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ROCK Inhibitor (Y27632) Increases Apoptosis and
Disrupts the Actin Cortical Mat in Embryonic Avian
Corneal Epithelium
Kathy K.H. Svoboda,1,2* Petra Moessner,1 Tamara Field,1 and Jesus Acevedo1

The embryonic chicken corneal epithelium is a unique tissue that has been used as an in vitro epithelial sheet organ culture
model for over 30 years (Hay and Revel [1969] Fine structure of the developing Avian cornea. Basel, Switzerland: S. Karger
A.G.). This tissue was used to establish that epithelial cells could produce extracellular matrix (ECM) proteins such as
collagen and proteoglycans (Dodson and Hay [1971] Exp Cell Res 65:215–220; Meier and Hay [1973] Dev Biol 35:318–331;
Linsenmayer et al. [1977] Proc Natl Acad Sci U S A 74:39–43; Hendrix et al. [1982] Invest Ophthalmol Vis Sci 22:359–375).
This historic model was also used to establish that ECM proteins could stimulate actin reorganization and increase
collagen synthesis (Sugrue and Hay [1981] J Cell Biol 91:45–54; Sugrue and Hay [1982] Dev Biol 92:97–106; Sugrue and Hay
[1986] J Cell Biol 102:1907–1916). Our laboratory has used the model to establish the signal transduction pathways involved
in ECM-stimulated actin reorganization (Svoboda et al. [1999] Anat Rec 254:348–359; Chu et al. [2000] Invest Ophthalmol
Vis Sci 41:3374–3382; Reenstra et al. [2002] Invest Ophthalmol Vis Sci 43:3181–3189). The goal of the current study was to
investigate the role of ECM in epithelial cell survival and the role of Rho-associated kinase (p160 ROCK, ROCK-1, ROCK-2,
referred to as ROCK), in ECM and lysophosphatidic acid (LPA) -mediated actin reorganization. Whole sheets of avian
embryonic corneal epithelium were cultured in the presence of the ROCK inhibitor, Y27632 at 0, 0.03, 0.3, 3, or 10 �M
before stimulating the cells with either collagen (COL) or LPA. Apoptosis was assessed by Caspase-3 activity assays and
visualized with annexin V binding. The ROCK inhibitor blocked actin cortical mat reformation and disrupted the basal cell
lateral membranes in a dose-dependent manner and increased the apoptosis marker annexin V. In addition, an in vitro
caspase-3 activity assay was used to determine that caspase-3 activity was higher in epithelia treated with 10 �M Y-27632
than in those isolated without the basal lamina or epithelia stimulated with fibronectin, COL, or LPA. In conclusion, ECM
molecules decreased apoptosis markers and inhibiting the ROCK pathway blocked ECM stimulated actin cortical mat
reformation and increased apoptosis in embryonic corneal epithelial cells. Developmental Dynamics 229:579–590, 2004.
© 2004 Wiley-Liss, Inc.
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INTRODUCTION
Extracellular matrix (ECM) stimulated
changes in actin cytoskeleton orga-
nization have been well docu-
mented in the avian corneal epithe-
lial organ culture system (Sugrue
and Hay, 1981, 1986; Svoboda and

Hay, 1987; Svoboda et al., 1999; Chu
et al., 2000) and in cells grown in
traditional tissue culture (Burridge et
al., 1988, 1990; Burridge and Fath,
1989; Bockholt and Burridge, 1995).
Corneal epithelial tissues isolated
without basal lamina responded to

ECM using an actin-dependent
mechanism (Fig. 1). The basal cell
surface flattens and the disrupted
actin cortical mat (ACM) reorga-
nizes in the presence of laminin, fi-
bronectin, or collagen (Sugrue and
Hay, 1981, 1986; Svoboda and Hay,
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1987; Svoboda, 1992; Khoory et al.,
1993) with distinct configurations in
the presence of different ECM mol-
ecules (Fig. 1; Svoboda et al., 1999).
In addition, we have shown that this
tissue also reorganizes the actin cy-
toskeleton in response to bombesin
or lysophosphatidic acid (LPA; Svo-
boda et al., 1999).

The reorganization of the actin cy-
toskeleton is orchestrated through a
signaling cascade. The epithelia
needed to be in contact with matrix
molecules for a minimum of 15 min
for the ACM to reform. In the first 15
min of ECM stimulation, many signal-
ing proteins were activated (Svo-
boda et al., 1999). Focal adhesion
kinase (FAK) and p190Rho-GAP

were tyrosine phosphorylated within
5 min in response to soluble ECM
stimulation (Svoboda and Reenstra,
2002). Erk-1, erk-2, and PI3 kinase
were activated later in the signaling
cascade (30–60 min). These phos-
phorylation events were required, as
a tyrosine and src kinase inhibitor,
Herbimycin A blocked actin reorga-
nization in a dose-dependent man-
ner (Svoboda et al., 1999). In sum-
mary, actin reorganization required
tyrosine phosphorylation of FAK,
p190Rho-GAP, paxillin, tensin, MAP
kinase, and PI3 kinase activation
(Svoboda et al., 1999; Chu et al.,
2000; Svoboda and Reenstra, 2002).
Changes in actin cytoskeleton orga-
nization have also been recorded in

monolayer cultures of corneal epi-
thelial cells grown on ECM substrates
(laminin, fibronectin, and collagen)
that initiated an increase in intracel-
lular pH (Wu et al., 1995). The current
understanding of the cascade of
events appears to be the following:
ECM proteins bind integrin mole-
cules; FAK may be recruited to the
integrin cytoplasmic domain by
talin. Talin binds vinculin and paxillin.
FAK goes through a conformational
change to bind the �1 integrin cyto-
plasmic tail and autophosphorylates
after the integrins have clustered by
means of a Rho-mediated mecha-
nism (Giancotti, 1997; Svoboda and
Reenstra, 2002). The phosphorylated
FAK binds and activates many pro-

Fig. 1. A,B: Schematic drawings of corneal epithelia isolated from the underlying stroma (A) and cultured at the air–medium interface
(B). Soluble stimulating and inhibiting substances can be added to the medium for specific culture times. C: Epithelia isolated without the
basal lamina extended basal cellular processes termed blebs as shown in the schematic drawing (arrowhead). D: The blebs contain
F-actin (labeled with fluorescein isothiocyanate-phalloidin) that appears as punctate spots in a single confocal optical section taken
through the basal area illustrated in the schematic drawing (C, lower dashed line). E: Tissue cultured with soluble extracellular matrix
molecules reorganize the basal actin into an actin cortical mat (ACM) illustrated in the schematic drawing (arrowhead). F: The bundles
of F-actin (phalloidin labeled) viewed in a single optical section from epithelia stimulated with collagen for 2 hr appear to align from cell
to cell, across the field. Scale bar � 20 �m in F (applies to D,F).
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teins either directly or through
adapter proteins, including paxillin,
talin, p85, shc, p-cas, Grb2, Sos, src,
and fyn in response to integrin acti-
vation (Petch et al., 1995; Parsons,
1996; Defilippi et al., 1999). In addi-
tion, there is mounting evidence
that different integrin molecules
stimulate alternate proteins.

Ras homology Rho proteins are
small GTPases involved in signal
transduction pathways that regulate
actin bundle formation in whole tis-
sues (Reenstra et al., 2002) and actin
stress fibers in cultured fibroblast cells
(Hall, 1998; Ridley, 2001). The active
form of the small GTPase family are
GTP-bound. Rho alternates between
the GTP-bound active form (on) and
the GDP-bound inactive form (off)
to regulate other downstream ki-
nases. Many other proteins regulate
the “on” and “off” state of Rho. The
guanine-nucleotide exchange fac-
tors are the “on” signal as they add
GTP to the protein. GTP-activating
proteins (GAPs) are the “off” signal
as they remove a phosphate to de-
activate the protein. When cultured
fibroblasts are treated with LPA or
bombesin, new stress fibers and fo-
cal adhesions form (Ridley and Hall,
1992, 1994), corneal epithelia also
respond to these stimulants by reor-
ganizing the ACM rapidly (Svoboda
et al., 1999). Activated Rho proteins
stimulate several downstream ki-
nases, including the ROCK family
that facilitate actin–myosin contrac-
tion by phosphorylating the myosin
light chain (Amano et al., 1997; Chi-
hara et al., 1997) and the myosin
binding subunit of myosin phospha-
tase (Kimura et al., 1996). Phosphor-
ylating the myosin phosphatase de-
activates the enzyme; therefore,
myosin light chain stays active
longer.

Recently, several laboratories
have identified Rho and its associ-
ated downstream kinases (ROCK
family; SundarRaj et al., 1998) as be-
ing necessary for centripetal corneal
epithelial migration associated with
cell cycle progression (Anderson
and SundarRaj, 2001) and migration
during corneal wound healing (Na-
kamura et al., 2001). In addition,
other groups working on glaucoma
had reported that human trabecu-
lar meshwork and Schlemm’s canal

primary cell cultures treated with
Y27632 (10 �M) had altered cell
shape and decreased actin stress fi-
bers, focal adhesions, and protein
phosphotyrosine staining (Rao et al.,
2001). In addition, the cellular per-
meability increased and myosin
light-chain phosphorylation de-
creased, indicating that the cells
were stressed.

In contrast to monolayer cell cul-
ture studies, the current investigation
focuses on embryonic corneal epi-
thelial actin reorganization in freshly
isolated whole epithelial sheets in re-
sponse to specific extracellular stim-
uli. We hypothesize that the ECM or
LPA induced actin reorganization
contributes to further ECM binding
and cell survival.

It is well established that cultured
epithelial and endothelial cells re-
quire attachment to substrate for
survival; however, the evidence for
sheets of epithelia is not known
(Meredith et al., 1993; Frisch and
Francis, 1994; Re et al., 1994;
Meredith and Schwartz, 1997; Ni-
cholson, 2001). Apoptosis, also
known as programmed cell death,
causes susceptible cells to undergo
a series of enzymatic and morpho-
logic changes. During apoptosis,
several signal transduction pathways
and specific degradative enzymes
become activated. The degradative
enzymes are in the caspase-3 family
of cysteinyl proteases, also known as
ICE-like because they resemble the
first member described, interleukin-1
converting enzyme (ICE). These en-
zymes may cleave essential structural
components of the cell, including
actin cytoskeletal elements, nuclear
lamins, and small nucleoproteins
(Whyte, 1996; De Laurenzi and Me-
lino, 2000). These changes eventu-
ally lead to nuclear material con-
densing as the nuclear DNA breaks
down and cellular material pinches
off, forming apoptotic bodies. One
effect of caspase activation is the
activation of a flipase that flips phos-
phatidylserine (PS) from the internal
to the external plasma membrane
leaflet.

External membrane bound PS
serves as a signal to surrounding
cells, identifying the PS-positive cell
as undergoing apoptosis. We visual-
ized the “flipped out” PS with a 35-

kDa physiologic protein, annexin V
lipocortin (labeled with a fluorescent
tag), as it bound with nanomolar af-
finity to membranes containing PS
(Blankenberg et al., 1999, 2000). One
of the caspase substrates is gelsolin,
an actin-severing protein (Kotha-
kota et al., 1997); however, many
more proteins with potential cas-
pase cleavage sites have been
identified. Important to this research
is that cleavage of the actin cy-
toskeleton is an activity of the
caspase-3 family. In these experi-
ments, we measured the amount of
activated caspase-3 in an assay
that depends on the cleavage of a
short peptide (asparagines-glycine-
valine-aspargine; DEVD) that con-
tains the caspase-3 recognition se-
quence.

This research supports the hypoth-
esis that ECM molecules or LPA stim-
ulation facilitates survival of epithe-
lial cells in an intact sheet. In
addition, we demonstrate that dis-
rupting actin-myosin contraction
with the ROCK inhibitor, Y27632 in-
creased apoptosis markers in em-
bryonic corneal epithelia.

RESULTS

In this model, the embryonic avian
corneal epithelia were isolated from
the stroma as a sheet of continuous
cells (Fig. 1A) and cultured at the
air–medium interface (Fig. 1B). The
corneal epithelium at stage 34 (em-
bryonic day 8, E8) was composed of
two cell layers, with the hexagonal,
flat periderm cells apical to smaller
diameter basal cells (Fig. 1C,E). The
periderm cells range from 6 to 8 �m
in height and can be 25 �m wide.
F-actin is found in the microvilli of the
periderm cells and along the peri-
derm-basal cell junction (Svoboda,
1992). The basal cells range 15–20
�m in height and 5–10 �m in diame-
ter. When basal cells are isolated
with the basal lamina, they have a
flat basal surface. F-actin is also
found along the basal lamina in an
organized arrangement called the
ACM (Fig. 1E,F; Hay and Revel,
1969). There are usually four basal
cells underneath every periderm cell
(Svoboda, 1992).

F-actin (labeled with fluorescein
isothiocyanate [FITC]-phalloidin) dis-
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tribution demonstrated distinct or-
ganizational patterns when the epi-
thelia were cultured for 2 hr in the
presence of different ECM mole-
cules or direct Rho stimulators (Svo-
boda et al., 1999). In contrast, epi-
thelia isolated without the basal
lamina have long cytoplasmic ex-
tensions (blebs) along the basal cell
surface that contain F-actin (Fig.
1C,D; Sugrue and Hay, 1981; Svo-
boda, 1992). Interestingly, the direct
Rho pathway stimulator, LPA, reor-
ganized the ACM very quickly (15 to
30 min; Svoboda et al., 1999).

The ACM failed to reorganize in a
dose-dependent manner in epithe-
lia treated with Y27632 (Figs. 2, 3).
Single optical images taken through
the periderm cells, central basal
cells, and at the tissue–filter interface
(dashed lines, Fig. 1C) were used to
analyze the F-actin in treated epi-
thelia. Images from representative
epithelia demonstrated that the
lowest concentration of ROCK inhib-
itor (0.03 �M Y27632) had no effect
on ACM reformation in epithelia
stimulated with COL (Fig. 2A–C) or
LPA (Fig. 3A–C), similar to controls
(COL or LPA only). The periderm cells
and cortical actin staining in the
basal cells were also not altered with
the low concentrations (0.03 �M) of
the ROCK inhibitor (Figs. 2, 3A–C,B�)
regardless of the stimulus. However,
the 0.3 �M concentration of Y27632
blocked ACM reorganization in the
collagen-stimulated tissues (Fig. 2F)
and decreased the actin filament
bundles in the LPA stimulated tissues
(Fig. 3F). In addition, the cortical ac-
tin staining was more diffuse (Figs. 2
and 3E, box and E�) in both COL-
and LPA-treated tissues. The highest
concentration used for morphologic
analysis (3 �M) blocked actin reor-
ganization in both COL-treated (Fig.
2I) and LPA-treated (Fig. 3I) epithe-
lia. We also observed that, in the
higher concentrations of Y27632 (3
and 10 �M), the lateral basal cell
membranes were thicker and the
actin was interrupted into small cir-
cular formations (Figs. 2, 3H box, and
H�; 5C–8� and C–8�). In a series of
protein analysis studies, we ob-
served that tryosine phosphorylation
of all ECM stimulated proteins de-
creased modestly in a dose-depen-
dent manner with increasing con-

centrations of Y27632 with the larger
decrease in lysates from epithelia
treated with 10 �M (data not
shown). We also observed a modest
decrease in phosphorylated focal
adhesion kinase (data not shown).

One characteristic of apoptosis is
that the plasma membrane bubbles
or blebs. As our tissues treated with
Y27632 appeared to have wider lat-
eral membranes in the basal cells
(Figs. 2, 3E�,H�), we examined an ap-
optosis marker, annexin V. Annexin V
binds to phosphatidylserine that is
“flipped” to the outer membrane
leaflet when cells are undergoing
apoptosis. We found that epithelia
isolated without the basal lamina
had some annexin V binding (Fig.
4A), predominately in the basal cell
membranes (Fig. 4A6–9,8�,8�) and in
the blebs that extended into the fil-
ter (Fig. 4A9–10). The complete z se-
ries from an epithelium that was
scanned from the apical to basal
surface demonstrated that the peri-
derm layer (Fig. 4A1–3) did not bind
annexin V. The area with the highest
annexin V binding (Fig. 4A8) was en-
larged (Fig. 4A8�) and then a se-
lected area (square) was enlarged
again (Fig. 4A8�) to demonstrate the
spatial localization of the annexin V
binding. The xz optical section of the
same epithelium (Fig. 4B) also dem-
onstrated that the distribution of an-
nexin V was primarily in the basal cell
lateral membranes. In contrast, a
complete z series of an epithelium
treated with COL and scanned from
the apical to the basal surface (Fig.
4C,D) had nearly no annexin V bind-
ing in either the periderm (Fig.
4C1–2) or basal cells (Fig. 4C3–7).
The ACM (Fig. 4C5–7) had reorga-
nized, producing a flat basal surface
(Fig. 4D). A single optical section of
the basal cells (Fig. 4C5) was en-
larged (Fig. 4C5�) and a selected
area (square) was enlarged again
(Fig. 4C5�) to demonstrate that an-
nexin V did not bind to the basal
lateral membranes in this specimen.

Epithelia treated with 3 or 10 �M
Y27632 and type I collagen were an-
nexin V-positive in the basal cell lat-
eral membranes (Fig. 5A7–10,7�7�;
C6–10,8�,8�). Complete z-series taken
from the apical to the basal surface
(Fig. 5A1–10 and C 1–10) through the
epithelia demonstrated that basal

cells had annexin V binding in the
lateral cell membrane areas and in
the blebbing cytoplasmic basal sur-
face after exposure to either 3 (Fig.
5A7–10,B) or 10 �M Y27632 (Fig. 5C6–
10,D). The annexin V-positive areas
had very little overlap (yellow areas
in Fig. 5) with F-actin in either single
xz optical sections (Fig. 5B,D) or xy
optical sections (Fig. 5A7�,7� and C
8�,8�). In the enlarged images from
selected areas (squares in Fig. 5A7�
and C8�), the annexin V staining ap-
peared to be associated with lateral
cell membrane blebs or bubbles
(Fig. 5A7� and C8�).

The morphologic experiments
were confirmed with a quantita-
tive binding assay for activated
caspase-3. Epithelia isolated without
the basal lamina and not treated
(NT) with either ECM or Y27632 had
moderate levels of caspase-3 activ-
ity (Fig, 6 [NT]). ECM- and LPA-
treated epithelia (Fig. 6, fibronectin
[FN], COL, LPA) had lower levels of
active caspase-3 than untreated
epithelia (NT). In contrast, epithelia
exposed to 10 �M Y27632 had signif-
icantly higher amounts of activated
caspase-3 (Fig. 6). Treating epithelia
with both COL and Y27632 did de-
crease the level of caspase-3 com-
pared with epithelia treated with
Y27632 alone, but the caspase-3 lev-
els were higher than COL-treated or
NT epithelia (Fig. 6). Pretreating the
epithelia with the caspase-3 inhibi-
tor, V-ZAD-FMK (ZVAD), decreased
caspase activity in all treatment
groups (Fig. 6, ZVAD-NT, ZVAD-COL,
ZVAD�C�Y, ZVAD�Y27632) com-
pared with the treatment (NT, COL,
COL�Y27632, Y27632), indicating
that the assay was specific for
caspase activity.

DISCUSSION

In the adult, corneal epithelial stem
cells are located in the limbus. Epi-
thelial cells that will differentiate mi-
grate from the limbus to the central
cornea (Collinson et al., 2002). The
limbal stem cell population is estab-
lished between 8 and 10 postnatal
weeks in the mouse (Collinson et al.,
2002). Before the establishment of
the limbal stem cells, dividing cells
are found throughout the corneal
epithelium (Collinson et al., 2002).

582 SVOBODA ET AL.



Fig. 2. Single confocal optical sections through epithelia treated with Y27632 (0.03, 0.3, and 3 �M) stimulated with collagen and then
stained with phalloidin. A–I: Three optical sections (Fig. 1A, dashed lines) were taken at the periderm–basal cell junction (A,D,G) central
basal cells (B,E,H) and basal cell-filter interface (C,F,I). B�,E�,H�: Selected areas in B, E, and H (boxes) were enlarged. The actin had a
normal distribution (A–C), and the cells reorganized the actin cortical mat (acm, C) in the presence of the lowest concentration of Y27632
(0.03 �M). Higher magnification of the actin distribution in the center of the basal cells showed that it was located along lateral cell
membranes (B�). Although the actin distribution appeared normal (D, E, E�) in tissues treated with 0.3 �M Y27632, the actin cortical mat
did not reorganize (F). Epithelium treated with 3 �M Y27632 had less polymerized actin in the cortical membrane areas (H, H�) and no actin
cortical mat (I). In addition, the basal cell lateral membranes appeared wider (arrowheads, H, H�). p, periderm. Scale bars � 20 �m in
I (applies to A–I), 10 �M in H� (applies to B�,E�,H�).
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Fig. 3. Single confocal optical sections through epithelia treated with Y27632 (0.03, 0.3, and 3 �M) stimulated with LPA and then stained
with phalloidin. Three single optical sections (Fig. 1A, dashed lines) are shown from complete z-series for each treatment. A–I: The sections
at the periderm-basal cell junction (A,D,G), central basal cells (B,E,H), and basal cell–filter interface (C,F,I) are shown to demonstrate the
actin distribution throughout a representative epithelium. B�,E�,H�: Selected areas in B, E, and H (boxes) were enlarged. The actin in the
periderm and cortical areas of basal cells had a normal distribution (A–C) and the cells reorganized an extensive actin cortical mat (acm,
arrowhead) in the presence of the lowest concentration of Y27632 (0.03 �M). The periderm cell shape (D, p) and lateral cell actin
distribution (E, E�) appeared altered in tissues treated with 0.3 �M Y27632, and the actin cortical mat were sparsely organized (F,
arrowhead). Epithelia treated with 3 �M Y27632 had less polymerized actin in the cortical membrane areas (H, H�) and no actin cortical
mat (I). In addition, the basal cell lateral membranes appeared to have bubbles or blebs (arrowheads, H and H�). f, filter ; p, periderm;
b, basal cells. Scale bar � 20 �m in I (applies to A–I), 10 �m in H� (applies to B�,E�,H�).



Fig. 4. A–D: The complete z series of corneal epithelia cultured in medium with no treatment (NT, A,B) or collagen (COL, C,D) for 2 hr, were
incubated with annexin V (green), and then fixed and stained with phalloidin (red). The epithelium that was isolated without the basal
lamina and not treated with extracellular matrix or inhibitors was scanned from the apical (A-1) to the basal surface (A-10). This tissue
bound some annexin V in the basal cell membrane areas (A6–9, B) and in the cytoplasmic blebs (A9–10, B). Optical section 8 was
enlarged (A-8�), and a section (square) was enlarged again (A-8�). There was some overlap in the annexin V-positive areas and actin
(yellow) visible in the enlarged area (A-8�). A cross-sectional optical section of the same tissue (B) also demonstrated that the annexin V
binding was in the basal areas and cytoplasmic blebs along the basal surface of the epithelium. The complete z series through an
epithelium treated with COL (C1–7) had very little annexin V binding and the actin cortical mat reorganized (C5–7). One basal optical
section was enlarged (C-5�) and a region (square) was enlarged again (C-5�) to demonstrate that this tissue did not have detectable
levels of annexin V binding. A cross-section of this tissue demonstrates that the basal surface was flat and annexin V did not bind to the
basal cell membranes (D). Scale bars � 20 �m.



In addition to normal centripetal
migration of epithelial cells to re-
place the sloughing cells, corneal

epithelial cells respond to wounding
by migrating over the wound bed
primarily by sliding of the whole epi-

thelium (Zhao et al., 2003). Many
factors contribute to the normal
centripetal migration (Zieske, 1994)

Fig. 5. A–D: The complete z series through epithelium treated with 3 �M Y27632 � collagen (COL, A,B) or 10 �M Y27632 � COL (C,D)
double labeled with annexin V (green) and phalloidin (red) demonstrates the total distribution of the exposed phosphatidylserine. The
apical optical sections of the tissue treated with 3 �M Y27632 (A1–5) have little annexin V staining; however, the basal cells (A6–10) were
positive for annexin V binding. Image A-7 was enlarged (A-7�) to demonstrate that the overall architecture of the tissue and distribution
of annexin V. An additional area (box in A-7�) was enlarged again (A-7�) to view the distribution of actin and annexin V staining. The basal
blebs below the plane of the basal cells (A-10, B) also contained annexin V staining. An xz image (cross-sectional view) also demonstrated
that the distribution of annexin V staining (B) was in the basal lateral membranes. The actin cortical mat did not form in this epithelium
(A-10). A complete z-series through an epithelium from the apical to the basal surface treated with 10 �M Y27632 had some annexin V
staining in the apical regions of the tissue (C1–3), but the staining was more prominent in the basal lateral regions of the basal cells
(C5–10). The region approximately 5 microns from the basal surface (C 8) appeared to contain the highest amount of annexin V binding
and were shown at two higher magnifications (C 8� and 8�). Cross-sectional analysis of different epithelia with the same exposure to
Y27632 also demonstrated that the annexin V staining was more extensive in basal cells of epithelium exposed to 10 �M Y27632 (D). Scale
bars � 20 �m.
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and successful closure of corneal
wounds, including extracellular ma-
trix components, growth factors and
cytokines (Gipson and Inatomi,
1995; Nishida and Tanaka, 1996),
and intracellular signal molecules
that mediate the extracellular sig-
nals. In addition, the actin cytoskel-
eton and associated cell–cell adhe-
sion proteins have been shown to be
involved in corneal wound closure
(Gipson and Inatomi, 1995; Danjo
and Gipson, 1998). Recently, several
laboratories have identified Rho and
its associated downstream kinases
(Rho-associated kinase, ROCK-1,
ROCK-2; SundarRaj et al., 1998) as
being necessary for centripetal cor-
neal epithelial migration associated
with cell cycle progression (Ander-
son and SundarRaj, 2001) and mi-
gration during corneal wound heal-
ing (Nakamura et al., 2001).

In contrast to these migration stud-

ies, the current investigation focuses
on the embryonic corneal epithelial
actin reorganization in freshly iso-
lated whole epithelial sheets in re-
sponse to specific extracellular stim-
uli. ECM stimulated changes in actin
cytoskeleton organization have
been well documented in the cor-
neal epithelial organ culture system
(Sugrue and Hay, 1981, 1986; Svo-
boda and Hay, 1987; Svoboda et al.,
1999; Chu et al., 2000) and in cells
grown in traditional tissue culture
(Horwitz et al., 1986; Burridge et al.,
1988, 1990; Bockholt and Burridge,
1995).

The small GTPase Rho is implicated
in cytoskeletal rearrangements, in-
cluding stress fiber and focal adhe-
sion formation. One mechanism for
the actin rearrangement is that the
downstream kinase activated by
RhoGTP, ROCK phosphorylates both
myosin light chain and myosin phos-

phatase. This double action acti-
vates myosin ATPase and inactivates
myosin phosphatase, respectively, re-
sulting in actin–myosin contraction
and the formation of stress fibers and
focal adhesions in fibroblasts (Naru-
miya et al., 1997; Watanabe et al.,
1999). In this study, we show that
ROCK is important for actin bundle
formation in the embryonic corneal
epithelium as inhibiting this kinase
blocked ECM and LPA stimulated
actin cortical mat reformation.
These conclusions were based on us-
ing a highly specific pharmacologic
agent, Y27632, which specifically in-
hibits the ROCK family of kinases in
the specific dose ranges used in
these experiments (Narumiya, 1999;
Davies et al., 2000).

It has been established that vas-
cular endothelial and other epithe-
lial cells undergo apoptosis if the
cells are cultured in suspension and
integrin-mediated matrix contacts
are lost, in a process termed
“anoikis” (Meredith et al., 1993;
Frisch and Francis, 1994; Meredith
and Schwartz, 1997; Frisch and
Screaton, 2001). In this study, we
found that embryonic corneal epi-
thelial cells maintained in sheets
were also dependent upon ECM for
survival. We also found that blocking
ECM stimulated actin reorganization
with the ROCK inhibitor (Y27632) in-
creased the apoptosis markers,
caspase 3, and annexin V binding in
the corneal epithelial sheets. Inter-
estingly, we found that very low con-
centrations of Y27632 disrupted the
actin cytoskeleton (0.3 �M); how-
ever, the increase in annexin V bind-
ing was observed at a 10-fold higher
dose (3 �M) and caspase 3 activa-
tion was recorded at 10 �M. By com-
parison, most in vitro experiments
use 10 �M Y27632 or higher doses
(Rao et al., 2001).

Matrix-dependent cell survival has
been studied extensively in Madin-
Darby canine kidney (MDCK) cells in
either two-dimensional tissue culture
or filter-suspended systems. The
caspase cascade was initiated after
cell–matrix detachment in MDCK
cells by both release of cytochrome
c from mitochondria (Rytomaa et
al., 2000) and increased activity of
caspase 8, which physically associ-
ates with death receptors. Matrix

Fig. 6. CaspACE assay results: extracellular matrix proteins and lysophosphatidic acid
(LPA) decreased caspase-3 activity, and Y27632 increased caspase-3 activity. Cell lysates
from corneal epithelia (n � 30/treatment group) isolated without the basal lamina and
maintained in culture without treatment (NT), or stimulated with fibronectin (FN), LPA, and
collagen (COL, with or without 10 �M Y27632) or 10 �M Y27632 only were compared with
epithelia that were pretreated for 16 hr with the caspase-3 inhibitor ZVAD. Tissues treated
with FN, COL, or LPA had lower pM/�L caspase-3 compared with the untreated epithelia
(NT), demonstrating that the ECM and LPA could decrease apoptosis activity in the sheets
of epithelia. The tissues treated with Y27632 had significantly higher caspase-3 levels and
cotreating the tissues with COL decreased the caspase-3, but not to either untreated
epithelia levels or COL alone. A blank and tissues pretreated with the caspase-3 inhibitor
ZVAD were used as controls. All experimental groups represent the results of two experi-
ments with duplicate samples (n � 4). Error bars are standard deviations of the mean.
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detachment also induces Bax trans-
location to mitochondria in a
caspase-dependent manner. Si-
lencer of death domains (SODD)
and dominant-negative FAS-associ-
ated death domain protein (FADD)
efficiently inhibited cell–matrix
detachment mediated anoikis in
MDCK cells (Frisch, 1999). Expression
of activated Ras or PKB/Akt blocks
all the detectable events in the de-
tachment-induced apoptosis signal-
ling pathway, suggesting that PKB/
Akt acts at an early point in the
pathway, providing the signal nor-
mally generated by matrix attach-
ment. Strong activation of Raf can
also protect MDCK cells from de-
tachment-induced apoptosis, but
this occurs at a point downstream of
cytochrome c release from mito-
chondria and is distinct from the
PKB/Akt (Rytomaa et al., 2000).

In another cell type, mammary
epithelial cells, basement mem-
brane ECM, but not fibronectin or
collagen was shown to suppress ap-
optosis. In these cells, antibodies to
�1 integrins or overexpression of
stromelysin 1, a metalloproteinase
that degrades ECM, induced apo-
ptosis (Boudreau et al., 1995). How-
ever, in the systems described (vas-
cular endothelial cells, MDCK, and
mammary epithelia), the cells were
disrupted from their normal sheet or
trabecular architecture.

In the current study, epithelial
sheets were maintained as organ
cultures with the apical–basal polar-
ity and cell–cell junctions intact at
the air–medium interface. The epi-
thelial sheets were separated from
the stroma and basal lamina then
deprived of ECM stimulation (NT
groups). Annexin V bound to the un-
treated tissues and activated
caspase-3 was detected in an in
vitro assay. Treating these blebbing
epithelia with substrates that stimu-
lated integrins (FN, COL) decreased
the caspase-3 levels but did not re-
duce it to below the caspase-3 level
observed in epithelia treated with
the caspase-3 inhibitor, ZVAD. There-
fore, the sheets of corneal epithelia
were also matrix-dependent for sur-
vival, similar to vascular endothelia
or other epithelial cells. Furthermore,
we observed that caspase-3 levels
were significantly higher in epithelia

exposed to the ROCK inhibitor,
Y27632. The increase in cell death
was observed both by visualizing an
apoptosis marker (annexin V) and a
quantitative assay that measured
caspase-3 activity. Interestingly, the
annexin V-positive areas were the
basal cell lateral membranes that
also appeared to be altered in F-
actin distribution.

EXPERIMENTAL PROCEDURES

Tissue Isolation

Fertile White Leghorn chicken eggs
(SPAFAS, Inc., Norwich, CT) were in-
cubated for 8 days at 39°C. The em-
bryos (Hamburger-Hamilton stages
27–34) were removed from the eggs
and rinsed in Hanks’ balanced saline
solution (HBSS; GIBCO Laboratories,
Grand Island Biological Co., Grand
Island, NY).

Whole corneas, with some sur-
rounding sclera, were removed from
the embryos with fine forceps. Cor-
neal epithelia isolated without the
basal lamina, were treated for 2–4
min at 37°C in 0.8 mg/ml trypsin and
0.8 mg/ml collagenase (Sigma, St.
Louis, MO) in calcium-magnesium–
free HBSS. After the enzyme treat-
ment, the corneas were rinsed in
Ham’s F12 medium (GIBCO Labora-
tories, Grand Island Biological Co.)
and then HBSS to stop the action of
the enzyme. A continuous sheet of
corneal epithelial cells was dis-
sected from the underlying stroma
with fine tweezers and placed basal-
side down on a black polycarbon-
ate filter (3-mm diameter, 0.4-�m
pore size; Poretics, Livermore, CA;
Svoboda and Hay, 1987; Svoboda,
1992).

Organ Culture

Epithelial sheets (n � 30/treatment
group) were suspended at the air–
media interface by a triangular-
shaped wire grid in an organ culture
dish (Falcon, Becton Dickinson Lab-
ware, Franklin Lakes, NJ; Svoboda et
al., 1999; Chu et al., 2000). The me-
dium height barely covered the api-
cal surface of the tissue. Cultures
were incubated at 37°C in a humid-
ified gas mixture (5% CO2 and 95%
air). The control culture medium was
composed of Hank’s F12 medium

(GIBCO), antibiotic/antimycotic
(GIBCO), and 50 �M ascorbic acid
(Sigma). Epithelia fed only this me-
dium were called no treatment con-
trols (NT). The stimulatory molecules
used were 10 �g/ml LPA (Sigma), 50
�g/ml human plasma FN (BD Bio-
sciences, San Diego, CA), and 100
�g/ml type I collagen (COL, BD Bio-
sciences). These treated cultures
were referred to as FN, COL, or LPA
treated and were controls for ECM/
LPA�Y27632-treated epithelia. After
the stimulatory incubation (2 hr), the
epithelia were either fixed for immu-
nohistochemistry or stained with
phalloidin. In experiments using the
ROCK inhibitor, Y27632, some cor-
neal epithelial groups were cultured
in medium with Y27632 (0, 0.03, 0.3,
3, or 10 �M; Yoshitomi Pharmaceutical
Industries, Ltd.) 2 hr before stimulation
with LPA or ECM. To visualize apopto-
sis, epithelia were incubated in the
presence of annexin V for 15 min at
37°C, then rinsed and viewed on the
confocal microscope immediately or
fixed and stained with phalloidin.

Organ culture experiments were
repeated at least four times, 20–30
epithelia were pooled in each treat-
ment group. The epithelia were fixed
and stained immediately for mor-
phology or placed in extraction
buffer for biochemical analysis.

Actin Labeling

The F-actin in the cells was labeled
with fluorescently tagged phalloidin
(Molecular Probes, Inc., Eugene, OR;
Svoboda, 1992). The epithelia were
incubated with FITC-phalloidin (1:20
dilution of phalloidin stock solution in
3.7% formaldehyde, 0.01% lysopalmi-
tate [Sigma]) for 30 min at room
temperature, followed by three 15-
min rinses in phosphate buffered sa-
line (PBS). A subset of each experi-
ment was examined with confocal
microscopy to determine whether
the actin cortical mat reorganized.
These experiments were repeated
at lease four times, all images are
representative samples from experi-
ments. The fluorescent phallotoxins
were kept as stock solutions contain-
ing 300 units/3 ml methanol (approx-
imately 3.3 �M, Molecular Probes). A
unit is defined, as the amount of ma-
terial needed to stain one micro-
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scope slide of fixed cells (Molecular
Probes).

Apoptosis Assays

Annexin V labeling.

To visualize apoptosis, cells were in-
cubated in Alexa fluor 488-labeled
annexin V, as it binds to phosphati-
dylserine that normally resides on the
cytoplasmic surface of the plasma
membrane. A characteristic of apo-
ptosis is that this lipid gets “flipped”
to the outer membrane leaflet. In
the last 15 min of incubation, la-
beled annexin V was added to the
culture medium.

After incubation with Alexa fluor-
labeled annexin V, some of the tis-
sues were examined immediately by
using the confocal microscope. Ad-
ditional tissues were rinsed, fixed,
and stained the Texas Red phalloidin
as described above. Whole tissues
were morphologically analyzed by
using a Leica TSP SP2 microscope for
actin and annexin V. All experiments
were repeated at least four times
with similar results.

CaspACE assay.

Organ cultured corneal epithelia
(n � �30 epithelia/treatment group)
were treated with FN, LPA, COL, with
or without Y27632 as described in
the “organ culture” section. For
these experiments, additional epi-
thelial groups were incubated in the
caspase-3 inhibitor, 50 �M Z-VAD-
FMK for 16 hr before the addition of
Y27532 (2 hr) and/or ECM (2 hr). The
tissues were rinsed in cold PBS and
then harvested on ice in 25 �l of lysis
buffer (50 mM Tris-HCl, pH 8, 150 mM
NaCl, 1% Triton X-100, protease
cocktail inhibitor (Sigma) and phos-
phatase cocktail inhibitor I (Sigma)).
Lowry assays were used to deter-
mine total protein. Equal amounts of
protein were incubated with the col-
orimetric substrate (CaspACE Assay,
Promega) overnight at 24°C, and
read in a 96-well spectrophotometer
at 405 nm. The results are compared
with pNA calibration curve. All ex-
perimental groups were assayed as
duplicate samples, and the experi-
ments were repeated at least three
times with similar results.

Confocal Laser Scanning
Microscopy

The filters were placed basal side
down in antifade mounting medium
(Molecular Probes) on slides and
viewed on a Leica TCS SP2 confocal
microscope equipped with one ar-
gon and two helium neon lasers
(458, 488, 514, 533, 643 excitation
wavelengths). The continuously vari-
able detection pinhole was set at
the minimum size for optimal signal
(Pawley, 1990; Wilson, 1990). The typ-
ical z-series was composed of opti-
cal sections in the xy optical plane.
These images were en face optical
sections through the vertical axis of
the tissue. Specimens were also
scanned in the xz plane, allowing
the tissues to be visualized in cross-
section. The point-spread function
for the confocal microscope is
greater in the xz than the xy focal
plane (Pawley, 1990), causing the
images to be more distorted.

Images were analyzed, enhanced,
and stored. Black and white and
color photographs were computer
generated with minimal computer
enhancement. These images were
printed directly from Photoshop or
PageMaker (Adobe) documents. All
controls were collected, enhanced,
and photographed with the same
conditions as the positive tissue.
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