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Abstract
Aim—To examine epiretinal membranes
of proliferative diabetic retinopathy
(PDR) for the presence of selective matrix
metalloproteinases (MMPs) and their
natural inhibitors (TIMPs), in order to
determine whether neovascularisation
and fibrosis, characteristic of this compli-
cation of diabetes mellitus, are associated
with specific anomalies of MMP or TIMP
expression.
Methods—The presence of selected MMPs
and TIMPs was investigated in 24 fibro-
vascular epiretinal membranes of PDR,
and the findings compared with that
observed in 21 avascular epiretinal mem-
branes of proliferative vitreoretinopathy
(PVR) and five normal retinas. Specimens
were examined for deposition of intersti-
tial collagenase (MMP-1), stromelysin-1
(MMP-3), gelatinase A (MMP-2), gelati-
nase B (MMP-9), and three tissue inhibi-
tors of metalloproteinases (TIMP-1,
TIMP-2, and TIMP-3).
Results—The results showed that unlike
normal retina, which constitutively ex-
presses MMP-1 and TIMP-2, a large pro-
portion of PDR membranes (> 62%)
stained for MMP-1, MMP-2, MMP-3,
MMP-9, TIMP-1, TIMP-2, and TIMP-3.
There were no diVerences in the expres-
sion of these molecules when compared
with PVR membranes. A characteristic
staining for MMP-9 was observed within
the perivascular matrix of PDR mem-
branes, and there was a significant in-
crease in TIMP-2 expression by PDR
membranes (p= 0.036) when compared
with PVR membranes.
Conclusions—The findings that MMPs
involved in degradation of fibrovascular
tissue matrix, as well as TIMP-1 and
TIMP-2, are found in a large proportion of
PDR membranes, and that their expres-
sion does not diVer from that of PVR
membranes, suggest the existence of com-
mon pathways of extracellular matrix
degradation in pathological processes
leading to retinal neovascularisation and
fibrosis.
(Br J Ophthalmol 2000;84:1091–1096)

Proliferative diabetic retinopathy (PDR) is a
common complication of diabetes mellitus
characterised by preretinal neovascularisation
and development of epiretinal fibrovascular
tissue.1 Early features of diabetic retinopathy
include selective loss of intramural pericytes
from retinal capillaries which leads to damage
of the inner blood-retinal barrier.1 This
process is followed by neovascularisation,
involving the production of angiogenic
factors,2 3 as well as synthesis of extracellular
matrix (ECM) necessary for anchorage of
migrating endothelium and other cells such as
retinal pigment epithelium (RPE), glial cells,
and fibroblasts.4 Degradation of ECM pro-
teins is exerted by matrix metalloproteinases
(MMPs),5 a family of zinc binding, calcium
dependent enzymes, whose activity is in turn
regulated by natural inhibitors known as tissue
inhibitors of metalloproteinases (TIMPs).6

MMPs have an important role in connective
tissue remodelling and in the degradation
of basement membrane and surrounding
extracellular matrix during processes of
angiogenesis,7 8 while TIMPs are multifunc-
tional proteins with both cell growth promot-
ing and inhibitory activities.9 A balance
between MMP and TIMP activities may
preserve tissue integrity, while excessive MMP
or TIMP production may lead to excessive
degradation or increased accumulation of
extracellular matrix.5 6 It is therefore possible
that an imbalance between MMPs and TIMPs
may lead to the neovascularisation that
characterises the development of retinal ab-
normalities in insulin dependent diabetes mel-
litus (IDDM), and to the fibrocellular prolif-
eration observed in neovascular and avascular
retinopathies.

Increased levels of MMP-9, a type IV colla-
genase implicated in tumour angiogenesis,10

are found in vitreous from eyes with PDR11 and
PVR,12 13 and retinal membranes of prolifera-
tive vitreoretinopathy (PVR) stain for MMPs
1, 2, 3, and 9, as well as TIMP-1 and
TIMP-2.14 This contrasts with the expression
of MMP-1 and TIMP-2 but not other MMPs
by normal retina.14 Although PVR and PDR
have diVerent aetiologies and clinical charac-
teristics, retinal membranes from both condi-
tions share the features of fibroplasia, excessive
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matrix protein deposition, and cellular
infiltration.15 They diVer in that PDR
membranes are highly vascular, owing to the
angiogenic activity that takes place within the
diabetic retina,16 while PVR membranes are
relatively avascular17 and are not regarded as a
complication of systemic disease. At present it
is not known whether retinal tissues from eyes
with PDR express MMPs or TIMPs associated
with neovascularisation, or if there are diVer-
ences in the expression of these molecules
between epiretinal membranes of PDR and
PVR.

The aim of this study was to examine
PDR membranes for the presence of
MMPs and TIMPs potentially responsible for
neovascularisation and fibrosis, and to com-
pare their expression with that observed in
avascular retinal membranes from non-
diabetic patients and normal retina. On this
basis we compared PDR and PVR membranes
for the presence of interstitial collagenase
(MMP-1), stromelysin-1 (MMP-3), gelatinase
A (MMP-2), gelatinase B (MMP-9), and their
natural inhibitors TIMP-1, TIMP-2, and
TIMP-3.

Experimental tissue and methods
Epiretinal membranes were obtained from 24
eyes undergoing pars plana vitrectomy for
treatment of diabetic tractional retinal detach-
ment, and from 21 eyes with rhegmatogenous
retinal detachment complicated by PVR. Nor-
mal retina was obtained from five cornea
donor eyes 12–24 hours post mortem. Four
membranes derived from patients with non-
insulin dependent diabetes mellitus
(NIDDM). The study was performed in
accordance with the ethical standards laid
down in the 1964 Declaration of Helsinki.
Membranes were collected in 4% paraformal-
dehyde in phosphate buVered saline (PBS)
and fixed for 1–2 hours. After immersion for 1
hour in 15% sucrose in PBS, tissue was
embedded in OCT compound (BDH, UK)

and stored in liquid nitrogen until use. Serial
cryostat sections (7 µm thick) were placed on
slides coated with poly-L-lysine (0.01% w/v:
Sigma, UK), fixed in 4% paraformaldehyde
for 5 minutes followed by 15% sucrose for 10
minutes, and processed for immunohisto-
chemistry.

IMMUNOHISTOCHEMICAL DETECTION OF MMPS

AND TIMPS

The presence of MMPs and TIMPs was deter-
mined by immunohistochemical staining using
the alkaline phosphatase anti-alkaline phos-
phatase detection system, performed according
to our published methods.14 18 Tissue sections
were washed in TRIS buVered saline pH 7.4
(0.05M TRIS in 0.15NaCl TBS) and incu-
bated for 3 hours with a panel of commercially
available mouse monoclonal antibodies to
selected human MMPs and TIMPs (Onco-
gene research products: Calbiochem-
Novabiotechem International, Nottingham,
UK). All antibodies were diluted in 0.5%
blocking reagent (Boehringer Mannheim) in
TBS to a final concentration of 10 µg/ml.
These included anti-MMP-1 (clone 41–1E5,
detecting active and latent forms), anti-
MMP-2 (clone 42–5D11, detecting latent
form), anti-MMP-3 (clone 55–2A4, detecting
active and latent form), anti-MMP-9 (clone
6–6B, detecting active and latent forms),
anti-TIMP-1 (clone 7–6C1), anti TIMP-2
(clone T2–101), and anti-TIMP-3 (clone 136–
13H4). These antibodies are known to be spe-
cific for the above molecules as previously con-
firmed by zymography19 and to identify
epitopes that are preserved by fixation with
PFA.14 Mouse total IgG antibody (Sigma, UK)
was used as a negative control in the assay.
Non-specific binding of the antibodies to con-
stitutive proteins of retinal membranes was
excluded by the fact that not all membranes
stained with each of the antibodies used in the
study.

Table 1 Presence of selected matrix metalloproteinases (MMPs) and their natural inhibitors in PDR membranes

Membrane No
Type of
diabetes MMP-1 MMP-2 MMP-3 MMP-9 TIMP-1 TIMP-2 TIMP-3 Total mouse IgG

2 IDDM +++ − − − − + ND −
3 IDDM − − − + + − ND −
4 IDDM +++ − − ++ + + ++ −
5 IDDM − − + − − − ND −
6 IDDM + ++ ++ ++ + − + −
7 IDDM − − − − − − ND −
8 IDDM +++ − ++ +++ + + − −
9 IDDM − − − − − − ND −
10 IDDM − + ++ ++ + + ND −
11 IDDM + + ++ ++ ++ + + −
12a IDDM +++ +++ +++ +++ ++ ++ ND −
13b IDDM − ++ − +++ − − − −
15 IDDM +++ +++ + + ++ + ND −
16 IDDM ++ ++ − − − + ND −
17 IDDM ++ + +++ + ++ + ++ −
19 IDDM +++ +++ +++ +++ ++ ++ ++ −
21 IDDM +++ + + − − + − −
22 IDDM ++ ++ − +++ ++ + − −
23c IDDM − + − + + − ND −
24d IDDM − − + − + − ND −
1 NIDDM +++ ++ ++ ++ + − ++ −
14 NIDDM +++ +++ +++ − +++ + ND −
18 NIDDM +++ +++ ++ +++ ++ + ++ −
20 NIDDM ++ ++ +++ +++ ++ + + −

[a-b]Same patient; left and right eye respectively; [c-d] same patient, right and left eye respectively. Intensity of staining: +++ = strong, ++ = moderate, + = mild,
− = negative, ND = not done.
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After incubation with the primary antibody,
specimens were washed for 2 minutes in TBS,
incubated for 30 minutes with 50 µl rabbit
anti-mouse antibody (Dako, UK), and further
washed for 2 minutes in TBS. Sections were
then incubated with 50 µl monoclonal mouse
alkaline phosphatase anti-alkaline phosphatase
antibodies (Dako) for 30 minutes and washed
for 2 minutes. The last two steps were repeated
for 10 minutes each to enhance staining inten-
sity, followed by incubation for 30 minutes
with developing substrate (1 mg/ml fast red in
0.1M TRIS buVer pH 8.2 with 1.2 mM naph-

thol AS-MX phosphate, 0.25 dimethylforma-
mide, and 1 mM levamisole). Specimens were
finally washed in distilled water, counter-
stained with Mayer’s haematoxylin, and
mounted with glycergel mounting medium
(Dako).

Membranes were examined under light
microscopy for positive staining identified by a
red precipitate. Intensity of staining was graded
by two independent observers into four catego-
ries: negative (−), mild (+), moderate (++),
and strong (+++), according to the strength
and distribution of the red precipitate.

Figure 1 Photomicrographs of PDR membranes showing deposition of selective MMPs and TIMPs. The pink precipitate
indicates the presence of these molecules within the membranes. Specimens were counterstained with Mayer’s haematoxylin.
(A) PDR membrane (No 15) showing strong staining (+++) for MMP-1. (B) PDR membrane (No 12) showing intense
cellular and extracellular staining (+++) for MMP-2. (C) PDR membrane (No 1) exhibiting staining for MMP-9 within
the extracellular and perivascular matrix. (D) Section of PDR membrane (No 17) showing detail staining for MMP-9 in
the perivascular matrix. (E) PDR membrane exhibiting moderate staining (++) for TIMP-1 (No 11). (F) Normal retina
showing negative staining for MMP-9.
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STATISTICAL ANALYSIS

The significance of diVerence between corre-
sponding groups of observations was evaluated
by the non-parametric Fisher’s exact test.
Acceptable significance was recorded when p
values were < 0.05.

Results
EXPRESSION OF MMPS AND TIMPS IN PDR

MEMBRANES

Table 1 shows the distribution of MMPs and
TIMPs within the extracellular matrix of
epiretinal membranes of PDR. The majority of
membranes (22/24, 92%) stained for at least
one of the MMPs or TIMPs examined, while
two of the membranes did not show deposition
of any of the molecules investigated. None of
the specimens stained with all antibodies to
MMPs and TIMPs used in this study. Of the
24 membranes analysed, 16 (66%) stained for
interstitial collagenase (MMP-1) (Fig 1A), 16
(66%) for gelatinase A (MMP-2) (Fig 1B), and
15 (62%) for stromelysin-1 (MMP-3). Expres-
sion of gelatinase B (MMP-9) was observed in
16 membranes (66%), some of which showed
staining of the perivascular extracellular matrix
(Figs 1C and D). Presence of TIMP-1 (Fig
1D) and TIMP-2 was observed in 17 (71%)
and 15 (62%) membranes respectively, and the
intensity of staining for TIMP-1 was in general
greater than that for TIMP-2 (Table 1).
TIMP-3 was observed in 8/12 (66%) mem-
branes and none of the membranes investi-
gated stained with total mouse IgG (Table 1).

Of the 16 specimens stained for MMP-1, 13
were also positive for MMP-2, 12 for MMP-3,
12 for MMP-9, 13 for TIMP-1, and 14 for
TIMP-2 (Table 1). All membranes staining for
TIMP-3 (eight) were also positive for TIMP-1
and MMP-1, and six were positive for
TIMP-2. Of the 15 membranes staining for
MMP-3, 10 also stained for both MMP-2 and
MMP-9, and 12 stained for TIMP-1 (Table 1).
Thirteen of the 16 membranes positive for
MMP-9 also stained for MMP-2, 15 for
TIMP-1, and 11 for TIMP-2. Twelve of the 17
specimens positive for TIMP-1 also stained for
TIMP-2 (Table 1), but overall, the intensity of
staining for TIMP-1 was higher than that for
TIMP-2 (Table 1). The strongest staining for
any of the molecules investigated was observed
with antibodies to MMP-1, and no diVerences
in the staining for MMPs and TIMPs were evi-
dent when comparing membranes from pa-
tients with IDDM and NIDDM. Four of PDR
membranes that derived from two patients who
underwent pars plana vitrectomy in their left
and right eyes on diVerent occasions did not

show the same pattern of staining for the
MMPs and TIMPs investigated (Table 1).

COMPARISON BETWEEN EPIRETINAL MEMBRANES

OF PDR AND PVR AND NORMAL RETINA IN THE

EXPRESSION OF MMPS AND TIMPS

There was no significant diVerence between the
proportion of PDR membranes staining for
MMP-3 (15/24) and MMP-9 (16/24) when
compared with PVR membranes (11/21 and
10/21, respectively; p >0.5) (Table 2). The pro-
portion of PDR membranes staining for
TIMP-1 (17/24) was slightly higher than that of
PVR membranes staining for this molecule
(9/21), but this diVerence was not significant (p
= 0.075). However, the percentage of PDR
membranes staining for TIMP-2 (15/24) was
significantly higher when compared with that of
PVR membranes (7/21; p = 0.036). A similar
proportion of TIMP-3 positive membranes was
observed in both PDR (8/12) and PVR (15/20).

As previously shown,14 normal retina did not
express MMP-9 (Fig 1F, Table 2), but stained
for MMP-1 in the inner and outer nuclear and
plexiform layers, as well as for TIMP-2 in both
the inner and outer nuclear layers (Table 2).

Discussion
This study shows that a large proportion of
PDR membranes (92%) exhibited deposition
of MMPs potentially responsible for degrading
matrix constituents of blood vessels and
epiretinal membranes. In addition, a large per-
centage of PDR membranes (75%) also
expressed TIMPs, which by inhibiting matrix
degradation by MMPs may promote its
accumulation with resultant fibrosis and new
vessel formation. The proportion of mem-
branes staining for the MMPs investigated was
similar in both PDR and PVR, suggesting that
the same molecular mechanisms of extracellu-
lar matrix degradation and deposition may
operate in vascular and avascular proliferative
processes aVecting the retina.

Since MMP-1 is constitutively expressed in
normal retina,14 its presence in retinal mem-
branes of both PVR and PDR could be antici-
pated. It is possible that this MMP may have a
physiological role within the retina, such as
aiding degradation of the shed tips of photore-
ceptors, and this merits further investigation.
Membrane expression of MMP-2, MMP-3,
and MMP-9, which are not observed in normal
retina may indicate an active involvement of
these molecules in the neovascularisation
observed in PDR and in the fibrocellular
proliferation observed in both PDR and PVR.
Early vascular changes in diabetic retinopathy

Table 2 Comparison between retinal membranes of PDR and PVR and normal retina in the expression of MMPs and
TIMPs

MMP-1
(active + latent )

MMP-2
(latent)

MMP-3
(active + latent)

MMP-9
(active + latent) TIMP-1 TIMP-2* TIMP-3

PDR 66% 66% 62% 66% 71% 62% 66%
PVR 86% 81% 52% 48% 43% 33% 75%
Normal retina 100%a 0% 0% 0% 0% 100%b 0%

The figures represent the percentage of samples staining for each antibody in the diVerent groups.
*p= 0.036 v PVR.
aStaining of the inner and outer nuclear cell layers and plexiform layers.
bStaining of the inner and outer nuclear cell layers only.
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include the loss of pericytes1 and it has been
postulated that this phenomenon may be
facilitated by MMP degradation of basement
membrane and surrounding matrix.7 8 In this
context, our observation that matrix surround-
ing the vessels of PDR membranes stains for
MMP-9 (Fig 1C, D), strongly suggests that
this molecule, which degrades denatured colla-
gens and type IV basement membrane colla-
gen, may contribute to retinal neovascularisa-
tion in PDR. That MMP-9 may be actively
involved in diabetic retinal neovascularisation
is supported by observations that high vitreous
levels of this molecule may be found in eyes
with PDR,11 12 and that microvascular endothe-
lial permeability is increased in the presence of
this MMP.20 This is further supported by the
demonstration that levels of expression of
MMP-9 correlate with tumour neovascularisa-
tion in vivo,10 and that increased plasma levels
of this molecule precede the development of
renal microvascular complications in patients
with IDDM.21 This is of special interest, as
renal microangiopathy is often associated with
proliferative retinopathy in diabetic
individuals.22

This study showed a slight but not statisti-
cally significant increase in the percentage of
PDR membranes staining for TIMP-1 (70%)
when compared with PVR membranes (42%; p
= 0.06). It contrast, there was a significant
increase in the proportion of PDR membranes
staining for TIMP-2 (62%) when compared
with PVR membranes (33%; p = 0.036). These
observations suggest that diVerences in the
kinetic mechanisms of TIMP production and
activity within the retina may determine the
development of diVerent patterns of matrix
accumulation, and therefore whether new ves-
sels are formed during a pathological process.
Although TIMP-1 and TIMP-2 inhibit angio-
genesis and exhibit growth factor-like activity,9

it is diYcult to speculate on their specific role
in the process of neovascularisation in the dia-
betic retina. It may be possible that these mol-
ecules are produced to control MMP activity,
but if excessive production of MMPs occurs, or
insuYcient levels of TIMPs are released, they
may not exert an adequate anti-angiogenic
activity.

It is unlikely that the MMPs and TIMPs
observed in PDR membranes derived from the
microvascular compartment, as there were no
diVerences with that observed in membranes
from eyes with PVR, in which no vitreous
haemorrhage was present and in which neovas-
cularisation does not occur. However, it is pos-
sible that these molecules may be locally
produced by cells of the retinal microenviron-
ment, such as RPE and glial cells, which are
known to produce various MMPs and
TIMPs.23–25

The mechanisms that trigger release of
MMPs and TIMPs during retinal neovascu-
larisation are not known, but it is conceivable
that cytokines produced upon endothelial cell
activation by ischaemia may induce local
release of these molecules. It is suggested by
observations that cytokines such as tumour
necrosis factor á (TNFá) and interleukin-1

(IL-1), which are found in vitreous26 and
membranes18 from eyes with PDR, induce pro-
duction of MMPs and TIMPs by vascular
endothelial cells, fibroblasts, and retinal pig-
ment epithelial cells.24 25 27 28 This is of special
relevance to the pathogenesis of PDR, as there
is an association between susceptibility to
retinopathy and TNFá polymorphism in indi-
viduals with NIDDM,29 and subjects with
IDDM expressing the TNF2 allele produce
high levels of TNFá.30

The observations that MMPs and TIMPs
implicated in neovascularisation and fibrosis
are found within PDR and PVR membranes,
indicate that although both conditions have
diVerent aetiologies and clinical characteris-
tics, these molecules may play an important
part in the pathogenesis of both conditions.
Further studies may elucidate whether deposi-
tion of MMP-9 in the perivascular matrix is
unique to PDR, or whether it is a common fea-
ture of all microvascular complications of
diabetes mellitus. From the present findings it
is not clear whether there are selective defects
in the balance between MMPs and TIMPs
which either promote fibrosis and neovascu-
larisation in PDR, or fibrosis in PVR. However,
investigation of the kinetics of production of
selective MMPs and their control by specific
TIMPs may aid in the design of new therapeu-
tic approaches to treat and prevent PDR and
other microvascular complications of diabetes
mellitus.
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