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A B S T R A C T   

The exocyst protein complex is important for targeted vesicle fusion in a variety of cell types, however, its 
function in neurons is still not entirely known. We found that presynaptic knockdown (KD) of the exocyst 
component sec15 by transgenic RNAi expression caused a number of unexpected morphological and physio
logical defects in the synapse. These include the development of active zones (AZ) devoid of essential presynaptic 
proteins, an increase in the branching of the presynaptic arbor, the appearance of satellite boutons, and a 
decrease in the amplitude of stimulated postsynaptic currents as well as a decrease in the frequency of spon
taneous synaptic vesicle release. We also found the release of extracellular vesicles from the presynaptic neuron 
was greatly diminished in the Sec15 KDs. These effects were mimicked by presynaptic knockdown of Rab11, a 
protein known to interact with the exocyst. sec15 RNAi expression caused an increase in phosphorylated Mothers 
against decapentaplegic (pMad) in the presynaptic terminal, an indication of enhanced bone morphogenic 
protein (BMP) signaling. Some morphological phenotypes caused by Sec15 knockdown were reduced by 
attenuation of BMP signaling through knockdown of wishful thinking (Wit), while other phenotypes were unaf
fected. Individual knockdown of multiple proteins of the exocyst complex also displayed a morphological 
phenotype similar to Sec15 KD. We conclude that Sec15, functioning as part of the exocyst complex, is critically 
important for proper formation and function of neuronal synapses. We propose a model in which Sec15 is 
involved in the trafficking of vesicles from the recycling endosome to the cell membrane as well as possibly 
trafficking extracellular vesicles for presynaptic release and these processes are necessary for the correct struc
ture and function of the synapse.   

1. Introduction 

Axon terminals are highly specialized cellular regions where targeted 
vesicle fusion is vital for a variety of critical synaptic functions, 
including directional growth of the axon, formation of synaptic sites, 
and synaptic signaling. Determining the mechanisms that control the 
correct trafficking and fusion of a diverse population of vesicles remains 
critical for understanding the development, maintenance, and plasticity 
of the synapse as well as how these mechanisms may be altered in 
certain pathologies. 

Sec15 is a protein originally identified as critical for vesicle exocy
tosis in yeast (Novick, 2014). Further characterization revealed it to be a 
member of a large protein complex called the exocyst that contains the 

proteins Sec3, Sec5, Sec6, Sec8, Sec10, Sec15, Exo70, and Exo84 (Ter
Bush et al., 1996). Whereas the exocyst is universally required for 
exocytosis in yeast, it is not essential for general vesicle fusion in 
multicellular organisms where its role is more variable. In neurons, the 
function of the exocyst is of special interest as there are many different 
types of exocytosis that occur, each having unique requirements in their 
spatial and temporal release mechanisms. Previous studies have found 
that the exocyst is required for neuronal elongation (Vega and Hsu, 
2001; Murthy et al., 2003), neuronal target specificity (Mehta et al., 
2005), localization of adhesion molecules (Mehta et al., 2005), and 
possibly synapse localization (Hazuka et al., 1999). However, in all but 
one case studied to date there was no involvement of the exocyst in 
synaptic transmission (Andrews et al., 2002; Murthy et al., 2003; Liebl 
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et al., 2005; Mehta et al., 2005; Dupraz et al., 2009). The lone exception 
was a study looking at the exocyst protein Exo70, a study that indicated 
that loss of this protein did cause limited synaptic transmission defects 
(Koon et al., 2018). 

The exocyst is thought to derive some of its specificity from its 
interaction with specific vesicle proteins. In yeast, the exocyst subunit 
Sec15 binds to the Rab homolog Sec4 (Salminen and Novick, 1989; Guo 
et al., 1999; Boyd, 2004). Rabs are small GTPase proteins that attach to 
the surface of vesicles to aid in their proper intracellular trafficking (Cai 
et al., 2007). Sec4 is present on secretory vesicles and this interaction 
likely connects the vesicle to the exocyst complex (Guo et al., 1999). In 
multicellular organisms, Sec15 can bind to Rab11, a rab that associates 
with vesicles emanating from the recycling endosome (Zhang et al., 
2004; Wu et al., 2005) as well as Rab3, a rab that associates with syn
aptic vesicles (Wu et al., 2005). A Rab11/Sec15 association has been 
shown to be critical for exocytosis of vesicles that transport recycled 
proteins to the cell surface in HeLa cells and epithelial cells (Langevin 
et al., 2005; Takahashi et al., 2012). 

Here we have isolated sec15 in a screen for genes that can alter the 
localization of presynaptic AZ proteins. We found that reduction of 
Sec15 led to defects of both the structure and function of the synapse. 
Tissue specific loss of Sec15 in the presynaptic motor neuron causes a 
decrease in the number of AZs containing the essential presynaptic 
protein Bruchpilot (BRP). In addition, knockdown of Sec15 causes de
fects in evoked and spontaneous postsynaptic currents and inappro
priate budding/branching of the synaptic terminal. Consistent with a 
Sec15 interaction with Rab11, a presynaptic knockdown of Rab11 
mimicked the phenotype seen in the UAS-sec15 RNAi lines. We also 
found that knockdown of Sec15 disrupted the release of extracellular 
vesicles from the presynaptic neuron, a process previously known to be 
dependent on Rab11 (Korkut et al., 2013). Additionally, Sec15 KD also 
enhanced BMP signaling, suggesting phenotypic effects could be a result 
of activation of this signaling pathway. We found, however, that 
blocking the enhancement of BMP signaling by knockdown of the BMP 
receptor Wit did not eliminate the morphologic or synaptic transmission 
phenotypes seen in Sec15 RNAi knockdowns, suggesting the phenotypes 
seen after Sec15 knockdown were the result of a combination of direct 
and indirect effects. In addition, we found that RNAi knockdown of sec3, 
sec5, sec6, sec8, sec10 and exo84 also led to morphological defects 
similar to sec15, suggesting involvement of the entire exocyst complex. 
Taken together, our data indicate that Sec15, and likely the entire 
exocyst, plays an important role in regulating the growth and insuring 
proper function of neuronal synapses. 

2. Materials and methods 

2.1. Fly stocks 

Flies were maintained at 25 ◦C on standard fly food. Wild-type 
control animals were Canton S (CS) outcrossed to elav-Gal4 (Yao and 
White, 1994) and UAS-DCR2 (Dietzl et al., 2007). The following mutant 
strains were obtained from the Bloomington Stock Center: wit A12, wit B11 

(Marqués et al., 2002), and endoAEy02730 (Bellen, 2004). rab3rup (Graf 
et al., 2009) was also used in this study. The following UAS-RNAi lines 
were obtained from the Bloomington Stock Center: sec15 TRiP.JF02649 
(27499), sec5 TRiP.GLC01676 (50556), sec6 TRiP.JF02623 (27314), 
exo84TRiP.JF03139 (28712), rab11 TRiP.JF02812 (27730), wishful 
thinking TRiP.JF01969 (25949), sec10 TRiP.JF02633 (27483), saxo
phone TRiP.JF03431 (36131). The following UAS-RNAi lines were ob
tained from the Vienna Drosophila Resource Center (VDRC): rab3 KK 
108633 (100787), sec15 KK 101708 (105126), sec15 GD 12109 (35161), 
sec3 GD 10687 (35806) sec8 KK 101531 (105653). RNAi resistant sec15 
was synthesized by VectorBuilder (Chicago, IL). The codon optimized 
sequence was cloned into the pUAStB vector and injected into flies using 
phiC31 integrase at the attP2 locus. 

2.2. Electrophysiology 

Experiments were performed on wandering third instar Drosophila 
larvae reared at 25C. Larvae were dissected in ice-cold low calcium HL-3 
media and the segmental nerves were cut. The HL-3 media was then 
replaced with room temperature modified HL-3 with the following 
composition (in mM): 70 NaCl, 5 KCl, 10 MgCl2, 10 NaH2CO3, 5 
Trehalose, 115 Sucrose, 0.7 CaCl2. Electrodes filled with 3 M KCl with 
resistances between 10 and 20 MΩ were used to impale muscle 6 of 
either segment A3 or A4 of the filleted larvae. Using an Axon In
struments Axoclamp 2B amplifier, the muscle was then voltage clamped 
with a holding potential of −70 mV and spontaneous currents were 
recorded. The segmental nerve was drawn in to a suction electrode and a 
3 ms stimulus was given at a level sufficient to fully activate synaptic 
currents at the NMJ. The resulting evoked synaptic currents were ac
quired using an ITC-18 (HEKA Electronics) digitizer and recorded using 
Patchmaster (HEKA Electronics) software. Cells requiring 1 nA or more 
holding current were discarded. Spontaneous events were recorded for 
1 min and the average amplitude and frequency of the spontaneous 
events was quantified using Mini Analysis Software (Synaptosoft Inc.). 
For stimulated EJCs, AgCl2 wire in a glass suction electrode was used to 
stimulate the cut end of the segmental nerve for 1 ms at 1.5× the 
threshold voltage. A Master 8 (A.M.P.I.) stimulator and Isoflex stimu
lation isolation unit (A.M.P.I.) were used to control the duration and 
amplitude of the stimulation. The elicited currents from 10 successive 
stimulations at 0.5 hz were averaged offline using custom programs 
written by Josef Trapani (Amherst College) in Igor Pro software 
(WaveMetrics Inc.). For stimulus trains, the nerve was stimulated with 5 
suprathreshold pulses at 20 Hz with 5 s rest intervals between trains. 5 
consecutive trains were averaged and the amplitudes of the 1st and 5th 
pulse were used to calculate the facilitation ratio. 

2.3. Immunohistochemistry 

Third-instar larvae were dissected in PBS and fixed in 4 % para
formaldehyde fixative for 20 min. Larvae were washed with PBS con
taining 0.1 % Triton X-100 (PBT) and blocked in 5 % NGS in PBT for 30 
min, followed by overnight incubation in primary antibodies in 5 % NGS 
in PBT, three washes in PBT, incubation in secondary antibodies in 5 % 
NGS in PBT for 45 min, three final washes in PBT, and equilibration in 
70 % glycerol in PBS. Samples were mounted in VectaShield (Vector, 
Burlingame, CA). The following primary antibodies were used: mouse 
α-BRP, 1:250 (Developmental Studies Hybridoma Bank); rabbit 
α-DGluRIII, 1:2500 (Marrus, 2004); rabbit α-phosphorylated MAD, 
1:500 (gift of P. ten Dijke, Leiden University, Leiden, The Netherlands 
(Persson et al., 1998), mouse α-neuroglian 1:200 (Developmental 
Studies Hybridoma Bank), mouse α-sec15 (gift of Hugo Bellen),rabbit 
α-GFP, 1:1000 (NOVUS Biologicals), mouse α-β-tubulin (1:1000; E7, 
Developmental Studies Hybridoma Bank). Cy3-conjugated goat anti
bodies against mouse, Alexa −488-conjugated goat antibodies against 
rabbit, and Cy5-conjugated goat α-HRP were used at 1:1000 and were 
obtained from Jackson ImmunoResearch. Antibodies obtained from the 
Developmental Studies Hybridoma Bank were developed under the 
auspices of the National Institute of Child Health and Human Develop
ment and maintained by the Department of Biological Sciences of the 
University of Iowa, Iowa City, IA. 

2.4. Imaging and analysis 

Samples were imaged using a Nikon (Tokyo, Japan) C2 confocal 
microscope or a Zeiss laser Scanning Microscope 980(Carl Zeiss Micro
scopy) with an Airyscan 2 (GaAsP-PMT) detector. 

All genotypes for an individual experiment were imaged at the same 
gain and set such that signals from the brightest genotype for a given 
experiment were not saturating. Only type 1b NMJs on muscle 4 were 
analyzed. 
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Confocal images were analyzed using MetaMorph (Molecular De
vices, Sunnyvale, CA) and FIJI (Schindelin et al., 2012) software. Air
yscan images were processed using the Airyscan processing, utilizing in 
all cases Zen Blue Software (Carl Zeiss Microscopy). 

Statistical analysis was performed using 1-way ANOVA for compar
ison of multiple samples within an experimental group with a Tukey’s 
post -hoc test for comparison of individual values. For comparisons in 
experiments with only two groups, the Student’s t-test was utilized. All 
statistical data is included in a supplemental table (Supplemental 
Table 1). All bar graphs and measurements are shown as mean ± SEM. 
To determine the percentage of GluR clusters apposed by BRP, BRP and 
DGluRIII puncta were manually counted, and DGluRIII clusters that 
were not opposite to a detectable BRP punctum were counted as unap
posed DGluRIII clusters. MetaMorph and/or FIJI software was used for 
the quantification of average intensity. FIJI was used for BRP puncta 
area in Airyscan images. For measurements of antibody intensity per 
NMJ area, the area of the NMJ was first defined by HRP signal. The 
average intensity of antibody signal within each defined NMJ was then 
calculated, and the average muscle background intensity was sub
tracted. Satellite boutons were quantified by counting any single bouton 
emanating from the main chain. Two or more consecutive boutons 
emanating from the main chain were counted as a branch. For the 
extracellular vesicle analysis we created an ROI that outlines the HRP- 
marked neuronal membrane in Image-J. We then enlarged the ROI by 
1.5 μm, termed hereafter as ROI + 1.5. We analyzed the integrated 
density (ID) and area of both ROIs. We quantified extracellular vesicle 
release as: ID(ROI + 1.5) − ID(ROI). Accounting for area: [ID(ROI +

1.5) − ID(ROI)] / [area(ROI + 1.5) − area(ROI)]. 

2.5. Western blots 

Third-instar larval brains were homogenized in 1× Laemmli sample 
buffer (10 μL 4× Biorad Laemmli sample buffer (formulation: 65.8 mM 
Tris-HCl, pH 6.8, 2.1 % SDS, 26.3 % (w/v) glycerol, 0.01 % bromophenol 
blue), 4.5 μL 2-mercaptoethanol, and 25.5 μL Biology Grade Water), and 
samples were run on 10 % Mini-PROTEAN Protein Gels at 200 V for 35 
min at RT. Gels were transferred to nitrocellulose membranes using 
transfer buffer at 100 V for 60 min at 4 ◦C. The primary antibodies 
utilized were guinea pig α-sec15 (1:1000) (gift of Hugo Bellen) and 
mouse α-β-tubulin (1:1000; E7, Developmental Studies Hybridoma 
Bank). For secondary antibodies, 680RD goat anti-mouse (1:20,000) and 
800CW donkey anti-guinea pig (1:20,000) (LI-COR Biosciences) were 
utilized. The mean intensity of each beta-tubulin band (~55 kDa) was 
quantified as our loading control, as well as each band of sec15 (~95 
kDa) through the LI-COR CLx Odyssey Infrared Imaging System. The 
mean intensity of each sec15 band was then normalized to the intensity 
of the beta-tubulin band of its respective lane. Finally, the results were 
then expressed as a percentage of the maximal response. 

2.6. Experimental design and statistical analysis 

All statistical analysis was performed using Prism software (Graph
Pad Software, San Diego, CA). Data were reported as mean ± SEM. For 
comparisons of two samples the unpaired Student’s t-test was used to 
determine statistical significance. For experiments with 3 or more 
groups we used 1-way ANOVA with Tukey’s post-hoc test to determine 
significance of specific groups. In all cases the significance was reported 
as either non-significant (ns) or significant at <0.05, <0.01, or <0.001 
level. In all figures * denotes significant difference at the p < 0.05, ** p 
< 0.01, or*** p < 0.001 level. A supplemental table has been included 
showing the statistics for each experiment including the n and p values 
for each comparison. (Supp. Table 1). 

3. Results 

3.1. Sec15 RNAi enhances Rab3 mutant phenotype 

The Drosophila larval NMJ is composed of a motor neuron that 
contacts a muscle during development. As development proceeds the 
muscle enlarges and, in order to maintain the ability to excite the 
growing muscle, the presynaptic neuron contacting the muscle enlarges 
as well. The expansion of the NMJ during development occurs by the 
sequential addition of boutons, forming a string of boutons with an 
occasional branchpoint (Zito et al., 1999). Within each bouton are 
multiple AZs, sites of synaptic vesicle release, where presynaptic pro
teins required for efficient vesicle release aggregate opposite post
synaptic glutamate receptors clustered in the muscle membrane. 

Previous studies have identified a synaptic vesicle protein, called 
Rab3, as essential in the correct expression of some presynaptic proteins 
in the presynaptic active zone (Graf et al., 2009). In wild type NMJs, the 
presynaptic protein BRP is localized at nearly all AZs. However in the 
rab3 mutant as well as rab3 RNAi knockdowns, BRP aggregates in 
enlarged clusters at only a fraction of AZs, leaving the majority devoid of 
essential presynaptic proteins (Graf et al., 2009, 2012). The mechanism 
by which Rab3 aids in localizing synaptic proteins is currently unknown. 
Towards the goal of understanding Rab3’s function, we sought to 
identify genes that may aid Rab3 in the development of AZs. To do this 
we performed a forward genetic screen in a rab3 RNAi knockdown 
background previously shown to cause a synaptic apposition phenotype 
characterized by the loss of BRP puncta in a subset of active zones (Graf 
et al., 2009, 2012). The use of the rab3 RNAi line enhanced the likeli
hood of identifying genes genetically interacting with rab3 as the rab3 
RNAi knockdown acted as a hypomorph compared to the rab3 null 
mutant. Thus, we could identify genes that may act in the same mo
lecular pathway by identifying genes capable of enhancing the apposi
tion phenotype of the Rab3 RNAi hypomorph to match the Rab3 
apposition phenotype seen in the Rab3 null mutant. We screened an 
RNAi library to identify genes that could enhance the rab3 RNAi 
knockdown phenotype. Using the mislocalization of presynaptic BRP 
produced by expression of a UAS-RNAi transgene against rab3 as a 
sensitized background, we screened over 1000 genes for the ability to 
modify this phenotype. 

Individual fly lines containing a selection of UAS-RNAi transgenes 
were crossed to a fly line containing UAS-rab3 RNAi, UAS-dicer2 (DCR2) 
and the neuronal elav-Gal4 driver to produce progeny wherein both rab3 
and a second gene are knocked down. With this method, we isolated 
several candidate genes that enhanced the severity of the apposition 
phenotype produced by UAS-Rab3 RNAi expression. One such gene 
isolated was a gene encoding a protein called Sec15. Driving UAS-sec15 
RNAi in neurons concurrently with UAS-rab3 RNAi caused a significant 
decrease in the percentage of glutamate receptor clusters apposed by 
BRP-positive presynaptic AZs as compared to the expression of UAS-rab3 
RNAi alone (Fig. 1A, C). As RNAi can have off target effects (Echeverri 
et al., 2006; Sigoillot and King, 2011), we tested other RNAi lines that 
target other regions of the sec15 gene. We found two additional RNAi 
lines that also caused a similar decrease in the percentage of glutamate 
receptor clusters apposed to BRP, suggesting the phenotype resulted 
specifically from the knockdown of Sec15. 

sec15 codes for a protein that exists as part of a multi-protein exocyst 
complex that aids in targeted vesicle exocytosis (Hsu et al., 2004; Wu 
and Guo, 2015). Prior in vitro biochemical evidence suggested that 
Sec15 can bind to Rab3 (Wu et al., 2005). This finding in conjunction 
with our observed enhancement of the rab3 AZ phenotype by concurrent 
knockdown of Sec15 led us to hypothesize that Sec15 may act as a Rab3 
effector to control AZ development. This hypothesis predicts that indi
vidual knockdown of Sec15 should result in an apposition phenotype 
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that is similar to Rab3 knockdown. Driving the UAS-sec15 RNAi trans
gene in a wild-type background resulted in an apposition phenotype 
where approximately 20–30 % of postsynaptic GluR clusters were not 
apposed to a BRP punctum (Fig. 1B, D), indicating that loss of Sec15 
plays a role in BRP localization by itself and not just in conjunction with 

the loss of Rab3. This effect was not Gal4 driver specific, as similar re
sults were obtained using the elav (Fig. 1B, D) and vGlut (OK371) 
drivers (Fig. S1). The sec15 phenotype seen was not similar to the Rab3 
phenotype as, although there was mis-apposition, the remaining BRP 
puncta were not enlarged as is seen on Rab3 KDS and mutants (Fig. 1A, 

Fig. 1. Sec15 enhances the rab3 active zone apposition phenotype. A) Confocal images of representative type 1b synaptic boutons of muscle 4 NMJs from larvae 
expressing a rab3 RNAi transgene alone (UAS-DCR2, elav-Gal4/+; UAS-Rab3 RNAi/+) or in combination with one of three different sec15 RNAi transgenes: +sec15 
RNAi105126 (UAS-DCR2, elav-Gal4/UAS-sec15 RNAi105126; UAS-Rab3 RNAi/+), +sec15 RNAi35161 (UAS-DCR2, elav-Gal4/+; UAS-Rab3 RNAi/UAS-sec15 RNAi35161), 
and +sec15 RNAi27499 (UAS-DCR2, elav-Gal4/+; UAS-Rab3 RNAi/UAS-sec15 RNAi27499). The upper images are labeled with α-BRP (red) and α-GluRIII (green), while 
the lower images show the α-BRP (red) signal only. Scale bar is equal to 2 μm B) Confocal images of the muscle 4 NMJs labeled with α-BRP (red), and α-GluRIII 
(green) from wild type larvae (elav-Gal4, UAS-DCR2/+) or larvae expressing one of three UAS-sec15 RNAi transgenes: sec15 RNAi105126 (elav-Gal4, UAS-DCR2/UAS- 
sec15 RNAi105126), sec15 RNAi35161 (elav-Gal4, UAS-DCR2/+; UAS-sec15 RNAi35161/+), and sec15 RNAi27499 (elav-Gal4, UAS-DCR2/+; UAS-sec15 RNAi27499/+). Scale 
bar is equal to 2 μm C) Bar graphs illustrating % of GluRIII clusters apposed by a BRP punctum from the genotypes listed in (A). ***denotes significant difference at 
the p < 0.001 level using 1-way ANOVA with Tukey’s post-hoc test. D) Bar graph of %GluRIII clusters apposed by a BRP punctum from the genotypes listed in (B). **, 
*** denotes significant difference at the p < 0.01 or p < 0.001 level respectively using 1-way ANOVA with Tukey’s post-hoc test. E) Confocal images of synaptic 
boutons of muscle 4 NMJs labeled with α-BRP (red), and α-GluRIII (green) from the rab3 null mutant rab3rup (rab3rup/rab3rup) or in combination with a sec15 
RNAi105126 transgene, +sec15 RNAi105126 (UAS-DCR2, elav-Gal4/UAS-sec15 RNAi105126; rab3rup/rab3rup). Scale bar is equal to 2 μm F) Bar graph illustrating % GluRIII 
receptor clusters apposed by BRP punctum for the genotypes listed in (E). 
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B), suggesting Rab3 and Sec15 act via independent mechanisms. 
To further investigate whether Sec15 acts in the same mechanistic 

pathway as Rab3 or in a separate pathway, we next asked whether the 
effects of sec15 knockdown could be occluded by complete loss of Rab3. 
The concurrent sec15, rab3 RNAi knockdown results in an AZ phenotype 
similar in magnitude to the rab3rup null mutant. As stated previously, 
knockdown of Rab3 by UAS-rab3 RNAi results in a weaker hypomorphic 
phenotype as compared to the null rab3rup mutant (Graf et al., 2012). We 
hypothesized that if Rab3 and Sec15 act together as part of the same 
molecular mechanism or pathway, knockdown of sec15 in the null 
rab3rup mutant should not enhance the rab3rup mutant phenotype. 
Conversely, if the two proteins act through different mechanisms or 
pathways, we would expect an additive effect. Thus, to differentiate 
between these two options, we drove a UAS-sec15 RNAi transgene in the 
rab3rup mutant background. When we compared the Sec15 knockdown 
in a rab3rup background to the rab3 null mutant we found that the per
centage of GluR clusters apposed to BRP decreased (Fig. 1E, F), sug
gesting Rab3 and Sec15 are acting independently to reduce synaptic 
apposition. 

3.2. Sec15 RNAi causes multiple synaptic morphological defects 

Our work indicates that Sec15 knockdown results in defective AZ 
development. We next asked whether loss of Sec15 causes additional 
defects in NMJ development. Prior studies of exocyst subunits in 
Drosophila have indicated that sec15 null mutants were lethal and ani
mals did not live past the second instar stage (Mehta et al., 2005). 
Knowing this, we decided to analyze the gross NMJ morphology in 
larvae expressing the three different UAS-sec15 RNAi transgenes by 
staining with an anti-HRP antibody. Individual expression of all three 
UAS-sec15 RNAi transgenes resulted in increased branching of the pre
synaptic neuronal arbor (Fig. 2A, B) and an increase in the appearance 

small boutons emanating from a larger bouton of a main branch in all 
but one sec15 RNAi construct (Fig. 2A, C). These small boutons 
emanating from the main branch are frequently termed satellite boutons 
(Torroja et al., 1999; Dickman et al., 2006; O’Connor-Giles and 
Ganetzky, 2008). Western blots confirmed that Sec15 was indeed 
knocked down to about 25 % of control levels after the expression of the 
uas-sec15 RNAi constructs (Fig. 2D, E). Thus, loss of Sec15 results in 
altered growth of the axon terminal in addition to defective aggregation 
of BRP at presynaptic AZs. 

The fact that three separate RNAi targeted to different regions of 
sec15 all produced similar phenotype was good evidence that we were 
specifically targeting sec15. To further test for specificity we utilized a 
UAS-sec15 that was RNAi resistant and expressed it in neurons using the 
Elav-Gal4 driver to rescue the phenotype observed with KD of sec15. We 
co-expressed this UAS-sec15 construct with the sec15 RNAi and found 
that % apposition, NMJ branching, and the number of satellite boutons/ 
NMJ all returned to wt levels (Fig. 3 A, B, C). These data, together with 
the phenotypes seen with three different sec15 RNAi’s, indicate we are 
observing phenotypes that result from the specific knock down of Sec15. 

3.3. Sec15 knockdown causes defects in synaptic physiology 

Since we observed that Sec15 knockdown causes both morphological 
defects in NMJ structure as well as more specific AZ defects, we next 
asked whether loss of Sec15 results in functional defects at the synapse. 
Prior studies in Drosophila using mutant alleles of exocyst component 
genes have noted the lack of effect on synaptic transmission (Andrews 
et al., 2002; Murthy et al., 2003; Mehta et al., 2005). These studies, 
however, were hampered by the lethality of exocyst mutants. The use of 
RNAi allowed us to more directly address this question in Drosophila, as 
neuron-specific knockdown does not cause lethality. We could thus 
drive sec15 RNAi specifically in neurons using the elav-Gal4 driver and 

Fig. 2. Sec15 knockdown causes significant morphological phenotypes at the Drosophila NMJ. Confocal images of the NMJ of Drosophila 3rd instar larval muscle 4. 
Preparations are labeled with antibodies to HRP (Blue). A) Confocal images of the muscle 4 NMJs labeled with α-HRP (blue) from wild type larvae (elav-Gal4, UAS- 
DCR2/+) or larvae expressing one of three UAS-sec15 RNAi transgenes: sec15 RNAi105126 (elav-Gal4, UAS-DCR2/UAS-sec15 RNAi105126), sec15 RNAi35161 (elav-Gal4, 
UAS-DCR2/+; UAS-sec15 RNAi35161/+), and sec15 RNAi27499 (elav-Gal4, UAS-DCR2/+; UAS-sec15 RNAi27499/+). Scale bar is equal to 20 μm. B) Bar graphs illus
trating the average number of branches and C) average number of satellite boutons in NMJ from listed genotypes in A. ***denotes significant difference at the p <
0.001 level using 1-way ANOVA with Tukey’s post-hoc test. D) Western blot of wt and Sec15 RNAi larvae stained with anti-sec15 and anti β-tubulin, showing bands 
at the predicted molecular weights of 88.7 kDa and 49.9 kDa for Sec15 and β-tubulin respectively. E) Bar graph showing the quantification of the Sec15 intensity seen 
in the western blot shown in Fig. 2D. * denotes significant difference at the p < 0.05 level using Student’s t-test. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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the resulting flies survive to pupation, allowing us to directly address the 
effects of the presynaptic loss of Sec15. 

To assess NMJ function, we first examined spontaneous synaptic 
currents in 3rd instar wild-type larvae and larvae expressing the UAS- 
sec15 RNAi transgenes. The amplitude of miniature excitatory junctional 
currents (mEJCs) from NMJs expressing sec15 RNAi was unchanged 
from wild-type (Fig. 4A, D); however, there was a dramatic decrease in 
mEJC frequency (Fig. 4A, E). We next tested the synaptic response to 
stimulation of the segmental nerve and found that sec15 knockdown 
caused a large decrease in evoked excitatory junctional current (EJC) 
amplitude (Fig. 4B, F). Since mEJC amplitude was unchanged this 
resulted from a dramatic decrease in number of synaptic vesicles 
released per stimulus (quantal content) (Fig. 4G). Decreased quantal 
content can result from a reduction in the probability of vesicle release 

at release sites. To determine whether UAS-sec15 RNAi expression 
caused a change in release probability, we tested the response of the 
synapse to a train of 5 stimuli at 20 Hz and calculated the facilitation 
ratio, an assay frequently used as a measure of release probability (Graf 
et al., 2009; Regehr, 2012). The NMJs of two of the three UAS-sec15 
RNAi -expressing larvae displayed a significantly larger facilitation 
ratio, indicative of a lower initial release probability (Fig. 4C, H). To 
further test the specificity of the RNAi used as it relates to this specific 
phenotype, we repeated these experiments with the addition of our 
RNAi resistant sec15 construct. We found that the construct completely 
rescued the decrease in mEJC frequency, while the rescue of the EJC 
amplitude trended towards wt levels but did not rise to the level of 
statistical significance (Fig. S2). Thus, in addition to the morphological 
phenotypes observed following reduction of Sec15, there are significant 
defects in both spontaneous and stimulated synaptic currents. 

3.4. RNAi directed towards other exocyst subunits also causes 
morphological defects similar to sec15 

In yeast, the entire exocyst is required for vesicle secretion (Novick, 
2014). An interesting finding in previous work looking at the effects of 
sec15 disruption in Drosophila retinal neurons was that the entire exocyst 
complex was not necessary for the actions of Sec15. In this study, the 
authors found subcomplexes including Sec15, Sec5, and Sec8 but not 
Sec6 may in certain circumstances mediate exocyst function (Mehta 
et al., 2005). This result raised the possibility that sub-complexes of the 
exocyst may be important for mediating some of the effects associated 
previously with the entire exocyst. To determine a possible contribution 
of other exocyst subunits, we utilized RNAi transgenes targeted against 
other exocyst subunits to determine if they could reproduce the 
morphological phenotypes seen with Sec15 knockdown. We found that 
indeed several other exocyst subunit RNAi could reproduce the pheno
type. Expression of RNAi transgenes against sec5, sec10 and exo84 was 
capable of causing mislocalization of the AZ component BRP, similar to 
that seen with UAS-sec15 RNAi (Fig. 5B). Branching of the NMJ was 
significantly increased when driving UAS-RNAi transgenes against sec5, 
sec6, sec10 and exo84 in the presynaptic neuron (Fig. 5A, C, D). For
mation of satellite boutons was significantly enhanced in all exocyst 
subunits tested with the exception of exo70. RNAi transgenes against 
exocyst subunit exo70 were in fact unable to reproduce any of the 
morphological synaptic phenotypes. However, this does not preclude 
exo70 from acting as part of the complex as some RNAi transgenes are 
ineffective at reducing their targeted protein. In addition, Exo70 has 
been implicated in growth of the Drosophila NMJ (Koon et al., 2018). 
Thus, at the neuromuscular junction of Drosophila, it is not an exocyst 
protein subcomplex similar to that seen in the retina and is more likely 
the entire exocyst complex that is necessary to maintain proper 
morphology at the synapse. 

3.5. RNAi knockdown of rab11 mimics both morphological and 
physiological effects of sec15 knockdown 

The appearance of increased branching and increased satellite bou
tons following sec15 knockdown was reminiscent of several mutants in 
the vesicle endocytic and recycling pathways (Koh et al., 2004; Marie 
et al., 2004; Dickman et al., 2006; Khodosh et al., 2006; O’Connor-Giles 
and Ganetzky, 2008; Rodal et al., 2008; Liu et al., 2014). One protein in 
this pathway is Rab11, a vesicle-associated Rab that is localized to 
recycling endosomes. The loss of Rab11 results in the growth of satellite 
boutons (Khodosh et al., 2006), and Rab11 can colocalize with Sec15 
(Zhang et al., 2004; Wu et al., 2005) as well as bind Sec15 (Wu et al., 
2005). Thus, we hypothesized that Sec15 may control NMJ morphology 
and physiology via an interaction with Rab11. If this were the case, the 
effects of a Rab11 knockdown should mimic Sec15 knockdown. 

To compare the developmental and functional defects caused by loss 
of Rab11 and Sec15, we expressed a UAS-Rab11 RNAi transgene 

Fig. 3. Expression of RNAi resistant sec15 rescues sec15KD phenotypes. To 
confirm the specificity of our RNAi construct, we expressed an RNAi resistant 
UAS- Sec15 in conjunction with sec15 RNAi (rescue). A) Representative image 
of NMJs of wt, sec15 RNAi, and sec15 RNAi + uas-sec15 (rescue). NMJs are 
stained with HRP (white). Scale bar represents 20 μm. B) Enlarged section of 
NMJs displaying apposition. NMJs are stained for α-GluRIII (Green) and α-Brp 
(Red). Scale bar represents 2 μm. C) Quantification of apposition between 
DGluRIII and Brp puncta (left), number of satellite boutons/NMJ (middle) and 
number of branches/NMJ (right). D) Representative images of NMJs stained 
with α-GluRIII (Green) and α-Brp (Red). Scale bar represents 1 μm. For all 
graphs * denotes significant difference at the * p < 0.05, ** p < 0.01, *** p <
0.001 level using one-way ANOVA with Tukey’s post-hoc test. 
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neuronally using elav-Gal4 to specifically knockdown Rab11 presynap
tically. We found that knockdown of Rab11 in neurons caused a 
phenotype nearly indistinguishable from that seen for Sec15 knock
down. Morphologically, UAS-rab11 RNAi expression reduced the per
centage of GluR clusters apposed to BRP (Fig. 6B, C), and caused a 
dramatic increase in NMJ branching and satellite bouton formation 
(Fig. 6A, B, D, E). In addition, presynaptic loss of Rab11 resulted in 
synaptic physiology deficits nearly identical to loss of Sec15. When 
compared to controls, knockdown of Rab11 resulted in a large decrease 
in mEJC frequency (Fig. 6F, I). Furthermore, UAS-rab11 RNAi expres
sion resulted in decreased EJC amplitude and quantal content similar to 
that observed following Sec15 knockdown (Fig. 6G, J, K). There was a 
slight increase in the size of the mEJCs when comparing Rab11 KDs to 
controls (Fig. 6H), which was not seen in Sec15 KDs. This minor dif
ference in synaptic function may point to a subset of functions that may 
be separate between Rab11 and Sec15 or alternatively it could simply be 
a difference in sensitivity of this particular phenotype to the levels of 
knockdown in the two different RNAi constructs. However, it remains 
that nearly all of the numerous morphological and functional pheno
types observed following Sec15 knockdown were mimicked by Rab11 
knockdown, suggesting that the two proteins act in a shared mechanism. 
Knockdown of Rab11 and Sec15 concurrently resulted in lethality prior 
to the third instar stage. 

3.6. Knockdown of Sec15 causes an enhancement of BMP signaling 

A key regulator for synapse development at the Drosophila NMJ is the 
bone morphogenic (BMP) signaling pathway. In this pathway, a signal 
generated in the muscle, Glass bottom boat (Gbb), is released and binds 
to a receptor complex on the motor neuron (McCabe et al., 2003). The 
receptor complex is made up of the tyrosine kinase receptors Wishful 
thinking (Wit), Thick veins (Tkv), and Saxophone (Sax) (Keshishian and 
Kim, 2004; Collins and DiAntonio, 2007). Subsequent to receptor 
binding the cytoplasmic protein Mothers against decapentaplegic (Mad) 
is phosphorylated and transported to the nucleus where it regulates gene 
expression. Activation of this signaling pathway allows for the proper 
expansion of the neuronal portion of the synapse during larval devel
opment (Keshishian and Kim, 2004). The pathway can be enhanced by 
blocking the endocytic and recycling pathways (Sweeney and Davis, 
2002; O’Connor-Giles and Ganetzky, 2008; Liu et al., 2014) as well as 
removing inhibitory regulators such as daughters against decapentaplegic 
(dad) (Sweeney and Davis, 2002). Activation of the BMP signaling 
pathway causes altered presynaptic development that is characterized 
by the appearance of a large number of satellite boutons and increased 
arborization (O’Connor-Giles et al., 2008; Rodal et al., 2008). 

As many of the morphological phenotypes of Sec15 knockdown are 
also frequently seen as a result of over activation of the BMP signaling 
pathway, we examined the involvement of the BMP signaling pathway 

Fig. 4. Sec15 knockdown results in multiple physiological defects at the NMJ. A) Two Electrode electrophysiological recordings from muscle 6 of 3rd instar 
Drosophila larvae voltage clamped to −70 mV. Representative traces displaying spontaneous release events (minis) for wild type (elav-Gal4, UAS-DCR2/+), or larvae 
expressing one of three UAS-sec15 RNAi transgenes: sec15 RNAi105126 (elav-Gal4, UAS-DCR2/UAS-sec15 RNAi105126), sec15 RNAi35161 (elav-Gal4, UAS-DCR2/+; UAS- 
sec15 RNAi35161/+), and sec15 RNAi27499 (elav-Gal4, UAS-DCR2/+; UAS-sec15 RNAi27499/+). Inset is an enlarged section from the wild type recording demonstrating 
the kinetics of the miniature events. B) Representative recordings of stimulated currents elicited by a single suprathreshold electrical pulse for the genotypes listed in 
(A). Figures show the average current waveform of 10 consecutive stimulations. C) Representative recordings of the current facilitation seen with 5 stimulations at 
20 Hz for the genotypes listed in the figure. These recordings were used to calculate the facilitation ratio, the amplitude of the 5th EJC divided by the amplitude of the 
1st EJC. D–H) Quantitation of the average electrophysiological phenotypes seen for the genotypes listed in (A). D) Miniature excitatory junctional current (mEJC) 
amplitude E) mEJC frequency F) Average EJC amplitude G) Average quantal content (EJC/mEJC) H) Average facilitation ratio. * denotes significant difference at the 
* p < 0.05, or *** p < 0.001 level using 1-way ANOVA with Tukey’s post-hoc test. 
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by determining the levels of phosphorylated Mad (pMad) in the NMJ. 
Mad is phosphorylated by the activated BMP receptor complex and as a 
result, the amount of pMad increases in situations where the BMP 
pathway is activated. This effect is considered to be a crucial test for 
determining the involvement of the BMP pathway (O’Connor-Giles 
et al., 2008). We found that neuronal expression of a UAS-sec15 RNAi 
transgene in the neuron did indeed cause a marked increase in the pMad 
levels at the NMJ (Fig. 7A, C). We also wanted to determine if this in
crease was acting via the BMP signaling pathway. To do this we 
expressed, concurrently with sec15 RNAi, a second RNAi designed to 
knockdown the Wit receptor. Interestingly, knockdown of the presyn
aptic BMP receptor Wit completely blocked the UAS-sec15 RNAi- 
induced increase in pMad levels (Fig. 7A, C) indicating the sec15 
induced enhancement of pMad was indeed mediated via enhanced BMP 

signaling and also highlighting the effectiveness of the UAS-wit RNAi 
transgene at eliminating BMP signaling. 

The enhancement of pMad protein levels was relatively modest 
compared to that observed in previous studies with other BMP activators 
(O’Connor-Giles et al., 2008). In order to gauge the level of pMad 
enhancement caused by Sec15 knockdown, we also tested pMad levels in 
an endophilinA mutant previously shown to display robust pMad 
enhancement (O’Connor-Giles et al., 2008). In our hands, endophilinA 
mutants caused an increase in pMad similar to levels seen in our Sec15 
knockdown (Fig. 7B, D). Thus, the BMP signaling pathway is being 
enhanced by the loss of sec15 and this enhancement is completely 
blocked by RNAi knockdown of the BMP receptor wit. 

Fig. 5. UAS-RNAi for multiple components of the exocyst complex also cause morphological phenotypes similar to UAS-sec15 RNAi. A) Confocal images of the NMJ 
of Drosophila 3rd instar larval muscle 4. Preparations are labeled with antibodies to HRP (blue), BRP (red), and GluRIII (green). Shown are representative NMJs from 
(left to right) larvae containing a UAS-RNAi directed towards various exocyst subunits including sec3 (elav-Gal4, UAS-DCR2/+; UAS-sec3 RNAi (35806)/+), sec5 
(elav-Gal4, UAS-DCR2/+; UAS-sec5 RNAi (50556)/+), sec6 (elav-Gal4, UAS-DCR2/+; UAS-sec6 RNAi (27314)/+), sec8 (elav-Gal4, UAS-DCR2/+; UAS-sec8 RNAi 
(105163)/+), UAS-sec10 (elav-Gal4, UAS-DCR2/+; UAS-sec10 RNAi (27483)/+) and exo84 (elav-Gal4, UAS-DCR2/+; UAS-exo84 RNAi (28712)/+). Scale bar is equal 
to 20 μm. B–D) Bar graphs illustrating average morphology of control larvae (elav-Gal4, UAS-DCR2/+) and exocyst subunit RNAi listed in A, including B) percentage 
of glutamate receptor clusters apposed by BRP clusters C) average number of branches per NMJ and D) average number of satellite boutons/NMJ. Error Bars 
represent SEM. * denotes significant difference at the p < 0.05, ** p < 0.01, or *** p < 0.001 level using 1-way ANOVA with Tukey’s post-hoc test. A Student’s t-test 
was used for 27,483 as that experiment was done separately. 
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Fig. 6. Sec15 knockdown phenotype is mimicked by Rab11 knockdown. A) Confocal images of representative type 1b synaptic boutons of muscle 4 NMJs. Prep
arations are labeled with antibodies to HRP (blue), BRP (red), and GluRIII (green). Shown are representative NMJs from control larvae (elav-Gal4, UAS-DCR2/+), or a 
UAS- rab11 RNAi transgenic larvae (elav-Gal4, UAS-DCR2/+; UAS-rab11 RNAi 27730/+). Scale bar is equal to 20 μm. B) Enlarged confocal image of the muscle 4 type 
1b boutons of genotypes listed in A. Images are labeled with α-BRP (red) and α-GluRIII (green). Scale bar is equal to 2 μm. C–E) Bar graphs of % GluRIII clusters 
apposed by BRP punctum, number of axonal branches/NMJ, and the number of satellite boutons/NMJ for the wild type and UAS-rab11 RNAi 27730. F) Representative 
recording of spontaneous excitatory currents in muscle 6 held at −70 mV for genotypes listed in (A) G) Representative recordings of stimulated currents elicited by a 
single suprathreshold electrical pulse for genotypes listed in (A). Figures show the average current waveform of 10 consecutive stimulations. H–L) Bar graphs 
showing various measures of synaptic physiology for the genotypes listed in (A), including H) mEJC amplitude, I) mEJC frequency J) EJC amplitude, K) number of 
synaptic vesicles released or quantal content, and L) the facilitation of synaptic currents by five successive high frequency stimulations or the facilitation ratio. Error 
Bars represent SEM. * denotes significant difference at the p < 0.05, ** p < 0.01, or *** p < 0.001 level using one-way ANOVA with Tukey’s post-hoc test. 
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3.7. Interruption of BMP signaling attenuates many, but not all, 
morphological defects resulting from Sec15 knockdown 

Since we have shown that the BMP signaling pathway is activated by 
the loss of Sec15 we wanted to determine which, if any, of the specific 
phenotypes seen after knockdown of Sec15 were attributable to 
increased BMP signaling. To do this, we first used the RNAi transgene 
directed against the BMP receptor Wit. Expression of UAS-wit RNAi 
alone had no significant effect on the morphology of the NMJ (Fig. 8). 

However, expression of UAS-wit RNAi simultaneously with UAS-sec15 
RNAi caused a significant reduction in both the number of branches as 
well as the formation of satellite boutons normally seen when UAS-sec15 
RNAi is expressed alone (Fig. 8C, D). This is an indication that these 
phenotypes result, at least in part, from a Sec15 KD-mediated 
enhancement of BMP signaling and not as a direct effect of the loss of 
Sec15. Interestingly not all of the morphological phenotypes were 
reduced. The percentage of GluR clusters apposed to BRP in sec15 RNAi- 
wit RNAi double knockdown animals was similar to animals expressing 

Fig. 7. Levels of the phosphorylated form of the BMP signaling protein Mad are increased in Sec15 knockdowns. A) Confocal images of the muscle 4 NMJs from wild 
type larvae (elav-Gal4, UAS-DCR2/+) or larvae expressing UAS- sec15 RNAi transgene (elav-Gal4, UAS-DCR2/UAS-sec15 RNAi105126), or co-expressed UAS-sec15 RNAi 
and UAS-wit RNAi transgene (elav-Gal4, UAS-DCR2/UAS-sec15 RNAi105126; UAS-wit RNAi25949/+). Larvae are labeled with α-HRP (Blue), α-BRP (Red), and α-pMad 
(green). B) Confocal image of NMJ of muscle 4 of wild type larvae alone (+/+), or the endophilinA mutant larvae endoAEYO2730 (endoAEYO2730/endoAEYO2730) C) Bar 
graph of the average intensity of the synaptic pMad antibody signal for the genotypes listed in (A). * denotes significant difference at the p < 0.05 level using one-way 
ANOVA with Tukey’s post-hoc test. D) Bar graph of the average intensity of the synaptic pMad antibody signal for the genotypes listed in B. * denotes significant 
difference at the p < 0.05 level using Student’s t-test. 
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Fig. 8. Morphological defects seen in sec15 knockdowns are reduced by knockdown of the BMP receptor Wishful thinking. A) Confocal images of the NMJ of 
Drosophila 3rd instar larval muscle 4. Preparations are labeled with antibodies to HRP (white). Shown are representative NMJs from wild type larvae (elav-Gal4, UAS- 
DCR2/+) or with a UAS- sec15 RNAi transgene (elav-Gal4, UAS-DCR2/UAS-sec15 RNAi105126), or both UAS-sec15 RNAi and UAS-wit RNAi (elav-Gal4, UAS-DCR2/UAS- 
sec15 RNAi105126; UAS-wit RNAi25949/+), or UAS-wit RNAi alone (elav-Gal4, UAS-DCR2/+; UAS-wit RNAi25949/+). Scale bar is equal to 20 μm. B) Enlarged confocal 
image of muscle 4 type 1b boutons of the genotypes listed in (A), showing staining for BRP (red), and GluRIII (Green). Scale bar is equal to 2 μm. C–E) Quantitation of 
several morphological aspects of the NMJs for the genotypes listed in (A), including C) average branches per NMJ, D) average satellite boutons per NMJ, and E) 
percentage of glutamate receptor clusters apposed by BRP punctum. F) Representative mEJCs and G) EJC’s for the listed genotypes. H–J) Quantitation of several 
electrophysiological properties for the genotypes listed. For all graphs * denotes significant difference at the p < 0.05, ** p < 0.01, or *** p < 0.001 level using one- 
way ANOVA with Tukey’s post-hoc test. 
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UAS-sec15 RNAi alone (Fig. 8E). This result suggests two separable ef
fects of Sec15 knockdown. The apposition phenotype is likely a direct 
effect of the loss of Sec15, while the branching and satellite bouton 
formation phenotypes are a result of the secondary effect of Sec15 KD, 
enhanced BMP signaling. 

We next tested the effects of Wit KD on synaptic transmission in 
Sec15 KDs. Since the Wit KD did not affect the synaptic apposition de
fects we wondered whether it also would similarly not affect the syn
aptic physiology defects. A previously identified BMP-enhancing 
mutant, daughters against decapentaplegic (dad,) shows expanded and 
irregular NMJ morphology and yet exhibits no change in EJC size (Lee 
et al., 2016), suggesting that enhanced BMP signaling itself does not 
cause the synaptic physiological defects. We found that, similar to syn
aptic apposition, the frequency of mEJCs and the amplitude of EJCs in 
the Sec15 KD were both not rescued by a concurrent Wit KD, indicating 
these phenotypes, as we hypothesized, were independent of enhanced 
BMP activation and may result directly from the loss of Sec15. Expres
sion of the UAS-wit RNAi by itself cause a reduction in EJC size (Fig. 8J) 
so it is unclear, in the case of the EJC, whether KD of Wit failed to rescue 

the EJC phenotype or whether it merely caused an additional reduction 
in EJC via a different mechanism induced by loss of the Wit receptor. 
The result from the mini frequency is clear, however, and suggests that 
the synaptic transmission defects are caused by loss of Sec15 and not a 
secondary effect caused by increased BMP signaling. 

A possible problem that could arise when using multiple UAS con
structs is titration of the Gal4 protein. We found, however, that 
expression of another UAS-RNAi targeting another member of the BMP 
receptor complex, saxophone (sax), concurrently with sec15 RNAi was 
completely ineffective at reducing the branching and satellite pheno
types caused by Sec15 knockdown (Fig. S3). Thus, the reduction in sec15 
phenotypes seen with the concurrent expression of wit RNAi is not a 
result of titration of Gal4. 

3.8. Blocking BMP with a wit null mutant does not completely eliminate 
morphological phenotypes induced by knockdown of Sec15 

We have found that by blocking the BMP pathway with RNAi for the 
Wit receptor, we can completely eliminate the formation of pMad and 

Fig. 9. Morphological defects seen in sec15 knockdowns are reduced but not eliminated by BMP receptor wishful thinking mutant. A) Confocal images of the muscle 4 
NMJs labeled with α-HRP (blue), α-BRP (red), and α-GluRIII (green) from wild type larvae (elav-Gal4, UAS-DCR2/+) or larvae expressing a UAS- sec15 RNAi 
transgenic larvae (elav-Gal4, UAS-DCR2/UAS-sec15 RNAi105126), UAS-sec15 RNAi in a wit mutant background (elav-Gal4, UAS-DCR2/UAS-sec15 RNAi (105126); 
witA12/witB11), or wit mutant alone (elav-Gal4, UAS-DCR2/+; witA12/witB11). Scale bar is equal to 20 μm. B) Enlarged confocal image of synaptic boutons of muscle 4 of 
the genotypes listed in (A). Boutons are stained with α-GlurIII (Green) and α-BRP (Red). Scale bar is equal to 2 μm. C–F) Bar graphs of several morphological aspects 
of the NMJs in genotypes listed in (A), including C) average branches per NMJ, D) average satellite boutons per NMJ, E) average NMJ area, and F) number of satellite 
boutons per NMJ area. For all graphs * denotes significant difference at the p < 0.05, ** p < 0.01, or *** p < 0.001 level using one-way ANOVA with Tukey’s post- 
hoc test. 
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partially reduce the branching and satellite bouton phenotypes seen 
after Sec15 knockdown. Although unlikely because of the complete loss 
of pMad enhancement, partial rescue of the branching and satellite 
bouton phenotypes may be due to an incomplete knockdown of Wit 
protein by the RNAi transgene. Therefore, we repeated these experi
ments using a wit null mutant background where all Wit protein is 
presumably absent (Marqués et al., 2002). We expressed the UAS-sec15 
RNAi transgene in the witA12/B11 mutant background. In agreement with 
previous studies, we found that witA12/B11 mutant NMJs are dramatically 
reduced in size and the number of branches (Fig. 9A, C, D). When the 
UAS-sec15 RNAi was expressed in the wit mutant background the NMJs 
remained small with few branches and satellites, again an indication 
that these phenotypes may result from enhancement of BMP signaling 
(Fig. 9A, C, D, E). However, there was a significant increase in the 
number of satellites over what was seen in the wit mutant alone 
(Fig. 9D). Because of the substantial reduction in NMJ size in the wit 

mutant larvae (Fig. 9E), we quantified the changes in morphology after 
adjusting for the reduced size. When normalized for NMJ area, we found 
that the magnitude of the increase in satellite formation was similar to 
that seen for the UAS-sec15 RNAi expressed in the wild-type background 
(Fig. 9F). In conclusion, blocking the BMP signaling pathway is capable 
of reducing some but not all of the morphological effects resulting from 
the loss of presynaptic sec15. The fact that some effects persisted sug
gests that while some Sec15 knockdown defects may be caused by 
enhanced BMP signaling, satellite bouton formation in particular is at 
least partially independent of enhanced BMP signaling and may result 
directly from the loss of Sec15. 

3.9. Sec 15 KD results in loss of extracellular vesicle release from neurons 

During the course of our experiments with the Sec15 KD we noticed a 
lack of a punctate HRP staining that normally surrounds the presynaptic 

Fig. 10. Extracellular vesicle release is reduced in Sec15 KDs. A) Representative image of NMJs of wt and sec15 RNAi larva. NMJs are stained with α-HRP and 
α-GluRIII (green). Scale bar represents 10 μm. B) Enlarged image of boxed portion of fig. A. Scale bar represents 2.5 μm. C) Quantitation of HRP staining in the area in 
proximity to the presynaptic neuron. D) Representative image of NMJs of wt and sec15 RNAi larva. NMJs are stained with α-neuroglian (NRG, red) and α-GluRIII 
(green). Scale bar represents 10 μm E) Enlarged image of boxed portion of fig. D. Scale bar represents 2.5 μm. F) Quantitation of Neuroglian staining in the area in 
proximity to the presynaptic neuron. G) Representative HRP staining of control (left), UAS-sec15105126 RNAi (middle) and UAS-sec15105126 RNAi + UAS-sec15 -RNAi 
resistant (right, rescue). H) Quantification of postsynaptic HRP in the conditions listed for G. For all graphs * denotes significant difference at the ** p < 0.01, or *** 
p < 0.001 level using one-way ANOVA with Tukey’s post-hoc test. 
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arbor. This punctate staining has been attributed to the release of 
extracellular vesicles from the presynaptic neuron (Korkut et al., 2013; 
Walsh et al., 2021). Staining for the presynaptically-derived protein 
Neuroglian (Nrg) has also been demonstrated to be a good measure of 
extracellular vesicle release (Walsh et al., 2021; Blanchette et al., 2022). 
We set out to quantify the lack of extracellular vesicle release by 
measuring the amount of HRP or Nrg staining in Sec15 knockdowns 
compared to control. We found that there was a highly significant 
decrease in the staining of both HRP and Nrg -positive extracellular 
vesicles in the area surrounding the presynaptic neuron in Sec15 KDs 
when compared to control (Fig. 10 A–D), indicating that Sec15 also 
plays a role in the release extracellular vesicles at this synapse. To 
demonstrate the specificity of our Sec15 KD we expressed our RNAi 
resistant sec15 in order to rescue the RNAi induced extracellular vesic
ular phenotype. We found that the expression of Sec15 presynaptically 
was able to completely rescue the loss of extracellular vesicular release 
at these synapses (Fig. 10 G,H). 

Rab11 RNAi caused a similar reduction in HRP and Neuroglian (Nrg) 
staining (Fig. S4) consistent with prior reports on the involvement of 
Rab11 in extravesicular release (Korkut et al., 2013; Walsh et al., 2021). 
Thus, Rab11, and Sec15 are also both involved in the formation and/or 
release of extracellular vesicles at this synapse. 

4. Discussion 

The exocyst protein complex has been shown to be necessary for 
secretion in yeast (Novick et al., 1980; Novick, 2014). In metazoan 
systems, the complex is not necessary for many types of vesicle fusion 
but rather seems to have evolved as a mechanism for targeting vesicles 
to specific sites for delivery of membrane lipids and proteins (Hsu et al., 
2004; Emery and Knoblich, 2006; Heider and Munson, 2012; Picco et al., 
2017). Here, we show that knockdown of Sec15 causes a number of 
important defects at the Drosophila NMJ including mislocalization of 
important synaptic proteins, defects in the spontaneous and stimulated 
release of synaptic vesicles, defects in the release of extracellular vesi
cles, and the inability to form an appropriate synaptic arbor at the NMJ. 
We also show rab11 KD has almost identical phenotypes as the sec15 KD, 
suggesting the products of these two genes act in a molecular pathway 
that ensures proper development of both structure and function of the 
NMJ in Drosophila. Rab11 vesicles are primarily associated with recy
cling endosomes (Wandinger-Ness and Zerial, 2014) as well as release of 
extracellular vesicles (Korkut et al., 2013; Walsh et al., 2021), suggesting 
that the loss of either Rab11 or Sec15 specifically blocks 1) movement of 
vesicles progressing from the recycling endosome to the cell surface and 
2) the mechanisms involved in the formation or release of extracellular 
vesicles. 

4.1. Mechanism of exocyst at the NMJ 

A role for the exocyst in Rab11-vesicle trafficking has been proposed 
to aid in the maintenance of epithelia cell polarity (Langevin et al., 2005; 
Guichard et al., 2010), recycling transferrin receptors (Takahashi et al., 
2012), and maintenance of receptor tyrosine kinases at the leading edge 
of migrating Drosophila border cells (Assaker et al., 2010). In all cases, 
the recycling endosome is vital to maintaining proteins at a critical 
location on the cell surface. A similar mechanism may be at work in our 
study, with the recycling endosome being responsible for trafficking and 
precisely locating proteins and lipids on the surface of the neuron. In our 
study the levels of synaptic BRP are decreased and it is the loss of this 
protein, and perhaps other important synaptic proteins, that may lead to 
the observed physiological defects. As the movement of material from 
recycling endosome to the plasma membrane is subject to modulation 
(Khodosh et al., 2006; Ren and Guo, 2012; Welz et al., 2014), our results 
highlight an important potential mechanism for regulating the strength 
of neuronal synapses. 

We have also demonstrated the loss of exocyst function in the NMJ 

causes an increase in BMP signaling as measured by an increase in pMad 
at the NMJ, likely through a mechanism in which activated BMP re
ceptors are trapped in an activated state by their reduced movement 
through the endosomal trafficking pathway (Sadowski et al., 2009; 
Rodal et al., 2011; Deshpande and Rodal, 2015). The increased BMP 
signaling was completely blocked by Wit receptor knockdown. Even in 
this situation however, many of the phenotypic changes brought on by 
sec15 RNAi expression persisted, suggesting a more direct effect of the 
loss of Sec15. The persistence of sec15 RNAi-mediated morphological 
phenotypes were not likely due to an incomplete removal of the Wit 
receptor by RNAi as the morphologic phenotypes were seen in the wit 
null mutant as well. These results indicate that while enhanced BMP 
signaling, a secondary effect of the loss of the exocyst, does contribute to 
increased branching and satellite formation, the loss of the exocyst itself 
directly contributes as well. We propose that the augmentation of the 
satellite phenotype seen when BMP signaling is enhanced is likely a 
product of the combination of stimulated growth of the NMJ arbor and 
loss of the Sec15-mediated target specificity in vesicle fusion. The result 
is a more random non-stereotypical synaptic arbor. Conversely, the loss 
of BRP positive synapses and the functional synaptic defects seem to be 
completely independent of enhanced BMP signaling, suggesting a direct 
involvement of Sec15 in development or maintenance of BRP positive 
active zones. Another possibility could be that loss of Sec15 also en
hances the wingless (Wg) or other cellular signaling pathways in a 
manner similar to the enhancement of BMP signaling. Enhancement of 
Wg signaling has been shown to cause the formation of satellite boutons 
(Franco, 2004), as well as altering the distribution of BRP positive active 
zones (Viquez et al., 2009). It is interesting that we do not appear to see 
any pathfinding defects as is seen in other neuronal preps (Vega and 
Hsu, 2001; Murthy et al., 2003; Mehta et al., 2005). It is likely that these 
events may occur at a developmental point prior to KD of Sec15 or 
conversely only the minimal Sec15 found after RNAi induced KD is 
sufficient for this task. This also highlights an inherent advantage of 
studying the exocyst with RNAi at the Drosophila NMJ, as pathfinding 
defects would prevent characterization of exocyst functions that are 
necessary at later time periods in development. 

4.2. Loss of exocyst and Rab11 function results in defective synaptic 
physiology 

In our study, using RNAi knockdown that targets Sec15 specifically 
in neurons, we found that loss of the exocyst can affect both spontaneous 
and evoked neurotransmission. Since the effects on synaptic trans
mission seen here were mimicked by Rab11 knockdown, the mechanism 
likely involves both the exocyst and Rab11. This phenotype was not fully 
rescued by our RNAi resistant overexpression of Sec15, casting some 
doubt on this result. We believe however, the reduction in EJC ampli
tude is a result of loss of the Sec15 protein based on the fact we see the 
phenotype in 3 separate sec15 RNAi constructs as well as the rab11 RNAi 
construct. It is unclear then, why many earlier studies do not see a 
similar reduction in synaptic transmission. One possibility is Sec15 may 
play different roles at other synapses such as the retinal synapse used in 
another sec15 study (Mehta et al., 2005). A study that did use RNAi 
directed towards the exocyst subunit sec10 at the Drosophila NMJ did not 
show an effect on EJC amplitude (Andrews et al., 2002). In this same 
study the sec10 RNAi also did not show any effect on morphology of the 
synapse, perhaps pointing to a reduced efficacy of the RNAi in that study 
since we see a clear effect on morphology with our sec10 RNAi. Other 
possibilities include differential effects of the various subunits on syn
aptic transmission. Koon et al. speculate that the null exo70 mutant used 
in their study is not lethal because the exocyst is capable of functioning a 
reduced level without it and hence is on some level dispensable. It may 
turn out that some subunits of the exocyst are indispensable for all 
function while other subunits are critical only to certain functions of this 
protein complex or are more dispensable in general. Lastly, another 
possibility is the Ca2+ concentrations used in various studies. The lower 
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Ca2+ concentration used in our study may unmask defects that can be 
overcome at higher Ca2+ concentrations. We plan to further characterize 
the effect of Sec15 on synaptic vesicle dynamics and Ca2+ dependence of 
synaptic transmission in future studies. 

How then do Sec15 and Rab11 affect the release of synaptic vesicles? 
Direct involvement of a Rab11-mediated event at later stages of the 
synaptic vesicle release process, such as docking and priming, would 
seem unlikely as these vesicles are primarily associated with Rab3, 
although the possibility cannot be ruled out. It is interesting that Rab11 
KD has a much greater effect on synaptic transmission than elimination 
of Rab3 (Graf et al., 2009). Rab11 is also associated with synaptic ves
icles and has been implicated in some forms of synaptic vesicle recycling 
(Pavlos and Jahn, 2011; Inoshita et al., 2017; Kokotos et al., 2018). 
Rather than acting directly in the release of synaptic vesicles, Sec15 and 
Rab11 may affect synaptic vesicle release secondarily through mecha
nisms that control trafficking and availability of synaptic vesicles. One 
possibility is an effect on the recycling of synaptic vesicles that neces
sitate movement through endosomal compartments. In this case either 
one of the steps involved in recycling of the synaptic vesicle requires 
Rab11 and Sec15 or alternatively the loss of the later recycling steps in 
turn effects earlier upstream trafficking events in other endosomal 
compartments. 

Another alternative that could potentially explain the decreased 
synaptic transmission would be a loss of proteins or lipids normally 
provided to the AZ by the recycling endosome or extracellular vesicles. 
These factors are critical for the development or maintenance of the 
release site itself, and loss would perhaps be analogous to the loss of 
basolateral E-Cadherin in epithelial cells after the loss of exocyst func
tion (Langevin et al., 2005). In support of this role, we saw a reduction in 
the levels of BRP in some AZs. The loss of BRP containing AZs likely 
contributes to the reduced synaptic strength, as loss of BRP is known to 
decrease synaptic transmission (Kittel et al., 2006; Peled and Isacoff, 
2011). However, Sec15 or Rab11 knockdown each led to a much greater 
reduction in evoked vesicle release than would be expected by the 
functional loss of these AZs we see here as the complete loss of BRP 
causes a 70 % decrease in EJC amplitude and no change in spontaneous 
frequency (Kittel et al., 2006) while we see a ~50 % decrease with a 
relatively modest change in BRP concentrations. Future experiments 
will be necessary to determine the mechanism underlying the role of the 
exocyst in synaptic function and may lead to fundamental changes in our 
understanding of the organization and movement of vesicles at 
synapses. 

4.3. Extracellular vesicle release 

Extracellular vesicles (exosomes and micro-vesicles) have been 
shown to be an important mechanism for trans-synaptic signaling. An 
interesting result we report here is that presynaptic KD of either Sec15 or 
Rab11 causes a reduction in extracellular vesicles (EVs) in the post
synaptic region. The ability of Rab11 to effect EV signaling has been 
reported previously (Korkut et al., 2013; Walsh et al., 2021) but here we 
extend that to include Sec15. Relatively little is known about the precise 
mechanisms of release of EVs but likely it involves the targeting and 
fusion of multi-vesicular bodies (MVBs) to the cell membrane with 
subsequent release of the vesicles that are contained within (van Niel 
et al., 2018). Future work will be necessary to characterize the specific 
type of vesicle involved in the Sec15 signaling as well as the specific 
cargoes and exocyst subunits utilized in the process. 

5. Conclusions 

Our study uncovered a function of the exocyst in motor neurons 
where it promotes the formation of the synaptic arbor as well as pro
moting proper synaptic connections. Our results indicate that loss of 
Sec15-mediated exocytosis results in a wide array of defects in the 
synapse, pointing to a number of aspects of synapse development and 

maintenance, both direct and indirect, that are mediated by sec15. We 
propose a model in which Sec15, in conjunction with Rab11, aids in 
movement of material through the recycling endosome to the plasma 
membrane of the neuron as well as allowing for release of extracellular 
vesicles and proper extracellular vesicle signaling with the postsynaptic 
cell. 

Rab11 has been shown to be involved in the accumulation of the 
Alzheimer’s Aβ peptide (Li et al., 2012), and it has been genetically 
linked with late-onset Alzheimer’s (Udayar et al., 2013). Rab11 has also 
been shown to interact with the Huntingtin gene and disruption of the 
normal function of rab11 seems to be important in disease progression 
(Li et al., 2010). In Drosophila, expression of pathogenic Huntingtin 
protein disrupted endosomal trafficking and increased BMP signaling 
(Akbergenova and Littleton, 2017) and overexpression of Rab11 was 
capable of overcoming the synaptic defects found in this Huntington’s 
disease model (Steinert et al., 2012). In addition, Rab11 has been shown 
to be important for the trafficking of amyloid precursor protein in Hela 
and N2a cells as well as the Drosophila NMJ (Rajendran et al., 2006; 
Walsh et al., 2021) Thus, the proposed targeted release pathway medi
ated by Rab11 and the exocyst likely plays an important role in 
mammalian synapse function as well as in the progression of disorders 
such as Alzheimer’s and Huntington’s diseases. Additionally, our find
ings point to a potentially important mechanism for mediating synaptic 
plasticity through regulation of vesicle trafficking and fusion by the 
recycling endosome. 
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