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Neurons vary in their capacity to produce, store, and release neuro-
peptides packaged in dense-core vesicles (DCVs). Specifically, neurons
used for cotransmission have terminals that contain few DCVs and
many small synaptic vesicles, whereas neuroendocrine neuron termi-
nals contain many DCVs. Although the mechanistic basis for pre-
synaptic variation is unknown, past research demonstrated trans-
criptional control of neuropeptide synthesis suggesting that supply
from the soma limits presynaptic neuropeptide accumulation. Here
neuropeptide release is shown to scale with presynaptic neuropep-
tide stores in identified Drosophila cotransmitting and neuroendo-
crine terminals. However, the dramatic difference in DCV number in
these terminals occurs with similar anterograde axonal transport
and DCV half-lives. Thus, differences in presynaptic neuropeptide
stores are not explained by DCV delivery from the soma or turnover.
Instead, greater neuropeptide accumulation in neuroendocrine ter-
minals is promoted by dramatically more efficient presynaptic DCV
capture. Greater capture comes with tradeoffs, however, as fewer
uncaptured DCVs are available to populate distal boutons and re-
plenish neuropeptide stores following release. Finally, expression of
the Dimmed transcription factor in cotransmitting neurons increases
presynaptic DCV capture. Therefore, DCV capture in the terminal is
genetically controlled and determines neuron-specific variation in
peptidergic function.
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The complex function of the brain relies on the functional
diversity of individual neurons. One key parameter that dif-

ferentiates neurons is their capacity to release small-molecule
transmitters packaged in small synaptic vesicles (SSVs) and bio-
active peptides (i.e., neuropeptides, neurotrophins, and enzymes)
packaged in large dense-core vesicles (DCVs). For example, syn-
aptic terminals that are specialized for fast transmission typically
have boutons with many SSVs and few DCVs, the latter of which
support cotransmission. However, there are also specialized neu-
rons that have terminals that are packed with DCVs. Such neu-
roendocrine terminals are often linked to massive episodic neuro-
peptide release that triggers important behaviors such as egg laying
in Aplysia or ecdysis in insects (1). The mechanism that accounts
for variation in presynaptic neuropeptide storage (i.e., the number
of DCVs in a terminal) in cotransmitting and neuroendocrine
neurons remains unknown.
Transcription factors are implicated in the cell biology of

neuropeptides. For example, cAMP response element binding
protein (CREB) was originally described as a cAMP-dependent
transcriptional stimulator for somatostatin (2). Furthermore,
transcriptional networks specify peptidergic neurons in Dro-
sophila and mammals (e.g., 3–9). Finally, accumulation of ami-
dated neuropeptides and DCVs in Drosophila neurons is
enhanced by the transcription factor Dimmed (DIMM) (10–13).
Indeed, DIMM induces DCVs in photoreceptors that do not nor-
mally possess these organelles (13). Given this history, it is apparent
that presynaptic neuropeptide accumulation depends on tran-
scriptionally regulated biosynthesis, which in turn dictates delivery
of neuropeptide-containing DCVs by anterograde axonal trans-
port to terminals. However, the hypothesis that neuron-specific

variation in presynaptic neuropeptide stores relies on differ-
ential DCV delivery to terminals has not been tested.
Drosophila is an advantageous system for approaching this

problem. First, as noted above, genetic control of neuropeptide
expression has been studied extensively. Second, terminals spe-
cialized for cotransmission and neuroendocrine release, which
arise from different neurons, have been identified in the pe-
riphery: neuromuscular junction type Ib boutons possess an
abundance of SSVs and relatively few DCVs, whereas type III
boutons contain an abundance of DCVs that contain ecdysis-
associated neuropeptides and few SSVs (14–16). Strikingly, type
III bouton neuropeptide stores are nearly exhausted following
ecdysis (16). Finally, in vivo imaging of GFP-tagged neuro-
peptides in Drosophila nerve terminals has resolved DCV de-
livery to and capture in boutons (17, 18). Therefore, live imaging
of type Ib and III boutons offers the opportunity to test whether
dramatic differences in DCV numbers in identified terminals are
produced as a consequence of DCV delivery.
Here it is shown that neuropeptide release is proportional to

presynaptic neuropeptide storage in type Ib and III boutons, thus
illustrating the impact of the dramatic difference in DCV abun-
dance in identified terminals. However, the delivery of neuro-
peptide-containing DCVs to these boutons is surprisingly similar.
Therefore, experiments are performed to identify the basis for
differential accumulation of neuropeptide-containing DCVs in
these cotransmitting and neuroendocrine nerve terminals.

Results
Consistent with qualitative detection of DCVs by electron micros-
copy, fluorescence imaging of a transgenic GFP-tagged neuropep-
tide [preproANF-EMD (emerald GFP), here called Anf-GFP]
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driven by a panneuronal driver shows greater accumulation of
neuropeptide in Drosophila type III boutons on muscle 12 than in
type Ib boutons of the muscle 6/7 synapse (19). Panneuronal ex-
pression is not convenient for studying type III boutons, however,
because of the presence of closely apposed type Ib, Is, and II
boutons, which arise from different neurons. Therefore, to generate
a basis of comparison with type Ib boutons, Anf-GFP expression
was induced specifically in type III boutons with the driver ccap-
GAL4 (20), and neuropeptide fluorescence was quantified with
wide-field microscopy. These measurements demonstrated seven-
fold more neuropeptide in typical spindle-shaped type III boutons
than in type Ib boutons (Fig. 1 A and B). Next, the impact of this
dramatic difference on release was determined. To avoid the con-
found of variation in axon excitability affecting responses to elec-
trical nerve stimulation, release was evoked by depolarization of
boutons by replacement of extracellular Na+ with K+. In principle,
release might vary between boutons for a variety of reasons (e.g.,
differences in Ca2+ channels, the secretory apparatus, or presynaptic
neuropeptide stores). However, release efficiency measured as the
percentage decrease in fluorescence was identical in type Ib and III
boutons (Fig. 1C) suggesting that differences are most simply
explained by neuropeptide release being scaled in proportion to
presynaptic neuropeptide stores.
Therefore, the basis for the greater presynaptic neuropeptide

store found in type III boutons was investigated. First, because
differences in neuropeptide accumulation could reflect the number
of DCVs and their individual content, the fluorescence of single
GFP puncta likely to be individual DCVs (17) was measured in
axons near the most proximal type Ib and III boutons. Interestingly,
individual DCV fluorescence (FDCV) was 22% less in single type
III axon DCVs (Fig. 1D). A calculation of normalized bouton
fluorescence divided by single DCV fluorescence (Fbouton/ FDCV)
revealed that there are 9.2-fold more DCVs in type III boutons
than in type Ib boutons.

The simplest explanation for the difference in DCV number
would be that more neuropeptide-containing DCVs are made
and thus supplied by anterograde axonal transport to type III
boutons than to type Ib boutons. Therefore, the flux of DCVs
(i.e., the number traveling through a specific area) was measured
in axons proximal to the first type III and Ib boutons in the ab-
sence of Ca2+ to prevent release. Surprisingly, anterograde axonal
transport was the same in type Ib and III bouton axons (Fig. 2A),
implying that the difference in DCV number is not explained by
synthesis-driven supply from the soma.
In both bouton types, steady-state anterograde and retrograde

flux were similar (Fig. 2A) suggesting that terminal DCV numbers
were at steady state. Therefore, a difference in DCV turnover
could provide an alternative explanation for the number of DCVs
in type III and Ib boutons. Previously, fluorescence recovery after
photobleaching (FRAP) showed that type Ib DCVs have a half-
life of ∼6 h (17). Therefore, half-life would have to be ∼55 h in
type III boutons to account for their greater DCV number. How-
ever, FRAP at 0.5 and 1 h in type III boutons (Fig. 2B) was not
different from published for type Ib bouton results (17). In-
dependent verification of similar turnover was obtained with
the use of the fluorescent timer protein monomeric Kusabira
Green Orange (mK-GO), which transitions from green to red
fluorescence with age (21). As this color transition is half-maximal
at 6 h and occurs inside DCVs (21), Anf tagged with mK-GO was
expressed in Drosophila. If DCV half-life differed in type Ib and
III boutons, this should be evident as a difference in age measured
as the ratio of green to red mK-GO–tagged Anf. However, this ratio
was similar in type Ib and III boutons (Fig. 2 C and D). Therefore,
there is no experimental evidence that the greater number of DCVs
in type III boutons is explained by slower turnover.
As delivery and turnover were not sufficient to account for

differences in DCV number, DCV capture in the two bouton
types was compared. In type Ib motoneurons, DCVs circulate
over long distances based on inefficient sporadic capture so that
neuropeptide accumulates equivalently across en passant bou-
tons (18) and there is a pool of circulating DCVs that can be
tapped into by activity-dependent capture to rapidly replenish
neuropeptide stores following release (17). One indicator of in-
efficient capture is that FRAP is initially most marked in the
most distal Ib bouton (Fig. 3A, Left) because many DCVs transit
through proximal boutons without being captured (18). There-
fore, we investigated whether a similar pattern is found in type
III boutons. Importantly, FRAP was very different: neuropeptide
accumulation was initially most marked in proximal boutons with
little traffic reaching the most distal boutons (Fig. 3A, Right).
Consistent with the supply of DCVs dropping precipitously as
DCVs pass through en passant type III boutons, the most distal
bouton in type III synapses was always small, whereas it is usually
comparable to or even larger than proximal en passant boutons
in type Ib synapses (Figs. 1A and 3A). To further evaluate this
difference, anterograde flux into and out of type III boutons was
quantified. Although this flux drops only ∼10% per type Ib
bouton (18), a ∼65% drop in flux is found in proximal type III
boutons, showing that capture efficiency is dramatically greater
(Fig. 3B). Such efficient capture would leave few DCVs to cir-
culate and so compromise the source of DCVs that supports
activity-dependent capture. In accordance with this prediction,
the rebound in presynaptic neuropeptide content following re-
lease that is produced by activity-dependent capture in type Ib
boutons (17) is absent in type III boutons (Fig. 3C). Together,
these results show that constitutive DCV capture efficiency is
much higher in type III boutons leading to greater presynaptic
neuropeptide accumulation, albeit at the expense of distal dis-
tribution and rapid replenishment following robust release.
The transcription factor DIMM regulates the capacity to ac-

cumulate amidated neuropeptide-containing DCVs in a sub-
population (∼3%) of Drosophila neurons without regulating
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Fig. 1. Type Ib and type III boutons differ in neuropeptide content and DCV
number. (A) Images of type Ib (Upper) and type III (Lower) boutons expressing
Anf-GFP. (Scale bars, 2 μm.) (B) Neuropeptide fluorescence per bouton (Fbouton)
of type Ib (n = 16) and type III boutons (n = 20) in arbitrary units (au). **P <
0.01. (C) Depolarization-evoked neuropeptide release in type Ib (n = 8) and
type III boutons (n = 4) measured as the percent decrease in fluorescence. ns,
not significant. Boutons were stimulated with elevated extracellular K+ for
3 min. (D) Single DCV fluorescence in axons leading to type Ib (n = 56) and type
III boutons (n = 53). ****P < 0.0001. Error bars represent SEM.
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neuropeptide gene expression (10–13, 22). Although this could
be assumed to reflect an effect on DCV synthesis that is not
cargo-specific, the above results from type Ib and III boutons
suggested the alternative possibility that DIMM promotes DCV
capture. DIMM is not present in the third instar neurons studied
here, thus ruling out knockdown experiments. However, it was
possible to test the hypothesis that DIMM boosts DCV capture
in type Ib boutons, which had not been examined in previous
DIMM studies. Specifically, because global expression of DIMM
is lethal, eveRRA-Gal4 (23) was used to drive Anf-GFP and
DIMM expression in the anterior corner cell (aCC) motoneuron,
which produces the type Ib bouton terminal on muscle 1. Con-
sistent with previous studies of ectopic neuropeptide expression
(10), DIMM dramatically increased accumulation of presynaptic
Anf-GFP (Fig. 4 A and B). Also, boutons became more spindle-
shaped (i.e., a morphology more similar to type III boutons)
(Fig. 4 A and B). As individual DCVs were not detectable in
these single cross animals, FRAP experiments were performed
to assess capture efficiency. Consistent with muscle 6/7 Ib ter-
minals (Fig. 3A), distal polarized accumulation of Anf-GFP was
seen in muscle 1 type Ib boutons (Fig. 4B, Left). However, upon
expression of DIMM, the distal bias that is indicative of in-
efficient capture was lost (Fig. 4B, Right). Quantification verified
that DIMM altered FRAP to make it more similar to type III
boutons (Fig. 4C). Thus, a transcription factor that increases
neuropeptide accumulation enhances presynaptic DCV capture.

Discussion
Nerve terminals vary in their content of neuropeptide-containing
DCVs, which determines the capacity for cotransmission or neu-
roendocrine function. For decades, molecular studies focused on
the role of transcriptional regulation in controlling neuropeptide
gene expression. Thus, it was easy to assume that presynaptic
neuropeptide accumulation is determined by synthesis that in
turn dictates delivery to nerve terminals. According to this view,
large presynaptic neuropeptide stores are maintained by scaled-up

production and anterograde axonal transport of DCVs. However,
here it was shown that dramatically different DCV numbers in
Drosophila type Ib and III boutons are associated with similar
axonal transport. Turnover, which affects steady-state levels, and
individual DCV content are also comparable. Surprisingly, it is
efficiency of DCV capture that distinguishes neuropeptide storage
and hence the capacity for release by these cotransmitting and
neuroendocrine terminals.
Taking into account neuron-specific variation in presynaptic

DCV capture, what is the role of previously studied transcrip-
tional control? First, differentially regulating synthesis may allow
distinct neuropeptides to compete for packaging in DCVs. As
newly made peptides can be released preferentially (21, 24), tran-
scriptional regulation that alters DCV content can change the
mixture of neuropeptides released at the nerve terminal. Second,
DCV capture is itself increased by the transcription factor DIMM,
which was known to increase the accumulation of neuropeptide-
containing DCVs in central neurons (10, 13). Presumably, DIMM
induces a gene encoding for a presynaptic DCV capture effector,
which might be regulated by kinases and G proteins (25, 26). Im-
portantly, the demonstration of genetic regulation of DCV capture
clarifies why multiple transcription factors including DIMM specify
individual peptidergic neurons in Drosophila (4–6, 9): DCV cap-
ture and the synthesis of specific DCV cargoes are independently
controlled to determine presynaptic neuropeptide accumulation.
Although neuropeptide synthesis was not measured here, neuron-
specific capture was shown to be an important target of the com-
plex transcriptional networks that control peptidergic function.
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Interestingly, efficient presynaptic DCV capture maximizes
neuropeptide release, but this benefit comes with tradeoffs. First,
efficient capture biases DCV delivery to proximal boutons. This
is a hindrance to neurons that must innervate multiple targets at
different distances from the soma and neurons that have many
en passant boutons to supply (e.g., there are far more muscle 6/7

type Ib boutons than muscle 12 type III boutons). For these
cases, equal distribution of resources by vesicle circulation and
sporadic capture (18) is more suitable. Second, efficient capture
might hinder extension of the terminal because few vesicles avoid
capture in proximal boutons to reach the distal end of the ter-
minal. Indeed, proximal capture may account for the finding
reported here that the most distal type III bouton is small, which
is not the case for type Ib boutons. Finally, with efficient con-
stitutive capture, DCVs are not replaced quickly following in-
tense release as there are relatively few circulating vesicles to
replenish acutely depleted stores. Instead, DCV flux is domi-
nated by steady-state supply and removal of DCVs. The resultant
slow replacement of released neuropeptides is not a problem for
neuroendocrine type III boutons because, although release nearly
empties neuropeptide stores at ecdysis (16), this developmental
behavior occurs only four times in the life of Drosophila. It is
conceivable that these boutons release at other times as well, but
as long as such responses are modest, replenishment will not be
limiting given their substantial neuropeptide stores. However,
this is not desirable for dynamic cotransmitting boutons. In the
latter case, inefficient capture is preferable as fewer DCVs are
needed for release, and activity-dependent capture of circulating
vesicles rapidly replaces depleted stores (17, 18). The widespread
impact on neuropeptide distribution, release, and replacement
clarifies why presynaptic DCV capture is an effective control
point for neuron-specific peptidergic function.

Materials and Methods
Flies. Muscle 6/7 synapse type Ib boutons were studied in Figs. 1–3 with elav-
GAL4 UAS-Anf-GFP larvae (19). Type III boutons were studied in upstream
activating sequence (UAS)-Anf-GFP; ccap-GAL4 larvae. For Fig. 4, muscle 1
type Ib boutons were studied in a recombinant of eveRRA-GAL4 UAS-Anf-
GFP on chromosome 3 (27; kindly provided by C. Collins). In Fig. 4A, this line
was crossed to Canton S flies for a wild-type control or UAS-DIMM flies
(kindly provided by P. Taghert). Several independent chromosomal inser-
tions of UAS-DIMM gave similar results (i.e., a marked increase in neuro-
peptide content). For FRAP experiments on muscle 1, it was desirable to
minimize differences in total neuropeptide expression. Therefore, homozy-
gous eveRRA-GAL4 UAS-Anf-GFP larvae were compared with single cross with
UAS-DIMM. To generate a timer line, the ANF gene was excised from the
ANF-pEGFP-N1 construct (28) by cutting with EcoRI/KpnI, and the mK-GO
gene from the neuropeptide Y-mK-GO construct [20; kindly provided by
A. Miyawaki of The Institute of Physical and Chemical Research (Japan) (RIKEN)
and T. Tsuboi of the University of Tokyo] was amplified by PCR with linkers
containing the KpnI site in forward primer and NotI site in reverse primer.
Following cutting with KpnI and NotI, ANF and mK-GO were cloned into the
PC5-Kan vector. Then ANF-mK-GO was excised and cloned into the pUAS-C5,
which was used to generate transgenic flies by Bestgene, Inc. Expression was
driven with Ok6-GAL4.

Imaging. Protocols for wide-field microscopy and FRAP have been described
previously (17, 18, 29). Briefly, filleted third instar larvae were viewed with
an Olympus 60× 1.1 numerical aperture objective. For K+-induced de-
polarization, the NaCl in the extracellular solution (HL3: 70 mM NaCl, 5 mM
KCl, 1.5 mM CaCl2, 20 mM MgCl2, 10 mM NaHCO3, 5 mM trehalose, 115 mM
sucrose, 5 mM sodium Hepes, pH 7.2) was replaced with KCl. For constitutive
traffic, the Ca2+ in HL3 was substituted with 0.5 mM Na3 EGTA to prevent
release. FRAP was performed with an Olympus Fluoview 1000 scanning laser
confocal microscope. Wide-field imaging used Hamamatsu cooled ccd cam-
eras. Standard fluorescein optics were used for imaging GFP. In mK-GO
experiments, excitation was switched between 488- and 561-nm lasers with
simultaneous switching between green bandpass and red long-pass filters.
The mK-GO ratio depends on microscope optics and increases to its half-
maximal value in 6 h (21), which is similar to the half-life of DCVs in type Ib
boutons (17). Statistical significance was calculated with the t test.
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