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Purpose. To identify matrix metalloproteinases (MMPs) released by ciliary smooth muscle cells
in vitro and to determine whether MMP release is altered by exposure to prostaglandins
(PGs).

Methods. Human ciliary smooth muscle cells were grown to confluence in monolayer cultures
and treated with PGF2a, 11-deoxy-PGE,, or PhXA85 (the nonesterified analogue of PhXA41)
for 12 to 72 hours. The activity of MMP in the medium was assayed using gelatin and casein
zymography. Identification of die specific MMP associated with each band was made by
Western blot analysis. Band intensity, which reflects activity, was measured with a scanning
laser densitometer.

Results. Three major bands appeared in the gelatin zymographs at positions corresponding
to molecular weights of 62 kDa, 68 kDa, and 97 kDa. A single band at 50 kDa predominated
in the casein zymograms. Substitution of EDTA for calcium and zinc in the development
solution eliminated the appearance of these bands, indicating that they reflect MMP activity.
Immunoblotting, using MMP-specific antibodies, confirmed that the three bands in the gelatin
zymographs were MMP-1, MMP-2, and MMP-9, respectively; the single band in the casein
zymographs was MMP-3. Treatment with 200 nM PGF2a, 11-deoxy-PGE,, or PhXA85 for 72
hours increased the combined density scores for MMP-1 and MMP-2 by 37%, 64%, and 27%;
the density scores for MMP-9 by 268%, 253%, and 125%; and the density scores for MMP-3
by 35%, 71%, and 22%, respectively.

Conclusions. These results indicate that ciliary smooth muscle cells can secrete MMP-1, MMP-
2, MMP-3, and MMP-9. In addition, exposure to PGF2a, 11-deoxy-PGE,, or PhXA85 increases
production of all four MMPs. These observations support the hypothesis that increased MMP
production by ciliary muscle cells has a role in increasing uveoscleral outflow facility after
topical PG administration. Invest Ophthalmol Vis Sci. 1997;38:2772-2780.

Jt hysiological studies in animals and humans indicate
that the intraocular pressure reduction induced by
prostaglandin (PG) F2c, or the PGF2cv analogues, in-
cluding latanoprost or PGF2a-isopropylester, reflects
increased uveoscleral outflow without significant
changes in conventional outflow or aqueous produc-
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tion and implicate the ciliary muscle as having an im-
portant role.1"7 The biochemical events mediating this
response, however, remain poorly understood.

Matrix metalloproteinases (MMPs) are a family
of neutral, zinc-dependent enzymes that can hy-
drolyze specific peptide sequences found in extra-
cellular matrix (ECM) structural proteins.8'9 These
molecules are secreted as inactive proenzymes (zy-
mogens) and become activated by proteolytic trun-
cation. Recently, it has been reported that expo-
sure of human ciliary smooth muscle cells to PGs
induces the secretion of promatrix metalloprotein-
ase-1 (pro-MMP-1, also known as prointerstitial col-
lagenase) and pro-MMP-3 (prostromelysin-1).10

This response may contribute to the PG-mediated
increase of uveoscleral outflow, because the uveo-
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scleral outflow path includes the extracellular
spaces separating ciliary muscle fibers,1112 and be-
cause these extracellular spaces contain abundant
ECM.I3~IO> Thus increased degradation of ciliary
muscle ECM by MMPs could decrease the hydraulic
resistance to uveoscleral flow.17

In addition to MMP-1 and MMP-3, it is likely that
ciliary smooth muscle cells may release other MMPs.
For example, human vascular smooth muscle cells can
secrete MMP-1 and MMP-3, as well as MMP-2 (gela-
tinase A) and MMP-9 (gelatinase B).18'19 Each MMP
type targets specific peptide sequences in ECM macro-
molecules for cleavage. For example, MMP-1 cleaves
a single site in collagen type la\ and Ia2 chains, as
well as in the homotypic collagen type III chains.20'21

Matrix metalloproteinase-3 can cleave sites in collagen
types III, IV, V, and IX and in fibronectin and lami-
nin9; MMP-9 cleaves sites in collagen types IV and V;
and MMP-2 cleaves sites in collagen types IV, V, VII,
and X.8'9 The action of MMP can initiate enzymatic
degradation of ECM components by non-MMP extra-
cellular proteases.22 Hence, release of MMP types by
ciliary smooth muscle cells could have important con-
sequences for the structure of adjacent ECM.

In the current study, we evaluated the release of
MMP-1, MMP-2, MMP-3, and MMP-9 by ciliary smooth
muscle cells in vitro. Also, we investigated whether
release of these MMPs was altered by exposing the
cells to PGF2£V, l7-phenyl-18,19,20-trinor-PGF2a (17PT-
PGF2J, 11-deoxy-PGEl, or PhXA85 (the free acid
form of latanoprost).

MATERIALS AND METHODS

Human Ciliary Smooth Muscle Cultures

Nine pairs of human eyes from donors 31 to 76 years
old were obtained from the San Diego Eye Bank within
24 hours after death. Enucleation was completed
within 6 hours after death, and eyes were stored at 4°C
for less than 24 hours before cultures were generated.
Donors had no known history of glaucoma or other
eye diseases.

Ciliary smooth muscle cell cultures were prepared
as previously described.14 Briefly, each eye was bisected
horizontally 3 mm posterior to the limbus. The ante-
rior segment was placed cornea-side-down under a dis-
secting microscope, and the lens was removed by cut-
ting the zonule. Strips of the outermost portion of
ciliary muscle were explanted into 35-mm culture
dishes (Falcon, Lincoln Park, NJ). The medium was
Dulbecco's modified Eagles medium and Ham's F12
nutrient mixture (DMEM-F12; University of Califor-
nia, San Diego Cell Culture Facility), supplemented
with 10% fetal bovine serum (Gemini, Woodland, CA)
and 1 ng/ml recombinant human basic fibroblast

growth factor (bFGF; R & D Systems, Minneapolis,
MN). The cultures were incubated in a humidified
atmosphere of 95% air-5% CO2. The medium was
changed ever)' 3 to 4 days. Primary cells reached con-
fluence within 40 to 60 days. Subsequent passages
reached confluence within 14 days. Confluent cultures
were trypsinized and subcultured in the same medium
at a ratio of 1:3. For the current study, we used conflu-
ent third- and fourth-passage cells.

These cells expressed several proteins specific to
ciliary smooth muscle cells in vivo, including a-smooth
muscle actin, desmin, and calponin, an actin-binding
protein that regulates contraction in smooth mus-
cles.14'23 Also, these cells biosynthesize collagen types
I, III, IV, which assemble into a characteristic ECM
adjacent to the cell monolayer.13'1'1'24

Prostaglandins

Prostaglandin F2cv, 17PT-PGF2(V, and 11-deoxy-PGE,
were purchased from Cayman Chemical Company
(Ann Arbor, MI), and PhXA85 (the nonesterified ana-
logue of PhXA41) was provided by Dr. J. Stjernschantz
of Pharmacia Upjohn, Uppsala, Sweden. Topically ap-
plied PG esters (e.g., latanoprost) become hydrolyzed
as they pass through the cornea and into the aqueous
humor.7'25 Thus, PhXA85, the nonesterified analog of
latanoprost, is the appropriate choice for studies of
latanoprost action in vitro. The concentration of PGs
tested, 20 nM and 200 nM, was selected on the basis
of the concentration of 78 nM PGF2« (28 ng/ml) de-
tected in aqueous humor collected from monkey eyes
after topical treatment with an intraocular-pressure-
lowering dose of PGF2«.26 All PGs were dissolved in
ethanol and diluted with DMEM-F12 to 2 mM. The
final concentration of ethanol in the vehicle control
was 0.001%, the same concentration of ethanol in the
highest dose of PG treatment used in the study. All
reagents were stored at — 70°C to minimize oxidation
until use.

Experimental Design

Cells were maintained in a medium containing 10%
serum in DMEM-F12 supplemented with 1 ng/ml
bFGF for 1 week after they had become confluent. The
cultures then were switched to serum-free medium
containing DMEM-F12 supplemented with 1 mM in-
sulin, 5 mg/ml transferrin, 100 mM ascorbic acid, 1
mM /3-aminopropionitrile, and 1 ng/ml bFGF for 4
days before experimental treatments were initiated.
Serum-free medium was used to minimize nonspecific
induction of MMPs, because serum contains agents
known to stimulate MMP biosynthesis.8'27 The 4-day
preincubation period was based on the time required
for the expression of c-fos to reduce to a basal pla-
teau.28 In the treatment phase, PGs or vehicle were
added daily to the cultures for 1 to 3 days. Medium
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samples were collected and stored at — 80°C until ana-
lyzed.

Zymographic Analysis

Medium samples were thawed on ice, concentrated
using Centricon-30 ultrafiltration units (30-kDa cutoff;
Amicon, Beverly, MA), and adjusted to a final concen-
tration ratio of 10:1. Aliquots of these samples under-
went zymographic analysis with gelatin gels or with
casein gels. This technique exploits the ability of MMP-
1, MMP-2, and MMP-9 to degrade gelatin and the
ability of activated MMP-3 to degrade casein. Gelatin
(0.1%) or /5-casein (0.2%) was mixed into liquid acryl-
amide before casting polyacrylamide gels. After so-
dium dodecyl sulfate-polyacrylamide gel electropho-
resis was completed, the gels were twice washed for
30 minutes at room temperature with 2.5% Triton X-
100 to remove the sodium dodecyl sulfate and were
incubated 8 to 12 hours at 37°C in 150 nM NaCl, 50
mM Tris (pH 8), 10 raM CaCl2, and 1 fiM ZnCl2.
After staining with Coomassie blue, digestion of the
substrate (gelatin or casein) at the position of the
enzymes was observed as clear areas in the otherwise
uniformly dark-staining gel. The size of these clear
areas, which is proportional to MMP activity,29 was
directly measured using a scanning laser densitometer
(Ultrascan II Laser Scanning Densitometer, Phar-
macia, Bromma, Sweden). Each lane was analyzed by
scanning along five parallel stripes, 800 //M apart, with
the middle stripe positioned over the center of the
lane. The results of these scans were averaged to yield
a mean plot of optical density versus displacement.
From these plots, the area under each peak was deter-
mined by integration to yield a single densitometry
score for each band.

Western Blot Analysis

Medium samples were concentrated, using Centricon-
30 ultrafiltration units, and were adjusted to a final
concentration ratio of 10:1. Samples and prestained
molecular weight standards containing myosin H-
chain, phosphorylase b, bovine serum albumin (BSA),
ovalbumin, carbonic anhydrase, /?-lactoglobulin, and
lysozyme (Calbiochem, San Diego, CA) were sepa-
rated by electrophoresis on 7.5% or 12% polyacryl-
amide gels and transferred to a nitrocellulose mem-
brane by Western blot. Rabbit polyclonal antibodies
RP2C1, RP3G72, RP2S1, and RP1G92 to human MMP-
1, MMP-2, MMP-3, and MMP-9, respectively, were a gift
from Dr. J. P. Alexander (Casey Eye Institute, Oregon
Health Science University, Portland). They were
raised against unique peptide segments or purified
MMPs, and specificity was confirmed by Western blot
analysis of tissue homogenates.30'31 The membrane was
blocked by incubation with 3% bovine serum albu-
min-phosphate-buffered saline (PBS), incubated with

primary antibody diluted at 1:1000 for 1 hour at 37°C,
washed in 0.01% Tween-PBS, incubated with biotinyl-
ated antirabbit immunoglobulin (Ig) G antibody
(Sigma Chemical Co.), diluted at 1:500 for 1 hour at
37°C, washed, incubated with peroxidase-conjugated
avidin (Sigma Chemical Co.) for 15 minutes, washed,
and developed with diaminobenzidine (Sigma Chemi-
cal Co.). The molecular weights of the immunostained
bands were estimated by comparing their migration
with the migration of the standards.

Immunocytochemical Analysis

Antibodies used for immunocytochemical analysis
were mouse monoclonal antihuman calponin (hCP,
diluted 1:1000; Sigma Chemical Co.), and mouse
monoclonal antihuman a-smooth muscle actin (1A4,
diluted 1:100; Sigma Chemical Co.). The specificities
of these antibodies were characterized by Western blot
analysis and immunoprecipitation.32'33 Rhodamine-
conjugated goat antimouse IgG (diluted 1:400; Sigma
Chemical Co.) was preabsorbed with homogenized
human uvea to reduce nonspecific binding and used
as secondary antibody. The cultures were rinsed three
times with PBS, fixed with 4% formaldehyde in PBS,
washed, permeated with 0.1% Triton X-100 in PBS for
15 minutes, washed, blocked with 10% goat serum in
PBS, washed again with PBS, incubated with primary
antibodies for 60 minutes in a moist chamber, washed,
exposed to secondary antibodies for 30 minutes in the
dark, washed, and mounted with gelvatol. Controls for
nonspecific secondary antibody binding were incu-
bated with PBS instead of with primary antibodies.

RESULTS

Cell Culture

Cultured ciliary muscle cells formed confluent mono-
layers of spindle-shaped cells, organized into a charac-
teristic "hill-and-valley" distribution—that is, areas of
higher and lower cell density (Fig. 1) typical of ciliary
smooth muscle cells in vitro.14'34 Immunocytochemical
evaluation with antibodies to calponin and a-smooth
muscle actin produced positive staining in more than
95% and 90% of the cells, respectively (not shown).
These results indicate high purity and differentiation
of the ciliary smooth muscle cells within these cul-

23

tures.
Zymographic Analysis

Three major bands appeared in the gelatin zymo-
graphs at positions corresponding to apparent molec-
ular weights of 62 kDa, 68 kDa, and 95 kDa (Fig. 2,
lane 1). A faint band was observed at 50 kDa, which
was more intense in the casein zymograms (Fig. 2, lane
3). Hence, in the quantitative studies of PG-mediated
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FIGURE l. Phase image of third-passage human ciliary
smooth muscle cells cultured from a 59-year-old eye. The
cells formed a monolayer of aligned spindle-shaped cells
that grew in a characteristic "hill-and-valley" pattern—that
is, with condensed regions and sparse regions. Unstained;
magnification, X200.

MMP induction described later, this band was studied
using casein gels. Substitution of EDTA for calcium
and zinc in the development solution inhibited the
appearance of these bands (Fig. 2, lanes 2 and 4),
indicating that they reflected MMP activity.

Western Blot Analysis

Immunoblots for the analysis of MMP-1, MMP-2,
MMP-3, and MMP-9 were prepared by electrophoresis
of medium samples in 7.5% polyacrylamide gels and
electrotransfer to nitrocellulose membranes. Incuba-

1 2 3 4

95-
68-
62-
50-

FIGURE 2. Zymograms of culture medium from confluent
human ciliary smooth muscle cells maintained in chemically
denned medium. Gelatin substrate zymograms (lanes 1 and
2) and casein substrate zymograms (lanes 3 and 4) were
developed in the presence of calcium and zinc (lanes 1 and
3) or with divalent cations removed and EDTA added (lanes
2 and 4). Bands in the gelatin zymogram were observed at
50 kDa, 62 kDa, 68 kDa, and 95 kDa {left). The 50-kDa band
was stronger in the casein zymogram (lane 3).

97-mm

68-

63- *

29-

FIGURE 3. Western blots of culture medium from human
ciliary smoodi muscle cells probed with antibodies recogniz-
ing MMP-1 (lane 2), MMP-2 (lane 3), MMP-9 (lane 4), or
MMP-3 (lane 5). Single, sharp bands were seen at 62 kDa, 68
kDa, 50 kDa, and 95 kDa, respectively {right). Dye-coupled
molecular weight standards (lane 1) include carbonic anhy-
drase (29 kDa), ovalbumin (43 kDa), bovine serum albumin
(68 kDa), and phosphorylase b (97 kDa; left). MMP = matrix
metalloproteinase.

tion of blots with antibody RP2C1 (MMP-1) yielded a
single, sharp band with an apparent molecular weight
of 62 kDa (Fig. 3, lane 2). Similarly, incubations with
antibodies RP3G72 (MMP-2), RP2S1 (MMP-3), or
RP1G92 (MMP-9) yielded single sharp bands with ap-
parent molecular weights of 68 kDa (lane 3), 50 kDa
(lane 4), and 95 kDa (lane 5), respectively. These re-
sults confirmed that the three major bands in the gela-
tin zymographs were MMP-1, MMP-2, and MMP-9 and
that the predominant band in the casein zymographs
was MMP-3.

Prostaglandin's Influence on Matrix
Metalloproteinase Production

Gelatin and casein zymographs of media samples from
cultures treated with 200 nM PGF2a, 11-deoxy-PGEi,
or PhXA85 for 72 hours showed marked increases in
the size and intensity of all bands (Figs. 4 and 5).
Because of these increases, the nearby bands at 62
and 68 kDa often overlapped, and they could not be
distinguished clearly. Hence, these two bands were
analyzed together to yield a single score. As seen in
Figure 4, PG treatment increased the size of the 62-
kDa and the 68-kDa bands. Exposure of cultures to
200 nM PGF2o, 11-deoxy-PGE,, or PhXA85 for 12, 24,
or 72 hours induced increasing amounts of MMP-1/2,
MMP-9, and MMP-3 (Fig. 6). In the cultures treated
for 72 hours, the mean score increases compared with
vehicle control scores were 37%, 64%, and 27% for
MMP-1/2; 268%, 253%, and 125% for MMP-9; and
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FIGURE 4. Gelatin zymogram of culture media from human
ciliary smooth muscle cells exposed to vehicle control (lane
1), or to 200 nM PGF2a (lane 3), 17-phenyltrinor PGF2a

(lane 4), 11-deoxy-PGE, (lane 5), or PhXA85 (lane 6). Lane
2 was empty. Strong bands were observed at 62 kDa, 68
kDa, and 95 kDa {left). Note increased band sizes in lanes
containing medium from PG-treated cultures. PG = prosta-
glandin.

35%, 71% and 22% for MMP-3, respectively. Increased
densitometric scores were sometimes seen after treat-
ment with 20 nM PGs; however, the magnitude of
these increases was considerably lower (not shown).

DISCUSSION

These results indicate that human ciliary smooth mus-
cle cells biosynthesize MMP-2 and MMP-9, as well as
MMP-1 and MMP-3. In addition, exposure of the cells
to various PGs induces an increase in the amounts of

1 2 3 4 5 6

50-

FIGURE 5. Casein zymogram of culture media from human
ciliary smooth muscle cells exposed to vehicle control (lane
1), or to 200 nM PGFa,, (lane 2), 17-phenyltrinor PGF2a

(lane 3), 11-deoxy-PGE, (lane 5), or PhXA85 (lane 6). Lane
4 was empty. The predominant band migrated to at an ap-
parent molecular weight of 50 kDa (left) and was increased
in size in lanes containing medium from PG-treated cul-
tures. PG = prostaglandin.

Vehicle PGF2n 11doPQEi PhXA85

I

U.B '

0.6'

0.4-

0.2'

ft

1
I

Vehicle PGfita 11doPQEi PhXA85

B

03
•H

Vehicle PGfta UdoPGEi PhXA85

FIGURE 6. Increased matrix metalloproteinase activity scores
from zymograms of ciliary smooth muscle cultures incu-
bated with 200 nM PGF2a, 11-deoxy-PGE,, PhXA85, or vehi-
cle control for 12, 24, or 72 hours. Because of overlap, the
bands at 62 kDa and 68 kDa in the gelatin zymographs were
analyzed together (A; n = 5 cultures). Also analyzed were
the 95-kDa band in the gelatin zymographs (B; n = 5) and
the 50-kDa band in the casein zymographs (C; n = 6). PG
= prostaglandin.

Downloaded from iovs.arvojournals.org on 04/24/2024



Prostaglandin Induction of Matrix Metalloproteinase Activity 2777

each of the MMPs. These results are consistent with
the increased pro-MMP-1 and pro-MMP-3 in PG-
treated ciliary smooth muscle culture media observed
by enzyme-linked immunosorbent assay.10

Coordinate production of the MMP-1, MMP-2,
MMP-3, and MMP-9 observed in the current study is
not surprising in that each has an AP-1 regulatory
element within their promoters.35'36 This regulatory
element promotes transcription when it is bound by a
heterodimeric regulatory complex containing Fos and
jun family proteins.36'37 Treatment of ciliary smooth
muscle cells with PGF2a induces c-fos expression.28 To-
gether, these results support the view that PGF2a in-
duction of MMPs is mediated by AP-1 activation. The
quantitatively similar results of 17PT-PGF2a and
PhXA85 may reflect that both are specific FP receptor
agonists. The induction of MMPs by 11-deoxy PGE,
suggests that other regulatory elements also may regu-
late MMP induction in ciliary muscle cells, in that this
agonist does not bind to FP receptors but appears to
have high affinity for EP3 receptors as well as moderate
affinity for EP2 receptors.38'39 Results of studies in
other cell types indicate that agonist-mediated activa-
tion of these various PG receptors induces different
effects on G-protein activation, adenylyl cyclase activ-
ity, and intracellular calcium changes.40'41 Thus, multi-
ple signaling pathways may mediate alteration of MMP
expression stimulated by PGs in human ciliary muscle
cells.

After secretion, stepwise activation of pro-MMPs
can occur by proteolytic truncation.8'9 Considering its
apparent molecular weight in the current study, it ap-
pears that MMP-2 is activated within the ciliary muscle
cell cultures. Results of prior studies have shown that
MMP-2 from human synovial fibroblasts is converted
from an inactive state, with apparent molecular weight
of 72 kDa, to an active state, with apparent molecular
weight of 68 kDa.42 Similar molecular weight changes
were seen with activation of MMP-2 from other cell
types.43'44 Hence, the 68-kDa MMP-2-immunoreactive
band observed in the current experiments probably
was the activated form of MMP-2. Because MMP-2 can
degrade collagen types I and IV, the altered amount
and organization of these ECM macromolecules ob-
served in ciliary muscle cultures exposed to PGs is
consistent with increased MMP-2 activity.45'46 Likewise,
the apparent molecular weight of the MMP-3 immuno-
reactive band observed in the current study may re-
flect its activation status. In previous studies, it has
been reported that the apparent weight of pro-MMP-
3 is 57 to 60 kDa, and that fully activated MMP-3 has
an apparent molecular weight of 41 to 45 kDa.42'47

Intermediate sizes of MMP-3 are associated with par-
tial activation.42'48 Hence, the MMP-3 immunoreactive
band at the 50 kDa observed in the current study
probably is partially activated MMP-3. Because MMP

truncation can be mediated by active MMP-3, further
studies will be needed to confirm the activation status
of MMP-3 in this experimental system.

In contrast to MMP-2 and MMP-3, the obsen'ed
apparent molecular weights of MMP-1 and MMP-9 sug-
gest that they were not activated. The sizes of pro-
MMP-1 and active MMP-1 from human synovial fibro-
blasts have been reported as 52 to 56 kDa, depending
on glycosylation, and 41 to 45 kDa, respectively.42 We
found an MMP-1 immunoreactive protein with an ap-
parent molecular weight of 62 kDa. This is consistent
with a 62-kDa MMP-1 immunoreactive band previously
found in media from cultured human trabecular
meshwork cells.30 In view of these observations, it is
possible that the 62-kDa band obsen'ed in the current
study is pro-MMp-1. Likewise, in previous studies, it
has been reported that the apparent sizes of the pre-
cursor and active forms of MMP-9 released by various
human cell types range from 92 to 95 kDa and 82 to
84 kDa, respectively.18>30'49'50 Thus, in contrast to MMP-
2 and MMP-3, the observed sizes for MMP-1 and MMP-
9 suggest that these MMPs are largely present as pre-
cursor pro-MMPs. Further studies will be needed to
confirm these points.

An important concern is the relevance of the ob-
served MMP response to what may be happening
within the ciliary muscle in situ after topical PG treat-
ment. Previously, 78 nM PGF2cv (28 ng/ml) was mea-
sured in aqueous humor collected from monkey eyes
after topical treatment with an intraocular-pressure-
lowering dose of PGF2ff.

26 Recently, it has been found
that the peak concentration of latanoprost-free acid
in aqueous humor samples obtained from human eyes
that had received one dose of topical latanoprost be-
fore undergoing routine cataract surgery was 100 nM
(J. Stjernschantz, personal communication, 1997). In
the current study, clear evidence of MMP induction
was seen with 200 nM PG treatment. At lower concen-
trations, MMP induction was unclear because of the
sensitivity of the assay. However, significant increases
of pro-MMP-1 and pro-MMP-3 secretion were obsen'ed
by enzyme immunoassay after 10-nM PGF2a, treat-
ment.10 This is consistent with the significant increase
in c-fos induction after exposure to 10 nM PGF2a.

28

Thus, it is reasonable to expect that MMP induction
occurs after treatment with an intraocular-pressure-
lowering dose of PGF2a or of a clinically relevant dose
of latanoprost.

Several factors may contribute to the modulation
of pro-MMP activation in vivo. First, urokinase plas-
minogen activator, which can activate isolated pro-
MMPs,42 has been identified in aqueous humor.51"53

It is unknown whether PG treatment can alter the
concentration or activity of this enzyme. Second, MMP
activity can be blocked by the permanent binding of
tissue inhibitors of metalloproteinases (TIMPs)19'54;
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TIMP-1 is secreted into the medium of trabecular
meshwork cells in vitro:30 Although aqueous humor
passing through the trabecular meshwork generally
exits the eye through Schlemm's canal, it is possible
that some of the TIMP released by the trabecular
meshwork near the iris root may gain access to aque-
ous humor entering the uveoscleral outflow path.55

Thus, it will be important to evaluate as well the influ-
ence of PGs on MMP inactivation by TIMPs. Human
aqueous humor collected from patients undergoing
elective surgery for senile cataract appears to contain
abundant pro-MMP-2 as well as smaller amounts of
active MMP-2, MMP-9, and TIMPs.52

The current results suggest that exposure to PGs
induces the amount of at least four different MMPs
by ciliary smooth muscle cells. If this occurs in situ,
these MMPs would be well positioned to degrade adja-
cent ECM and to reduce the hydraulic resistance
around the ciliary muscle fibers to facilitate uveoscl-
eral flow. Ciliary muscle release of MMPs also may be
important in normal intraocular pressure regulation,
in that PGs are produced by cultured human trabecu-
lar meshwork cells,56'57 by intact trabecular meshwork
tissue,58 and by perfused human anterior segments in

r.n

vitro.
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