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 Excess scarring of the conjunctiva potentially causes re-
duction in the filtration efficacy following glaucoma filtering
surgery. It is well established that transforming growth factorβ
(TGFβ) is closely involved in scarring of the conjunctiva [1-
4].

The TGFβ family has three isoforms: namely, β1, β2, and
β3. Each isoform of TGFβ has many abilities to regulate nu-
merous cell functions, such as proliferation, differentiation,
apoptosis, epithelial-mesenchymal transition, and production
of extracellular matrix [5,6]. The aqueous humor contains
abundant TGFβ2, while TGFβ1 and TGFβ2 are expressed in
the local cells in the filtering bleb [2,7]. Thus, it might be more
effective to block all TGFβ family members instead of target-
ing each TGFβ isoform. Each isoform of TGFβ propagates its
signal via a signal transduction network, such as mitogen-ac-
tivated protein kinase (MAPK)/extracellular-signal-regulated
kinase (ERK), p38MAPK, C-Jun-N-terminal kinase (JNK),
and Smad, involving receptor serine/threonine kinases at the
cell surface and their substrates [5,6,8,9]. Among these path-
ways, we especially focused on Smad because of its close cor-
relation with fibrosis induced by TGFβ. We previously de-
scribed blocking of Smad signaling via deletion of Smad3 by

gene targeting or adenoviral gene introduction of Smad7, an
inhibitory Smad that is capable of blocking Smad2/3 signal
[10,11]. Regardless of the ligand isoform, blocking Smad2/3
signal is considered to suppress TGFβ/Smad signal, allowing
us to pay no attention to the tissue-specific distribution of each
TGFβ isoform. Moreover, another signaling pathway that may
potentially activate TGFβ is the p38MAPK pathway, which is
required for epithelial cell migration [12]. Thus blocking TGFβ
stimuli at the ligand or receptor level may potentially impair
epithelial healing on the ocular surface, thereby supporting
the potential advantage of blocking TGFβ signal at the Smad
signaling level.

We hypothesized that introduction of the Smad7 gene
might modulate injury-induced conjunctival wound healing
and provide a potential therapy to inhibit excessive bleb scar-
ring in the conjunctiva following glaucoma surgery. In the
present study, to evaluate the effects of Smad7 gene transfer
on tissue fibrogenic reaction during conjunctival wound heal-
ing, we used a mouse model of injury-induced conjunctival
wound healing and cultured human subconjunctival fibroblasts
(SCFs).

METHODS
 All experimental procedures were approved by the DNA Re-
combinant Experiment Committee as well as the Animal Care
and Use Committee of Wakayama Medical University,
Wakayama, Japan, and conducted in accordance with the
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guidelines of the Association for Research in Vision and Oph-
thalmology for the Use of Animals in Ophthalmic and Vision
Research and Declaration of Helsinki.

Adenoviral vector construction and virus purification:  We
used the Adenoviral Cre/LoxP-regulated Expression Vector
Set (catalog number 6151; Takara, Tokyo, Japan) to generate
recombinant adenovirus as previously reported [10,11]. In
brief, cosmid pAxCALNLmSmad7 was constructed by inser-
tion of mouse Smad7 cDNA (Smad7-Ad). Using the COS-
TPC method, we generated the recombinant adenovirus of
AxCALNLmsmad7 by transfecting 293 cells with
pAxCALNLSmad7. AxCANCre (Cre-Ad) was generated by
transfecting 293 cells with Ax-CALNLCreDNA-TPC as de-
scribed in the manufacturer’s protocol. Each adenovector was
used at a concentration of 2x107 PFU/µl. When these two vi-
ral vectors co-infect cells, Cre recombinase expressed under
the CAG promoter (cytomegalovirus enhancer, chicken β-ac-
tin promoter plus a part of the 3' untranslated region of rabbit
β-globin) activates the stuffer PoliA through the Cre/LoxP
system.

Primary cell culture of human subconjunctival fibroblasts
and Smad7 gene introduction to the cells in vitro:  Primary
culture of human SCFs was conducted by following previ-
ously reported directions [13]. In brief, redundant subconjunc-
tival connective tissue was obtained from patients aged 5 to 8
years during strabismus surgery, after informed consent was
obtained from the parents of each patient. This tissue was
exoplanted for cell outgrowth in a 25 ml culture bottle (Fal-
con, Becton Dickinson, Lincoln Park, NJ) and incubated until
confluent in Eagle’s minimum essential medium (MEM)
supplemented with 10% fetal bovine serum, antibiotics and
an antimycotic (MEM-10). After 2 or 3 passages, the cells
were trypsinized for seeding for the following experiments.

The efficacy of gene transfer was evaluated by co-infec-
tion of Cre-Ad and green fluorescent protein (GFP) under con-
trol of the Cre/LoxP system (GFP-Ad). The expressions of
GFP in the cells were evaluated in unfixed cultured cells us-
ing fluorescent microscopy.

The cells (5.0x105/ml in 60x15 mm culture dishes, Becton
Dickinson Labware, Franklin Lakes, NJ), or 7.4x105/ml, 16
well chamber slides (Nalge Nunc International, Naperville,
IL) were cultured in MEM-10 until confluence. The cells were

then incubated for 2 h in a serum-free medium containing Cre-
Ad or both Cre-Ad and Smad7-Ad at a concentration of 4x103

PFU/ml, and then incubated for another 48 h in MEM-10. The
cells were then exposed to 10 ng/ml of recombinant human
TGFβ1 (R&D systems, Minneapolis, MN) for 48 h with se-
rum-free MEM, and were processed for immunohistochemis-
try, immunoassay, and western blotting as will be described.

Effects of exogenous Smad7 on the expression of type-I
collagen, α smooth muscle actin (αSMA), and connective tis-
sue growth factor (CTGF) by cultured human SCFs:  Evalua-
tion of mRNA for type-I collagen alpha-1 chain (COL1A1)
and connective tissue growth factor (CTGF) was conducted
by real-time reverse transcription-polymerase chain reaction
(RT-PCR) following guidelines previously reported in the lit-
erature [10,11]. The total RNA from the cultured cells was
extracted using ISOgene (Nippon Gene, Tokyo, Japan) accord-
ing to the manufacturer’s protocol and processed for
semiquantitative RT-PCR for mRNA of the human COL1A1
and CTGF.

RT-PCR was performed by using the Taqman One-Step
RT-PCR Master Mix Reagents Kit and the Applied Biosystems
Prism 7700 (PE Applied Biosystems, Foster City, CA) as pre-
viously reported [11,12]. Primers and oligonucleotide probes
were designed according to the cDNA sequences in the
GeneBank database, using Primers Express software (PE Ap-
plied Biosystems) and listed in Table 1. RT-PCR conditions
were as follows: 20 min at 50 °C (stage 1, reverse transcrip-
tion), 10 min at 95 °C (stage 2, reverse transcription inactiva-
tion and AmpliTaq Gold activation), and then 40 cycles of
amplification for 15 s at 95 °C and 1 min at 60 °C (stage 3,
polymerase chain reaction).

The concentrations of type-I collagen protein were
immuno-assayed by employing a commercially available im-
munoassay kit (Takara) as previously reported [13]. In brief,
cells were seeded into the wells of a 24 well cell culture plate
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TABLE 1.

Transcript and sequence of each primer and probe used in real time
RT-PCR. In the table, F indicates forward primer, R indicates reverse
primer, and P indicates probe.

TABLE 2.

Transcript and sequence of each primer and probe used in real time
RT-PCR. In the table, F indicates forward primer, R indicates reverse
primer, and P indicates probe.
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(Becton Dickinson) and incubated until confluence. After in-
fection of each adenoviral vector, the cells in each well were
then treated with Eagle’s MEM or TGFβ1, and the concentra-
tion of type-I collagen was measured. The medium was supple-
mented with β-aminopropionitrile fumarate, a lysyl oxidase
inhibitor, to prevent the collagen peptides from being depos-
ited in the cell layer.

αSMA expression was evaluated by western blotting and
immunohistochemistry following previously reported guide-
lines [10,11]. After infection of each adenoviral vector, the
cells in each 60 mm dish were then treated with Eagle’s MEM
or TGFβ1 and evaluated. For western blotting, the cells in
each 60 mm dish were homogenized in a lysis buffer (100 µl;
CelLytic™-M Mammalian Cell lysis/Extraction Reagent,
Sigma, St. Louis, MO) supplemented with a cocktail of pro-
teinase inhibitors (complete protease inhibitor cocktail tablet,
Rosch, Mannheim, Germany). The cell lysate was centrifuged,
mixed with 3X sample buffer, run on SDS-polyacrylamide
gel electrophoresis (PAGE), transferred to polyvinylidene
difluoride (PVDF) membrane, and western blotted for αSMA
with an antibody purchased from Sigma. Immunoreactive
bands were visualized using a Lumino Analyzer LAS 1000
(Fuji Film, Tokyo, Japan) and ECL western blotting detection
reagents (Amersham, UK).

For immunohistochemistry, cells were fixed in cold ac-
etone for 5 min. Indirect immunostaining was carried out fol-
lowing previously reported directions [13]. The primary anti-
bodies were mouse monoclonal anti-human type-I collagen
(1:100 in phosphate-buffered saline [PBS], Fuji Chemical,
Toyama, Japan), goat polyclonal anti-CTGF (1:100 in PBS,
Santa Cruz Biotechnology, Santa Cruz, CA), and mouse
polyclonal anti αSMA (1:100 in PBS, Sigma). Fluorescein
isothiocyanate (FITC)-conjugated specific secondary antibod-
ies (1:100 in PBS, Cappel, Aurora, OH) were used for detec-
tion of the primary antibodies, and 4,6-diamidino-2-
phenylindole (DAPI; Vector Laboratories, Inc. Burlingame,
CA) was used for nuclear counterstaining.

Conjunctival injury in C57BL/6 mice and Smad7 gene
transfer to injured conjunctival tissue in vivo:  The efficacy of
gene transfer was evaluated by coinfection of Cre-Ad and GFP-
Ad. The expression of GFP in the uninjured mouse conjunc-
tiva was evaluated in unfixed cryosections using fluorescence
microscopy.

A circumferential incision was made in the conjunctiva
at the equator using scissors in the right eye of adult C57BL/6
mice (n=72) under general anesthesia. A mixture of Cre-Ad
and Smad7-Ad was administered (3 µl) once after incision
(Smad7-Ad group). Preliminary experiments showed that there
were no obvious differences in the histological features or in
healing at the microscopic level in the mechanically injured
mouse eye with CAG/Cre virus (Cre-Ad group) or without
application of adenovirus carrying Cre (no vector group). Thus,
the eyes of the Cre-Ad group were used as controls in our
current study. On days 2, 5, 7, and 30 (each n=24), the eyes
were enucleated and processed for histological or immuno-
histochemical examination to evaluate the conjunctival wound
healing.

Histology and immunohistochemistry in vivo:
Deparaffinized sections (5 µm thick) were processed for indi-
rect immunofluorescence microscopy using previously re-
ported directions [11,12]. The primary antibodies used were

©2006 Molecular VisionMolecular Vision 2006; 12:841-51 <http://www.molvis.org/molvis/v12/a95/>

Figure 1.  GFP expression of normal conjunctiva in vitro and in vivo.
When the cultured human subconjunctival fibroblasts (SCFs) were
coinfected with adenoviral vectors encoding Cre under control of
the CAG promoter and GFP under control of Cre-LoxP system, GFP
was observed on day 2 and later in cytoplasm and nucleous in human
SCFs. No fluorescence was detected in cultured human SCFs with
CAG-Cre vector only (A). As for gene introduction in vivo, GFP
was detected in conjunctival fibroblasts and epithelium of normal
mice without mechanical injury at day 2 and later (until 14 days). No
fluorescence was detected in normal eyes with CAG-Cre vector only
(B).
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Figure 2.  Effects of Smad7 gene introduction on expression of type-I collagen by cultured SCFs. Real-time RT-PCR (A) or an ELISA (B)
showwd an increment of expression of mRNA or protein of type-I collagen in the presence of exogenous TGFβ1 and its reversal by Smad7
gene introduction. The asterisk indicates a p<0.01. C: Immunoreactivity for type-I collagen was detected in the majority of cells in control
cultures (negative for both TGFβ1 and Smad7) and more intense reactivity was seen in the cells treated with TGFβ1 only (TGFβ1 positive,
Smad7 negative). Smad7 gene introduction decreased immunoreactivity for type-I collagen in the cells in the absence (TGFβ1 negative,
Smad7 positive) and presence (TGFβ1 positive, Smad7 positive) of TGFβ1. The scale bar represents 10 µm.  

Figure 3.  Effects of Smad7
gene introduction on ex-
pression of αSMA by cul-
tured human SCFs.
Whereas western blotting
did not show a reduction of
protein expression of
αSMA (A), immunocy-
tochemical expression of
αSMA-labeled cytoplas-
mic fibers was detected in
the majority of cells in con-
trol cultures (B, TGFβ1 and
Smad7-Ad negative) and
more intense reactivity is
seen in the cells treated
with TGFβ1 (B, TGFβ1
positive and Smad7-Ad
negative). Smad7 gene
transfer decreased immu-
noreactivity for αSMA in
the cells in the absence (B,
TGFβ1 negative and
Smad7-Ad positive) and
presence (B, TGFβ1 posi-
tive and Smad7-Ad posi-
tive) of TGFβ1. The scale
bar represents 10 µm.
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antibodies against rabbit polyclonal antiphosphorylated Smad2
antibody (1:50 dilution; Chemicon, Temecula, CA), rabbit
polyclonal anti-Smad3 antibody (1:100 dilution in PBS;
Zymed, San Francisco, CA), goat polyclonal anti-Smad7 an-
tibody (1:200 in PBS; Santa Cruz Biotechnology), rat mono-
clonal F4/80 anti-macrophage antigen antibody (Clone A3-1,
1:200 dilution in PBS; BMA Biomedicals, Augst, Switzerland),
goat polyclonal anti-VEGF antibody (1:100 dilution in PBS;
Santa Cruz), goat polyclonal anti-CTGF antibody (1:100 di-
lution in PBS; Santa Cruz), and mouse monoclonal anti-αSMA
antibody (1:100 dilution in PBS; Neomarker, Fremont, CA).
The reaction with FITC-conjugated secondary antibodies and
DAPI nuclear staining were performed as described above.
The histological features were observed after staining the tis-
sues with hematoxyline and eosin (H&E).

mRNA expression:  For RNA extraction and real-time RT-
PCR, mechanically injured eyes from eight mice were obtained
from each treatment group. The animals were killed on days
2, 5, 7, and 14 using both CO

2
 asphyxia and cervical disloca-

tion, and the treated eyes were enucleated. The lens, uveal
tissue, and retina were removed from the enucleated eye and
processed for total RNA extraction. The untreated eyes of
C57BL/6 mice were also enucleated to determine baseline
mRNA expression. Total RNA extraction and real-time RT-
PCR for mRNAs of the mouse CTGF, TGFβ1, MCP-1, and
VEGF were performed as already described. The primers and
oligonucleotide probes were designed according to the cDNA
sequences in the GeneBank database using Primers Express
software (P-E Applied Biosystems) and are listed in Table 2.

RESULTS
Gene introduction efficacy in vitro and in vivo as examined by
GFP expression:  The efficiency of gene transfer was evalu-
ated by coinfection of adenoviruses carrying Cre under con-

trol of the CAG promoter and GFP under control of the Cre/
LoxP system.

When the cultured human SCFs were co-infected with
Cre-Ad and GFP-Ad, GFP was readily observed in the cells
on day 2 and later (Figure 1A).

As for gene introduction in vivo, GFP was detected in the
conjunctival fibroblasts and epithelium of normal mice with-
out mechanical injury until day 14 (Figure 1B). No fluores-
cence was detected in the normal eyes with Cre-Ad only.

Effects of Smad7 gene introduction on the expressions of
type-I collagen, αSMA, and CTGF by cultured human SCFs:
We employed TGFβ1-treated fibroblast culture to mimic scar-
ring tissue fibroblasts in vitro. Real-time RT-PCR (Figure 2A)
and ELISA (Figure 2B) also showed an increment of the ex-
pression of protein or mRNA of type-I collagen in the pres-
ence of exogenous TGFβ1 and its reversal by Smad7 gene
introduction. TGFβ1 enhanced the secretion of type-I collagen
into the culture medium. The concentration of type-I collagen
in the TGFβ1-treated culture was 275% as compared to that
component in the control culture. Smad7 gene transfer reduced
the production of type-I collagen in the TGFβ1-treated cells
to near the control level (Figure 2B).

Immunoreactivity for type-I collagen was detected in the
cytoplasm pattern in the majority of cells in the control cul-
ture (Figure 2C, TGFβ1 and Smad7-Ad negative), and more
intense reactivity was seen in the cells treated with TGFβ1
(Figure 2C, TGFβ1 positive and Smad7-Ad negative). Smad7
gene introduction decreased the immunoreactivity for type-I
collagen in the cells in the absence (Figure 2C, TGFβ1 nega-
tive and Smad7-Ad positive) and presence (Figure 2C, TGFβ1
positive and Smad7-Ad positive) of TGFβ1.

While western blotting did not show any reduction of pro-
tein expression of αSMA (Figure 3A), immunocytochemical
expression of αSMA-labeled cytoplasmic fibers was detected
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Figure 4.  Effects of Smad7 gene introduction on expression of CTGF
by cultured SCFs. As for the expression of CTGF, mRNA expression
detected by real-time RT-PCR indicate suppression of its expression
by Smad7 gene transfer (A) and its protein expression was revealed
by immunostaining (B). Immunoreactivity for CTGF was detected
in a few cells in the control culture (B, TGFβ1 and Smad7-Ad nega-
tive) and strong intense reactivity was seen in the cells treated with
TGFβ1 (B, TGFβ1 positive and Smad7-Ad negative). Smad7 gene
introduction decreased immunoreactivity for CTGF in the cells in
the absence (B, TGFβ1 negative and Smad7-Ad positive) and pres-
ence (B, TGFβ1 positive and Smad7-Ad positive) of TGFβ1. The
scale bar represents 10 µm.  

845



in the majority of cells in the control culture (Figure 3B, TGFβ1
and Smad7-Ad negative), and more intense reactivity was seen
in the cells treated with TGFβ1 (Figure 3B, TGFβ1 positive
and Smad7-Ad negative). Smad7 gene transfer decreased the
immunoreactivity for αSMA in the cells in the absence (Fig-
ure 3B, TGFβ1 negative and Smad7-Ad positive) and pres-
ence (Figure 3B, TGFβ1 and Smad7-Ad positive) of TGFβ1.

Alterations of mRNA expression and immunoreactivity
for CTGF were similar to those of type-I collagen. mRNA
expression, as detected by real-time RT-PCR, and protein ex-
pression, as revealed by immunostaining, were both suppressed
by Smad7 gene transfer (Figure 4).

Histology and immunohistochemistry in vivo:  H&E stain-
ing showed that Smad7 gene introduction also apparently sup-
pressed the degree of conjunctival edema and inflammatory
cell infiltration as compared to the Cre-Ad group (Figure 5A-
P). Whereas the epithelial defect was not closed on day 5 in
the Cre-Ad group (Figure 5E,F), the conjunctival epithelial
defect was sealed as early as day 5 in the Smad7-Ad group
(Figure 5G,H). On day 7, the epithelial defect was closed in
both groups (Figure 5I-L). On day 30, however, H&E histol-
ogy of both groups of specimens exhibited similar findings:
reduced cell population and reduction of the thickness of sub-
conjunctival matrix (Figure 5M-P). Polymorphonuclear leu-
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Figure 5.  H&E histology in a mechanically injured mice conjunctiva. Smad7 gene introduction seemed to suppress the degree of conjunctival
edema and cell population compared to control (A-P). The conjunctival epithelium defect sealed as early as day 5 in the Smad7-Ad group
(G,H), whereas the epithelial defect was not closed at day 5 in the Control group (E,F). On day 7, the epithelial defect was closed in both
groups (I-L). On day 30, however, H&E histology of both groups of specimens exhibited similar findings: reduced cell population and
reduction of the thickness of subconjunctival matrix (M-P). Polymorphonuclear leukocytes were seen in subconjunctival tissue at day 2-5, but
there seemed to be no difference of the distribution of this cell type. The scale bar represents 100 µm for A,C,E,G,I,K,M,O and 30 µm for
B,D,F,H,J,L,N,P. Arrowheads point to polymorphonuclear leukocytes.
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kocytes were seen in subconjunctival tissue on days 2-5, but
there seemed to be no difference of the distribution of this cell
type. To further confirm the effect of Smad7 overexpression
on the healing process of conjunctival tissue, immunohis-
tochemical analysis was carried out. The presumed exogenous
Smad7 protein was strongly expressed in the healing conjunc-
tival epithelium and fibroblasts from day 2, while faint immu-
noreactivity for endogenous Smad7 was seen in healing con-
junctiva in the control group up to day 7 (Figure 6A). On day
5, phosphorylated Smad2 (Figure 6B) and Smad3 (Figure 6C)
were both detected in the nuclei of the conjunctival fibroblasts
and epithelial cells in the control Cre-Ad treated eyes, whereas
in the Smad7-Ad treated eyes phospho-Smad2 was not de-
tected and Smad3 was seen only faintly in the cytoplasm. On
day 7 and after, a few nuclei were positive for both Smad 2
and Smad 3 in the control, but negative in the Smad7-Ad treated
specimens. The number of cells with phospho-Smad2 label-
ing was determined in one area (150 µmx150 µm) adjacent to
the incision-induced injury site. The numbers of phospho-
Smad2-positive fibroblasts were significantly less in the
Smad7-Ad treated group than in the Cre-Ad control group on
day 5 and day 7, while there was no significant difference on
day 30 (Figure 6D). Invasion of F4/80-labeled macrophages,
appearance of αSMA-positive fibroblasts, and protein expres-
sion of VEGF were all less in the Smad7-Ad group than in the
Cre-Ad group (Figure 7A-C). The number of F4/80-labeled
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Figure 6.  Immunolocalization of Smad in mechanically-injured mice
conjunctiva. Smad7 protein, presumably the translated produce de-
rived from exogenously introduced Smad7 cDNA, was strongly de-
tected in the healing conjunctival epithelium and fibroblasts from
day 2 onward, while faint immunoreactivity for endogenous Smad7
was seen in the healing conjunctiva in the control group for up to 10
days (A). At day 5, phosphorylated Smad2 and Smad3 were both
detected in the nuclei of conjunctival fibroblasts and epithelial cells
in control eyes, whereas in Smad7-Ad treated eyes phospho-Smad2
was not detected and Smad3 was seen only faintly in the cytoplasm
(B,C). At and after day 10, a few of the nuclei were positive for both
Smad2 and Smad3 in the control, but negative in Smad7-Ad treated
specimens. The numbers of phospho-Smad2-positive fibroblasts were
significantly lower in Smad7-Ad treated group than in Cre-Ad con-
trol group, while there was no significant difference on day 30 (D).
The asterisks in Panel D indicates a p<0.01; NS represents nonsig-
nificant.  
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macrophages was determined in one area (150 µmx150 µm)
adjacent to the incision-induced injury site. The numbers of
F4/80-labeled macrophages were significantly lower in the
Smad7-Ad treated group than in the Cre-Ad control group on
day 5 and day 7, while there was no significant difference on
day 30 (Figure 7D).

mRNA expression:  The expressions of mRNA of CTGF,
TGFβ1, MCP-1, and VEGF were much higher in the Cre-Ad
group than in the Smad7-Ad group on day 2. Subsequently,
the expression of each protein mRNA decreased, and there
were no significant differences between the Cre-Ad group and
the Smad7-Ad group on day 14 (Figure 8).

DISCUSSION
 In this study, we first showed, in an in vitro experiment, that
gene introduction of Smad7 cDNA suppressed the expression
of type-I collagen and CTGF and also attenuated formation
by the αSMA-labeled contractile cytoskeletal fibers in cul-
tured fibroblasts derived from human eyes. Although Smad2
is reportedly involved in the expression of αSMA [14], our
present study showed that Smad7 gene introduction did not
reduce the protein expression level of αSMA and suppressed
cytoplasmic fiber formation. Blocking Smad2 and Smad3 sig-
nal might inhibit production of a molecule that is essential for
αSMA fiber formation. A similar finding was noticed in cul-
tured hepatic stellate cells, the main component of mesenchy-
mal cells involved in liver fibrosis [15]. The expression of
molecules that affect αSMA fiber formation (e.g., coffilin, LIM
kinase, and slingshot) might be changed upon Smad7
overexpression.

These finding prompted us to hypothesize that Smad7
overexpression might suppress excess fibrosis in subconjunc-
tival tissue following injury. Smad7 gene introduction sup-
pressed fibrogenic reaction, as revealed by H&E histology and
immunohistochemistry for αSMA and CTGF, and reduced
injury-related upregulation of CTGF, TGFβ1, MCP-1, and
VEGF in the injured tissue until day 7. Local inflammation,
as examined by the distribution of monocytes/macrophages,
was also suppressed. These results indicated that Smad7 gene
introduction effectively inhibited inflammation and modulated
injured conjunctival wound healing during the relatively ear-
lier phase from healing of mechanical injury. The in vitro ef-
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Figure 7.  Immunohistochemistry in mechanically-injured mice con-
junctiva. Invasion of F4/80-labeled macrophages (A) and VEGF (B)
and αSMA (C) expression by fibroblasts were both lower in the
Smad7-Ad treated group as compared with those in control group.
The numbers of F4/80-positive macrophages were significantly lower
in Smad7-Ad treated group than in Cre-Ad control group, while there
was no significant difference on day 30 (D). In Panel D, the asterisk
indicates a p<0.05, the double asterisk indicates a p<0.01, and NS
means nonsignificant.  
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fects of TGFβ1 and TGFβ2 on fibroblast behavior were quite
similar. In our study, we used TGFβ1 in SCF culture to mimic
the activated condition of in vivo cell post-injury/surgery, al-
though TGFβ1 and TGFβ2 are both believed to be involved
in conjunctival scarring following trabeculectomy, while
TGFβ2 predominates in the aqueous humor that is drained to
the subconjunctival filtering bleb following trabeculectomy.

It remains to be determined whether the present model of
conjunctival injury could represent the local healing process
after filtering surgery. Although the present model lacked lo-
cal effects by TGFβ2 derived from aqueous humor, we con-
sider it to represent the component of tissue reaction upon
conjunctival surgical intervention. We did not use the model
of conjunctival scarring reported by Reichel et al. [16] (in-

duced by topical injection of phosphate buffer saline), because
our purpose was to test the effect of Smad7 overexpression on
the process of conjunctival fibrogenic reaction upon injury
that might be orchestrated by various growth factors. Indeed,
we detected upregulation of VEGF in a mouse eye with con-
junctival injury. In their model of conjunctival fibrosis, acti-
vation of fibroblasts was mostly observed on days 3-7. In our
model of mechanical injury also wound healing-related mol-
ecules were upregulated on days 2-7, and therefore, the kinet-
ics of fibroblast activation in wound healing procession in both
models are considered to be similar. The efficacy of Smad7
overexpression in the present model suggests that TGFβ/Smad
signal has a significant role in fibrogenic process. However,
our present study failed to detect the effects of Smad7 gene
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Figure 8.  Expression of mRNA of CTGF, TGFβ1, MCP-1, and VEGF in mechanically-injured mice conjunctivas. Expressions of mRNA of
CTGF (A), TGFβ1 (B), MCP-1 (C), and VEGF (D) are much higher in control group at two days than Smad7-Ad treated group. On day 14,
these mRNA expressions did not show a significant difference.
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transfer on either day 14 or 30 as observed by real-time RT-
PCR or histology. Smad7 overexpression was not recognized
on day 14. Therefore, the effects of Smad7 overexpression is
considered to mainly interfere in early tissue reaction. Although
we detected Smad7’s antifibrogenic effect in healing of con-
junctival injury, we need to study this further, using a differ-
ent injury model that is associated with aqueous filteration.

It has been reported that blocking TGFβ2 by applying a
neutralizing antibody in vivo is effective in suppressing con-
junctival scarring [17,18]. Blocking TGFβ2 at the ligand level
might result in suppression of all signaling lims derived from
TGFβ2 binding to the receptor. Such signaling lims include
pathways of MAPK, JNK, and p38MAPK besides Smad sig-
naling. Smad2 or Smad3 is phosphorylated at the COOH-ter-
minal region by TGFβ receptor upon binding of TGFβ to the
receptor. However, it has recently been reported that MAPK
or JNK phosphorylated the linker region of Smad2 or Smad3,
which is required for full function of Smad signaling [19,20].
On the other hand, Smad7 blocks phosphorylation of Smad2/
3 by the receptor, thus blocking COOH-terminal phosphory-
lation. Consequently, the effects of blocking TGFβ2 at the
ligand level by applying a neutralizing antibody, which may
lead to suppression of Smad phosphorylation at both of the
linker and COOH-terminal regions, must differ from those
resulting from suppressing Smad COOH-terminal phospho-
rylation by Smad7 gene introduction at the cellular level. The
difference in action by each approach has to be investigated.

Many studies revealed that TGFβ is closely involved in
scarring of various regions, such as the skin, cornea, lung,
liver, and kidney [21-25]. Although classically TGFβ has been
believed to accelerate wound healing, this may be dependent
on promotion of granulation tissue formation. On the other
hand, Aschcroft et al. [26] reported that an absence of Smad3
accelerates epidermal healing in association with suppression
of scarring and macrophage invasion. We also previously re-
ported that Smad7 gene introduction and the absence of Smad3
by gene targeting both suppressed excessive scarring in the
mouse cornea following exposure to alkali [10]. Similarly,
lacking Smad3 also attenuated scarring and macrophage in-
vasion in the injured conjunctiva (unpublished data). All these
findings are in consensus with the notion presented here that
blocking TGFβ/Smad signal is beneficial to suppress exces-
sive conjunctival scarring, which is favorable in terms of main-
tenance of the post-trabeculectomy filtering bleb. Moreover,
this strategy can be applied to conjunctival scarring disorders
caused by other diseases (e.g., vernal conjunctivitis or Stevens-
Johnson syndrome).

REFERENCES
 1. Cordeiro MF, Reichel MB, Gay JA, D’Esposita F, Alexander RA,

Khaw PT. Transforming growth factor-beta1, -beta2, and -beta3
in vivo: effects on normal and mitomycin C-modulated con-
junctival scarring. Invest Ophthalmol Vis Sci 1999; 40:1975-
82.

2. Saika S, Yamanaka O, Baba Y, Kawashima Y, Shirai K, Miyamoto
T, Okada Y, Ohnishi Y, Ooshima A. Accumulation of latent trans-
forming growth factor-beta binding protein-1 and TGF beta 1

in extracellular matrix of filtering bleb and of cultured human
subconjunctival fibroblasts. Graefes Arch Clin Exp Ophthalmol
2001; 239:234-41.

3. Cordeiro MF, Bhattacharya SS, Schultz GS, Khaw PT. TGF-beta1,
-beta2, and -beta3 in vitro: biphasic effects on Tenon’s fibro-
blast contraction, proliferation, and migration. Invest Ophthalmol
Vis Sci 2000; 41:756-63.

4. Daniels JT, Schultz GS, Blalock TD, Garrett Q, Grotendorst GR,
Dean NM, Khaw PT. Mediation of transforming growth factor-
beta(1)-stimulated matrix contraction by fibroblasts: a role for
connective tissue growth factor in contractile scarring. Am J
Pathol 2003; 163:2043-52.

5. Massague J. How cells read TGF-beta signals. Nat Rev Mol Cell
Biol 2000; 1:169-78.

6. Massague J, Chen YG. Controlling TGF-beta signaling. Genes
Dev 2000; 14:627-44.

7. Jampel HD, Roche N, Stark WJ, Roberts AB. Transforming growth
factor-beta in human aqueous humor. Curr Eye Res 1990; 9:963-
9.

8. Kamaraju AK, Roberts AB. Role of Rho/ROCK and p38 MAP
kinase pathways in transforming growth factor-beta-mediated
Smad-dependent growth inhibition of human breast carcinoma
cells in vivo. J Biol Chem 2005; 280:1024-36.

9. Sprowles A, Robinson D, Wu YM, Kung HJ, Wisdom R. c-Jun
controls the efficiency of MAP kinase signaling by transcrip-
tional repression of MAP kinase phosphatases. Exp Cell Res
2005; 308:459-68.

10. Saika S, Ikeda K, Yamanaka O, Miyamoto T, Ohnishi Y, Sato M,
Muragaki Y, Ooshima A, Nakajima Y, Kao WW, Flanders KC,
Roberts AB. Expression of Smad7 in mouse eyes accelerates
healing of corneal tissue after exposure to alkali. Am J Pathol
2005; 166:1405-18.

11. Saika S, Ikeda K, Yamanaka O, Sato M, Muragaki Y, Ohnishi Y,
Ooshima A, Nakajima Y, Namikawa K, Kiyama H, Flanders
KC, Roberts AB. Transient adenoviral gene transfer of Smad7
prevents injury-induced epithelial-mesenchymal transition of
lens epithelium in mice. Lab Invest 2004; 84:1259-70.

12. Saika S, Yamanaka O, Ikeda K, Kim-Mitsuyama S, Flanders KC,
Yoo J, Roberts AB, Nishikawa-Ishida I, Ohnishi Y, Muragaki Y,
Ooshima A. Inhibition of p38MAP kinase suppresses fibrotic
reaction of retinal pigment epithelial cells. Lab Invest 2005;
85:838-50.

13. Yamanaka O, Saika S, Okada Y, Ooshima A, Ohnishi Y. Effects
of interferon-gamma on human subconjunctival fibroblasts in
the presence of TGFbeta1: reversal of TGFbeta-stimulated col-
lagen production. Graefes Arch Clin Exp Ophthalmol 2003;
241:116-24.

14. Evans RA, Tian YC, Steadman R, Phillips AO. TGF-beta1-medi-
ated fibroblast-myofibroblast terminal differentiation-the role
of Smad proteins. Exp Cell Res 2003; 282:90-100.

15. Dooley S, Hamzavi J, Breitkopf K, Wiercinska E, Said HM,
Lorenzen J, Ten Dijke P, Gressner AM. Smad7 prevents activa-
tion of hepatic stellate cells and liver fibrosis in rats. Gastroen-
terology 2003; 125:178-91.

16. Reichel MB, Cordeiro MF, Alexander RA, Cree IA, Bhattacharya
SS, Khaw PT. New model of conjunctival scarring in the mouse
eye. Br J Ophthalmol 1998; 82:1072-7.

17. Mead AL, Wong TT, Cordeiro MF, Anderson IK, Khaw PT. Evalu-
ation of anti-TGF-beta2 antibody as a new postoperative anti-
scarring agent in glaucoma surgery. Invest Ophthalmol Vis Sci
2003; 44:3394-401.

18. Siriwardena D, Khaw PT, King AJ, Donaldson ML, Overton BM,
Migdal C, Cordeiro MF. Human antitransforming growth fac-

©2006 Molecular VisionMolecular Vision 2006; 12:841-51 <http://www.molvis.org/molvis/v12/a95/>

850



©2006 Molecular VisionMolecular Vision 2006; 12:841-51 <http://www.molvis.org/molvis/v12/a95/>

tor beta(2) monoclonal antibody—a new modulator of wound
healing in trabeculectomy: a randomized placebo controlled
clinical study. Ophthalmology 2002; 109:427-31.

19. Hayashida T, Decaestecker M, Schnaper HW. Cross-talk between
ERK MAP kinase and Smad signaling pathways enhances TGF-
beta-dependent responses in human mesangial cells. FASEB J
2003; 17:1576-8.

20. Wang G, Long J, Matsuura I, He D, Liu F. The Smad3 linker
region contains a transcriptional activation domain. Biochem J
2005; 386:29-34.

21. Bataller R, Brenner DA. Liver fibrosis. J Clin Invest 2005;
115:209-18. Erratum in: J Clin Invest 2005; 115:1100.

22. Leask A, Abraham DJ. TGF-beta signaling and the fibrotic re-
sponse. FASEB J 2004; 18:816-27.

23. Stahl PJ, Felsen D. Transforming growth factor-beta, basement
membrane, and epithelial-mesenchymal transdifferentiation:
implications for fibrosis in kidney disease. Am J Pathol 2001;
159:1187-92.

24. Bauer M, Schuppan D. TGFbeta1 in liver fibrosis: time to change
paradigms? FEBS Lett 2001; 502:1-3.

25. Border WA, Noble NA. TGF-beta in kidney fibrosis: a target for
gene therapy. Kidney Int 1997; 51:1388-96.

26. Ashcroft GS, Mills SJ, Flanders KC, Lyakh LA, Anzano MA,
Gilliver SC, Roberts AB. Role of Smad3 in the hormonal modu-
lation of in vivo wound healing responses. Wound Repair Regen
2003; 11:468-73.

851

The print version of this article was created on 1 Aug 2006. This reflects all typographical corrections and errata to the article through that date.
Details of any changes may be found in the online version of the article. α


