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One of the early features of diabetic retinopathy is the alteration of the blood–retinal barrier (BRB), which may
involve the breakdown of endothelial cell tight junctions. The aim of this study was to examine the expression
of extracellular proteinases in an animal model of early diabetic retinopathy and to determine their role in the
alteration of the BRB. Matrix metalloproteinase (MMP) expression was studied in the retinas of rats with 12
weeks of diabetes. The role of MMPs in regulating tight junction function was investigated in retinal endothelial
and pigment epithelial cells by measuring transepithelial electrical resistance (TER). The retinas of diabetic
animals demonstrated elevated levels of MMP-2, MMP-9 and MMP-14 messenger RNA. A significant increase in
the production of MMP-9 was seen when cells were exposed to high glucose conditions. Both cell types treated
with purified MMP-2 or MMP-9 were found to have alterations of tight junction function as shown by decreased
TER. Western blot analysis of cell extracts treated with MMP-2 or MMP-9, revealed specific degradation of the
tight junction protein, occludin. Results suggest that elevated expression of MMPs in the retina may facilitate an
increase in vascular permeability by a mechanism involving proteolytic degradation of the tight junction protein
occludin followed by disruption of the overall tight junction complex.
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Breakdown of the blood–retinal barrier (BRB) is an
early feature of diabetic retinopathy and results in
vascular leakage and the development of retinal
edema.1 Vascular permeability in the retina is
partially regulated by the structural components of
the BRB, the integrity of which is essential in
maintaining normal visual function. The BRB forms
a selective partition between the circulatory system
and the neuronal and glial components of the retina.
This partition is not absolute and allows some
normal level of exchange between the retinal tissue
and the circulation. The BRB consists of two
anatomical entities: the inner BRB, which is formed
by junctions between endothelial cells of the retinal
capillaries, and the outer BRB, which is composed
of tight junctions between retinal pigment epithelial
cells.2 Clinical evidence from fluorescein angiogra-

phy in patients with diabetic retinopathy indicates
that the inner BRB is the primary site of vascular
leakage leading to macular edema.

Tight junction proteins are an integral structural
component of the BRB. The principal proteins found
in endothelial tight junctions are occludin and the
claudin-5.3 Both are transmembrane proteins that are
linked to the actin cytoskeleton via interaction with
the cytosolic proteins zona occludin-1 (ZO-1) and
zona occludin-2 (ZO-2). Occludin is a 62–64kDa
transmembrane protein with distinct extracellular
and intracellular domains. Occludin by itself is not
required for the formation of a functional tight
junction. However, evidence suggests that occludin
may have a role in the organization and stabilization
of the tight junction complex and may coordinate the
activity of the tight junction with the cytoskeleton.4

Claudins are another major component of the tight
junction with important functions in both the
structural organization and function of the junctions.
Claudins are a family of proteins that are structurally
similar to occludin in that they contain two extra-
cellular domains as well as smaller intracellular
carboxy- and amino-terminal domains.4,5
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Two groups of extracellular proteinases that have
been shown to play a role in the retinal neovascu-
larization seen in the later stages of diabetic
retinopathy, are the matrix metalloproteinases
(MMPs) and the serine proteinase, urokinase plas-
minogen activator (uPA). MMPs are a class of
approximately 25 known proteinases that function
to degrade at least one component of the extra-
cellular matrix in addition to other substrates.
Urokinase is a serine proteinase that binds to the
urokinase plasminogen activator receptor (uPAR) on
the cell surface, and converts plasminogen to the
broad-spectrum proteinase plasmin. Plasmin in turn
degrades components of the matrix and can be
involved in the activation of the latent MMPs. We
have shown previously that the gelatinases, MMP-2,
MMP-9 and uPA are increased in the epiretinal
neovascular membranes of patients with prolifera-
tive diabetic retinopathy,6 as well as in retinas in an
animal model of retinal neovascularization.7 MMP-2
and MMP-9 have also been shown to have signifi-
cantly increased levels of activation in vitreous
samples from individuals with proliferative diabetic
retinopathy.8 Whether these extracellular protei-
nases play a role in early diabetic retinopathy and
alteration of the BRB is unclear.

The aims of the present study were to examine the
expression of MMPs in the rat retina during the early
stages of diabetes and to correlate this to changes in
vascular permeability. To determine if these en-
zymes play a role in the BRB alteration, additional
studies looked at the effect of these enzymes on the
breakdown or disruption of the tight junction barrier
in isolated retinal pigment epithelial and micro-
vascular endothelial cells.

Research design and methods

Diabetic Animal Model

Sprague–Dawley rats, 8 weeks old, weighing ap-
proximately 200 g were injected with a single
intraperitoneal injection of streptozotocin (60mg/
kg) in 10mM citrate buffer, pH 4.5. Control non-
diabetic rats received injections of an equal volume
of citrate buffer only. Diabetic rats were treated with
0.2U of NPH insulin, given no more than twice a
week, to prevent weight loss and increase long-term
survival. Body weight of all animals was measured
3–4 times a week and blood glucose measured every
7–10 days. Only animals with plasma glucose
concentrations greater than 250mg/dl, 24–48 h after
streptozotocin injection were considered diabetic
and included in the study. Total glycated hemoglo-
bin (GHb) was measured in each animal prior to
killing using a commercially available assay kit
(Perkin-Elmer Life Sciences, Norton, OH, USA). The
animals were used for studies at 12 weeks of
diabetes. Animals were treated in accordance with
the Association for Research in Vision and Ophthal-

mology (ARVO) Statement for the Use of Animals in
Ophthalmic and Vision Resarch.

Quantitative Assessment of BRB Permeability

Vascular permeability in the retina was measured at
12 weeks of diabetes using an Evans blue quantita-
tion technique.9 Rats were anesthetized with keta-
mine (120mg/kg) and acepromazine (1mg/kg). The
left femoral artery and vein were exposed and
cannulated using a 0.28-mm diameter tubing (Scien-
tific Commodities Inc., Lake Havasu City, AZ, USA)
filled with heparinized normal saline (200U/ml
NS). Evans blue (45mg/kg) was injected into the
femoral vein and, 2h later, one eye was removed and
dissected to obtain the retina for PCR analysis. The
animal was subsequently perfused via the left
ventricle with approximately 60ml citrate buffered
paraformaldehyde (1% wt/vol) at 371C over a 2min
interval to clear Evans blue from the circulation. The
retina from the remaining eye was collected, dried
for 2 h and weighed. The Evans blue dye was
extracted by incubating each retina in 120 ml of
formamide for 18 h at 701C. The extract was
centrifuged at 14 000 g for 12min at 251C with a
30 000MW filter (Millipore, Bedford, MA, USA).
The absorbance of 80 ml of the supernatant was
measured by spectrophotometry. To determine the
time-averaged Evans blue plasma concentration,
0.2ml of blood was withdrawn from the femoral
artery 2min after Evans blue injection. At 15-min
intervals, 0.1ml of blood was withdrawn conclud-
ing with a 0.2ml sample of blood at the 2-h mark.
The blood samples were centrifuged at 12 000 r.p.m.
for 30min and the plasma diluted 1/10 000 in
formamide. Absorbance was measured by spectro-
photometry at 620 and 740nm, the absorbance
maximum and minimum, respectively, of Evans
blue in formamide. The concentration of dye in the
plasma was calculated from a standard curve of
Evans blue in formamide. The BRB permeability
was calculated as follows:

½Evans blue ðmgÞ=retina dryweight ðgÞ�=
½Time� averagedEvans blue concentration ðmgÞ=
plasma ðmlÞ�circulation time ðhÞ�

RT-PCR Quantitation of Messenger RNA Levels

Total RNA was isolated from the retinas of both
diabetic and nondiabetic animals using Trizol
reagent (Invitrogen, Carlsbad, CA, USA). First-
strand cDNA was prepared using approximately
5mg of total RNA and an oligo dT primer. RT-PCR
was performed using 2 ml of first strand cDNA,
Ampli-Taq Gold (Applied Biosystems, Foster City,
CA, USA) and the appropriate primers (Table 1).
Cycling conditions were similar for all primer pairs
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and include 941C for 9min followed by 30 cycles at
941C for 1min, 56–601C for 1min and 721C for
1min. Products were analyzed by 1.2% agarose gel
electrophoresis and ethidium bromide staining to
determine the abundance of specific transcripts.
Quantitation of band intensity was performed using
the image analysis software (Alpha Innotech. San
Leandro, CA, USA).

In some cases, real-time RT-PCR was used to con-
firm the changes seen using conventional RT-PCR.
The primers and probes for the real-time RT-PCR
were designed using the Primer Express software
(Applied Biosystems, Foster City, CA, USA). Am-
plification and detection was performed using the
Gene Amp 5700 system (Applied Biosystems, Foster
City, CA, USA). The level of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used to
normalize results. Data were derived using the
comparative Ct method of duplicate reactions for
five animals for each condition.10

Cell Culture

Experiments were performed using bovine retinal
microvessel endothelial cells (BRMVE) (VEC Tech-
nologies, Inc., Rensselaer, NY, USA) and ARPE-19,
an immortalized human retinal pigment epithelial
cell line (ATCC, Manassas, VA, USA). The ARPE-19
cells were maintained in DMEM media supplemen-
ted with 10% fetal bovine serum (FBS), 100U/ml
penicillin, 100 mg/ml streptomycin. BRMVE cells
were grown on fibronectin-coated dishes (Becton
Dickinson, Bedford, MA, USA) in MCDB-131 com-
plete media with FBS and antibiotics (VEC Techno-
logies, Inc., Rensselaer, NY, USA). Passages 3–7
were used for transepithelial electrical resistance
(TER) experiments and Western blots.

In some experiments, the effect of glucose levels
on the production of MMPs by ARPE-19 and
endothelial cells was evaluated. Cells were grown
in serum-free media containing either 5mM glucose,
25mM glucose, or 5mM glucose þ 20mM mannose
for 24h. The media was removed and fresh serum-
free media was added for an additional 24h. The

conditioned media were collected and analyzed by
gelatin zymography.6 MMP-2 and MMP-9 were
visualized as zones of clearing and identified based
upon molecular weight and comigration with a
standard MMP preparation (HT-1080 conditioned
media). The bands were quantitated using the Alpha
Innotech Image analysis system. The area of the
zones of proteolysis was expressed as an integrated
density value and corrected for differences in the
amount of protein loaded per lane.

TER of ARPE-19 and BRMVEC

TER of cell monolayers was determined using a
voltmeter and tissue resistance measurement cham-
ber (World Precision Instruments, Sarasota, FL,
USA). ARPE-19 and BRMVEC were grown to
confluency on 6.5-mm diameter transwell perme-
able membranes (VWR International Inc., West
Chester, PA, USA) and the initial resistance deter-
mined. The background resistance was measured
prior to each experiment using a transwell mem-
brane without cells. Fully activated human recom-
binant MMP-2 or MMP-9 (6 mg/ml) was added to
the culture media and resistance measurements
were taken at 30-min intervals over a 3-h period.
Resistance across the cell layer was determined by
subtracting the background resistance from the total
resistance and expressed per unit area (O/cm2).

Western Blot Analysis

ARPE-19 or BRMVEC were washed in ice-cold
phosphate-buffered saline (PBS) and scraped from
the culture dish in 200 ml of 0.1% triton X-100 in
100mM PO4 buffer. The total cellular extract was
incubated for 30min on ice and the nonsolubilized
material was removed by centrifugation. The result-
ing extract was divided into several equal aliquots.
One nontreated aliquot was heated to 951C for 5min
in sodium dodecyl sulfate (SDS)-sample buffer.
Additional aliquots received either purified MMP-2
or MMP-9 (6mg/ml) with or without 75mM MMP-
2/9 inhibitor ((2R)-2-[(4-biphenylylsulfonfyl)amino]-
3-phenylpropionic Acid (Calbiochem, San Diego,
CA, USA). These samples were incubated at 371C
for 1h. A final aliquot was incubated at 371C for 1h
without any MMP added. At the end of the incuba-
tion period, SDS sample buffer was added and the
samples were loaded onto a 10% polyacrylamide gel
for electrophoresis. Proteins were transferred onto
PVDF membrane and blocked with TBS/0.1%
Tweenþ 1% dry milk overnight at 41C. The mem-
branes were incubated with antibody to either
occludin (2.5mg/ml), or claudin-5 (1mg/ml) (Zymed
Laboratories Inc., San Francisco, CA, USA) for 1h at
room temperature. The membranes was rinsed three
times for 10min in TBS/Tween and again blocked for
15min. The membranes were subsequently incu-
bated with a biotin-labeled antibody for 1h at room

Table 1 Primer pairs for RT-PCR

Gene Primer sequence Product size
(bp)

MMP-2 CCA-CAT-TCT-GGC-CTG-AGC-TCC-C 436
GAT-TTG-ATG-CTT-CCA-AC-TTC-AC

MMP-9 CGG-TCG-GTA-TTG-GAA-GTT-CTC-G 536
GCT-GAA-GCA-AAA-GAG-GAG-CCT-TAG

MMP-14 AAA-GGG-AAC-AAA-TAC-TGG-AA 576
ATG-TAG-TTA-GGG-GGA-TGG-AA

GAPDH TGT-GAT-GGG-TGT-GAA-CCA-CGA-G 484
AGA-ATG-GGA-GTT-GCT-GTT-GAA-GTC
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temperature. The membranes were rinsed and
blocked for 15min, incubated for 1h at room
temperature with an AP-conjugated antibiotin anti-
body and bands were detected using NBT/BCIP as a
substrate for alkaline phosphatase.

Immunofluorescence Microscopy

Cells were passed onto glass coverslips coated with
gelatin and allowed to reach confluence. Cells were
incubated in the presence of MMP-9 (6 mg/ml) for
either 30min (BRMVEC) or 1 h (ARPE-19). Control
cells received no MMP treatment. The cells were
fixed in a 3:1 solution of ice-cold methanol/acetic
acid for 2min and then washed with PBS. Cover-
slips were blocked with 10% goat serum and
incubated with antioccludin or anticlaudin-5 anti-
body for 1 h at room temperature. Coverslips were
rinsed three times for 10min in TBS/0.1% Tween-20
and incubated with a fluorescently labeled second-
ary antibody for 1h at room temperature, washed
and mounted with Vectashield (Vector Laboratories,
Burlingame, CA, USA). Specimens were observed
using a fluorescence microscope and images were
captured and pseudocolored using the MetaMorph
Image Analysis program.

Statistical Methods

For all quantitative experiments, data from diabetic
and nondiabetic samples were compared using a
Student’s t-test using a two-tailed P-value with a set
at 0.05.

Results

Diabetic Rat Model

Nine animals were used in both the diabetic and
control groups. Rats were injected with streptozoto-
cin to induce diabetes and were maintained for 12
weeks with insulin to prevent weight loss and
increase long-term survival. The body weights of
the nondiabetic animals increased by 109% in 12
weeks, whereas the increase in the body weights of
the diabetic animals was only 13%. During this
period, blood glucose levels were found to average
167 and 500mg/dl for nondiabetic and diabetic
rats, respectively. Diabetes was further confirmed
by quantitating the percentage of GHb. Diabetic
rats were found to have a 2.74-fold increase in
GHb levels when compared to nondiabetic animals
(Table 2).

BRB Permeability Increases in Response to Diabetes

One eye from each animal was used to quantitate the
degree of vascular permeability of the retinal
vessels. Evans blue dye was used to determine the

extent of vascular permeability, a technique that
effectively measures the movement of albumin from
the plasma into the surrounding tissues. Following
12 weeks of diabetes, rats were found to have a
nearly two-fold increase in retinal vascular perme-
ability, 2.19 ml/g h compared to nondiabetic rats with
1.16 ml/g h (Figure 1). The differences observed were
statistically significant (Po0.004).

Increased Levels of Extracellular Proteinases in the
Retinas of Diabetic Animals

The levels of specific extracellular proteinase mes-
senger RNA (mRNA) were determined in the whole
retinas of 12-week diabetic animals and compared
to nondiabetic controls. Using conventional semi
quantitative RT-PCR, both MMP-2 and MMP-9
mRNA levels were found to be significantly elevated
(2.8- and 2.3-fold respectively) in the retina of
diabetic animals (Figure 2a and b). Additionally,
the membrane type MMP, MMP-14, was elevated
2.5-fold in the diabetic rat.

Real-time RT-PCR was utilized to confirm the
changes seen by conventional RT-PCR. MMP-9 and
MMP-14 were found to have a 2.1- and 2.2-fold
increase in the amounts of mRNA in diabetic
retinas, respectively.

MMP-9 Production is Enhanced in Isolated Cells
Exposed to High Concentrations of Glucose

We next examined whether elevated levels of
glucose could induce a change in MMP production
in isolated cells. Cells were grown in media contain-
ing either 5mM glucose, 25mM glucose or 5mM
glucoseþ 20mM mannose for 24 h. A significant
increase was seen in the production of MMP-9 by
both cell types grown in 25mM glucose compared to
the other media (Figure 3). The predominant form of
the enzyme was the 92 kDa nonactive proteinase.
The absence of active form could be explained by
the fact that the factors necessary for activation
(ie plasminogen and plasmin) were absent from the
cultures when grown in serum-free media. No
significant change was seen in the production of

Table 2 Body weight, blood glucose levels (Glc) and GHb levels
in diabetic and nondiabetic rats

Group Body weight
(g)

Blood glucose
(mg/dl)

% GHb

Nondiabetic 419756 167727 6.0671.1
Diabetic 226765* 500764* 16.6173.3*

Data are the mean7standard deviation. Rats were made diabetic by
intraperitoneal injection of streptozotocin (60mg/kg) in 10mM citrate
buffer, pH 4.5. Beginning body weights were 200 g for both control and
diabetic animals. The determination of GHb levels was made at the
end of 12 weeks of diabetes. *Significantly different from nondiabetic
animals (P¼ 0.0001).
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MMP-2 by these cells in any of the three growth
media (Figure 3).

Purified MMPs Alter Tight Junction Integrity in
Cultured Cells

Initially, ARPE-19 cells were treated with increasing
doses of MMP-9 and the TER was measured over a 3-
h period. A dose-dependent response was observed,
and further experiments were carried out using a
concentration of MMP (6 mg/ml) which showed a
gradual, rather than a rapid, decrease in the TER
(data not shown).

ARPE-19 cells treated with MMP-2 or MMP-9
exhibited a significant decrease in paracellular
permeability as determined by TER measurement.
The TER decreased significantly from 181 to 36O/
cm2 over a 3-h period following MMP-2 treatment
and from 181 to 45O/cm2 following treatment with
MMP-9 (Figure 4).

Although their initial baseline resistance was
significantly lower than that seen in the ARPE-19
cells, the BRMVEC responded to MMP treatment in
a similar manner. Cells treated with MMP-2 resulted
in a significant decrease in resistance, from 64 to 21
and from 76 to 15O/cm2 when treated with MMP-9
(Figure 5). A Trypan blue exclusion assay was
performed to confirm that the addition of MMPs to
cell cultures was not toxic. In both cell types, 98% of
the cells were found to be viable following treatment
with the MMPs.

MMP Degradation of Specific Tight Junction
Components

Occludin and claudin-5 proteins were examined by
Western blotting of both BRMVEC and ARPE-19 cell
extracts following treatment with purified MMP-2
and MMP-9. Occludin was present in both cell types
whereas claudin-5 is present only in endothelial
cells and was thus examined only in the BRMVEC.

Occludin migrates with a molecular weight of
62–64 kDa. Claudin-5 migrates as a single band of
approximately 24 kDa. A decrease in band intensity
in the Western blot following MMP treatment was

Figure 1 Retinal permeability as determined by the Evans blue
dye technique is increased in the rat following 12 weeks of
diabetes. The permeability of the retinal vasculature is nearly
two-fold higher in diabetic rats (2.1970.2904ml/g h) as compared
to nondiabetic rats (1.1670.1301ml/g h). Values are the mean7
s.e.m. of N¼9 animals for each group. *Significantly greater than
nondiabetic (P¼0.023).

Figure 2 (a) MMPs are upregulated in the diabetic retina. The
mRNA levels of specific extracellular proteinases were evaluated
in the retina of animals with 12 weeks of diabetes using RT-PCR.
Representative agarose gels from nondiabetic (panel A) and
diabetic (panel B) animals are shown. Each lane represents an
individual animal within each group. The specific gene of interest
is indicated. (b) Quantitation of RT-PCR analysis. The level of
specific mRNA, corrected for differences in GAPDH levels
between samples, is represented graphically. Values are the mean
of the integrated density value (IDV)7s.e.m. from four or five
nondiabetic and diabetic animals. *Significantly greater than
non-diabetic (MMP-2, P¼ 0.0038; MMP-9, P¼0.0029; MMP-14,
P¼ 0.0063).
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correlated with the proteolytic degradation of the
protein. A decrease in the intensity of the occludin
bands was seen in both MMP-2- and MMP-9-treated
protein extracts, after 1 h incubation at 371C (Figure
6). Treating the protein extracts with MMP-2 or
MMP-9 in the presence of the MMP inhibitor
resulted in an attenuation of the MMP- induced
disappearance of occludin. MMP-2 and MMP-9
treatment of cell extracts had no effect on claudin-
5 from the BRMVEC as the intensity of the claudin-5
band was unchanged in response to the treatment.

We next examined the morphological changes
which occurred in the BRMVEC and ARPE-19 cells
following the addition of MMP-9. Both cell types
form a monolayer in culture which became dis-
rupted following the addition of MMP-9 to the
cultures (Figures 7a, b and 8a, b). Both cell types
exhibited a continuous layer of occludin staining
localized to the lateral cell borders (Figures 7c and
8c). After 30min (BRMVEC) or 1 h (ARPE-19) of
MMP-9 treatment, the pattern of occludin staining
was altered in both cell types (Figures 7d and 8d).
The BRMVEC appeared to lose the majority of the
occludin initially present at the cell borders except
where cells maintained contact with one another.
A similar response was seen in the ARPE-19 cells,
where the occludin became more punctate in
appearance and was absent from areas where cells
began to visibly separate from one another. The

untreated BRMVEC also exhibited a continuous
pattern of claudin-5 staining associated with the
lateral cell borders (Figure 7e). A slightly different
response was seen in the claudin-5 staining pattern
following MMP-9 treatment. Claudin-5, like occlu-
din, was lost from cell borders when cells lost
contact with one another, but appeared normal in
terms of staining intensity in other regions where
cells were in contact.

Discussion

The major findings of this study are: (1) that MMPs
are upregulated in the retina in an animal model of
early diabetic retinopathy at a time when there is an
increase in the BRB permeability, (2) that high levels
of glucose cause an increased production of MMP-9
in isolated retinal endothelial cells, (3) that the
MMPs effect the function of the transcellular
permeability barrier in cultures of ARPE-19 and
retinal microvascular endothelial cells, and (4) that
MMPs specifically degrade the tight junction pro-
tein occludin. Together, these findings suggest that
elevated expression of MMPs in the retina of
diabetic animals may facilitate an increase in
vascular permeability by a mechanism involving
proteolytic degradation of occludin or other junc-
tional proteins.

Figure 3 MMP-9 production is increased in ARPE-19 (a and c) and bovine retinal endothelial cells (b and d) in response to high glucose
stimulation. (a and b) Representative gelatin zymograms of the conditioned media of cells grown for 24h in media containing 5mM
glucose (Lane 1), 5mM glucoseþ20mM mannose (Lane 2), or 25mM glucose (Lane 3). The positions of MMP-2 and MMP-9 are
indicated. Quantitative analysis of MMP-9 and MMP-2 at 24h (c and d). Values are the mean of three individual cultures7s.e.m.
*Significantly greater than 5mM glucose and 5mM glucoseþ20mM mannose (P¼ 0.043).
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As compared to occludin, the endothelial-specific
the tight junction protein claudin-5 did not appear
to be susceptible to degradation by MMP-2 or MMP-
9 under the conditions of these experiments.
Although an exact role for occludin in the function
of tight junctions has not been fully established, it is
postulated that occludin has some role in stabilizing
claudin oligomers11 as well as regulating the activity
of the cytoskeleton with various signaling pathways
in the cell.4 A recent study has demonstrated that
the addition of peptides corresponding to a portion
of the occludin extracellular domain caused in-
creased permeability in cells as measured by TER.12

This study suggests that disruption of occludin
alone is enough to cause a functional change in the
tight junctions. In the retina of diabetics, the
degradation of occludin by MMPs may therefore
disrupt the stability of the tight junction complex
between adjacent microvascular endothelial cells
leading to leakage and macular edema.

We have reported the elevation of MMP-2, MMP-9
and MMP-14 mRNAs in the retinas of 12-week
diabetic rats. Earlier time points were not examined
for expression of these proteinases as we noted no
significant increase in permeability in the animals
prior to 12 weeks using the Evans blue technique. A
recent study has reported increased retinal perme-

Figure 6 The tight junction proteins occludin and claudin-5 are
differentially sensitive to proteolysis by MMPs. Occludin in
extracts of BRMVEC (a) or ARPE-19 (b) and claudin-5 present in
extracts of BRMVEC (a) were examined via Western blotting
following a 1h treatment of the extract with MMP-2 or MMP-9 at
371C as indicated. Lane 1¼no MMP and no incubation. Lane
2¼no MMP, incubation for 1h 371C. Lane 3¼MMP-2 or MMP-9,
1 h 371C. Lane 4¼MMP-2 or MMP-9, 1 h 371C plus MMP2/MMP9
inhibitor. Lane 5¼no MMP and no incubation, no primary
antibody control. Equal amounts of total protein extract were
loaded in each lane. Loss of band intensity is indicative of protein
degradation.

Figure 4 MMP treatment of ARPE-19 cells increases paracellular
permeability. Integrity of tight junctions between ARPE-19 cells
was determined by TER following treatment with 6mg/ml MMP-2
or MMP-9. The TER decreased from 182 to 36O/cm2 in 3h
following MMP-2 treatment and from 181 to 45O/cm2 with MMP-
9. Control cells maintained a steady baseline resistance through-
out the duration of the experiment. Values are the mean7s.e.m.
for N¼3 individual wells. *Significantly less than control
(Po0.05).

Figure 5 MMP treatment of BRMVEC increases paracellular
permeability. Integrity of tight junctions between BRMVEC was
determined by TER following treatment with 6 mg/ml MMP-2 or
MMP-9. The TER decreased from 64 to 21O/cm2 in 3h following
MMP-2 treatment and from 74 to 15O/cm2 in 3h with MMP-9.
Control cells maintained a steady baseline resistance through-
out the duration of the experiment. Values are the mean7s.e.m.
for N¼3 individual wells. *Significantly less than control
(Po0.05).
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Figure 7 Treatment of BRMVEC with MMP-9 induces a loss of the tight junction protein occludin and retraction of adjacent cell borders.
BRMVEC were treated for 30min with 6 mg/ml MMP-9 and fixed for occludin and claudin-5 immuostaining. (a) Phase contrast image of
untreated cells showing the typical monolayer morphology (bar¼ 33 mm). (b) Phase contrast image of cells incubated for 30min with
MMP-9 (bar¼ 33mm). (c) Untreated cells stained for occludin. Note the continuous staining associated with lateral cell borders (arrows)
(bar¼ 8.3mm). (d) Cells treated with MMP-9 display loss of occludin at the cell borders except for where cell–cell attachment is
maintained (arrows) (bar¼ 8.3 mm). (e) Untreated cells stained for claudin-5. Claudin-5 localizes to the lateral cell borders (arrows)
(bar¼ 8.3mm). (f) Cells treated with MMP-9 display loss of claudin-5 at the cell borders except for where cell-cell attachment is
maintained (arrows) (bar¼8.3 mm).
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ability at 2 weeks of diabetes in the rat using Alexa-
Fluor 488-labeled BSA.13 This study demonstrates
the variability of permeability results that can be
obtained depending upon the technique used.

MMPs are secreted as proenzymes that are
activated autocatalytically or by other proteases
such as uPA and plasmin. The serine proteinase
uPA, through its conversion of plasminogen to
plasmin, may directly effect the tight junction
proteins between adjacent endothelial cells, or
may function to activate MMP-2 and MMP-9 result-
ing in a breakdown of the tight junction protein
occludin by these enzymes. A previous study
reported on a role for uPA in the regulation of the
paracellular permeability pathway in VEGF-treated
cultured endothelial cells.14 It is unclear whether
the elevated levels of uPAwere having a direct effect
on the cells in this study or whether the effect was

via the activation of MMPs which may have been
produced as well. Indeed, MMPs and the uPA/uPAR
system have been previously demonstrated to over-
lap and cooperate in other physiological contexts
such as wound healing.15

The increase of MMPs in diabetic animals may be
partly due to the direct effects of hyperglycemia,
increased VEGF expression, or the production of
other diabetes-related products including reactive
oxygen species (ROS) and advanced glycation end
products (AGE). Increased endothelial cell expres-
sion of MMP-2 and MMP-9 in response to hyper-
glycemia has previously been reported.16,17 In the
present study, we confirmed that high levels of
glucose resulted in an increased production of
MMP-9 in cultured retinal endothelial cells. In
addition, the formation of AGE, as a consequence
of hyperglycemia, can cause increased expression of

Figure 8 Treatment of ARPE-19 cells with MMP-9 induces a loss of the tight junction protein occludin and retraction of adjacent cell
borders. ARPE-19 cells were treated for 1h with 6 mg/ml MMP-9 and fixed for occludin immuostaining. (a) Phase contrast image of
untreated cells showing the typical monolayer morphology (bar¼ 33mm). (b) Phase contrast image of cells incubated for 30min with
MMP-9 (bar¼33mm). (c) Untreated cells stained for occludin. Note the continuous staining associated with lateral cell borders (arrows)
(bar¼8.3 mm). (d) Cells treated with MMP-9 display a loss of occludin at the cell borders except for where cell–cell attachment is
maintained (arrows) (bar¼8.3 mm).
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MMPs through NF-kB upregulation in retinal micro-
vascular endothelium.18 A previous study reported
that cells treated with VEGF demonstrated increased
paracellular permeability, as well as upregulation of
uPAR levels.14 Prolonged hyperglycemia induces
increased levels of ROS such as hydrogen peroxide,
hydroxyl radicals and super oxide anions.19,20

Hyperglycemia and ROS have also been correlated
with an elevation of MMP-9 expression and activity
that can be attenuated by treatment with anti-
oxidants.17 It is apparent that in the development
of diabetes proteinase expression may be increased
by a variety of biochemical mechanisms.

The proteolytic degradation of tight junction
proteins in response to hyperglycemia and in-
creased VEGF levels may be facilitated by the
elevated expression of specific extracellular protei-
nases. To further investigate the role of the MMPs in
BRB breakdown, Western blots were used to exam-
ine the integrity of occludin and claudin-5 in ARPE-
19 and BRMVEC extracts treated with MMPs. The
addition of MMP-2 or MMP-9 resulted in a loss of
occludin band intensity; however, no effects on
claudin-5 from BRMVEC were noted. This suggests
that specific degradation of a single protein within
the tight junction complex may result in an overall
breakdown of the barrier as demonstrated by the
TER experiments. Although occludin by itself
cannot form a functionally tight barrier, it likely
plays an important role in organization and stabili-
zation of the tight junction.21–23 Its breakdown by
MMPs may thus result in an overall disruption of
the barrier and increased vascular leakage.

The specificity of MMP degradation of occludin
can be partially explained by the fact that MMP-2
cleaves peptide bonds such as Gly–Val, Gly–Leu,
Gly–Asn, and Gly–Ser).24 Occludin contains two
extracellular domains at AA90–135 and AA196–
243. In the occludin peptide, there are three Gly–Ser
residues in the first extracellular domain and two
Gly–Ser, one Gly–Val and one Gly–Leu in the
second extracellular domain. It is plausible that
MMP-2 cleaves occludin at one or more of these
sites resulting in alteration of tight junction struc-
ture and function. Confirmation of this will require a
detailed mapping of the proteolytic site using
preparations of purified occludin.

Serum levels of VEGF are significantly increased
in individuals with diabetes, and glycemic control
and the duration of diabetes influences the extent of
this elevation.25–27 VEGF has a well-known effect on
increasing vascular permeability. VEGF may exert
its effects on the BRB through a variety of mechan-
isms. This growth factor has been shown to alter the
expression pattern of specific tight junction proteins
in endothelial cells.28,29 In addition, studies have
demonstrated that increased vascular permeability
in experimental diabetes is associated with reduced
endothelial occludin content.30 VEGF has been
shown to cause rapid phosphorylation of occludin,
which correlates with an increase in permeability

between endothelial cells.31 These studies report the
proteolytic breakdown of occludin in response to
VEGF treatment but did not identify the enzymes
involved.

Although this present study focuses on the
paracellular molecular flux between the endothelial
cells, we cannot rule out the possibility of the
transcellular flux that may play a role in increased
retinal permeability. The VEGF-induced permeabil-
ity has been attributed to the formation of vesiculo-
vacuolar organelles (VVOs) in retinal endothelial
cells in culture32 that are responsible for transcel-
lular transport. It has been suggested that some or all
tight junction complexes may function to define the
apical vs basolateral environment and formation of
VVOs and transcellular transport.33

In this study, we present a probable mechanism
for the alteration of the BRB by MMPs. We have
shown that MMP-2, MMP-9 and MMP-14 are
upregulated in the retina from diabetic animals
and associated with BRB permeability changes. In
addition, MMP-2 and MMP-9 both have the ability
to degrade occludin and alter the functional capa-
city of tight junctions in vitro. Although the present
study has not examined a direct role for MMPs in
the alteration of occludin in vivo, a previous study
has shown reduced endothelial occludin in the
retinas of diabetic animals with increased vascular
permeability.30 Further studies are in progress in
this lab-utilizing specific MMP inhibitors in an
in vivo model of diabetic retinopathy to correlate
occludin content with changes in vascular perme-
ability. A greater understanding of the role of
proteases in altering tight junction proteins in
diabetic retinopathy will provide future targets for
therapeutic intervention. Along these lines, current
studies are underway to determine if inhibition of
the uPA/uPAR and/or MMP systems in vivo can
prevent or reverse the alteration of the BRB and
permeability changes seen in the early stages of
diabetic retinopathy.
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