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Glial Müller cells are known to undergo functional
and morphological changes during retinal prolifera-
tive disorders, but very little is known of the contri-
bution of these cells to extracellular matrix deposi-
tion during retinal wound healing and gliosis. This
study constitutes the first demonstration that retinal
Müller cells express two major matrix metallopro-
teinases (MMPs), gelatinase A (MMP-2) and gelatinase
B (MMP-9), implicated in cell migration and matrix
degradation. Although mRNA and gelatinolytic activ-
ity of MMP-2 remained unchanged in cultured Müller
cells, basal levels of MMP-9 mRNA observed after sub-
culture at 24 hours, markedly declined after 48 or 72
hours. This correlated with the expression of MMP-9
gelatinolytic activity that peaked at 24 hours, but
gradually decreased at 48 and 72 hours. Tumor necro-
sis factor-� , in both a soluble form or bound to col-
lagen and fibronectin, increased MMP-9 mRNA and
gelatinolytic activity, but not MMP-2 expression, and
its effect could be blocked by anti-tumor necrosis
factor-� antibodies. The results suggest that Müller
cells may aid in the local control of extracellular
matrix deposition during retinal proliferative disor-
ders, and that interaction of these cells with matrix-
bound cytokine may influence their pathological be-
havior. Control of Müller cell production of MMP-9
may constitute an important target for the design
of new therapeutic approaches to treat and prevent
retinal proliferative disease. (Am J Pathol 2002,
160:1847–1855)

Müller cells constitute the main glial cells of the retina.
They stabilize the complex retinal architecture, provide
structural support to retinal neurons and blood vessels,
and prevent aberrant photoreceptor migration into the
subretinal space.1 It is well recognized that Müller cells

undergo functional and phenotypic changes in retinal
pathological conditions such as proliferative vitreoreti-
nopathy (PVR),2 proliferative diabetic retinopathy,3 age-
related macular degeneration,4 and inherited macular
dystrophies.5 Early events leading to the development of
proliferative retinopathy involve local cell migration and
proliferation followed by extracellular matrix (ECM) accu-
mulation.6,7 This results in the formation of retinal mem-
branes and resembles physiological processes of wound
healing and fibrosis.6,7 Similar changes occur in animal
models of retinal proliferation in which intravitreal injec-
tions of inflammatory mediators cause rapid Müller cell
migration and proliferation, followed by formation of gli-
otic adhesions.8,9 Migration as well as matrix deposition
are controlled by degradation of the ECM by proteolytic
enzymes known as matrix metalloproteinases (MMPs).10

These constitute a family of zinc-binding, calcium-depen-
dent molecules, whose activity is in turn regulated by
natural inhibitors, known as tissue inhibitors of metallo-
proteinases (TIMPs).11 Two major matrix-degrading en-
zymes, known as MMP-2 (collagenase A) and MMP-9
(collagenase B), which have been implicated in cell mi-
gration and proliferation,12–15 may be found in vitreous
and retinal membranes from eyes with retinal proliferative
disorders.16–19 The main source of these MMPs has been
thought to be the retinal pigment epithelial cells, which
are well known to produce these molecules.20–22 Al-
though there is no evidence that Müller cells produce
these MMPs, it is possible that they produce these en-
zymes while undergoing phenotypic and metabolic
changes during retinal proliferative disease. This is sug-
gested by evidence that glial cells, such as rat astrocytes
produce MMP-2 and MMP-923 and that the membrane-
type (MT)-1, -2, and -3 MMPs are expressed by astro-
cytes of glioblastoma tissues.24

Supported by the Wellcome Trust (grant no. 062290/Z/00/Z/JHW); the
Henry Smith Charity, the Guide Dogs for the Blind Association (GBDA),
and the Royal National Institute for the Blind (RNIB), United Kingdom.

Accepted for publication January 31, 2002.

Address reprint requests to Dr. G. A. Limb, Division of Cell Biology,
Institute of Ophthalmology, 11 Bath St., London, United Kingdom EC1V
9EL. E-mail: g.limb@ucl.ac.uk.

American Journal of Pathology, Vol. 160, No. 5, May 2002

Copyright © American Society for Investigative Pathology

1847



During proliferative retinopathy, retinal Müller cells en-
counter different ECM proteins, cytokines, and growth
factors, because these are often present in vitreous and
retinal tissues from affected eyes.25–28 Therefore, Müller
cell functions, including production of matrix-degrading
enzymes, may be influenced by cytokines and growth
factors present in the retinal microenvironment during the
course of various pathological processes. A cytokine,
known as tumor necrosis factor-� (TNF-�), is known to
regulate expression and production of MMPs by various
cells,29,30 and is found in vitreous25,26 and ECM of retinal
membranes from eyes with PVR and proliferative diabetic
retinopathy.27,28 It is well recognized that TNF-� binds to
ECM proteins, including collagen, fibronectin, and lami-
nin,31–33 which constitute the main matrix components of
epiretinal membranes.34 In addition, TNF-� bound to
ECM exhibits biological activity, as demonstrated by find-
ings that when bound to fibronectin, this cytokine modi-
fies �1-integrin-mediated adhesion of T lymphocytes,31

provides a stop signal for migration of T cells,32 and
stimulates MMP-9 expression by monocytes.35 On this
basis, it is likely that TNF-� bound to ECM during pro-
cesses of retinal fibrosis and neovascularization may af-
fect Müller cell function, and hence influence the devel-
opment of retinal proliferative disease.

Given the functional importance of Müller cells in the
maintenance of retinal integrity, the role of MMPs in the
promotion of cell migration and matrix degradation, and
the activity of TNF-� in promoting cell activation and MMP
production, we investigated the expression and produc-
tion of gelatinases A (MMP-2) and B (MMP-9) by Müller
cells, as well as the ability of TNF-� in soluble and ECM-
bound forms to modulate the production of these MMPs
by retinal Müller cells in culture.

Materials and Methods

Müller Cell Culture

Müller cells were isolated from donor eyes consented for
research use, from Moorfields Hospital Eye Bank, by a
modification of a established method.36 Briefly, the retina
was homogenized by vigorous pipetting, followed by in-
cubation with Trypsin-EDTA (5% trypsin, 2% ethylenedia-
minetetraacetic acid; Gibco BRL, UK) for 20 minutes at
37°C, and filtration through a stainless steel sieve. Cells
were washed and cultured to confluence in Dulbecco’s
modified Eagle’s medium containing L-glutamax I (Gibco
BRL) and 10% fetal calf serum (Gibco BRL). Two primary
cultures of Müller cells identified by the donor numbers
5418 and 5427 were derived from a 58-year-old female
and a 44-year-old male, respectively. One of the prepa-
rations (5418 cells) became spontaneously immortalized
after subsequent passages.37 However, cells used in the
study were obtained from passages 3 to 6 of both prep-
arations and were identified by their characteristic mor-
phology (Figure 1A) and by their expression of Müller cell
markers.36,38 These included cellular retinaldehyde-bind-
ing protein (�98%, Figure 1B), epidermal growth factor
receptor (�70%), vimentin (�95%), glutamine syn-

thetase (�90%), �-smooth muscle cell actin (100%), and
glial fibrillary acidic protein (�10%).

To determine production of MMPs, Müller cells grown
to confluence were detached by incubation with Trypsin-
EDTA acid (5.0 g/L trypsin, 2.0 g/L EDTA) (GIBCO, BRL)
for 2 minutes at 37°C. Cells were then suspended at a
concentration of 2.5 � 104/ml in Dulbecco’s modified
Eagle’s medium containing 10% of gelatinase-depleted
fetal calf serum, and 0.5-ml aliquots of this suspension
were laced in each of 24-well tissue culture plates (Nunc,
UK). After incubation at 37°C for various periods of time,
supernatants were harvested, centrifuged, and kept at
�70°C until use. Gelatinase-depleted serum was ob-
tained by incubation of 18 ml of heat-inactivated fetal calf
serum with 3 ml of gelatin-Sepharose 4B (Pharmacia
Biotech, Sweden) for 2 hours at room temperature on a
shaker, followed by centrifugation and filtration.

Analysis of MMP-2 and MMP-9 Production by
Gelatin Zymography

Aliquots of Müller cell supernatants were mixed with an
equal volume of dissociating buffer [63 mmol/L Tris-HCl,

Figure 1. Characteristic morphology of Müller cells in culture. A: Subconflu-
ent monolayer of Müller cells in culture seen under phase contrast micro-
scope displaying long branching and microvilli processes. Intracellular gran-
ular appearance was often observed in primary cultures. B: Confocal image
of Müller cells stained for CRALBP. The majority of cells (�98%) stained for
this molecule with a characteristic granular pattern.
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pH 6.8, containing 10% glycerol, 2% sodium dodecyl
sulfate, and 0.0025% bromophenol blue (Novex; Invitro-
gen, The Netherlands)] for 5 minutes at room tempera-
ture. Using zymogram gels containing 0.1% gelatin
(Novex), samples were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis for 90 min-
utes at 125 V in Tris-glycine running buffer (25 mmol/L
Tris, 192 mmol/L glycine, 0.1% sodium dodecyl sulfate,
pH 8.3; Novex). Gels were then renatured in 2.7%
Triton X-100 (Novex) for 30 minutes at room tempera-
ture, followed by a further 30-minute incubation in de-
veloping buffer (50 mmol/L Tris, 200 mmol/L NaCl, 5
mmol/L CaCl2, 0.2% Brij35; Novex). Gels were then
incubated in fresh developing buffer at 37°C for 20
hours and finally stained with 0.5% Coomassie blue
(Bio-Rad) dissolved in 45% methanol, 10% acetic acid,
and 45% distilled water for 2 hours. To determine the
degree of gelatinolytic activity, as judged by the pres-
ence of clear bands, gels were photographed using a
digital camera (model DC120; Kodak, UK), and the
images analyzed using the computer software program
KDS1D, version 2.0 (Kodak).

RNA Isolation and Reverse Transcriptase-
Polymerase Chain Reaction (PCR) Analysis of
MMP-2 and MMP-9

After trypsinization of Müller cell monolayers, total cellular
RNA was isolated from cell pellets using the RNeasy
system (Qiagen GmbH, Hilden, Germany) according to
the manufacturer’s instructions. For the reaction, 1 �g of
total RNA was reverse-transcribed in 20-�l reactions con-
sisting of 5 mmol/L MgCl2, 1 mmol/L dNTP, 1 U/�l RNase
inhibitor, 0.75 U/�l AMV reverse transcriptase (Promega,
UK), and 25 ng/�l oligo dT-15 primers (Pharmacia, UK) in
10 mmol/L of Tris/HCl buffer containing 50 mmol/L KCl,
for 40 minutes at 42°C, and 5 minutes at 95°C in a thermal
cycler (PCR Express; Hybaid, UK). PCR amplification
was then performed by published methods39 using
specific primers for MMP-2 (forward primer 5�-CCTGT-
TTGTGCTGAAGGACA-3�, reverse primer 5�-GTACTT-
GCCATCCTTCTCAA-3�) and MMP-9 (forward primer
5�-AAACCGGTCGTCGGTGTCGT-3�, reverse primer 5�-
GTCGAAATCTCTGGGGCCTG-3�) derived from the
human sequence (GenBank). The amplification was per-
formed in a final volume of 50 �l by addition of 1.5 mmol/L
MgCl2, 0.2 mmol/L dNTP, 2 U Taq DNA polymerase (Pro-
mega), 0.5 �mol/L primers in 50 mmol/L KCl, 10 mmol/L
Tris/HCl, pH 8.0. The mixture was initially incubated at
94°C for 5 minutes, followed by 27 cycles at the following
conditions: 94°C for 1 minute, 58°C for 1 minute, 72°C for
1 minute, and 1 cycle of 72°C for 5 minutes. Kinetic
analysis of amplified products was applied to all samples
for each gene to ensure that signals derive only from the
exponential phase of amplification. PCR products were
then analyzed by agarose gel electrophoresis (2%) con-
taining 25 ng/ml of ethidium bromide.

Optimization of TNF-� Binding to Collagen and
Fibronectin for Müller Cell Activation

To investigate the effect of matrix-bound TNF-� on the
modulation of MMP production by Müller cells, a modified
enzyme-linked immunosorbent assay was used to assess
the optimal binding of TNF-� to collagen type IV and
fibronectin. The assay was based on conventional cap-
ture enzyme-linked immunosorbent assay protocol as fol-
lows: flat-bottom 96-well plates (Maxisorb Immunoplates;
Nunc, UK) were coated with 500 �l of a 10-�g/ml solution
of either collagen type IV or fibronectin (Sigma) in coating
buffer (15 mmol/L Na2CO3, 35 mmol/L NaHCO3, pH 9.6),
and incubated overnight at 4°C. Unbound protein was
removed by four washes with phosphate-buffered saline
(PBS) (Oxoid, UK) containing 0.05% Tween-20 (PBS/
Tween). Aliquots of 100 �l of recombinant TNF-� (R&D
Systems, UK) ranging from 0 to 100 ng/ml in PBS were
then added to the wells of protein-treated plates, followed
by incubations for 1 hour at 37°C and 1 hour at 4°C.
Adhesion of TNF-� to nonprotein-coated plates or plates
coated with bovine serum albumin (BSA) (10 �g/ml,
Sigma) was also performed to establish the specificity of
adhesion of this cytokine to ECM proteins. After washing
unbound TNF-� with PBS/Tween buffer, 500-�l volumes
of anti-TNF-� antibodies were added to the wells at a
concentration of 1 �g/ml in PBS/Tween-20. To further
confirm the binding of this cytokine to the ECM, three
different anti-TNF-� antibodies [4H31-PG2 and HTNF10
(clones provided by Dr. W. A. Buurman and antibodies
produced by Celltech, UK) and B-C7 (Serotec, UK)] were
tested for the recognition of the bound cytokine. Plates
were then incubated for 1 hour at room temperature,
washed with the same buffer, and incubated for a further
1 hour at room temperature with 100 �l of a 1:1000
dilution (in PBS/Tween) of biotin-labeled goat anti-mouse
IgG-biotin conjugate (DAKO, UK). After a final washing
step, 200 �l of horseradish peroxidase-avidin D conju-
gate (Vector Laboratories, UK) was added to each well
and the plates were incubated for 20 minutes at room
temperature. The reaction was then stopped by the ad-
dition of 50 �l of 12.5% sulfuric acid. Optical density was
measured at 450 nm using an enzyme-linked immunosor-
bent assay plate reader (model MR 5000; Dynatech
Labs, UK).

Examination of the Effect of ECM-Bound TNF-�
on the Production of MMP-2 and MMP-9 by
Müller Cells

To determine the effect of ECM-bound TNF-� on the
production of MMP-2 and MMP-9 by Müller cells, 24-well
tissue-culture plates were coated with 500 �l of a 10-
�g/ml solution of collagen type IV or fibronectin (Sigma),
according to the optimal conditions established by the
above experiments. After removal of unbound ECM pro-
tein, recombinant TNF-� (R&D Systems) was added to
the wells (500 �l of a 100-ng/ml solution) and the plates
were incubated for 1 hour at 37°C, followed by 1 hour at
4°C. Unbound TNF-� was removed by four washes with
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Dulbecco’s modified Eagle’s medium. Cells were then
added to the wells (500 �l of a 2.5 � 104 cells/ml sus-
pension in Dulbecco’s modified Eagle’s medium contain-
ing 10% gelatinase-depleted fetal calf serum), and the
plates incubated for various periods of time at 37°C.
Controls for these experiments constituted collagen type
IV or fibronectin-coated plates without TNF-� and TNF-�
bound to nonprotein-coated plates. After various periods
of culture, supernatants were harvested, centrifuged, and
kept at �70°C until use. Further confirmation of the effect
of TNF-� on MMP production was achieved by inhibiting
the effect of matrix-bound TNF-� with the anti-TNF-� an-
tibody 4H31-PG2 (10 �g/ml) added at the beginning of
the culture.

Results

Optimization of TNF-� Binding to Collagen and
Fibronectin

As shown in Figure 2, A and B, recombinant TNF-� bound
in a dose-response manner to immobilized fibronectin
and collagen type IV when used at concentrations rang-
ing from 0 to 100 ng/ml. The maximum binding of this
cytokine to both fibronectin and collagen type IV was
observed at the highest concentration used (100 ng/ml),
and was detected with three different recombinant anti-
TNF-� antibodies (4H31-PG2, HTNF10, and B-C7). Bind-
ing of TNF-� to culture plates without ECM also occurred
(Figure 2C), and only a residual binding of this cytokine to
bovine serum albumin was observed when TNF-� was
used at the highest concentration (100 ng/ml). However,
this binding of TNF-� to bovine serum albumin was sig-
nificantly lower than that observed when this cytokine
bound to collagen type IV and fibronectin (Figure 2, A
and B). These findings support previous observations
that TNF-� associates to the ECM, and indicates that this
cytokine is antigenically accessible when bound to extra-
cellular matrices.

Expression of MMP-2 by Retinal Müller Cells in
Culture

As observed in Figure 3A, constant levels of MMP-2
mRNA were detected in retinal Müller cells after 24 and
48 hours of culture. Levels of MMP-2 mRNA were not
modified by culturing the cells on either fibronectin- or
collagen-coated plates, or in the absence of ECM. As
judged by gelatin zymography, MMP-2 was not detected
in culture medium used to culture the cells, but after 24
hours it was present in culture supernatants as an inac-
tive zymogen, corresponding to the 71-kd molecular
weight gelatinase. Levels of MMP-2 enzymatic activity in
culture medium were not modified after 24, 48, or 72
hours of culture of Müller cells on collagen- or fibronectin-
coated plates, or on plates not coated with ECM (Figure
3B), and a similar pattern of MMP-2 production was ob-
served when two different Müller cell preparations were
used in the study (Figure 3C).

Expression of MMP-9 by Retinal Müller Cells in
Culture

Figure 4A shows that mRNA coding for MMP-9 may be
observed in retinal Müller cells after 24 hours of culture
on plates coated with collagen type IV or fibronectin, or
in the absence of ECM. After 48 hours, MMP-9 mRNA
was not detected under the same culture conditions.
Similarly, levels of MMP-9 enzymatic activity, corre-

Figure 2. Binding of TNF-� to fibronectin-, collagen type IV-, bovine serum
albumin-, and nonprotein-coated culture plates. The linear plots illustrate the
binding to fibronectin, collagen type IV, bovine serum albumin, and non-
coated plastic of various concentrations of recombinant TNF-�, as detected
with the monoclonal antibodies 4H31-PG2 (f), HTNF10 (Œ), and B-C7 (F)
used at a concentration of 1 �g/ml. Each point represents the mean � SEM
of three separate experiments.
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sponding to the latent (92 kd) and active (86 kd) forms
of this gelatinase, were observed in 24-hour culture
supernatants and progressively decreased after 48
and 72 hours of culture (Figure 4B). This enzyme was
not detected in culture medium (Figure 4B). As ob-
served with MMP-2, levels of MMP-9 gelatinolytic ac-
tivity were not modified by culturing the cells on colla-
gen type IV or fibronectin substrates, or in the absence
of ECM. A similar pattern of MMP-9 production was
also observed when different Müller cell preparations
were used in the study (Figure 4C).

Effect of ECM-Bound TNF-� on the Production
of MMP-2 and MMP-9 by Retinal Müller Cells

Figure 5A shows that TNF-� in the absence of ECM
proteins did not modify MMP-2 mRNA expression by
Muller cells after 24 hours of culture. Similarly, TNF-�
bound to collagen type IV or fibronectin did not modify
MMP-2 mRNA expression by Müller cells after 24 and 48
hours of culture. In contrast, cells cultured for 24 hours on
plates coated with TNF-� in the absence of ECM exhib-
ited an increase in MMP-9 mRNA expression. Müller cells

cultured in the presence of TNF-� bound to collagen type
IV or fibronectin also showed an increase in MMP-9
mRNA expression after 24 and 48 hours of culture. As
judged by gelatin zymography, levels of enzymatic ac-
tivity of MMP-2 and MMP-9 correlated well with mRNA
expression. In resemblance to the unchanged expres-
sion of MMP-2 mRNA, the enzymatic activity of this MMP
was not modified after 24, 48, or 72 hours of culture of
Müller cells in the presence of TNF-� adhered to culture
plates, or collagen- and fibronectin-bound TNF-� (Figure
5B). An increase in MMP-9 mRNA was accompanied by
an increase in MMP-9 gelatinolytic activity when Müller
cells were cultured for 24, 48, and 72 hours in the pres-
ence of TNF-� bound to collagen and fibronectin (Figure
5B). Although there was a decrease in the gelatinolytic
activity of MMP-9 in 48- and 72-hour culture supernatants
when compared with 24 hours, a significant increase in
MMP-9 activity was observed at all times when cells were
cultured in the presence of collagen- or fibronectin-
bound TNF-�. This effect was observed with different cell
preparations (Figure 5C).

Figure 3. mRNA expression and production of MMP-2 by retinal Muller cells
in culture. A: Reverse transcriptase-PCR showing the expression of MMP-2
mRNA after 24 hours of culture in the presence of fibronectin (FN) and
collagen type IV (CN), or in the absence of ECM (NM), and after 48 hours of
culture in the presence of CN or FN. B: Gelatin zymography showing the
gelatinolytic activity of MMP-2 (molecular weight, �72 kd) in control culture
medium (CM) and in supernatants of Müller cells cultured on FN or CN
matrices or in the absence of ECM for 24 to 72 hours C: Relative amount of
MMP-2 gelatinolytic activity in culture supernatants calculated in relation to
the levels of MMP-2 at 24 hours (100% increase over control culture medium
at 0 hours). The histogram shows the production of this enzyme by two
different individual preparations (5418 and 5427) cultured on CN or FN
matrices.

Figure 4. mRNA expression and production of MMP-9 by retinal Muller cells
in culture. A: Reverse transcriptase-PCR showing the expression of MMP-9
mRNA after 24 hours of culture in the presence of fibronectin (FN) and
collagen type IV (CN), or in the absence of ECM (NM), and after 48 hours of
culture in the presence of CN or FN. B: Gelatin zymography showing the
gelatinolytic activity of MMP-9 (approximate molecular weights of 92 kd and
86 kd, corresponding to the proactive and active forms) in control culture
medium (CM) and in supernatants of Müller cells cultured for 24, 48, and 72
hours on CN or FN matrices. C: Percentage of increase in MMP-9 gelatinolytic
activity in culture medium after 24, 48, and 72 hours of culture, when
compared with control culture medium at time 0. The histogram shows the
production of this enzyme by two individual cell preparations (5418 and
5427) cultured on CN or FN matrices.
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Effect of Soluble TNF-� on the Production of
MMP-9 by Müller Cells and Inhibition of ECM-
Bound TNF-� Activity by Anti-TNF-� Antibodies

Addition to Müller cells cultured for 24 hours with increas-
ing concentrations of soluble TNF-� within levels compa-
rable to those bound to collagen and fibronectin in pre-
vious experiments (0 to 10 ng/ml), induced an increase in
the production of MMP-9 by these cells in a dose-re-
sponse manner (Figure 6A). Addition of anti-TNF-� anti-
body 4H31-PG2 (10 �g/ml) at the time of plating Müller
cells onto collagen type I- and fibronectin-bound TNF-�,

resulted in inhibition of TNF-� activity (Figure 6B), as
judged by the lower levels of gelatinolytic activity of
MMP-9 observed in culture supernatants, when com-
pared with cultures to which antibody was not added.

Discussion

The present study shows that MMP-2 and MMP-9, known
as gelatinases A and B, respectively, are expressed by
retinal Müller cells in culture. Significant levels of mRNA
and gelatinolytic activity of MMP-2 were observed 24
hours after subculture and these remained unchanged
after 48 and 72 hours. In contrast, basal levels of MMP-9
mRNA observed at 24 hours, were hardly detectable after
48 or 72 hours of culture. This correlated with the expres-
sion of MMP-9 gelatinolytic activity, which peaked at 24
hours, but gradually declined at 48 and 72 hours of
culture. Interestingly, although mRNA and enzymatic ac-

Figure 5. Effect of TNF-� on the mRNA expression and production of MMP-2
and MMP-9 by Müller cells in culture. A: Reverse transcriptase-PCR showing
the expression of MMP-2 and MMP-9 mRNA after 24 hours of culture in the
absence of ECM and in the presence (�) or absence (�) of plate-bound
TNF-�, and 24 and 48 hours of culture on fibronectin (FN) or collagen type
IV (CN) matrices associated (�) or nonassociated (�) with TNF-�. Results
shown in the three columns are not comparable as they were derived from
different experiments B: Gelatin zymography showing the gelatinolytic ac-
tivity of MMP-2 and MMP-9 in supernatants of Muller cells cultured for 24, 48,
and 72 hours on non-ECM-coated plates in the absence of TNF-�, and on CN
or FN matrices associated (�) with TNF-�. C: Percentage of increase in
MMP-9 gelatinolytic activity of supernatants from Müller cells cultured for 24,
48, and 72 hours on CN and FN matrices associated with TNF-�, when
compared with control culture medium at time 0. Comparison with super-
natants from cells cultured on CN and FN matrices but in the absence of
TNF-� for the same periods of time. Each point represents the mean � SEM
of three separate experiments. *, P 	 0.03 versus �TNF-� at 48 hours; **, P 	
0.025 versus �TNF-� at 72 hours; ***, P 	 0.0006 versus �TNF-� at 48 hours;
****, P 	 0.001 versus �TNF-� at 72 hours.

Figure 6. Effect of soluble TNF-� on MMP-9 production by Müller cells.
Inhibition of ECM-bound TNF-� by anti-TNF-� antibodies. A: Gelatin zymog-
raphy showing the MMP-9 gelatinolytic activity of Müller cell supernatants
after 24 hours of culture with various concentrations of soluble TNF-�. B:
Gelatin zymography of supernatants from Müller cells cultured on collagen
type IV and fibronectin-bound TNF-� in the presence or absence of the
anti-TNF-� antibody 4H31-PG2 (10 �g/ml). Comparison with supernatants
from cells cultured on non-ECM-coated plates.
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tivity of MMP-2 were not modified by soluble TNF-� or
TNF-� bound to collagen type IV or fibronectin, mRNA
and gelatinolytic activity of MMP-9 were up-regulated by
this cytokine in both soluble and immobilized forms.

The main features that characterize the development
of retinal proliferative disease are cell migration and pro-
liferation, followed by local synthesis and deposition of
ECM.6,7 Because MMPs have been associated with
these processes,16–19 it may be possible that MMPs
released by Müller cells may facilitate the migration of
other cells onto the retina and into the vitreous cavity,
including retinal pigment epithelial (RPE) cells, fibro-
blasts, and inflammatory leukocytes. This is supported by
observations that MMP-2 is actively involved in keratino-
cyte40 and glioma cell migration,12,41 and that MMP-9
overexpression enhances smooth muscle cell migra-
tion13 and accumulates at the advancing lamellipodia of
migrating cells.42 The finding that MMP-2 is constitutively
expressed by Müller cells suggests that this molecule
may play a physiological role in the maintenance of reti-
nal integrity, whereas the observation that MMP-2 pro-
duction is not modified by TNF-� indicates that the sig-
naling pathway of activation of this molecule differs from
that of MMP-9. Because MMP-2 is secreted in pro-active
form and only activated by interaction with membrane-
type MMPs (MT-MMPs) associated to the cell sur-
face,43,44 it is conceivable that complex Müller cell func-
tions are required to selectively trigger this activation. It is
also possible that soluble pro-MMP-2 released by Müller
cells is converted to its active form by binding to MT-
MMPs expressed by other cells of the retinal microenvi-
ronment, such as RPE cells, and this constitutes a subject
of further investigation. That mRNA expression and en-
zymatic activity of MMP-9 decline with time in culture,
suggests that this MMP may be induced in Müller cells by
conformational membrane changes resulting from
trypsinization and reattachment in vitro. These changes
may reflect in vivo processes of cell activation and sug-
gest that production of MMP-9 by Müller cells may con-
stitute a first line of reactivity during pathological pro-
cesses of retinal proliferation.

It has been suggested that retinal pigment epithelial
cells are a main source of MMPs involved in the pathol-
ogy of retinal proliferative disorders and macular degen-
eration, because of their ability to produce MMP-2 and
tissue inhibitor of metalloproteinases 1 and 3.20–22,45 In
addition, optic nerve head astrocytes have been shown
to produce MMP-2, MT1-MMP, TIMP-1, and TIMP-2, but
not MMP-9,46 for which it has been thought that these
cells may aid in the remodeling of the ECM in glaucoma.
Because bovine retinal endothelial cells have been
shown to produce MMP-9 on interaction with glial cells
and in response to transforming growth factor-�,47 it is
possible that this MMP is locally produced by vascular
endothelium and Müller cells during retinal processes of
inflammation, neovascularization, and proliferation.

Integrity of the ECM is critical for the maintenance of
function of normal tissues, and changes in this integrity
because of enzymatic degradation or association to
growth factors and cytokines are known to modify cell
functions.48 It is therefore of interest that Müller cells

cultured on collagen or fibronectin substrates did not
exhibit differences in their ability to produce MMP-2 and
MMP-9 when compared with cells cultured in the ab-
sence of ECM. This contrasts with previous observations
that transient adherence of T lymphocytes to fibronectin,
induces production of activated forms of MMP-2 and
MMP-9,49 and that fibronectin-mediated cell adhesion is
required for induction of MMP-9.50 The findings that
MMP-9 but not MMP-2 expression was up-regulated by
soluble and ECM-bound TNF-�, are in accordance with
other reports that MMP-9 but not MMP-2 expression is
increased by TNF-� in mucosal keratinocytes,51 cervical
smooth muscle cells,52 and endometrial fibroblasts.53

The importance of TNF-� in the modulation of MMP-9
production by Müller cells lies in that this cytokine pre-
dominates in the ECM of PVR18 and proliferative diabetic
retinopathy19 epiretinal membranes, and that it is often
found in vitreous from eyes with these retinal complica-
tions.16,17 In addition, MMP-2, which is found in normal
human vitreous,54 is increased in vitreous from eyes with
proliferative retinopathy, together with MMP-9,16,17 and
both MMP-2 and MMP-9 are often present in epiretinal
membranes of PVR and proliferative diabetic retinopa-
thy,18,19 and in retinectomy specimens from eyes with
anterior PVR55 (Sethi et al, manuscript in preparation).
However, from the present observations it is possible to
suggest that Müller cells may constitute an important
source of MMP-9 found in vitreous and retinal tissues
during pathological processes, and that these cells may
play a more important role in the control of matrix depo-
sition during retinal proliferative disease than previously
thought.

To our knowledge, this is the first demonstration that
MMP-2 and MMP-9 are expressed by retinal Müller cells,
and our findings that TNF-� bound to ECM proteins up-
regulates expression of MMP-9 by Müller cells are sup-
ported by a recent report that fibronectin-bound TNF-�
stimulates monocyte expression of MMP-9.35 Because
Müller cells constitute the main macroglial cells of the
retina, these observations have important implications in
the understanding of the cellular and molecular mecha-
nisms underlying not only retinal proliferative disorders,
but pathological processes of the brain characterized by
glial cell activation and proliferation. In this context, it is of
significance that TNF-� has been implicated in the pa-
thology associated with neuroinflammatory diseases
such as multiple sclerosis,56 Alzheimer’s disease,57

AIDS-dementia complex,58 and cerebral ischemia,59 and
that MMPs are increasingly thought to play an important
role in the pathogenesis of all of these conditions.60 On
this basis, a better understanding of the mechanisms that
control MMP production resulting from glial cell interac-
tion with matrix-bound cytokines, may pave the way for
the design of therapeutic approaches to treat and pre-
vent aberrant retinal and brain response to injury.
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