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Abstract

The exocyst complex is an important regulator of intracellular trafficking and tethers secretory
vesicles to the plasma membrane. Understanding of its role in neuron outgrowth remains
incomplete, and previous studies have come to different conclusions about its importance for
axon and dendrite growth, particularly in vivo. To investigate exocyst function in vivo we used
Drosophila sensory neurons as a model system. To bypass early developmental requirements in
other cell types, we used neuron-specific RNAI to target seven exocyst subunits. Initial neuronal
development proceeded normally in these backgrounds, however, we considered this could be
due to residual exocyst function. To probe neuronal growth capacity at later times after RNAI
initiation, we used laser microsurgery to remove axons or dendrites and prompt regrowth. Exocyst
subunit RNAI reduced axon regeneration, although new axons could be specified. In control
neurons, a vesicle trafficking marker often concentrated in the new axon, but this pattern was
disrupted in Sec6 RNAI neurons. Dendrite regeneration was also severely reduced by exocyst
RNAI, even though the trafficking marker did not accumulate in a strongly polarized manner
during normal dendrite regeneration. The requirement for the exocyst was not limited to injury
contexts as exocyst subunit RNAI eliminated dendrite regrowth after developmental pruning. We
conclude that the exocyst is required for injury-induced and developmental neurite outgrowth, but
that residual protein function can easily mask this requirement.
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Introduction

Axon and dendrite growth involves large scale membrane addition. In most neurons, a single
axon grows first and extends over a long distance. This initial extension is then followed by
growth of dendrites from multiple tips at once (Craig and Banker, 1994). Classic studies, as
well as more recent work using newer approaches, suggest that the strategy for membrane
addition is different for axons and dendrites. There are multiple lines of evidence, including
accumulation of vesicles in axonal growth cones, suggesting axonal membrane addition
occurs at the growth cone (Pfenninger, 2009). Fewer studies have examined dendritic growth
or compared axons and dendrites. An early comparative study in hippocampal cultured
neurons detected an exogenous membrane protein enriched at the axonal growth cone at
early times after expression (Craig et al., 1995). Similar growth cone-enrichment was also
seen in minor processes (precursors to dendrites). However, new membrane protein was
observed along the length of dendrites once they were specified, rather than in the dendritic
growth cone (Craig et al., 1995). More recently, in vivo imaging in Drosophila was used to
support the idea that membrane addition occurs along primary dendrites rather than at their
tips (Peng et al., 2015). It is therefore possible that different vesicle-targeting machinery
underlies these two growth patterns.

SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein receptor) protein
pairs on the vesicle and target membrane are sufficient to drive membrane fusion (Weber
et al., 1998) and encode some specificity about appropriate vesicle and target matches
(McNew et al., 2000). However, fusion events employ protein complexes that act prior

to SNARE-driven fusion to dock vesicles (Brown and Pfeffer, 2010; Koike and Jahn,
2022). The exocyst functions as such a docking complex for vesicles destined for plasma
membrane incorporation. Originally identified in yeast, the exocyst has been demonstrated
to be important for specific fusion events in animal cells, but it is not yet clear whether it is
an obligate player in all secretory vesicle-plasma membrane fusion events.
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The exocyst is a hetero-octameric complex comprising Sec3, Sec5, Sec6, Sec8, Sec10,
Secl5, Ex070, and Ex084. Six of the subunits were identified in a screen for mutants with
defects in growth and secretion in budding yeast (Novick et al., 1980), and the remaining
two based on association with the complex (Guo et al., 1999; Hsu et al., 1996; Kee et al.,
1997; TerBush et al., 1996). The complex is broadly conserved in eukaryotes, including
fungi, plants, insects, and mammals (Friedrich et al., 1997; Guo et al., 1997; Hsu et al.,
1996; Kee et al., 1997; Murthy et al., 2003; Saeed et al., 2019). Subunits Sec3 and Exo70
recognize phosphatidylinositol(4,5)-bisphosphate (P1(4,5)P>) at the plasma membrane and
Sec15 and Sec4 recognize Rab and SNARE proteins on the secretory vesicle (Heider and
Munson, 2012; Polgar and Fogelgren, 2018; Wu and Guo, 2015). Exocyst subunits typically
concentrate at sites of vesicle fusion with the plasma membrane (Heider and Munson,
2012; Lepore et al., 2018; Martin-Urdiroz et al., 2016; Wu and Guo, 2015). In budding
yeast, temperature-sensitive mutations in exocyst subunits lead to dramatic accumulations
of intracellular vesicles (Novick et al., 1980). In multicellular animals, it has been more
difficult to determine which exocytosis events require the exocyst. This difficulty stems in
part from early lethality of global mutants in mice (Friedrich et al., 1997) and conflicting
results about phenotypes, including lethality, in Drosophila (Andrews et al., 2002; Koon et
al., 2018; Murthy et al., 2003; Murthy et al., 2005).

In mammalian cell culture, initial studies on epithelial cells suggested that the exocyst

was not associated with the plasma membrane before polarization, and was recruited to

the plasma membrane efficiently only after cell-cell contact was initiated (Grindstaff et al.,
1998), thus implicating exocyst function in polarized, but not general, secretion. In polarized
kidney cells, exocyst subunits were specifically localized to lateral membranes and antibody
inhibition of Sec8 reduced only basolateral, and not apical, surface delivery (Grindstaff et
al., 1998). However, other experiments, including loss of Exo84p in Drosophila embryos
have suggested that the exocyst can be involved in apical trafficking in some epithelial

cells (Blankenship et al., 2007). Thus, while the exocyst is clearly critical in some types

of polarized delivery to the plasma membrane (Martin-Urdiroz et al., 2016; Polgar and
Fogelgren, 2018), it remains uncertain how universal its role is.

As in epithelial cells, it is clear that the exocyst plays important roles in at least some

types of exocytosis in neurons, but it is unclear how broadly it is involved. Reduction

of exocyst subunits in cultured hippocampal or cortical neurons blocks axon specification
(Dupraz et al., 2009; Lalli, 2009), perhaps because exocytosis of the IGF-1 receptor fails
(Dupraz et al., 2009). This early block in polarization means that the role of the exocyst

in axon and dendrite growth could not be assessed in this system. Reduction of exocyst
subunits in mouse cortical neurons in vivo also disrupted polarization prior to migration,
and so again axon and dendrite growth could not be assessed (Bustos Plonka et al., 2022).
Initial studies in Drosophila in which RNAi was used to reduce levels of Sec10, indicated

a role for Sec10 only in the secretory ring gland, while nervous system architecture was
unaffected (Andrews et al., 2002). This result called into question the importance of the
exocyst in neurons in vivo. Subsequent studies examined exocyst function using null alleles
of sec5 or sec6. Homozygous mutant animals proceed through embryonic development due
to maternal deposits of Sec5 or Sec6, but die as growth-arrested first instar larvae (Murthy
et al., 2003; Murthy et al., 2005). Initial nervous system development, including motor axon
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outgrowth, occurs in these animals (Murthy et al., 2003; Murthy et al., 2005). However,
when neurons were isolated from mutant larvae and challenged to regrow neurites in vitro,
initiation of outgrowth failed (Murthy et al., 2003). In vivo, plasma membrane protein
addition to axons was strongly reduced in mutant larvae (Murthy et al., 2003; Murthy et
al., 2005). Interestingly, synaptic vesicle exocytosis was not disrupted in these backgrounds
(Murthy et al., 2003), suggesting some fusion events with the plasma membrane occur
without exocyst-mediated docking.

Overall, there are hints that the exocyst is required for axon growth, but definitive evidence
that it acts post specification is still quite limited. Moreover, because dendrite growth
typically does not proceed without prior axon growth, there is little information about
whether the exocyst is important for dendrite extension. In mammalian cultured neurons,
partial reduction of an exocyst subunit allowed early neurite outgrowth, but later dendrite
branching was reduced (Lira et al., 2019). In vivo, the effect of exocyst loss on dendrites
has been examined in Drosophila dendritic arborizaton (da) sensory neurons. These cells
innervate the skin with sensory endings that have cell biological signatures of dendrites,
including minus-end out microtubules (Rolls et al., 2007; Stone et al., 2008), Golgi outposts
(Ye etal., 2007), and ribosomes (Hill et al., 2012). In somatic clones homozygous for null
mutations in Sec5 or Sec6, outgrowth of the large dendrite arbor of the dorsal dendritic
arborization C (ddaC) neuron was analyzed (Peng et al., 2015). While the major dendrite
branches grew out to the edge of their territory, fewer higher order branches were present,
and the total arbor length was shorter than in control neurons (Peng et al., 2015). Thus, the
data so far suggests that the exocyst is required for higher order dendrite growth, but perhaps
not initial outgrowth. Moreover, it remains ambiguous whether the axon is more dependent
on the exocyst for outgrowth than dendrites.

While these studies suggest that the exocyst is critical for neuronal polarization, and likely
also axon growth and higher order dendrite branching, analysis of exo70 phenotypes

in Drosophila yield a much more nuanced picture. Surprisingly, animals homozygous

for mutant exo70 without detectable exo70 transcript are viable and have broadly

normal nervous system architecture (Koon et al., 2018). Instead, specific defects at the
neuromuscular junction and sensitivity to heat stress were described (Koon et al., 2018),
suggesting that Exo70 is not absolutely required for neuron growth under normal conditions.

Here we aim to broadly test whether the exocyst is required for axon and dendrite
outgrowth in vivo. We bypass requirements for exocyst function in early development by
using neuron-specific RNAI to reduce exocyst subunits in Drosophila da neurons. As in
previous studies using mutant clone approaches in Drosophila, initial outgrowth of axons
and dendrites was able to occur in exocyst-reduced neurons. We therefore challenged
neurons to regrow axons and dendrites after laser-mediated removal. RNAI of all seven
subunits tested dramatically reduced dendrite regeneration, and axon regeneration was also
severely impaired, although a new axon could still be specified. To test whether this
represented a specific strong requirement for the exocyst in injury-induced regeneration,
we tested developmental dendrite regrowth after pruning. This type of neurite growth was
also blocked. We conclude that axon and dendrite outgrowth in vivo is strongly dependent
on the exocyst.
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Initial axons and dendrite outgrowth occurs in neurons with exocyst subunits targeted by

RNAI

To test exocyst function in neurons in vivo, we used a cell-type specific RNAI approach.
The binary Gal4-UAS expression system was used to drive expression of RNA hairpins as
well as cell shape markers in neuron subsets using specific Gal4 drivers and UAS-driven
transgenes (Brand and Perrimon, 1993; Dietzl et al., 2007). UAS-Dicer-2 was included to
enhance RNAI efficacy in neurons (Dietzl et al., 2007). We first assayed development of
normal morphology of simple and complex dendrite arbors of larval Drosophila da neurons.
The ddaE neuron is a representative of the simplest class of da neurons (Grueber et al.,
2002) and responds to folding of the cuticle during larval locomotion (He et al., 2019;
Vaadia et al., 2019). The ddaC neuron belongs to the most complex class of da neurons
(Grueber et al., 2002) and responds to nociceptive stimuli including ovipositor insertion

of parasitoid wasps (Hwang et al., 2007). In 3-day old larvae, dendrite arbors of both
neuron types with exocyst components knocked down appeared identical in complexity to
control. While class 1 ddaE neurons had the same number of dendrite branches as control
(Figure 1A-B), they did appear slightly beaded. Class 4 ddaC neurons appeared identical

to control (Figure 1C). To quantify this complexity, we traced the entire dendrite arbor of
5-10 neurons per genotype and performed a Sholl analysis with 10 um steps. No significant
differences were seen in complexity (Figure 1E) or total dendrite length (Figure 1F) between
any genotypes. We also examined axonal projections of class 4 neurons to the ventral

nerve cord, and observed that axons reached their target in control and Sec6 RNAI neurons
(Figure 1D). Thus, initial axon and dendrite outgrowth occurred in neurons with exocyst
subunits reduced by RNA.. Previous analysis of ddaC neuron Sec5and Sec6 mutant clones
demonstrated reduced dendrite branching (Peng et al., 2015), so the acquisition of normal
neuronal morphology was likely due to residual exocyst function in our RNAI neurons.

The exocyst complex is required for sensory axon regeneration in vivo

We hypothesized that small amounts of exocyst complex may support initial neurite
outgrowth, but that neurons may not be able to respond to the challenge of regrowing an
axon after its removal. By definition, cell-type specific RNAI is induced after a particular
cell is born, so it typically becomes more effective over time. The delay between initial
axonal development and our assay for regrowth was two to three days. When the axon of
larval ddaE neurons is severed proximally (10-20 um from the soma), the neuron specifies a
dendrite to become a new axon by flipping its microtubule polarity and initiating outgrowth
from the dendrite tip (Rao and Rolls, 2017; Stone et al., 2010). By 96 hours post axotomy
(HPA), the chosen dendrite has, on average, grown several hundred microns in the body wall
as it wanders in search of a target to grow along. If it encounters the nerve, it grows along it
towards the central nervous system (Rao and Rolls, 2017). We performed proximal axotomy
on two-day old Drosophila larvae. While neurons expressing a control RNAI hairpin grew

a new axon averaging over 200um by 96HPA (Figure 2A and 2D), neurons with RNAI
knockdown of exocyst complex members Sec5, Sec6, Sec8, Sec10, and Sec15 had reduced
regeneration (Figure 2B-D). RNAI experiments were performed using tester lines that
contained UAS-Dicer-2 (see Reagent Table). Dicer-2 is included to improve efficacy of
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long hairpin RNAs in neurons (Dietzl et al., 2007). We used a mixture of RNA. lines from
collections at the Bloomington Drosophila Stock Center (BDSC) and the Vienna Drosophila
Resource Center (VDRC) (see Reagent Table for details) and whether a phenotype was

seen did not depend on the source (control, Sec5A and Sec6 RNAI lines were from VDRC,
and Sec8, Sec10, Sec15 and Exo70 were TRIP lines from BDSC). The reduction of axon
regeneration by targeting many different exocyst subunits strongly suggests that the exocyst
complex is required for this form of polarized neuronal outgrowth.

Failure of axon outgrowth in cultured rodent neurons has been suggested to be downstream
of lack of insertion of the IGF-1 receptor in the plasma membrane and axon specification
(Dupraz et al., 2009). To determine whether the new axon was correctly specified after
proximal axotomy, we analyzed microtubule polarity. In uninjured da neurons, dendrites
have almost exclusively minus-end-out microtubule polarity, while axons have plus-end-
out polarity (Rolls et al., 2007; Stone et al., 2008). When a dendrite is converted to a
regenerating axon, the microtubules are rebuilt to plus-end-out before growth is initiated
(Stone et al., 2010), and if this does not occur outgrowth does not happen (Mattie et

al., 2010). Microtubule plus end-binding proteins including EB1 can be used to track the
polarity of microtubules in living neurons (Rolls et al., 2007; Stepanova et al., 2003),

so we expressed EB1-GFP in ddakE neurons with control or Sec6 RNAI transgenes.
Microtubule polarity in uninjured Sec6 RNAI neurons was almost identical to control, with
predominantly minus-end-out dendrites, and no dendrites that had majority plus-end-out
microtubules (Figure 3B). Sec6é RNAI was chosen for additional analysis as it resulted in a
strong axon regeneration defect (Figure 2D). All major dendrite branches (red dotted lines,
Figure 3A) were analyzed for microtubule polarity at 96h after axotomy. All control neurons
converted a dendrite to plus-end-out polarity (Figure 3B and C). The same conversion

was seen in all Sec6 RNAI neurons (Figure 3B and C), indicating that a new axon could

be specified. This result suggests that regeneration failure in Sec6 RNAI neurons occurs
downstream of axon specification.

Accumulation of a membrane trafficking marker in the regenerating axon depends on the

exocyst

Axons are thought to grow by membrane addition near the growing tip (Pfenninger,

2009). Synaptotagmin-GFP (syt-GFP) has been used as a marker for post-Golgi traffic in
multiple cell types in Drosophila (Murthy et al., 2003; Yamanaka et al., 2015). Moreover,
endogenous synaptotagmin has been used as a vesicle marker in differentiating PC12 cells,
and concentrates in growth cones with Exo70 (Vega and Hsu, 2001). We hypothesized

that syt-GFP would concentrate in in regenerating axon tips similarly to PC12 growth
cones. In addition, we anticipated that syt-GFP vesicles should also concentrate in new
axons in neurons with reduced exocyst function as these cells specify a neurite with

axonal microtubule polarity (Figure 3). If microtubules direct secretory traffic to the correct
place, and the exocyst functions at the fusion step, then syt-GFP could also concentrate at
higher levels in regenerating axons of exocyst RNAI neurons. To test these predictions, we
generated a tester line with UAS-Dicer-2, UAS-mCD8-mCherry, and UAS-syt-GFP driven
in class | ddaE neurons with 221-Gal4. In uninjured neurons, syt-GFP was ubiquitous
throughout the axon, soma, and dendrites, localizing in a punctate pattern, with bright
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spots of Golgi visible in the cell body (Figure 4A). A similar distribution was observed

in uninjured Sec6 RNAI neurons (Figure 4B). To see whether syt-GFP redistributed during
axon regeneration, we severed axons of class | ddaE neurons and imaged them 72 hours later
during active axon outgrowth. Neurons were categorized based on whether they exhibited
regenerative outgrowth, and on the pattern of syt-GFP distribution. Example images of

the different patterns are included in Figure 4 and Figure S1. In control neurons that
regenerated, syt-GFP was often concentrated in the regrowing axon, although about half

of the cells also had some fluorescence elsewhere (Figure 4A and 4C). Neurons that had
syt-GFP concentrated only in the new axon (tip and tip + shaft category) no longer had
detectable syt-GFP in the cell body. In similar experiments using a previously generated
UAS-GFP-Sec15 (Jafar-Nejad et al., 2005; Peng et al., 2015), the GFP signal was too

dim to be reliably detected during regeneration. Rather than having syt-GFP more strongly
concentrated in a single neurite, injured Sec6 RNAI neurons had a more variable syt-GFP
than control neurons. Moreover, many non-regenerating neurons did not concentrate syt-
GFP to a particular neurite (Figure 4B and C), even though cells were able to specify

new axons based on microtubule polarity (Figure 3). Our data suggests that targeting of post-
Golgi vesicles to newly specified axons is influenced by the exocyst complex, suggesting
that it acts downstream of microtubule polarity, but perhaps at a step upstream of membrane
fusion.

The exocyst complex is required for dendrite regeneration in vivo

Dendrite growth is thought to be mediated by distributed membrane addition along dendrite
trunks, rather than targeted exocytosis at the tip (Peng et al., 2015). We therefore considered
that dendrite regrowth may not be as dependent on the exocyst as axon regeneration. We
used a post-developmental regeneration assay similar to the approach used above for the
axon to test the requirement of exocyst subunits in dendrite growth. Dendrite regeneration
in class 4 ddaC neurons involves much more outgrowth than dendrite regeneration of ddaE
(Stone et al., 2014; Thompson-Peer et al., 2016), and is easier to assay. When all dendrites
are severed near the cell body, ddaC neurons regenerate a robust arbor that returns to

cover its original receptive field by 96 hours after injury (Stone et al., 2014). Unlike axon
regeneration, which is often not initiated until 24 or 48h after injury (Stone et al., 2010;
Stone et al., 2012), dendrite regeneration begins around 6-8h post injury, and by 24h the
new arbor is large enough to use as a metric for dendrite regeneration candidate screening
(Nye et al., 2020). We cut all dendrites off of ddaC neurons expressing control or exocyst
subunit RNAI transgenes and assayed the new arbor 24h later. Control neurons generated a
new arbor spanning almost 300 microns (Figure 5A, left and 5B) and comprising over 3000
microns of new growth (Figure 5C). This amount of outgrowth is an order of magnitude
higher than that seen after axon injury at 96h. New arbors also gained on average over

100 branch points in the first 24h (Figure 1D). Regeneration of exocyst RNAI neurons

was severely attenuated (Figure 5A, right) in terms of arbor diameter as well as total new
dendrite length and number of branch points (Figure 5B-D). Interestingly, genotypes that
had mild or no axon regeneration deficit still had a strong reduction in dendrite regeneration,
perhaps due to the much higher demand for membrane in a shorter time frame.
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Since syt-GFP concentrated in regenerating axons, we wondered if it would redistribute

in regenerating dendrites. To assess this, we crossed flies expressing 477-Gal4 and mCD8-
mCherry to flies with syt-GFP. Before injury, synaptotagmin was clearly visible in the cell
body, and present in spots in dendrites, particularly those close to the cell body (Figure
6A). 18 hours after dendrite injury, the new dendrite branches had been populated with
syt-GFP puncta in much the same manner as uninjured cells (Figure 6B). Distal tips of
regenerating dendrites were quite dim; however, a few puncta were seen in tips and many
puncta were visible throughout the new dendrite. Similar dispersed puncta were observed in
7 neurons imaged 18h after injury and 6 neurons imaged 24h after injury. Thus, although
the exocyst was strongly required for dendrite regrowth, we did not find evidence that
membrane delivery was regionally targeted.

Dendrite regrowth after pruning requires the exocyst complex

Dendrite regeneration has been suggested to be different from developmental dendrite
outgrowth (Thompson-Peer et al., 2016), so we wished to determine whether the exocyst
was also required for dendrite growth that was not initiated in response to injury. Dendrites
of many da neurons including Class 4 are pruned during early pupal development, and then
new dendrite arbors grow into the adult body wall (Shimono et al., 2009). Dendrites of the
ventral class 4 neuron, v’ada, can be visualized in the adult abdomen (Shimono et al., 2009).
To test whether developmental regrowth of v’ada required the exocyst complex, we knocked
down Sec6 and Secl5 and examined v’ada neurons in adult flies. Control neurons regrew a
large arbor that is slightly morphologically different from its larval form but still covers a
large receptive field (Figure 7A). When Sec6 or Sec15 was knocked down, there was almost
no regrowth of dendrites (Figure 7B and C). The cells had beaded axons and appeared to

be in the process of dying. This phenotype was consistent across 5-6 adult flies imaged per
genotype. Thus, the requirement for the exocyst in neurite outgrowth is not restricted to
growth induced by injury.

Discussion

It has historically been difficult to definitively answer the question of whether the exocyst
complex is essential for the polarized extension of axons and dendrites. In primary neuron
cultures, axon specification is blocked when exocyst subunits are reduced and so neuronal
development is arrested before axons and dendrites initiate large scale growth (Dupraz et al.,
2009). In mice, mutant embryos die too early to assay neuronal morphology (Friedrich et al.,
1997). In Drosophila, maternal deposits of Sec5 and Sec6 persist for several days after egg
laying and support initial nervous system development (Murthy et al., 2003; Murthy et al.,
2005), then animals die. In contrast, exo70 mutant animals are homozygous viable (Koon

et al., 2018). We bypassed some of these issues by using cell-type specific RNAI to knock
down 7 exocyst subunits in Drosophila model sensory neurons. This approach allowed initial
neuronal development to occur, likely because of remaining exocyst function. This initial
development meant that comparison of axon and dendrite outgrowth was not hampered by
early failure of axon outgrowth precluding analysis of subsequent dendrite growth. We could
test axon and dendrite regrowth independently by complete removal of the axon or the
dendrite arbor. Regrowth was initiated two to three days after initial neuronal development,
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which allowed run-down of remaining protein. Physical removal of the axon or dendrite
should also have further depleted exocyst levels because any complex that was in the severed
region would no longer be available for reuse. We found that axon and dendrite regeneration
were severely impaired in neurons with reduced exocyst subunits. For axon regeneration,

the block occurred after a new axon was specified. By examining dendrite regrowth after
pruning, we were able to show that the requirement for neurite outgrowth was not specific to
injury-induced extension.

One unresolved question about neurite outgrowth is whether axons and dendrites use the
same molecular mechanisms to add new membrane lipids and proteins to their plasma
membrane during large, polarized outgrowth events. Axons and dendrites have distinct
morphologies and their construction entails different subcellular events. For example, the
smooth endoplasmic reticulum (ER) becomes enriched at the tip of regenerating axons, but
not dendrites, in Drosophila (Rao et al., 2016) and outgrowth of mammalian axons in culture
is associated with enrichment of ER tubules in the distal axon (Farias et al., 2019) and ER
concentration in the growth cone (Deitch and Banker, 1993; Pavez et al., 2019; Petrova et
al., 2020). In addition, Golgi outposts are found in dendrites and not axons (Horton et al.,
2005) and dendrite growth seems more sensitive to disruption of Golgi-mediated secretion
than axons (Horton et al., 2005; Ye et al., 2011). However, here we show that both axon and
dendrite regeneration rely on the exocyst complex, which tethers Golgi-derived vesicles to
the PM for fusion, suggesting that vesicle-based transport of new membrane materials from
the Golgi is critical for both types of growth.

While our results do not support the idea that axons and dendrites are differentially
dependent on exocyst-mediated secretion, they are consistent with previous studies that
indicate the two types of neurites add membrane with different spatial strategies. Growing
axons are generally thought to add membrane at their tip (Pfenninger, 2009; Vance et

al., 2000), while dendrites seem to add membrane more broadly, including along their
main trunk (Peng et al., 2015). While not definitive, the difference in distribution of the
membrane trafficking marker syt-GFP during axon and dendrite regeneration is consistent
with membrane delivery to concentrated regions of the axon and more dispersed delivery
to dendrites. One potential reason for this difference is microtubule polarity. Early in
dendrite regeneration, microtubule polarity is mixed (Feng et al., 2019; Stone et al., 2014),
while axons regenerating from dendrites have plus-end-out polarity (Stone et al., 2010). In
mammalian dendrites mixed microtubule polarity has been suggested to lead to distributed
cargo delivery (Kapitein et al., 2010). However, there are two flaws in the simple model
that uniform microtubule polarity leads to localized membrane delivery. First, in mature
Drosophila neurons, dendrite polarity becomes uniform (minus-end-out) (Hill et al., 2012),
but membrane addition is still distributed along the main dendrite (Peng et al., 2015).
Second, we found that all Sec6 RNAI neurons converted a dendrite to plus-end-out polarity
(Figure 3), but only a subset accumulated syt-GFP in concentrated regions of the cell (Figure
4) suggesting that plus-end-out polarity is not sufficient to drive membrane cargos to specific
regions of the new axon when the exocyst is reduced. This second result hints that the
exocyst could play a role in vesicle targeting as well as fusion in neurons.
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One source of confusion on studies of exocyst function in vivo has been that different
results have been obtained in studies focused on specific subunits. Therefore, it has been
ambiguous whether all subunits are equally important. For example, analysis of exo70
mutants in Drosophila led to the conclusion that this subunit is only required for neurite
extension under heat stress conditions (Koon et al., 2018), while Sec10 RNAI neurons had
no detectable phenotypes (Andrews et al., 2002), and Sec5 and Sec6 mutant clones exhibited
simplified dendrite arbors (Peng et al., 2015). The exo70 mutants used were transposon
insertion alleles, rather gene deletions, and so it is possible small amounts of protein were
produced (Koon et al., 2018). Similarly, while global levels of Sec10 were reduced in the
early RNAI study (Andrews et al., 2002), this was prior to inclusion of Dicer-2 expression

to facilitate neuronal knockdown and so, again, some protein may have remained in neurons.
We find that knockdown of each of the 7 subunits we tested led to the same strong reduction
of dendrite regeneration. In contrast, no defects in initial outgrowth were observed. The
simplest explanation for all of the data taken together, from our work and previous studies,
is that all exocyst subunits are equally important for neurite outgrowth, but that even very
small amounts of residual protein can provide enough function to mask this requirement.

Materials and methods

Drosophila stocks

RNAI lines used here were obtained from the Bloomington Drosophila Stock Center

(NIH P400D018537) and the Vienna Drosophila Resource Center (Table 1). Transgenic
tester lines used include: (UAS-Dicer-2; 221:Gal4, UAS-mCD8-GFP), (UAS-Dicer-2;
221:Gal4, UAS-EB1-GFP), (477-Gal4, UAS-mCD8-RFP), (ppk:Gal4, ppk:EGFP, ppk:CD4-
tdGFP, nls-BFP-UAS-Dicer-2); UAS-mCD8-mCherry, UAS-Dicer-2; 221-Gal4, UAS-syt-
GFP) (Table 1). Larvae for experiments were selected from the offspring of crosses between
female virgins of the tester lines and males of RNAI lines. Crosses were set up in a bottle
with a food cap at the bottom. Caps were collected and replaced every 24 hours and stored
at 25°C for either 2 days (axon regeneration experiments) or 3 days (all other experiments)
before use. Ingredients for 10L of fly food media: 459 Agar, 2599 Sucrose, 517g Dextrose,
155¢ yeast, 858g cornmeal, 40 mL 10% tegosept in ethanol, 60mL proprionic acid.

Generation of transgenic UAS-Dicer-2 linked to a visible marker

Overview: To facilitate assembly of recombinant Drosophila chromosomes with multiple
transgenes, we wished to generate a UAS-Dicer-2 (Dcr-2) transgene that could be tracked
by fluorescent microscopy. The UAS-Dcr-2 transgene we have previously used to enhance
neuronal RNAI (Dietzl et al., 2007) requires PCR to detect. The basic idea was to use

an eye-specific promoter (PXP3) to drive BFP in the same P element insertion vector

as the UAS-Dcr-2. The P element would include the standard miniwhite element, and
PXP3-3XTagBFP2 followed by UAS-Dcr-2. We made versions that included soluble
3XTagBFP2 and versions in which it was targeted to the nucleus with a nuclear localization
sequence (nls). While our original intent was that the 3XTagBFP2 would be detectable only
in the eye, the placement of the sequence immediately upstream from the UAS element
allows it to be driven in the same pattern as the Dcr-2; the UAS acts as a Janus promoter
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in this construct and Gal4-binding to it results in expression of upstream and downstream
coding sequences.

Plasmid construction: The following primers were used to PCR amplify the complete Dcr-2
ORF from Drosophila cDNA clone FI15132 (DGRC Stock 1644347) using Herculase DNA
polymerase (Agilent 600675):

Dcr2F1
ATTGGGAATTCGTTAACAGATCTAAGATATGGAAGATGTGGAAATCAAGCCTCG
Dcr2R1

GTTCCTTCACAAAGATCCTCTAGATTAGGCGTCGCATTTGCTTAGCTGCTGAAGGG
C

The gel purified product was cloned into Bglll-Xbal digested pUAST by In-Fusion
(TaKaRa 638948) to produce pUAST-Dcr-2. A plasmid on hand in the lab that had
previously been generated for Drosophila CRISPR, termed 1GCT_pHD-dsRed, was used
to clone 3XTagBFP2 downstream of the Drosophila 3XP3 promoter. The following primers
were used to PCR amplify 3XTagBFP2 from pHAGE-TO-nls-st1dCas9-3nls-3XTagBFP2
(Addgene 64512):

BFP2F1 (to include nls)
ACCATGGCCTCCTCCGAGGACGTCGGCTCTACTAGTGGCCCCAAGAAGAAGAGG
BFP2F2 (to exclude nls)
ACCATGGCCTCCTCCGAGGACGTCGGATCCGGAAGTATGGTGTCTAAGGGCG
BFP2R1
GCGCGCTCGTACTGCTCCACGATGGTGCTACTCGAGATTAAGCTTGTGCCCCAG

The PCR products were cloned into Aatll-Alel digested 1GCT_pHD-dsRed by In-Fusion
to generate constructs 1GCT_BFP2_F1 and 1GCT_BFP2_F2, with and without nuclear
localization signals, respectively. The following primers were used to PCR amplify 3XP3-
(nls)-3XTagBFP2 using the 1GCT_BFP constructs as template:

3XP3BFP2F1
CGGAGGACAGTACTCCGACCTGCAGGCGTACGGGATCTAATTCAATTAGAG
3XP3BFP2R1

CGGATCCAAGCTTGCATGACCGGTTAAGATACATTGATGAGTTTGG
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The PCR products were cloned by In-Fusion into Sbfl digested pUAST-Dcr-2 to
generate the final products (pUAST-3XP3-3XTagBFP2-UAS-Dcr-2 and pUAST-3XP3-
nls3XTagBFP2-UAS-Dcr-2). Complete plasmid sequences have been deposited to GenBank.

Plasmids were injected into Drosophila embryos by BestGene (https://
www.thebestgene.com/), and resulting transgenic flies were mapped to chromosomes and
used to generate recombinant tester lines as indicated (Table 1).

Larval mounting for imaging and neuron selection

For all experiments, larvae were mounted dorsal side up to a glass slide on top of a thin
dried agar pad with a coverslip taped on top. Larvae were immobilized by pressure of the
coverslip; no anesthetics were used. There are 8 abdominal body segments in larva, and each
contain a dorsal and ventral cluster of neurons, including the class | ddak and class 1V ddaC.
For all experiments, one neuron was used per animal within the second to fourth abdominal
segments.

Image acquisition and analysis

Zeiss microscopes (Thornwood, NY) were used to acquire all images for this study. We used
the following systems:

LSMB800 inverted confocal on an Axio Observer Z1 stand and equipped with GaAsP
detectors and a Zeiss Plan-APOCHROMAT 63x DIC (oil, 1.4NA) objective;

LSMB800 upright confocal on an Axio Imager.Z2 stand and equipped with GaAsP detectors
and Zeiss Plan-APOCHROMAT 63x DIC (oil, 1.4NA) and Zeiss Plan-APOCHROMAT DIC
(UV) VIS-IR 40x (oil, 1.3NA) objectives;

Zeiss Axio Imager.M2 widefield equipped with an AxioCam 506 mono camera and Zeiss
Plan-APOCHROMAT 63x DIC (oil, 1.4NA), Zeiss EC Plan NEO FLUAR 40x (oil, 1.3NA)
objectives.

All images for localization experiments were taken with a 63x 1.4 NA oil objective; all
0-hour images for injury experiments were taken with a 63x 1.4 NA oil objective; and all 24-
hour, 72-hour, and 96-hour post injury images were taken with a 40x 1.3 NA oil objective.
Adult v’ada neuron images were taken on 10x and 20x air objectives. All images were
processed in FI1JI software (https://imagej.net/software/fiji/). Z-stacks and time series images
were converted to maximume-intensity projections with the z-project function. Occasionally,
clean maximum intensity projections were rendered impossible due to larval movement
during imaging; when this was the case, we used the stitching plugin (max intensity option)
to generate a complete image.

Class | and IV morphology analysis

Images of full class I and IV neuron arbors in 3-day old larva were obtained with a Zeiss
LSMB800 confocal microscope. The z-stacks were maximum projected so that all dendrites
of the neuron were in a 1-frame, 2-dimensional image (no depth). For class | neurons,
number of total dendrite branch points per neuron was counted. For class IV, dendrites were
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traced with the simple neurite tracer (SNT) plugin on FIJI (https://imagej.net/software/fiji/)
and a Sholl analysis was performed within the SNT plugin (Schindelin et al., 2012). The
concentric circles were placed in 10 pm steps from the center of the cell body. 5-9 neurons
were quantified per genotype. For the dendrite regeneration morphology quantified in Figure
5, the same F1JI plugin and analysis was used as for uninjured neurons.

Class | axon regeneration assay

These experiments were performed per the protocol described in (Hertzler et al 2020).
Briefly, the axon of a class | neuron was severed 10-20um from the soma using a MicroPoint
UV pulsed laser. An image was taken on a Zeiss widefield microscope, and the larva was
returned to a food cap at 20°C for 96 hours. An image was then taken of the same neuron 96
hours post injury. Normalized axon regeneration was quantified as:

. *
Regeneration = (Lengthogi new axon = (L€NEthone new axon  (L€NEtNogh control dendrite / LENGthon

control dendrile)))

Class I microtubule polarity

Videos of individual neurons were taken on a Zeiss Axio Imager.M2 widefield microscope
at 1 frame per second for 5 minutes (300 frames). Since not all the dendrites lie in exactly
the same z plane, roughly half of the 5-minute video was spent focused on the comb dendrite
(Figure 3A, top dotted line) and the other half was spent on the secondary dendrites (Figure
3A, right and bottom dotted lines) to get an idea of polarity in all main dendrites and avoid
excessive photobleaching of the EB1-GFP. A dendrite was classified as plus-end out if 75%
or more of the visible microtubules polymerized away from the cell body. Kymographs were
generated from videos of both genotypes at 96 hours post injury and uninjured cells by
drawing a segmented line over a section of in-focus dendrite and using the multi-kymograph
plugin (line width 3) in F1JI. When the line is drawn towards the cell body, minus-end out
comets travel to the right and plus-end out comets travel to the left in kymographs.

syt-GFP imaging
For class | axon injury, syt-GFP and the mCD8-mCherry cell shape marker were
overexpressed with Gal4 under the 221 promoter. Axon severing and imaging were
performed on an LSM800 microscope equipped with MicroPoint UV laser. An image was
taken of neurons in 2-day old larva before the axon was severed 10-20um from the cell body.
After axon injury, the larvae were returned to a food cap for 3 days at 25°C or 4 days at
20°C, which are approximately equivalent. Data from both 72hr and 96hr experiments were
pooled for quantification as there is no discernable difference between those time points.
During these experiments images were acquired with different microscope settings, but in all
conditions syt-GFP was visible and all images are included in quantification.

For class 1V dendrite injury, syt-GFP and mCD8-mCherry were driven by 477-Gal4.
Dendrites were severed using a MicroPoint UV pulsed laser on an LSM800 inverted
confocal microscope and larvae were returned to a food cap for 24 hours at 25°C. Images
were acquired 24h after injury on the same microscope.
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Since syt-GFP distribution was not uniform after axon injury, we set 8 total categories for
quantifying, 3 for those with no regeneration and 5 for those with regeneration. “None”
indicates no visible syt-GFP; “Localized” indicates that syt was grouped in 1 or more
specific dendrites, notably different from “dispersed,” which had puncta throughout the
dendrite arbor. No neurons that regenerated a new axon had no syt signal; all regenerating
neurons across both control and Sec6é RNAI genotypes had syt-GFP at least in the growing
tip (>10um of green signal), tip+shaft, where most of the new axon contained syt puncta;
tip+shaft+elsewhere, where the new axon and its tip contained syt puncta but other non-
growing dendrites did as well, or dispersed, where syt was present in the new axon tip as
well as everywhere else in the arbor. All pre-injury images of both control and Secé RNAI
neurons had dispersed syt-GFP. Examples of the categories are shown in Figure 4 and Figure
S1.

Class IV dendrite regeneration assay

These experiments were performed per the protocol described in (Hertzler et al 2020).
Briefly, the dendrites of one class IV neuron in a 3-day old larva were severed using a
MicroPoint UV pulsed laser on a Zeiss Axio Imager.M2 widefield microscope. The larva
was recovered and placed in a food cap at 25°C for 24 hours and then imaged on a Zeiss
LSMB800 confocal microscope. For quantification, a line was drawn across the new dendrites
at the widest possible point, this being the regeneration diameter. Neurons were also traced
with the SNT plugin on F1JI and a Sholl analysis was performed on injured neurons the
same way as uninjured neurons in Figure 1.

Class IV adult neuron imaging

Crosses were set up using the same transgenic lines as the dendrite regeneration assay, as

the ppk promoter still labels these Class 4 neurons after pupariation. Larvae were collected
and allowed to pupate and eclose. Newly eclosed adults (less than 8 hours) were used

for imaging as their abdomen is usually much less opaque than older adults. Adults were
knocked out with CO5, had their wings and lower set of legs snipped off, and mounted under
a coverslip with a thin coating of glycerol to allow optical contact between the abdomen

and glass. Tiled z-stacks were taken of the abdomen region with a Zeiss LSM800 inverted
confocal microscope.

Statistical analysis

GraphPad Prism software was used to generate graphs and perform statistical analysis.
Figure legends contain information about statistical tests used. Significance is shown as *
(p<.05), ** (p<.01), *** (p.001), and all error bars represent standard deviation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Post-developmental regrowth of axons and dendrites requires the exocyst complex.
Axon regeneration was blocked at a step after specification of a new axon.

Different exocyst subunits are all equally important for dendrite regeneration.
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Figure 1. Exocyst RNAI does not affect initial neuronal development.
(A) Example images of class 1 ddaE neurons with control and exocyst RNAI. Average total

number of dendrite branch points per neuron is quantified in (B). (C) Example images of
class 4 ddaC neurons for both control and exocyst knockdown. (D) Class 4 axon terminals
in the ventra nerve cord are shown. Morphology appears similar in control and neurons
expressing Secé RNAI. (E) Sholl analysis of class 4 neurons shows no difference in dendrite
complexity between control and various exocyst component knockdowns. Step size, 10um
from cell body. Each point represents the average number of intersections per step for

5-9 neurons per genotype. (F) Along with complexity, total dendrite length is unchanged
(Kruskal-Wallis one-way analysis of variance with Dunn’s multiple comparisons test shows
no significance) by knockdown of exocyst subunits. Bars display averages of 5-9 neurons
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analyzed per genotype with numbers on the bars indicating number of neurons, error bars
are standard deviations.
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Figure 2. Exocyst knockdown strongly reduces axon regener ation.
(A) Example image of axon regeneration in neurons expressing control RNAI. A dendrite is

converted to a new axon and grows outwards (blue dashed line in 96hr image). (B and C)
Example images of lack of axon regeneration with Sec6 and Sec15 knockdowns are shown.
(D) Quantification of normalized regeneration for all genotypes. Formula is described in
methods. Bars show averages with n in each bar. Error bars are standard deviation. Sec5,
Sec6, Sec8, Sec10, and Sec15 are all significantly lower than control per one-way ANOVA
with Dunnett’s multiple comparisons test. ***, p<.001; **, p<.01; *, p<.05.
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Figure 3. Exocyst RNAI neurons specify a new axon with plus-end-out microtubule polarity.
(A) Diagram of a class 1 neuron with its three main dendrites labeled. Microtubule polarity

was assessed in each dendrite individually 96 hours after axotomy and in uninjured cells.
(B) Class 1 neurons flip microtubule polarity from minus-end out to plus-end out in one or
more dendrites to specify a new axon. The percent of injured neurons containing at least one
plus-end out dendrite uninjured cells and at 96 hours post axotomy is graphed for control
and Sec6 RNAI. Numbers in bars are number of neurons analyzed, with 2-3 dendrites per
neuron. (C) Example kymographs showing normal minus-end out polarity in uninjured cells
and plus-end out polarity 96 hours post axotomy in both genotypes.

Dev Biol. Author manuscript; available in PMC 2023 December 01.




1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Swope et al.

Control

Page 24

Sec6 RNAI

Proportion

Tip+shaft

C 0.6 - Control
0.4+ _
0.2
1
0 0 0 0 3|1l ]14
00 T T T T T T T
[ - o o - > & =0
c @ @ c @ = © T 5
<] N 12} S 12} 5] c £
Z § ¢ £ g o ¢ T=
g & F F o 2bv
4 a a = 1—%
+

0.6+

0.4

0.2

0.04

None

Localized

Dispersed

Sec6 RNAI

1
T

None 4o

>
=
o
=y
=

Dispersed -:l_‘

Tip+shaft 4

Tip+shaft
+elsgwhere = |

No
Regeneration

Regeneration

No

Regeneration

Regeneration

Figure 4. syt-GFP translocates to the site of axon regeneration after injury.
(A) Class | neurons expressing syt-GFP and a control RNAi were imaged before axon injury

and at 72 HPA. Cut site is indicated by green arrow, and regenerating axon with dotted
green line. syt-GFP appears in the regenerating tip as well as shaft of the new axon. (B)
Example of neuron lacking axon regeneration with Sec6 RNAI expressed; syt-GFP can be
observed in dispersed puncta throughout the dendrite arbor. (C) Quantification of different
syt-GFP localization during regeneration with control and Sec6 RNAI; example images of
the different categories are shown in Figure S1. Categories are described in materials and

methods.
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Figure 5. Exocyst knockdown causes severe deficit in dendrite regeneration.
(A) Example images of regenerating dendrites 24 hours post injury. Regeneration diameter

(longest line one can draw across regenerated dendrite arbor, (B)), total new dendrite
length (C), and number of new branches (D) are quantified. All genotypes are significantly
different from their respective control (p<.001) for each of these metrics with a Kruskal-
Wallis one-way ANOVA with Dunn’s multiple comparisons test. Bars show averages, with
number of neurons analyzed in each bar. Error bars are standard deviation. Data in (B), (C),
and (D) is derived from the same images.
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Syt-GFP

18hr HPD

18hr HPD

Figure 6. syt-GFP puncta populate the dendrite arbor during regeneration.
(A) In uninjured cells, syt-GFP is punctate throughout the neuron, including in axon, soma,

and dendrites. (B) syt-GFP puncta can be clearly seen in the axon, soma, and regenerating
dendrites. Brightness is increased for clarity.
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Figure 7. Dendriteregrowth during metamorphosisis abolished in exocyst knockdown neurons.
(A) Dendrites of the v’ada neurons of control flies prune to a bald cell body and

subsequently regrow to innervate the adult abdomen. (B and C) When Sec6 or Sec15 are
knocked down, there is no dendritic outgrowth and the cell bodies and axons appear to be
degenerating. 5-6 flies were imaged for each genotype and phenotype was consistent across
all animals of each genotype.
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A detailed description of transgenic Drosophila lines and software used in this study is provided. Transgenic
lines include UAS-RNAI lines from VDRC and BDSC as well as lines with multiple transgenes that allow
neuronal visualization and RNA hairpin expression.

List of RNAI lines used
RNAI line
Secb

Secs
Sec6
Sec8
Sec10
Secl5
Exo70
Exo84
gTub37c

Abbreviation/notes

Sec5 A, GD RNAi collection, long
hairpin

Sec5 B, Val10 vector, long hairpin
KK RNA. collection, long hairpin
Val20 vector, short hairpin
Val10 vector, long hairpin
Val10 vector, long hairpin
Val10 vector, long hairpin
Val10 vector, long hairpin

Control

List of lineswith multiple transgenes (tester lines)

Line

UAS-Dicer-2 ; 221-Gal4, UAS-EB1-GFP
UAS-Dicer-2 ; 221-Gal4, UAS-mCD8-GFP

477-Gal4, UAS-mCD8-RFP

ppk-Gal4, ppk-EGFP, ppk-CD4-tdGFP, PXP3-nls3XTagBFP2-UAS-Dicer-2
UAS-Dicer-2 ; 221-Gal4, UAS-mCD8-mCherry, UAS-synaptotagmin-GFP

Source of transgenes used in tester lines

UAS-synaptotagmin-GFP
UAS-Dicer-2

221-Gal4

477-Gal4

ppk-Gal4

UAS-EB1-GFP
ppk-EGFP
ppk-CD4-tdGFP
PXP3-nls3XTagBFP2-UAS-Dicer-2
UAS-mCD8-mCherry
UAS-mCD8-RFP
Software

Name

FIJI - ImageJ

GraphPad Prism 7

UAS-syt-GFP

second chromosome
third chromosome
second chromosome
third chromosome
described in Rolls, 2007
third chromosome

third chromosome

third chromosome

third chromosome

second chromosome

Source
VDRC, #28873

BDSC, #27526
VDRC, #105836
BDSC, #57441
BDSC, #27483
BDSC, #27499
BDSC, #28041
BDSC, #28712
VDRC, #25271

Source
Rolls lab
Rolls lab
Rolls lab
This paper
This paper

BDSC, #6926
BDSC, #24650
Wesley Grueber
Wesley Grueber
Wesley Grueber
Tadashi Uemura
Wesley Grueber
BDSC, #35843
This paper
BDSC, #27392
BDSC, #27391

Source

NIH: https:/fiji.sc/

https://www.graphpad.com/scientific-

software/prism/

Used in paper for:
Fig. 1,2,5

Fig. 5

Fig. 1,2,3,4,5,7,51
Fig. 1,25

Fig. 2,5
Fig1,2,5,7

Fig. 1,25

Fig. 5

All figs

Used in paper for:
Fig. 3

Fig. 1,2

Fig. 6

Fig. 1,5,7

Fig. 4,6,S1

Used in paper for:
All figures
Fig.1,2,34,5

Dev Biol. Author manuscript; available in PMC 2023 December 01.


https://fiji.sc/
https://www.graphpad.com/scientific-software/prism/
https://www.graphpad.com/scientific-software/prism/

	Abstract
	Graphical Abstract
	Introduction
	Results
	Initial axons and dendrite outgrowth occurs in neurons with exocyst subunits targeted by RNAi
	The exocyst complex is required for sensory axon regeneration in vivo
	Accumulation of a membrane trafficking marker in the regenerating axon depends on the exocyst
	The exocyst complex is required for dendrite regeneration in vivo
	Dendrite regrowth after pruning requires the exocyst complex

	Discussion
	Materials and methods
	Drosophila stocks
	Generation of transgenic UAS-Dicer-2 linked to a visible marker
	Larval mounting for imaging and neuron selection
	Image acquisition and analysis
	Class I and IV morphology analysis
	Class I axon regeneration assay
	Class I microtubule polarity
	syt-GFP imaging
	Class IV dendrite regeneration assay
	Class IV adult neuron imaging
	Statistical analysis

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Reagent Table

