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Summary: Epithelial invagination in many model sys-
tems is driven by apical cell constriction, mediated by
actin and myosin Il contraction regulated by GTPase
activity. Here we investigate apical constriction during
chick lens placode invagination. Inhibition of actin poly-
merization and myosin Il activity by cytochalasin D or
blebbistatin prevents lens invagination. To further verify
if lens placode invaginate through apical constriction,
we analyzed the role of Rho-ROCK pathway. Rho
GTPases expression at the apical portion of the lens
placode occurs with the same dynamics as that of the
cytoskeleton. Overexpression of the pan-Rho inhibitor
C3 exotoxin abolished invagination and had a strong
effect on apical myosin Il enrichment and a mild effect
on apical actin localization. In contrast, pharmacologi-
cal inhibition of ROCK activity interfered significantly
with apical enrichment of both actin and myosin. These
results suggest that apical constriction in lens invagina-
tion involves ROCK but apical concentration of actin
and myosin are regulated through different pathways
upstream of ROCK. genesis 00:1-12, 2011. © 2011
Wiley-Liss, Inc.
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INTRODUCTION

The developing eye is privileged amongst all the other
embryonic tissues with an anatomical localization that
facilitates its experimental manipulation and imaging,
properties that have contributed to its establishment as

a classical experimental paradigm in developmental
biology. The study of its development has contributed
to our understanding of various issues pertinent to the
field. In particular, the various morphological changes
that the lens placode undergoes at different stages of de-
velopment illustrate its usefulness as a model system for
embryonic morphogenesis.

In brief, prior to the appearance of the placodes,
the cells of the head ectoderm are cuboidal. After
the molecular events that lead to the induction of the
lens placode (reviewed in Donner et al., 20006), the
cells elongate and the placode can be identified as a
flat thickened pseudo-stratified columnar structure in
the head ectoderm overlying the optic vesicle. There-
after, the cell apical/basal surface ratio decreases and
the cells assume a conical shape. This results in the
inward bending of placode, forming an initial shallow
concavity which deepens into the lens pit as invagina-
tion progresses (Schook, 1980b). The pit expands dor-
sal-ventrally so as to involve the whole placode in an
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invaginating event. After the ingression of the whole
placode toward the underlying optic cup, the edges
fuse and detach from the surface ectoderm, forming
the lens vesicle (Schook, 1980Db).

A variety of mechanisms have been suggested to con-
tribute to the initial inward buckling of the placode, such
as differential cell proliferation or death, tissue interac-
tion, planar pressure derived from lateral growth and api-
cal constriction (Hendrix et al., 1993; Plageman et al.,
2010; Schook, 1980a; Wrenn and Wessels, 1969). Apical
constriction (AC) is an evolutionary conserved phenom-
ena that has been extensively characterized in a variety of
epithelial bending events in metazoan embryogenesis,
such as in cell shape changes during sea-urchin, Drosoph-
ila and Xenopus gastrulation, vertebrate neural plate and
placodal bending (Barrett et al., 1997; Beane et al., 2000;
Dawes-Hoang et al., 2005; Fox and Peifer, 2007; Kinosh-
ita et al., 2008; Lee and Harland, 2007; Nikolaidou and
Barrett, 2004; Plageman et al., 2010; Sai and Ladher,
2008). The main driving force of AC is the contraction of
apically localized acto-myosin cytoskeleton. The mechani-
cal force generated drives reduction of the apical surface
area and converts cuboidal/columnar cells into wedge-
shaped cells. The coordinated occurrence of this single
cell-shape change across the planar epithelium cell layer,
together with the increased intercellular adhesion con-
ferred by the enrichment of adhesive junctions, results in
the bending of the flat epithelium.

The molecular mechanisms that regulate apical con-
striction have been extensively studied in Drosophila
mesodermal invagination (Lecuit and Lenne, 2007) and
in vertebrate neural tube closure (Haigo et al., 2003;
Nishimura and Takeishi, 2008, Hildebrand and Soriano,
1999). In the former, the future mesoderm invaginates
and detaches from the ventral blastoderm epithelia. This
process is initiated with the binding of the secreted
ligand Fog to its receptor Concertina, which in turn acti-
vates Rhol/RhoA through RhoGEF2 (Barrett et al., 1997
Costa et al., 1994). Rhol/RhoA then activates the Rho-
dependent kinase Drok/ROCK, which phosphorylates
and initiates myosin II contractile activity. Inhibition of
Drok/ROCK activity interferes with myosin II recruit-
ment to the apical region, and consequently abolishes
mesodermal invagination (Dawes-Hoang et al., 2005;
Nikolaidou and Barrett, 2004; Pilot and Lecuit, 2005).

Apical constriction in vertebrates also depends on
ROCK (Haigo et al., 2003; Kinoshita et al., 2008). Inhi-
bition of ROCK activity reduces the apical levels of
phosphorylated myosin II and impairs AC in avian neu-
ral tube and MDCK kidney epithelial cell line (Hilde-
brand, 2005; Kinoshita et al., 2008; Nishimura and Take-
ichi, 2008). Here, we confirm that apical constriction
contributes toward the initial bending of the chick lens
placode. Moreover, we show that GTPases play an im-
portant role in the proper placement of apical actin and
myosin prior to AC in this experimental paradigm. Simi-

lar to previously-identified AC-driven epithelial morpho-
genesis, the distribution of both apical actin and myosin
in lens placode also require ROCK activity. However,
further investigation of the signaling involved in the reg-
ulation of AC indicates that actin and myosin II are dif-
ferentially regulated by components upstream to
ROCK. Accumulation of apical myosin II is abnormal
with C3-exotoxin-mediated inactivation of RhoGTPases,
whereas actin is unaffected by the same treatment.

RESULTS

Actin Filaments Colocalize With Myosin IT
at Apical Portion Prior to and During
Lens Placode Invagination

Reduction of apical surface through myosin II-medi-
ated contraction of apical actin network is associated
with specific changes in cytoskeletal architecture (Bau-
mann, 2004; Dawes-Hoang et al., 2005; Hildebrand
2005): First, actin and myosin accumulate in the apical
region where reduction of cell surface area will occur.
Specifically in AC-driven events, this accumulation pre-
cedes onset of invagination. Finally, inhibition of actin-
myosin function interferes with epithelial invagination
by preventing apical constriction.

To address whether chick lens placode goes through
the same process during its invagination, we first inves-
tigated the dynamics of actomyosin cytoskeleton local-
ization prior to and during lens placode invagination. In
particular, we analyzed three different stages of lens pla-
code morphogenesis: pre-placodal ectoderm, early lens
placode prior to invagination and invaginating placode.
Pre-placodal cells are cuboidal, morphologically indis-
tinguishable from the surrounding ectoderm and do not
present a clear elongated apico-basal polarity (Byers and
Porter, 1964; Fig. 1). In contrast, the early placode is a
prominently thickened region composed of a single
layer of pseudostratified columnar cells. Thereafter, the
placode initiates the process of invagination. Morpho-
logically this can be identified by an initial inward bend-
ing step which forms a central dimple.

Pre-placode ectoderm cells present both F-actin and
myosin II homogeneously distributed at the baso-lateral
and apical domains (Fig. 1a-c). In the early placode,
labeling for actin at the apical side is significantly
increased relative to the basal signal. This increase was
detectable prior to invagination (Fig. 1d-f), persisted at
the initial bending step (Fig. 1g-i) and also throughout
its invagination (data not shown). In contrast, in the
ectoderm that surrounds the placode, which does not
invaginate, the pattern of F-actin and myosin II staining
remained similar to that of pre-placode ectoderm and
did not present apical accumulation of contractile ele-
ments in any of the stages analyzed (Fig. 1j-1). Quantifi-
cation of the fluorescence intensity at each stage
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FIG. 1. Accumulation of filamentous actin and myosin Il at the apical portion precedes lens placode invagination. Phalloidin-stained f-actin
(a,d,g,j) and immunohistochemistry to myosin Il (b,e,h,k) in dorso-ventral sections of different stages of lens development: pre-placode
ectoderm (a—c); early lens placode (d—f); early steps in lens placode invagination (g—i); ectoderm surrounding invaginating lens (j-). In all pic-
tures, apical side of the lens is to the right, basal is to the left and dorsal is up. Dotted lines delineate lens basal portion. F-actin and myosin
Il are homogenously distributed at basal, lateral and apical cell sides in the pre-placodal ectoderm (a-c). At the elongated early placode
stage, actomyosin filaments become enriched at the apical side (d—f). Actomyosin filaments remain apically enriched after invagination
onset (g-i). In contrast to invaginating lens, actomyosin filaments never accumulate apically in the surrounding epithelium (j-I). The dynamics
of the actomyosin distribution are confirmed with the quantification of the pixel values in the boxes at each stage (m-o0). The concentration
of adhesive junctions (as seen by beta-catenin staining) and the polarity marker PAR-3 in the apical domain occurs with the same dynamics
as actin (p—u). Bar = 20 um.

confirms these results (Fig. 1m-0) and reveals that myo- process restricted to the placode that precedes its bend-
sin II also accumulates at the basal region of the invagi- ing. In confirmation of this, establishment of apical ad-
nating lens, albeit at a lower intensity than in the apical hesive junctions and distribution of the apical polarity
side (Fig. 1m-0). These data suggest that apical concen- marker PAR-3 (Afonso and Henrique, 2006) occur with
tration of actomyosin filaments is part of a polarization a dynamics similar to actin (Fig. 1p-u).
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F-actin and Myosin II are Both Necessary for Lens
Placode Invagination

To confirm that the apical actin network in early plac-
odes participates actively in the early events of its invagi-
nation, we analyzed the distribution dynamics of Phos-
phorylated Myosin Light Chain (p-MLC) in the same
developmental stages. Phosphorylation of MLC at serine
19 increases myosin II filament formation, ATPase activ-
ity, actomyosin filaments contraction and is indicative of
its activation (Kamisoyama et al., 1994). In the pre-pla-
codal ectoderm, p-MLC staining pattern is congruent
with that of total myosin II. At this stage, p-MLC is homo-
genously distributed in basolateral and apical submem-
brane regions (Fig. 2a-c). However, in the placode, api-
cal enrichment of p-MLC is delayed in relation to total
myosin II (compare Fig. 1e with Fig. 2b). We could only
detect apical enrichment of p-MLC after the initial bend-
ing step has occurred, but not in the columnar lens pla-
codal cells (Fig. 2b,c). This delay could indicate that my-
osin II activation occurs after bending, in which case it
is not necessary for this step. Alternatively, phosphoryla-
tion of myosin could be required for bending, but occur
immediately prior to its onset and thus temporarily indis-
tinguishable from it. To distinguish between these two
scenarios, we cultured head explants obtained at early
placode stage in the presence of the myosin II inhibitor
blebbistatin. Blebbistatin is a non-competitive inhibitor
that interferes with actomyosin crosslinking by blocking
myosin II in its actin-detached state (Kovacs et al., 2003;
Straight et al., 2003). After 24 h in culture, normal lens
invagination occurred in 82% (n = 28) of control
explants, while only 3% (n = 31) of lens placodes cul-
tured with blebbistatin invaginated (Fig. 2). The remain-
der was arrested in the early placode stage, without any
signs of bending or invagination. The data indicate that
activity of apical myosin is essential for lens placode
morphogenesis.

Likewise, local inhibition of F-actin polymerization
also interfered with the invagination process. In ovo
treatment of 18-somite stage embryos with Cytochalasin
D (CD), a chemical that blocks polymerization and elon-
gation of actin, arrested lens morphogenesis at the early
placode stage in 35% (n = 20, at 1.5 pg ml~ ' CD dose)
of the embryos, whereas 100% of control embryos
(Saline n = 8 or DMSO-treated n» = 20) had normal inva-
ginated lenses. This effect was dose dependent. The pro-
portion of embryos with arrested placodes increased to
56% (n = 14) with 2.5 pg ml~" CD and 69% (n = 16)
with 5 ug ml~' CD (Fig. 3b-d,h and data not shown).

The above mentioned pharmacological agents could
also decrease cell proliferation or increase cell death,
both of which would adversely affect lens invagination.
We did not observe a significant decrease in total cell or
phospho-histone H3-positive cell numbers in CD-treated
placodes (Supporting Information Fig. 1). To exclude
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FIG. 2. Phospho-myosin Il is present in lens placode and its activ-
ity is necessary for invagination. Phosphorylated myosin Il is pres-
ent at cell basal, lateral, and apical sides in pre-placode ectoderm
and early lens placode cells (a,b). Phosphorylated myosin Il was
detected apically only after invagination onset (c). Hematoxilin-Eo-
sin stained paraffin sections of placodes cultured with 100 uM
blebbistatin (e) and with DMSO as control (d). Apical side of the
lens is to the right, basal is to the left and dorsal is up. Lens invagi-
nation was inhibited in 97% (n = 31) of embryos treated with bleb-
bistatin, while only 18% (n = 28) of control embryos had lenses
arrested at lens placode stage (f). The difference between
control and blebbistatin-treated embryos was statistically signifi-
cant () P < 0.001.
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FIG. 3. Filamentous actin is necessary for lens placode invagination. (a) Hematoxilin-Eosin stained paraffin section of a typical 18 somite
embryo, showing that at this stage the thickened early lens placode is already formed. Embryos at this stage were treated in ovo with CD
(d), control Ringer’s solution (b) or DMSO (c) and incubated for 6 h. When embryos were treated with 2.5 pg ml~' CD, 56% of the placodes
did not invaginate (d,h) (n = 14), while 100% of Ringer’s (n = 4) and 100% of DMSO (n = 20) control embryos had the normal invaginating
placodes (b,c,h). Arrow in a and d indicate the thickened placode in comparison to the surrounding ectoderm (arrowhead). The effect of CD
was reversible. Embryos pre-treated with 2.5 ug mi~' CD that had the lens arrested at placode stage were rinsed with saline and reincu-
bated for 12 h to test for toxicity effects (g; n = 7). These embryos recovered and resumed invagination to a degree comparable to that of
controls (e,f). (h) Histogram of the dose-dependent effect of CD on invagination. In all pictures, apical side of the lens is to the right, basal is
to the left and dorsal is up. Bar = 20 um. *,**,*** denote a statistically significant difference relative to control of P < 0.05.
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the possibility that the effect of CD treatment was
through an increase in placodal cell death, we per-
formed drug washout experiments. Embryos treated for
6 h with 2.5 ug ml™' CD that presented placodes
arrested in the pre-invagination stage were rinsed with
saline solution to remove CD and reincubated for further
12 h. After reincubation, 100% (n = 7) of the lens pla-
code invaginated and formed lens vesicles that detached
from the overlying ectoderm at the appropriate stage
(Fig. 3e-g). In addition, after CD treatment, although we
did observe a slight increase in the number of picnotic
nuclei in the optic vesicle, these were not detected in
the lens placode. Thus, we exclude the possibility that
our phenotype is generated by a toxic effect of the drugs
and conclude that these data indicate that both actin fila-
ment polymerization and myosin II activity are necessary
for lens placode invagination process and further sup-
ports the hypothesis that apical cell constriction drives
lens placode bending.

ROCK Activity is Required for Apical Placement
of Actin and Myosin II

Serine 19 in myosin II is directly phosphorylated by
the Rho-dependent kinase (ROCK) (Amano et al.,
1996). Furthermore, both apical localization and
contraction of the actomyosin cytoskeleton have been
previously attributed to ROCK in a variety of morphoge-
netic events (Burridge and Wennerberg, 2004; Dawes-
Hoang et al., 2005; Kinoshita et al., 2008; Simoes et al.,
2006). When we cultured chicken embryo cephalic
explants with Y27632, a pharmacological inhibitor of
ROCK, lens invagination occurred in only 28% (n = 43)
of the explants (Fig. 4e-i). In contrast, 86% (n = 22) of
lens cultured under control conditions invaginated (Fig.
4a-d,i). When we analyzed the ratio between apical and
basal fluorescence intensity in control and Y27632-
treated placodes, we observed that Y27632 reduced the
difference between the highest fluorescent signal at the
apical domain and at the basal compartment for both
actin and myosin. In control situations, the ratio
between apical and basal peak signals was 100/53 for
myosin and 100/7 for actin (Fig. 4j,k). Conversely, in
Y27632-treated placodes the ratios decreased to 40/100
in the case of myosin and 100/99 for actin. The inhibi-
tory effect of Y27632 on invagination was reversed after
washout in 68% (7 = 19) of the embryo explants. Like-
wise, the apical and basal distribution of actin filaments
and myosin II were also restored to the normal pattern
(Fig. 4D).

Rho GTPase is Apically Located and its Activity is
Required for Accumulation of Apical Myosin

Since the chick embryo expresses three subtypes of
RhoGTPases with high degree of similarity, we used a
pan-Rho antibody to examine the distribution of RhoGT-

Pases during lens development (Liu and Jessell, 1998).
Similarly to what we observed with the actomyosin cy-
toskeleton, Rho is homogenously distributed in the pre-
placode ectoderm and becomes apically concentrated
in early placode prior to bending (Fig. 5a,b). Confirming
a previous report, this pattern is maintained during lens
pit formation (Fig. 5¢; Kinoshita et al., 2008). To verify
if Rho GTPase activity is required for invagination, we
tested the effect of Chlostridium botulinum toxin C3
transferase overexpression in chick embryo pre-placode
ectoderm by electroporation of C3 construct into one
side of chick head ectoderm, leaving the contralateral
side as the control. C3 directly inactivates all isoforms
of Rho GTPases through ADP ribosylation (reviewed at
Wilde and Aktories, 2001). Overexpression of C3 inhib-
ited lens invagination in 77.7% (n = 9) of embryos
(Fig. 5h), while 100% of the contralateral lens invagi-
nated normally (Fig. 5d). Consistent with the role of Rho
in establishment of adhesive junctions (Popoff and Geny,
2009) in some cases overexpression of C3 caused lens
cells dissociation and detachment (data not shown).
These embryos were not included in our final analysis.

In light of the multiple regulatory roles associated
with Rho GTPases, C3-mediated reduction of invagina-
tion could be attributed to its interference with differ-
ent steps during placode morphogenesis. First, because
we interfere with Rho function in pre-placodal stages, it
is possible that lack of invagination was due to altera-
tion of lens cell fate. This possibility was examined
through assessment of Pax6 expression. Pax6 is
expressed in pre-placode ectoderm cells and is required
for progression of lens development (reviewed in Lang,
2004). Inhibition of Rho did not affect Pax6 expression
(Fig. 5D). Alternatively, inhibition of Rho affects estab-
lishment of apical cytoskeleton in sea urchin and fly
embryos and could be required for this role in the lens
placode as well (Beane et al., 2006; Dawes-Hoang et al.,
2005; Nikolaidou and Barrett, 2004). Thus, we exam-
ined the effect of C3 on the placode’s actomyosin net-
work. While C3 decreased slightly the apical/basal ratio
of the actin-bound phalloidin fluorescent signal in rela-
tion to control (control: 100/22; experimental: 100/52;
Fig. 5j,n), its effect was much more pronounced on my-
osin where the ratio changed from 100/46 to 91/100
(compare profiles in Fig. 5m,n). The results suggest that
Rho activity is required for apical enrichment of myosin
II but not of actin.

DISCUSSION

A comparative analysis of the previous publications on
AC in various events of vertebrate epithelial morpho-
genesis identify some conserved elements as require-
ments for the establishment and progression of AC,
namely accumulation of apical actomyosin, activation of
myosin II, ROCK, Rho GTPase and Shroom 3 (Haigo
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FIG. 4. ROCK activity is necessary for lens placode invagination and proper placement of the apical cytoskeleton. Cephalic explants were
cultured in control media (a-d) or with 50 uM Y27632 (e-h). The ROCK inhibitor decreased significantly the number of invaginating placodes
(i) and suppressed apical accumulation of actin and myosin (compare k with j). After Y27632 treatment and inhibition of invagination, re-
moval of the drug recovered placode invagination and apical positioning of actomyosin filaments (1, blue dotted line indicates lens pit). White
dotted line delineates lens basal portion. Apical portion of all the placodes is to the right. Bar = 20 um. The difference between control and
blebbistatin-treated embryos was statistically significant (*) with P < 0.001.
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et al., 2003; Hildebrand, 2005; Kinoshita et al., 2008;
Plageman et al., 2010). Here, we focused on the contri-
bution of Rho-ROCK signaling pathway in the apical
constriction of the early chick lens placode. Our data
shows that apical RhoGTPases are involved in the estab-
lishment of the apical cytoskeleton prior to placode
bending. The timing of the dynamics of RhoGTPases ap-
ical positioning in the early lens placode coincides with
that of actin and myosin. Furthermore, inhibition of
ROCK or Rho activity interfered with apical cytoskeletal
distribution and abolishes lens invagination.

A detailed analysis of the cytoskeletal dynamics and
its regulation during lens AC indicate that allocation of
actin and myosin present differential requirement for
Rho GTPases. Apical placement of myosin II in the lens
placode was dependent both on Rho and ROCK activity.
In contrast, polarized distribution of apical actin was a
Rho-independent but ROCK-dependent event. Apical
accumulation of actin in the chick neural plate is also
impervious to C3-treatment (Kinoshita et al., 2008).
Thus, it seems that an alternative upstream element acti-
vates ROCK and determines the positioning of actin. A
likely candidate is the actin-binding protein Shroom3
(Dietz et al., 2006; Hildebrand and Soriano, 1999; Nishi-
mura and Takeichi, 2008, Plageman et al., 2010).
Shroom3 interacts directly with actin through its ASD1
domain and overexpression of Shroom3 fragment con-
taining this domain is sufficient to form ectopic actin
bundles (Hildebrand and Soriano, 1999). Thus, it has
been proposed that Shroom3 directly orchestrates the
subcellular distribution of the actin cytoskeleton. This
explanation could account for Rho-independent actin
bundling, but does not address the alterations observed
when we interfered with ROCK activity. In this sense,
we propose that ROCK-dependent stabilization of actin
at the apical surface depends indirectly on ROCK-medi-
ated phosphorylation of myosin. Phosphorylated myo-
sin II plays an important role in the maintenance of ad-
hesive-junction-associated actin bundles (Shewan et al.,
2005). The question that remains is that of the signal
that regulates apical myosin localization. Apical enrich-
ment of myosin could be part of Rho-dependent polar-
ization event that precedes Shroom3-mediated placodal
invagination. In support of this, it is known that
Shroom-induced apical constriction occurs only on pre-
viously polarized epithelia (Haigo et al., 2003). This
polarizing signal could be triggered by apical cadherins
(Shewan et al., 2005) or activation of the PAR complex
(Nance et al., 2003; Wang and Riechmann, 2007). Inter-
estingly, as we show here, PAR-3 is apically enriched
with the same dynamics as actin.

Thus, when we join our data with that of previously
published results, one model that emerges involves a
polarizing signal that activates Rho/ROCK to place
unphosphorylated myosin II at the apical domain and
also recruits Shroom3. The presence of Shroom3 in the
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FIG. 5. Rho GTPase is expressed at the apical region of the
placode and its activity is necessary for invagination. (a-¢) Immuno-
histochemistry with a pan-Rho antibody in dorso-ventral sections of
different stages of lens development: (a) pre-placode ectoderm; (b)
early lens placode; (c) invaginating lens. Rho is homogeneously dis-
tributed at basal, lateral and apical cell sides at pre-placode ecto-
derm stage (a), becomes enriched apically at the lens placode stage
(b) and remains concentrated apically during lens invagination (c).
Hematoxilin-Eosin staining of C3 electroporated placodes (h) and its
contralateral counterpart (d) showing that C3 overexpression inhibited
lens placode invagination. Phalloidin-stained f-actin and immunohis-
tochemistry to myosin Il shows that C3 overexpression eliminated ap-
ical myosin Il (i,k,n), but not apical f-actin accumulation (i,j,n: note
that in actin staining, the apical portion has a stronger signal than the
basal portion, and in the case of myosin Il, both apical and basal por-
tion show similar signal). Compare with f,g, where both actin and my-
osin are enriched apically when compared to basal portion of the
invaginating lens. C3 does not alter placode expression of Pax6 (l). In
all pictures, apical side of the lens is to the right, basal is to the left
and dorsal is up. Dotted line indicates the interface with the basal
lamina and the boxes delimit where quantification of pixel value was
performed. Quantification of the pixel intensity for actin and myosin
labeling confirms that apical enrichment of myosin is disrupted by C3
treatment (m,n). Bar = 20 pm.
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FIG. 6. Model of the role of Rho-ROCK pathway in the establish-
ment of apical acto-myosin cytoskeleton in the lens placode. Yet
unidentified polarizing signals (possibly involving PAR proteins)
convert the pre-placode ectoderm into a placode with distinct
apico-basal domains and activate the Rho-ROCK pathway to place
unphosphorylated myosin Il at the apical domain. The established
apical domain recruits Shroom3 which would then initiate polymer-
ization of F-actin and bypass Rho to recruit ROCK and phosphoryl-
ate myosin, thus stabilizing apical actin and initiating apical
contraction.

apical domain would then initiate apical accumulation
of F-actin and also bypass Rho to recruit ROCK and
phosphorylate myosin. Phosphorylation of myosin
would stabilize apical actin and initiate apical contrac-
tion (see Fig. 6). Indeed, reduction of Shroom3 expres-
sion decreases apically located phosphorylated myosin
in the chick neural tube and mouse lens placode (Nishi-
mura and Takeichi, 2008; Plageman et al., 2010). An
alternative interpretation has been proposed by Hilde-
brand where Shroom3 alters myosin II localization indi-
rectly through F-actin (Hildebrand, 2005). However,
here we show that interference with RhoGTPase activ-
ity has a pronounced effect on myosin II distribution
and a much milder effect on actin.

Our analysis of the cytoskeletal dynamics during pla-
code formation also revealed that during placodal cell
elongation there is a concomitant enrichment of actin
and phosphorylated myosin II in the basal region.
Although the levels of basal actin and myosin II are
lower than in the apical subdomain, it is still signifi-
cantly different from the remainder of the cell. A similar
basal accumulation is observed in the mouse lens
(Chauhan et al., 2009).

The function of this basal pool of actin and myosin is
currently unknown. In the mouse, the lens placode is
connected to the underlying optic vesicle through
interepithelial filopodia that transverse the distance
between the two tissues. In this case, basal myosin II

has an active role in the contraction of placodal filopo-
dia and contributes towards the transmission of me-
chanical force between invaginating optic cup and lens
(Chauhan et al., 2009; Wrenn and Wessels, 1969). How-
ever, interepithelia filopodia are not evident in the chick
invaginating lens (Chauhan, personal communication;
Schook, 1980a). Rather, the lens placode is in close
apposition and firmly adhered to the underlying optic
vesicle at stage HH10 to HH14 (McKeehan, 1951). One
of the possibilities is that the basal actin-myosin net-
work participates in this adhesive interaction through
mature adhesions containing integrin complexes, as
well as other structural and signaling proteins linked to
the cytoskeleton (reviewed in Vicente-Manzanares
etal., 2009).

In conclusion, here we present data that confirm that
apical constriction is a major driving force for lens pla-
code invagination. However, given the complexity of
the complete process of lens morphogenesis, it is possi-
ble that other mechanisms such as growth pressure or
interaction with optic vesicle also contribute towards
proper progression of the invagination and deserve to
be investigated.

MATERIALS AND METHODS

Chick Embryo Staging and Cryosectioning

Eggs from Leghorn hens (Kunitomo Poultry Farm,
Mogi das Cruzes, SP, Brazil) were incubated at 38°C with
50% humidity and collected by the filter-paper method
(Chapman et al., 2001) at different times after incuba-
tion, so as to obtain embryos at various morphological
stages of development: pre-placode ectoderm (10-16
somites; HH10-12), lens placode (18-21 somites; HH12-
13), or invaginating lens placode (22 somites; HH14)
(Hamburger and Hamilton, 1951; McKeehan, 1951).

Embryos head were harvested by sectioning from the
body above the heart level and cryoprotected in 20% su-
crose at 4°C for 2 h. The explants were embedded in a
1:1 mixture of 20% sucrose and OCT (TissueTek) and
frozen with dry ice. Heads were aligned so as to gener-
ate dorsoventral sections (10 pm). For Pax6 immunohis-
tochemistry, the cephalic explants were pre-fixed in 4%
paraformaldehyde for 5 min prior to embedding and
cryosectioning as described above.

Immunohistochemistry on Frozen Sections

The slides were dried for 30 min at 37°C, fixed in 4%
paraformaldehyde for 20 min, washed in PBS and
blocked for 1 h with 3% NGS (Jackson Immunoresearch)
and 1% BSA (Jackson Immunoresearch) diluted in PBST
(PBS containing 0.1% Triton X-100—Sigma). Primary anti-
bodies were diluted in PBST containing 3% NGS
and applied on sections for 2 h at room temperature.
The primary antibodies used were: rabbit anti-myosin
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II (at 1.6 pg ml™'; Azevedo et al., 2004—gift from Dr.
Spreafico and Dr. Larson, University of Sio Paulo, Bra-
zil); rabbit anti-MLC(phosphoSer19) (1:50, Cell Signal-
ing Technology, USA no. 3671); rabbit anti-Rho (at 2 pg
ml ™', Santa Cruz Biotechnology, USA no. sc-179); rabbit
anti-Pax6 (1:250, Covance, USA no. PRB-278P); mouse
anti-Beta-catenin (at 2.5 ug ml~ ', BD Transduction Labo-
ratories, USA no. 610153), and rabbit anti PAR-3 (1:50,
Millipore, USA no. 07-330). Secondary antibodies used
were Alexa 488-conjugated goat anti-rabbit (Molecular
Probes, USA, dilution 1:1,000) or TRITC conjugated
goat anti-mouse (Sigma, USA, dilution 1:100). For visual-
ization of actin filaments, the previously immunostained
cryosections were incubated for 30 min with rhoda-
mine-phalloidin or phalloidin conjugated to Alexa488
fluorophore (Molecular Probes, USA, dilution of 1:100).
Slides were mounted in Vecta Shield (Vector Laborato-
ries, USA) and analyzed with a Nikon PCM2000 or Zeiss
510 Meta confocal microscopes or Nikon Eclipse €800
fluorescence microscope.

Quantification of Imunolabelling
Fluorescence Intensity

The intensity of labeling for actin and myosin II was
obtained by using the free imaging software Image J v
1.33 (NIH) to delimit a box on a section of the raw image
data. The dimensions of the box were adjusted to encom-
pass the apico-basal length of the tissue. The fluorescence
intensity for all the pixels in the box along the apical-basal
axis was added up (absolute intensity) and tabulated rela-
tive to its position along this axis (apico-basal distance).
Thereafter the values were normalized to the highest
absolute intensity value for each image. We attributed the
value of 100 for the highest intensity and all other values
were expressed as a fraction of this value. Thereafter, we
always compared the ratio between highest normalized
values in the apical/basal domain to obtain information
regarding changes in relative distribution of acto-myosin
cytoskeleton in these compartments. The quantification
profiles shown are representative of at least three inde-
pendent experiments.

In Ovo Actin Polymerization Inhibition
(Cytochalasin D Treatment)

Chicken eggs were incubated until stages of 18-20
somites, when the lens placode is already formed but
has not initiated invagination yet. The embryos were
exposed in ovo by an opening in the eggshell and
visualized under the stereomicroscope after contrasting
with 10% Indian ink injection under the blastoderm
(Selleck, 1996). Nitrocellulose fragments saturated with
1.5, 2.5, or 5 ug ml~ ' Cytochalasin D diluted in DMSO
(Sigma Aldrich) were applied over the developing
placode. Eggs were then sealed with tape and reincu-
bated for 6 h or until 22 somites stage, when lens pla-

code has invaginated in control embryos. Treated
embryos where then dehydrated in an ethanol series,
embedded in paraffin and sectioned (4 um) for Hema-
toxilin-Eosin staining.

To verify whether CD treatment increased cell death,
embryos previously treated with CD that did not have
invaginating lens placode after reaching 22 somites
stage were rinsed with Ringer’s saline to remove CD,
reincubated for 12 h and processed for paraffin section-
ing and Hematoxilin-Eosin staining. Assessment of lens
invagination inhibition was performed only at right
lenses (that had the direct contact of CD) and are pre-
sented here as percentage of the total number of
embryos treated. All placodes which presented a small
indentation under stereoscope analysis were considered
as invaginating.

In Ovo Electroporation

C3 exoenzyme (accession number X51464) clone
was provided by Dr Fabio Forti (Forti and Armelin,
2007). Exoenzyme C3 was inserted into pEF-BOS and
overexpressed by in vivo electroporation of the pre-pla-
code ectoderm, as described in Momose et al., 1999.
Briefly, embryos were exposed in ovo and visualized
with Indian ink injected under the blastoderm. The plat-
inum electrodes (0.5-mm diameter) were placed flank-
ing the head, at the level of the optic vesicles, with the
negative electrode alongside the right lens placode. An
aperture was made over the vitelline membrane at the
same level and the embryos were bathed with Ringer’s
solution. Plasmid solution [1-4 pg pl~' in 0.1% Fast
Green (Sigma)] was injected at the sub-cephalic pocket
so as to bath the right eye, and five square pulses of 20
Vand 50 ms of length and 100 ms of space were admin-
istered. Embryos were reincubated and analyzed 24 h
later and processed for paraffin and frozen sectioning.

In Vitro Treatment With ROCK
or Myosin II Inhibitors

Embryos at lens placode stage had their heads dis-
sected above the heart with scissors and were main-
tained in ice cold Tyrode’s solution before being cul-
tured in 24-well plates (Falcon) coated with 300 pl of a
medium containing 70% rat-tail collagen (extracted with
0.1% Glacial Acetic Acid, as described in Greene et al.,
1998), 10% of medium 199 (Gibco), 1M HEPES (Gibco),
1% of N2 supplement (Gibco), and 100 U ml~ ' of peni-
cillin/100 pg ml~" streptomycin (Bailey et al., 20006;
Streit et al., 1997). The pH was adjusted to 7.4 with 1M
NaOH. Head explants were transferred to the collagen-
coated wells with the right eye up and cultured in 200
pl of the same medium described above, except for the
collagen, containing either 100 uM of the ROCK inhibi-
tor Y27632 (Sigma) or 100 uM of the myosin II inhibitor
blebbistatin (Sigma). Control explants were incubated
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with medium only. The cultures were kept for 24 h at
38°C and 50% humidity, which was sufficient for the
detection of placodal invagination in control explants.

For the invagination recovery experiment, the
explants incubated with Y27632 had the medium
changed for fresh medium without the drug and reincu-
bated for additional 24 h.
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