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MINI-REVIEW

Introduction

Cell shape change often requires cell surface expansion. For 
example, cytokinesis of a simple spherical cell requires a 28% 
increase in surface area.1 So where does new plasma membrane 
come from for this expansion? With the advent of the molecular 
era, biologists started thinking of cell surface remodeling pre-
dominantly in terms of endo- and exocytosis.2 However, in some 
cases perturbations in vesicle trafficking only modestly influence 
surface expansion, suggesting there may be more to the story.3-5 
Decades ago, researchers viewing cell shape change by scanning 
electron microscopy (SEM) came up with an alternative idea 
about where new membrane comes from. Those keen observers 
noted that events of cell surface expansion, like cytokinesis and 
cell spreading, are accompanied by loss of cell surface projections, 
including microvilli and folds. They suggested that the projec-
tions serve as membrane stores that unfold to fuel cell surface 
expansion.1,6-11 Building on those prescient SEM snapshots and 
insights, modern biologists and biophysicists have now validated 
that plasma membrane unfolding can be a driving mechanism in 
cell surface remodeling. In this review, we will discuss the evi-
dence supporting plasma membrane unfolding, provide clues as 

to how unfolding is regulated and balanced with endo- and exo-
cytosis, and discuss how unfolding might occur in the context of 
intact tissues.

Plasma Membrane Unfolding in Cell Shape Change

Snapshots from SEM hint at an unfolding mechanism
SEM micrographs documenting cell shape change were 

collected many decades ago, and provided the first correlative 
support for the idea that microvilli, finger-like membrane projec-
tions with F-actin cores, could function as membrane “storage 
organelles.”1 One major example of this came from cultured cells, 
which transition from a spherical shape during mitosis to a spread 
disc shape during interphase. The rounded mitotic cell requires 
less surface area than its spread interphase counterpart of the 
same volume; and numerous labs reported that the spherical cells 
contain a dense coating of microvilli, while spread cells have a 
smoother surface devoid of microvilli (Fig. 1A).1,6,7,12 Thus, it was 
suggested that actual surface area may remain relatively constant, 
but the microvilli fold or unfold to achieve a spherical or spread 
cell shape, respectively.1,7

In this case of mitotic vs. interphase cells, the density of folds 
and microvilli was shown to be more strongly linked to the physi-
cal geometry of the cell than to the stage of the cell cycle. That is, 
P815Y mastocytoma cells cultured in suspension remain round 
throughout the cell cycle and maintain their microvilli, with 
microvillar loss only accompanying plasma membrane expansion 
during cytokinesis.9 Conversely, adherent PtK2 cells maintain a 
highly spread morphology until late mitosis, rather than round-
ing up at early mitosis like other cultured cells. Yet, the increase 
in microvillar density in PtK2 cells still approximately coincides 
with the apparent cell surface shrinkage during cell rounding, 
not mitosis onset.12
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Cell surface expansion is a necessary part of cell shape 
change. One long-standing hypothesis proposes that mem-
brane for this expansion comes from the flattening out of cell 
surface projections such as microvilli and membrane folds. 
Correlative EM data of cells undergoing phagocytosis, cytoki-
nesis, and morphogenesis has hinted at the existence of such 
an unfolding mechanism for decades; but unfolding has only 
recently been confirmed using live-cell imaging and biophysi-
cal approaches. Considering the wide range of cells in which 
plasma membrane unfolding has now been reported, it likely 
represents a fundamental mechanism of cell shape change.
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SEM data similarly showed a strong correlation between loss 
of microvilli and expansion of the plasma membrane in other cell 
shape changes, including mammalian phagocytosis,10 cleavage 
of Drosophila and human embryos,8,13 mouse blastomere com-
paction,14 epiboly,15 and cell swelling in response to hypotonic 
solution or viral infection.11 Thus, the relationship between high 
microvillar density and reduced apparent cell surface area, and 
vice versa, was seen to play out in many contexts and cell types, 
suggesting that plasma membrane unfolding could be a broadly 
conserved mechanism of cell shape change.

Finally, calculations based on the available SEM data also 
provided quantitative support for plasma membrane unfolding. 
In many cases, researchers made careful measurements of the 
amount of membrane contained in microvilli and the amount of 
membrane required for cell surface expansion. In spherical mitotic 
cells, the membrane incorporated into microvilli can account for 
the difference in apparent surface area between the spherical and 
spread shapes.1,7 Likewise, in suspended mastocytoma cells, the 
calculated surface area to volume ratio is conserved throughout 

cell division, suggesting that “the mechanism of cytokinesis [may 
be] a physical one, involving the unfolding of previously accu-
mulated microvilli.”9 For phagocytosis, Petty, et al. estimated 
that, the disappearance of surface folds could account for around 
25% of the membrane required to form the phagosome.10 For 
cellularization, the first tissue-building event in the Drosophila 
embryo, microvilli could supply >40% of the membrane required 
to build the ingressing furrows.16 Thus, these calculations show 
that microvilli contain sufficient membrane to make significant 
contributions to surface area expansion during a wide variety of 
cell shape changes.

Kinetics and membrane tracking from live-cell imaging 
validate the unfolding mechanism

Although SEM observations pointed to the possibility that 
membrane projections may serve as a membrane reservoir for 
cell shape change, the need to fix the cells for imaging precluded 
definitive demonstrations of this mechanism. More recent use 
of light microscopy has filled this gap by allowing researchers to 
observe the surface of living cells. As we will review below, live 

Figure 1. Microvilli are lost or gained coincident with cell surface expansion or shrinkage, respectively. Many cultured cells (A) alternate between a 
spherical shape in mitosis (left), and a flat spread shape in interphase (right). Spherical cells are decorated with dense microvilli, whereas their spread 
counterparts display a smoother surface, devoid of microvilli. In cellularization (B), the first tissue-building event in the Drosophila embryo, furrows form 
at the syncytial embryo’s surface (left) and ingress between ~6000 nuclei to generate a single layer of epithelial cells (right). This expands the apparent 
membrane surface area ~25-fold in one hour. At the beginning of cellularization, the embryo surface is covered in dense microvilli; by the end of cel-
lularization, the microvilli are gone. (A-B: mitotic chromosomes or nuclei are shown in blue).
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cell imaging has given us a better idea of the time scale and 
kinetics of the unfolding process, as well as its reversibility. 
Most importantly, live-cell imaging has allowed us to per-
form direct tracking to observe the fate of labeled microvil-
lar membrane over time, and so confirm that the unfolding 
mechanism does happen.

Leading the charge, several cultured cell studies have 
documented and validated the plasma membrane unfolding 
mechanism. First, Gauthier and Sheetz labeled the plasma 
membrane with the lipophilic dye FM1–43 and performed 
simultaneous differential interference contrast (DIC) and 
epifluorescence microscopy to track membrane folds dur-
ing lamellipodial protrusion.17 Using this technique, they 
observed a loss of fluorescence intensity in folded regions 
in sync with a corresponding gain of fluorescence intensity 
in the extending lamellipodia, strongly suggesting that the 
membrane folds are disassembled to fuel lamellipodial pro-
trusion.17 In another study, using time-lapse confocal imag-
ing of a plasma membrane-GFP probe during phagocytosis, 
Masters and Gauthier generated 3D renderings of the cell 
surface. Here, it was observed that membrane folds are lost 
coincident with cell surface expansion to form the phago-
cytic cup.18 Likewise, Kapustina, et al. found that periodic 
bulge-like protrusions formed in CHO cells are driven by 
compression and expansion of the plasma membrane and 
underlying F-actin, reminiscent of the bellows of an accor-
dion.19 Two striking features in this latter work are (1) the 
rapidity of the plasma membrane folding and unfolding 
events, acting at time-scales incompatible with contribu-
tions from endo- and exocytosis, and (2) the reversibility of 
the folding mechanism.

A limitation of these cultured cell studies was the inabil-
ity to selectively label only the microvillar or folded mem-
brane and then watch its trajectory over time. But our lab 
recently managed this experiment in the intact fly embryo.16 
That is, given the unique architecture of Drosophila cellu-
larization, we were able to use a plasma membrane pulse-
labeling strategy to demonstrate that microvilli unfold to 
fuel surface area expansion during cleavage furrow ingres-
sion.16 In the Drosophila embryo, the first 13 mitoses occur 
without intervening cytokinesis. In interphase 14, mem-
brane furrows form at the embryo’s surface and ingress to cleave 
the embryo into a layer of approximately 6000 epithelial cells, 
requiring an approximately 25-fold increase in apparent mem-
brane surface area (Fig.  1B).20 Microvilli decorate the surface 
of the embryo prior to cellularization, but are gone afterwards; 
and the microvilli have long been proposed to provide the mem-
brane for the ingressing furrows.8,21 Because the microvilli are 
exposed on the embryo’s surface, we selectively labeled them by 
applying a pulse of fluorescent wheat germ agglutinin (WGA), 
which binds glycosylated transmembrane proteins. During the 
“chase,” we used time-lapse imaging to follow the labeled micro-
villar membrane, and saw it slide along the cell surface into the 
forming furrows (Fig. 2). Remarkably, the front of the labeled 
membrane moved at a rate similar to furrow ingression itself, and 
membrane translocation from microvilli to ingressing furrows 

was independent of endocytosis.16 Thus, live cell imaging has 
now demonstratively shown what the early SEM data alluded to 
long ago: convolutions in the plasma membrane can unfold to 
make a direct contribution to cell surface expansion, even in the 
context of intact embryos/tissues.

Tension as a Potential Coordinator and Regulator  
of Membrane Unfolding

Mechanical properties of the plasma membrane can regulate 
cell shape and behavior. Specifically, plasma membrane tension 
has been characterized as a “global” regulator of events at the 
cell surface.22-26 Plasma membrane tension is a measure of the 
force required to deform the surface membrane of intact cells, 
and consists of two major components: the in-plane membrane 

Figure 2. Microvillar membrane unfolds and slides along the embryo surface 
during Drosophila cellularization. Schematic depicting how red fluorescent 
wheat germ agglutinin (WGA) was used to pulse-label apical microvilli in cellu-
larizing Drosophila embryos. After the microvillar membrane label was applied, 
time-lapse imaging during furrow ingression allowed us to follow the mem-
brane as it slid along the plane of the cell surface and into the furrows. (Nuclei 
are shown in blue; WGA is shown in red).



42	 BioArchitecture	 Volume 4 Issue 2

tension, and membrane-cytoskeletal adhesion energy.22,27 As 
such, this tension measurement can report on stiffness or slack 
in the plasma membrane. Thus, plasma membrane tension can 
provide a read-out of sorts for the amount of membrane stored 
in reservoirs at the cell surface. Furthermore, because the micro-
villi and membrane folds that house the surface membrane 
reservoir are essentially membrane deformations, membrane 
tension is a likely candidate to regulate the plasma membrane 
unfolding mechanism.

Plasma membrane tension as a reporter for surface mem-
brane reservoirs

First, we will consider the ability of membrane tension mea-
surements to report on cell surface reservoirs. Precise measure-
ments of plasma membrane tension can be made using optical 
tweezers.22,26,27 In this technique, a bead is bound to the plasma 
membrane of a cell and the bead is pulled by the tweezers to 
form a narrow, membrane-only tether between the cell and 
bead.26 Plasma membrane tension is proportional to the force 
needed to hold the bead in the laser trap.22,26 In adherent fibro-
blasts, membrane tethers can be pulled out to lengths of many 
microns without the bead being pulled out of the trap.28 That is, 
a constant force can be applied to pull out a long tether (~5 μm), 
suggesting that “excess” membrane is liberated from some cell 
surface reservoir.28 In mouse lung endothelial cells and human 
myotubes, a similar reservoir was attributed to cell surface pits, 
called caveolae.29 Membrane tension measurements with opti-
cal tweezers demonstrated that tension remains low in caveolae-
containing-cells upon hypo-osmotic shock, but rises sharply in 
cells lacking caveolae.29 Thus, caveolae can serve as a membrane 
reservoir that unfolds to buffer tension.

However, in the above examples, the caveolae or other 
unnamed surface reservoir was found to amount to less than 
1% of the cell’s surface area.23 While this small reservoir of 
membrane may be appropriate for buffering minor mechanical 
or osmotic f luctuations,29 it would contribute very little in the 
case of regulated cell shape change. But again, biophysical mea-
surements of plasma membrane tension combined with light 
microscopy, suggest that much larger contributions (>10%) 
are made by unfolding actin-based cell surface structures like 
microvilli and folds. For example, consider the plasma mem-
brane expansion that accompanies lamellipodial spreading in 
fibroblasts17 and particle phagocytosis by macrophage.18 In both 
of these systems, expansion occurs in two sequential phases. 
Assaying tension with membrane tethers revealed that tension 
remains relatively constant during the first phase of plasma 
membrane expansion; and this expansion is driven by f latten-
ing out membrane folds. In both fibroblasts and macrophage, 
this unfolding of membrane projections expands the surface 
area by > 20%.17,18 At the end of the first expansion phase, a 
spike in membrane tension indicates exhaustion of the cell 
surface reservoir,17,18 which triggers exocytosis and the second 
phase of expansion (see below).17,18 Therefore, tracking plasma 
membrane tension has proven an invaluable tool for detecting 
the presence of both small and large membrane reservoirs at the 
cell surface.

Plasma membrane tension as a coordinator and regulator of 
plasma membrane unfolding

Now we will turn to how tension can regulate the formation 
and retraction of actin-based membrane protrusions and pro-
jections, like filopodia, lamellipodia, pseudopodia, microvilli, 
membrane folds, et cetera. Recall that plasma membrane ten-
sion provides a measure of the deformability of the cell surface. 
Therefore, the formation and maintenance of directed protru-
sions (e.g., lamellipodia and pseudopodia), as well as mem-
brane-retaining surface projections (e.g., microvilli and folds) 
requires a force to oppose the membrane tension. In the case 
of protrusions and projections, a force at odds with membrane 
tension is F-actin polymerization.24,25,27,30 When F-actin polym-
erizes, monomers add to the plus ends of filaments. In protru-
sions and projections, these plus ends are oriented toward and 
in close proximity to the plasma membrane. According to the 
Brownian Ratchet Model of F-actin polymerization, this prox-
imity is only large enough to allow a monomer to add when the 
filament tip and membrane fluctuate away from each other, per-
haps by simple Brownian motion (opening a gap of only 1 to a 
few nm).31,32 With the addition of monomer to the filament end, 
the membrane must be displaced outward.31,32 However, because 
high plasma membrane tension resists deformation, high ten-
sion opposes filament growth. Essentially, the plasma membrane 
constrains new addition of actin monomer to the filament, and 
due to treadmilling, the filament and structure it supports ulti-
mately falls apart.

While many molecular details remain unclear, this well-
established mechanical feedback between membrane tension 
and F-actin polymerization is thought to generate an “inverse 
relationship” between plasma membrane tension and actin-based 
protrusions or projections.30 For example, increasing plasma 
membrane tension by osmotic swelling stops or slows the rate of 
lamellipodial extension,17,30 while decreasing tension using small 
doses of detergents and lipid-intercalating dyes increases the rate 
and likelihood of lamellipodial extension.30 In migrating neu-
trophils, increasing membrane tension in the trailing edge of the 
cell by pipette aspiration causes retraction of the pseudopod at 
the leading edge.24 Conversely, when a laser is used to sever and 
release the cell body from its extended pseudopod, the cell body 
generates a new pseudopod. That is, lowering membrane tension 
in the cell body by releasing the extended tension-generating 
pseudopod, allows the cell body to make a new protrusion.24

For motile keratocytes, a simple model incorporating the 
interaction between lamellipodial actin network treadmilling at 
the leading edge and constant plasma membrane tension around 
the whole cell periphery recapitulates experimental observations 
of cell shape and motility behaviors.33 Importantly, this tension-
based feedback works over length-scales encompassing the entire 
cell surface (~50 µm), reinforcing membrane tension’s role as an 
integrator of events all along the cell surface.22-26,30,33,34 Thus, 
plasma membrane tension not only controls F-actin polymeriza-
tion and protrusion, but also integrates spatially distant events 
along the whole cell surface.

It follows then that plasma membrane tension is also a plau-
sible regulator of unfolding. Like lamellipodia and pseudopodia, 
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the folds and microvilli that comprise large reservoirs of surface 
membrane are supported by dynamic F-actin.35-38 Presumably 
this F-actin must be disassembled for unfolding. A tension-based 
mechanism, similar to that that stalls directed protrusions in 
motile cells17,18,23,24,30 may then trigger the disassembly of micro-
villi and surface folds in order to liberate their membrane. In 
a situation of high membrane tension, monomer addition at 
the F-actin plus end will be constrained, depolymerization will 
continue at the minus-end due to treadmilling, and ultimately 
the filament will shrink and microvillus or fold disassemble.39 
Based on tension measurements made in neutrophils during 
phagocytosis, Herant and Dembo proposed such a tension-based 
model for unfolding and releasing membrane from cell surface 
projections.40 They proposed that during phagocytosis tension 
equilibrates over the whole cell surface so that all surface fea-
tures experience the same tension. At a given level of tension, the 
smallest or weakest projections, such as microvilli or folds with 
sparse or poorly organized F-actin cores, would disassemble first. 
Meanwhile the pseudopod with its highly organized F-actin, 
and reinforcing cytoplasmic signals, would continue to extend.40 
Only once phagocytosis is completed or the cell surface reservoir 
of membrane is exhausted, causing plasma membrane tension to 
spike, would pseudopod progression slow down.18

Of course, there are other possible ways by which unfolding 
could be regulated. For example, crosslinkers between F-actin 
and the plasma membrane in the microvilli and folds could be 
severed, promoting disassembly and unfolding. Or tension may 
somehow initiate biochemical signaling to alter the actin cyto-
skeleton (e.g., tension-gated ion channels).27 Many further stud-
ies of membrane tension and F-actin dynamics in a range of cell 
shape changes will be needed to identify the mechanism(s) by 
which unfolding is regulated.

Coordination Between Membrane Unfolding  
and Exocytosis

Of course, many studies support a role for vesicle exocytosis in 
surface area expansion during cell shape change.2,3,18,41 Can both 
membrane sources, the surface reservoir plus exocytosis from inter-
nal stores, contribute to one cell shape change? And if so, how is 
consumption of these membrane stores coordinated?

Sequential consumption of surface vs. internal membrane 
stores

Several studies of cell shape change in cultured cells indicate that 
cells unfold their surface reservoir first, and once that is depleted, 
membrane tension rises, signaling exocytosis to contribute addi-
tional membrane (Fig. 3A).3,17,18,23 This interpretation is founded 
in a well-supported model in which plasma membrane tension is 
thought to act as a regulator of cell surface area, promoting exocy-
tosis when membrane tension is high and endocytosis when mem-
brane tension is low.22,23,34,42

As described above, fibroblast spreading proceeds in a biphasic 
fashion, and the two phases are fueled by two different membrane 
sources. In the first phase, lamellipodial extension is constant and 
membrane comes from unfolding a surface reservoir. Membrane 

for the later and slower second phase comes from exocytosis.17 The 
transition to the exocytic phase is triggered by a sudden increase 
in plasma membrane tension when the surface membrane reservoir 
runs out.17 Similarly, in macrophage phagocytosis, an early rapid 
phase of pseudopod extension is driven by unfolding a surface res-
ervoir, whereas the second slower phase is driven by exocytosis.18 
Again, the transition between phases is mediated by elevated plasma 
membrane tension.18 Together, these findings show that for some 
cell shape changes, surface area expansion is fueled by two separate 
membrane reservoirs in sequence: first by unfolding the surface res-
ervoir, and then, after a rise in membrane tension, by exocytosis.

Simultaneous consumption of surface vs. internal membrane 
stores

But is the sequential use of membrane stores the only possibil-
ity? During furrow ingression in Drosophila cellularization, both a 
microvillar reservoir plus exocytosis contribute membrane to fuel 
the process.4,5,8,16,20,21,43-45 Also, like surface area expansion in other 
cell shape changes, furrow ingression during cellularization occurs 
with biphasic kinetics: furrows ingress slowly in the first phase, and 
rapidly in the second.21 Extrapolating then from cultured cells, it 
follows that membrane unfolding may fuel the first phase and exo-
cytosis the second phase.46 However, several findings contradict this 
model. The microvilli are not exhausted during the first phase.8,16,21,47 
In fact, we find that the microvilli are depleted throughout all of cel-
lularization.16 Conversely, inferring when exocytosis occurs by dis-
placement of a labeled plasma membrane probe suggests that vesicle 
addition occurs in both slow and fast phases.16,20 Therefore, it seems 
that both surface and internal membrane stores are used simultane-
ously during furrow growth in cellularization, rather than sequen-
tially as in fibroblasts or macrophage. Thus, the coordination and 
consumption of different membrane stores is likely to be tailored to 
the specific cell type, context, or cell shape change.

A model for coordinating exocytosis, endocytosis, and unfold-
ing in Drosophila cellularization

But could the situation of simultaneous consumption of mem-
brane reservoirs, as in cellularization, also utilize plasma membrane 
tension as an integrator and regulator of cell surface expansion? We 
believe that it could. Building from the ideas that we have intro-
duced in this review, we propose a model that attempts to reconcile 
the many threads of data concerning membrane trafficking and the 
use of membrane stores during Drosophila cellularization (Fig. 3B).16 
Several studies indicate that vesicle exocytosis primarily takes place 
at the apical surface of the embryo, where the microvillar reservoir 
is located.4,5,20,44,45 At the same time, depletion of these microvilli is 
regulated by furrow ingression.16 Presuming that the F-actin cores 
in the microvilli are poorly organized, the elevated membrane ten-
sion generated by the ingressing furrows may integrate along the 
cell surface, favoring disassembly of the weakest microvilli and 
pulling of their membrane directly into the furrows. Thus, the rate 
of furrow ingression should control the rate of microvillar deple-
tion, which we observe in our kinetic analyses of cellularization.16 
Because vesicle exocytosis lowers membrane tension, apical exo-
cytosis would permit membrane to be continuously deformed 
into microvilli by F-actin polymerization, even as the microvillar 
membrane store is depleted by furrow ingression. Consistent with 
this idea, microvilli are highly dynamic43,47 and secretory traffic is 
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required to maintain the apical microvilli.5 Because reduced mem-
brane tension also promotes endocytosis, endocytosis could also 
prune away excess exocytosed membrane that is not immediately 
drawn up into microvilli. In fact, apical endocytosis is robust,43,47 
and blocking endocytosis with shibirets, a temperature-sensitive 
allele of Dynamin, causes elongation of the microvilli.47 (Note that 
blocking endocytosis does not prevent transfer of labeled microvil-
lar membrane to the furrows.)16 Thus, plasma membrane tension 
may couple seemingly disparate and remote events during cellular-
ization, including microvillar remodeling, furrow ingression, and 

membrane trafficking. If so, this would speak to an outstanding 
question of whether plasma membrane tension can integrate cell 
surface events during morphogenesis.48

Conclusions

The idea that the plasma membrane unfolds to expand cell 
surface area during cell shape change is hardly new. But the 
use of modern cell biology techniques has now definitively 

Figure 3. Membrane stores are differentially utilized in different cell types. Macrophage phagocytosis (A) occurs with two phases of membrane expan-
sion. The first phase (left) is fueled by unfolding of membrane projections on the cell surface. After unfolding is complete, plasma membrane tension 
spikes, signaling the transition to a second phase, which is fueled by exocytosis. Furrow ingression in Drosophila cellularization (B) also occurs in two 
phases of membrane expansion. Unlike the macrophage, membrane unfolding and exocytosis fuel both phases simultaneously. Any excess membrane 
that is not utilized by unfolding may be pruned away by endocytosis.
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demonstrated this mechanism and has given us clues into what 
regulates it. Altogether, the data supporting unfolding has 
accrued over 40 years and includes numerous types of cell shape 
changes in many organisms. As such, membrane unfolding likely 
represents a fundamental mechanism cells use to expand their 
surface area during cell shape change, and thus has direct impli-
cations for development and disease.

Our observation of unfolding during Drosophila cellulariza-
tion suggests that unfolding occurs even in intact tissues, not 
just isolated cell types. This raises a whole new set of ques-
tions: Could unfolding contribute to examples of morphogen-
esis beyond cellularization? Certainly, microvilli are remodeled 
during mouse embryo compaction and epiboly in a way sug-
gesting that unfolding does accompany these morphogenetic 
events.14,15 Of course, cells within an intact tissue are most cer-
tainly subject to different mechanical and molecular signals 
than isolated cells. For example, intact tissues contain adhe-
sions. Presumably the membrane unfolding mechanism would 
somehow have to navigate the adhesions. During cellulariza-
tion, cell-cell adhesions are positioned between the microvilli 
and the ingressing furrow. How can unfolding and transfer of 
membrane play out with intervening cell-cell adhesions? Also, 
what forces within a tissue would generate the plasma mem-
brane tension to trigger unfolding? In the case of the Drosophila 

embryo, it seems that the force from furrow ingression pulls out 
the microvillar membrane. In other systems might the force be 
generated via actomyosin contraction, as in apical constriction 
or convergent extension? Is plasma membrane tension adequate 
to regulate unfolding in morphogenetic contexts, or do other 
developmental or spatial cues facilitate F-actin remodeling 
and unfolding? It looks like we have only started the journey 
in appreciating the importance of plasma membrane unfold-
ing; and we will need significant advancements in our under-
standing of cell and tissue mechanics to learn how unfolding 
is regulated and integrated with cytoskeletal remodeling and 
membrane trafficking.
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