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Choroidal neovascularization is one of the major pathological changes in age-related
macular degeneration, which causes devastating blindness in the elderly population. The
molecular mechanism of choroidal neovascularization has been under extensive
investigation, but is still an open question. We focused on sonic hedgehog signaling, which
is implicated in angiogenesis in various organs. Laser-induced injuries to the mouse retina
were made to cause choroidal neovascularization. We examined gene expression of sonic
hedgehog, its receptors (patched1, smoothened, cell adhesion molecule down-regulated by
oncogenes (Cdon) and biregional Cdon-binding protein (Boc)) and downstream transcription
factors (Gli1-3) using real-time RT-PCR. At seven days after injury, mRNAs for Patched1
and Gli1 were upregulated in response to injury, but displayed no upregulation in control
retinas. Immunohistochemistry revealed that Patched1 and Gli1 proteins were localized to
CD31-positive endothelial cells that cluster between the wounded retina and the pigment
epithelium layer. Treatment with the hedgehog signaling inhibitor cyclopamine did not
significantly decrease the size of the neovascularization areas, but the hedgehog agonist
purmorphamine made the areas significantly larger than those in untreated retina. These
results suggest that the hedgehog-signaling cascade may be a therapeutic target for age-

related macular degeneration.
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I. Introduction

Age-related macular degeneration (AMD) is a devas-
tating disease that causes blindness in the elderly popula-
tion, especially in developed countries. AMD is a complex
multifactorial disease that involves environmental factors
such as cigarette smoking and lifetime sunlight exposure,
and genetic components such as factors in the complement
system [6, 22, 28]. The multifactorial nature of AMD
makes the development of a complete therapy almost
impossible [6].
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Choroidal neovascularization (CNV) is one of the
major pathological changes in AMD and has therefore
become a target of therapeutic strategies [6, 10]. Inappro-
priate angiogenesis causes CNV in the AMD retina. Indeed,
several angiogenic factors have been so far implicated in
the pathogenesis of CNV. Vascular endothelial growth fac-
tor (VEGF)-A, VEGF-B, Angiopoietinl and Angiopoietin2
are representative angiogenic factors and their pathogenic
roles in AMD have been explored [5, 26]. Among these,
the angiogenic effect of VEGF-A in CNV has since been
established and VEGF-A is currently the best target of
anti-AMD therapy; anti-VEGF-A monoclonal antibodies
(bevacizumab, ranibizumab) effectively reduce CNV
development in AMD patients [23, 44]. Compatible with
these studies, blocking of VEGF receptor function is also
effective in treating CNV [18, 25]. Although the anti-
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VEGF and anti-VEGF receptor therapies are successful in
reducing CNV, their effects are clinically modest and other
VEGF-related drugs are also under investigation [46]. Dif-
ferent kinds of anti-angiogenic factor therapies have also
been sought to provide more effective treatments. Notch
signaling [1] and the Wnt pathway [47] exemplify potential
targets for such alternative therapeutic developments.

Sonic hedgehog (Shh) is a powerful angiogenic factor
during development [33, 34, 38] and in cancer tissues [37].
The Shh pathway is also implicated in CNV, and because
its inhibition reduces CNV [42] the Shh pathway is a candi-
date target of anti-AMD therapy. Interestingly, a recent
genome-wide association study revealed a potential, albeit
not significant, association of the Shh pathway components
Gli2 and Gli3 with AMD [17]. Given the genome associa-
tion results, we first examined whether Shh signaling
components are upregulated in the mouse CNV model. We
also investigated whether pharmacological stimulation or
inhibition of Shh signaling affects CNV.

II. Materials and Methods

Animals

Adult male C56BL/6 mice (8—10 weeks old, Japan
Charles River Laboratory, Yokohama, Japan) were housed
in plastic cages under standard laboratory conditions
(23£1°C, 55+5% humidity in a room with a 12-hr light-
dark cycle) and had access to tap water and food ad libitum.
The Animal Care Committee of Nara Medical University
approved the protocols for this study in accordance with the
policies established in the NIH Guide for the Care and Use
of Laboratory Animals.

Laser-induced retinal lesions and drug delivery

Adult mice were anesthetized with an intraperitoneal
injection of chloral hydrate (Aldrich, TX, USA). The pupils
of all animals were dilated using topical 0.5% tropicamide
and 0.5% phenylephrine (Midorin P, Santen Pharmaceuti-
cals, Osaka, Japan). We placed a cover glass on the cornea
and delivered four laser burns to the retina of one eye at a
distance of one to two disc diameters from the optic disc
using the krypton laser system (530.9 nm wavelength,
MC-7000, NIDEK, Aichi, Japan). Laser settings were 100
mW power and 800 ms duration. We reproducibly gener-
ated laser burns 100 um in diameter without any major
damage to retinal arteries or veins. In each mouse, one eye
was laser-treated and the other (control) was sham-operated
(a cover glass was placed on the cornea but no laser burns
were delivered). For mRNA quantification, mice were kept
for five or seven days after treatment and then sacrificed by
decapitation under deep anesthesia. The eyeballs were
enucleated and the retinas were dissected out for real-time
PCR analyses (see below). For double-labeling immuno-
histochemistry, mice were perfused with 4% paraformalde-
hyde in phosphate buffer at five or seven days after
treatment. The retinas were dissected out and 20 pm retinal

sections were cut on a cryostat. The sections were subjected
to double-labeling immunohistochemistry (see below). For
Shh signaling modification by pharmacological agents,
mice were divided into three groups (n=5 for each group)
after the laser irradiation. One group received daily intra-
peritoneal injections of 10 mg/kg cyclopamine (a sonic
hedgehog antagonist; Cosmo Bio, Tokyo, Japan) and a
second group received daily intraperitoneal injections of 15
mg/kg purmorphamine (a sonic hedgehog agonist; Santa
Cruz Biotechnology, TX, USA). The third (control) group
received daily injections of vehicle (10% dimethyl sulfox-
ide in distilled water) alone. At seven days after laser
irradiation, all the mice were perfused with 4% paraformal-
dehyde in phosphate buffer and eyeballs were enucleated.
The retinas were subjected to flat-mount immunohisto-
chemistry for CD31 (see below).

Real-time reverse transcriptase-polymerase chain reaction

Total RNA of the retina was extracted using TRIzol
(Invitrogen, CA, USA). The extracts were reverse-
transcribed using random primers and a QuantiTect
Reverse Transcription kit (QIAGEN, Tokyo, Japan),
according to the manufacturer’s instructions. Real-time RT-
PCR was performed using a LightCycler Quick System
350S (Roche Diagnostics, Tokyo, Japan), with SybrGreen
Realtime PCR Master Mix Plus (Toyobo, Osaka, Japan).
The specific primers used in the present study are listed in
Table 1.

Double-labeling immunohistochemistry
Immunohistochemical procedures were described pre-
viously [32, 43]. Briefly, the retinal sections were incubated
with two primary antibodies in phosphate buffered saline
(PBS): one was Armenian hamster anti-CD31 IgG (Devel-
opmental Studies Hybridoma Bank, DSHB, clone 2HS;
dilution 1:20) and the other was rabbit polyclonal IgG
against either Sonic hedgehog (Sigma-Aldrich Japan,
AV44235; dilution 1:300), Patchedl (Sigma-Aldrich Japan,
SAB4502472; dilution 1:200) or Glil (Abcam Japan,
ab92611; dilution 1:400). After being washed with PBS,
the sections were incubated with two secondary antibodies
in PBS for 2 hr: Alexa 488-conjugated goat IgG against
rabbit IgG (Jackson ImmunoResearch; dilution 1:400) and
Alexa 594-conjugated goat IgG against Armenian hamster
IgG (Jackson ImmunoResearch; dilution 1:400). The
labeled sections were counterstained with 4',6-diamidino-2-
phenylindole (DAPI, Sigma-Aldrich Japan, D9542) and
mounted on glass slides, and coverslips were sealed with
Vectashield (Vector Laboratories, CA, USA). We observed
the sections using a laser-scanning confocal microscope
(Fluoview 1000, Olympus, Tokyo, Japan). For the control
experiments of immunohistochemistry, we replaced the pri-
mary antibodies (see above) with either Armenian Hamster
isotype-control 1gG (MBL, Japan, M199-3; dilution 1:20)
or rabbit polyclonal isotype-control IgG (Abcam, Japan,
ab27472; dilution 1:200) and then treated sections with



Shh Signaling in Choroidal Neovascularization

69

Table 1. Forward and reverse primers employed in the present study
Abbreviated and full names of each gene and NCBI reference numbers are indicated.

Official . .

Symbol Forward primer Reverse primer NCBI Reference  Gene name

Shh CAAGAAACTCCGAACGATTTAAGG GCATTTAACTTGTCTTTGCACC NM_009170.3 sonic hedgehog

Thh GTGCATTGCTCTGTCAAGTCTG GGTCTCCTGGCTTTACAGCTG NM_010544.2 Indian hedgehog

Dhh TCCACGTATCGGTCAAAGCTGA CCAGTCACCACGATGTAGTTCC NM_007857.4 desert hedgehog

Ptchl CAGCTAATCTCGAGACCAACGTG GAGTCTGTATCATGAGTTGAGG NM_008957.2 patched homolog 1

Smo GACATGCACAGCTACATCGCAG CGCAGGGTAGCGATTGGAGTTCC NM_176996.4 smoothened homolog (Drosophila)

Gasl TCAACGACTGCGTGTGCGATGG GGACCGTTGCTCGCATCTGG NM_008086.2 growth arrest specific 1

Cdon CCAGTGCGTTGCCAACAACAGC TGGTACCCTGCAGCCAATGAAGC NM 021339.2 cell adhesion molecule-related/down-regulated
by oncogenes

Boc TACACTGCTTTGGATTCTCATGG AGTCACGTTCATCCATGGTGGCTC NM_172506.2 biregional Cdon binding protein

Glil ATAGTGAGCCATGCTGTCTCC TCTCTCTGGCTGCTCCATAACC NM_010296.2 GLI-Kruppel family member GLI1

Gli2 TACCACCAGATGACCCTCATGG CGTGGACTAGAGAATCGTGATGC NM_001081125.1 GLI-Kruppel family member GLI2

Gli3 GAGAACAGATGTCAGCGAGAAGG TGAGACCCTGCACACTCTGAGG  NM_008130.2 GLI-Kruppel family member GLI3

Vegfa CCTGGCTTTACTGCTGTACCTCC AGCTTCGCTGGTAGACATCCATG NM_001025250.3 vascular endothelial growth factor A

Vegfb AGCTGTGTGACTGTGCAGCGCTG  CATTGGCTGTGTTCTTCCAGG NM 011697.3 vascular endothelial growth factor B

Flt1 CCAGCATGTCATGCAAGCAGG GTCAAGGTGCTGCAGAATTGC NM_010228.3 FMS-like tyrosine kinase 1

Flkl (Kdr) GGAGCCTACAAGTGCTCGTACC GTTCTCGGTGATGTACACGATGC NM_010612.2 kinase insert domain protein receptor

Angptl TCAGCATCTGGAGCATGTGATGG TCAAGCATGGTGGCCGTGTGG NM_009640.4 angiopoietin 1

Angpt2 TCTACCTCGCTGGTGAAGAGTCC TGCAGATGCATTTGTCATTGTCC  NM_007426.4 angiopoietin 2

Tiel GTGTCTGTCATGACCATGATGG AGACCTCTACAACCTGCTGTGCC NM_011587.2 tyrosine kinase with immunoglobulin-like and EGF-like
domains 1

Tie2 (Tek) GAGGAAACCTGTTCACCTCAGC ATGGCAGACTCCATTGTTCTTGC NM _013690.3 endothelial-specific receptor tyrosine kinase

Gfap TGGAGAGGGACAACTTTGCACAGG CTTCATCTGCCTCCTGTCTATACG NM 001131020.1 glial fibrillary acidic protein

Cxcrd ATGGAACCGATCAGTGTGAGTATA  AGATGATGAAGTAGATGGTGGG  NM_009911.3 chemokine (C-X-C motif) receptor 4

Hifla AAGCTTCTGTTATGAGGCTCACC CACCATCACAAAGCCATCTAGG NM_010431.2 hypoxia inducible factor 1, alpha subunit

corresponding anti-Hamster or anti-rabbit secondary anti-
bodies, respectively. We also checked whether or not there
were cross-reactions between the primary antibodies
(Armenian hamster or rabbit) and the different species-
specific secondary antibody (anti-rabbit or anti-Armenian
hamster ones, respectively) by incubating sections with
these combinations of antibodies. We observed these con-
trol sections under a laser-scanning confocal microscope.

Quantification of CNV area using CD31
immunohistochemistry

The isolated retina was subjected to CD31 immuno-
histochemistry; briefly, the retina was incubated overnight
with anti-CD31 antibody (see above) and then treated with
secondary Alexa-488-conjugated anti-hamster IgG anti-
body (Jackson ImmunoResearch; dilution 1:400). The
immunolabeled retina was cut radially at four angles (0,
90, 180 and 270°) and then flat-mounted on a glass slide.
The retina was observed under a laser-scanning confocal
microscope (Fluoview 1000, Olympus). Because CD31 is
expressed in the endothelial cells, CD31 immunohisto-
chemistry could clearly reveal the choroidal neovasculari-
zation with proliferated endothelial cells (Fig. 4). Using
Imagel software (NIH, USA), we measured CD31-positive
areas and subjected them to statistical analyses.

Statistical analysis
Graphical data are presented as the mean+SEM. Sta-

tistical analyses of the results of real-time RT-PCR were
performed using the unpaired Student’s #-test. Morpho-
metric data of choroidal neovascularization were subjected
to Bonferroni-Holm adjustment for multiple comparisons.
Differences were considered significant when the p value
was <0.05.

III. Results and Discussion

We first examined whether our laser delivery system
efficiently and accurately rendered CNV in the retina by
checking the time-course of expression of injury- and
angiogenesis-related factors using real-time RT-PCR. As
injury-related factors, we chose glial fibrillary acidic pro-
tein (GFAP; Miiller glial marker), Cxcr4 (chemokine) and
Hifla (tissue hypoxia-related factor). Figure 1A indicates
that all three factors were significantly upregulated at day 7
after laser treatment. GFAP [11], Cxcr4 [29, 40] have been
reported to be upregulated in CNV lesions in animal
models, and Hifla [41, 45] in both an animal model and
human AMD. The present results confirm that our laser-
induced CNV at 7 days after treatment is a valid model
of this aspect of AMD. Angiogenic factors such as VEGF
and angiopoietins are expressed in the AMD retina, and
anti-VEGF treatment has successfully reduced CNV forma-
tion [9, 15, 23]. Figure 1B shows the expression patterns of
mRNAs for eight angiogenesis-related factors; at 7 days
after laser delivery, five of these mRNAs (VEGF-A, Fltl,
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Injury- and angiogenesis-related genes are upregulated in laser-induced retinal lesions. A: GFAP, Cxcr4 and Hifla gene expression in sham-

operated retinas and in retinas at 5 or 7 days after laser treatment was examined by real-time RT-PCR. Values are expressed as ratios to those of control
(sham-operated) retinas. A single asterisk indicates p<0.05 vs. the sham group and double-asterisk indicates p<0.01 vs. the sham group (n=3).
B: Expression of angiogenesis-related genes (VEGFa, VEGFb, Fltl, Flkl, Angiopoietinl, Angiopoietin2, Tiel and Tie2) was examined using real-time
RT-PCR in sham-operated retinas and in retinas at 5 or 7 days after laser treatment. Values are expressed as ratios to those of control (sham-operated)
retinas. Asterisk indicates p<0.05 vs. sham group and double-asterisk indicates p<0.01 vs. sham group (n=3).
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Laser-induced retinal lesions show upregulation of genes involved in the hedgehog signaling pathway. Sham-operated retinas, and retinas at 5 and

7 days after laser treatment, were isolated and the expression of hedgehog signaling component genes was examined by real-time RT-PCR. Values are
expressed as ratios to those of control (sham-operated) retinas. At 7 days after laser treatment, Ptchl, Cdon, Boc, Glil and Gli2 mRNAs were signifi-
cantly upregulated. Asterisk indicates p<0.05 vs sham group and double-asterisk indicates p<0.01 vs sham group. Ihh: Indian hedgehog, Dhh: Desert
hedgehog, Ptchl: patched 1, Smo: smoothened, Gasl: growth arrest specific gene 1, Cdon: cell adhesion molecule down-regulated by oncogenes, Boc:

biregional Cdon-binding protein.

angiopoietin 1, Tiel and Tie2) were upregulated. These
results demonstrate that our laser-induced CNV method is
comparable to those in previous studies and should there-
fore be applicable to assessing the contribution of the Shh
signaling pathway.

We next examined temporal expression patterns of
Shh signaling components in retinas with laser-induced
CNVs. Hedgehog ligands include Shh, Indian hedgehog
(Ihh) and Desert hedgehog (Dhh), all of which share com-

mon signaling components (i.e., receptors and intracellular
signaling molecules) [8, 27], and there are two canonical
receptors, patched (Ptch) and smoothened (Smo). In addi-
tion to these, cell adhesion molecule down-regulated by
oncogenes (Cdon) and biregional Cdon-binding protein
(Boc) are recently identified receptors for hedgehog [36].
Growth arrest specific gene 1 (Gasl), a transmembrane
protein, modulates hedgehog signaling [21, 24, 31]. We
also examined the expression patterns of the Gli family of
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CD31 DAPI

Fig. 3. Double-labeling of Shh signaling components and CD31 in the injured retina. A: A laser-induced retinal lesion (7 days after laser treatment) was
sectioned on a cryostat and stained with hematoxylin and eosin, showing general histological features of a lesion. The asterisks in A—D indicate space
between the injured retina and the pigment epithelium. INL, inner nuclear layer; ONL, outer nuclear layer. B: Shh (green) and CD31 (red) double-
labeled section. Arrows indicate CD31-positive endothelial cells (red) that proliferated in response to injury. Arrowheads show Shh immunoreactivity
(green). The lower image shows a higher-magnification view of neovascularization. Bar=100 um (also for B and C). INL, inner nuclear layer; OPL,
outer plexiform layer; ONL, outer nuclear layer. C: Ptchl (green) and CD31 (red) double-labeled section. White arrows indicate CD31-positive endo-
thelial cells and white arrowheads indicate Ptchl-positive structures. Yellow arrows indicate CD31-positive endothelial cells with Ptchl immuno-
reactivity. D: Glil immunoreactivity is shown in green. White arrowheads indicate Glil immunoreactivity and yellow arrows indicate Glil and CD31

double-positive cells.

intracellular signaling molecules. The Gli family consists
of three members, Glil, 2 and 3, which translocate into
nucleus upon activation of cell-surface receptors. Gli
family members are zinc-finger proteins that function as
transcription factors [19]. Figure 2 shows the temporal
expression patterns of the above-mentioned hedgehog sig-
naling components. Consistent with the GFAP, CxCr4 and
Hifl expression patterns, those of the hedgehog signaling
components tended to increase at 7 days after laser treat-
ment. Among the factors, Ptchl and Boc mRNAs were
significantly upregulated in treated compared to sham-
operated retinas, and Glil and Gli2 were also induced at 7
days after laser treatment. It should be noted that mRNA
levels of the hedgehog ligands Shh, Thh and Dhh were com-
parable to their sham-operated control levels at 7 days after
laser treatment. These results indicate that the laser-treated
retinas with CNV lesions are capable of responding to
hedgehog ligands, although the ligands themselves are not
upregulated in the lesions. In the context of the develop-
ment of CNV lesions and their progression, the cellular

localization of the wupregulated components of the
hedgehog-signaling pathway is of particular interest. We
therefore next examined the localization of signaling com-
ponents with immunohistochemistry.

We examined the cellular localization patterns of
hedgehog signaling components with special reference to
endothelial cells forming CNV lesions. We confirmed that
immunohistochemistry with non-specific IgGs of either
Armenian hamster or rabbit did not produce any signals
and that there were no cross-reactions between primary
Armenian hamster IgG and secondary anti-rabbit I1gG or
between primary rabbit IgG and secondary anti-Armenian
hamster IgG (data not shown). Figure 3 shows laser-
photocoagulated retinal sections that were stained with
hematoxylin and eosin (A) and that were double-labeled
with anti-CD31 antibody (a marker for endothelial cells)
and with antibodies for Shh (B), Ptchl (C) and Glil (D).
CD31-positive cells formed a cluster just beneath the neural
retina in the laser-induced lesion. Ptchl immunoreactivity
co-localized with the CD31-positive cell cluster (Fig. 3C).
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Fig. 4. Effects of Shh agonist and antagonist on laser-induced CNV lesions. A: Representative pictures of control (vehicle-treated), cyclopamine-treated
and purmorphamine-treated CNV lesions stained with anti-CD31 antibody. Dotted lines demarcate the edges of the CNV areas. Bar=200 pum. B: The
areas of CNV lesions (four CNV lesions per eye, three mice per group, n=12 per group) were measured with ImageJ software and statistically analyzed
for control (vehicle-treated), cyclopamine-treated and purmorphamine-treated groups. Purmorphamine-treated CNV lesions are significantly (* indi-

cates p<0.05) larger than cyclopamine-treated and control CNV lesions.

Glil immunoreactivity also localized to the CD31-positive
cell cluster (Fig. 3D). In the control sham-operated retina,
we observed neither Ptchl nor Glil immunoreactivities
(data not shown). Consistent with the real-time RT-PCR
results, we found only a few Shh immunoreactive cells
without co-localization of CD31 immunoreactivities (Fig.
3B). We speculate that the Shh-positive cells could be
fibroblasts, but its nature awaits further investigation. Thh
or Dhh proteins were not detected in the retinal lesions
(data not shown). In the control sham-operated retina, we
observed none of the hedgehog family proteins (data not
shown). These results suggested that the endothelial cells
forming CNV are capable of receiving hedgehog signal by
having upregulated signal-transducing components.

Figure 4A shows a representative flat-mount retina
stained with anti-CD31 antibody at day 7 after laser deliv-
ery. In the control group, CD31-immunoreactive lesions
were reproducibly formed in the retina and their size was
comparable to those reported previously [1, 14]. We found
that the size of neovascularization in the cyclopamine (Shh
antagonist)-treated retina was not significantly different
from that in the control retina (Fig. 4B), whereas the pur-

morphamine (Shh agonist) treatment significantly increased
the size of neovascularization (Fig. 4B).

Sonic hedgehog and its family members are impli-
cated in angiogenesis in various tissues and in various
situations including physiological and pathological con-
ditions [12, 39]. Promotion of angiogenesis by Shh has
proven effective in wound healing [2] and in preservation
of cardiomyocytes in myocardial infarction [30]. Develop-
ment and maintenance of cancer depends on newly formed
blood vessels, and anti-angiogenesis therapies are among
the important anti-cancer strategies. Indeed, Shh-targeting
therapies are already being applied clinically [35]. As the
primary pathogenic phenomenon of AMD is CNV, anti-
angiogenesis therapies have been actively developed and
brought to clinical use [3, 4, 20]. Shh signaling is thus of
interest and its implications in CNV have been demon-
strated, that is, that inhibition of Shh signaling by cyclo-
pamine reduced the sizes of laser-induced CNV lesions
[42]. Cyclopamine had little effects on the sizes of CNVs
in the present study. The discrepancy may be derived from
the differences of experimental conditions; Surace et al.
examined the effects of cyclopamine at 14 days after
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laser-induced retinal injury [42], while we focused on
earlier time points (at five or seven days after laser irradia-
tion). Based on this assumption, we reproduced the 14-day
cyclopamine treatment after laser-induced injury and found
that cyclopamine reduced CNV sizes to significantly lower
than those in the vehicle control (p=0.0167<0.05, n=8).
Taking these results together, we consider that Shh may not
be present at high enough levels to stimulate endothelial
cells at relatively early stages after laser-induced injury,
because the agonist purmorphamine significantly increased
the sizes of CNVs (Fig. 4). We suggest that a possible ther-
apeutic strategy for AMD, especially in early stages, is to
prevent Shh upregulation rather than to block Shh signal-
ing. Shh signaling is known to involve crosstalk with other
signaling pathways such as TGF-beta [7] and FGF [13],
and these growth factors upregulate Shh expression [7, 13].
In this regard, blocking these growth factors may be impor-
tant for the development of new therapies. Another critical
point is what kind of cells produce Shh in the injured retina.
Although we found no apparent upregulation of Shh protein
in the injured retina of early phase, upregulation of Shh by
astrocytes in hypoxic conditions has been reported in the
brain [16]. Since Miiller glia are equivalent to brain astro-
cytes, inhibition of Miiller glial activation is of interest for
preventing Shh upregulation.
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