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Abstract

While retrograde neurotrophin signaling has provided an immensely influential paradigm for
understanding growth factor signaling in the nervous system, recent studies indicate that growth
factors also signal via cell-autonomous, or autocrine, mechanisms. Autocrine signals have been
discovered in many neuronal contexts, providing insights into their regulation and function. The
growing realization of the importance of cell-autonomous signaling stems from advances in both
conditional genetic approaches and in sophisticated analyses of growth factor dynamics, which
combine to enable rigorous /n vivo dissection of signaling pathways. Here we review recent
studies defining autocrine roles for growth factors such as BDNF, and classical morphogens,
including Wnts and BMPs, in regulating neuronal development and plasticity. Collectively, these
studies highlight an intimate relationship between activity-dependent autocrine signaling and
synaptic plasticity, and further suggest a common principle for coordinating paracrine and
autocrine signaling in the nervous system.

Introduction

Defining when and where extracellular signals are released is key to understanding how they
direct neuronal structure and function. However, the broad expression profiles and
pleiotropic phenotypes of evolutionarily-conserved signaling proteins has hindered a
detailed view of their /n vivoroles. Identifying the cellular requirement for a broadly-
expressed secreted protein requires generating mosaic animals where the protein is deleted
in only a few cells. Such conditional genetic approaches provide a critical test of signaling
directionality /n vivo, and have provided evidence for anterograde and retrograde pathways,
and increasingly, autocrine pathways as well.

Cell-autonomy of signaling pathways in neurons is consistent with their established
autocrine functions in non-neuronal tissues. In general, the extent to which secreted signals
spread /n vivois controversial. For example, Wnt family members are palmitoylated and do
not freely diffuse [1]. This lipid modification makes them highly hydrophobic and is
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Autocrine

proposed to promote local action of Wnt family members. Related concerns extend to
members of the mammalian neurotrophin family. Brain-Derived Neurotrophic Factor
(BDNF) is positively charged at physiological pH (pl > 9) [2], which is predicted to limit its
diffusion by promoting electrostatic interactions between BDNF and proteins on the surface
of the secreting cell, thus facilitating cell-autonomous signaling. Thus, the biochemical
properties of signaling proteins are likely to facilitate highly local, autocrine signaling
pathways.

Recent studies have revealed cell-autonomous functions for neurotrophins, including BDNF,
as well as classical morphogens, such as Wnts and BMPs. These pathways play widespread
roles in the developing and adult nervous system, and regulate processes from neuronal
morphology to synaptic plasticity. The diverse contexts in which autocrine signals have been
recently discovered begs the question of whether there is an underlying logic to their /n vivo
functions. Based on the studies reviewed here, we suggest two interrelated possibilities. The
first is that the timing of activity-dependent autocrine signals may be particularly important
at synapses where the rapid dynamics and highly focal action of an autocrine loop could
enable tight coupling of synaptic activity to signal transduction. The second is that autocrine
signals may often be activated in response to short-lived paracrine cues in order to sustain or
amplify the initial intercellular cue.

BDNF signaling takes center stage at the synapse

Retrograde neurotrophin signaling has provided a long-standing model for understanding
growth factor signaling in the nervous system (Fig. 1). BDNF was first identified as a target-
derived cue required for neuronal survival and is now known to regulate diverse processes
including neurogenesis, synaptic development and function [3]. Early hints that BDNF was
not exclusively a retrograde cue emerged from classic /7 vitro studies. Twenty years ago,
BDNF was shown to signal in an autocrine fashion to drive maturation of cultured
embryonic chick DRG neurons [4], as well as neuronal survival in adult DRGs [5]. In both
contexts, BDNF knockdown in isolated neurons in culture inhibited BDNF-dependent
signaling, demonstrating that BDNF is capable of signaling cell autonomously [6].

More recently, autocrine BDNF signaling has been implicated in axon specification in
cultured rat hippocampal neurons [7]. Knockdown of BDNF in a small subset of neurons in
culture decreased axon formation only in BDNF-deficient neurons, not in their BDNF-
expressing neighbors, suggesting cell-autonomous BDNF signaling. Notably, activation of a
downstream component of the BDNF pathway cell-autonomously increased both BDNF
release and surface levels of its receptor TrkB, arguing for a feed-forward signaling loop that
locally amplifies weak or transient signals involved in axon specification [7]. While it is yet
unclear if autocrine BDNF signaling regulates axon specification /n vivo, the hypothesis that
a key function of autocrine loops is to strengthen relatively weaker paracrine signals is an
attractive one discussed in more detail below.

A role for autocrine BDNF signaling in synapse formation has been uncovered in an /in7 vitro
model of the neurodevelopmental disorder Rett syndrome (RTT) [8]. Methyl CpG Binding
Protein (MeCP2) mutations cause RTT [9]; BDNF is relevant to this disorder since BDNF
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overexpression rescues RTT phenotypes [10,11]. MeCP2 is on the X chromosome, and
importantly, X inactivation renders MeCP2 heterozygotes cellular mosaics for MeCP2. This
mosaicism raises the intriguing question of whether or not BDNF rescue of MeCP2
phenotypes is cell-autonomous. Co-culture of MeCP2-positive and MeCP2-negative
hippocampal neurons revealed evidence for autonomous BDNF signaling. BDNF expression
restored normal glutamatergic synapse number only when expressed in MeCP2-negative
neurons themselves. Synaptic contact with BDNF-expressing neurons failed to rescue
synaptic phenotypes in MeCP2-negative neurons [8]. The strictly cell-autonomous ability of
BDNF to rescue synaptic defects in this RTT model has potential implications for
dysfunction of circuits mosaic for MeCP2 expression in RTT individuals.

Autocrine BDNF loops have also been discovered in vivo. In the adult mammalian brain,
granule cells are continuously generated in the dentate gyrus and their dendrites join pre-
existing hippocampal circuits. BDNF/TrkB signaling is required for dendritogenesis of these
adult-born neurons [12]. Interestingly, BDNF is proposed to act in an autocrine manner in
this context [13]. To rigorously examine the role of a cell-autonomous BDNF pathway,
genetic mosaic animals were generated by injecting a Cre and GFP-carrying retrovirus into
adult BDNF-floxed mice. Strikingly, BDNF-negative (GFP-positive) neurons had reduced
dendrite length and branching, while neighboring BDNF-positive neurons had normal
dendrites. Furthermore, the dendrite phenotype of individual BDNF mutant neurons was
similar to that observed when BDNF was deleted throughout the forebrain, arguing that
BDNF acts primarily in an autocrine manner. Autocrine BDNF signaling was also
implicated in activity-dependent plasticity. Exercise-mediated improvements in learning and
memory are tied to increased dendrite growth in the hippocampus [3,14,15]. This plasticity
requires BDNF expression specifically in adult-born granule cells [13], suggesting that
autocrine BDNF signaling is responsible. Together, these findings indicate that autocrine
BDNF signaling is necessary for baseline and experience-dependent dendritic growth in
adult-born hippocampal neurons.

BDNF has been long implicated in synaptic plasticity [16—18]. Excitingly, studies have
recently revealed that post-synaptic plasticity and post-synaptic autocrine BDNF signaling
are tightly linked. Dendritic spines are actin-rich, mushroom-shaped structures which serve
as postsynaptic specializations of excitatory synapses in the mammalian brain. In response
to activity, spines can undergo forms of synaptic strengthening, referred to as structural or
functional long-term potentiation (LTP), which are characterized by sustained spine
enlargement and increased glutamate sensitivity, respectively. The relationship between
BDNF and forms of LTP seen in the CA1 region in the adult hippocampus was recently
investigated [19-21]. BDNF/TrkB signaling was found to be selectively required for a
specific type of timing-dependent post-synaptic LTP in hippocampal slices [19]. Strikingly,
BDNF was found to be released from spines themselves. These data indicate a close
relationship between post-synaptic BDNF signaling and this specific form of post-synaptic
LTP, suggesting an autocrine BDNF pathway.

A recent study provides compelling evidence that spine-autonomous BDNF signaling
regulates LTP [20]. Using a TrkB FRET-based sensor, these authors demonstrated that focal
glutamate uncaging simultaneously triggered spine enlargement and rapid, sustained TrkB
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activation in individual spines of CA1 pyramidal neurons (Fig. 2) [20]. Surprisingly, the
source of BDNF was found to be the spine itself; moreover, BDNF release from the
activated spine was activity-dependent and time-locked to glutamate uncaging. These
findings indicate that synaptic activity drives highly focal BDNF release which then triggers
TrkB activation on the same spine. The coincidence of autocrine BDNF signaling and
structural LTP raises the question of whether this BDNF pathway is required for LTP.
Accordingly, the authors addressed the involvement of autocrine BDNF-TrkB signaling by
generating BDNF mosaics. They utilized a Cre-carrying virus to delete BDNF in small
numbers of CA1 neurons in BDNF-floxed mice. In line with an autocrine signal, BDNF was
found to be cell-autonomously required for both structural and functional LTP [20].

How does post-synaptic autocrine BDNF signaling regulate synaptic plasticity? Perhaps not
surprisingly, RhoGTPases are involved [21]. Racl, Cdc42, and RhoA are central regulators
of actin dynamics and play key roles in structural and functional LTP in dendritic spines
[22,23]. The specific role of autocrine BDNF signaling in RhoGTPase activation was again
evaluated by generating mosaic BDNF animals. Using FRET-based sensors to monitor
RhoGTPase activation in BDNF mosaic mice, cell-autonomous BDNF signaling was shown
to be required for Racl and Cdc42 activation in spines, but not for activation of RhoA.
These results indicate unexpected specificity in the downstream RhoGTPases activated by
autocrine BDNF signaling and link this autocrine mechanism to core components of the
molecular machinery underlying synaptic plasticity.

Collectively, these studies demonstrate an intimate relationship between autocrine BDNF
signaling and synaptic strengthening in the brain [20,21,24]. Activity-dependent, spine-
autonomous BDNF-TrkB signaling is coincident with LTP in CA1 neurons, and moreover, is
required for its expression via regulation of Racl and Cdc42. Given the unexpected
importance of post-synaptic autocrine BDNF signaling for structural and functional LTP,
these studies raise questions of the function of the well-established presynaptic BDNF pool
[25], as well as the mechanisms by which pre- and post-synaptic BDNF signaling may be
integrated.

Retrograde cues pass the baton to autocrine loops

Pioneering studies of target-derived neurotrophin signaling by Viktor Hamburger and Rita
Levi-Montalcini in the 1950s established a powerful paradigm for understanding functions
of secreted cues in the nervous system [26]. Their studies of Nerve Growth Factor (NGF)
demonstrated that it is produced in limiting amounts by target tissues and orchestrates the
survival, growth, and branching of innervating neurons. Unexpectedly, recent studies
indicate that NGF directs sympathetic axon branching by partnering with two downstream
autocrine pathways: Wntba and CD40/CD40L [27-29].

NGF signaling has been found to regulate autocrine Wnt5a signaling in sympathetic
neurons. The Wnt family member Wnt5a is expressed in sympathetic neurons as axons
innervate their targets, and robust Wnt5a expression requires target-derived NGF [27].
Demonstrating a specific role for Wnt5a in sympathetic innervation, loss of Wnt5a in
sympathetic neurons results in decreased branching of axons at their targets (Fig. 3A),
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without accompanying defects in neuronal specification or differentiation [28]. Interestingly,
this innervation defect is qualitatively similar to that observed in NGF, Bax double mutant
mice [30]. The finding that Wnt5a is required cell-autonomously for sympathetic neuron
branching argues for autocrine signaling. Arguing that this autocrine pathway is active at
terminals, the non-canonical Wnt receptors Ror1/2 are required locally in sympathetic axons
to mediate Wnt5a function [28,31]. These studies argue that an initial target-derived NGF
signal triggers feed-forward Wnt5a autocrine signaling, which serves to amplify the initial
retrograde cue. Together, these studies indicate that target-derived NGF signaling is at the
top of a signaling hierarchy enabling precise control of sympathetic innervation.
Transferring an early target-derived signal to cell-autonomous cues may provide strong,
sustained activation of downstream pathways essential to growth and branching.

Notably, sympathetic axon branching is not the only process controlled by autocrine Wnt5a
signaling. A cell-autonomous Wnt5a pathway has also been implicated in regulating
dendrite arbors [32]. Loss of Wnt5a did not lead to differences in initial dendrite
arborization of CA1 pyramidal neurons. However, it did result in reduced dendrite
arborization in older animals. In fact, dendrite length and branching declined progressively
with age, indicating that Wnt5a is required for dendritic arbor maintenance [32]. To test
definitively whether Wnt5a is required cell-autonomously, these authors generated mosaic
animals by viral delivery of Cre into Wnt5a-floxed animals. Eliminating Wnt5a in isolated
neurons results in small dendritic arbors despite the presence of Wnt-expressing neighbors,
arguing that it signals cell-autonomously to control maintenance of dendritic arbors. It will
be interesting to determine how Whnt5a signaling is initiated in CA1 neurons. The finding
that it is selectively required for dendritic arbor maintenance suggests that it might be
activated in response to an early transient cue regulating initial arborization.

The role of an autocrine signaling loop consisting of CD40L, a tumor necrosis factor (TNF)
family member, and CD40, TNF receptor family member, was also uncovered in
sympathetic neurons [29]. Both CD40 and CD40L are expressed in sympathetic neurons as
their axons arborize on target tissues. Suggesting a functional requirement in branching,
inhibition of CD40/CD40L activity decreased size and complexity of axonal arbors of
sympathetic neurons in culture. The requirement for both receptor and ligand in sympathetic
neurons argues for an autocrine pathway. How is this pathway coordinated with retrograde
NGF signaling? Two experiments shed light on this question. First, expression of CD40 and
CD40L is inhibited by NGF. Second, CD40 and CD40L are selectively required for terminal
arborization only on low NGF-expressing, but not high NGF-expressing, tissues (Fig. 3B).
Together, these findings support the model that autocrine CD40/CD40L signaling promotes
branching where NGF signaling alone would be insufficient.

Another instructive example of how early retrograde cues can be translated to autocrine
signaling loops comes from an analysis of synapse development. Fibroblast growth factor 22
(FGF22) is a target-derived cue in the mouse hippocampus where it is released from CA3
pyramidal cells and promotes presynaptic organization in dentate granule cells (DGCs)
[33,34]. How does retrograde FGF signaling direct synapse development? Insulin-like
growth factor 2 (IGF2) was identified in a screen for genes whose expression in DGCs
required FGF22 signaling [35], suggesting an IGF signal might be downstream. Genetic
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studies revealed that while IGF2 is dispensable for initial presynaptic assembly; it is
essential for presynaptic stabilization /n vitroand in vivo (Fig. 3C), consistent with the idea
that IGF2 is downstream of FGF22. Interestingly both IGF22 and IGF receptors localize to
presynaptic terminals of DGCs, which argues for a presynaptic and autocrine IGF pathway.
Moreover, synaptic activity is required for the presynaptic localization and synaptic
stabilizing functions of IGF2, in line with key roles for activity in synaptic strengthening and
stabilization [35]. Together, these findings argue that a retrograde FGF pathway regulates
synapse assembly and activates a presynaptic IGF loop, which then stabilizes presynaptic
terminals. This study illustrates how a hand-off between a retrograde and autocrine pathway
couples upstream target-dependent signals to downstream activity-dependent cues required
for ongoing synaptic maintenance.

Lastly, paracrine signaling also activates an autocrine Wnt pathway in the injured CNS [36].
Axon regrowth following injury is very limited, in part due to inhibitory cues in the CNS
environment [37]. Surprisingly, fibroblast-derived exosomes strongly stimulate axonal
growth on inhibitory CNS substrates. Exosome treatment was found to promote axon
outgrowth by relocating Wnt10b to lipid rafts and stimulating autocrine Wnt signaling and
mTOR activation in cultured cortical neurons [36]. Arguing that this pathway is active /n
vivo, applying fibroblast-derived exosomes after an optic nerve injury stimulates robust axon
regeneration, which is mediated by Wnt10b. This study demonstrates that an autocrine
Whnt10b pathway, which is initially mobilized by a paracrine signal, drives intrinsic pro-
growth signaling in the injured CNS. Taken together, these studies suggest a general
principle whereby neurons translate weak or transient paracrine signals to autocrine signals
to strengthen or sustain the initial cue.

Drosophila step up to the plate to elucidate autocrine signaling
mechanisms

As seen thus far, convincing evidence for autocrine directionality of signaling pathways
often necessitates genetic approaches to selectively remove gene function in restricted
numbers of neurons at defined time points. Such conditional approaches have long been part
of the standard genetic toolkit in Drosophila, and facilitate rapid cell-type specific dissection
of neuronal signaling pathways. Here we focus on the BMP pathway, which has been
recently found to act in an autocrine manner both at the glutamatergic neuromuscular
junction (NMJ) and in primary nociceptive neurons.

BMP family members regulate diverse neuronal processes including axon guidance and
regeneration in addition to synapse development and function [38-40]. The function of BMP
signaling at synapses has been intensively studied at the Drosophila NMJ, where Glass
bottom boat (Gbb), a BMP 5-8 homolog, governs NMJ structure and function [41]. Loss of
Gbb results in very small NMJs as well as aberrant synapse ultrastructure and markedly
reduced neurotransmitter release. Demonstrating that the motoneuron is the signal-receiving
cell, selective loss of downstream BMP signaling components, including the R-Smad Mad,
in the presynaptic motoneuron mimics gbb null mutants [42].
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Where is Gbb released? Importantly, Gbb is released from both pre- and post-synaptic cells,
and unexpectedly, these ligand pools are distinct. Rescue experiments indicate that while
pre-synaptic Gbb promotes neurotransmitter release, post-synaptic Gbb promotes NMJ
growth. Specifically, post-synaptic (muscle-derived) Gbb rescues bouton number in gbb
mutants. Yet it does not rescue baseline neurotransmitter release, which is only restored
when gbb is reintroduced in the neurons themselves [41,43]. These findings demonstrate that
the growth and transmission pools are spatially distinct. Interestingly, they are also
temporally separable. While an early, transient pulse of BMP signaling is sufficient for NMJ
growth, sustained BMP signaling is required for proper glutamate release [42]. Collectively,
these findings argue that an early retrograde signal promotes NMJ growth and ongoing
autocrine BMP signaling is required for normal baseline neurotransmitter release (Fig. 4).
The temporal relationship between an early retrograde cue and a sustained autocrine signal
is reminiscent of studies on mammalian systems (Fig. 2). It will be important to establish
whether retrograde pro-growth signaling contributes to the activation of autocrine pro-
transmission signaling at the NMJ.

While retrograde BMP signaling has been intensively studied, the pre-synaptic ligand pool is
less well described. Insight into trafficking and release of pre-synaptic BMP came from
analysis of Crimpy, a cargo receptor for Gbb in motoneurons [44,45]. Crimpy is a
transmembrane protein that binds Gbb and delivers it to dense core vesicles (DCVs) for
activity-dependent release from presynaptic terminals. Consistent with Crimpy-mediated
Gbb localization to DCVs, Gbb release from presynaptic terminals depends on both synaptic
activity and Crimpy [45]. Supporting a role for autocrine BMP signaling in neurotransmitter
release, selective loss of the presynaptic ligand disrupts Ca2* channel localization and
synaptic vesicle clustering (Hoover and Broihier, unpublished). DCV exocytosis is known to
require sustained Ca2* increase in presynaptic terminals and occurs in response to prolonged
activity [46]. Thus, Gbb release from DCVs represents an appealing mechanism to
strengthen or reinforce highly active terminals.

These findings are consistent with studies reporting both DCV localization and activity-
dependent release of other TGF@ family members [47,48]. Excitingly, they are also in line
with recent studies demonstrating that temporal dynamics of BMP/TGFp activation are
critical for signaling. Specifically, pulsed release of BMP/TGF is essential for high levels
of signal transduction in multiple settings [49,50]. It will be critical to investigate if the
timing of presynaptic BMP release is required to organize presynaptic terminals.

Functions for autocrine BMP signaling in Drosophila likely extend beyond the NMJ and
include sensory neuron plasticity [51]. BMP signaling in primary nociceptive neurons is
necessary for thermal allodynia, or increased sensitivity to an innocuous stimulus following
UV-induced injury [52]. Notably, while loss of BMP signaling impairs nociceptive
sensitization, BMP overexpression in nociceptors is sufficient to induce sensitization in
uninjured animals, demonstrating that BMP is critical for this form of synaptic plasticity.
Because both the BMP ligand and receptors are required in primary nociceptors, which have
non-overlapping territories on the body wall, BMP signaling is proposed to function in an
autocrine manner [51]. It will be interesting to determine if this pathway is required for
changes in synaptic strength between the nociceptive neurons and the first-order neurons in
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the nociceptive circuit [53]. Together, these studies argue that autocrine BMP signaling
regulates synaptic development and plasticity in motor and sensory neurons in Drosophila.
Interestingly, an autocrine TGF pathway has been recently reported to control axon and
dendrite growth in midbrain dopaminergic neurons [54], indicating that autocrine
mechanisms of BMP/TGFp superfamily pathways are evolutionarily conserved.

Conclusions

Defining signal-sending and signal-receiving cells has been complicated by the widespread
expression profiles of conserved signaling cues as well as the pleiotropic nature of their loss-
of-function phenotypes. Advances in analyzing growth factor localization and release as
well as techniques for genetic mosaic analysis have recently enabled the dissection of
signaling pathway requirements /in vivo. While cell non-autonomous paracrine signaling is
no doubt pervasive, emerging evidence indicates that cell-autonomous autocrine signaling
also serves widespread neuronal functions. Specifically, autocrine systems regulate axon and
dendrite development and maintenance as well as synapse structure, function, and plasticity.
In general, it appears that autocrine signaling loops are prevalent at synapses where activity-
dependent autocrine signaling may permit highly focal, rapid signaling in response to Ca2*
influx. In addition, bursts of paracrine signaling may frequently activate sustained autocrine
signaling loops in order to strengthen or maintain the initial intercellular cue. As additional
autocrine signals are identified, it will be interesting to determine if they lend further support
to these ideas and whether novel themes emerge.
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Highlights
Activity-dependent autocrine signals play critical roles in synaptic plasticity
Transient retrograde signals can activate sustained autocrine signals

Drosophila is an ideal model system to investigate mechanisms of autocrine
signaling
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Beyond retrograde: autocrine signals provide

feed-forward signal amplification
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Beyond retrograde: autocrine signals provide feed-forward signal amplification. (A) Target-
derived retrograde cues were initially described as essential for neuronal survival,
morphology, and function. (B) Recent technological and experimental advances have built

upon our understanding of retrograde signaling and have elucidated the hand-off of a
transient retrograde cue that initiates downstream autocrine pathways to maintain and

amplify signaling critical for neuronal morphology and function.
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Simultaneous actions of glutamate and spine-autonomous,

autocrine BDNF signaling are required for plasticity
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Figure 2.
Simultaneous actions of glutamate and spine-autonomous, autocrine BDNF signaling are

required for plasticity. To visualize rapid, autocrine BDNF signaling at CA1 synapses, a
TrkB fluorescence resonance energy transfer (FRET)-based sensor was coupled with
glutamate uncaging and two photon imaging. Glutamate uncaging revealed time-locked
BDNF release from individual spines and subsequent postsynaptic TrkB activation on the
same spine. BDNF release is also dependent upon NMDAR and CaMKI| activation. This
rapid, autocrine BDNF signaling mechanism is required for both structural and functional
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plasticity.
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Coordinating autocrine and paracrine signals in neurons
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Figure 3.
Coordinating autocrine and paracrine signals in neurons. (A) NGF promotes Wnt5a

expression in sympathetic neurons. An autocrine Wnt5a-Ror signal is critical to promote
axon branching. When Wnt5a is knocked out specifically in sympathetic neurons, there are
significant innervation defects at embryonic day 16.5. (B) NGF represses CD40/CD40L
expression in sympathetic neurons. Thus, the CD40/CD40L autocrine signaling loop only
functions to drive growth and branching in sympathetic neurons where NGF levels are low.
In CD407~ mice at postnatal day 3, low NGF expressing targets are poorly innervated in the
absence of CD40/CD40L autocrine signaling. (C) FGF22 is secreted from CA3 dendrites
and promotes assembly of the presynaptic DGC terminal. Retrograde transport of FGF22
induces expression of IGF2. Presynaptic localization of IGF2 is necessary for presynaptic
stabilization, and IGF2 transport is regulated by activity. Autocrine IGF2 is required to
reinforce and stabilize nascent CA3-DGC synapses.
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Retrograde BMP signaling promotes NMJ growth and

autocrine BMP signaling facilitates neurotransmission
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Figure 4.
Retrograde BMP signaling promotes NMJ growth and activity-dependent autocrine BMP

signaling facilitates neurotransmission in Drosophila. The BMP ligand Ghb is expressed in
both the presynaptic motoneuron and postsynaptic muscle. Genetic manipulations of Gbb
expression demonstrate that presynaptic Gbb facilitates neural transmission while
postsynaptic Gbb regulates NMJ size. Hence, there are two separable pools of Gbb. Crimpy,
a single-pass transmembrane protein, physically interacts with neuronal Gbb and traffics
delivers it to DCVs for activity-dependent release.
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