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in Corneal Fibrotic Wound Repair
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ABSTRACT

In this study, temporal and spatial distribution of three TGF-$3 isoforms and their downstream signaling pathways including pSmad2 and
p38MAPK were examined during fibrotic wound repair. In normal chick corneas, TGF-1, -2, and -3 were weakly detected in Bowman'’s layer
(BL). In healing corneas, TGF-B1 was primarily deposited in the fibrin clot and the unwounded BL. TGF-B2 was highly expressed in healing
epithelial and endothelial cells, and numerous active fibroblasts/myofibroblasts. TGF-B3 was mainly detected in the unwound region of basal
epithelial cells. a-Smooth muscle actin (e-SMA) was initially appeared in the posterior region of repairing stroma at day 3, and was detected
in the entire healing stroma by day 7. Notably, a-SMA was absent in the central region of healing stroma by day 14, and its staining pattern
was similar to those of TGF-B2 and p38MAPK. By contrast, pSmad2 was mainly detected in the fibroblasts. In normal cornea, laminin was
mainly detected in both epithelial basement membrane (BM) and Descemet’s membrane (DM). By contrast to reconstitution of the BM in the
wound region, the DM was not repaired although endothelial layer was regenerated, indicating that high levels of TGF-B2 were released into
the posterior region of healing stroma on day 14. High levels of a-SMA staining, shown in cultured repair stromal cells from healing
corneas on day 14 and in TGF-B2 treated normal stromal cells, were significantly reduced by p38MAPK inhibition. Collectively, this
study suggests that TGF-B2-mediated myofibroblast transformation is mediated, at least partly, by the p38MAPK pathway in vivo. J. Cell.
Biochem. 108: 476-488, 2009. © 2009 Wiley-Liss, Inc.
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T he fibrotic response is essential for normal wound repair. In
the cornea, fibrosis creates opacity, which interferes with
vision. Contraction of fibrotic tissue additionally alters corneal
shape and the capacity to focus light on the retina. The penetrating
wound model is a useful system for studying the basic regulation of
fibrotic wound repair [Fini and Stramer, 2005]. Stromal keratocytes
are the major cell type contributing to fibrosis in the cornea. Upon
ablation wounding, quiescent stromal cells (keratocytes) adjacent to

the wound region begin to undergo mitosis along with morpho-
logical and functional changes, transform into active fibroblasts,
and migrate into the damaged acellular area filled with fibrin clot
containing fibronectin and fibrin [Fini and Stramer, 2005]. These
active fibroblasts synthesize new extracellular matrix (ECM)
molecules distinct from normal uninjured stroma [Fini, 1999].
Once activated by growth factors and cytokines, fibroblasts
participate in a number of autocrine and paracrine pathways that
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maintain their activation [Wilson et al., 1992; Beales et al., 1999; Lee
et al., 2002]. During the contraction phase of wound healing,
fibroblasts transform into myofibroblasts expressing o-smooth
muscle actin (e-SMA) that imparts contractile properties to cells
[Jester et al., 1996; Stramer et al., 2003]. Myofibroblasts also
generate abundant ECM which has a composition different from that
of the normal, uninjured stroma [Fini and Stramer, 2005]. The
altered composition of the ECM synthesized by the myofibroblasts,
as well as the disorganized manner of its deposition, probably both
contribute the opacity of the fibrotic cornea [Fini and Stramer,
2005]. The ECM of the fibrotic cornea is progressively remodeled
over many months by continual synthesis, degradation, and re-
synthesis of collagens and other ECM components, which interferes
with vision [Girard et al., 1993].

A variety of cytokines and growth factors are involved in corneal
wound healing, and their concerted expression and balance, as well
as cross-talk between signal transduction pathways are required
during wound healing [Wilson et al., 1994; Kim et al., 1999; Derynck
and Zhang, 2003; Sharma et al., 2003]. TGF-B is a crucial regulator
of corneal wound healing [Jester et al., 1996; Andresen et al., 1997;
Myers et al.,, 1997; Andresen and Ehlers, 1998; Moller-Pedersen
et al., 1998; Beales et al., 1999]. The TGF-$ superfamily of secreted
polypeptides regulates cell proliferation, differentiation, motility,
and apoptosis in a variety of cell types. Three isoforms have been
identified in mammals to date, designated TGF-B1, -B2, and -B3
[Cheifetz et al., 1990]. Despite structural and functional similarities,
the three isoforms differ significantly in terms of potency as growth
inhibitors, recognition by receptors, and inactivation by extra-
cellular factors [Cheifetz et al., 1990]. Furthermore, temporal
and spatial expression patterns of each TGF-3 isoform are discrete
in several tissues [Massague, 2003], suggesting that these
proteins are physiologically important, and play distinct roles
during embryogenesis and adult tissue repair [Cheifetz et al,
1990]. TGF-B triggers an altered fibroblast phenotype typical of
wound healing, both in vivo and in vitro [Stramer et al., 2003].
The growth factor additionally stimulates ECM expression and
deposition into the pericellular matrix, and controls tissue repair and
deregulation of ECM remodeling for corneal fibrosis [Stramer et al.,
2003].

Generally, TGF-B is deposited within the extracellular milieu in
its latent form, and is not activated except in response to tissue
injury that also stimulates its synthesis and release [Barcellos-Hoff,
1996; Koli et al., 2001]. Activation of TGF-B is the key event in
initiating and mediating response to tissue damage and tissue repair
in vivo. Active TGF-B binds to TGF-f receptor type II (TBR-II),
followed by TGF-B receptor type I (TBR-I). In response to receptor
activation, Smad2 and Smad3 proteins phosphorylated by TRR-I
form heteromeric complexes with Smad4 in the cytoplasm. These
complexes translocate to the nucleus to activate transcription of a
select set of target genes. Although three principal Smad proteins are
involved in mediating the effects of TGF-3, Smad2 and Smad4 are
clearly associated with corneal epithelial repair [Hutcheon et al.,
2005]. It has been shown that Smad2 and Smad3 have different
downstream targets [Piek et al., 2001]. Myofibroblast transformation
in repairing corneal wounds is reduced in mice lacking Smad3 [Fini
and Stramer, 2005]. In addition, Smad2 knockout in mice results in

embryonic lethality [Nomura and Li, 1998; Weinstein et al., 1998].
Importantly, TGF- activates p38MAPK signaling pathways that
influence collagen expression [Tsukada et al., 2005]. Both Smad and
p38MAPK signaling pathways mediated by TGF- are involved in
regenerative corneal wound healing and liver fibrosis [Saika, 2004;
Tsukada et al., 2005]. However, the relative contributions of Smad2
and p38MAPK signaling pathways in regulating corneal fibrosis
remain unclear to date.

The goals of this manuscript were to analyze the distribution of
three TGF-B isoforms and some of their signaling pathways,
including pSmad2 and p38MAPK, in fibrotic corneal wounds. The
employment of these corneal wound models in the chicken is novel
and important given that the chicken has a BL like humans, whereas
the other commonly used models such as the mouse do not. Here we
report that that both pSmad2 and p38MAPK was temporally and
spatially regulated during the dynamic processes of fibrotic wound
healing through TGF-Bs stimulation.

PENETRATING WOUND PROCEDURES AND EMBEDDING

Surgical procedures were performed in accordance with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research. A previously characterized mouse and rabbit full-
thickness penetrating keratectomy model was adapted to chicks
in order to analyze fibrotic repair [Cintron et al., 1973, 1982; Fini
and Stramer, 2005]. Two-month-old chicks were anesthetized with
an intramuscular injection of ketamine (25 mg/kg) and xylazine
(10 mg/kg) before wound creation. Briefly, a 1.0 mm full-thickness
button of central corneal tissue demarcated with a trephine was
ablated using micro-dissecting scissors. Corneal wounds were
allowed to heal for 1, 3, 7, and 14 days. Ten corneas were used for
each time-point. At the appropriate times, chicks were sacrificed
with an overdose of ketamine and xylazine. Whole corneas were
carefully dissected out, and fixed in 4% paraformaldehyde at 4°C
overnight. Corneas were dehydrated and trimmed, leaving some
normal tissue around the healing wound, cleared with xylene,
and embedded in paraffin. Sections (6 um) were prepared, and
maintained until use.

ANTIBODIES AND REAGENTS

Polyclonal antibodies against TGF-f1, TGF-B2, TGF-B3, and
p38MAPK were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA). Polyclonal pSmad2 antibody was from Cell signaling
Technology (Danvers, MA). The SB431542 and monoclonal anti-
body against a-SMA were purchased from Sigma (St. Louis, MO).
The SB203580 was purchased from Calbiochem (San Diego, CA). The
monoclonal laminin and fibronectin antibodies were from Devel-
opmental studies Hybridoma Bank (University of Iowa, Iowa City,
IA). Alexa-Fluor 488-conjugated goat anti-mouse or rabbit IgG and
rhodamine-conjugated phalloidin were acquired from Molecular
Probes (Eugene, OR). Proteinase K, propidium iodide (PI), and DAPI
were purchased from Boehringer Mannheim (Mannheim, Germany)
and Vector Laboratories (Burlingame, CA).
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IMMUNOHISTOCHEMISTRY

Slides containing paraffin sections were deparaffinized in xylene,
and subsequently rehydrated through ethanol series. Sections were
rinsed in 0.1 M Tris-buffered saline (TBS; pH 7.4), and permeabilized
with 0.3% Triton X-100 in TBS at room temperature for 10 min. To
block non-specific binding, sections were incubated with blocking
solution (5% normal goat serum and bovine serum albumin in TBS)
at room temperature for 1 h, and subsequently processed for indirect
immunofluorescence localization using antibodies against TGF-p1,
TGF-B2, TGF-B3, a-SMA, p38MAPK, and pSmad2. For the negative
control, primary antibodies were omitted, and incubation was
performed with 5% normal goat serum. To detect laminin, sections
were digested at 37°C with proteinase K (100 wg/ml) for 5 min before
primary antibody incubation. Next, sections were washed with TBS,
and incubated with the corresponding secondary antibodies
conjugated with Alexa-Fluor 488 at room temperature for 1h.
Prior to mounting, slides were washed three times with TBS, and all
sections were counterstained with propidium iodide (PI; 10 pg/ml)
for nuclear staining. Digital images were captured on a laser
scanning confocal image system (MRC-1000; Bio-Rad).

STROMAL CELLS CULTURE AND IMMUNOFLUORESCENCE STAINING
Fourteen days after wound healing, five animals were euthanized by
lethal injection with sodium pentobarbital, and the corneas
removed. The repair tissue occupying the original penetrating
wound was isolated. Uninjured three normal chick corneas were also
removed. Corneal stromal cells were isolated and cultured, as
described previously [Jung et al., 2007]. Second passages of repair or
normal stromal cells were seeded at 1.5 x 10* cells per eight-
chamber slide (Tissue-Tek; VWR Scientific) in F-12 medium
containing 10% FCS, and allowed to attach and spread overnight,
and the medium was replaced with a serum-free medium and cells
were cultured for 24 h. To determine whether a-SMA expression is
regulated TGF-B2, cells were treated with TGF-B2 (2 ng/ml) in serum
free medium, either together with SB203580 (20 wM) as inhibitor of
p38MAPK or SB431542 (20 M) as inhibitor of TGF-B type I
receptor kinase for 24 h. For co-visualizing a-SMA and actin
filaments, the medium was removed, and the cell layer washed twice
with PBS and fixed with 4% paraformaldehyde in PBS for 5 min.
Cells were permeabilized in 0.3% Triton X-100 for 2 min, and
incubated with a FITC-conjugated monoclonal a-SMA antibody and
TRITC-conjugated phalloidin at RT for 1 h. Nuclei were visualized by
staining with DAPI. Prior to mounting, cells were washed three times
with PBS. Images were captured on a Zeiss fluorescence microscope.

The percentage of myofibroblasts from the cultured stromal cells
was evaluated by Student’s t-test. P <0.01
statistically significant.

was considered

WESTERN BLOT ANALYSIS

Equal numbers (5.5 x 10° cells/6-well plates) of sub-cultured (3rd
passage) normal stromal cells were allowed to attach and spread
overnight, and the medium was replaced with a serum-free medium
and cells were cultured for 24 h. Thereafter, cells were treated with
TGF-B2 (2ng/ml) in serum free medium, either together with
SB203580 (20 wM) or SB431542 (20 uM) for 24 h. Conditioned
media were collected for examine the level of secreted fibronectin,

and equal volumes of supernatant (500 wl) were precipitated with a
10% ice-cold trichloroacetic acid (TCA). Precipitates were washed
twice with 100% acetone to remove the remaining TCA. Air-dried
precipitates were dissolved in a RIPA buffer. For cell lysates, stromal
cells were extracted in RIPA buffer with protease inhibitors. Equal
amounts of conditioned media or cell lysates (20 .g) were separated
by 7.5% SDS-PAGE under reducing conditions, and the proteins
were electrophoretically transferred to nitrocellulose membranes.
Next, detection of a-SMA and fibronectin was carried out with
an ECL western blotting kit according to the manufacturer’s
instructions.

TEMPORAL AND SPATIAL PATTERNS OF «-SMA IN FIBROTIC
WOUND HEALING CORNEAS

In penetrating full-thickness wounds, quiescent stromal keratocytes
undergo striking phenotypic changes, designated ‘activation’, and
transform into active fibroblasts and myofibroblasts. During the
contraction phase of wound healing myofibroblast appears.
Myofibroblasts are characterized by the intracellular appearance
of a-SMA, the most reliable marker for myofibroblasts [Tomasek
et al,, 2002]. To determine the temporal and spatial presence of
myofibroblasts in the fibrotic healing cornea, we performed a-SMA
staining. At day 1 after wounding (Fig. 1A), no a-SMA was detected
in the stroma. However, at day 3 (Fig. 1B), a-SMA-expressing
myofibroblasts correlating with timing of wound contraction
appeared in the wound edge just underneath the repairing
epithelium and within the posterior region of wound stroma. The
active fibroblasts continue to differentiate over time into the

Fig. 1. Representative immunofluorescence staining for «-SMA in fibrotic
healing corneas. Paraffin sections were labeled with a~-SMA specific antibody
and Alexa-Fluor 488-conjugated goat anti-mouse antibody (green), and cell
nuclei were stained with Pl (red). A: day 1 after penetrating wound. B: day 3
wound. a-SMA stain appeared in the wound edge just underneath the
repairing epithelium, and within the posterior region of wound stroma.
C: day 7 wound. The entire stroma was positive for «-SMA. D: day 14 wound.
Intense staining was detected only in the anterior and posterior parts of healing
stroma, but not the narrow region of central stroma. Confocal microscopic
images are representative of at least three different experiments. Scale bars:
100 pm.
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myofibroblasts. By day 7 (Fig. 1C), most (if not all) cells in the entire
repairing stroma expressed a-SMA, suggesting the production of
fibrotic ECM and the rate of wound contraction of healing stroma
may peak about the seventh day. Thereafter, the number of
myofibroblasts in healing stroma decreased at day 14. Interestingly,
myofibroblasts were present mostly in the anterior and posterior
repairing stroma, but were mostly absent in the narrow region of
central stroma (Fig. 1D). Kitano and Goldman (1966) have described
the cellular and histochemical changes in the corneal scar over time
as the repair tissue matures. Our finding suggests that regression of
corneal fibrosis may due to a continuous decreased numbers of
myofibroblasts.

TEMPORAL AND SPATIAL PATTERNS OF LAMININ IN FIBROTIC
WOUND HEALING CORNEA

The epithelium and the underlying stroma are separated by the
basement membrane (BM). Intact BM displays selective permeability
to the various diffusible cytokines derived from either side of the BM
[Baldwin and Marshall, 2002; Stramer et al., 2003]. Upon BM
disruption, epithelial cell derived cytokines such as TGF-B are
released into the stroma during corneal wound healing [Stramer
et al., 2003; Gabison et al., 2009]. In normal corneas (Fig. 2A),
laminin (green) was detected both in the epithelial BM and
Descemet’s membrane (DM). DM is a modified BM of the corneal
endothelium enriched with laminin and type IV collagen [Fitch
et al., 1990; Danielsen, 2004]. The reappearance of the BM after
wounding was examined by indirect immunofluorescence localiza-
tion of laminin. By day 3 following re-epithelialization (Fig. 2B), the
BM was reconstituted with laminin just underneath the repairing

B

Basement
membrane |

epithelium. In addition, diffuse laminin staining was detected in the
anterior region of the wound stroma. Negative control using day 14
repairing corneas displayed no laminin staining (Fig. 2C). By days 7
(Fig. 2D) and 14 (Fig. 2E), complete laminin staining was clearly
observed along the epithelial BM. Maturation of the epithelial BM
may prevent release of cytokines from the epithelium into the
anterior stroma. By contrast, although large amounts of laminin
were detected in the posterior region of wound stroma, there was
lack of DM. Therefore, it seems likely that large amounts of TGF-32
derived from endothelium could be released into the posterior
stroma in chick (Fig. 4E). Although DM was not repaired once
damaged, maintenance of endothelial integrity is paramount in
fibrotic corneal wound healing in this study, as loss of endothelial
cell could affect pump activities and barrier functions and result in
enhanced hydration of corneas [Joyce, 2003].

TEMPORAL AND SPATIAL DISTRIBUTION OF TGF-f1, -2,

AND -3 IN FIBROTIC WOUND HEALING CORNEAS

To elucidate the roles of TGF-Bs during fibrotic wound healing, we
analyzed the distribution of the three TGF-B isoforms at various
times after creation of the penetrating wound. In normal corneas,
extracellular TGF-B1 was weakly detected in BL only (Fig. 3A). In
each healing cornea at day 1 (Fig. 3B), a large quantity of TGF-B1
was deposited, particularly in the anterior region of the acellular
fibrin clot, a substrate for both migrating epithelium and adjacent
active fibroblasts [Fini and Stramer, 2005]. By day 3 (Fig. 3C), while
TGF-B1 staining was evident in the acellular region of the fibrin clot,
TGF-B1 was not detected in active fibroblast/myofibroblasts within
the fibrin clot. By contrast, the wound edges of a few active

Fig. 2. Representative immunofluorescence staining for laminin in fibrotic healing corneas. Paraffin sections were labeled with laminin-specific antibody and Alexa-Fluor

488-conjugated goat anti-mouse antibody (green), and cell nuclei were stained with PI (red). A: In normal cornea, laminin staining was higher in DM (Descemet's membrane)
than epithelial basement membrane (Ep, Epithelium; St, Stroma; En, Endothelium, BL, Bowman's layer). B: day 3 after wound generation, laminin appeared in the basement

membrane just underneath the repairing epithelium. By days 7 (D) and 14 (E), a laminin signals were clearly present along the epithelial basement membrane and unwounded
region of DM. In stroma, laminin staining was restricted to the most anterior and posterior repairing stroma. Notably, DM was not regenerated. C: Negative control at day 14
wound. Confocal microscopic images are representative of at least three different experiments. Scale bars: 100 um.
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Fig. 3. Representative immunofluorescence staining of TGF-B1 in fibrotic
healing corneas. Paraffin sections were labeled with TGF-B1-specific antibody
and Alexa-Fluor 488-conjugated goat anti-mouse antibody (green), and cell
nuclei were stained with PI (red). A: In normal cornea, TGF-31 was weakly
detected only in the Bowman's layer (BL). B: day 1 wound, TGF-B1 was
deposited predominantly in the anterior region of the acellular fibrin clot
(dotted line). C: day 3 wound. D: day 7 wound. E: day 14 wound. The TGF-31
signal was clearly present throughout the healing periods in the unwounded
region of BL. Confocal microscopic images are representative of at least three
different experiments. Scale bars: 100 pm.

fibroblasts and endothelial cells expressed TGF-B1. Interestingly,
TGF-B1 was not detected in the multi-layered epithelium that grew
over the fibrin clot, but low levels were observed in the unwounded
region of basal epithelial cells. By day 7 (Fig. 3D), extracellular
TGF-B1 was clearly present only in the unwounded region of BL.
TGF-B1 was additionally detected in occasional cells of the
wounded stroma. By day 14 (Fig. 3E), TGF-B1 was detected in
the wound edge of a few active fibroblasts, as well as the wound
region of central endothelial cells, and unwounded region of BL. In
contrast, no TGF-B1 was detected in the BL wound area, suggesting
that BL is not regenerated after injury.

In normal corneas, cytoplasmic TGF-B2 was weakly detected in
basal epithelial and endothelial cells (Fig. 4A). Notably, by day 1
after wounding (Fig. 4B), a TGF-B2 signal was evident in the
cytoplasm of basal epithelial cells in the unwounded region. In
contrast to TGF-B1 staining, the TGF-B2 signal was only faintly
detected in the fibrin clot. By day 3 (Fig. 4C), a weak TGF-2 signal
was also detected in resurfacing epithelial cells within the wound
region. Furthermore, numerous fibroblast/myofibroblasts populat-
ing the posterior region of the wound stroma expressed TGF-32. By
day 7 (Fig. 4D), a strong TGF-B2 signal was observed in most basal
and wing cells outside the wound region, but was weakly detected in
basal cells within the wound. In addition, TGF-f2 signal was evident
in endothelial cells of both unwound and wound regions.
Furthermore, numerous TGF-B2 expressing cells were detected
especially in the anterior and posterior regions. By day 14 (Fig. 4E), a

Fig. 4. Representative immunofluorescence staining of TGF-B2 in fibrotic healing corneas. Paraffin sections were labeled with TGF-B2 specific antibody and Alexa-Fluor 488~
conjugated goat anti-mouse antibody (green), and cell nuclei were stained with Pl (red). A: In normal cornea, cytoplasmic TGF-32 staining was weakly detected in basal
epithelial and endothelial cells. B: day 1 wound. C: day 3 wound. D: day 7 wound. A TGF-B2 signal was detected in endothelial cells, both in wounded and unwounded regions,
and in the entire stromal cells. E: By day 14, its signal was detected in both wound and unwounded regions of most epithelial and endothelial cells. Numerous cells, particularly in

the posterior and anterior stroma, compared to few cells in the region of central stroma expressed TGF-32. Confocal microscopic images are representative of at least three

different experiments. Scale bars: 100 pm.
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TGF-B2 staining was highly detected in both the wound and normal
regions of most epithelial and endothelial cells. In the healing
stroma, staining patterns were similar to those at day 7. However,
numerous cells, particularly posterior stroma that presumably
comprise myofibroblasts, expressed TGF-f32. In contrast, few cells in
the narrow region of the central stroma were positive for TGF-f32.
TGF-B2 was additionally detected in the unwounded regions of
many active fibroblasts. Notably, the pattern of TGF-B2 staining was
similar to that of a-SMA.

In normal corneas, weak but evident cytoplasmic TGF-33
staining was distinguished only in basal epithelial cells (Fig. 5A).
At day 1 of wound generation (Fig. 5B), a TGF-B3 signal was
detected in the cytoplasm of basal epithelial cells in the unwounded
region. By day 3 (Fig. 5C), TGF-B3-positive staining was detected in
a few epithelial cells in the wound region. In contrast, TGF-B3 was
barely detectable in epithelial cells of the wound region at days 7
(Fig. 5D) and 14 (Fig. 5E). However, both basal and wing epithelial
cells in the unwounded region stained for TGF-33. Notably, TGF-33
was absent in the healing stroma up to day 14.

TEMPORAL AND SPATIAL PATTERNS OF pSmad2 IN FIBROTIC
WOUND HEALING CORNEAS

To clarify whether the Smad2 pathway is involved in fibrotic wound
healing, we examined the temporal and spatial regulation of
pSmad2 at various times after wounding. We employed an anti-
phospho-Smad2 antibody that specifically recognizes active
pSmad?2 present in the nucleus, as indicated by the yellow color
in the merged images. In normal corneas, pSmad2 was detected in
occasional proliferating basal epithelial cells, but not in either

B

Basal cell layer

stromal or endothelial cells (Fig. 6A). At day 1 after wound creation
(Fig. 6B), nuclear pSmad2 staining (yellow) was observed in most
basal epithelial cells and many active fibroblasts adjacent to the
wound region. By day 3 (Fig. 6C), the active fibroblasts at wound
edges, as well as the numerous fibroblast/myofibroblasts populating
the posterior wound region, stained positive for nuclear pSmad2. In
contrast to day 1, pSmad2 was present in only a small number of
basal epithelial cells along the wound region. Many regenerating as
well as unwounded endothelial cells were stained with pSmad2. By
day 7 (Fig. 6E), few basal epithelial cells, but many endothelial cells,
particularly in the wound region, displayed nuclear pSmad2
staining. Furthermore, numerous active fibroblasts adjacent to
the wound region and in the posterior region of the healing stroma
stained positive for pSmad2. By day 14 (Fig. 6F), numerous basal
and wing epithelial cells along the cornea displayed pSmad2-
positive staining. A pSmad2 expression was evident in the wound
region of endothelial cells. In the repairing stroma, the nuclear
pSmad2 signal was detected in many active fibroblasts adjacent to
the wound region. Strikingly, pSmad2 staining was detected along
the wound margin of fibroblasts, and some fibroblasts in the central
region of the healing stroma (dotted lines: boundaries of the pSmad2
stained area). Higher magnification of asterisks regions of (C) and (F)
was in (D) and (G), respectively.

TEMPORAL AND SPATIAL PATTERNS OF p38MAPK IN FIBROTIC
WOUND HEALING CORNEAS

Endogenous TGF-f3 activates p38MAPK for epithelial cell migration
and suppression of cell proliferation in an epithelial debridement
wound [Saika, 2004]. However, the role of p38MAPK in fibrotic

Fig. 5. Representative immunofluorescence staining of TGF-B3 in fibrotic healing corneas. Paraffin sections were labeled with TGF-33 specific antibody and Alexa-Fluor 488-
conjugated goat anti-mouse antibody (green), and cell nuclei were stained with Pl (red). A: In normal cornea, cytoplasmic TGF-33 staining was detected only in basal epithelial
cells. B: day 1 wound. C: day 3 wound. By day 7 (D) and 14 (E), no protein was detected in regenerating epithelial cells in the wound region, but was expressed in both basal and

wing epithelial cells in the unwounded region. Healing stroma stained negative for TGF-B3. Confocal microscopic images are representative of at least three different

experiments. Scale bars: 100 um.
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Fig. 6. Representative immunofluorescence staining of pSmad2 in fibrotic healing corneas. Paraffin sections were labeled with pSmad2 specific antibody and Alexa-Fluor
488-conjugated goat anti-mouse antibody (green), and cell nuclei were stained with Pl (red). The pSmad2 signal located in the nucleus is indicated in yellow in the merged
images. A: In normal cornea, pSmad2 staining was detected only in occasional proliferating basal cells. B: day 1 wound. C: day 3 wound. Its signal was detected in the active
fibroblasts at wound edges, numerous cells populating the posterior wound region, few basal cells along the wound region, and regenerating endothelial cells. E: day 7 wound.
Several regenerating endothelial cells and active fibroblasts/myofibroblasts, adjacent to the wound region and the posterior region of stroma, were stained with pSmad2.

F: day 14 wound. In stroma, its signal was detected in active fibroblasts adjacent to the wound region, as well as along the wound margin of fibroblasts and central region of
healing stroma (dotted lines: boundaries of pSmad2 stained area). Higher magnification of asterisks regions of (C) and (F) was in (D) and (G), respectively. All pSmad2 signals
were nuclear (yellow). Confocal microscopic images are representative of at least three different experiments. Scale bars: 100 pm.

repairing corneas remains to be established. Accordingly, we
examined the temporal and spatial staining patterns of p38MAPK in
healing corneas at various times after wound generation. In normal
corneas, cytoplasmic p38MAPK was detected only in occasional
epithelial cells (Fig. 7A). At day 1 following wounding (Fig. 7B), a
cytoplasmic p38MAPK signal was detected in most basal epithelial
cells in the unwounded region. The few active fibroblasts adjacent to
the wound region also stained positive for p38MAPK. By day 3
(Fig. 7C), both cytoplasmic and nuclear p38MAPK were detected in
many basal and wing epithelial cells in the unwounded region. In the
regenerating epithelium, weak cytoplasmic staining was observed in
basal cells. In the stroma, both the cytoplasm and nuclei of many
active fibroblasts near the wound region, and the mass of
fibroblasts/myofibroblasts populating the posterior wound region
stained positive for p38MAPK. Strikingly, a nuclear p38MAPK was
detected in the wound margin of many active fibroblasts. By day 7
(Fig. 7D), the staining pattern in the epithelium was similar to that at
day 3, but the signal was significantly stronger. Surprisingly, several
cytoplasmic and nuclear p38MAPK-stained cells were present in the
entire healing stroma and the adjacent wound region. Nuclear
p38MAPK staining was also observed in the wound region of
endothelial cells. By day 14 (Fig. 7E), a nuclear and cytoplasmic
p38MAPK was observed in many basal and wing epithelial cells in
the unwounded region. In the wound region, a higher level of
cytoplasmic p38MAPK was detected in epithelial cells, but its signal
was less intense than that in the wound region. Nuclear p38MAPK
staining was also observed in few basal and wing epithelial cells. In
stroma, the numerous anterior and posterior regions of cells
displayed both nuclear and cytoplasmic p38MAPK, but staining
patterns were higher in the posterior region than anterior region.

Few p38MAPK-positive cells were detected in the central region
(dotted lines). The pattern of p38MAPK staining was similar to those
of a-SMA and TGF-B2 in the fibrotic healing corneas.

CO-LOCALIZATION OF TGF-B-2, «-SMA, AND p38MAPK IN
FIBROTIC WOUND HEALING STROMAS

Immunofluorescent staining of 14-day wound corneas was
performed to co-localize of p38MAPK with a-SMA (Fig. 8). Cells
within the anterior and posterior part of the wound showed co-
localization of p38MAPK and «-SMA within the wound, but not in
the narrow region of central stroma. Furthermore, TGF-32 staining
pattern was similar to those of a-SMA and p38MAPK (Fig. 8).

a-SMA EXPRESSION THROUGH p38MAPK PATHWAYS IS
MEDIATED, IN PART, BY ENDOGENOUS TGF-$-2 DURING FIBROTIC
REPAIR IN CORNEAL STROMA

To examine whether blocking of p38MAPK inhibits the expression
of a-SMA expression, isolated stromal cells at 14 days after
wounding were subjected to primary culture. In control culture of
second passages of stromal cells, a-SMA expressing myofibroblasts
(42.3%) were examined by immunofluorescence (Fig. 9). SB203580
is an inhibitor of p38MAPK, while SB431542 inhibits TGF-f type I
receptor kinase, the upstream activator of p38MAPK. As expected,
the number of a-SMA expressing cells was greatly reduced by
SB203580 or SB431542 treatment (Fig. 9A,B).

Previous report showed that TGF-3 stimulated formation of stress
fibers and a-SMA expression, but filamentous actin staining was
reduced in stomal cells isolated from Smad3 deficient mice [Stramer
et al., 2005]. In sub-cultured stromal cells (3rd passages) isolated
from normal chick corneas, we found that SB431542 treatment
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Fig. 7. Representative immunofluorescence staining of p38MAPK in fibrotic healing corneas. Paraffin sections were labeled with p38MAPK-specific antibody and Alexa-Fluor
488-conjugated goat anti-mouse antibody (green), and cell nuclei were stained with PI (red). A: In normal cornea, cytoplasmic p38MAPK staining (green) was detected in the
occasional epithelial cell. B: day 1 wound. Nuclear staining (yellow) was detected in a few active fibroblasts adjacent to the wound region. C: day 3 wound. Basal and wing
epithelial cells in the unwounded region displayed cytoplasmic and nuclear staining, compared to the wound region. Furthermore, the wound margin of many active fibroblasts
as well as myofibroblasts populating the posterior wound region contained the protein in both cytoplasm and nucleus. D: day 7 wound. Cytoplasmic and nuclear signals were
detected in cells within the entire healing stroma and adjacent to the wound region. Nuclear staining was additionally observed in the wound region of endothelial cells.
E: day 14 wound. Both nucleic and cytoplasmic staining for p38MAPK was distinguished in the numerous anterior and posterior regions of cells in wound stroma. A few
p38MAPK-positive cells were detected in the central region of healing stroma (dotted lines). Confocal microscopic images are representative of at least three different
experiments. Scale bars: 100 um.

a-SMA|C a-SMA| d  Negtive

p38MAPK h Negtive

g p38MAPK

Merged| K Merged| |  Negtive

9

Fig. 8. Co-localization of p38MAPK and a-SMA in fibrotic healing stromas. Paraffin sections at day 14 wound were labeled with «-SMA, TGF-B2, and p38MAPK specific
antibodies. Co-localization of «~-SMA (b) and p38MAPK (f) was prominent in the stroma (j). Note that staining of TGF-32 (e), «-SMA (a, b, and c) and p38MAPK (f and g) was
present mostly in the anterior and posterior repairing stroma, but was mostly absent in the narrow region of central stroma. Merged image of (a) and (e) was (i). Higher
magnification of asterisks regions of (b), (f), and (j) was (c). (g), and (k), respectively. Negative controls were incubated only with secondary antibodies conjugated with TRITC
(red; d) and Alexa-Fluor 488 (green; h). Merged image of (d) and (h) was (1). Scale bars: 100 mm.
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Fig. 9. Inhibition of a-SMA staining in cultured repair stromal cells by p38MAPK inhibition. Equal numbers (1.5 x 10* cells/well) of second passages of repair stromal cells
isolated from healing corneas on day 14 were treated with SB203580 (20 M) or SB431542 (20 M) for 24 h. Compare to control culture, note that a-SMA staining (green)
was significantly reduced by a p38MAPK inhibitor, SB203580 (20 M) or a selective inhibitor of TGF-( type | receptor kinase, SB431542 (20 M). Cell nuclei were stained with
DAPI (blue). The data are means + SE of values from four independent experiments. “P < 0.05 versus corresponding value for controls. Scale bars: 50 pum.

attenuated the TGF-B2-induced a-SMA expression and formation
of stress fibers. By contrast, although SB203580 decreased TGF-32-
induced a-SMA expression, formation of stress fibers was not
affected (Fig. 10A,B). Compare to a-SMA expression patterns, TGF-
32-induced fibronectin secretion was greatly reduced by SB431542,
but not by SB203580 (Fig. 10C). These data suggest that TGF-2-
induced myofibroblast transformation may involve a p38MAPK-
dependent signal transduction pathway.

TGF-f is an important cytokine in the regulation of production and
accumulation of ECM. Fibrosis is a continuous wound-healing
process that results in scar formation. The structure and composition
of the chick cornea is very similar to that of the human cornea,
which contains a BL [Gordon et al., 1994, 1996; Sundarraj et al.,
1998]. Using the chick as a model system, our present data suggest
that early TGF-f signaling appears to be due to TGF-B1.
Furthermore, the up-regulation of TGF-2 of cells migrating into
the stroma most likely is related to the stimulation of an autocrine
TGF-B2 loop by TGF-B1.

It is well known that TGF-B2 is the major form [Imanishi et al.,
2000; Maltseva et al., 2001], whereas TGF-$1 is detected in small
amounts in the cornea [Wilson et al., 1994; Imanishi et al., 2000]. No
TGF-B3 is present in the anterior eye [Pasquale et al., 1993; Imanishi
et al., 2000]. Upon inducing a penetrating wound in each chick, the
fibrin clot derived from precursors in aqueous humor was well
formed in the wound area (Fig. 3), consistent with previous reports
[Cintron et al., 1973, 1982; Fini and Stramer, 2005]. Acellular fibrin
clot effectively sealed the hole soon after wounding and allowed the

anterior chamber to re-form [Cintron et al., 1982]. Both TGF-1 and
TGF-B2 are present in human tear fluid; however, TGF-1 is the
predominant isoform [Gupta et al., 1996]. High levels of TGF-B1 in
tear fluid are detected in the early days of wound healing, following
photorefractive keratectomy (PRK) [Vesaluoma et al., 1997;
Tuominen et al., 2001; Lee et al., 2002]. Increased TGF-B1 in tears
may play an important role in scar formation in trachoma [Satici
et al., 2003]. By contrast to skin and other organs, the source of TGF-
B 1within the fibrin clot is not derived from platelets at the wound
sites of avascular cornea [Fini and Stramer, 2005]. In this study,
higher levels of TGF-B1, presumably derived from tears, were
present especially in the anterior region of fibrin clot within the
wound region at one day after wound induction (Fig. 3B). In the
intact cornea, the epithelial BM binds cytokines [Soubrane et al.,
1990; Kim et al.,, 1999], supportive of its role as a barrier for
signaling molecules from epithelium or tear fluid [Serini et al.,
1998]. Although TGF-B1 is absent in unwounded or wounded
epithelium in mice [Stramer et al., 2003], low-level TGF-B1 was
observed at BL in normal chick cornea (Fig. 3A). Interestingly, TGF-
31 was also detected in the unwounded region of BL throughout the
healing periods (Fig. 3). These differences may be species-specific.
Earlier immunostaining data for Mac1, a marker of both monocytes
and polymorphonuclear cells, suggest that infiltrating inflammatory
cells produce and deposit TGF-B1 within the early fibrin clot
[Stramer et al., 2003]. Unfortunately, we could not evaluate the role
of inflammatory cells.

A number of cytokines, including IL-1a and TGF-B tend to
have opposite activities, are expressed in the wound corneal
epithelium and diffused into the stroma in vivo [West-Mays et al.,
1997, 1999; Fini and Stramer, 2005]. TGF-B1 is involved in the
regulation of keratocyte activation, myofibroblast transformation
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Inhibition of TGF-B2-induced «-SMA expression in cultured normal stromal cells by p38MAPK inhibition. A: Equal numbers (1.5 x 10* cells/well) of sub-cultured

(second passage) stromal cells isolated from normal chick corneas were serum-starved, and treated with TGF-B2 in the presence of SB203580 (20 .M) or SB431542 (20 .M)
for 24 h. Direct immunofluorescence for a~-SMA was performed with a primary FITC-conjugated anti-a~-SMA antibody. Filamentous actin was visualized with rhodamine-
conjugated phalloidin. Scale bars: 50 um. B: Statistical analysis. TGF-B2-induced a~-SMA positive cells numbers were significantly reduced by treatment with SB203580 or
SB431542. The data are means + SE of values from four independent experiments. “P< 0.05 and **P< 0.01 versus corresponding value for controls. C: Equal numbers
(5.5 x 10° cells/6-well) of sub-cultured (third passage) stromal cells were serum-starved, and treated with TGF-B2 in the presence of SB203580 (20 M) or SB431542
(20 M) for 24 h. Western blot analysis of fibronectin secretion or «~SMA expression was performed using equal amounts of conditioned media or protein lysates, respectively.

and proliferation, and wound healing after refractive surgery [Jester
et al.,, 1996; Andresen et al.,, 1997; Andresen and Ehlers, 1998;
Moller-Pedersen et al., 1998; Beales et al., 1999]. The effects of TGF-3
depend on the cell types and culture conditions, as well as the dose
and characteristics of ECM [Song et al., 2000]. TGF-B1 expression is
regulated by the status of the wound repair, and TGF-B1 mediates
only early phases of wound repair associated with cell migration in
vitro [Song et al., 2002]. In this study, epithelial cells surrounding
the wound edge migrate over the anterior region of the fibrin clot,
and cover the abraded region at day 3 (Fig. 3C). This step appears to
be regulated by various cytokines, including TGF-B1. Surprisingly,
TGF-B3 was present mainly in the epithelial cells outside the
original wound area throughout healing periods (Fig. 5). Although
previous studies showed that TGF-3 is believed to inhibit corneal
epithelial cell proliferation in vivo and in vitro [Saika et al., 2004],
we found that TGF-3 besides TGF-31 and TGF-32 stimulated chick
corneal epithelial cell proliferation in vitro (unpublished data).
Therefore, it seems likely that TGF-B3 may stimulate epithelial cell
proliferation in unwound region, but not involve in the proliferation
of regenerating epithelium in the central wound region. Compared
to TGF-B3, TGF-B2 signal was temporally and spatially regulated
and was detected in the wound region of epithelial cells (Fig. 4).
Therefore, it seems likely that the activity of TGF-B2 may stimulate
proliferation and stratification of regenerating epithelial cell in the
central wound region. It has been shown that TGF-3 activated the
p38MAPK pathway, rather than the Smad pathway, and inhibited

cell proliferation of migrating epithelial cells. Furthermore,
inhibition of the p38MAPK pathway slowed epithelial cell migration
in organ-cultured cornea after epithelial after epithelial debride-
ment wounding [Saika, 2004]. By contrast, in our results, a similar
staining pattern of TGF-2 and p38MAPK was observed in the entire
epithelial cell layer throughout healing periods (Figs. 4 and 7). These
data suggest that TGF-B2-mediated p38MAPK pathway in part may
modulate epithelial cell proliferation in fibrotic wound repair.
Activated keratocytes at the wound edge migrate into the fibrin
clot. Initially, the acellular fibrin clot is diminished, and largely
replaced by active fibroblasts that quickly become myofibroblasts
(Fig. 1) synthesizing TGF-B2 (Fig. 4), but not TGF-B1 (Fig. 3).
Conditioned media from myofibroblast cultures contain more active
TGF-B than media from fibroblast cultures [Masur et al., 1996]. At
day 3 following wound inductions, it is likely that active fibroblasts
in the posterior stroma undergo a second type of transformation
into myofibroblasts, mediated in part by TGF-B2. Based on the
co-localized staining of a-SMA and TGF-B2 in the healing stroma at
day 14 (Fig. 8), we suggest that TGF-B2 plays an important role
in myofibroblast transformation in the stroma. The continuous
presence of myofibroblasts is characteristic of fibrotic repair
[Friedman, 1993]. Following anterior keratectomy wound, newly
synthesized connective tissue containing collagen was detected in
wound site and synthesis of connective tissue began after re-
epithelialization of the wound surface [Tuft et al., 1989]. Likewise,
stromal wound healing and remodeling gradually lead to stromal
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thickening by day 7 after wounding because connective tissues were
newly synthesized. In addition, a-SMA staining was evident in the
whole stroma at day 7 (Fig. 1C), but disappeared in the central region
at day 14 (Fig. 1D), and the fibrotic tissue appeared narrow and short.
Fibrotic tissue is associated with an increment in the overall
numbers of both active fibroblasts and myofibroblasts within the
wound region, and maintenance of their activation status. Removal
of excessive myofibroblasts may trigger a dramatic improvement in
corneal function [Mathew et al., 1994]. TGF-B3 was not detectable in
both epithelial and endothelial cells and in the healing stroma of the
wound region (Fig. 5). Likewise, neutralizing antibodies against
TGF-B1 and TGF-B2, but not TGF-B3, reduce cutaneous scarring
[Shah et al., 1995]. Our findings collectively suggest that initially
deposited TGF-B1 in the fibrin clot is an important factor for
preliminary scar formation, and subsequent continuous remodeling
of this collagenous matrix is mediated by its concerted action with
TGF-B2.

TGF-B activates multiple signaling cascades, including ERK, JNK
and p38MAPK and Smads [Derynck and Zhang, 2003], and is
implicated in wound healing. Since Smads do have distinct roles,
Samd2 and Smad3 are key signaling proteins downstream of TGF-3
[Saika, 2004]. Smad3 protein has been shown to play an important
role in corneal wound models in mice [Saika, 2004; Fini and
Stramer, 2005; Saika et al., 2005]. Expression of a-SMA is reduced
in repairing corneas of mice deficient in Smad3 [Fini and Stramer,
2005]. Although previous studies have shown that TGF-B1 induces
myofibroblast transformation in vitro mediated by the Smad2
signaling pathway [Petridou et al., 2000], we found that TGF-B2 and
its relationships with downstream p38MAPK signaling pathways
regulate myofibroblast transformation in vitro (Fig. 10). Previously,
the issue of whether activation of Smad2 or p38MAPK occurs during
keratocyte transition to repair fibroblasts or myofibroblast
phenotype in vivo has not been investigated. In this study, we
detected high levels of TGF-B2, pSmad2 and p38MAPK in active
fibroblasts at day 3 (Figs. 4, 6, and 7), suggesting that their activation
is partly due to induction of TGF-B2, and both signal pathways may
play an important role in the early healing period. Importantly,
spatial a-SMA and p38MAPK staining patterns are well correlated at
day 14 (Figs. 1, 7, and 8). In addition, the number of a-SMA
expressing cells in cultured stromal cell isolated from 14 days after
wounding was significantly reduced by p38MAPK inhibition
(Fig. 9), suggest that the p38MAPK signaling pathway is required
for the myofibroblast transformation.

In vitro cultured fibroblasts in serum under low-density culture
conditions and in the presence of TGF-31, lost cell-cell contact and
transformed into myofibroblasts [Masur et al., 1996]. Furthermore,
Smad2 activation in cultured fibroblasts upon TGF-B1 treatment
correlated with transformation of myofibroblasts [Petridou et al.,
2000]. Conditioned media from low-density cultures of myofibro-
blasts contain more TGF-f than high-density cultures [Masur et al.,
1996]. However, cultured stromal cells in serum-free medium
remain quiescent and dendritic in morphology, similar to
keratocytes, and never developed a fibroblastic shape [Beales
et al., 1999]. In contrast to myofibroblasts induced from passaged
normal fibroblasts due to TGF-B1 treatment under low-density
[Masur et al., 1996], hypercellular myofibroblasts populate the

healing cornea in vivo, where they contact each other and highly
express TGF-B2. Therefore, it seems likely that TGF-B2 is an
important factor for myofibroblast transformation in vivo (Figs. 1, 4,
and 8).

Although endothelial cells do not normally divide by multiple
anti-proliferative factors and by contact inhibition between
endothelial cells in vivo [Funaki et al., 2003; Joyce, 2003, 2005].
Following injury of endothelium, endothelial cells enlarge and
migrate with lack of cell proliferation, but in ex vivo organ culture
model, corneal endothelial cells proliferate in response to wounding
[Senoo and Joyce, 2000]. Although corneal endothelial cells in vivo
are arrested in G1-phase of the cell cycle, it has been suggested that
peripheral region of the endothelium in vivo contains progenitor
cells that could act as a source of cell renewal for the central region
[Joyce, 2003; Whikehart et al., 2005]. Among anti-proliferative
factors, TGF-B2, abundantly present in aqueous humor, controls the
proliferation of corneal endothelial cells [Jampel et al., 1990].
Exogenous TGF-2 or aqueous humor suppressed corneal endothe-
lial cell proliferation [Chen et al., 1999], and significantly stimulated
Smad2 phosphorylation [Funaki et al., 2003]. Moreover, adeno-
virus-mediated over-expression of Smad7 abolished the inhibitory
effects of TGF-B2 on corneal endothelial cell proliferation that was
significantly associated with suppression of Smad2 phosphoryla-
tion, and accelerated wound closure in vitro [Funaki et al., 2003].
Many growth factors besides TGF-32 were expressed in the corneal
epithelial cells, fibroblasts and endothelial cells in corneal wound
healing [Wilson et al., 1992; Beales et al., 1999; Lee et al., 2002],
suggesting that multiple cross-talk signal pathways or other
unknown factors may additionally involve in the regulation of
endothelial cell proliferation and regeneration. After injury, TGF-32
levels in regenerating endothelium were markedly elevated at day 7
and particularly intense by day 14 after injury (Fig. 4). Based on
similar expression patterns of TGF-2 with Smad2 and p38MAPK in
the endothelium (Figs. 6 and 7), our present data suggest that TGF-
B2 mediated both signaling pathways may not be directly involved
in regulation of endothelial cell proliferation and regeneration. In
addition, once endothelial layer was regenerated, it is possible
that inhibition of endothelial cell proliferation and maintenance
of endothelial integrity could be regulated by constitutively
expressed high levels of TGF-B2 in the endothelial cells during
wound healing.

At present, there is no clear understanding of how myofibroblasts
are induced in vivo during hypercellular situations in the wound
region. However, it is important to highlight that TGF-B2-mediated
fibroblast activation through TGF- type I receptor kinase activity
for a-SMA expression is mediated, at least partly, by the p38MAPK
pathway in vivo. The issue of whether specific temporal and spatial
inhibition of TGF-B2-mediated p38MAPK is required for effective
prevention of fibrosis remains to be established.
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