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Abstract

Cells store membrane in surface reservoirs of pits and protrusions. These membrane reservoirs
facilitate cell shape change and buffer mechanical stress; but we do not know how reservoir
dynamics are regulated. During cellularization, the first cytokinesis in Drosophila embryos, a
reservoir of microvilli unfolds to fuel cleavage furrow ingression. We find that regulated
exocytosis adds membrane to the reservoir before and during unfolding. Dynamic F-actin deforms
exocytosed membrane into microvilli. Single microvilli extend and retract in ~20 seconds, while
the overall reservoir is depleted /77 sync with furrow ingression over 60-70 minutes. Using
pharmacological and genetic perturbations, we show that exocytosis promotes microvillar F-actin
assembly, while furrow ingression controls microvillar F-actin disassembly. Thus, reservoir F-
actin and, consequently, reservoir dynamics are regulated by membrane supply from exocytosis
and membrane demand from furrow ingression.
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Introduction

Biologists have long recognized endocytosis and exocytosis as regulators of cell surface
area. Yet, it is increasingly clear that membrane reservoirs, in the form of cell surface pits
and protrusions, can also take up excess membrane to shrink cell surfaces, and release
membrane to fuel cell surface growth (Clark et al., 2014; Figard and Sokac, 2014). For
example, as apparent cell surface area gets smaller during apical cell constriction in
gastrulating embryos, or during oscillatory contractions in cultured cells, membrane
reservoirs of blebs, folds, and filopodia form (Kapustina et al., 2013; Martin et al., 2010;
Nowotarski et al., 2014; Sweeton et al., 1991). Conversely, to prevent plasma membrane
rupture during mechanical stretching in human myotubes and endothelial cells, reservoirs of
surface invaginations flatten out (Cheng et al., 2015; Sinha et al., 2011). Membrane is
transferred to and from reservoirs as cells change their shape in cytokinesis, cell spreading,
phagocytosis, and tissue morphogenesis (Figard et al., 2013; Gauthier et al., 2011; Masters
etal., 2013; Sedzinski et al., 2011; Tan and Zaidel-Bar, 2015). Thus, the sheer number and
diversity of biological processes in which reservoirs participate argue that they represent a
fundamental mechanism used by cells to control surface area.

Despite the prevalence of reservoirs, we have limited knowledge of how they are regulated,
and how their usage is coordinated with endo- and exocytosis during cell shape change
(Clark et al., 2014; Figard and Sokac, 2014). At the morphological level, most reservoirs are
not membrane alone, but also contain protein scaffolds. The regulation of reservoirs is then
likely to depend on regulation of their underlying scaffolds. For example, caveolae constitute
a small membrane reservoir, storing <1% of cell surface area in invaginations supported by
caveolar protein complexes (Sinha et al., 2011). Inactivation of caveolar complex formation
blocks reservoir formation, and disassembly of the caveolar complexes upon cell stretching
correlates with reservoir depletion (Cheng et al., 2015; Sinha et al., 2011). Thus, mechanical
and/or molecular signals acting on the caveolar scaffold control reservoir formation and
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utilization. For larger membrane reservoirs, such as microvilli or folds, which store >10% of
cell surface area, the scaffold is F-actin (Figard and Sokac, 2013; Herant et al., 2005).
However, F-actin scaffolds in these larger reservoirs are yet to be characterized at any level.
We do not know if reservoir F-actin is highly dynamic, as in the cell surface protrusions of
motile cells (Pollard and Borisy, 2003), or more stable, as in stereocilia or brush border
microvilli (Rzadzinska, 2004; Tyska and Mooseker, 2002). Therefore, no clear predictions
have been made regarding the regulation of F-actin scaffolds in reservoirs, even in the
simplest cell types.

In addition to scaffolds, reservoir regulation is likely coupled to membrane trafficking, since
endo- and exocytosis control the actual amount of membrane at cell surfaces (Gauthier et al.,
2012; 2009). Endo- and exocytosis make significant and indisputable contributions to cell
surface homeostasis and cell shape change, with demonstrated roles in many of the same
events as reservoirs (Gauthier et al., 2011; Groulx et al., 2007; Lecuit and Wieschaus, 2000;
Masters et al., 2013). But it remains unclear how membrane trafficking and reservoirs work
together to manage membrane supply and demand at cell surfaces. In the case of cultured
cells, reservoirs can complement membrane trafficking because membrane amounts can be
managed by reservoirs on faster timescales than endo- and exocytosis (Charras et al., 2005;
Erickson and Trinkaus, 1976; Kapustina et al., 2013; Sedzinski et al., 2011). For example,
surface area expansion is biphasic during phagocytosis and cell spreading in cultured cells,
with membrane for an initial fast phase of growth coming from reservoir unfolding, and
membrane for a second slow phase provided by exocytosis (Gauthier et al., 2011; Masters et
al., 2013). Thus, in cultured cells, reservoir unfolding and exocytosis work sequentially; with
the signal to switch to exocytosis provided by a sudden increase in plasma membrane
tension once the reservoir runs out (Gauthier et al., 2011; Masters et al., 2013). Whether this
sequential use of external then internal membrane stores is universal versus context-
dependent remains an open question. Other possibilities such as a reversed order of, or even
simultaneous use of, exocytosis and reservoir unfolding have yet to be tested.

Drosophila cellularization offers a dramatic example of cell surface growth, during which
the role for reservoir unfolding is now well established (Figard et al., 2013; Figard and
Sokac, 2014; Fullilove and Jacobson, 1971; Lecuit and Wieschaus, 2000). Cellularization is
the first tissue-building event in Drosophila development. In these embryos, the first 13
mitotic cycles occur with no intervening cytokinesis, generating a syncytium. Then, during
cellularization at cell cycle 14, membrane furrows form at the embryo surface and
simultaneously ingress between ~6000 nuclei to build a sheet of epithelial cells that are 35
pum tall (Figure 1A). Cellularization increases the embryo’s surface area ~25-fold (Lecuit
and Wieschaus, 2000). Exocytosis contributes some membrane for cellularization (Burgess
et al., 1997; Lecuit and Wieschaus, 2000; Lee and Harris, 2014; Murthy et al., 2010; Sisson
et al., 2000). However, apical microvilli also serve as a membrane reservoir, supplying
approximately half of the membrane required for furrow ingression (Figard et al., 2013).
Membrane depletion from the reservoir is controlled by furrow ingression itself, and
microvillar membrane slides along the cell surface into growing furrows (Figard et al.,
2013). Although both exocytosis and reservoirs have been implicated in cellularization, how
their usage is regulated and coordinated is still mysterious. What’s more, how reservoir
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behavior during cellularization either relates to or is influenced by the underlying F-actin
scaffold is not known.

Here, we track membrane and F-actin in the microvillar reservoir during cellularization. We
show that exocytosis adds to the microvillar reservoir prior to and as the reservoir is
depleted, unlike the sequential use of reservoirs followed by exocytosis, as predicted from
cell culture work. Dynamic F-actin continually pushes excess reservoir membrane up into
dynamic microvilli to create a transient and highly plastic storage compartment; and
depletion of reservoir F-actin occurs /in syncwith depletion of reservoir membrane. Finally,
we find that microvillar F-actin assembly and persistence of the reservoir depends on
exocytosis, while F-actin disassembly and depletion of the reservoir is controlled by furrow
ingression.

Exocytosis delivers membrane that is stored in a microvillar reservoir

We recently showed that an apical reservoir of microvilli unfolds to provide membrane for
furrow ingression during cellularization (Figard et al., 2013). Earlier studies showed that
exocytosis also plays a role in furrow ingression during cellularization; and this exocytosis
occurs apically, where the microvilli are (Burgess et al., 1997; Figard et al., 2013; Lecuit and
Wieschaus, 2000; Mavor et al., 2016; Murthy et al., 2010; Sisson et al., 2000). To then
reconcile how reservoir unfolding and exocytosis both contribute to cellularization, we
examined the possibility that apically-directed exocytosis supplies membrane that is stored
in microvilli until transfer to ingressing furrows. In earlier studies, the drug Brefeldin A
(BFA) was used to block Golgi-derived, apically-directed exocytosis in cellularizing
embryos (Frescas et al., 2006; Sisson et al., 2000). BFA shuts down secretory trafficking
from the ER to Golgi, resulting in collapse of the Golgi and blockage of secretion (Frescas et
al., 2006; Sciaky et al., 1997). To confirm this BFA activity in our experiments, we first
examined the drug’s effect in embryos expressing the Golgi marker, GFP-tagged
Galactosyltransferase (GalT-GFP) (Snapp et al., 2004). In DMSO-injected control embryos,
GalT-GFP labeled punctate Golgi bodies, which represent the normal Golgi structure in
Drosophila embryos (Frescas et al., 2006; Snapp et al., 2004). In BFA-injected embryos, we
saw significant collapse of the Golgi bodies within ~6 minutes of injection (Figure S1A),
supporting BFA’s ability to block exocytosis of Golgi-derived vesicles in cellularizing
embryos.

To then ask whether apical exocytosis supplies membrane to the microvillar reservoir, we
injected BFA immediately after the onset of cellularization (Figure 1A; 14Early (14E)), and
assayed for the premature depletion of microvilli as furrows ingressed. Microvilli were
tracked by collecting Z-stacks over time (4D imaging) at the apical surface of embryos
expressing plasma membrane probe PLCS Pleckstrin Homology Domain (Venus-PH-PLCS;
Figure 1B, 1C; Figard et al., 2013). For each time frame, Z-stacks were collapsed into
maximum intensity Z-projections, and fluorescence intensity quantified (Figure 1B, 1D;
Figure S1B; Figard et al., 2013). We found that microvillar membrane is depleted
significantly faster in BFA-injected embryos than in controls, suggesting that blocking
exocytosis reduces the microvillar reservoir (Figure 1C, 1D; Figure S1B). After 45 minutes,
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the surface of BFA embryos looked smoother than the surface of control embryos. In fact,
the surface of BFA embryos after 45 minutes appeared more similar to the surface of control
embryos at the very end of cellularization, when almost all microvilli are gone and only
lateral cell edges are apparent (Figure 1C; Figard et al., 2013). Thus, when exocytosis is
blocked at 14E, membrane from the reservoir is prematurely exhausted. We believe that this
result reflects a shortage of membrane supply, not an increase in membrane demand, since
the rate of furrow ingression is the same in control and BFA-injected embryos (compare
slow phase ingression rates for DMSO controls at 0.20 £ 0.02 um/minute and BFA-injected
embryos at 0.18 + 0.01 um/minute; N>6 embryos per condition; mean + SE). Thus, our data
support the idea that, during early cellularization, exocytosis of Golgi-derived vesicles adds
membrane to the apical cell surface where it is temporarily caught up and stored in
microvilli.

Since the microvilli provide membrane for furrow ingression (Figard et al., 2013), we
predicted that BFA-injected embryos, with their reduced microvillar reservoir, would also
have reduced final furrow lengths. To test this, we again injected BFA at cellularization onset
(14E). However, this time we injected embryos expressing GFP-tagged Myosin-2
Regulatory Light Chain/Spaghetti Squash (Sgh-GFP; Royou et al., 2004). Sqh-GFP labels
the furrow tips, allowing us to track furrow length versus time by confocal imaging at the
embryo cross-section. We then measured final furrow lengths <80 minutes after
cellularization onset. As predicted, we found that BFA injection at 14E resulted in shorter
final furrow lengths compared to DMSO-injected controls (Figure 1E). Thus, microvilli are
depleted faster and furrow length is shorter when exocytosis is blocked from the beginning
of cellularization. Our data are consistent with a trajectory whereby membrane moves via
exocytosis to an apical microvillar reservoir, and then to ingressing furrows.

To better map when exocytosis occurs and to determine how much membrane is added to the
apical cell surface, we next performed timed BFA injections. We measured membrane
“amount” in terms of final furrow lengths. These lengths clearly differed depending on when
BFA was injected: BFA injection at the 13t cell cycle (13; Figure 1A) resulted in very short
final furrow lengths (Figure 1E). In contrast, BFA injection at mid-cellularization, at the
transition from the slow to fast phases of ingression and microvillar depletion (14M; Figure
1A; Figard et al., 2013), had no effect, with furrows ingressing to normal lengths (Figure
1E). Since furrows ingress normally after BFA injection at 14M, it is unlikely that off-target
drug effects account for furrow inhibition after the earlier timed BFA injections (compare
fast phase ingression rate for DMSO controls at 0.92 + 0.05 um/minute and BFA embryos at
0.95 + 0.03 um/minute; N=8 embryos per condition; mean + SE). Rather, the timed BFA
injections at 13, 14E, and 14M suggest the following sequence of events for the exocytosis
of Golgi-derived membrane during cellularization: Prior to cellularization, a modest
reservoir of membrane already exists at the cell surface. Then during the cycle 13-14E
transition, a burst of exocytosis adds even more membrane to the reservoir, such that ~60%
of the membrane required for furrow ingression is available (roughly 20 um of a total 33 um
furrow length). This estimate agrees with previous scanning electron microscopy (SEM)
analysis, showing that apical microvilli contain membrane sufficient for ~42-65% of furrow
length at the onset of cellularization (Figard et al., 2013). Finally, within the first half of
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cellularization, the remaining membrane required for furrow ingression is exocytosed to the
apical microvillar reservoir (Figure 1E).

As a final confirmation that exocytosis builds the microvillar reservoir, we tracked apical
membrane levels using Casein Kinase-1/Spider-GFP, a membrane probe for secretory
vesicles that was previously used to detect newly exocytosed plasma membrane (Babu,
2002; Frescas et al., 2006). We predicted that levels of new apical membrane would increase
between cycles 13 and 14E, as reservoir membrane would be augmented by exocytosis, but
not yet depleted by furrow ingression. As expected, we found that Spider-GFP signal
increases in microvilli between cycles 13 and 14E in control embryos (Figure S1C, S1D). To
confirm that this membrane increase is due to exocytosis, we injected BFA in cycle 13, and
saw that the Spider-GFP increase at the cycle 13 to 14E transition was significantly reduced
(Figure S1C, S1D). We conclude that the microvillar membrane reservoir is fed by apically
directed exocytosis largely prior to, but also coincident with, the reservoir unfolding that
fuels cleavage furrow ingression. This is in contrast to prior observations for cell spreading
and phagocytosis in cultured cells where reservoirs unfold first, and then exocytosis provides
new membrane afterward (Gauthier et al., 2011; Masters et al., 2013).

Dynamic F-actin supports a dynamic microvillar membrane reservoir

Given that the microvillar membrane reservoir is large, containing enough membrane for
>20 um of furrow growth, it likely requires a scaffold to support its structure and prevent
unwanted fission, fusion, and “pearling” events (Heinrich et al., 2014). Consistent with that,
we confirmed that F-actin underlies the microvillar reservoir in cellularizing embryos
(Figure 2A, 2B; Grevengoed, 2003).

Unlike F-actin in brush border microvilli, which is relatively stable (Crawley et al., 2014),
we predicted that F-actin in the embryonic microvilli would be highly dynamic because: 1)
the microvilli, as seen by SEM, resemble dynamic F-actin protrusions, such as filopodia and
ruffles (Figard et al., 2013); and 2) previous live imaging showed that the apical cell surface
is covered with dynamic “villous” membrane protrusions (Fabrowski et al., 2013). Thus, to
follow F-actin dynamics, we used total internal reflection fluorescence (TIRF) microscopy
to image F-actin at the surface of cellularizing embryos. Embryos expressing fluorescent F-
actin marker, Utrophin-mCherry (Burkel et al., 2007), were imaged at one-second intervals
during early cellularization. We observed foci that increased and decreased in fluorescence
with the duration of 16.6 £ 6.6 seconds (N=76 MV, mean + SD; Figure 2C, 2D, 2G; Movie
S1). We interpreted these foci to be individual microvilli, extending and retracting into and
out of the imaging plane in a “head-on” orientation (Figure 2B). To confirm that foci are
protrusions and not invaginations, we looked at cell edges where fluorescence signal is
sparser and microvilli tend to lay down parallel to the imaging plane (Figure 2B; Figard et
al., 2013). Here, F-actin fingers were seen extending and retracting with the duration of 19.6
+ 8.9 seconds (N=62 MV, mean + SD; Figure 2E, 2F, 2G; Movie S1), similar to the lifespan
of the foci observed in the “head-on” orientation. As a negative control, we confirmed that
gastrulating embryos, which lack microvilli on their surface (Martin et al., 2010; Sweeton et
al., 1991), do not show these Utrophin-mCherry features (Figure 2H). These results suggest
that the microvilli are dynamic membrane protrusions, supported by dynamic F-actin.
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We tested if F-actin dynamics in microvilli are driven by actin polymerization and
depolymerization. First, we used fluorescence recovery after photobleaching (FRAP) to
quantify microvillar F-actin dynamics. We used rhodamine G-actin as our probe because,
when incorporated into filaments, it was brighter than Utrophin-mCherry, and so allowed us
to bleach and image F-actin recovery at the embryo cross-section. Wild-type embryos were
injected with rhodamine G-actin ~15 minutes before cellularization to allow diffusion
throughout the large embryo (Cao et al., 2008). Microvillar F-actin was photobleached in a
3um? box at the apical cell surface (Figure 3A, 3B). Bleached F-actin signal turned over
rapidly with a half time to recovery of 14.4 + 2.1 seconds and mobile fraction of 98 + 4%
(N=24 embryos, mean £ SE). To be certain that recovery was a result of F-actin turnover,
rather than G-actin diffusion, we also injected embryos with F-actin stabilizer, Phalloidin,
before bleaching. Phalloidin blocked FRAP (Figure 3A, 3B), indicating that recovery occurs
by F-actin polymerization and depolymerization.

Next, we asked if F-actin polymerization is required to maintain microvilli. We imaged
microvilli in embryos expressing F-actin probe Utrophin-mCherry, immediately after
injection with Latrunculin A (LatA; Figure 3C-3E). LatA is a drug that binds G-actin and
prevents its incorporation into filaments (Coué et al., 1987). Because LatA did not have time
to diffuse throughout the embryo, it showed a graded effect with increasing distance from
the injection site: Near the injection site, microvillar F-actin signal was strongly reduced.
Further from the injection site (~100 pm away), microvillar F-actin signal remained at
control levels (Figure 3D, 3E). Specifically, F-actin fluorescence intensity near the injection
site decreased to 51.2 + 3.6% of the control level (N=5 embryos; mean £ SE). Thus,
microvillar F-actin appears to rapidly disassemble when F-actin polymerization is blocked
by LatA injection. So far, our results support a model whereby exocytosis delivers excess
membrane to the apical cell surface, where dynamic F-actin pushes the membrane up into
microvilli for storage until transfer to ingressing furrows.

Microvillar F-actin is depleted in sync with microvillar membrane and furrow ingression

To then release membrane from the microvillar reservoir, we hypothesized that the
underlying F-actin scaffold must be disassembled. But how is microvillar F-actin
disassembly related to the liberation of microvillar membrane and furrow growth? To
address this question we tracked the kinetics of microvillar F-actin depletion in Utrophin-
mCherry embryos, using 4D imaging. We found that microvillar F-actin is depleted in an
early slow phase followed by a later fast phase (Figure 4A, 4B). Furrow ingression and
microvillar membrane depletion also occur in an early slow phase and a later fast phase
(Figure 1A, S2A-S2C; Figard et al., 2013; Lecuit and Wieschaus, 2000; Papoulas et al.,
2004; Royou et al., 2004). Thus, we asked whether the biphasic depletion of microvillar F-
actin and membrane occur /n sync with each other. By relating 4D depletion data for
microvillar F-actin (Figure 4B) to 4D depletion data for microvillar membrane (Venus-PH-
PLCS; Figure S2A), we saw that F-actin and membrane depletion are linearly coupled
throughout cellularization (Figure 4C). The same linear coupling was observed between
microvillar F-actin and the additional membrane probe, Spider-GFP (Figure S2C, S2D).
This coupling supports the idea that F-actin disassembly allows for the release of membrane
from microvilli.
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To next ask how microvillar F-actin depletion and furrow growth are related, we compared
4D microvillar F-actin depletion (Figure 4B) to furrow ingression data (Sgh-GFP; Figure
S2B). We found that microvillar F-actin is depleted linearly with increasing furrow length
(Figure 4D). These results suggest that microvillar F-actin depletion, microvillar membrane
depletion, and far away furrow growth are all kinetically coupled with each other. Since our
earlier SEM analysis showed that microvillar density, not size, decreases linearly with
increasing furrow length (Figard et al., 2013), we suggest that membrane for furrow growth
is liberated by antagonizing the growth of or promoting the disassembly of more and more
microvillar F-actin cores.

Microvillar F-actin disassembly is coupled to furrow ingression

Because microvillar F-actin depletion is kinetically coupled to furrow ingression (Figure
4D), and the microvilli provide the membrane for furrow ingression (Figard et al., 2013), we
hypothesized that the demand for membrane during furrow growth controls the disassembly
of microvillar F-actin. If correct, then impaired furrow growth should correlate with
increased microvillar F-actin levels. Thus, we developed a method to locally block furrow
ingression within an embryo and then correlate furrow blockage with local microvillar F-
actin levels: We injected Utrophin-mCherry embryos with a high dose of fluorophore-
conjugated lectin (0.5 mg ml~1 Alexa488-Wheat Germ Agglutinin; WGAAX488) at the onset
of cellularization. WGA binds glycosylated proteins on nuclear membranes (Davis and
Blobel, 1986; Holt et al., 1987); and when injected at high concentration, the heterodimeric
WGA caused adjacent nuclear membranes to stick together. Because ingressing furrows
normally pass between the nuclei, WGA”X488 crosslinked nuclei formed an obstacle to
ingression (Figure 5A-5D; note that channels are pseudocolored for presentation). This
obstacle was localized immediate to the injection site, because the WGA”*488 concentration
was highest there (Figure 5B, 5D). Further from the injection site, furrow ingression was not
disrupted. Since all furrow tips are integrated in a hexagonal network, a bowed furrow front
resulted, with short furrows at the injection site and long furrows further off (Figure 5B, 5D,
5F, 5H; Figure S3B). To confirm that bowing was not caused by injection alone, we assayed
furrow lengths and microvillar F-actin intensities in buffer-injected control embryos, and
found them to be the same regardless of distance from the injection site (Figure 5C, 5E, 5G;
Figure S3A).

For embryos with WGAAX488 crosslinked nuclei, we related the continuum of different
furrow lengths to the coincident apical F-actin levels at ~40 minutes post injection. Per
embryo, we observed three distinct “zones” (Figure 5D, 5F, and 5H; Figure S3B). In the
zone furthest from the injection site (Zone 3), furrows were longest, and microvillar F-actin
fluorescence was at an intermediate level (Figure 5D, 5F, 5H; Figure S3B). The appearance
of furrows and microvillar F-actin depletion in Zone 3 resembled that in buffer-injected
control embryos at the same post-injection time (Figure 5C). Thus, Zone 3 represents an
internal control for normal ingression and microvillar F-actin depletion. In a transition Zone
2 (indicated by gray shading in Figure 5F, 5H; Figure S3B), spanning between Zone 3 and
the WGAAX488 crosslinked nuclei, furrow lengths were progressively shorter, and the
corresponding microvillar F-actin levels were higher than in Zone 3 (Figure 5D, 5F, 5H;
Figure S3B). Thus, where furrow ingression is impeded, there is a reciprocal increase in
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microvillar F-actin. This result supports our hypothesis that furrow ingression regulates and
promotes microvillar F-actin disassembly.

Microvillar F-actin assembly is promoted by exocytosis

Counter to our expectations, however, in Zone 1, the region closest to the injection site, the
furrows were shortest, and the apical F-actin levels were lowest (Figure 5D, 5F, 5H; Figure
S3B). We reasoned that if WGA”X488 crosslinking between nuclei blocks basally directed
furrow ingression, perhaps crosslinking also blocks apically directed transport of membrane
vesicles and secretion. If the apically directed vesicles contain either membrane or F-actin
regulators that promote microvillar F-actin assembly, then a blockage of trafficking and
exocytosis could explain the surprising deficit of microvillar F-actin in Zone 1.

To first test whether nuclear crosslinking can block membrane traffic to the apical surface,
we injected Alexa594-conjugated WGA (WGAAX5%4) into Gal T-GFP embryos (Frescas et
al., 2006; Snapp et al., 2004). Previously, GalT-GFP labeled Golgi bodies were observed to
traffic along the apical-basal axis of forming cells during cellularization (Frescas et al.,
2006). As above, we imaged the embryos ~40 minutes after WGAAX594 jnjection. In buffer-
injected control embryos, GalT-GFP fluorescence below all nuclei remained constant
regardless of position from the injection site (Figure 6A, 6C; Figure S4A,; note that the GalT-
GFP channel is pseudocolored for presentation). In contrast, in WGAAX5%4_njected
embryos, GalT-GFP signal below the crosslinked nuclei was elevated compared to regions
far from the injection site (Figure 6B, 6D; Figure S4B). We saw a similar accumulation of
Spider-GFP labeled secretory vesicles under WGA crosslinked nuclei, supporting that
crosslinked nuclei prevent apically directed membrane trafficking and exocytosis (Figure
S5A, S5B). To then test whether blocked exocytosis could account for the depletion of
microvillar F-actin in Zone 1, we returned to our timed BFA injection strategy. We injected
BFA in embryos at 14E (Figure 1A), and fixed and stained with Alexa488-Phalloidin
(Phalloidin”*488) Whereas Phalloidin®*488 |abeled F-actin in furrow tips in both DMSO-
injected control and BFA-injected embryos, Phalloidin®*488 did not label the apical surface
of BFA-injected embryos (Figure S5C). This result suggests a specific and dramatic
inhibition of microvillar F-actin assembly in BFA embryos. To further establish a causal
relationship between exocytosis and microvillar F-actin, we performed 4D imaging of live
Utrophin-mCherry embryos injected with BFA at 14E. Similar to the impact of BFA
injection on microvillar membrane (Figure 1C, 1D; Figure S1B), microvillar F-actin was
depleted significantly faster when apically-directed exocytosis was blocked (Figure 6E, 6F;
Figure S5D). Thus, membrane addition by exocytosis makes a permissive environment for
F-actin assembly. These results suggest that apical exocytosis not only supplies the
membrane that is stored in the microvillar reservoir, but it also promotes assembly of the
dynamic F-actin scaffold under that reservoir. When apical exocytosis is reduced by
experimental perturbation, or naturally as in the fast phase of cellularization, microvillar F-
actin trends towards disassembly.

Microvillar F-actin disassembly is controlled by furrow ingression

Microvillar F-actin is depleted /in sync with furrow ingression, and the extent of microvillar
F-actin disassembly correlates with furrow length. Thus, we asked if microvillar F-actin
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disassembly is controlled by furrow ingression. We tracked microvillar F-actin depletion in
Utrophin-mCherry embryos following RNAIi knockdown of the furrow component Slam
(slam®NA). Slam protein localizes to furrow tips, and genetic or RNAi knockdown of Slam
induces well-characterized furrow ingression defects by preventing the normal recruitment
of RhoGEF2, Rhol-GTPase, and Myosin-2 to furrow tips (Acharya et al., 2014; Figard et
al., 2013; Lecuit et al., 2002; Stein et al., 2002; Wenzl et al., 2010). We immediately saw
that more microvillar F-actin persisted at the end of cellularization in s/am*VA/ embryos
compared to buffer-injected controls (Figure 7A; Utrophin-mCherry depleted by 18.0

+ 1.7% at the end of cellularization in s/am™NA/ versus 58.7 + 2.2% in controls; N=12 and 6
embryos, respectively; mean + SE). Using s/am™ 4/ in Sqh-GFP embryos, we confirmed
that s/am knockdown led to furrows that ingressed slower and to a lesser extent than buffer
controls (Figure 7B). Coincident with these furrow ingression defects, we used 4D imaging
to show that microvillar F-actin was also disassembled slower and to a lesser extent after
slam®NAT (Figure 7C). Thus, the correlation observed between F-actin disassembly and
furrow length in the WGAAX488 crosslinking experiments is confirmed by s/am™VA/ In
addition, the s/am™NA data supports a model whereby furrow ingression regulates
microvillar F-actin disassembly and consequent reservoir unfolding.

Discussion

Here we show that reservoir F-actin and, consequently, reservoir dynamics are regulated by
membrane supply from exocytosis and membrane demand from furrow ingression. We find
that F-actin in the microvillar reservoir of cellularizing embryos is significantly different
than F-actin in other types of non-reservoir cell surface protrusions. These differences may
reflect the unique requirements of an F-actin scaffold that is plastic enough to either store or
release membrane on demand. For example, reservoir microvilli are comparable in length
and diameter to gut microvilli and filopodia (Breitsprecher et al., 2011; Figard et al., 2013;
Medalia et al., 2007; Mooseker and Tilney, 1975). Yet, F-actin turnover in the reservoir
microvilli is far more dynamic. Whereas F-actin turns over in minutes to hours in stereocilia,
brush border microvilli, and filopodia (Barzik et al., 2014; Rzadzinska, 2004; Tyska and
Mooseker, 2002), F-actin lifetimes are only a few tens of seconds in the microvilli of
cellularizing embryos. In terms of morphology, reservoir microvilli are also much more
heterogeneous than either gut microvilli or filopodia (Crawley et al., 2014; Faix et al., 2009;
Figard et al., 2013). In electron micrographs, reservoir microvilli in cellularizing embryos
appear as a mixture of finger-like projections, ruffles, and ruffles with fingers extending
from them (Figard et al., 2013). The same morphologies and heterogeneity are also seen in
the reservoir microvilli of macrophage and mastocytoma cells (Erickson and Trinkaus, 1976;
Knutton et al., 1975; Petty et al., 1981), suggesting that these architectures are typical for
cell surface reservoirs.

We suggest that both the non-uniform morphologies of protrusions in reservoirs as well as
their fast F-actin turnover are functions of the underlying F-actin ultra-structure.
Specifically, F-actin in heterogeneously shaped reservoirs may be relatively more
disorganized than the highly ordered bundles of F-actin in homogeneous brush border
microvilli or filopodia. Consistent with this, mouse mutations in F-actin crosslinkers (e.g.
Villin, Espin, and Fimbrin), as well as mutations in F-actin/membrane tethers (e.g. Myosins
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1A and 6, and Ezrin) result in brush border microvilli that look more like reservoir microvilli
in their mixed sizes and shapes (Crawley et al., 2014; Hegan et al., 2012; Tyska et al., 2005).
As a trade-off, reduced F-actin order in reservoir protrusions may allow for faster F-actin
dynamics (Medalia et al., 2007), rendering the reservoir scaffold more plastic and so better
able to respond to membrane supply and demand. In fact, reservoir microvilli may lack
specific mechanisms for creating uniformity and stability, as these mechanisms would be
unnecessary or possibly even unfavorable for a transient, plastic membrane reservoir.

Whatever its ultrastructure, our data argue that the F-actin scaffold within reservoir
microvilli is largely regulated by the membrane economy: Membrane supply from
exocytosis promotes F-actin assembly and reservoir maintenance, while membrane demand
from furrow ingression promotes F-actin disassembly and reservoir depletion. On the supply
side, exocytosis may deliver F-actin regulators (Cao et al., 2008; Palamidessi et al., 2008).
Alternatively, exocytosis could stimulate F-actin assembly by relieving plasma membrane
tension, which normally antagonizes F-actin polymerization (Dai and Sheetz, 1995). Plasma
membrane tension is a measure of the deformability of the membrane (Diz-Mufioz et al.,
2013). Delivery of more membrane via exocytosis would make the membrane easier to
deform (Gauthier et al., 2012; 2009), therefore reducing resistance to actin monomer
addition at filament plus ends abutting the membrane (Diz-Mufioz et al., 2013; Keren et al.,
2008; Mogilner and Oster, 1996; Mogilner and Rubinstein, 2005; Theriot and Mitchison,
1991). Thus, during cellularization, membrane supply via exocytosis may create a
mechanically permissive environment for actin polymerization, which with the right
complement of F-actin elongation factors (e.g. Ena; Grevengoed, 2003), supports the
formation and maintenance of the reservoir.

On the demand side, furrow ingression controls disassembly of microvillar F-actin. One
simple model is that membrane tension is also the signal that couples furrow ingression with
F-actin disassembly. Given that membrane flows directly from the microvilli to the furrows
(Figard et al., 2013; Lecuit and Wieschaus, 2000), we suggest that a pulling force likely
occurs in the direction of furrow ingression. Furrow pulling could be communicated to the
microvillar F-actin via plasma membrane tension, which as discussed above, can control F-
actin dynamics. Plasma membrane tension is known to integrate spatially distant forces and
F-actin dynamics over entire cell surfaces during other cell shape changes like spreading,
crawling, and phagocytosis (Herant et al., 2005; Houk et al., 2012; Keren et al., 2008;
Raucher and Sheetz, 2000). In those shape changes, high plasma membrane tension resists
deformation and so antagonizes F-actin polymerization and protrusion. Very high tension
can even buckle or crush F-actin (Mogilner and Rubinstein, 2005). In the case of
cellularizing embryos, furrow pulling may generate enough plasma membrane tension so
that the plasma membrane itself antagonizes the elongation of reservoir microvilli when
exocytosis stops and membrane amount becomes limiting. Alternatively, plasma membrane
tension could also elicit mechanosensitive signals that act through the cytoplasm to change
the activity of F-actin capping or bundling proteins to link furrow ingression and microvillar
F-actin disassembly (Diz-Mufioz et al., 2013; Goehring and Grill, 2013; Houk et al., 2012).

Finally, in regard to the relationship between membrane trafficking and reservoir usage, our
data shows something distinct from what the cultured cell work predicts. For cell spreading
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and particle engulfment in cultured cells, reservoir usage and exocytosis occur sequentially.
That is, reservoirs unfold in an initial fast phase of cell surface expansion; and only after the
reservoir is completely depleted does a spike in membrane tension trigger exocytosis of new
membrane (Gauthier et al., 2011; Masters et al., 2013). In contrast, in cellularizing embryos,
exocytosis provides membrane to the microvillar reservoir before as well as during
unfolding. This is the first time that this sequence of membrane handling has been reported.
What’s more, our observations for cellularization suggest that regulated exocytosis
purposefully puts membrane into cell surface reservoirs for anticipated events of cell surface
expansion. This raises the possibility that reservoir formation is regulated with respect to
events requiring cell surface expansion, like cytokinesis and embryonic morphogenesis.
Moving forward, reservoir studies in cellularizing embryos will complement work in
cultured cells because the modes of coordinating exocytosis and reservoir dynamics are
distinct between these cell types and contexts. In addition, available secretory and exocytic
mutants that impact furrow ingression during cellularization (e.g. Lava lamp, Sec5, Rab11,
Syntaxin-1) present a singular opportunity to interrogate the molecular mechanisms linking
exocytosis and reservoir dynamics.

Experimental Procedures

Fly stocks

Stocks for live imaging were: OreR, Sgh-GFP (Royou et al., 2004), Venus-PH-PLC5 (Figard
et al., 2013), Utrophin-mCherry (this paper), Spider-GFP (Morin et al., 2001) and UASGalT-
GFP (Snapp et al., 2004) crossed with mat67tub-GALA4.

Confocal imaging and analysis

All confocal imaging was done on a Zeiss LSM710 microscope. For fixed or live imaging,
either a 63X oil-immersion objective (NA 1.4) or a 40X water-immersion objective (NA 1.2)
was used, respectively. For live confocal imaging, embryos were mounted as described
(Figard and Sokac, 2011).

For 4D imaging, Z-stacks spanning =5 um of embryo surface were collected at 5 minute
intervals using a pinhole = 1AU. Images were collapsed into maximum intensity Z-
projections, and fluorescence quantified in ImageJ. Additional projection types (average
intensity and summed stack) gave the same trends. Wild-type embryos (Figure 4B; Figure
S2A-C) that required =75 minutes to complete cellularization were excluded due to
concerns about phototoxicity (Figard et al., 2013). Normalization is detailed in the
Supplemental Experimental Procedures.

For WGA crosslinking experiments, images were collected at the embryo cross-section. To
quantify MV F-actin levels in WGAA*488_injected embryos, Utrophin-mCherry fluorescence
was measured in a series of 5pm?2 boxes drawn along the surface of the embryo. Furrow
length per box was measured from the embryo surface to the furrow tip. Fluorescence
intensities and furrow lengths were normalized as a fraction of the maximum value per
embryo. Embryos were included for analysis if the ratio of shortest to longest furrow lengths
were <0.5. We considered this ratio indicative of the “bowing” phenotype, and excluded 3
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out of 11 embryos based on this criterion. To quantify Golgi levels in WGAAX5%.jnjected
embryos, GalT-GFP fluorescence was quantified in a series of 10um? boxes under the
nuclei. To quantify secretory vesicle levels in WGAA59%4.injected embryos, SpiderGFP
fluorescence intensity was quantified from a series of 10um? boxes under the furrows. For
both GalT-GFP and Spider-GFP, fluorescence intensities were normalized as a fraction of
the minimum value.

For FRAP, experiments were done at the embryo’s cross-section by bleaching a 3um? box at
the apical surface using 100% laser power for 25 bleaching iterations, using the zoom bleach
function. Images were then collected at 2-second intervals to track recovery. For FRAP
analysis, fluorescence intensity in the bleached region (FRAP) and an adjacent, non-
bleached region (REF) was quantified. Fluorescence at each time point was normalized as:
INorma = (IFRAP*IREF-Pre-bleach)/(IFRAP-Pre-bleach * IREF), Where Igrap is the fluorescence in
the bleached region at that time, Irgr-pre-bleach 1S the pre-bleach fluorescence in an
unbleached region, Igrap-pre-bleach IS the pre-bleach fluorescence in the FRAP region, and
Irer is the fluorescence in the unbleached region at that time point (Hardy, 2001). Recovery
was fit to a single-exponential fit in MATLAB, and half time to recovery was calculated.
Mobile fraction was calculated by the equation: Mobile fraction = (Imax-Imin)-(1-Imin), in
which I,y is the final recovered fluorescence value calculated in MATLAB, and Ipip is the
first post-bleaching fluorescence value.

TIRF imaging and analysis

Dechorionated embryos were sorted and staged in PBS, then sandwiched with a small drop
of PBS between a coverslip (24x50 mm, #1.5 thickness, VWR) and a thin (1mm) slice of
1.5% agar (Skinner et al., 2013). Imaging was done on a Nikon Ti microscope equipped with
a TIRF illuminator and a 100X TIRF objective, using a 561 nm laser. After manual
adjustment of the TIRF angle, movies were captured at 1-second intervals for 3 minutes. The
lifetimes of “head-on” microvilli were quantified by measuring fluorescence intensity over
time, which increased and then decreased during protrusion and retraction, respectively.
Minimum fluorescence values on either side of the peak were set as the “start” and “end”
times of protrusion. The lifetimes of “lying-down” microvilli were quantified by measuring
the length of the protrusion from base to tip throughout protrusion and retraction. Only
movies with clear “start” and “end” points for a single protrusion were included in analysis.

Statistical analysis

Significance was determined by either Student’s t-test or 1-way ANOVA with Holm-Sidak
post-hoc test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Exocytosis adds membrane to a surface reservoir that unfolds to fuel
furrow ingression

F-actin deforms the reservoir into dynamic microvilli that are lost as
furrows ingress

Exocytosis (membrane supply) promotes microvillar F-actin assembly

Furrow ingression (membrane demand) promotes microvillar F-actin
disassembly
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Figure 1. Exocytosis delivers membrane that is stored in a microvillar reservoir
(A) The progression of cellularization. Nuclei are labeled “N”. Green block indicates cycle

13. Gray/orange block indicates cellularization at cycle 14. Throughout cellularization,
reservoir unfolding and depletion fuel furrow ingression. Arrowheads mark time of BFA

injection in cycle 13 (13), early cellularization (14E), and mid-cellularization (14M).

(B) Time-lapse Z-stacks, encompassing the microvilli (MV), are collapsed into maximum
intensity projections (Z-projections).
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(C) Z-projections of Venus-PH-PLCS& in DMSO- (Control) or BFA-injected embryos show
depletion of MV membrane over time. 0 minutes is onset of cellularization. Injection time
14E.

(D) Time to reach 25% depletion of MV membrane fluorescence for DMSO- (Control) or
BFA-injected Venus-PH-PLCS& embryos. Injection time 14E. Each square represents one
embryo (N=7 embryos per condition; horizontal bold lines are mean + SE; **p<0.001,
Student’s t-test).

(E) Final furrow lengths for DMSO- (Control) or BFA-injected Sgh-GFP embryos. Injection
times indicated. Each square represents one embryo (N=8 embryos per condition; horizontal
bold lines are mean + SE; p<0.001, 1-way ANOVA; **p<0.001; n.s. indicates not
significant; Holm-Sidak post-hoc test).

See also Figure S1.
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Figure 2. The microvillar F-actin scaffold is dynamic

(A) XZ projection of F-actin (Phalloidin*>46) in microvilli (MV) of a fixed wild-type
embryo.

(B) Z-projection of embryo in (A). Example MV in two orientations: “head-on” MV
(orange) grow orthogonal to the surface, and “lying-down” MV (green) grow parallel to the
surface.
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(C) Time-lapse TIRF images of an extending/retracting microvillus (F-actin; Utrophin-
mCherry) in a “head-on” orientation. Numbers are seconds; 0 seconds marks onset of
extension. Scale bar 0.5um.

(D) F-actin fluorescence versus time for the microvillus in (C).

(E) Time-lapse TIRF images of an extending/retracting microvillus (F-actin; Utrophin-
mCherry) in a “lying-down” orientation. Numbers are seconds; 0 seconds marks onset of
extension. Scale bar 1 um.

(F) Length versus time for the microvillus in (E).

(G) Lifetimes of MV in “head-on” and “lying-down” orientations. Each circle represents
one microvillus (N>62 MV from 5 embryos per method; horizontal bold lines are mean *
SD).

(H) TIRF images of F-actin at the surface of Utrophin-mCherry embryos at cellularization
or gastrulation. See also Movie S1.
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Figure 3. Dynamic F-actin is required to maintain the microvilli
(A) Time-lapse confocal cross-sections show FRAP of microvillar F-actin (MV; rhodamine

G-actin) in buffer- (Control) or Phalloidin-injected embryos. Yellow box is the bleached
region.

(B) MV F-actin FRAP in buffer- (Control) or Phalloidin-injected embryos (N=4 embryos
per condition; mean £ SE). 0 seconds is the first frame after bleaching.

(C) Representation of injection and imaging sites for (D).

(D) Confocal cross-sections of Utrophin-mCherry show F-actin levels ~1 min after injection
of DMSO (Control) or LatA. Arrowhead marks injection site.

(E) MV F-actin fluorescence versus distance from injection site for embryos in (D).
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Figure 4. Microvillar F-actin is depleted in sync with furrow ingression

(A) Z-projections of Utrophin-mCherry show depletion of microvillar (MV) F-actin over

time.

(B) MV F-actin fluorescence versus time during cellularization (N=12 embryos; mean +

SE).

(C) Average normalized MV F-actin fluorescence (N=12 embryos; mean + SD) versus
average normalized MV membrane fluorescence (Venus-PH-PLCS8; N=4 embryos; mean +

SD).
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(D) Average normalized MV F-actin fluorescence versus furrow length (N=12 embryos;
mean + SD). For (B)-(D), slow ingression/depletion phase shaded in blue. Shading is based
on transition from slow to fast phase as defined in Figard et al., 2013. For (C) and (D), line is
a linear least-square fit.

See also Figure S2.
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Figure 5. Microvillar F-actin depletion is coupled to furrow ingression
(A, B) The WGA nuclear crosslinking experiment. In (A) control embryos, furrow tips

ingress between nuclei (gray ovals) making an even furrow front (orange line). In (B) WGA-
injected embryos, crosslinked nuclei (red ovals) make a local barrier, impeding furrow
ingression and generating a curved furrow front.

(C, D) Confocal cross-sections of microvillar F-actin (Utrophin-mCherry; green) in
cellularizing embryos ~40 minutes after (C) buffer- (Control) or (D) WGA”¥488 jnjection
(red). Channels are pseudocolored for presentation. Furrow tips traced (orange). Arrowheads
mark injection sites.

(E, F) MV F-actin fluorescence (green) and furrow length (orange) versus distance from
injection site in (E) buffer- (Control) or (F) WGA”X488.jnjected Utrophin-mCherry embryos
(N=8 embryos per condition; mean + SE).

(G, H) MV F-actin fluorescence versus percent max furrow length in (G) buffer- (Control)
or (H) WGAAX488_jnjected Utrophin-mCherry embryos (N=176 data points from 8 embryos
per condition). Dark circles represent binned data (mean + SE). For (F and H), zones are as
described in the Results.

See also Figure S3.
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Figure 6. Exocytosis promotes microvillar F-actin assembly
(A, B) Confocal cross-sections of GalT-GFP (blue) in (A) buffer- (Control) and (B)

WGAAXM.injected (red) embryos show Golgi bodies. Arrowheads mark injection sites.
GalT-GFP channel is pseudocolored for presentation.

(C, D) Golgi fluorescence versus distance from the injection site in (C) buffer- (Control) and
(D) WGAAX94 njected (red) Gal T-GFP embryos (N=8 embryos per condition; mean + SE).
(E) Z-projections of Utrophin-mCherry in DMSO- (Control) or BFA-injected embryos
showing depletion of microvillar F-actin over time. 0 minutes is onset of cellularization.

(F) Time to reach 25% depletion of microvillar F-actin fluorescence in DMSO- (Control) or
BFA-injected Utrophin-mCherry embryos. For (E) and (F), injection time 14E. Each square
represents one embryo (N=4 embryos per condition; horizontal bold lines are mean + SE;
**p<0.001, Student’s t-test).

See also Figures S4 and S5.
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(A) Z-projections of Utrophin-mCherry in buffer-injected (Control) or s/am™™VA/ embryos

showing microvillar F-actin over time.

(B) Furrow length versus time for Sqh-GFP embryos after sfam™VA/ (purple; N=47
trajectories from 8 embryos). A typical furrow trajectory from a buffer-injected (Control)

Sgh-GFP embryo is shown for comparison (black).
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(C) Microvillar F-actin fluorescence versus time for Utrophin-mCherry embryos after
slam™NAi (purple) or buffer-injection (Control; black; N=12 or 6 embryos for s/lam™NA/ or
controls, respectively; mean £ SE).
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