
Developmental Biology 402 (2015) 192–207
Contents lists available at ScienceDirect
Developmental Biology
http://d
0012-16

n Corr
E-m
1 Cu

06510, U
journal homepage: www.elsevier.com/locate/developmentalbiology
Cell shape change and invagination of the cephalic furrow involves
reorganization of F-actin

Allison K. Spencer, Bilal A. Siddiqui 1, Jeffrey H. Thomas n

Department of Cell Biology and Biochemistry, Texas Tech University Health Sciences Center, 3601 4th Street, STOP 6540, Lubbock, TX 79430, United States
a r t i c l e i n f o

Article history:
Received 24 November 2014
Received in revised form
30 March 2015
Accepted 31 March 2015
Available online 28 April 2015

Keywords:
Gastrulation
Cephalic furrow
Morphogenesis
Cell shape change
Invagination
Apical constriction
x.doi.org/10.1016/j.ydbio.2015.03.022
06/& 2015 Elsevier Inc. All rights reserved.

esponding author.
ail address: jeffrey.thomas@ttuhsc.edu (J.H. Th
rrent address: Yale School of Medicine, 333
nited States.
a b s t r a c t

Invagination of epithelial sheets to form furrows is a fundamental morphogenetic movement and is
found in a variety of developmental events including gastrulation and vertebrate neural tube formation.
The cephalic furrow is a deep epithelial invagination that forms during Drosophila gastrulation. In the
first phase of cephalic furrow formation, the initiator cells that will lead invagination undergo apicobasal
shortening and apical constriction in the absence of epithelial invagination. In the second phase of
cephalic furrow formation, the epithelium starts to invaginate, accompanied by both basal expansion and
continued apicobasal shortening of the initiator cells. The cells adjacent to the initiator cells also adopt
wedge shapes, but only after invagination is well underway. Myosin II does not appear to drive apical
constriction in cephalic furrow formation. However, cortical F-actin is increased in the apices of the
initiator cells and in invaginating cells during both phases of cephalic furrow formation. These findings
suggest that a novel mechanism for epithelial invagination is involved in cephalic furrow formation.

& 2015 Elsevier Inc. All rights reserved.
Introduction

One of the fundamental morphogenetic processes that shape
the embryo during development is the invagination, or inward
bending, of epithelial sheets (Davidson et al., 1995; Ettensohn,
1985; Fristrom, 1988; Keller et al., 2003; Lecuit and Lenne, 2007;
Martin and Goldstein, 2014; Odell et al., 1981; Sawyer et al., 2010).
Differences in cell shape changes and movements can produce a
variety of epithelial structures (Davidson, 2012; Quintin et al.,
2008). Despite the variety of epithelial structures ultimately pro-
duced, in the best-studied epithelial invaginations, invagination is
associated with apical constriction (Sawyer et al., 2010). Acto-
myosin contraction appears to be the predominant mechanism of
apical constriction and epithelial invagination (Martin and Gold-
stein, 2014; Sawyer et al., 2010; Sherrard et al., 2010). However,
theoretical and modeling studies suggest other possible mechan-
isms of epithelial invagination, as have experimental studies
(Davidson et al., 1995, 1999; Ettensohn, 1985; Fristrom, 1988;
Herman et al., 1999; Keller et al., 2003; Kondo and Hayashi, 2013;
Wang et al., 2012).

The cephalic furrow (CF) starts to form at the beginning of
gastrulation (stage 6), when the ventral furrow starts to form. The
CF first appears as a shallow groove at about 65% egg length (EL,
omas).
Cedar Street, New Haven, CT
measured from the posterior of the embryo) on the lateral sides of
the embryo. The groove extends both postero-dorsally and antero-
ventrally, eventually forming a ring around the entire embryo. The
ring becomes more canted such that by the end of stage 7, the CF
ring extends from 54% EL dorsally to 74% EL ventrally (Campos-
Ortega and Hartenstein, 1997; Turner and Mahowald, 1977). As
gastrulation progresses, the CF rapidly grows deeper. By stage 8, it
becomes very deep on the lateral sides, but the ventral and dorsal
regions remain relatively shallow (Campos-Ortega and Hartenstein,
1997; Costa et al., 1993; Underwood et al., 1980). Starting during
stage 8, several cell divisions occur in the invaginated furrow and
might contribute to further CF deepening (Campos-Ortega and
Hartenstein, 1997; Foe, 1989). The CF is transient and by stage 11,
after germband extension has completed but before germband
retraction begins, the CF has unfolded and all the cells that had
invaginated have returned to the surface (Campos-Ortega and
Hartenstein, 1997; Costa et al., 1993; Turner and Mahowald, 1977).

Little is known about the cell shape changes that occur during
CF formation. CF formation is initiated by the shortening of a row
of cells in the mid-lateral region of the embryo. These initiator
cells undergo a cell shape change from columnar cells to bottle-
shaped cells that includes apical constriction, shortening in the
apicobasal axis and shifting of the nuclei to a more basal position
during the beginning of CF formation (Costa et al., 1993; Turner
and Mahowald, 1977; Vincent et al., 1997). However, the apices of
the CF initiator cells narrow less than those of the ventral furrow
(Costa et al., 1993). Unlike the cells of the ventral furrow, they do
not undergo apical flattening or ruffling (Costa et al., 1993; Turner
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Fig. 1. Morphogenesis of the early cephalic furrow. (A–G) Scanning electron micrographs of gastrulating embryos showing the lateral surface (A–D) and corresponding
surface cells in and near the CF (E–G) at early stage 6 (A,E), late stage 6 (B,F), stage 7 (C,G) and stage 8 (D). Arrow: cephalic furrow (CF). (H–I) Confocal images of gastrulating
embryos showing cell membranes (Nrt, green) and nuclei (Hoechst, blue) at stage 6 (H) and stage 7 (I). Arrow: CF. Scale bar: 100 μm. (J) Time course analysis of the depth of
the CF cleft measured from the apical blastoderm surface. Mean and SD. (K) Later time course analysis of the depth of CF invagination into the yolk sac measured from the
blastoderm base. Time point 0 was approximately 7.5 min after time point 0 in (J). Mean and SD. (L) Key morphological features defining the two phases of early CF formation
and timeline. (M–P) Confocal images of CF formation in the lateral region of the gastrulating embryo showing cell membranes (Nrt, green) and nuclei (Hoechst, blue) at early
phase 1 (1E) (M), late phase 1 (1L) (N), early phase 2 (2E) (O) and late phase 2 (2L) (P). Scale bar: 20 μm. (Q–T) Confocal sagittal images of CF formation from z-stacks of two
different embryos at late phase 2 showing cells at the surface of furrow cleft (Q), internalized cells of the CF (R), initiator cell apices (arrows) (S), and basal regions of initiator
cells near the base of the CF (T). Scale bar: 20 μm. Anterior: left.
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and Mahowald, 1977). As the furrow cleft deepens, the apices of
the neighboring cells appear to ‘roll over’ into the cleft (Costa et al.,
1993; Vincent et al., 1997).

The CF is not associated with any particular cell fate (Campos-
Ortega and Hartenstein, 1997; Underwood et al., 1980). However,
CF formation is regulated by the anteroposterior and dorsoventral
axial patterning systems. The second row of cells expressing even-
skipped (eve) in eve stripe 1 become the initiator cells (Harding
et al., 1986; Vincent et al., 1997). The identity of the initiator cells is
specified by the anteroposterior patterning genes bicoid (bcd),
hunchback (hb), buttonhead (btd), paired (prd) and eve (Blankenship
and Wieschaus, 2001; Driever and Nusslein-Volhard, 1988;
Frohnhofer and Nusslein-Volhard, 1986; Lehmann and Nusslein-
Volhard, 1987; Namba et al., 1997; Payre et al., 1994; Schupbach
and Wieschaus, 1986, 1989; Struhl et al., 1989; Vincent et al., 1997).
Dorsoventral differences in CF depth depend on the dorsoventral
patterning genes (Anderson et al., 1985; Costa et al., 1993; Irish
and Gelbart, 1987; Roth et al., 1991; Rushlow and Levine, 1990;
Zusman et al., 1988; Zusman and Wieschaus, 1985).

Here, we characterize CF formation at the morphological and
cellular levels. We observed that cell shape changes during CF
invagination differed from those described for other epithelial
invaginations that occur during gastrulation. Furthermore, we
observed that actin, adherens junctions and myosin II are reor-
ganized during CF formation. Myosin II appeared to be reorganized
in response to apical constriction. We propose that apicobasal
shortening and basal expansion drive CF formation rather than
actomyosin-mediated apical constriction.
Results

Cephalic furrow formation

CF formation starts near the beginning of gastrulation on the
lateral side of the embryo at early stage 6 as a shallow indentation
of a single row of cells (Fig. 1A). As gastrulation progresses, the CF
extends circumferentially and becomes a deep, prominent infold-
ing of the epithelial blastoderm (Fig. 1B–D). Observation of the
surface morphology of the early CF by scanning electron micro-
scopy (SEM) revealed that at the beginning of CF formation,
initiator cell apices dropping below the surface remained dome-
shaped like their immediate and more distal neighbors (Fig. 1A
and E). During late stage 6, the apices of the immediate neighbors
of the initiator cells, the adjacent cells, remained dome-shaped as
they bent inwards towards the forming CF cleft (Fig. 1B and F). By
stage 7, all cell apices had a shallower dome-shape, including the
apices of the cells entering the CF cleft (Fig. 1C and G).

To visualize internal CF morphology at the deepest part of CF
invagination, we imaged gastrulae in the plane midway between
the dorsal and ventral sides. During early gastrulation, the initiator
cells underwent cell shape changes without bending the epithe-
lium or moving into the interior (Fig. 1H). Later during gastrula-
tion, the initiator cells formed the hinge point of an epithelial fold
that invaginates into the yolk sac (Fig. 1I). The apices of the
infolded cells were closely apposed (Fig. 1I). As morphogenesis
proceeded, the CF turned anteriorly as more cells invaginated and
the CF deepened. Here, we focus on the morphogenesis of the CF
before turning (Fig. 1H and I), when cell shape changes and
movements are simple and more easily visualized.

Using time-lapse microscopy, we measured two major mor-
phological changes: the depth of invagination from the surface at
the beginning of CF formation and the depth of the fold’s invagi-
nation into the interior of the embryo later during CF formation.
These occurred at different times. During the first 7 min of CF
formation, the initiator cell apices invaginated about 18 μm from
the surface, at about 2.4 μm/min (Fig. 1J). This was the first phase
of CF formation. In the second phase of CF formation, the epithe-
lium invaginated. The depth of CF movement into the yolk sac was
measured starting from the initial distinctive bulge of the initiator
cell bases into the yolk sac, about 7.5 min after invagination from
the surface began. Over the next 7 min, the epithelial fold inva-
ginated about 29 μm from the blastoderm base, at about 3.9
μm/min (Fig. 1K).

Phase 1, the initial cell shape change phase, begins within
2 min, before or after, completion of cellularization. The beginning
is marked by the dropping of the apices of the initiator cells below
the apices of the other cells of the cellular blastoderm. Phase
1 consists of apicobasal shortening of the initiator cells, basal
movement of the initiator cell nuclei, and constriction of initiator
cell apices. The cells adjacent to the initiator cells bend inward
(Fig. 1L–N). For ease of presentation, we divided phase 1 into early
and late parts based on the position of the initiator cell nuclei. By
late phase 1, the bases of the initiator cells and adjacent cells have
started to bulge slightly into the yolk sac (Fig. 1N). During phase 2,
the invagination phase, the bases of the initiator cells start to
invaginate into the yolk sac. The initiator cells continue to undergo
apicobasal shortening and become increasingly wedge-shaped
(Fig. 1L,O and P). We have also divided phase 2 into early and late
parts based on the position of the initiator cells. Phase 2 ends
when the CF has reached its maximum depth perpendicular to the
non-invaginated cellular blastoderm before turning anteriorly
(Fig. 1L).

Time-lapse imaging of initiator cells was conducted by simul-
taneous two-channel confocal imaging of embryos expressing
both Spider-GFP and H2A-RFP (Fig. 2A, Supplemental Movie 1).
Basal movement of the initiator cell nucleus started within
1.5 min, before or after, the start of initiator cell apex invagination
(Fig. 2B). en-face time-lapse imaging of the subapical region of
initiator cells during phase 1E showed that the initiator cell apices
constricted perpendicular to the forming CF cleft, but not along the
cleft (Fig. 2C, Supplemental Movie 2).

Cells moving into the CF had apices that extended towards the
edge of the furrow cleft (Fig. 1O–Q). By late phase 2, cells that had
been internalized into the epithelial fold were shorter and their
apices were closely apposed (Fig. 1P and R). The initiator cells had
dramatically altered shape, having become very short and wedge-
shaped (Fig. 1P,S and T). The initiator cell apices were anisotropic:
apical width was unaltered in the plane of the CF fold, but reduced
in the perpendicular plane (Fig. 1S). This geometry allowed for-
mation of an epithelial fold with closely apposed apices. The bases
of the initiator cells were roughly isotropic (Fig. 1T).

Cell shape changes during early cephalic furrow morphogenesis

We quantitatively analyzed cell shape change during early CF
formation by measuring the initiator cells, the cells adjacent to the
initiator cells, cells that had not invaginated into the CF, cells at the
edge of the furrow cleft, and cells that had invaginated into
the epithelial fold (Fig. 3A).

Cells that have not invaginated into the cephalic furrow

At the start of gastrulation, the cells of the cellular blastoderm
were columnar epithelial cells of approximately the same size. The
majority of cells that had not invaginated were between 30 and
36 μm in height throughout most of early CF formation, but
somewhat shorter (26–30 μm) during late phase 2 (Fig. 3B). Nuclei
in non-invaginated cells remained at the same position, about 62%
of cell height, during early CF formation (Fig. 3C). The widths of
the apices and bases of non-invaginated cells were about 5–6 μm,
and remained unchanged throughout early CF formation (Fig. 3D
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Fig. 2. Initiator cell dynamics during early cephalic furrow formation. (A) Time-lapse montage showing cell membranes (Spider-GFP, green) and nuclei (H2A-mRFP, red) of
the CF region during early phase 1 (from Supplemental Movie 1). (B) Graphs showing change in initiator cell apex depth from surface and initiator cell nuclear apex depth
during part of phase 1 in individual embryos. Graph 2 is from data shown in montage (A). Time point zero was defined as the first 5 s. interval that the initiator cell apex was
at least 0.5 μm below the surface (A–B). (C) Inverted en-face time-lapse montage showing subapical cell membranes (Spider-GFP) of the lateral CF region (from Supplemental

Movie 1. Confocal time-lapse images of Spider-GFP (green, membrane) and H2A-
RFP (red, nuclei) during early CF formation. A video clip is available online.Sup-
plementary material related to this article can be found online at http://dx.doi.org/
10.1016/j.ydbio.2015.03.022.
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and E). Non-invaginated cells remained columnar throughout
early CF formation: the aspect ratios (width:height) were about
0.2 (Fig. 4B).

Initiator cells

During CF formation, the initiator cells underwent the first and
most extensive cell shape changes. Initiator cells shortened dra-
matically throughout CF formation, such that they were typically
half the height of non-invaginated cells by late phase 2 (Fig. 3B).
Nuclei moved basally: initiator cells had a median relative nuclear
position of 0.55 in early phase 1 and 0.42 in late phase 2, whereas
non-invaginated cells had a median relative nuclear position of
0.62 (Fig. 3C).

Initiator cells adopted a wedge-like shape during CF formation.
The degree to which a cell was wedge-shaped was described
quantitatively as the ratio between apical and basal widths of the
cell. In typical columnar epithelial cells, such as non-invaginated
cells, this ratio was 1.0 (Fig. 3D). In early phase 1, the median apical
to basal width ratio was 0.39 (Fig. 3D), indicating an early

Movie 2). Scale bars: 10 μm.
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beginning of the columnar to wedge cell shape transition. This
ratio declined to a median of 0.07 in late phase 2 as the wedge
shape became more pronounced (Fig. 3D). Initiator cell wedging
involved both apical constriction and basal expansion. Apical
constriction occurred in early phase 1 (Fig. 3E). Basal expansion
had a very different dynamic. No basal expansion occurred in early
phase 1: the bases of initiator cells and non-invaginated cells were
the same width (Fig. 3E). Basal expansion occurred during phase 2
(Fig. 3E). Throughout all stages of early CF formation, the initiator
cell apical aspect ratio (ratio of apical width to height) had a
median of about 0.05 and remained roughly constant despite cell
shortening (Fig. 4B). However, the initiator cell basal aspect ratio
Movie 2. Confocal en-face time-lapse images of Spider-GFP during early CF for-
mation. A video clip is available online.Supplementary material related to this
article can be found online at http://dx.doi.org/10.1016/j.ydbio.2015.03.022.

Fig. 3. Morphometric analysis of cell shape changes during early cephalic furrow
formation. (A) Diagram of early CF formation showing morphological classes of
cells during phase 1 and phase 2. Initiator cells, cells making the initial cell shape
changes during CF formation (IC, green); adjacent cells, cells immediately anterior
and posterior to the initiator cells (Adj, blue); cells that have not folded into the CF
(Non, gray); cells that have moved into the CF (Inv, red); cells at the edge of the CF
cleft (Edg, brown). (B) Cell heights. IC became shorter at every stage (po0.01); Adj
did not change during phase 1, but became shorter between phase 1 and phase 2
(po0.0001). Non became shorter during phase 2L (po0.0001). During phase 1E, IC
was shorter than Adj (po0.01) and Non (po0,0001); Adj and Non did not differ.
All cell classes differed during phase 1L (po0.0001) and 2E (po0.001). IC and Adj
did not differ in height during phase 2L, but all other cell classes did (po0.0001).
(C) Relative position of nuclei to cell height. Nuclear position differed in IC between
phase 1E and 2 (po0.001), in Adj in phase 2L (po0.0001), but did not differ by
phase in Non. IC nuclear position differed from Adj during phases 1E–2E (po0.001)
and from Non during phases 1E–2L (po0.0001), but did not differ from Adj in
phase 2L. Adj nuclear position did not differ from Non during phase 1, but differed
during phase 2E (po0.05) and phase 2L (po0.0001). All cell classes except IC and
Adj differed during phase 2L (po0.0001). (D) Ratio of apical to basal width. The
width ratio differed in IC between phases 1E and 2L (po0.01), but did not sig-
nificantly differ between other phases. The width ratio in Adj did not differ
between phases 1E–2E but differed at phase 2L (po0.0001). The width ratio did
not differ in Non. During phases 1E–2E, the width ratio differed between IC and Adj
(po0.0001) and between IC and Non (po0.0001), but did not differ between Adj
and Non. During phase 2L, IC and Adj did not differ, but IC and Adj differed from
Non (po0.0001); Inv did not differ from Non, but Edg differed from Non
(po0.001). (E) Apical and basal widths. Comparison of apical width to basal width:
Apical and basal cell widths differed from each other in IC (po0.0001) at all
phases, in Adj at phase 1E (po0.05) and at phase 2L (po0.0001), but did not differ
in Non at any phase. Comparison of cell classes: During phases 1E–2E, apical width
differed between IC and Non (po0.0001), IC and Adj (po0.0001), but did not
differ between Adj and Non. During phase 2L, apical widths of IC and Adj did not
differ, but both differed from Non (po0.0001). During phase 1, basal cell width did
not differ between IC, Adj and Non, but differed between IC, Adj and Non during
phase 2 (po0.01). Comparison over time: Apical width in IC and Non did not differ
over time, but decreased in Adj during phase 2 (po0.0001). Basal width did not
increase in IC between phases 1E and 1L, but increased between all other phases
(po0.0001). Basal width did not increase in Adj between phase 1E and 1L, but
increased between 1L and 2E (po0.05) and between phases 2E and 2L
(po0.0001). Basal width of Non did not differ over time.
(ratio of basal width to height) increased during early CF forma-
tion. During phase 1, the basal aspect ratio was indistinguishable
from the non-invaginated cell basal aspect ratio, but increased
during phase 2. By late phase 2, the median basal aspect ratio of
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Fig. 4. Cell width changes during early cephalic furrow formation. (A) Diagram of
early CF formation showing morphological classes of cells during phase 1 and
phase 2 (from Fig. 3A). (B) Comparison of width to height (aspect ratio). Compar-
ison of apical width to basal width: Apical width:height and basal width:height
aspect ratios differed from each other in IC at all phases (po0.0001), in Adj at
phase 2E (po0.05) and phase 2L (po0.0001), but did not differ in Non. Compar-
ison of cell classes: Throughout phases 1E–2E, the apical width:height aspect ratio
differed between IC and Non (po0.001), and between IC and Adj (po0.0001).
During phase 2L, IC and Adj did not differ, but both differed from Non (po0.0001).
The basal width:height aspect ratio did not differ between IC, Adj and Non during
phase 1, but differed between IC, Adj and Non during phase 2 (po0.0001). Com-
parison over time: the apical width:height ratio did not differ in IC during phases
1E–2L; Adj differed only in phase 2L (po0.05). Basal width:height ratios in both IC
and Adj did not differ between phases 1E and 1L, but differed at all other time
points (po0.0001). Apical and basal width:height ratios did not differ in Non over
time. (C) Comparison of apical widths of invaginated cells, non-invaginated cells
and cells at the furrow edge. Apical width of Edg did not change, and was wider
than Non (po0.0001). Apical width of Inv did not differ from Non during phase 2L.
(D) Comparison of width to height (aspect ratio) of invaginated and non-invagi-
nated cells at late phase 2. The aspect ratio of Inv differed from that of Non
(po0.0001, two-tailed T-test).
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initiator cells was 0.96, consistent with the shape of a squat wedge
with approximately equal basal width and height (Fig. 4B). Thus,
apical constriction occurred before invagination, whereas basal
expansion occurred during invagination. These findings suggest
that initiator cell apical constriction and basal expansion are not
directly coupled and are likely mechanically independent.
Adjacent cells

The adjacent cells also underwent extensive cell shape changes
and became short and wedge-shaped. Despite the similarity to
initiator cells in shape during late phase 2, the timing of these cell
shape changes was quite different. In contrast to initiator cells,
adjacent cells showed little or no shortening in phase 1, but
shortened dramatically during phase 2, and by late phase 2 were
almost as short as initiator cells (Fig. 3B). Likewise, the nuclei of
adjacent cells shifted basally, but later than in initiator cells. The
median relative nuclear positions of adjacent cells were similar to
those of non-invaginated cells in phase 1, but in late phase 2, the
median relative nuclear positions were similar to those of initiator
cells (Fig. 3C).

Adjacent cells adopted a wedge shape later than the initiator
cells. The median ratio of apical width to basal width was
approximately 1.0 until midway through phase 2 (Fig. 3D). How-
ever, the median apical to basal width ratio of adjacent cells during
late phase 2 was similar to that of initiator cells (Fig. 3D). Like
initiator cell wedging, adjacent cell wedging occurred by both
apical constriction and basal expansion. During phases 1 and early
phase 2, both apical and basal width medians were around 5–
6 μm, like non-invaginated cells (Fig. 3E). In late phase 2, the
median width of an adjacent cell apex was 1.8 μm and the median
base width was 11.3 μm (Fig. 3E). During late phase 2, adjacent
cells had a median apical aspect ratio of 0.11 and a median basal
aspect ratio of 0.72, indicating that the adjacent cells had become
wedge-shaped; however, the wedge shape was not as pronounced
as that of initiator cells (Fig. 4B). Strikingly, adjacent cells wedged
very rapidly (�5 min) compared to initiator cells (�15 min)
(Fig. 1L, Fig. 3E, Fig. 4B).

Cells that have invaginated into the cephalic furrow

Invaginated cells were columnar, like cells that had not inva-
ginated. Even though non-invaginated cells were shorter during
late phase 2 than earlier, invaginated cells were typically 7.5 μm
shorter than non-invaginated cells (Fig. 3B). Like non-invaginated
cells, invaginated cells were shorter on the anterior side of the CF
than on the posterior (data not shown). Nuclei tended to be
located in the center of the cell, but position was variable (Fig. 3C).
The apices and bases of invaginated cells were generally the same
width (Fig. 3D). The apical aspect ratio of invaginated cells was
about 1.5-fold greater than that of non-invaginated cells (Fig. 4D).

Cells that are at the edge of the cephalic furrow

Cells at the edge of the CF cleft adopted a distinctive transient
morphology: distended with their apices bent toward the CF cleft.
The edge cells were slightly elongated (Fig. 3B). Nuclei were
positioned more apically than in non-invaginated cells (Fig. 3C).
The apices of edge cells were typically 3 μm wider than those of
non-invaginated cells (Fig. 4C). The bases of the edge cells were
narrower and appeared compressed such that the median apical
width of edge cells was about 5-fold greater than the basal width
of edge cells at phase 2L (Fig. 3D). This apical expansion and basal
narrowing is consistent with a passive deformation of edge cells
during CF invagination in response to extrinsic forces. Redis-
tribution of cytoplasm apically might have shifted nuclei apically.

Adherens junction reorganization during early CF formation

We investigated whether adherens junctions were remodeled
in CF formation by examining localization of Armadillo (Arm, β-
catenin). In non-invaginated cells during late cellularization and
early phase 1, Arm was distributed throughout the lateral



1E

1L 2E

2L 2L

0 30 60 90 120 150 180 240 270 300 330 360 420

450

390210

Time (seconds)
480 510 540 570 600 630 660 690 720 750 780 810 840 870

0 10 20 30
0

50

100

150

200

Membrane length ( µ m)

In
te

ns
ity

 (A
.U

.)

IC
Non
Inv

0 10 20 30
0

50

100

150

200

Membrane length (     µ m)

In
te

ns
ity

 (A
.U

.)

IC
Non

CF aDF pDF

0 10 20 30
0

50

100

150

200

Membrane length ( µ m)

In
te

ns
ity

 (A
.U

.)

IC
Non

1E

2E

2L

1E 2E 2L
0

1

2

3

4

Cephalic furrow stage

R
el

at
iv

e 
IC

 A
rm

 In
te

ns
ity

 
(to

 n
on

-in
va

gi
na

te
d 

ce
lls

)

1E 2E 2L
-10

-5

0

5

Cephalic furrow stagePo
si

tio
n 

of
 IC

 M
ax

im
um

 A
rm

 In
te

ns
ity

(re
la

tiv
e 

to
 n

on
-in

va
gi

na
te

d 
ce

lls
, µ

m
)

Ap
ic

al
Ba

sa
l

LC

Fig. 5. Adherens junction reorganization during cephalic furrow formation. (A–E) Confocal images showing Arm (green) and Zip (red) to mark cell apices in late cellular-
ization (A), early phase 1 (B), late phase 1 (C), early phase 2 (D) and late phase 2 (E). Scale bar: 20 μm. (F) Sagittal image of CF cleft showing Inv during late phase 2. (G–I) Arm
distribution along the cell membrane between the apical contact point and the basal contact point between IC and Adj (green), two Non (gray) and two Inv (red) of
representative cells at early phase 1 (G), early phase 2 (H) and late phase 2 (I). Intensity is expressed in arbitrary units (A.U.). (J) Graph showing levels of Arm in initiator cells
relative to non-invaginated cells in the apical-most 10 μm in early phase 1 and early phase 2, and in the apical-most 5 μm in late phase 2. Arm levels in IC increased between
early phase 1 and phase 2 (po0.01). Relative intensity was unchanged between early and late phase 2. Error bars: SD. (K) Graph showing relative position of peak intensity
of Arm in the apical-most 10 μm in early phase 1 and early phase 2 and in the apical-most 5 μm in late phase 2. Arm was more apical in IC than in Non during early phase 2
(po0.05), but was not significantly different in early phase 1 or late phase 2. Error bars: SD. (L) Inverted time-lapse montage showing E-cad-GFP during early CF formation
(from Supplemental Movie 3). Scale bar: 20 μm. (M) Sagittal image showing cell apices and bases (Zip, red) and Arm (green) of dorsal side of gastrulating embryo. Cephalic
furrow (CF), anterior dorsal fold (aDF), posterior dorsal fold (pDF). Scale bar: 40 μm. Anterior: left.
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membrane but was concentrated in two regions: the bases of the
cells just apical to the furrow canals and the subapical region
(Fig. 5A,B and F). Arm localization was distributed over a wide
subapical region in all cells in phase 1 (Fig. 5B,C and F). The spot
adherens junctions had not coalesced in any cells in phase 1
(Fig. 5B,C).

During phase 2, non-invaginated cells posterior to the CF had a
more apical distribution of Arm than non-invaginated cells anterior
to the CF (Fig. 5D and E). The amount of Arm found in initiator cell
junctions during early phase 2 was twice the amount found in non-
invaginated cells (Fig. 5D,H and J). During early phase 2, Arm was
more apically localized in initiator cells and adjacent cells that had
invaginated into the furrow than in non-invaginated cells (Fig. 5D,H
and K). Spot junctions had coalesced by late phase 2 (Fig. 5E,F and I).
However, the relative amount of Arm in initiator cells remained
twice that of non-invaginated cells (Fig. 5J). During late phase 2,
Arm had become more apical in all cells, and did not differ in
relative cellular position in initiator cells and in posterior non-
invaginated cells (Fig. 5E,F,I and K). After phase 2, Arm became even
more apical and condensed further into zona adherens. E-cadherin
Movie 3. Confocal time-lapse images of D-Ecad-GFP during early CF formation. A
video clip is available online.Supplementary material related to this article can be
found online at http://dx.doi.org/10.1016/j.ydbio.2015.03.022.

1E1CL

2L2E
Fig. 6. Apicobasal polarity complex reorganization in the cephalic furrow. (A–F) Confoc
(A), early phase 1 (B), late phase 1 (C), early phase 2 (D,E) and late phase 2 (F). (G) Sagitt
Anterior: left.
dynamics in live embryos were consistent with Arm staining in
fixed embryos (Fig. 5L, Supplemental Movie 3.)

Although superficially similar to the CF, the dorsal folds differed
morphologically: the initiating cells of the dorsal fold were tall and
less strongly wedge-shaped than the initiator cells of the CF
(Fig. 5M) (Wang et al., 2012). Adherens junctions were differen-
tially remodeled: adherens junctions became more apical in
initiator cells as CF formation progressed but became more basal
in initiating cells as dorsal fold formation progressed (Fig. 5M).
(Wang et al., 2012).

Apicobasal polarity complex reorganization during early CF formation

Apicobasal polarity complexes play an important role in the
morphogenesis of epithelial tissues, and the Drosophila homolog of
the Par-3 apical determinant, Bazooka (Baz), is involved in the
assembly and positioning of adherens junctions (Bertet et al.,
2004; Harris and Peifer, 2004, 2005; Laprise and Tepass, 2011;
McGill et al., 2009; Wang et al., 2012; Zallen and Wieschaus,
2004). To determine whether apicobasal polarity complexes were
relocalized during CF formation, we investigated Baz localization.
At the end of cellularization, Baz was localized to a broad domain
in the apical regions of the nascent cells, with more intensely
staining puncta in the basal-most part (Fig. 6A) (Harris and Peifer,
2005). During phase 1, Baz remained localized in the same pattern
in all cell types; however, it was deeper from the surface in the
shorter initiator cells (Fig. 6B and C). Baz distribution was similar
at the beginning of phase 2, except that the apical region of lighter
Baz staining was more condensed in cells in the CF (Fig. 6D).
However, in slightly older phase 2 embryos, the brightly staining
Baz puncta were positioned more apically in the initiator and
adjacent cells than in non-invaginated cells (Fig. 6E). Baz locali-
zation in cells at the edge of the CF cleft was similar to non-
invaginated cells, whereas the intensely staining Baz band in
invaginated cells was more apically positioned, similar to initiator
cells and adjacent cells (Fig. 6E). By late phase 2, Baz had become
E2L

2L
al images showing Baz (red) and cell membrane (Nrt, green) in late cellularization
al image of CF cleft showing invaginated cells during late phase 2. Scale bar: 20 μm.
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more condensed and more apical in non-invaginated cells, espe-
cially the posterior non-invaginated cells (Fig. 6F). The region of
intense Baz staining was even more apical in initiator cells and
adjacent cells and was very close to the apices (Fig. 6F). Invagi-
nated cells also showed a more apical localization of the brightest
region of Baz staining (Fig. 6F and G). Baz distribution in cells at
the edge of the cleft was similar to that of non-invaginated cells
(Fig. 6F). Thus the transition towards a more apical Baz position in
the invaginated cells seems to occur when cells enter the furrow.

Apical myosin II reorganization during early CF formation

Non-muscle myosin II heavy chain (Zip) and myosin regulatory
light chain (Sqh) are expressed throughout the embryo during
gastrulation (Dawes-Hoang et al., 2005; Young et al., 1991). Since
myosin II is a likely driver of cell shape change (Sawyer et al.,
2010), we investigated the distribution of myosin II in the devel-
oping CF. Zip was present at high levels at the bases of all cells
during late cellularization and most of early CF formation; how-
ever, Zip levels at the bases declined strikingly in late phase 2
(Fig. 7A–E) (Dawes-Hoang et al., 2005). Although low compared to
levels at the cell bases, apical Zip levels were higher than lateral
Zip levels in all cells throughout early CF formation (Fig. 7B–F).
Neither relative apical levels nor relative apical position of Zip
changed in initiator cells, adjacent cells or invaginated cells during
CF formation (Fig. 7B–E). However, posterior non-invaginated cells
showed slightly increased apical Zip during phase 2 (Fig. 7E),
consistent with epithelial reorganization in the trunk (Bertet et al.,
2004; Zallen and Wieschaus, 2004).

Sqh-GFP localization in live embryos differed somewhat from
Zip localization in fixed embryos. Myosin aggregates were
observed at some time points during time-lapse imaging (Fig. 7G,
Supplemental Movie 4). To further investigate, we imaged Sqh-
GFP en-face over several time points. As CF formation progressed
during phase 1, Sqh-GFP was observed in punctate aggregates in
the medioapical and subapical membrane regions of the initiator
cells and the adjacent cells (Fig. 7H and I). Apical myosin levels
increased in the initiator cells as CF formation progressed; how-
ever, medioapical myosin did not increase (Fig. 7H,J and K). The
subapical region membrane accumulated Myosin II in punctate
aggregates that increased in number and intensity as CF formation
progressed. Many of the puncta were found at cell vertices
(Fig. 7H,I,L and M). Myosin accumulation was polarized: more
myosin accumulated in the initiator cell membranes along the CF
cleft on the anterior and posterior sides than on the dorsal and
ventral sides (Fig. 7 H,I and L). Strikingly, the posterior adjacent
cells showed polarized myosin accumulation not only along the
anterior sides juxtaposed with the initiator cells, but also along the
posterior sides juxtaposed with non-invaginated cells (Fig. 7H,I
Fig. 7. Myosin II during cephalic furrow formation. (A–E) Confocal images showing non-
phase 1 (B), late phase 1 (C), early phase 2 (D) and late phase 2 (E). (F) Sagittal image of C
light chain-GFP (Sqh-GFP) localization during phase 1 (from Supplemental Movie 4). (H
and subapical Sqh-GFP at different time points before and after the start of initiator cell
cell membrane (Spider-GFP, green) and myosin (Sqh-mCherry, red) after initiator cell sho
invaginated cells in initiator cells (green) and adjacent cells (blue) before and after the s
�2 min and 2 and 4 min (po0.01), and 0 and 4 min (po0.05). Adjacent cell Sqh-GFP le
medioapical levels of Sqh-GFP relative to non-invaginated cells in initiator cells (green) an
Levels do not differ over time. Error bars: SD. (L) Graph showing subapical levels of Sqh
initiator cell shortening at 0 min, by angle relative to the anteroposterior axis at 0°. Sqh-
GFP levels at 2 min and 4 min are greater at 60–90° than at either 0–30° (po0.05) or
�2 min to 0 min and 2 min (po0.05), and cell faces at 60–90° from �2 min to 0 min (po
bars: SD. (M) Graph showing subapical levels of Sqh-GFP relative to non-invaginated cel
angle relative to the anterior-posterior axis at 0˚. Sqh-GFP levels at 2 min and 4 min are l
levels increased in adjacent cell faces at 30–60° from �2 min to 2 min (po0.05) and 4
(po0.0001) and from 0 min to 4 min (po0.01). 30: 0–30°, 60: 30–60°, 90: 60–90°.
sphorylated myosin regulatory light chain at Ser21 (Sqh1P) in early phase 1 (N), late ph
formation showing diphosphorylated myosin regulatory light chain at Thr20 and Ser21 (
Scale bars: 20 μm. Anterior: left.
and M). These results suggest that subapical accumulation of
myosin in both the initiator cells and the adjacent cells may be a
response to tension caused by the shortening and apical con-
striction of the initiator cells.

To determine whether myosin II is active, we stained embryos
with antibodies that recognized specific phosphorylated forms of
Sqh (Zhang and Ward, 2011). First, we analyzed the localization of
Sqh monophosphorylated on Ser21 (Sqh1P). During gastrulation,
Sqh1P expression largely corresponded to the expression patterns of
Sqh and Zip (Zhang and Ward, 2011). Sqh1P remained enriched
basally throughout phase 1, but dropped during phase 2 and basal
levels were indistinguishable from cytoplasmic levels during late
phase 2 (Fig. 7N–Q). Apical Sqh1P levels in the initiator cells and
adjacent cells did not differ from non-invaginated cells throughout
early CF morphogenesis (Fig. 7 N–Q). Although phosphorylation at
Ser21 is the predominant mechanism of myosin II activation,
diphosphorylation on both Ser21 and Thr20 (Sqh2P) might be
required to activate Sqh during apical constriction in initiator cells.
Diphosphorylation is less common than Ser21 monophosphorylation
and is associated with increased activity of myosin (Ikebe and
Hartshorne, 1985; Ikebe et al., 1986, 1988). We did not observe apical
Sqh2P in any cell type during CF formation (Fig. 7R-U). These results
show that there is little apical myosin II activation during CF for-
mation. However, phosphorylated Sqh staining is weak in early
embryos (Zhang and Ward, 2011).

The apical actin cytoskeleton is reorganized during early CF formation

To determine whether actin remodeling has a role in CF for-
mation, we stained gastrulating embryos with fluorescently
labeled phalloidin to visualize F-actin. At the beginning of gas-
trulation, the strongest phalloidin staining was observed in the
furrow canals at the bases of the blastoderm cells (Fig. 8A and B).
Elsewhere, F-actin was primarily found in the cell cortex during CF
formation (Fig. 8A–E). In non-invaginated cells, F-actin was less
abundant (about 70%) in the apical regions that do not contact
other cells than in the basolateral cortex, and remained unaltered
throughout early CF formation (Fig. 8A–F). Initiator cell apical
F-actin levels increased throughout early CF formation, and by late
phase 2, were more than twice initiator cell basolateral F-actin
levels, and about 6.9-fold more than non-invaginated cell apical
F-actin levels (Fig. 8A–G). F-actin levels also increased in the apices
of adjacent cells throughout phase 2 (Fig. 8A–G). In phase 2,
F-actin levels in adjacent cell apices were similar to those in
initiator cell apices (Fig. 8D–G). During phase 2, apical F-actin
levels in cells at the edge of the furrow cleft were similar to those
in non-invaginated cells, whereas apical F-actin levels in invagi-
nated cells were similar to apical F-actin levels in initiator cells and
adjacent cells (Fig. 8E–G). Basolateral levels of F-actin in initiator
muscle myosin II heavy chain (Zip) (from Fig. 5A–E), in late cellularization (LC), early
F cleft in late phase 2. (G) Inverted time-lapse montage showing myosin regulatory
) Inverted en-face maximum intensity z-stack projections of images of medioapical
shortening at 0 min. (I) en-face z-stack projections of the subapical region showing
rtening has started. (J) Graph showing total levels of apical Sqh-GFP relative to non-
tart of initiator cell shortening at 0 min. Initiator cell Sqh-GFP levels differ between
vels differ between �2 min and 4 min (po0.05). Error bars: SD. (K) Graph showing
d adjacent cells (blue) before and after the start of initiator cell shortening at 0 min.
-GFP relative to non-invaginated cells in initiator cells, before and after the start of
GFP levels at 0 min are greater in cell faces at 60–90° than at 0–30° (po0.01), Sqh-
30–60° (po0.01). Sqh-GFP levels increased in initiator cell faces at 30–60° from
0.05) and to 2 min and 4 min (po0.0001). 30: 0–30°, 60: 30–60°, 90: 60–90°. Error

ls in adjacent cells, before and after the start of initiator cell shortening at 0 min, by
ess in cell faces at 0–30° than at 30–60° (po0.05) and 60–90° (po0.001). Sqh-GFP
min (po0.01), and cell faces at 60–90° from �2 min to 2 min (po0.01) and 4 min
Error bars: SD. (N–Q) Confocal images of early CF formation showing monopho-
ase 1 (O), early phase 2 (P) and late phase 2 (Q). (R–U) Confocal images of early CF
Sqh2P) in early phase 1 (R), late phase 1 (S), early phase 2 (T) and late phase 2 (U).
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Movie 4. Confocal time-lapse images of Sqh-GFP during early CF formation. A
video clip is available online.Supplementary material related to this article can be
found online at http://dx.doi.org/10.1016/j.ydbio.2015.03.022.
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Fig. 8. F-actin reorganization in the cephalic furrow. (A–D) Confocal images of early CF
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basolateral F-actin in IC from early phase 1 to phase 2 (po0.0001), and in Adj from ear
unchanged in Non throughout CF formation. Relative apical to basal F-actin levels differe
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montage of sGMCA during early CF formation (from Supplemental Movie 5). Scale bars
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cells and adjacent cells increased between phase 1 and late phase
2 (Fig. 8E and H). F-actin dynamics were visualized using the
F-actin binding domain of moesin tagged with GFP (sGMCA)
(Kiehart et al., 2000). sGMCA redistribution during CF formation
was consistent with phalloidin redistribution observed in fixed
embryos (Fig. 8I, Supplemental Movie 5). These results show that
actin is remodeled in the apices of the initiator cells during cell
shape change and invagination of the CF in phases 1 and 2, and in
the apices of adjacent cells and invaginated cells during CF inva-
gination in phase 2.
Discussion

Apical constriction and actomysosin contraction in the cephalic
furrow

Apical constriction is associated with, and thought to drive,
many epithelial invaginations during development, even in
conds)
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Movie 5. Confocal time-lapse images of sGMCA during early CF formation. A video
clip is available online.Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.ydbio.2015.03.022.
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cnidarians and Volvox (Davidson et al., 1995; Ettensohn, 1985;
Fristrom, 1988; Hohn and Hallmann, 2011; Keller et al., 2003;
Larsen et al., 2003; Lecuit and Lenne, 2007; Magie et al., 2007;
Martin and Goldstein, 2014; Martin et al., 2009; Odell et al., 1981;
Sawyer et al., 2010; Sherrard et al., 2010; Viamontes and Kirk,
1977). Actomyosin contraction appears to be the predominant
mechanism that drives apical constriction (Martin and Goldstein,
2014; Plageman et al., 2010; Sawyer et al., 2010; Sherrard et al.,
2010). Increased myosin II levels and increased phosphorylation of
myosin regulatory light chain in the apices of cells undergoing
apical constriction during epithelial invagination have been
observed in gastrulation, in vertebrate neural tube folding, and in
other invaginations (Plageman et al., 2010; Sawyer et al., 2010;
Sherrard et al., 2010; Simoes et al., 2006; Zhang and Ward, 2011).
We observed a modest increase in subapical junctional myosin II
levels in apically constricted initiator cells, but observed no change
in medioapical myosin II levels. The absence of a change in med-
ioapical myosin II suggested that medioapical actomyosin con-
traction does not drive apical constriction in initiator cells.

Myosin contraction occurs along the length of the actomyosin
filament. This mechanism is observed in cell intercalation during
Drosophila germ band extension, and in the polarized apical con-
striction of neuroepithelial cells that bend the neural tube, where
phosphorylated myosin is enriched along the axis of apical con-
striction (Bertet et al., 2004; Blankenship et al., 2006; Nishimura
et al., 2012; Nishimura and Takeichi, 2008). Strikingly, we
observed Sqh-GFP accumulation in punctate aggregates in the
initiator cell faces oriented along the dorsoventral axis, perpen-
dicular to the direction of polarized apical constriction of the
initiator cells. Thus, myosin II is enriched in the opposite direction
of cell constriction. This suggests that myosin II is not driving
apical constriction in initiator cells, but instead accumulates in
response to another force driving polarized apical constriction. We
propose that the enrichment of myosin II in punctate aggregates,
presumably at spot adherens junctions of the initiator cells, acts to
resist tension on the initiator cell to maintain cell integrity. Simi-
larly, polarized punctate myosin II accumulations are observed on
cell membranes along the dorsoventral axis on both sides of the
adjacent cells, which are subjected to apical stretching caused by
the pulling force of initiator cells shortening, and thus likely act to
resist the tension generated by initiator cell shortening and apical
constriction. Therefore, our results suggest that actomyosin con-
traction is not responsible for apical constriction of initiator cells.

Theoretical and modeling studies have suggested other possi-
ble mechanisms for apical constriction (Davidson et al., 1995;
Ettensohn, 1985; Keller et al., 2003). Apical constriction during CF
formation could be an active cell-intrinsic process or a passive
response to cell-extrinsic forces. An alternative, active cell-
intrinsic mechanism of apical constriction is seen in the formation
of the dorsal transverse folds during Drosophila gastrulation. Here,
apical constriction occurs without an increase in apical Sqh levels,
but requires repositioning adherens junctions more basally
through apicobasal polarity remodeling (Wang et al., 2012, 2013).
In contrast, we observed that adherens junctions were reposi-
tioned more apically in initiator cells during CF formation. Apical
constriction as a passive response to a cell-extrinsic force is seen in
the invagination of tracheal pits. The central cells of the tracheal
placode undergo cell rounding during mitosis; contraction of cir-
cumferential actomyosin cables in surrounding cells creates an
external pushing force that causes the central cells to undergo
apical constriction (Kondo and Hayashi, 2013). Thus, cytoskeletal
remodeling could reduce a cell’s resistance to external forces that
drive passive apical constriction.

Apical constriction might not have a mechanistic role in CF
formation, but instead might be a permissive factor in CF invagi-
nation. Regardless of the means of their formation, the geometry
of wedge-shaped cells in an epithelial sheet facilitates its bending
and thus invagination (Ettensohn, 1985; Llimargas and Casanova,
2010). Apical constriction has been proposed to function in the
spatiotemporal control of invagination (Llimargas and Casanova,
2010). Thus, apical constriction of the row of initiator cells might
establish a precise position and time for the embryonic blastoderm
to fold inwards. This is consistent with the separation in time
observed between apical constriction of initiator cells and CF
invagination. It is also consistent with the observation that eve
mutants, which abolish initiator cell fate specification and apical
constriction, undergo a late and disorganized CF invagination
(Vincent et al., 1997).

Adherens junctions

Adherens junctions are a defining feature of epithelia and are
essential for maintaining the integrity of the cell sheet, for trans-
mitting and resisting force, and for morphogenesis (Baum and
Georgiou, 2011; Harris and Tepass, 2010; Lecuit and Lenne, 2007;
Lecuit et al., 2011). At the start of gastrulation, adherens junctions
are not yet fully mature and consist only of spot adherens junc-
tions; as gastrulation progresses, spot adherens junctions start to
become zona adherens (Tepass and Hartenstein, 1994). Adherens
junctions have been shown to be involved in maintaining epi-
thelial integrity during gastrulation (Harris and Peifer, 2004).
Adherens junctions mature early in invaginating cells in the pos-
terior midgut and ventral furrow, and are essential for effective
actomyosin contraction-driven apical constriction in the cells of
the ventral furrow (Dawes-Hoang et al., 2005; Martin et al., 2010;
Sawyer et al., 2009; Spahn et al., 2012; Tepass and Hartenstein,
1994).

Arm became more apically located in initiator cells and inva-
ginated cells than in non-invaginated cells during early phase 2.
Also, the amount of Arm in adherens junctions had doubled in
initiator cells relative to non-invaginated cells during phase 2.
These observations suggest that adherens junction remodeling is
not very important for apical constriction during phase 1 of CF
formation, but that adherens junctions remodeling is important
for CF invagination during phase 2. More mature adherens junc-
tions are likely needed to resist the tensile stresses caused by cell
shape change and invagination, and maintain epithelial integrity
during CF formation. These stresses might stimulate the matura-
tion of adherens junctions (Lecuit et al., 2011). Reduction of
E-cadherin levels at adherens junctions by mutation of the glu-
cosyltransferase encoded by xiantuan (xit) gene led to abnormal-
ities in both ventral furrow and cephalic furrow formation (Zhang
et al., 2014), suggesting that E-cadherin is required for proper CF
formation.

http://dx.doi.org/10.1016/j.ydbio.2015.03.022
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Potential roles of F-actin reorganization

We observed increased apical F-actin in the CF. This is con-
sistent with the observation that several WASP family proteins are
enriched in the CF (Rodriguez-Mesa et al., 2012). Increased apical
F-actin in apically constricting initiator cells suggests the possibi-
lity that F-actin remodeling, rather than actomyosin contraction,
might cause apical constriction during CF formation. Also, asym-
metric remodeling of F-actin in initiator cell apices may facilitate
constriction along one axis but not the other, producing a wedge
instead of a pyramid. Alternatively, enrichment of F-actin in
initiator cell apices may be simply the consequence of the same
amount of F-actin occupying a smaller area in the constricted apex,
and thus has no mechanistic role in apical constriction or initiator
cell shape change.

Apical F-actin remodeling might produce a force involved in CF
invagination during phase 2. F-actin increased in the apices of cells
that invaginated after the initiator cells. These cells become
shorter and wider, but do not apically constrict. Expansion of the
apical cortical actin cytoskeleton by polymerization of F-actin
could drive the change to wider, shorter cells in the furrow and
thereby contribute to the invagination of the CF. Similar cell shape
changes driven by actin polymerization contribute to tentacle and
body column elongation in the cnidarian Nematostella vectensis
(Fritz et al., 2013). Alternatively, arrangement of F-actin into filo-
podia or lamellipodia at the apices of invaginating cells could
generate protrusive or traction forces to help drive CF invagination
(Jacinto et al., 2000; Kress et al., 2007; Lecuit et al., 2011; Mam-
moto and Ingber, 2010; Millard and Martin, 2008; Pollard and
Borisy, 2003).

Cell shape change and potential mechanisms of cephalic furrow
morphogenesis

The dynamics of cell wedging differ in different invaginations
(Keller et al., 2003; Keller and Shook, 2011). In the first step of
Drosophila ventral furrow formation and ascidian endoderm
invagination, cells constrict their apices and concomitantly elon-
gate apicobasally; in a second step, cells shorten apicobasally and
expand basally (Kam et al., 1991; Leptin and Grunewald, 1990;
Sherrard et al., 2010; Sweeton et al., 1991). During dorsal lip
invagination of Xenopus gastrulation, the leading cells undergo
concomitant apical constriction, apicobasal elongation and basal
expansion (Hardin and Keller, 1988; Keller et al., 2003; Lee and
Harland, 2007). These examples are in marked contrast to the
dynamics of cell wedging in initiator cells during CF formation. In
phase 1, initiator cells undergo concomitant apical constriction
and apicobasal shortening. In phase 2, apicobasal shortening
continues, accompanied by basal expansion.

Apicobasal shortening starts at the beginning of CF formation
in the initiator cells, and we postulate that it is an active cell-
intrinsic process that drives initiator cell shape change (Davidson
et al., 1995; Keller et al., 2003; Sherrard et al., 2010). Although
apical constriction occurs during cephalic furrow formation, it is
not as pronounced as apicobasal shortening or basal expansion.
Constriction of the initiator cell apices may be a passive defor-
mation caused by initiator cell shortening and adherence to the
adjacent cells. Active apicobasal shortening and passive apical
constriction followed by active apicobasal shortening with basal
expansion should be sufficient to drive initiator cell wedging. Basal
expansion of the initiator cells during phase 2 could be either an
active cell-intrinsic process or a passive deformation caused by
apicobasal shortening. In phase 2, the adjacent cells undergo cell
wedging. The rapid apicobasal shortening and apical constriction
of adjacent cells are consistent with a passive deformation driven
by forces produced by both initiator cell shape change and tissue
invagination. We postulate that active apicobasal shortening is
specific to initiator cells and is regulated by mechanisms estab-
lished by the adoption of the initiator cell identity. The key reg-
ulatory proteins are likely transcribed zygotically in response to
Eve and Btd expression (Vincent et al., 1997).

Force generation coupled with cell volume conservation can
cause cell shape change in the embryo (Gelbart et al., 2012).
Initiator cell shortening and apical constriction occur without
basal expansion during phase 1 before invagination begins. These
cell shape changes suggest that cytoplasmic volume is not con-
served during phase 1. Yolk stalks maintain open channels
between cells and the yolk sac during early gastrulation (Gelbart
et al., 2012; Rickoll, 1976). The yolk stalks remain open to the yolk
sac in CF cells into early phase 2 (Fig. 1 M–O). We propose that
initiator cell shortening leads to cytoplasmic loss and a reduction
of volume of the initiator cells during phase 1. Initiator cell
shortening continues during phase 2 and basal expansion starts at
the beginning of phase 2. We propose that apical shortening drives
rapid basal expansion during phase 2 by forcing cytoplasm basally
when the yolk stalk channels are closed and cell volume is con-
stant. The initiator cell apex remains constricted when the basal
region of the cell expands, forming a shortened wedge shape.

Initiator cell-intrinsic forces are likely sufficient to drive CF
invagination partway through phase 2. Widening of invaginated
cells driven by F-actin remodeling may drive further invagination
of the CF during phase 2 and beyond. The CF continues to inva-
ginate after phase 2 of CF invagination (Campos-Ortega and Har-
tenstein, 1997). Initiator cell wedging would be insufficient to
drive the deepening of the CF in this later period of development,
suggesting that other, extrinsic forces drive deeper CF invagina-
tion. Multiple forces may drive CF invagination. In addition to
forces generated by cell widening, other extrinsic forces might
include those generated by the cell intercalation driving germband
extension, which could push trunk cells into the CF, and cell
division during late CF invagination. Ultrastructural studies of
gastrulating embryos show a gap between CF cell bases and the
underlying yolk sac membrane, and yolk stalks positioned in the
centers of initiator cells and close to the deepest part of CF inva-
gination in other cell types, consistent with the existence of a
pulling force originating from the yolk sac (Rickoll, 1976; Rickoll
and Counce, 1980). At present, it is unclear which potential forces
make a contribution to CF invagination. Overall, our results sug-
gest that CF formation differs from other well-characterized epi-
thelial invaginations and that novel mechanisms are involved.
Further investigation should provide new insights into the mor-
phogenesis of epithelial tissues during development.
Materials and methods

Fly strains and genetics

OreR was used as the wild-type strain. For live imaging
experiments, the following stocks were used: Spider-GFP (Morin
et al., 2001), sqhAX3; sqh-GFP (myosin regulatory light chain–GFP)
(Royou et al., 2002), sqh-mCherry; Spider-GFP ((Martin et al.,
2009)), H2A-mRFP (histone-RFP) (St Pierre et al., 2014), sGMCA
(actin-binding subunit from moesin) (Kiehart et al., 2000), shg-GFP
(E-cadherin-GFP, DGRC, Kyoto) (Oda and Tsukita, 2001). Embryos
from Spider-GFP/þ ; H2A-mRFP/þ mothers were used for dual
imaging of cell membrane and nuclei. Embryos from sqh-mCherry/
þ ; Spider-GFP mothers were used for dual imaging of cell mem-
brane and myosin.
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Immunofluorescence

To visualize myosin heavy chain, Armadillo, E-cadherin, Neu-
rotactin and Bazooka, embryos were heat-methanol fixed (Muller
and Wieschaus, 1996). Antibodies used were rabbit anti-Zip
(A. Chougule and J.H. Thomas, unpublished, using a clone pro-
duced by A. Sokac, 1:500) (Sokac and Wieschaus, 2008), mouse
anti-Arm (N27A1, Developmental Studies Hybridoma Bank (DSHB)
1:50), mouse anti-Nrt (BP106, DSHB, 1:10), and rabbit anti-Baz
(1:500) (Wodarz et al., 1999). To visualize Ser21 monopho-
sphorylated Sqh, embryos were fixed in 4% paraformaldehyde for
20 min and stained with guinea pig anti-Sqh1P (1:500) (Fehon
et al., 1994; Zhang and Ward, 2011). To visualize diphosphorylated
Sqh, embryos were fixed in cold 10% trichloroacetic acid and
stained with rat anti-Sqh2P (1:2000) (Zhang and Ward, 2011).
Alexafluor 488- and Alexafluor 546-coupled goat secondary anti-
bodies (Molecular Probes) were used. F-actin was visualized with
Alexafluor 488-conjugated phalloidin (Molecular Probes) in for-
maldehyde-fixed embryos that were devitellinized by hand with a
hypodermic needle (Wieschaus and Nüsslein-Volhard, 1998). For
morphological analyses, embryos were manually oriented in
Aquapolymount (Polysciences) on a coverslip, and allowed to dry
before mounting the coverslip on a slide with Aquapolymount.
Imaging was performed with either a Zeiss AxioImager.A1 fluor-
escence microscope or an Olympus Fluoview 300 laser-scanning
confocal microscope.

Scanning electron microscopy

Embryos were dechorionated in 50% bleach and fixed in 4%
formaldehyde-PBS/heptane for 20 min, devitellinized by shaking
in 1:1 heptane:methanol and rinsed in methanol. Embryos were
rehydrated by washing twice in 1% BSA/PBS-0.1% Triton X-100 for
at least 40 min and rinsed in PBS/0.1% Tween 20. Rehydrated
embryos were fixed in 25% glutaraldehyde in PBS for 30 min and
washed in PBS/Tween 20. Embryos were dehydrated in an ethanol
series (30 min each at 30%, 50%, 70%, 90%, 95% and 100%) and
incubated in hexamethyldisilazane (HDMS) for 10 min. HMDS was
removed and embryos were allowed to dry before orientation and
mounting. Embryos were sputtercoated with gold and imaged at
10 kV using a Hitachi S-3400N SEM. Embryos were staged by
morphology (Campos-Ortega and Hartenstein, 1997; Spahn et al.,
2012).

Live imaging

Live embryos were dechorionated in 50% bleach for 2 min,
washed and mounted in halocarbon oil 27 (Sigma) on biofoil
membrane and visualized through a number 1.5 coverslip sup-
ported by two number 1 coverslips on each side as described
(Thomas and Wieschaus, 2004). For bright-field time-lapse ima-
ging, images were collected every 20 sec. using a Zeiss AxioImager.
A1 microscope. For confocal time-lapse imaging, images were
collected every 5 s using an Olympus FV 300 confocal microscope.
For sGMCA imaging, the pinhole was opened. For en-face imaging
of sqh-GFP and sqh-mCherry; Spider-GFP, embryos were glued to
coverslips and covered with halocarbon oil 27 (Cavey and Lecuit,
2008; Martin et al., 2009).

Image analysis

Apical depth and invagination depth were measured as the
distance from the initiator cell apex to the blastoderm cell apices,
and as the distance from the initiator cell base to the bases of the
blastoderm, respectively, using Axiovision 4.4 (Zeiss). Images and
time-lapse series were analyzed using ImageJ (W. Rasband, NIH,
http://rsb.info.nih.gov/ij/). en-face still images were taken from z-
stacks of 0.5 μm steps. Measurements of cells other than the
initiator cells were conducted on cells posterior to the initiator
cells. Cell height was measured as the length of the line segment
from the center of the cell apex to the center of the cell base.
Usually the line segment was perpendicular to the plane of the
cellular blastoderm but deviated in edge cells and adjacent cells
that bend toward the furrow cells. Apical width was measured as
the distance between the apical-most contact points of the cell to
its neighbors. Basal width was measured as the distance between
the basal-most contact points between the cell and its neighbors,
apical to the furrow canals or yolk stalks. Aspect ratio was defined
as the ratio between width and height. Relative nuclear position
was determined by dividing the distance of the nuclear center
from the base of the cell by the height of the cell. Morphogenetic
data were plotted showing the median, quartiles and highest and
lowest data points. Morphometric data were compared using two-
way ANOVA with a Tukey post-test. During late phase 2, edge cells
and invaginated cells were compared to other cells using one-way
ANOVA with a Tukey post-test, except for apical width to basal
width ratios, which were compared using the Kruskal–Wallis test
with Dunn’s post-test. Arm intensity differences were compared
using the Kruskal–Wallis test with Dunn’s post-test. Phalloidin
intensity differences between cell types and morphological phases
were compared using two-way ANOVA with a Tukey post-test.
Phalloidin intensity differences between invaginated cells and
other cell types during late phase 2 were compared using one-way
ANOVA with a Tukey post-test. Sqh-GFP intensity measurements
were made on maximum intensity z-stack projections and were
compared using either one-way ANOVA with a Tukey post-test for
total apical myosin or by the Kruskal–Wallis test with Dunn’s post-
test for medioapical and subapical myosin.
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