a dramatic decrease in presynaptic DCV
number, we conclude that activity-dependent capture makes a
large contribution to steady-state presynaptic peptide stores and
hence the capacity for future release. At the Drosophila NMJ,
DCVs contain a bone morphogenic protein and neuropeptides
(Anderson et al., 1988; James et al., 2014). Thus, it is possible that
activity-dependent capture affects development and acute synap-
tic function.

Capture efficiency measurements revealed that the previously
detected decrease in retrograde traffic following activity was an
indirect effect of vesicle circulation; activity-induced capture of
only anterograde DCVs at each en passant bouton simply leaves
fewer DCVs for the retrograde trip back into the axon without
changing retrograde capture. Of interest, anterograde selectivity
for activity-induced capture rules out mechanisms that would
perturb transport in both directions (e.g., microtubule breaks).
DCV anterograde transport is mediated by the unc-104/Kif1A
motor, which also transports SSV proteins and is required for
formation of boutons (Hall and Hedgecock, 1991; Jacob and Ka-
plan, 2003; Pack-Chung et al., 2007; Barkus et al., 2008). There-
fore, activity-dependent capture may regulate unc-104/Kif1A to
affect synaptic release of both small-molecule transmitters and
peptides. However, alternative targets could be involved, includ-
ing proteins that mediate DCV interaction with this anterograde
motor or alter the DCV itself (e.g., its phosphoinositides, which
may bind to the unc-104/Kif1A pleckstrin homology domain;
Klopfenstein and Vale, 2004).

Further insights regarding Fmr1 and DCVs
The hypothesis that increased DCV capture contributes to the
larger boutons produced by Fmr1 overexpression led us to study
the effects of Fmr1 on constitutive and activity-dependent cap-
ture of DCVs. However, activity-dependent capture was inhib-
ited and constitutive bidirectional capture was unaffected. Also,
futsch/Map1B, which is linked to bouton enlargement (Zhang et
al., 2001), did not affect activity-dependent DCV capture. There-
fore, DCV capture must not account for Fmr1-induced bouton
enlargement.

In addition to DCV capture results, these experiments re-
vealed that Fmr1 overexpression decreased the content of indi-
vidual DCVs and simultaneously increased DCV flux to preserve
delivery to terminals. At this point we cannot distinguish whether
this homeostatic control of neuropeptide delivery to terminals
occurs because greater DCV biogenesis results in less efficient
neuropeptide packaging or because less efficient packaging stim-
ulates compensatory DCV biogenesis and delivery. Alternatively,
the apparent homeostatic effect could be a coincidental conse-
quence of separate Fmr1 effects on DCV content and transport.
In any case, to our knowledge, such apparent homeostasis be-
tween DCV content and flux into terminals has not been de-
scribed previously.

Fmr1 is known to bind to channels and to regulate the expres-
sion of many genes (Ferron, 2016). Because release evoked by
action potentials was normal, it is unlikely that channel effects
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Figure 7. Futsch/Map1B does not affect activity-dependent DCV capture or flux. A,
Macroscopic release and capture responses to stimulation of type-Ib boutons in the Futsch
N94 mutant. Bar, 70 Hz stimulation. B, DCV flux is unaffected in Futsch N94 boutons.
Control (Con), n � 8; Futsch N94, n � 6.
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account for the effects of Fmr1 overexpression on content, flux,
and capture of DCVs. As noted above, we examined the role of
futsch/Map1B, which is downregulated by Fmr1 overexpression
and participates in the effect on bouton size (Zhang et al., 2001),
but experiments with a mutant showed that futsch/Map1B is not
involved in the DCV effects documented here. Therefore, in the
future it will be of interest to identify the Fmr1 target that ac-
counts for the effect on activity-dependent synaptic capture of
anterograde DCVs. It will then be possible to determine whether
this target is related to Fmr1 effects on neuropeptide release and
neuropeptide-dependent behaviors (Annangudi et al., 2010;
Francis et al., 2014).
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