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Constitutive Collagenase-1 Synthesis Through MAPK
Pathways Is Mediated, in Part, by Endogenous IL-1a
During Fibrotic Repair in Corneal Stroma
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Abstract Collagenase-1 is a protease expressed by active fibroblasts that is involved in remodeling of the
extracellular matrix (ECM). In this study, we characterize the intracellular signaling mechanism of collagenase-1
production by IL-1a in subcultured normal fibroblasts (NF) from uninjured normal corneas, compared to that in repair
wound fibroblasts (WF). InNF, collagenase-1was induced specifically after the exogenous addition of IL-1a via activation
of ERK and p38MAPK. Collagenase-1 expression was strongly suppressed upon treatment with either aMEK or p38MAPK
inhibitor. In contrast, repair WF constitutively synthesized both IL-1a and collagenase-1. Combined treatment with both
mitogen-activatedprotein kinase (MAPK) inhibitors dramatically reduced collagenase-1 synthesis,while individualMEK1
or p38 inhibitors weakly modulated the collagenase-1 level. The results indicate that both pathways are crucial in the
regulation of collagenase-1 synthesis. Furthermore, an IL-1a receptor antagonist (IL-1ra) could not abolish constitutive
collagenase-1 synthesis, even at high doses, suggesting that other cytokines/factors are additionally involved in this
process.Wepropose that induction of collagenase-1 by IL-1a in bothWFandNFdepends on a unique combination of cell
type-specific signaling pathways. J. Cell. Biochem. 102: 453–462, 2007. � 2007 Wiley-Liss, Inc.
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The cornea contains three layers, the outer
squamous epithelium, inner endothelium, and
central stroma containing quiescent stromal
cells (keratocytes) embedded within a thick
collagenous matrix. Upon ablation wounding,
keratocytes located at the wound edge of the
stroma begin to undergo mitosis along with
morphological and functional changes, trans-
form into active fibroblasts, and migrate into
the damaged acellular area filledwith fibrin clot
[Weimar, 1962; Fini and Stramer, 2005]. Active

fibroblasts synthesize new extracellular matrix
(ECM) molecules distinct from normal unin-
jured stroma, as well as collagenase-1, which is
not produced by keratocytes of normal corneas
[Girard et al., 1993; Fini, 1999]. During the
contraction phase of wound healing, fibroblasts
transform into myofibroblasts expressing a-
smooth muscle actin (a-SMA) that imparts
contractile properties to cells [Jester et al.,
1994; Jester et al., 1996]. Myofibroblasts gen-
erate abundant ECM, and participate in ECM
remodeling by producing matrix metalloprotei-
nases (MMPs) [Jain et al., 1996; Arthur, 1998;
Ramadori et al., 1998]. In corneal wound
healing, spontaneous fibroblast activation and
myofibroblast transformation results in the
deposition of opaque scar tissue, which inter-
feres with vision [Fini and Stramer, 2005].

MMPs are zinc endopeptidases characterized
by reactivity against all components of theECM
atneutral pH [Yong et al., 2001].MMPsare sub-
classified into the following functional groups:
collagenases, gelatinases, stromelysins, matri-
lysins,membrane type-MMPs (MT-MMPs), and
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other non-classified proteases [Visse and
Nagase, 2003]. Transcription of MMP genes is
controlled by a variety of cytokines, hormones,
stress stimuli, and other environmental cues
[Fini et al., 1998].Furthermore,MMPactivity is
regulated by appropriate activators present in
the extracellular space via a variety of proteo-
lytic mechanisms in vivo [Girard et al., 1993;
Lampert et al., 1998]. Collagenase-1 (MMP-1)
cleaves native interstitial collagens. The dena-
tured collagen triple helix is further degraded
by other MMPs [Matsubara et al., 1991]. As a
rule, resident cells synthesize collagenase-1
only upon demand for remodeling, such as early
development and wound healing [Fini et al.,
1998]. Abnormal MMPs have profound effects
on the composition and organization of theECM
due to an imbalance between its synthesis and
degradation, leading to pathological conditions,
particularly tumor invasion,metastasis, ulcera-
tion, fibrosis, and arthritis [Matsubara et al.,
1991; Fini, 1999]. Numerous diffusible cyto-
kines and growth factors, including IL-1a and
transforming growth factor-b (TGF-b), act as
paracrine or autocrine mediators of collage-
nase-1 expression, depending on the tissue and
cell type [Lyons et al., 1993; Fini et al., 1994;
Reitamo et al., 1994; Sciavolino et al., 1994;
Tamai et al., 1995; Tan et al., 1995; West-Mays
et al., 1997].

Themechanismsof transcriptional and trans-
lational regulation of collagenase-1 have been
investigated by treating sub-cultured cells iso-
lated from normal corneas or cell lines that do
not accurately reflect the healing tissue pattern
of collagenase-1 regulation in vivo with various
cytokines and reagents. Here, we reported the
mitogen-activated protein kinase (MAPK) sig-
naling pathways necessary for collagenase-1
production in response to IL-1a in vivo by using
repair wound fibroblasts (WF) isolated from
healing corneas and fibroblasts (NF) isolated
from normal corneas.

MATERIALS AND METHODS

Penetrating Keratectomy (Ablation Wound)

Surgical procedures were performed in accor-
dance with the ARVO statement for the use of
animals in ophthalmic and vision research. A
rabbit penetrating keratectomymodel was used
to study fibrotic repair [Cintron et al., 1973;
Cintron et al., 1982; Girard et al., 1993; West-

Mays et al., 1997]. Briefly, New Zealand white
rabbits (3 kg) were anesthetized by intraper-
itoneal injection of tribromoethanol (Avertin;
Aldrich, Milwaukee, WI). A 2 mm thick button
of central corneal tissue comprising all three
layers (epithelium, stroma, and endothelium)
was ablated using a 2 mm trephine. The non-
injured contralateral eye served as a control.
Corneal wounds were allowed to heal for up to
20 days.

Morphological Examination

Wounded corneas from various time-points
were processed for morphology by OCT (Tissue
Tek, Elkhart, IN) embedding. Sections (7 mm
thick) were fixed in 4% paraformaldehyde, and
stained with Hematoxylin/Eosin and a-SMA.
Images were captured on a fluorescence micro-
scope equipped with a digital camera (Nikon,
Tokyo, Japan).

Isolation of Stromal Cells and Culture

Twenty days after wound healing, animals
were euthanized by lethal injectionwith sodium
pentobarbital, and the corneas removed. The
repair tissue occupying the original penetrating
wound was isolated. Uninjured normal corneas
of each rabbit were also removed using 7.2 mm
trephine. Corneal stromal cells were isolated
and cultured, as described previously [Fini and
Girard, 1990; Fini, 1999]. Briefly, both epithe-
lial and endothelial layers were gently scraped
away with a scalpel after trypsin treatment of
corneas at RT for 30 min. Stromal layers were
further incubated with collagenase (5 mg/ml) at
378C for 3 h to release stromal cells. For studies
on primary cultures, cells were plated immedi-
ately after isolation. At confluence, cultures
were removed from the dish with trypsin-
EDTA, and split into three new culture dishes
(first passage). The same passage numbers of
NF and WF (between passages 1 and 5) were
used.

Immunofluorescence and
Phase-Contrast Microscopy

Freshly isolated repair WF were seeded at
1� 104 cells per eight-chamber slide (Tissue-
Tek; VWR Scientific) in MEM containing 10%
FCS, and allowed to attach and spread over-
night. For co-visualizing a-SMA and collage-
nase-1, the medium was removed, and the cell
layer washed twice with PBS and fixed with 4%
paraformaldehyde in PBS for 5 min. Cells were
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permeabilized in 0.3% Triton X-100 for 2 min,
and incubated with a monoclonal collagenase-1
antibody (DSHB, University of Iowa) at room
temperature for 1 h. Cells were washed with
PBS, and then incubated with the TRITC-
conjugated goat anti-mouse antibody (Sigma–
Aldrich, St. Louis, MO) for 1 h. After wash, cells
were further incubated with the FITC-conju-
gated monoclonal a-SMA antibody (Sigma–
Aldrich) at room temperature for 1 h. Prior to
mounting, cells were washed three times with
PBS. Images were captured on a Nikon fluores-
cence microscope.

Cell Treatment

Equal numbers (2� 105 cells/well) of freshly
isolated or sub-cultured cells were plated on
24-well cluster dishes inMEMmedium contain-
ing 10% supplemented calf serum (FCS), and
left to attach and spread on the dish overnight.
The next day, the medium was replaced with
a 300 ml of serum-free medium and treat-
ment reagents. Experiments were performed
in duplicate or triplicate to ensure reproduci-
bility. To determine whether collagenase-1
synthesis is regulated by IL-1a, an IL-1 receptor
antagonist (R & D Systems, Minneapolis, MN),
IL-1ra (20, 100, and 500ng/ml)was added toWF
for 24 h. To induce collagenase-1 synthesis, NF
were treated with human recombinant IL-la (R
& D Systems) (10 ng/ml). Cells were treated
with 20 mM PD98059 (Calbiochem, San Diego,
CA) or 20 mM SB203580 (Calbiochem) for 24 h
in the presence or absence of IL-1a or IL-1ra
(100 ng/ml) to analyze whether the ERK and
p38MAPK pathways regulate collagenase-1
synthesis.

Preparation of Conditioned Media

The levels of secreted proteins were analyzed
from equal numbers of cultured cells in serum-
free medium for 24 h.Media were collected, and
equal volumes of supernatant (usually 100 ml)
were divided into aliquots. Secreted proteins
in each aliquot were precipitated with a 10%
ice-cold trichloroacetic acid (TCA). Precipitates
werewashed twicewith100%acetone to remove
the remaining TCA. Air-dried precipitates were
dissolved in a RIPA buffer, and stored at�208C
until use.

Western Blot Analysis

Western blot analysis was performed using
standard techniques. Equal amounts of condi-

tioned media or protein lysates (30 mg) in RIPA
buffer were separated by 10% SDS–PAGE
under non-reducing conditions, and the pro-
teins transferred electrophoretically onto nitro-
cellulose membranes. Next, membranes were
blocked in 5% non-fat dried milk in Tris-
buffered saline containing 0.1% Tween-20
(TBS-T) for 1 h to minimize non-specific bind-
ing. Primary antibodies against collagenase-1,
IL-1a (Endogen, Woburn, MA), phospho-ERK1/
2 (New England Biolabs, Beverly, MA), and
p38MAPK and phospho-p38MAPK (New Eng-
land Biolabs) were diluted in TBS-T containing
5% dried milk (diluted 1: 2,000), and incubated
for 1 h. Primary antibodies were detected by
incubation with horseradish peroxidase (HRP)-
conjugated secondary antibodies for a further
1 h. Specific antibody binding was visualized
using the enhanced chemiluminescence detec-
tion kit (Amersham, Biosciences) with X-ray
film exposure. Experiments were performed in
triplicate.

Statistical Analysis

Data are presented as the mean � SEM. The
percentage of active fibroblasts and myofibro-
blasts from the primary cultured WF was
evaluated by Student’s t-test. P< 0.0001 was
considered statistically significant.

RESULTS

Hypercellular and Fibrotic Repair Stroma

Following injury, the cornea becomes opaque
during wound healing. This opacity becomes
quitepronounced ina fewh [Cintron et al., 1973;
Cintron et al., 1982]. In our experiments, the
central wound area was translucent, while the
rest of the cornea remained intact after 3 days
(Fig. 1A). Morphologically, only one cell layer of
regenerating epithelium was observed across
the wound region, and the stromal layer of the
wound primarily constituted an acellular fibrin
clot. By day 20 (Fig. 1B,C), the entire central
stromal wound area was edematous and filled
with numerous cells, as revealed by H&E
staining. To establish whether myofibroblasts
are present in fibrotic healing cornea, we
stained for a-SMA, a specific myofibroblast
marker. Interestingly, a-SMA-expressing myo-
fibroblasts appeared mostly in the posterior
region of hypercellular repair stroma (Fig. 1D).
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Wound Tissue Contains Fibroblasts
and Myofibroblasts

To determine whether active fibroblasts and
myofibroblasts are present in hypercellular
situations during remodeling of corneal repair

tissue, freshly isolated stromal cells at 20 days
after wounding were subjected to primary
culture. Phase-contrast microscopy revealed
two heterogeneous cell sizes within 30min after
plating (Fig. 1E). A 20.6� 1.79% of bigger cells
(arrows) and a 79.4� 1.79% of smaller cells
presumably represented myofibroblasts and
active fibroblasts 2 h after plating, respectively
(Fig. 1E,F,H). Primary cultured stromal cells
from uninjured normal cornea initially dis-
played round morphology due to unorganized
cortical actin cytoskeleton until day 3 of culture
in serum conditions [Jester et al., 1994; Fini,
1999]. In contrast, WF containing both active
fibroblasts and myofibroblasts 2 h after plating
developed a spindle shape and an organized
actin cytoskeleton characteristic of wound heal-
ing. The next day, a-SMA-expressing myofibro-
blasts were examined by immunofluorescence
microscopy. As expected, only bigger cells
(cell number; 20.6� 1.79%) expressed a-SMA
(Fig. 1G; Higher magnification of myofibro-
blast).

Phase-contrastmicroscopy revealed apercen-
tage of bigger myofibroblasts in patches at
2 days after WF culture (Fig. 2A). However,
subcultured NF were negative for a-SMA (data
not shown). Clearly, a-SMA staining is increas-
ed in successive subcultured WF, regardless of
plating cell density (data not shown).

Collagenase-1 and IL-1a Synthesis in
Primary Cultured WF

To examine whether the myofibroblasts or
activate fibroblasts are synthesizing collage-
nase-1, immunofluroscence staining using pri-
mary culturedWFwas performed (Fig. 2B). We
found that both active fibroblasts and a-SMA-
expressing myofibroblasts (green) expressed
collagenase-1 (red).

Autocrine cytokine loops are activated in
tissue repair, disease, and cellular aging, and
serve as a mechanism for stimulating and
maintaining the expression of specific genes
[West-Mays et al., 1995;West-Mays et al., 1997;
Cook et al., 1999]. We investigated whether IL-
1a acts as an autocrine signal to maintain
collagenase-1 expression in subcultured WF.
IL-1a was strongly detected in the conditioned
medium of subcultured WF, but barely in NF.
Interestingly, both active (18 kDa) and precur-
sor forms (&33 and &31 kDa) of IL-1a were
expressed in the conditioned media of WF
(Fig. 2C). In contrast, only precursor IL-1a

Fig. 1. Corneal stromal scar formation in ablation wounds and
expression of a-SMA in cultured repair WF isolated from fibrotic
healing corneas at day 20. A: At 3 days after wounding, the
epithelium adjacent to the wound crossed along the fibrin clot
surface. The ablated area is filled primarily with acellular fibrous
stroma. B,C: In ablation wounds at day 20, the central stromal
woundarea containednumerous cells, and the scar progressively
increased in opacity and appeared less edematous. D: Notably,
significant a-SMA expression is detected in the posterior part of
scar cornea by day 20. E: Freshly isolated stromal cells were
examined at 30 min after plating. Phase-contrast microscopy
reveals two heterogeneous cell sizes. F: At 2 h after plating, we
observed bigger cells (arrows) identified as myofibroblasts, and
smaller cells that were active fibroblasts. G: Following overnight
culture, only bigger cells (cell number; 20.6� 1.79%) stained for
a-SMA (Highermagnification).H: Twohours after plating, bigger
cells (20.6� 1.79%) and smaller cells (79.4�1.79%) presum-
ably represented myofibroblasts and active fibroblasts, respec-
tively.
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was detected in LPS-induced tear samples from
the ulcerated eye [Schultz et al., 1997]. Both
IL-1a forms actively bind to the IL-1 receptor
[Mosley et al., 1987], and contribute to collage-
nase-1 expression.
To determine whether autocrine IL-1a con-

trols collagenase-1 expression, primary cul-
tured WF were treated with IL-1ra (20, 100,
and 500 ng/ml), a naturally occurring analog of
IL-1 that binds to its receptors but does not
transduce a signal [Dinarello and Thompson,
1991]. After 24 h of culture, western blot

analysis was performed on equal volumes of
conditioned medium samples. As shown in
Figure 2D, high levels of collagenase-1 (&53
and &51 kDa) were synthesized in WF. As
expected, IL-1ra dose-dependently inhibited
collagenase-1 secretion of WF (Fig. 2D), since
the analog competes with endogenous IL-1a for
receptor binding and interferes with signal
transduction [Wang et al., 2001].

Differential Involvement of the ERK and p38
Pathways in Collagenase-1 Synthesis

in Both Cell Types

Collagenase-1 was not detectable in the
conditioned media of subcultured NF (Fig. 3A),
but its secretion was induced when cells were
treated with exogenous IL-1a (10 ng/ml). By
contrast, high levels of collagenase-1 were
constitutively expressed in the WF by endogen-
ous IL-1a (Fig. 2C and Fig. 3B). Interestingly,
collagenase-1 was further stimulated by exo-
genous IL-1a in the WF (data not shown). It is

Fig. 2. High levels of collagenase-1 and IL-1a are constitutively
expressed in primary cultured WF. A: Both NF and WF were
grown to near confluence in MEM containing 10% FCS for
2 days. Phase-contrast microscopy revealed phenotypic differ-
ences between NF and WF. B: Primary cultured WF were
immunostained with collagenase-1 (red) and a-SMA (green).
Note that both cell types expressed collagenase-1. C: Equal
numbers (5� 104 cells/well) of freshly isolated NF andWF were
plated in the presence of 10% serum overnight. Thereafter, cells
were cultured in serum-free medium for 24 h. Western blot
analysis of IL-1a secretionwas performed using equal volumes of
conditionedmedia. Both pro (&33 and&31 kDa) andmature IL-
1a (&18 kDa)were strongly detected inWF, but notNF.D: Equal
numbers (5� 104 cells/well) of fleshly isolatedWFwereplated in
the presence of 10% serum overnight. Thereafter, cells were
cultured in serum-free medium in the presence of an IL-1ra (20,
100, and 500 ng/ml) for 24 h. Collagenase-1 synthesis using
equal volumes of conditioned media was analyzed by Western
blot. High levels of collagenase-1 (&53 and&51 kDa) synthesis
were greatly decreased by IL-1ra in a dose-dependent manner.

Fig. 3. Differences in the kinetic properties of regulation of
collagenase-1 synthesis through MAPK signaling pathways in
both cell types. Equal numbers (5� 104 cells/well) of sub-
cultured (3rd passage)NF andWFwere serum-starved overnight,
and treated with IL-1a (10 ng/ml) or IL-1ra (100 ng/ml) for 24 h
in the presence or absence of MAPK inhibitors. Equal volumes
of serum-free conditioned media from both cell types were
precipitated with TCA, and dissolved proteins separated by 12%
SDS–PAGE. A: The MEK inhibitor (20 mM PD98059) or p38
MAPK inhibitor (2 mM SB203580) reduced IL-1a mediated
induction of collagenase-1 expression in NF, as revealed by
immunoblotting. Combined treatment with both inhibitors
completely abolished IL-1a-induced collagenase-1 synthesis
in NF. B: In contrast, co-treatment with MEK and p38 MAPK
inhibitors led to a dramatic suppression in collagenase-1
synthesis in WF, while individual MAPK inhibitors did not have
a significant effect. Furthermore, collagenase-1 synthesiswas not
abrogated completely by IL-1ra in the presence of both MAPK
inhibitors.
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possible that exogenous IL-1a activates the
IL-1a autocrine loop to synthesize more colla-
genase-1. MAPK pathways are implicated in
the activation of collagenase-1 gene expression
in other fibroblastic cells [Ridley et al., 1997;
Reunanen et al., 1998; Vincenti et al., 1998;
Westermarck et al., 1998]. To determine the
individualMAPKpathways involved in collage-
nase-1 synthesis, both subcultured NF and WF
were left untreated or stimulated with IL-1a in
the absence and presence of specific MAPK
inhibitors for 24 h. SB203580 is an inhibitor of
p38 kinase, while PD98059 inhibits MEK1, the
upstream activator of p44/p42 ERK kinases. As
shown in Figure 3A, IL-1a-induced collagenase-
1 synthesis was significantly decreased upon
treatment with either PD98059 (20 mM) or
SB203580 (20 mM) in NF. Collagenase-1 inhi-
bition was dose-dependent (data not shown).
However, combined treatment with both inhi-
bitors completely abolished IL-1a-induced col-
lagenase-1 synthesis, suggesting that the two
pathways function in concert to induce collage-
nase-1. In WF (Fig. 3B), treatment with either
PD98059 or SB203580 did not significantly
affect the levels of constitutively expressed
collagenase-1. Upon co-treatment with both
inhibitors, collagenase-1 synthesis in WF was
significantly reduced. Interestingly, collage-
nase-1 synthesis was not completely abolished
by IL-1ra treatment (100 ng/ml) in the presence
of bothMAPK inhibitors. The data suggest that
other unknown factors or pathways in WF are
additionally involved in the regulation of col-
lagenase-1 synthesis.

Transient Activation of ERK and p38MAPK
Pathways by IL-1a in NF, but Not WF

To establish whether the ERK and p38MAPK
pathways are required for collagenase-1 synth-
esis, subcultured NF and WF were serum-
starved for 24 h, and left untreated or treated
with IL-1a. Cells were harvested at various
time-points, and equal amounts of protein
assayed by Western blotting using antibodies
specific for the phosphorylated and active forms
of ERK and p38MAPK. As shown in Figure 4,
IL-1a treatment resulted in the rapid and
transient activation of both ERK1 and ERK2,
as evident from the appearance of the dually
phosphorylated forms of these kinases within
10 min. Neither band was detected at 1 h.
To determine whether PD98059 blocked ERK

activation, NFwere pre-treated with theMEK1
inhibitor for 30 min, followed by IL-1a treat-
ment for 10 min. As expected, PD98059 com-
pletely abolished IL-1a-induced activation of
the ERK pathway, since MEK1 is the upstream
activating kinase of ERK1 and ERK2. On the
other hand, pre-treatment of cells with
SB203580 for 30 min before IL-1a treatment
significantly stimulated activation of the ERK
pathway (Fig. 4). Constitutive and strong
p38MAPKactivationwas observed inuntreated
NF (Fig. 4). Phosphorylation of p38MAPKby IL-
1a was increased between 10 min and 1 h, but
decreased by 24h after treatment. To determine
whether SB203580 inhibits p38MAPK activa-
tion, NF were pre-treated with SB203580 for
30 min, followed by IL-1a treatment for 10 min.

Fig. 4. Differential activation of ERK 1/2 and p38MAPK in both
cell types. Equal numbers of sub-cultured (passage 4) NF andWF
were serum-starved for 24 h, and treated directly with IL-1a
without changing the medium for 10 min, 1 h, and 24 h. Cells
were lysed, fractionated by 10% SDS–PAGE, and active
phosphorylated proteins detected by immunoblot analysis. IL-
1a treatment resulted in rapid and transient activation of both
ERK1 and ERK2 in NF, as indicated by the appearance of dually
phosphorylated forms of kinases within 10 min. Kinase activities
were abrogatedwithin1h. Pre-treatment ofNFwithPD98059 for
30minblocked IL-1a-inducedactivationof both ERK1andERK2.
Interestingly, inhibition of the p38 pathway by pre-treatment
with SB203580 in NF stimulated IL-1a-induced activation of
both ERK1 and ERK2. A high basal level of phosphorylated
p38MAPK was detected in untreated NF. Phosphorylated
p38MAPK between 10 min and 1 h was stimulated by IL-1a,
but was decreased by 24 h after treatment. Pre-treatment of cells
with SB203580 partially inhibited IL-1a-induced activation of
p38MAPK, while PD98059 applied before IL-1a treatment did
not affect p38MAPK. On the other hand, transient activation of
both ERK and p38MAPK was dramatically downregulated by a
continuous IL-1a signal that was expressed constitutively in WF
during serum starvation. Similar patterns of MAPK activation
were observed in both cell types upon treatment with IL-1a only
in fresh serum-freemedium after serum starvation. P38 was used
as a loading control. The data are representative of three
independent experiments.
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While SB203580 inhibited partially IL-1a-
induced activation of p38MAPK, the p38 path-
way was not affected by PD98059 applied for
30 min before IL-1a treatment.
In WF, the ERK pathway was barely acti-

vated after IL-1a treatment for 10 min, but was
not detected following pre-treatment with
PD98059 before the addition of IL-1a (Fig. 4).
However, application of SB203580 to WF for
30 min before IL-1a treatment for 10 min
stimulated the ERK pathway to aminor extent.
Phosphorylated p38MAPK was detected in
untreated WF, but its level was weaker than
that in NF. Activation of p38MAPK by IL-1a
was not affected between 10 min and 1 h, but
was slightly increased by 24 h after treatment.
Compared to ERK, p38MAPK activation was
merely changed when cells were pre-treated for
30minwith either SB203580 orPD98059before
IL-1a treatment for 10 min. The data collec-
tively demonstrate that both ERK and p38
pathways are transiently stimulated by exo-
genous IL-1a in NF, but notWF, possibly due to
the high levels of endogenous IL-1a already
activated under these conditions. Furthermore,
inhibition of the p38 pathway triggered ERK
signaling in both NF andWF, suggesting cross-
talk between MEK-ERK and p38MAPK that is
specific to IL-1a stimulation.

DISCUSSION

The cornea provides a unique model for
examining wound healing processes due to its
simple structure. With the recent increase in
vision corrective surgeries that reshape the
corneal stroma, understanding the stromal cell
repair pathway is of vital importance. In
contrast to skin, no cellular appendages are
present in the stromal layer of cornea. There-
fore, pure populations of stromal cells can be
isolated from uninjured normal corneas and
culturedwith ease. In this study, we investigate
thepresence offibroblasts andmyofibroblasts in
the repairing stroma in vivo, as well as in vitro.
Interestingly, we observed mixed cell popula-
tions of stromal cellswith different cell sizes and
shapes, as well as a-SMA staining patterns,
in primary cultured repair WF (Fig. 1E–G),
suggesting that morphological changes corre-
late with the wound healing process. Reports in
the pre- ‘‘regenerative medicine’’ era literature
implicated ‘‘wandering cells’’ in wound healing.
However until a few years ago, it had become

generally accepted that corneal stromal kerato-
cytes were the sole source of wound fibroblasts
and myofibroblasts. Now, there is increasing
new evidence that keratocytes that ‘‘wander-
ing’’ bone marrow-derived cells are likely to
contribute in someway [Nakamura et al., 2005].
Nevertheless, keratocytes are still clearly the
important players in corneal wound repair.
In cultured WF, myofibroblasts contain more
stress fibers and focal adhesions than other
fibroblasts [Jester et al., 1994; Fini, 1999]. The
morphology of these cells suggests a transition
between fibroblasts andmyofibroblasts. Transi-
tion of the fibroblast phenotype in repair tissue
is a developmental event, which reflects chang-
es in the hard wiring of signaling pathways by
which the cell responds to environmental input
[Fini, 1999].

Within 3 weeks, the fibrin clot was largely
replaced by repair WF (Fig. 1C). Alteration of
the actin cytoskeleton occurs during numerous
remodeling situations in vivo, such as cell
migration and wound contraction [Fini et al.,
1998; Stramer et al., 2003]. During the contrac-
tion phase of corneal wound healing (Fig. 1),
further differentiation of fibroblasts occurs as
individual cells begin to acquire the ‘‘myofibro-
blast phenotype’’ characterized by expression
of a-SMA that helps to impart contractile
properties to the cells [Jester et al., 1994; Jester
et al., 1996]. However, cell motility is inhibited
[Ronnov-Jessen and Petersen, 1996].

Differentially expressed cytokines in normal
and healing corneas may positively or nega-
tively control aspects of the repair phenotype
[Wilson et al., 1992; Wilson et al., 1994; Wilson
et al., 2001]. Subcultured NF typically contains
a percentage of myofibroblasts, probably due to
the presence of TGF-b in serumused for culture.
Addition of TGF-b to cultured cells induces
further differentiation [Jester et al., 1996].
Masur et al. showed that this response is cell
density-dependent [Masur et al., 1996]. Speci-
fically, cells plated at a high density could not
differentiate in response to serum or exogen-
ously added TGF-b, while most cells plated
at very low density differentiated into myo-
fibroblasts within a week. In contrast to
TGF-b-induced myofibroblast transformation
in low-density cultures of NF in vitro [Masur
et al., 1996], high-density cultures of WFmimic
hypercellular situations, as evident from the
morphology (Fig. 1), resulting in a fibrotic
situation.
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Both temporally and spatially expressed
cytokines and growth factors including IL-1a
and TGF-b are identified across the sites of
tissue remodeling in vivo, and may differen-
tially modulate collagenase-1 as well as ECM
expression [Girard et al., 1991; Fini et al., 1994;
West-Mays et al., 1995;West-Mays et al., 1999].
We mainly focused on collagenase-1, which is
specifically reactive against native type I and
type V collagen, the major components of
collagenous lamellae of the stroma that function
in corneal transparency [Fitch et al., 1988; Birk
et al., 1990]. Collagenase-1 gene expression is
induced by UV light exposure and in multiple
sub-cultured cells through the autocrine IL-1a
loop [Kumar et al., 1992; Petersen et al., 1992].
The IL-1a autocrine feedback loop is absolutely
required as an intermediate for the induction of
collagenase-1 in NF [Fini et al., 1994; West-
Mays et al., 1995; West-Mays et al., 1999].
Previously, West-Mays et al. could not detect
active or precursor forms of IL-1a in WF using
an enzyme-amplified sensitivity immunoassay
[West-Mays et al., 1997]. In contrast, we
observed high levels of both active and pre-
cursor endogenous IL-1a in conditioned WF
media (Fig. 2C). Although IL-1ra was effective
significantly in suppressing the collagenase-1 in
the presence of both ERK and p38MAPK
inhibitors in WF (Fig. 3B), but did not comple-
tely block its synthesis. Evidently other addi-
tional unknown factors and mechanisms,
independent of IL-1a and MAPK pathways,
are involved in the regulation of collagenase-1
expression in WF. One unique finding is that
collagenase-1 can be induced or decreased in
cultures ofNFby IL-1a stimulation orWFby IL-
1ra treatment, respectively (Fig. 3), suggesting
that a form of this cytokine is an intermediate
factor that regulates constitutive collagenase-1
expression. Fibrotic tissue fails to return to
the native structure, since it is composed of a
haphazard array of collagen fibrils and cellular
elements that fill in and seal the injured area
[Cintron et al., 1973; Cintron et al., 1982; Deuel
et al., 1991]. Our data collectively suggest that
collagenase-1 expression ismediated, at least in
part, by endogenous IL-1a, and participates in
the regulation of ECM remodeling associated
with fibrosis formation.

The signaling mechanisms regulating col-
lagenase-1 expression in repair WF remain to
be established. In our experiments, the effects of
IL-1a onMAPKactivation are similar to those of

HGF in corneal epithelial cells [Liang et al.,
1998]. Interestingly, IL-1a- induced ERK acti-
vation at early time-points was facilitated by
inhibition of the p38MAPK pathway in both NF
andWF (Fig. 4), signifying p38MAPK-mediated
modulation of ERK activation in response to
IL-1a. In contrast, inhibition of MEK1 did not
influence p38MAPK activation, confirming the
specificity and unidirectionality of p38MAPK-
ERK crosstalk in keeping with previous reports
[Lewthwaite et al., 2006]. Our present in vitro
studies show that theMEK-ERKandp38MAPK
pathways in WF play similar roles in ECM
remodeling of fibroticwound repair by stimulat-
ing collagenase-1 via the IL-1a autocrine feed-
back loop.

Based on the results, we propose that IL-1a
produced in an autocrine manner from corneal
WF plays a crucial role in the remodeling of
corneal fibrosis through ERK and p38MAPK
pathways to regulate collagenase-1 expression.
Elucidation of the molecular mechanisms con-
trolling the MAPK pathways for collagenase-1
synthesis during wound healingmay have wide
applications in alleviatingfibrosis in the eye due
to surgical complications or pathological condi-
tions, as well as other organs.
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