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We evaluated the effects of the loss of Smad3 on the development of experimental argon laser-induced choroidal
neovascularization (CNV) in mice. An in vitro angiogenesis model was also used to examine the role of transforming
growth factor-β1 (TGFβ1)/Smad3 signaling in vessel-like tube formation by human umbilical vein endothelial cells
(HUVECs). CNV was induced in eyes of 8–12-week-old B6.129-background Smad3-deficient (KO) mice (n = 47) and wild-
type (WT) mice (n = 47) by argon laser irradiation. Results showed that the size of the CNV induced was significantly
smaller in KO mice as compared with WT mice at day 14 as revealed by high-resolution angiography with fluorescein
isothiocyanate-dextran. Immunohistochemistry and real-time reverse transcription-polymerase chain reaction of RNA
extracted from laser-irradiated choroidal tissues were conducted on specimens at specific timepoints. Invasion of
macrophages (F4/80+), but not neutrophils (myeloperoxidase+), and appearance of myofibroblasts (α-smooth muscle
actin+) were suppressed in laser-irradiated KO tissues. mRNA expression of inflammation-related factors, that is, vascular
endothelial growth factor (VEGF), macrophage-chemoattractant protein-1 (MCP-1), interleukin-6 (IL-6) and TGFβ1 in
choroidal tissues was suppressed by the loss of Smad3. We then examined the effects of adding a Smad3 inhibitor, SIS3, or
an ALK5 inhibitor, SB431542, on tube formation promoted by TGFβ1 or VEGF in HUVECs cocultured with fibroblast feeder.
Further addition of SIS3 or SB431542 augmented vessel-like tube formation by HUVECs in the presence of TGFβ1 or VEGF.
In conclusion, lack of Smad3 attenuated the growth of laser-induced CNV with suppression of inflammation by
macrophages in mice. Because blocking TGFβ1/Smad3 signal stimulated the activity of angiogenesis of HUVECs in vitro,
the reduction of CNV in vivo in KO mice is attributed to a decrease in growth factor levels in the tissue by the loss
of Smad3.
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Choroidal neovascularization (CNV) and associated fibrotic
tissue formation around CNV are the major features of the
exudative form of age-related macular degeneration
(AMD).1,2 CNV can also occur in a highly myopic eye or in
an eye following ocular fundus trauma. In the majority of
cases, CNV impairs function of macula, leading to severe
visual disturbance. Although the exact mechanism of the
development of CNV lesion needs to be investigated,
involvement of chronic local inflammation against abnormal
subretinal deposits is proposed.3 Once CNV extends
into the space between retinal pigment epithelium and
the photoreceptor layer, subretinal plasma exudation or

hemorrhage lead to the formation of fibrous scar-like tissue
beneath the retina.4 Intracameral administration of anti-
vascular endothelial cell growth factor (VEGF) antibody exerts
a prominent therapeutic effect on the exudative form of CNV
by inhibiting growth of neovascularization and suppression of
subretinal plasma exudation.5,6 However, there are cases that
exhibit lower effectiveness of anti-VEGF antibody therapy.7,8

Moreover, it was reported that blocking VEGF could induce
fibrotic process in CNV lesion that further destroy the
structure of macula.9

Argon laser irradiation induces CNV in mice or rats and is
used as a model of human CNV lesions.10,11 In addition to

1Department of Ophthalmology, Wakayama Medical University School of Medicine, Wakayama, Japan and 2Laboratory of Cancer Biology and Genetics, National Cancer
Institute, National Institutes of Health, Bethesda, MD, USA
Correspondence: Dr H Iwanishi, MD or Dr S Saika, MD, PhD, Department of Ophthalmology, Wakayama Medical University School of Medicine, 811-1 Kimiidera, Wakayama
641-0012, Japan.
E-mail: hiwanish@heart.ocn.ne.jp or shizuya@wakayama-med.ac.jp

Received 7 April 2015; revised 5 January 2016; accepted 6 January 2016

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 96 June 2016 641

Laboratory Investigation (2016) 96, 641–651
© 2016 USCAP, Inc All rights reserved 0023-6837/16

http://dx.doi.org/10.1038/labinvest.2016.30
mailto:hiwanish@heart.ocn.ne.jp) (HI)
mailto:shizuya@wakayama-med.ac.jp) (SS)
http://www.laboratoryinvestigation.org


blocking VEGF signaling, there is an ongoing investigation
into non-VEGF components involved in the development of
CNV.12–18 In such reports, involvement of local inflammation
in the development of laser-induced CNV has been seen in
animal studies and in clinical samples.19 Macrophages are
considered to have a critical role in laser-induced or
inflammation-related CNV formation.20–29 Mice that lack
c-Jun N-terminal kinase 1 (JNK1) also exhibit less inflam-
matory reaction and suppression of growth of CNV postlaser
irradiation, suggesting that suppression of local tissue
inflammation leads to inhibition of neovascularization in
tissue.30

We previously reported that loss of or blocking transform-
ing growth factor-β (TGFβ)/Smad3 signal inhibits inflamma-
tory fibrosis in injured cornea or conjunctiva in mice.31–36

TGFβ uses the ALK5 receptor for phosphorylation of Smad3
and ALK1 for activation of Smad1/5/8. The signal activated by
the former receptor mediates the antiangiogenic behavior and
the signal by the latter exhibits the angiogenesis promotion
activity in vascular endothelial cells.37 The effect of the loss
of Smad3 on laser-induced CNV formation might be affected
by the two components, suppression of local inflammation
and attenuated development of neovascularization activity in
vascular endothelial cells in the absence of Smad3. However,
the outcome of the formation of CNV upon laser irradiation
in mouse ocular fundus in the inhibition or absence of Smad3
has not yet been examined. In the present study, we therefore
investigated the effects of gene deletion of Smad3 on the
growth of laser-induced CNV in mice. We show here that the
loss of Smad3 attenuates the development of laser-induced
CNV in association with suppression of inflammation and
fibrotic reaction in mice, although in vitro blocking of the
Smad2/3 signal promotes the formation of vessel-like tube
structures of vascular endothelial cells.

MATERIALS AND METHODS
Experiments were approved by the DNA Recombination
Experiment Committee and the Animal Care and Use
Committee of Wakayama Medical University. They were
conducted in accordance with the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research.

Experimental CNV Model in KO Mice
Argon laser-induced CNV was generated by a previously
described technique with some modifications.38 Male 8–12-
week-old B6.129-background Smad3-deficient (KO) mice
(n= 5) and wild-type (WT) mice (n= 5) were used for
evaluation of the size of CNV. Retina in each eye received
laser photocoagulation for the induction of experimental
CNV under a slit-lamp microscope observation and an argon
laser photocoagulator. A coverslip was applied to the cornea
to view the retina with sodium hyaluronate. Four lesions were
produced using a power of 150 mW, a spot size of 80 μm, and
a duration of 0.05 ms. Lesions were located at the 3-, 6-, 9-,
and 12-o'clock meridians centered on the optic nerve and

were located two or three disc diameters from the optic nerve.
Fourteen days after laser photocoagulation, all 40 laser spots
were used for fluorescein-dextran angiography to quantify the
size of the CNV lesion in each of five WT or five KO mice as
follows.

Histology and Immunohistochemistry
Six KO and six WT mice were used. Ocular fundus laser
coagulation was performed as described above. At day 3
(n= 4) or day 14 (n= 2), the mice were killed and the eyes
were processed for paraffin section or cryosectioning. The
paraffin sections (5 μm) of day 14 specimens were stained
with hematoxylin and eosin (HE). The cryosections (5 μm)
of day 3 were stained for phospho-Smad2 and phospho-
Smad1/5/8 or double immunostained for CD31 and glial
fibrillary acidic protein (GFAP). Primary antibodies used
were: rabbit polyclonal anti-phospho-Smad2 (Ser465/467)
antibody (1:100 in PBS; Millipore, Bedford, MA, USA), goat
polyclonal anti-phospho-Smad1/5/8 (Ser463/465) antibody
(1:100 in PBS; Santa Cruz Biotechnology, Santa Cruz, CA,
USA), rat monoclonal anti-CD31 antibody (1:100 in PBS;
Santa Cruz Biotechnology), and rabbit polyclonal anti-GFAP
antibody (1:500; DAKO, Glostrup, Denmark). After overnight
reaction with each primary antibody and subsequent rinsing
in PBS, the specimens were treated with secondary antibodies.
Antibodies used were: Alexa Fluor 488-conjugated anti-rabbit
IgG (H & L) (1:200 in PBS; Life Technologies Corporation,
Carlsbad, CA, USA) for phospho-Smad2 staining, Alexa Fluor
488-conjugated anti-goat IgG (H & L) (1:200 in PBS; Life
Technologies Corporation) for phospho-Smad1/5/8 staining,
FITC-conjugated anti-goat IgG (1:100 in PBS; Cappel, MP
Biomedicals, LLC, Solon, OH, USA) for GFAP immuno-
staining, and rhodamine-conjugated anti-rabbit IgG (1:100 in
PBS; Cappel) for CD31 staining. All samples were mounted
(VECTASHIELD Mounting Medium with DAPI; Vector Lab,
Burlingame, CA, USA). Sections were observed under a
confocal microscope (Apotome 2; Carl Zeiss, Jena, Germany).

Quantitation of the Size of CNV Lesions
We evaluated the size of CNV by using angiography in
choroidal flat mounts as previously reported.38 Fourteen days
after laser photocoagulation, mice were anesthetized and
perfused through the left ventricle with a 26-gauge cannula
with 1 ml of 50 mg/ml fluorescein isothiocyanate (FITC)-
labeled dextran in 10% gelatin (2 × 106 MW; Sigma, St Louis,
MO). The mice were killed by CO2 asphyxiation. The eyes
were enucleated and fixed in 4% paraformaldehyde for 1 h.
The anterior segment, crystalline lens, and retina were
removed from the eyeball. The remaining sclera, with choroid
and retinal pigment epithelium (RPE), was flat-mounted after
several relaxing radial incisions and cover-glassed. Specimens
were analyzed by fluorescence microscopy (U-CMAD3;
Olympus, Tokyo, Japan) in a masked fashion by a research
assistant. WinROOF software (Mitani Corporation, Tokyo,
Japan) was used to measure the size of the hyperfluorescent
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areas corresponding to CNV. A two-sample Student's t-test
with unequal variance was used for statistical analyses of the
quantitative CNV size in flat-mounted specimens.

Immunohistochemistry in Flat-Mounted Choroidal
Tissue Specimens
Six KO and six WT mice were used. At 3 (n= 3) or 35 (n= 3)
days after laser treatment, cornea and crystalline lens were
removed from the enucleated eye, followed by preparing a
radial relaxing incision in the eye cup of choroid and sclera.
The tissues were then fixed with 4% paraformaldehyde for
20 min and the retina and sclera were removed from the
choroid of the eye cup. Flat mount specimens of choroidal
tissue obtained at day 3 or 35 was immunostained for F4/80
and myeloperoxidase (MPO) or α-smooth muscle actin
(αSMA), respectively. The samples were incubated with rat
monoclonal anti macrophage F4/80 antibody (Clone A3-1,
1:50 dilution in PBS; BMA Biomedicals, August, Switzerland),
rabbit polyclonal anti-myeloperixidase (MPO) antibody (1:100
dilution in PBS; NeoMarkers, Fremont, CA, USA) antibody or
mouse monoclonal anti-αSMA antibody (1:100 dilution in
PBS; NeoMarkers) at 4 °C for 24 h. The specimens were then
incubated for 2 h at room temperature with FITC-conjugated
anti-goat IgG (1:100 dilution; Cappel) for F4/80 or αSMA and
rhodamine-conjugated anti-rabbit IgG (1:100 dilution;
Cappel) for MPO after being washed in phosphate-buffered
saline (PBS). All samples were mounted (Aqua-Poly/Mount;
Funakoshi, Tokyo, Japan). Photomicrographs were captured
with a digital camera mounted on a fluorescence microscope
(ECLIPS E800; Nikon, Tokyo, Japan).

Real-Time Reverse Transcription-Polymerase Chain
Reaction
For the purpose of understanding the effects of lack of or
blocking Smad3 on angiogenic gene expression and
inflammation, we performed gene expression analysis in the
laser-irradiated eyes by using real-time reverse transcription-
polymerase chain reaction (RT-PCR). We used both eyes of
20 adult WT or 20 KO mice for laser irradiation. Retina/
choroid in each eye received laser photocoagulation for the
induction of experimental CNV under slit-lamp microscope
observation as described above. Fifteen laser spots were
prepared in each eye. At day 1 (20 eyes in each genotype of
mice) and day 3 (20 eyes in each genotype of mice), the mice
were killed by CO2 asphyxia. Each eye was enucleated. The
cornea, iris, lens, and retina were removed from the sclera,
and the tissue of RPE–choroid–sclera complex was obtained.
Four tissue samples of RPE–choroid–sclera complex were
merged into one RNA sample; thus, we had five RNA samples
in each experimental condition, as reported previously.39,40

The expression level of TGFβ1, MPO, F4/80, MCP-1), IL-6,
VEGF, and αSMA were assayed with real-time RT-PCR
(TaqMan; Propriety Gene Expression Assays; Applied
Biosystems, Foster City, CA). (As for examination of TGFβ1
mRNA expression 20 eyes at day 1 in each genotype of mice

and 40 eyes at day 3 in each genotype of mice were used for
RNA extraction.) All the data were normalized for endogen-
ous expression of glyceraldehyde-3-phosphate dehydrogenase
by using ΔΔCt and were statistically analyzed with the Mann–
Whitney U-test.

In Vitro Coculture Experiment
A commercial coculture system of human umbilical vascular
endothelial cells (HUVECs) and fibroblasts (NV Kit KZ‐2000;
Kurabo, Tokyo, Japan) was used to examine effects of
cytokines on tube-like structure formation. We examined
the effect of SIS3 (1 nM) and SB431542 (10 μM) on TGFβ1
(1 ng/ml) and VEGF-A (10 ng/ml) stimulation of vessel-like
tube formation according to the protocol provided by
the manufacturer. Specificity of the inhibitory effect of
SB431542 on Smad2/3 and SIS3 on Smad3 signaling were
established.41,42 HUVECs were seeded on confluent fibroblast
feeder layer in a 24-well culture plate. Eight wells were
prepared for each culture condition. Vessel-like tube tissue
formed by HUVECs was detected by immunostaining with
anti-CD31, an endothelium marker at day 11 of culture.
Immunoreactivity was visualized by 3,3′-diaminobenzidine
color reaction. Total length of the CD31-labeled structure
and the number of branching (bifurcation) were determined
in four independent area in each well by a software of the
kit manufacturer (KSW 5000U; Kurabo, Tokyo, Japan),
and statistically analyzed by using Mann–Whitney U-test.
Experiments were repeated two times to confirm the
reproducibility.

Cytoplasmic Signaling in HUVECs Treated with Each of
the Inhibitors
To examine if the tube-like structure formation by HUVECs
treated with each of the inhibitors is associated with the
activation/inactivation of mitogen-activated protein kinases
(Erk1/2, p38, and JNK). We then ran western blotting of
HUVEC samples treated with TGFβ1 in the presence or
absence of either SB431542 or SIS3. The cells (KE-4109;
Kurabo, Tokyo, Japan) were cultured until confluency in a
60-mm culture dish in the medium of KE-2150 S (Kurabo)
supplemented with a mixture of cell growth assistance
(KE-6150; Kurabo) containing fetal bovine serum, epidermal
growth factor, hydrocortisone, heparin, gentamycin, and
amphotericin B. The cells were further incubated in a
medium free from serum and growth factors (KE-2350 S;
Kurabo) for additional 12 h in the presence or absence of
either SB43154 (10 μM) or SIS3 (1 nM). The cells were then
treated with TGFβ1 (1 ng/ml) for 0.5, 1, 2, 3 and 6 h and were
harvested in cell lysis buffer (Sigma) for western blotting. The
expression level of phospho-Erk1/2/Erk1/2, phospho-p38/
p38, phospho-JNK/JNK, or phospho-Smad1/5/8/Smad1/5/8
were semiquantified by western blotting as reported
previously.43 In brief, the cells were harvested in Sigma
mammalian cell lysis buffer (100 μl per dish) and processed
for SDS-polyacrylamide gel electrophoresis and western
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blotting. Antibodies used were as follows: Erk1/2 (1:1000;
Santa Cruz Biotechnology), phospho-Erk1/2 (1:2000; Cell
Signaling, Boston, MA, USA), p38 MAPK (1:1000; Cell
Signaling), phospho-p38 MAPK (1:1000; Cell Signaling),
JNK (1:1000; Santa Cruz Biotechnology), phospho-JNK
(1:2000; Cell Signaling), Smad1/5/8 (1:1000; Santa Cruz
Biotechnology), and phospho-Smad1/5/8 (1:1000; Santa Cruz
Biotechnology). The peak height or area was measured
for quantitation (ATTO’s Densitometry Software) of each
phospho-component and the membrane was then stripped
and restained for non-phospho-component. Secondary
antibodies used were peroxidase-conjugated polyclonal
antibodies (1:2000; DAKO).

RESULTS
Experimental CNV Model in KO Mice
Argon laser irradiation successfully induced CNV in WT and
KO mice. HE histology showed the presence of scar-like
choroidal tissue beneath the damaged retina at the site of laser
injury and that the scarring in choroid seems less marked in
Smad3 KO mice at day 14 after laser photocoagulation
(Figures 1aA and B). Immunohistochemistry also suggested
that the growth of CD31-labeled neovascularization in the
area of laser irradiation was impaired by the loss of Smad3
(Figures 1aC and D). GFAP expression, a marker for retinal
fibrosis, was also suppressed in the laser-irradiated tissue by
the loss of Smad3.

WT KO

p< 0.01

WT KO

Day 14

Day 3

Day 3

Day 3

Day 14

pSmad2

pSmad1/5/8

WT                 KO

Figure 1 The loss of Smad3 inhibits development of laser-induced choroidal neovascularization (CNV). (a) Histological and immunohistochemical
analysis of CNV. Hematoxylin and eosin histology of paraffin sections of the laser-irradiated eye at day 14 indicates destruction of retinal structure and
scarring tissue formation in choroid (A and B). Such findings seem more prominent in a wild-type (WT) mouse (A) as compared with a Smad3-null (KO)
mouse (B). Expression of Muller glia confirms the damage of the retina by the laser irradiation. Double-immunofluorescence staining for the endothelial
cell marker, CD31 (green fluorescein), and glial fibrillary acidic protein (GFAP, rhodamine), a marker for Muller glia activation, in frozen sections obtained
of the laser-irradiated eye of a WT mouse (C) and a KO mouse (D) at day 3 after injury. CD31 staining that indicates neovascularization (white arrows)
was more frequently observed in a WT mouse at the injured area as compared with a KO tissue. Expression level of phospho-Smad2 (E, F, white
arrowheads) and phospho-Smad1/5/8 (G, H, white arrowheads) is inhibited by the loss of Smad3 (F, H) in the injured tissue as compared with WT tissue
(E, G) at day 3. Scale bar, 100 μm. (b) Angiography with fluorescein isothiocyanate (FITC)-labeled dextran in choroidal flat-mounted specimens show the
presence of CNV in both WT and KO tissues (A, B). The size of FITC-labeled CNV seems smaller in a KO choroid (B) as compared with a WT tissue (A).
(c) Computer software-assisted analysis shows that the size of CNV is significantly small in KO mice that in WT animals. Y axis indicates total pixels
measured. Bars, s.e.m.; **Po0.05 by Student’s t-test.
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We then examined the activation of Smad2 and Smasd1/5/8
in day 3 tissue specimens. Expression of both phospho-Smad2
and phospho-Smad1/5/8 were reduced by the loss of Smad3
(Figures 1aE–H). Protein expression of both active form and
intracellular form of TGFβ1 by immunohistochemistry with
our antibody did not pick up significant staining (data not
shown) presumably due to the fact that the ligand level was
below the detection by immunostaining.

To quantify the degree of CNV formation in mice, we
evaluated the size of CNV lesions by FITC-dextran perfusion
angiography. FITC-dextran perfusion was performed in mice
at day 14 after laser photocoagulation and prepared choroidal
flat mount specimens after killing mice (Figures 1bA and B).
The size of FITC-labeled CNV outgrowths was smaller in the
KO group (40 spots in 10 eyes) compared with that in the WT
group (40 spots in 10 eyes) (Figure 1c).

Fibrotic Consequence and the Level of Tissue
Inflammation in Laser-Irradiated Choroidal Tissue
We assayed the expression level of F4/80, a macrophage
marker, and MPO, a neutrophil marker for the evaluation of
the level of tissue inflammation. At day 3, immunostaining
for F4/80 and MPO in flat-mounted choroidal specimens
suggested that lack of Smad3 suppressed infiltration of
macrophages, but not of neutrophils to the laser-injured
areas of choroid (Figures 2a and b). At both day 1 and day 3,
mRNA expression level of F4/80, but not MPO, in choroidal

tissue was significantly suppressed by the loss of Smad3
(Figures 2d and e).

We then used the expression level of αSMA, a marker for
myofibroblast, for the evaluation of the degree of tissue
fibrosis. At day 35, immunostaining for αSMA in
flat-mounted choroidal specimens suggested that lack of
Smad3 suppressed the appearance of myofibroblasts in
laser-injured areas (Figure 2c). At day 1, but day 3, mRNA
expression level of αSMA in choroidal tissue was significantly
suppressed by the loss of Smad3 (Figure 2f).

Expression of mRNA of VEGF and IL-6 was significantly
suppressed in KO laser-irradiated choroidal tissues as
compared with that in the control mice at days 1 and 3
(Figures 3a and b). mRNA expression of TGFβ1 and MCP-1
was inhibited at day 1, but not day 3, in laser-irradiated
choroidal tissues by Smad3 deletion as compared with that in
WT tissue (Figures 3c and d).

HUVEC Tube Formation Assay
Adding TGFβ1 or VEGF to the culture medium significantly
promoted the activity of vessel-like tube formation by
HUVECs as evaluated by the total length and the number
of branching of the CD31-labeled structure (Figure 4).
Further, addition of a Smad3 inhibitor, SIS3, significantly
augmented the activity of tube formation by HUVECs in the
presence of either TGFβ1 (Figure 4) or VEGF (Figure 4). We
then examined if adding an ALK5 inhibitor, SB431542, on the
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Figure 2 The loss of Smad3 inhibits local tissue inflammation and tissue fibrosis during the development of laser-induced choroidal neovascularization
(CNV). Distribution of macrophages (a) and neutrophils (b) are visualized by immunostaining for F4/80 antigen or myeloperoxidase (MPO), respectively,
in flat-mounted choroidal tissues at day 3. Appearance of myofibroblasts is detected by immunostaining for α-smooth muscle actin (αSMA) at day 5 (c).
Immunohistochemistry suggests that Smad3 deficiency decreases the number of infiltrating macrophages and appearance of myofibroblasts, but not
neutrophils, at the area of laser irradiation. Real-time reverse transcription-polymerase chain reaction (RT-PCR) in choroidal (with sclera) samples
indicates that expression of F4/80 mRNA (d), but not MPO mRNA (e), is significantly suppressed in a Smd3-null tissue as compared with a wild-type
tissue at days 1 and 3. Expression of αSMA mRNA is significantly suppressed in choroidal tissue at day 1, but not at day 3, by Smad3 gene deletion (f).
**Po0.01; NS, not significant by by Mann–Whitney U-test; bar, mean± s.e.m.
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vessel-like tube formation by the cells. Similar to SIS3, adding
SB431542 also enhanced the tube formation by the cells in the
presence of either TGFβ1 or VEGF (Figure 5).

Effects of Each Inhibitor on Signal Transduction in
HUVECs
Western blotting was performed on the samples of HUVECs
exposed to exogenous TGFβ1 in the presence or absence
of each inhibitor to further understand the effects of
each inhibitor on signal transduction in HUVECs. Adding
SB431542 potentiated activation of Erk1/2, but not p38,
JNK and Smad1/5/8 upon exposure to exogenous TGFβ1
(Figure 6). On the other hand, treatment of cells with SIS3 did
not alter the level of TGFβ1-induced activation of these four
signaling cascades (Figure 6).

DISCUSSION
In the present study, we show for the first time that the loss of
Smad3 reduced laser-induced CNV in mice. Argon laser
irradiation of the ocular fundus damages Bruch’s membrane,
overlaying retina and underlying choroidal tissue and induces
inflammation by heat coagulation. Eventually, CNV develops
that mimics the human condition wet-type CNV.10,11 Human
CNV tissue contains a number of macrophages that are
considered to be a major source of angiogenic growth factors
in the local tissue.23–27

In the present study, examination at day 14 showed that the
size of experimental CNV was smaller in a KO mouse as
compared with a WT mouse. Development of CNV is
believed to depend on angiogenic growth factors expressed in
inflammatory cells that have infiltrated to the laser-injured
local tissue. We therefore examined whether lack of Smad3
affects the degree of local tissue inflammation by using
immunohistochemistry in flat-mounted choroidal specimens
and real-time RT-PCR of RNA samples extracted from
laser-injured choroidal tissues. Immunohistochemistry detected
accumulation on MPO-labeled neutrophils and F4/80-labeled
macrophages in the laser-irradiated areas. Real-time RT-PCR
showed that the loss of Smad3 suppressed the expression level
of a macrophage marker, F4/80, in irradiated choroidal tissues
at days 1 and 3, but did not affect neutrophil infiltration on the
tissue. Activation of tissue-deposited TGFβ by laser injury
might not be followed by the further augmentation of
inflammation in the absence of Smad3 signal. Expression of
VEGF, MCP-1, IL-6, and TGFβ1 was less prominent in a KO
tissue as compared with a WT tissue. Immunohistochemistry
showed that the loss of Smad3 suppressed the expression
of phospho-Smad2 and phospho-Smad1/5/8 in the
laser-irradiated tissue at day 3, suggesting the reduction of
the tissue level of specific ligands. Reduction of expression
of Smad3-dependent growth factors might further inhibit
subsequent invasion of macrophages to the tissue. Reduction
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Figure 3 The loss of Smad3 suppresses expression of inflammatory growth factor and cytokines during the development of laser-induced choroidal
neovascularization (CNV). mRNA expression level of vascular endothelial growth factor (VEGF) (a), interleukin-6 (IL-6) (b), transforming growth factor β1
(TGFβ1) (c), and monocyte chemotactic protein-1 (MCP-1) (d) in laser-irradiated tissue samples of retinal pigment epithelium–choroid–sclera complex of
WT mice and Smad3-null mice at day 1 and 3 after laser induction. Expression of VEGF and IL-6 in laser-injured choroidal tissues was suppressed by the
loss of Smad3 at days 1 and 3, and that of TGFβ1 and MCP-1 decreases in Smad3-null tissue at day 1 as compared with wild-type mice. *Po0.05,
**Po0.01; NS, not significant by Mann–Whitney U-test; bar, mean± s.e.m.
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of these growth factors or cytokines could be explained by
the less invasion of macrophages and was attributed to the
attenuation of CNV growth postlaser treatment by Smad3
gene deletion.

In the clinical setting, fibrosis is also the major feature of
wet-type CNV. Recent advances in bioengineering-based
therapy has allowed us to treat CNV-related diseases with
intracameral administration of an anti-VEGF-neutralizing
antibody, which yields satisfactory outcomes in terms of
regression of neovascularization and resultant reduction of
subretinal or choroidal exudation and visual improvement.
However, a remaining issue to be resolved is subretinal/
choroidal tissue fibrosis after regression of neovasculari-
zation.44–46 In general, the process of tissue fibrosis is
mediated by various fibrogenic growth factors including
TGFβ and connective tissue growth factor (CTGF). CTGF is
known to be upregulated by TGFβ signaling. TGFβ activates

fibrogenic cell behaviors via Smad3 pathway and other
noncanonical TGFβ signals, that is, MAPKs, overall support
Smad3-mediated gene responses. We hypothesized that
fibrosis associated with laser-induced CNV might also be
suppressed by the loss of Smad3 in mice. To explore this
question, we analyzed protein and mRNA expression of
αSMA by immunohistochemistry and real-time RT-PCR
because myofibroblast is the central key player of tissue
fibrosis. Immunohistochemistry in flat-mounted choroidal
tissue obtained at day 35 suggested that Smad3 deletion
inhibited myofibroblast generation in the laser-injured area.47

It was also reported that the expression level of GFAP
represents the degree of fibrotic reaction of neural retina.48 In
the current study, protein expression of GFAP in the
laser-irradiated neural retina was also suppressed by the loss
of Smad3. Real-rime RT-PCR showed suppression of αSMA
mRNA expression at day 1 (but not at day 3) in choroidal
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Figure 4 Addition of a Smad3 inhibitor augments vessel-like structure formation by human umbilical vascular endothelial cells (HUVECs) in the
presence of transforming growth factor β1 (TGFβ1) or vascular endothelial growth factor (VEGF). Vessel-like tube formation by HUVECs is detected by
CD31 immunostaining in coculture with fibroblasts in the presence of TGFβ1 or VEGF. CD31-immunoreactive vessel-like tissue is seen on the fibroblast
feeder layer in the control culture without specific ligands (a-A). More dense vessel-like tissue with more frequent branching was seen with 1 ng/ml
TGFβ1 (a-B) and 10 ng/ml VEGF-A (a-C). Adding an inhibitor of Smad3 (SIS3) at the concentration of 1 nM to the culture medium seems to accelerate
the formation of tube-like structure by HUVECs (a-D-F). Promotion of tube-like tissue formation by adding SIS3 is confirmed by evaluation of total
length of the structure (b) and the number of branching formation (c). *Po0.05, **Po0.01, ***Po0.001 by Mann–Whitney U-test; bar, mean ± s.e.m.
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tissue. This finding suggests that blocking Smad3 blocks
both new vessel growth and potentially tissue scarring in
laser-irradiated choroid.

Recently, Zhandi et al.49 reported that macrophage subset
conversion has an important role in the development of
CNV-type AMD. The M2 subset of macrophages that are
involved in containing inflammation and repairing tissue
damage, but not M1 macrophages, are reportedly involved in
the development of CNV. Infiltration and activation of M2
macrophages are known to be TGFβ-dependent,50,51 and thus
the current finding that lack of Smad3 attenuates macrophage
invasion and development of laser-induced CNV is consistent
with the results of these previous reports. We show here that
the loss of Smad3 suppressed local tissue inflammation in
choroid postlaser irradiation and attenuated the formation of

CNV in mice. Decreased macrophage invasion and resultant
reduction of the level of angiogenic factors could explain the
inhibition of CNV growth. However, the effects of the lack of
Smad3 in vascular endothelial behavior also need to be
examined to understand the contribution of vascular
endothelial cells to the in vivo outcome.

We then examined the effects of blocking Smad3 signaling
on the activity of the formation of vessel-like tube structure of
HUVECs on fibroblast feeder layer, which mimics in vivo
neovascularization activity. It is reported that HUVECs or
other vascular endothelial cells, different from other cell
types, express two types of TGFβ receptors, that is, ALK1 and
ALK5, that mediate contradicting effect on angiogenesis/
neovascularization.52,53 Another study showed that gene
transfer of ALK5 caused antiangiogenic activity and inhibited
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Figure 5 Supplementation of an ALK5 inhibitor enhances vessel-like structure formation by human umbilical vascular endothelial cells (HUVECs) in the
presence of transforming growth factor-β1 (TGFβ1) or vascular endothelial growth factor (VEGF). Vessel-like tube formation by HUVECs is detected by
CD31 immunostaining in coculture with fibroblasts in the presence of TGFβ1 or VEGF. CD31-immunoreactive vessel-like tissue is seen on the fibroblast
feeder layer in the control culture without specific ligands (aA). More dense vessel-like tissue with more frequent branching was seen with 1 ng/ml
TGFβ1 (aB) and 10 ng/ml VEGF-A (aC). Adding an inhibitor of ALK5 (SB431542) at the concentration of 10 μM to the culture medium seems to accelerate
the formation of tube-like structure by HUVECs (aD-F). Promotion of tube-like tissue formation by adding SB431542 is confirmed by evaluation of the
total length of the structure (b) and the number of branching formation (c). *Po0.05, **Po0.01, ***Po0.001 by Mann–Whitney U-test; bar, mean± s.e.m.
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tube formation, whereas ALK1 overexpression did not affect
tube formation in HUVECs.54 In vascular endothelial cell
types, TGFβ binding to ALK1 mediates signaling for
acceleration of cell migration and angiogenesis via upregula-
tion of Id1, whereas TGFβ/ALK5 complex activates signaling
cascades toward inhibition of angiogenesis or new vessel
formation.37 We show here that adding an inhibitor of
Smad3, SIS3 (1 nM), accelerated angiogenic activity of
HUVECs cultured on fibroblast feeder layer in the absence
or presence of TGFβ1 or VEGF, indicating that ALK5/Smad3
signal negatively regulated tube formation by HUVECs.
Supplementation of SIS3 to the culture medium did not
exhibit a significant effect on signaling cascades of Erk1/2,
p38, JNK, and Smad1/5/8, indicating that relative predomi-
nance of Smad1/5/8 against Smad3 signal might be much
involved in in vitro tube-like structure formation. It was
reported, however, that signaling cascades involved in
angiogenesis mediated by Smad2 and Smad3 are not
equivalent; Smad2, but not Smad3, mediated the expression
of soluble VEGF-A receptor sFlt-1 that is capable of inhibition
of VEGF in response to TGFβ1.55 Thus, we then blocked the
phosphorylation of both Smad2 and Smad3 by adding an
ALK5 inhibitor, SB431542, in HUVEC culture on fibroblast
feeder, and obtained a result that blocking ALK5 also
promoted angiogenic activity of HUVECs similar to the
effects of a Smad3 inhibitor SIS3. In general, formation of
heterodimer complex of ALK1 and ALK5 is essential to
signaling activation by ALK1 receptor upon TGFβ exposure.
ALK1 signal is reportedly abolished in the absence of ALK5
receptor.53 However, it was reported that ALK1–endoglin
complex is formed in vascular endothelial cells cultured on

fibronectin matrix and mediates Smad1/5/8 signal in the
absence of ALK5.56 In the current experiment, HUVECs were
cultured on fibronectin-rich (data not shown) fibroblast
feeder later and thus might not require ALK5. The effect of
promoting branching of the newly formed tube-like structure
was more marked with SB431542 as compared with the
samples supplemented with SIS3 in TGFβ1-plus culture. Erk
signal is reportedly involved in in vitro tube-like tissue
formation by HUVECs.57,58 Although tube formation was
clearly accelerated by blocking Smads, blocking ALK5 (thus
blocking Smad2/3) might be related to the promotion of
formation of branching points via Erk activation. This point
remains to be uncovered.

Taken together, the current data show that suppression of
macrophage infiltration to the laser-injured local tissue by the
loss of Smad3 resulting in the suppression of development of
target of treatment of neovascularization and subfoveal
fibrosis CNV-related diseases.
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