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Abstract:

 

Bovine trabecular cells in growth phase were exposed to cyclic mechanical
stretching of the bottom of a culture dish at a cycle of 30 seconds for 72 hours. The stretched
cells produced significantly larger amounts of metalloproteinase-2 (MMP-2) and tissue inhib-
itor of metalloproteinase-1 (TIMP-1) after 72 hours, compared with cells in nonstretched
control. In contrast, TIMP-2 and MMP-9 levels were not influenced by mechanical stretch-
ing. Trabecular cells would modify extracellular matrix in response to such mechanical stim-
uli as bending of trabecular meshwork or aqueous flow by the production of TIMP-1 and
MMP-2.
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Introduction

 

The trabecular meshwork is a major site for aque-
ous outflow, and its resistance to the flow is consid-
ered responsible for the development of primary
open-angle glaucoma.

 

1,2

 

 Accumulation of extracellu-
lar matrix components such as collagens and pro-
teoglycans in the trabecular meshwork has been
found in eyes with primary open-angle glaucoma,
and the abnormal balance between their production
and degradation has been advocated as one of the
underlying pathogenic factors.

 

1–3

 

Matrix metalloproteinases (MMPs) are a group of
enzymes involved in the degradation of collagens
and proteoglycans. Tissue inhibitors of metallopro-
teinases (TIMPs) inhibit the activity of MMPs by
binding to them.

 

4

 

 These two kinds of proteins play a
cooperative role in modulating degradation of the
extracellular matrix. Trabecular cells have also been
shown to produce TIMPs and MMPs.

 

5–8

 

The trabecular meshwork in vivo is exposed to
mechanical forces generated by aqueous flow and
changing levels of intraocular pressure. We previ-

ously demonstrated that the elevation of hydraulic
pressure to around 25 mm Hg induced a transient
rise of intracellular calcium in human trabecular cells
in a culture flask.

 

9

 

 Furthermore, mechanical stretch-
ing applied to the bottom of a culture dish with bo-
vine and porcine trabecular cells resulted in the in-

 

creased production of prostaglandin F

 

2

 

a

 

.

 

10,11

 

 In this
study, we measured the production of TIMP-1,
TIMP-2, and MMPs by bovine trabecular cells in cul-
ture in response to mechanical stretching, to test
whether or not mechanical force would influence the
metabolism of extracellular matrix in the trabecular
meshwork.

 

Materials and Methods

 

Culture of Bovine Trabecular Cells

 

10–12

 

Bovine eyes were obtained from a local slaughter-
house within 3 hours after sacrifice and disinfected
by soaking in 0.2% povidone iodine for 10 minutes
and then in 70% alcohol for 30 seconds. The eyes
were washed several times in phosphate-buffered sa-
line (PBS) and cut circumferentially into halves. Af-
ter the removal of the lens and iris from the anterior
half of the globe, the trabeculum was trimmed from
the cornea at the Schwalbe’s line and then from the
sclera under a dissecting microscope, as previously
described.

 

10,11

 

 Each fragment of the trabeculum was
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placed in a six-well multidish (Nunc, Naperville, IL,
USA) containing Dulbecco’s modified Eagle’s me-
dium (DMEM; Nissui, Tokyo, Japan) supplemented
with 15% fetal calf serum (FCS), 100 mg/L strepto-
mycin, and 100 mg/L ampicillin, and incubated in a
humidified atmosphere of 5% carbon dioxide and
95% air at 37

 

8

 

C. Cells grown out of the fragments
were transferred to 6-cm petri dishes with air vents
(Nunc) and treated with 0.25% trypsin and 1 mM
EDTA in Ca

 

2

 

1

 

, Mg

 

2

 

1

 

-free Hanks’ balanced salt so-
lution (Gibco BRL, Grand Island, NY, USA).

 

Cyclic Mechanical Stretching

 

10,11

 

Trabecular cells were seeded in 6-cm petri dishes
at the density of 9.67 

 

3

 

 10

 

4

 

 cells in 10 mL DMEM
with 15% FCS per dish and incubated for 24 hours
before the stretching, to let the cells attach to the
bottom. Three dishes were placed securely on the
apparatus for cyclic mechanical stretching, with a
piston under the dish moving up and down to cause
the deformation of the dish bottom, as reported pre-
viously.

 

10,11

 

 The piston was moved at a cycle of 30
seconds to stretch the dish bottom at the maximum
magnitude of a strain of 4.5 mm/m (4500 micro-
strains).

The number of cells was counted with a blood cell
counting plate 24, 48, and 72 hours after the begin-
ning of stretching by dislodging cells with 0.25%
trypsin and 1 mM EDTA.

 

TIMP-1 and TIMP-2 Measurement

 

The measurements were done by enzyme immu-
noassay using the Human TIMP-1 Kit (Dai-ichi Ka-
gaku Yakuhin, Tokyo, Japan) and Biotrak TIMP-2,
Human ELISA System (Amersham, Buckingham-
shire, England). For TIMP-1, 10 

 

m

 

L of 41-fold–diluted
samples or standards, mixed initially with 150 

 

m

 

L of
horseradish peroxidase-conjugated antihuman-TIMP-1
monoclonal antibody, were transferred to wells of a
96-well microplate coated with another antihuman-
TIMP-1 monoclonal antibody, and incubated for 30
minutes at room temperature. Each well was washed
three times with 0.4 mM phosphate buffer (pH 7.5)
containing 1% Tween-20, and then incubated with
0.5% o-phenylenediamine and 0.02% hydrogen per-
oxide for 15 minutes. Color development was stopped
by the addition of 2 N sulfuric acid, and read at 492
nm with a microplate reader (EIA Reader, Model
2550, Bio-Rad Laboratories Japan, Tokyo). For
TIMP-2, 50 

 

m

 

L of 5-fold–diluted samples and 50 

 

m

 

L
of peroxidase-conjugated antibody to TIMP-2 were
incubated in wells of a microplate coated with an-

other antibody to TIMP-2 for 2 hours at room tem-
perature. After washing, wells were incubated with
3,3

 

9

 

,5,5

 

9

 

-tetramethylbenzidine/hydrogen peroxide in
20% dimethylformamide for 30 minutes. The color
was read at 450 nm after the addition of 1 N sulfu-
ric acid.

 

Gelatin Zymography

 

13–15

 

Seven microliters of culture medium samples,
mixed with a loading buffer without reducing agents
(

 

3

 

4 buffer: 36% sucrose, 8% sodium dodecyl sulfate
[SDS], 40 mM Tris-HCl pH 6.8, 10% Bromphenol-
blue), were applied to a 2.5% polyacrylamide gel (5
cm vertical 

 

3

 

 10 cm horizontal in size) containing
1% SDS and 2% gelatin (type B: from bovine skin,
Sigma Chemical Co., St. Louis, MO, USA), and elec-
trophoresed for 2 hours at 20 mA. The gel was
washed with 2.5% Triton X-100 for 30 minutes to re-
move SDS, and then incubated with Tris buffer (50
mM Tris, 10 mM CaCl

 

2

 

, pH 7.6) for 15 hours at 37

 

8

 

C.
The gel was stained with 2% Coomassie Brilliant
Blue in 10% acetic acid and 40% methanol for 10
minutes, and destained with 8% acetic acid and 10%
methanol. The gels were sandwiched between cello-
phane sheets, dried, and then submitted to densito-
metric analysis with Scanning Imager 300SX and Im-
ageQuant Software Version 3.3 (Molecular Dynamics,
Sunny Vale, CA, USA). The inverted optical density
integrated for the whole area of each band was used
as enzymatic activity.

 

Results

 

Bovine trabecular cells grew exponentially during
72 hours of observation. Mechanical stretching did
not influence the growth curve of cells compared
with the nonstretched control (Figure 1). The trabec-
ular cells showed the tendency to produce higher
levels of TIMP-1 as a lapse of time during 72 hours
both in the stretched group and in the nonstretched
control (Figure 2). The secretion of TIMP-1 in-
creased significantly 72 hours after the beginning of
mechanical stretching in the stretched group (N 

 

5

 

 6,
15.74 

 

6

 

 4.18 

 

3

 

 10

 

2

 

4

 

 pg/cell as mean 

 

6

 

 standard devi-
ation) compared with the nonstretched control (N 

 

5

 

6, 5.44 

 

6

 

 2.46 

 

3

 

 10

 

2

 

4

 

 pg/cell; Student’s 

 

t

 

-test, 

 

P

 

 

 

5

 

0.0008). In contrast, mechanical stretching did not
influence the level of TIMP-2 produced by trabecu-
lar cells (Figure 3). The TIMP-2 levels after 72 hours
decreased significantly, compared with those after 24
hours, both in the stretched group and in the non-
stretched control group (Student’s 

 

t

 

-test, 

 

P

 

 

 

5

 

 0.0331
and 

 

P

 

 

 

5

 

 0.0296, respectively).
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The levels of TIMP-2 produced per cell were at
three orders of magnitude as high as those of TIMP-1
(Figures 2 and 3). The level of TIMP-1 in DMEM
and 15% FCS without cells was 5.07 ng/mL, by two
orders of magnitude as low as that in the culture me-
dium after 24 hours in the nonstretched control
group (mean 

 

5

 

 164.15 ng/mL). In contrast, the level
of TIMP-2 in DMEM and 15% FCS without cells
was 56.62 ng/mL, about the same as that in the cul-
ture medium after 24 hours in the nonstretched con-
trol group (mean 

 

5

 

 55.00 ng/mL).
The trabecular cells also had the tendency to pro-

duce higher levels of MMP-2 (gelatinase A, 72 kDa
gelatinase) as a lapse of time both in the stretched

group and in the nonstretched control (Figures 4 and
5). In contrast, the secretion of MMP-9 (gelatinase
B, 92 kDa gelatinase) remained stationary during
the same period. Most of MMP-2 produced by trabe-
cular cells was its latent form with a larger molecular
weight, while both the active and the latent form of
MMP-9 were equally secreted in the media (Figure

Figure 1. Growth curves of bovine trabecular cells during
mechanical stretching, compared with the nonstretched
control. Mechanical stretching does not affect the growth
of cells.

Figure 2. Production of TIMP-1 by bovine trabecular cells
during mechanical stretching, compared with the non-
stretched control. The level of TIMP-1 produced per cell
increases significantly 72 hours after mechanical stretching,
compared with the nonstretched control (*Student’s t-test,
P 5 0.0008). Each column and bar represents a mean and
standard deviation of 6 measurements.

Figure 3. Production of TIMP-2 by bovine trabecular cells
during mechanical stretching, compared with the non-
stretched control. The level of TIMP-2 produced per cell
does not change significantly between the stretched group
and nonstretched control group. The TIMP-2 levels after
72 hours decreased significantly, compared with those af-
ter 24 hours, both in the stretched group and nonstretched
control group (Student’s t-test, P 5 0.0331 and P 5 0.0296,
respectively). Each column and bar represents a mean and
standard deviation of 5 measurements.

Figure 4. Gelatin zymogram. Bovine trabecular cells pro-
duce a higher level of MMP-2 (gelatinase A, arrows; upper
arrow, latent form; lower arrow, active form), but not of
MMP-9 (gelatinase B, arrowheads; upper arrowhead, la-
tent form; lower arrowhead, active form) as a lapse of time
in the mechanically stretched group compared with the
nonstretched control group. Increased production of the
latent form of MMP-2 (upper arrow) is most evident. The
leftmost column gives molecular markers in kilodaltons.
“Medium” indicates DMEM 1 15% FCS without cells.
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4). Mechanical stretching induced the significantly
increased production of the latent form of MMP-2,
but not of MMP-9, 72 hours after the beginning of
stretching as compared with the nonstretched con-
trol (N 

 

5

 

 3, Student’s 

 

t

 

-test, 

 

P

 

 

 

5

 

 0.014 for MMP-2,
Figure 5), The active form of MMP-2, although nei-
ther quantified nor tested statistically, also appeared
to be secreted at a higher level in the stretched group
than in the nonstretched control group (Figure 4).

 

Discussion

 

The present study demonstrated that mechanical
stretching increased the production of TIMP-1 and
MMP-2 (gelatinase A) by bovine trabecular cells in
their exponential growth phase. In contrast, the pro-
duction of MMP-9 (gelatinase B) and TIMP-2 was
not affected by mechanical stretching. The un-
changed levels of MMP-9, measured in this study,
could not be attributable to the concurrent presence
of TIMP-1, inhibitor for MMP-9, because these two
proteins were separated electrophoretically in the
gel before zymography. Furthermore, the whole ac-
tivity of gelatinases, including not only active forms
but also latent forms with a larger molecular weight,
could be measured by zymography, since their pro-
enzymes were activated by pretreatment with SDS in
electrophoresis before zymography.

 

13

 

Both free TIMP-1 and TIMP-1 bound to MMPs
could be measured by the kit used in this study

(manufacturer’s instruction). In contrast, TIMP-2
bound to the proenzyme of MMP-2 could not be
measured by the kit, while free TIMP-2 and TIMP-2
bound to active MMPs could be measured (manufac-
turer’s instruction). The significant decrease of
TIMP-2 after 72 hours, both in the stretched group
and in the nonstretched control group, would be,
therefore, attributable to the increased level of the
proenzyme of MMP-2 secreted by trabecular cells.

Trabecular tissue contained type I and type IV
collagens as the main constituents of its extracellular
matrices.

 

3

 

 Trabecular cells have been shown to pro-
duce a high level of MMP-2 (gelatinase A) and a low
level of MMP-9 (gelatinase B).

 

6

 

 MMP-2 degrades
type IV collagen, while MMP-9 degrades types I and
IV collagens.

 

4

 

 The increased production of MMP-2,
but not of MMP-9, in response to mechanical
stretching, might have a specific role in balanced
degradation of extracellular matrices in the trabecu-
lar tissue. The increased secretion of TIMP-1 also
suppresses the activity of MMP-9 under the circum-
stances.

Trabecular cells in growth phase, in the presence
of 15% FCS, were exposed to mechanical stretching
in this study. Trabecular cells at confluency would
better mimic an in vivo environment of the trabecu-
lar tissue than cells in exponential growth. However,
trabecular cells at confluency did not survive in the
absence of FCS for as long as 24 hours, whereas cells
at confluency still showed some growth in the pres-
ence of FCS.

In this study, mechanical stretching of trabecular
cells in vitro would correspond to such an in vivo sit-
uation as bending of the trabecular beams by aque-
ous flow and by changing levels of the intraocular
pressure. The selective increases in the production of
TIMP-1 and MMP-2, but not of MMP-9 and TIMP-2,
suggest that cells would modulate extracellular ma-
trices in the trabecular tissue in response to the me-
chanical force that they perceive. Abnormal re-
sponse of trabecular cells to such mechanical forces
might lead to the disturbed balance of extracellular
matrices in the trabecular tissue.

Histopathologically, the decreased number of
cells

 

16

 

 and accumulation of such extracellular matrix
components as collagens and proteoglycans

 

1,2

 

 in the
trabecular tissue have been observed in the eyes of
the elderly, as well as in eyes with primary open-
angle glaucoma. Under these circumstances, trabec-
ular tissue as a whole might lose elasticity and show
reduced sensitivity to mechanical forces, which
would, in turn, result in abnormal regulation of ma-
trix metalloproteinases and their inhibitors.

Figure 5. Production of the latent form of MMP-2 (gelati-
nase A, upper arrow in Figure 4) by bovine trabecular cells
quantified by densitometric analysis of zymograms. Trabe-
cular cells produce a significantly higher level of the latent
form of MMP-2 72 hours after the beginning of stretching,
compared with the nonstretched control (*Student’s t-test,
P 5 0.014). Each column and bar represents a mean and
standard deviation of triplicate measurements. Integrated
optical density is given as arbitrary units.
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Gonzalez-Avila et al

 

17

 

 showed that aqueous hu-
mor in eyes with primary open-angle glaucoma con-
tained significantly higher levels of TIMP-1 and sig-
nificantly lower collagenase activity than those in
normal eyes and in eyes with other types of glau-
coma. They suggested that a decrease of collagen
degradation, as a result, might contribute to exces-
sive deposition of collagen with loss of the trabecular
cells during the development of primary open-angle
glaucoma.

 

17

 

 Other studies also demonstrated the
presence of metalloproteinases in human aqueous hu-
mor.

 

18,19

 

 The present results suggest that TIMP-1 and
metalloproteinases in aqueous humor are produced,
in part, by trabecular cells as a consequence of me-
chanical forces applied to the trabecular meshwork.

Mechanical forces have been shown to influence
production of extracellular matrix components and
metalloproteinases in other types of cells, such as fi-
broblasts,

 

20,21

 

 vascular smooth muscle cells,

 

22

 

 and
vascular endothelial cells.

 

23

 

 This study demonstrated
that mechanical forces also played a part in regulat-
ing the production of TIMP-1 and MMP-2 in trabec-
ular cells.

 

The authors are grateful to Dr Nobuhiko Matsuo, Professor Emer-
itus in the Department of Ophthalmology, Okayama University
Medical School, for his support, and Dr Shoichi Sawaguchi in the
Department of Ophthalmology, Niigata University School of Medi-
cine, for his advice on zymography. They also thank Yukinari Iso-
moto at the Central Research Laboratories at Okayama University
Medical School for his help in densitometric analysis of zymogra-
phy. This work is supported in part by a Grant-in-Aid (B2-
09470380) from the Ministry of Education, Science, Sports, and

 

Culture of the Japanese Government.

 

References

 

1. Rohen JW. Why is intraocular pressure elevated in chronic
simple glaucoma? Anatomical considerations. Ophthalmol-
ogy 1983;90:758–65.

2. McMenamin PG, Lee WR, Aitken DAN. Age-related
changes in the human outflow apparatus. Ophthalmology
1986;93:194–209.

3. Yue BYJT. The extracellular matrix and its modulation in the
trabecular meshwork. Surv Ophthalmol 1996;40:379–90.

4. Woessner JF. Matrix metalloproteinases and their inhibitors
in connective tissue remodeling. FASEB J 1991;5:2145–54.

5. Alexander JP, Samples JR, Van Buskirk EM, Acott TS. Expres-
sion of matrix metalloproteinases and inhibitor by human trabe-
cular meshwork. Invest Ophthalmol Vis Sci 1991;32:172–80.

6. Samples JR, Alexander JP, Acott TS. Regulation of the levels

 

of human trabecular matrix metalloproteinases and inhibitor
by interleukin-1 and dexamethasone. Invest Ophthalmol Vis
Sci 1993;34:3386–95.

7. Parshley DE, Bradley JMB, Samples JR, et al. Early changes
in matrix metalloproteinases and inhibitors after in vitro laser
treatment to the trabecular meshwork. Curr Eye Res
1995;14:537–44.

8. Parshley DE, Bradley JMB, Fisk A, et al. Laser trabeculo-
plasty induces stromelysin expression by trabecular juxta-
canalicular cells. Invest Ophthalmol Vis Sci 1996;37:795–804.

9. Matsuo T, Matsuo N. Intracellular calcium response to hy-
draulic pressure in human trabecular cells. Br J Ophthalmol
1996;80:561–6.

10. Uchida H. The effect of cyclic mechanical stretching on bo-
vine and porcine trabecular cells. Nippon Ganka Gakkai
Zasshi (J Jpn Ophthalmol Soc) 1996;100:680–6.

11. Matsuo T, Uchida H, Matsuo N. Bovine and porcine trabecu-
lar cells produce prostaglandin F

 

2

 

a

 

 in response to cyclic me-
chanical stretching. Jpn J Ophthalmol 1996;40:289–96.

12. Grierson I, Robins E, Unger W, et al. The cells of the bovine
outflow system in tissue culture. Exp Eye Res 1985;40:35–46.

13. Birkedahl-Hansen H, Taylor RE. Detergent-activation of la-
tent collagenase and resolution of its component molecules.
Biochem Biophys Res Commun 1982;107:1173–8.

14. Fini ME, Girard MT. Expression of collagenolytic/gelati-
nolytic metalloproteinases by normal cornea. Invest Ophthal-
mol Vis Sci 1990;31:1779–88.

15. Suda K, Sawaguchi S, Ichibe M, et al. Changes of expression
in matrix metalloproteinase and its inhibitor level in the sclera
from axially elongated eyes. Nippon Ganka Gakkai Zasshi (J
Jpn Ophthalmol Soc) 1995;99:23–8.

16. Alvarado J, Murphy C, Juster R. Trabecular meshwork cellu-
larity in primary open-angle glaucoma and nonglaucomatous
normals. Ophthalmology 1984;91:564–79.

17. Gonzalez-Avila G, Ginebra M, Hayakawa T, et al. Collagen
metabolism in human aqueous humor from primary open
glaucoma. Arch Ophthalmol 1995;113:1319–23.

18. Huang SH, Adamis AP, Wiederschain DG, et al. Matrix met-
alloproteinases and their inhibitors in aqueous humor. Exp
Eye Res 1996;62:481–90.

19. Girolamo ND, Verma MJ, McCluskey PJ, et al. Increased ma-
trix metalloproteinases in the aqueous humor of patients and
experimental animals with uveitis. Curr Eye Res
1996;15:1060–8.

20. Meikle MC, Sellers A, Reynolds JJ. Effect of tensile mechani-
cal stress on the synthesis of metalloproteinases by rabbit
coronal sutures in vitro. Calcif Tissue Int 1980;30:77–82.

21. Lambert CA, Soudant EP, Nusgens BV, Lapiere CM. Pre-
translational regulation of extracellular matrix macromole-
cules and collagenase expression in fibroblasts by mechanical
forces. Lab Invest 1992;66:444–51.

22. Leung DYM, Glagov S, Mathews MB. Cyclic stretching stim-
ulates synthesis of matrix components by arterial smooth
muscle cells in vitro. Science 1976;191:475–7.

23. Kato S, Sasaguri Y, Azagami S, et al. Ambient pressure stim-
ulates immortalized human aortic endothelial cells to increase
DNA synthesis and matrix metalloproteinase 1 (tissue colla-
genase) production. Virchows Arch 1994;425:385–90.


