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The hepatocyte growth factor (HGF) has been crucially implicated in the development of proliferative retinal
diseases; however, it is unclear whether retinal glial cells express or respond to HGF. Therefore, we examined
the expression of HGF and of the receptor for HGF, c-Met, by immunohistochemical costaining with glial
fibrillary acidic protein (GFAP) in epiretinal membranes of patients with proliferative vitreoretinopathy (PVR)
and proliferative diabetic retinopathy (PDR), respectively. Furthermore, it was determined whether cells of the
human retinal glial cell line, MIO-M1, secrete HGF protein, and whether HGF stimulates proliferation and
chemotaxis, and secretion of the vascular endothelial growth factor (VEGF). Neuroretinas of patients with PVR
express elevated mRNA level for HGF in comparison to control retinas. In epiretinal membranes of patients with
PVR or PDR, immunoreactivity for HGF and for c-Met, respectively, partially colocalized with immunoreactivity
for GFAP. Fetal bovine serum and basic fibroblast growth factor, but not heparin-binding epidermal or platelet-
derived growth factors, evoked HGF secretion by cultured retinal glial cells. HGF displayed only a marginal
effect on cell proliferation while it stimulated chemotaxis. HGF promoted the secretion of VEGF, via activation of
the phosphatidylinositol-3 kinase. It is concluded that glial cells in epiretinal membranes express both HGF
protein and c-Met receptors. The results suggest an autocrine/paracrine role of HGF in glial cell responses
during proliferative vitreoretinal disorders as well as in retinal neovascularization, by stimulating of VEGF
release.
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Complex interactions of retinal cells with growth
factors and cytokines, extracellular matrix proteins
and metalloproteinases underlie the development of
proliferative retinal diseases.1–3 Among the growth
factors present in significant amounts in fibrocellu-
lar membranes and in the vitreous fluid of patients
with proliferative vitreoretinopathy (PVR), particu-
larly the hepatocyte growth factor (HGF) and the
platelet-derived growth factor (PDGF) have been
implicated in the development of proliferative
retinopathies.4–9 In addition to retinal pigment
epithelial (RPE) and inflammatory cells, retinal glial
cells participate in the formation of fibroprolifera-
tive tissue associated with PVR and proliferative
diabetic retinopathy (PDR),10–12 and similar to RPE

cells, retinal glial cells are immediately activated
during experimental retinal detachment and begin
to proliferate within hours of detachment.13,14

Gliotic Müller cells from PVR retinas display
distinct changes in their physiological and morpho-
logical features compared to cells from post-mortem
donors. They show, for example, cellular hyper-
trophy and express immunoreactivity for glial
fibrillary acidic protein (GFAP),15 and they display
altered expression and responsiveness of cell sur-
face receptors.

HGF has been crucially implicated in the devel-
opment of proliferative retinopathies as it induces
scattering and migration of RPE cells, and also
displays a slight mitogenic effect in these cells.6,16,17

However, it is unknown until today whether,
besides RPE cells, retinal glial cells express or
respond to HGF. In a rat model of transient ischemia,
HGF has been described to be expressed in the inner
retina within 24h of reperfusion, probably by Müller
cells,18 suggesting a role of this factor in gliotic
responses upon ischemic/hypoxic injury. We carried
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out immunohistochemical staining to localize HGF
protein and the c-Met receptor for HGF in glial cells
of surgically excised epiretinal membranes of
patients with PVR and PDR, and determined
whether different growth factors and cytokines as
well as serum may evoke the release of HGF from
retinal glial cells. In order to reveal a physiological
significance of c-Met receptor expression, the HGF-
evoked secretion of the vascular endothelial growth
factor (VEGF) by retinal glial cells was investigated.

Materials and methods

Materials

The human recombinant growth factors and cyto-
kines heparin-binding epidermal growth factor-like
growth factor (HB-EGF), HGF, basic fibroblast
growth factor (bFGF), and platelet-derived growth
factor (PDGF-BB) were purchased from R&D Sys-
tems (Minneapolis, MN, USA). LY294002 was
obtained from Calbiochem (Bad Soden, Germany),
and UO126 and SB203580 were from Tocris (Ellis-
ville, MO, USA). All other substances were obtained
from Sigma (Deisenhofen, Germany). The following
antibodies were used: mouse anti-human HGF
(1:100; Sigma), rabbit anti-human b-chain of c-Met
(1:500; Acris, Herford, Germany), rabbit anti-bovine
GFAP (1:1000; Dako A/S, Glostrup, Denmark),
Cy2- or Cy3-conjugated goat anti-mouse IgG (1:400;
Dianova), and Cy2- or Cy3-coupled goat anti-rabbit
IgG (1:400; Dianova).

Ocular Tissues

All tissue was used in accordance with applicable
laws and with the Declaration of Helsinki for
research involving human tissue, and was approved
by the ethics committee of the Leipzig University
Medical School. For oligonucleotide microarray
analysis and reverse transcriptase-polymerase chain
reaction (RT-PCR), respectively, the total RNA of 10
post-mortem retinas of human subjects with no
reported history of eye disease (four women, six
men; age 64.4718.2 years; range, 17–86 years) were
used (post-mortem time up to 24h). Additionally,
the total mRNA from retinal fragments of seven
patients undergoing 360-grade retinectomies for
PVR (grades CP4, CA4 and above) was analyzed
(five women, two men; age 72.472.9 years; range,
68–76 years). In all, 12 surgically excised epiretinal
membranes (PVR or PDR), obtained from consenting
patients during vitrectomy surgery (seven women,
five men; age 67.779.8 years; range, 44–87 years),
were used for immunohistochemical staining.

Total RNA Preparation

Immediately after surgery, PVR retinas were re-
moved from the vitrectomy waste, and precipi-
tated by centrifugation at 41C, washed twice with

prechilled phosphate-buffered saline to remove
blood cells, and used for total RNA preparation.
The preparation was carried out using TRIZOL
(Gibco BRL, Paisley, UK); 1ml TRIZOL was added
to the tissue material and homogenized using an
Ultraturrax (IKA, Staufen, Germany). The homoge-
nized samples were incubated at room temperature
for 5min, and after addition of 0.2ml chloroform,
the samples were mixed vigorously and incubated
for 2–3min at room temperature (RT). Thereafter,
RNAwas additionally purified by using the RNeasy
Mini Kit (Qiagen, Hilden, Germany). After centrifu-
gation (12000� g, 15min at 41C), the RNA-containing
phase was transferred into a fresh tube, and total
RNA was precipitated by mixing with 0.5ml
isopropyl alcohol followed by an incubation for
10min at RT. After centrifugation, the RNA pellets
were washed twice with 75% ethanol, air dried and,
subsequently, dissolved in RNase-free water. The
samples were analyzed by electrophoresis to assure
that the ribosomal RNA was intact. The purity and
quantity of RNA was estimated by measuring the
optical density (OD) ratio OD260/OD280 by using the
GeneQuantpro device (Pharmacia, Uppsala, Sweden)
which was between 1.9 and 2.1 for all samples,
indicating that the RNA samples were of sufficient
quality.

Oligonucleotide Microarray Analysis

The expression of different types of mRNA in the
total mRNA preparations was analyzed by using the
Human Genome U95Av2 array of the Affymetrix
Genechip System (Affymetrix, Santa Clara, CA,
USA), according to the manufacturer’s instructions.
In this microarray, each gene analyzed was repre-
sented by 16–20 different oligonucleotide probe
pairs where each probe pair consisted of a match
and a mismatch oligonucleotide. The mismatch
probes, which served as controls for the determina-
tion of background and of nonspecific hybridization
signals, included a single base substitution which
inhibited the hybridization with the mRNA of the
target gene. The mRNA expression levels were
evaluated using the Affymetrix Microarray Suite
5.0 software that calculated three detection levels
(present, marginal, absent) and the size of the
messages, by considering both the intensities of
the signals that were emitted from the probe sets and
the number of probe pairs in which the perfect
match was specific. A certain species of mRNAwas
defined as being expressed when the difference
between the perfect match signal and the mismatch
signal was significant (Po0.05). A comparison
analysis was carried out, which evaluated the
relative change in abundance for each transcript
between a baseline (normal retina) and a experi-
mental sample (each PVR retina). The integrity of
the used cRNA samples was tested by checking the
50-to-30ratios of the housekeeping genes.
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RT-PCR

cDNA was synthesized from 1 mg total RNA using
the First-Strand cDNA Synthesis Kit for RT-PCR
(Roche, Mannheim, Germany). For PCR, the Taq
PCR Master Mix Kit (Qiagen, Hilden, Germany) was
used. Amounts of 1 ml of the first-strand mixture and
1mM of each gene-specific sense and antisense
primer were used for the amplification reaction
in a final volume of 50 ml. The following primer
pairs were used: HGF (Accession No. X16323),
sense 50-AGGAGAAGGCTACAGGGGCAC-30, anti-
sense 50-TTTTTGCCATTCCCACGA-TAA-30, produ-
cing a 267 bp amplicon; c-Met (Accession No.
NM_000245), sense 50-TGAAGTCATAGGAAGAG
GGCA-30, antisense 50-GGCAAGACCAAAATCAG
CAAC-30, producing a 436 bp amplicon; b-actin
(Accession No. M10277), sense 50-ATGGCCACGG
CTGCTTCCAGC-30, antisense 50-CATGGTGGTGCC
GCCAGACAG-30, producing a 237 bp amplicon;
GAPDH (Accession No. M33197), sense 50-GCA
GGGGGGAGCCAAAAGGGT-30, antisense 50-TGGG
TGGCAGTGATGGCATGG-30, producing a 219 bp
amplicon. Thermocycling was carried out by using
the PTC-200 Thermal Cycler (MJ Research, Water-
town, MA, USA), according to the following proto-
col: denaturation at 941C for 3min, followed by 40
cycles of denaturation at 941C for 30 s, annealing at
601C for 1min, and polymerization at 721C for 2min.
A final extension step was made at 721C for 10min.
The amplified products were separated on a 2%
agarose gel containing 10ng/ml ethidium bromide,
and were visualized using the ultraviolet trans-
illuminator of the Fluor-S-Imager (BioRad, Munich,
Germany).

Quantitative Real-Time PCR

The total mRNA preparations from control and PVR
retinas were analyzed in triplicate and duplicate,
respectively. The contaminating genomic DNA
was eliminated by using 1U of DNase I (Roche,
Mannheim, Germany) per mg of total RNA. First-
strand cDNA synthesis was performed with 1mg
of total RNA by using the iScript cDNA Synthesis
Kit (BioRad, Hercules, CA, USA) in a final volume
of 20ml. The following primer pairs were used:
HGF (Accession No. X16323): sense 50-GGCTGG
GGCTACACTGGATTG-30, antisense 50-CCACCATA
ATCCCCCTCACAT-30, producing a 179 bp amplicon;
and GAPDH (see above). Real-time PCR was per-
formed with the Light Cycler (Roche Diagnostics,
Indianapolis, IN, USA). The PCR solution contained
1ml cDNA, specific primer set (0.3 mM each), 3mM
MgCl2, and 2 ml of SYBR Green Master Mix (Light
Cycler DNA Master SYBR Green I Kit, Roche) in a
final volume of 20 ml. The PCR parameters were
initial denaturation, one cycle at 951C for 5 s;
amplification and quantification, 40 cycles at 951C
for 4 s, 581C for 5 s, and 721C for 7 s; melting curve,
1 cycle at 651C with the temperature gradually

increased up to 951C (temperature transition,
0.21C/s). Relative quantification of real-time PCR
results was performed by using the mathematical
model of Pfaffl.19 The changes in HGF gene expres-
sion were calculated by using the average values of
three independent experiments; the HGF mRNA
expression was normalized to the levels of GAPDH
mRNA. The degree of change in HGF mRNA was
calculated and compared with the control retina;
results are expressed as means7s.e.m.

Cell Culture

The culture experiments were carried out using the
spontaneously immortalized human Müller cell
line, MIO-M1.20 The cells were cultured in tissue
culture flasks (Greiner, Nürtingen, Germany) in
Dulbecco’s modified Eagle’s medium (Invitrogen,
Paisley, UK) containing 10% fetal bovine serum,
glutamax II, and gentamycin in 19.5% O2/5% CO2 at
371C. To carry out the proliferation experiments, the
cells were seeded at 3� 103 cells per well in 96-well-
flat-bottom microtiter plates (Greiner) that contained
medium supplemented with 10% serum, and were
allowed to attach for 48h. Thereafter, the cells were
growth-arrested in medium without serum for 16h,
and subsequently, the test substances were added to
the culture medium for another 24h.

DNA Synthesis Rate

The DNA synthesis rate was assayed by measuring
the bromodeoxyuridine (BrdU) incorporation using
the Cell Proliferation ELISA BrdU Kit (Roche,
Mannheim, Germany) according to the manufac-
turer’s instructions. BrdU (10 mM) was added to the
culture medium 5h before fixation of the cells with
4% paraformaldehyde.

Chemotaxis

Measurements of chemotaxis were performed by
using a modified Boyden chamber assay. Suspen-
sions of MIO-M1 cells (100 ml; 5� 105 cells/ml
serum-free medium) were seeded onto polyethylene
terephthalate filters (pore size 8 mM; Becton Dick-
inson, Heidelberg, Germany) coated with fibronectin
(50 mg/ml) and gelatin (0.5mg/ml). Within 4h after
seeding, the cells attached to the filter and formed
a semiconfluent monolayer. The medium was
then changed into medium without additives in
the upper well and medium containing HGF at
different concentrations in the lower well. After
incubation for 16 h, the inserts were washed with
buffered saline, fixed with Karnofsky’s reagent, and
stained with hematoxylin. Nonmigrated cells were
removed from the filters by gentle scrubbing with a
cotton swab. The migrated cells were counted, and
the results were expressed relative to cell migration
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without HGF. Experiments were repeated at least
three times.

ELISA

MIO-M1 cells were cultured at 8� 104 cells per well
in six well plates (1.5ml culture medium per well).
After B80% confluency was achieved, the cells
were cultured in serum-free medium for 16h.
Subsequently, the culture medium was changed,
and the cells were stimulated by growth factors and
cytokines as well as serum at the doses indicated, in
the absence and presence of blocking substances.
The supernatants were collected at 24 h, and levels
of VEGF-A165 or HGF in the supernatants (200 and
50 ml, respectively) were determined by ELISA (R&D
Systems). The cell viability was measured by trypan
blue dye exclusion; no significant differences to
control were found (not shown).

Immunohistochemistry

Epiretinal membranes were fixed in acetone, and
stored at �801C. The membranes were immunos-
tained as free floating wholemounts. After incuba-
tion in 10% normal goat or donkey serum plus 0.3%
Triton X-100 in saline for 1 h, the whole mounts
were incubated in primary antibody overnight at
41C. After washing in 1% bovine serum albumin in
saline, the secondary antibodies were applied for
4h at room temperature. The labeling was visua-
lized by means of a confocal laser scanning micro-
scope LSM 510 (Zeiss, Oberkochen, Germany).
Control stainings with omitting the anti-HGF or

anti-c-Met antibodies revealed no immunoreactivity
(not shown).

Statistics

BrdU incorporation and migration rates are ex-
pressed as percent of untreated control (100%).
Data are expressed as means7s.e.m.; statistical sig-
nificance (Student’s t-test) was accepted at Po0.05.

Results

HGF mRNA Expression in Retinas

In order to examine whether the mRNA of HGF is
expressed in human retinas, the RT-PCR analysis
was carried out by using the total mRNA extracted
from the retinas of four patients with PVR. As shown
in the inset of Figure 1a, all retinas investigated
expressed the mRNA for HGF. To obtain more
quantitative data on the mRNA expression level, a
genechip microarray analysis was carried out on the
total mRNA of seven post-mortem control retinas of
individuals without reported eye disease and two
retinal fragments ectomized from patients with PVR.
In the post-mortem control retinas, the expression
signals of HGF mRNA was small; similarly, the
signals for the mRNAs of various other factors (eg,
tumor necrosis factor-a and transforming growth
factor-b) were below the significance level of the
method used. When compared to post-mortem
control retinas, the mRNA levels of transforming
growth factor-b and HGF among other factors were
found to be higher in the retinectomy material from
patients with PVR (Figure 1a). The mRNA of HGF

Figure 1 The level of HGF mRNA is increased in retinas of patients with PVR compared to post-mortem control retinas. (a) Relative
mRNA levels of different growth factors and cytokines in retinectomy material of patients with PVR as compared to control retinas
(100%). The mRNA levels were determined by a genechip microarray for the following factors: aFGF, acidic fibroblast growth factor;
bFGF, basic fibroblast growth factor; HGF, hepatocyte growth factor; IGF-1, insulin-like growth factor-1; PDGF-A, platelet-derived growth
factor (A chain); TGF-b, transforming growth factor-b; TNF-a, tumor necrosis factor-a. The mRNA of 360-grade ectomized retinas from
two patients with PVR was analyzed; the control value of mRNA expression was obtained from the total mRNA of seven post-mortem
retinas. (Inset) In four different PVR retinas, the presence of mRNA for HGF could be demonstrated by RT-PCR. (b) Real-time RT-PCR
revealed higher expression levels of HGF mRNA in PVR retinas compared to control retinas.
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was approximately six-fold stronger expressed in
PVR retinas than in control retinas. To validate the
cDNA microarray results, the total RNA was pre-
pared from post-mortem control and PVR retinas,
and the expression levels of HGF mRNA were
examined by real-time RT-PCR. By using this
method, a three-fold higher expression level of
HGF mRNA was observed in PVR retinas compared
to control (Figure 1b). The increased expression of
mRNA for HGF in PVR retinas compared to post-
mortem control retinas suggests that the factor
may be involved in alterations of retinal physiology
during PVR.

HGF Immunoreactivity in Epiretinal Membranes

In order to evaluate whether HGF immunoreactivity
is expressed by glial cells in epiretinal membranes,
whole mounts of surgically excised membranes were
costained for HGF and the glial cell marker GFAP.
We investigated three fibrocellular and three fibro-
vascular epiretinal membranes of patients with PVR
and PDR, respectively. All membranes investigated
showed positive staining for both HGF and GFAP. In
PVR membranes, there were large regions which
were costained with both antibodies and, therefore,
displayed a yellow fluorescence in the overlay (right

Figure 2 HGF, c-Met and GFAP immunoreactivity in surgically excised fibroproliferative membranes from patients with PVR (a, b, e) and
PDR (c–f), respectively. The epiretinal membranes were labeled with antibodies against HGF or c-Met, respectively, and GFAP. In the
overlay, colabeling of HGF or c-Met and GFAP immunoreactivity resulted in yellow staining. The membranes were derived from six
different patients. Similar staining patterns were observed in 12 different membranes. Scale bars, 20mM.
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side of Figure 2a, b). Additionally, there were also
GFAP-negative regions that were stained for HGF
(Figure 2b). In the PDR membranes investigated,
there were often large GFAP-expressing structures
which were strongly labelled with the anti-HGF
antibody (Figure 2c and left side of Figure 2d),
as well as regions where HGF and GFAP imuno-
reactivities showed no coexpression (right side of
Figure 2d). It is concluded that a subpopulation of
glial cells in epiretinal membranes, or distinct sub-
cellular regions of glial cells, express HGF protein.

c-Met Immunoreactivity in Epiretinal Membranes

c-Met immunoreactivity was found in all investi-
gated epiretinal membranes of patients with PVR
(Figure 2e) and PDR (Figure 2f). The immunoreac-
tivity was partially colocalized with GFAP; how-
ever, there were also GFAP-expressing regions in
the membranes which were not stained for c-Met.
Figure 2f shows GFAP labeling of structures around
and beside a blood vessel; apparently, perivascular
glial cells expressed c-Met immunoreactivity. The
results suggest that subpopulations of glial cells or
subcellular regions of glial cell bodies in epiretinal
membranes express the receptor for HGF, c-Met.

c-Met mRNA in Retinas and Müller Cells

In order to support the assumption that retinal glial
cells may express c-Met, RT-PCR studies were
carried out in cells of the human Müller cell
line, MIO-M1.20.As positive control, the presence of
c-Met mRNA in cultured human RPE cells was
confirmed (Figure 3). At control conditions, Müller
cells expressed c-Met mRNA at a very low level;
however, stimulation with basic fibroblast growth
factor (bFGF) caused a marked increase in mRNA
expression (Figure 3). PVR retinas displayed a
higher level of c-Met mRNA expression as compared

to post-mortem control retinas (Figure 3). The
results suggest that Müller glial cells may express
c-Met, and that the expression is upregulated after
cytokine stimulation.

Release of HGF by Müller Cells

The partial colocalization of HGF protein and GFAP
in fibroproliferative tissues may suggest that glial
cells, besides binding of HGF, may produce and
secrete this growth factor. In order to examine
this assumption, cultured cells of the human Müller
cell line, MIO-M1, were stimulated with different
growth factors and serum, respectively, and the HGF
content in the culture supernatants was measured
by ELISA. As shown in Figure 4, addition of bFGF to
the culture media caused a significant increase of
HGF in the supernatants as compared to the
unstimulated control (Po0.05). Since bFGF (at
10ng/ml) increased the HGF content of the super-
natants by B180% while it stimulated the cell
proliferation by B50% (Figure 5) we assume that
the increased HGF content was not solely caused by
enhanced cell number. A similar strong release of
HGF into the culture media was observed in the
presence of fetal bovine serum (Figure 4). On the
other hand, stimulation of the cells with PDGF or
with heparin-binding epidermal growth factor-like
growth factor (HB-EGF) did not increase the HGF
content of the culture media. The results suggest
that Müller cells are capable to produce and secrete
HGF, in response to certain growth factors and to
serum.

Proliferation of Müller Cells

In order to determine whether HGF exerts a pro-
liferation-stimulating effect on cells of the human

Figure 3 Detection of c-Met mRNA in human retinas and in cells
of the human Müller cell line, MIO-M1, by RT-PCR. The levels of
c-Met mRNA are higher in MIO-M1 cells stimulated with bFGF
(10ng/ml) for 24h, as compared to untreated control, and in PVR
retinas compared to post-mortem control retinas. As positive
control, the presence of c-Met mRNA in cultured human retinal
pigment epithelial cells is shown. The negative control was done
by omitting of cDNA.

Figure 4 Growth factor- and serum-induced release of HGF by
cells of the human Müller cell line, MIO-M1. The cells were
stimulated for 24h, and the HGF concentration in the cultured
media was measured by ELISA. The growth factors were tested at
10ng/ml, and serum at 2%. Data are expressed as percentage of
untreated control (100%) which was between 100 and 250pg/ml.
Means7s.e.m. of 2 independent experiments carried out in
duplicate. KPo0.05 vs untreated control.
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Müller cell line, MIO-M1, different concentrations
of the factor were added to the culture media for
24 h, and the BrdU incorporation rate was estimated.
Addition of HGF (up to 10ng/ml) did not signifi-
cantly stimulate the rate of DNA synthesis while at a
concentration of 100ng/ml, HGF slightly increased
the proliferation rate (Po0.05) (Figure 5a). Simi-
larly, VEGF (100ng/ml) did not change the cell
proliferation (102.676.0%, n¼ 2; P40.05). In con-
trast, addition of bFGF to the culture medium
evoked a dose-dependent increase in the prolifera-
tion rate of these cells, with an apparent EC50 of
B1ng/ml and a maximal effect at B10ng/ml. The
results suggest that HGF is a rather weak mitogen for
cultured Müller cells.

Migration of Müller Cells

HGF has been described to be a motogen for RPE
cells and brain astrocytes, respectively.16,17,21 In
order to reveal whether HGF has a chemotactic
effect on Müller glial cells, MIO-M1 cells were
stimulated with different concentrations of HGF,
and the migration rate was measured after 16h. As
shown in Figure 5b, HGF induced a dose-dependent
enhancement of Müller cell migration, with max-
imal response at 10 ng/ml.

HGF-Evoked Release of VEGF

Retinal hypoxia is a consistent feature of prolifera-
tive retinopathies,22 and Müller cells release VEGF
in response to hypoxic stimuli.23–25. Since HGF is
expressed by glial cells in fibroproliferative epiret-
inal membranes (Figure 2), we investigated whether
HGF may be a factor that causes VEGF release by
Müller cells and whether this effect is mediated
by activation of mitogen-activated protein kinases
(MAPKs) or of the phosphatidylinositol-3 kinase
(PI3K). MIO-M1 cells were cultured for 24h in
the presence of HGF, and the VEGF content in
the supernatants was measured by ELISA. VEGF
is constitutively released by the cells into the
culture medium; addition of different growth factors
(Figure 6a) or of HGF (Figure 6b) to the cultured
cells induced an increase of the VEGF concentration
in the supernatants. HGF at 50 or 100ng/ml evoked
a doubling of the VEGF release (Figure 6b). At a
concentration of 100ng/ml, HGF evoked a higher
and significant increase of the VEGF concentration
(by B100%) compared to its effect on cell prolifera-
tion (by B15%) (Figure 5a), suggesting that HGF
induces VEGF secretion by Müller cells. Blocking
the activation of the extracellular signal-regulated
kinases 1/2 (ERK1/2) by the MEK inhibitor UO126
did not diminish the HGF effect while blocking
the activation of the p38 MAPK by the selective
inhibitor SB203358 slightly decreased the HGF
effect (Figure 6c). On the other hand, the inhibitor
of the PI3K, LY294002, significantly (Po0.05)
suppressed the HGF-evoked release of VEGF, sug-
gesting that the effect was mainly mediated by HGF-
evoked activation of the PI3K pathway.

Discussion

Together with RPE and inflammatory cells, retinal
glial cells represent a major cellular constituent
of epiretinal membranes of PVR and PDR.10–12 HGF
has been suggested to be one of the main factors
stimulating the scattering and the migration of
RPE cells in proliferative retinopathies.6,16,17 How-
ever, nothing is known about a possible involvement
of HGF in glial cell responses in proliferative
vitreoretinal diseases. We demonstrate here the
presence of partial colabeling of HGF and GFAP

Figure 5 Effects of HGF on the proliferation and chemotaxis of
cells of the human Müller cell line, MIO-M1. (a) Dose-response
relationships of bFGF and HGF, respectively, effects on the
proliferation rate. The BrdU incorporation rate was measured
after a 24-h incubation with the respective factor. Data are
expressed in percent of untreated control (100%). Means7s.e.m.
of three independent experiments carried out in triplicate. (b)
Concentration-dependent chemotaxis toward HGF. The data
represent cell migration rates in treated wells relative to that
in wells without HGF. Data expressed as means7s.e.m. in
two independent cultures in duplicate experiments. *Po0.05;
***Po0.001 vs untreated control.
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immunoreactivity in epiretinal membranes of
patients with PVR or PDR (Figure 2) that may
suggest that glial cells secrete or, at least, bind this
factor. However, it is conspicuous that not all of the
glial cells present in the membranes expressed HGF
immunoreactivity, and that GFAP-expressing struc-
tures showed partial co-staining with HGF immu-
noreactivity and were partially devoid of HGF
labeling (Figure 2d). It remains to be determined in
future investigations whether the HGF-expressing
and GFAP-negative structures in the membranes
reflect the expression of HGF protein by other cell
types (eg, RPE cells), by glial cells that do not
express GFAP, or whether they are HGF protein
deposits released by cells into the extracellular
matrix. The view that, besides RPE cells, glial cells
may constitute one of the sources of HGF in the
diseased retina is supported by our observation that,
after stimulation with bFGF or serum, cells of the
Müller cell line secrete HGF into the extracellular
space (Figure 4).

Besides HGF protein, glial cells in fibroprolifera-
tive membranes express the receptor for HGF, c-Met,
as suggested by the partial colabeling of c-Met and
GFAP in PVR and PDR membranes (Figure 2). The
level of c-Met mRNA expression in PVR retinas is
higher compared to post-mortem control retinas
and, in cultured Müller cells, increased after
stimulation by bFGF (Figure 3). The increases of
cell migration (Figure 5b) and VEGF release by
Müller cells after stimulation with HGF (Figure 6b,c)
may indicate that these cells express functional c-
Met receptors, suggesting that HGF exerts an auto-
crine/paracrine action on retinal glial cells, as
previously suggested for RPE cells.16 In RPE cells,

HGF induces an epithelial-to-mesenchymal cell
shape alteration and migration of the cells, as well
as a modest increase of cellular proliferation.6,17 In
the present study, we found that HGF evoked a
slight increase of the Müller cell proliferation only
at relatively high concentrations (Figure 5a), while it
significantly stimulated the migration of Müller
cells (Figure 5b), suggesting that HGF is no (or a
weak) mitogen but a motogen for Müller cells. We
found that serum and bFGF, but not PDGF or HB-
EGF, induced HGF secretion by glial cells (Figure 4).
The bFGF-evoked increases in c-Met expression
(Figure 3) and HGF release by Müller cells (Figure
4) is also important for understanding of pathologi-
cal processes that lead to other kinds of hypoxic
retinopathies. In an animal model of retinal detach-
ment, which is generally accompanied by hypoxia
of the outer retina,26,27 activation of bFGF-evoked
retinal signaling within minutes of detachment has
been described.14 One may assume that the bFGF-
evoked HGF release may constitute signaling loops
between retinal glial and RPE cells, stimulating the
migration, morphological alterations, and cytokine
release by both types of cells. During vessel leakage,
serum entry into the retinal tissue may cause a
strong stimulus for HGF secretion by glial cells.

By using GFAP immunostaining of fibroprolifera-
tive tissues, it was impossible to discriminate
whether Müller glial cells or astrocytes, or both cell
types, express HGF and c-Met immunoreactivity.
The GFAP-labeled perivascular structures in PDR
membranes (Figure 2f) may suggest that, besides
activated Müller cells, also retinal astrocytes express
c-Met. The MIO-M1 cell line, which was used to
investigate physiological responses in the present

Figure 6 Cytokine-induced release of VEGF by cells of the human Müller cell line, MIO-M1. (a) Different growth factors caused an
increase of the VEGF content of the culture supernatant. The factors were tested at 10ng/ml. PDGF, platelet-derived growth factor-BB.
HB-EGF, heparin-binding epidermal growth factor-like growth factor. bFGF, basic fibroblast growth factor. (b) The hepatocyte growth
factor (HGF) dose-dependently increased the VEGF concentration in the cultured media. The cells were stimulated with different
concentrations of HGF for 24h, and the concentration of VEGF-A165 in the cultured media was measured by ELISA. (c) HGF (50ng/ml)
mediated its effect by stimulation of the phosphatidylinositol-3 kinase (PI3K) pathway. The following substances were tested:
dimethylsulfoxide (DMSO, 0.1%); inhibitors of the activation of mitogen-activated protein kinases, UO126 (4mM), SB203580 (10mM);
inhibitor of the PI3K, LY294002 (5 mM). Data are expressed as percentage of untreated control (100%), which was between 100 and
250pg/ml. Means7s.e.m. of two to three independent experiments carried out in duplicate. *Po0.05, **Po0.01, ***Po0.001 vs
untreated control; KPo0.05, significant effect of the blocker.
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study, is the only presently available human Müller
cell line. It has been shown that MIO-M1 cells retain
various different characteristics of primarily isolated
Müller cells in culture, for example, electrogenic
responses to L-glutamate, and express differentia-
tion markers of Müller cells, among others, cellular
retinaldehyde binding protein, glutamine synthe-
tase, and vimentin.20 Despite the absence of high
levels of glial fibrillary acidic protein in these cells
which may suggest that the cells do not exhibit
characteristics of activation in vitro,20 it can not be
ruled out that other cell features are different from
those observed in cells of the normal healthy retina
in situ, for example, a high level of EGF receptor
expression.28 However, because of the difficulty in
obtaining pure primary Müller cell populations from
post-mortem retinal tissue, studies designed to
obtain a better understanding of the role of Müller
cells in retinal wound healing and proliferative
disorders depend upon investigations in Müller cell
lines.

In addition to bFGF and other factors, VEGF is one
of the major angiogenic factors in the retina involved
in the development of PDR.29–31 Here we show that,
beside different cytokines (Figure 6a), HGF in-
creased the release of VEGF by Müller cells (Figure
6c). The HGF-evoked release of VEGF is mediated by
activation of PI3K while activation of ERK1/2 was
apparently not involved. In cultured Müller cells,
activation of ERK1/2 is crucially implicated in the
proliferation-stimulating effect of different growth
factors, cytokines, and agonists of G protein-coupled
receptors32,33 while it does not influence the cyto-
kine production and secretion, for example, the
release of VEGF evoked by bFGF33 or by HGF
(present results). However, inhibition of PI3K
blocks the bFGF-33 and the HGF-evoked secretion
of VEGF by Müller cells. Generally, ERKs regulate
the gene expression which promotes, among others,
the cell proliferation, while activation of PI3K, via
the downstream targets protein kinase B and mTOR,
results in stimulation of the protein synthesis at the
translational level; the latter pathway is involved in
prosurvival signaling cascades.34 It is suggested that
HGF is one of the factors that are released into the
retina during proliferative vitreoretinal disorders
that causes the release of VEGF by glial cells. The
glial cell-derived VEGF may be a part of prosurvival
signaling in the hypoxic retina; however, it may also
contribute to injury-induced retinal degeneration,
via inducing neovascularization and leakage of
ocular blood vessels, which favor immune cell
infiltration and serum entry into the retinal tissue.

The present results suggest that, besides RPE
cells, glial cells produce and respond to HGF during
proliferative vitreoretinal disorders. A similar in-
volvement of HGF signaling has been described in
brain gliosis and glioma tumorigenesis. Both HGF
and c-Met have been identified in brain astrocytes,
microglial cells, and astrocytic tumors.35–37 In astro-
cytic tumor cells, the expression levels of HGF and

c-Met correlates with the grade of malignancy,38,39

and HGF supplementation to cultures enhances the
invasiveness of glioma cells while it does not alter
their mitogenesis.40 The present results obtained on
Müller cells are in agreement with data obtained on
cultured brain astrocytes, which revealed that HGF
promotes chemokinesis without an influence on
mitogenesis.21 However, a dependence of the ex-
pression levels of HGF and c-Met in glial cells on the
grade of PVR remains to be determined in future
investigations.
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