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Tissue plasminogen activator rescues steroid-induced outflow
facility reduction via non-enzymatic action
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Purpose: Tissue plasminogen activator (tPA) prevents steroid-induced reduction in aqueous humor outflow facility;
however, its mechanism of action at the trabecular meshwork (TM) remains unclear. Enzymatic and non-enzymatic
domains allow tPA to function as both an enzyme and a cytokine. This study sought to determine whether cytokine
activity is sufficient to rescue steroid-induced outflow facility reduction.

Methods: Outflow facility was measured in C57BL/6] mice following triamcinolone acetonide exposure and either trans-
fection of the TM using adenoviral vectors, encoding for enzymatically active and inactive tPA, or administration of the
respective proteins. Protein injections were also administered to tPA deficient (PlatKO) and Mmp-9 deficient (Mmp-9KO)
mice to determine the potential to rescue reductions in outflow facility and determine downstream mechanisms. Gene
expression of matrix metalloproteinases (Mmp-2, -9, and -13) was measured in angle ring tissues containing the TM.
Results: Enzymatically active and inactive tPA (either produced after TM transfection or after direct administration)
were equally effective in attenuating steroid-induced outflow facility reduction in C57BL/6J mice. They were also equally
effective in rescuing outflow reduction in PlafKO mice and causing enhanced expression of matrix metalloproteinases.
However, both enzymatically active and enzymatically inactive tPA did not improve outflow reduction in Mmp-9KO
mice or increase the baseline outflow facility in naive C57BL/6J mice.

Conclusions: tPA enzymatic activity is not necessary in the regulation of aqueous humor outflow. tPA can increase the
expression of matrix metalloproteinases in a cytokine-mediated fashion. This cascade of events may eventually lead to
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extracellular matrix remodeling at the TM, which reverses outflow facility reduction caused by steroids.

latrogenic steroid-induced glaucoma was first described
in the 1950s [1-3]. It was later discovered that a third of the
general population are moderate responders who develop
intraocular pressure (IOP) elevation (6—15 mmHg) following
corticosteroid exposure [4]. Steroid-induced IOP elevation is
caused by a decrease in aqueous humor outflow facility [5-8].
Although the exact mechanism remains unclear, increased
extracellular matrix (ECM) deposition in the trabecular
meshwork (TM) has been reported and is consistently
detected in both glaucomatous human specimens and animal
models of the disease [5-17].

The ECM structure of the conventional outflow pathway
is dynamic and continually remodeled by matrix metallopro-
teinases (MMPs) [1,18-20]. MMPs are zinc endopeptidases
secreted in their zymogen (pro-MMP) form for subsequent
activation via proteolytic cleavage [18,21]. The expression
and activity of MMP-2, MMP-9, and MMP-13 are reduced in
cases of primary open angle glaucoma and in animal models
of ocular hypertension [22-24]. Conversely, administration
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of exogenous MMPs during anterior segment organ culture
perfusion experiments increases outflow facility [25].

MMP regulation occurs via cytokine-dependent
transcriptional control and proteolytic post-translational
activation [18]. Tissue plasminogen activator (tPA), which
plays a critical role in fine-tuning both pathways of MMP
activity regulation, is a serine protease best known for its
role in catalyzing the conversion of plasminogen to plasmin
in the fibrinolytic pathway [26]. It is comprised of catalytic/
enzymatic and non-catalytic/non-enzymatic regions [26].
tPA is expressed and secreted by TM cells under physiologic
conditions [26-28]. The proteolytic action of tPA allows it to
activate pro-MMPs, either through plasmin activation [29] or
through direct cleavage [30,31].

tPA also functions as a cytokine by promoting intra-
cellular signaling cascades and gene expression changes
following interactions with cell surface receptors, such as
low-density-lipoprotein receptor-related protein 1 (LRP-1)
and N-methyl-D-aspartate receptor (NMDAR) [32-36].
Through this mechanism, tPA enhances MMP transcriptional
expression in brain, retinal, lung, and renal tissues [32-34,37].

The proteolytic action of tPA is dependent on the pres-
ence of serine-478 [38] at its catalytic active site. A change
of serine-478 to alanine (S478A) results in a complete loss of
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tPA enzymatic activity [39,40] without affecting its binding
properties [41] to receptors and inhibitors, allowing it to
continue to function in a non-enzymatic fashion.

Previous studies have found that steroids cause a reduc-
tion in tPA at the TM [7,8,42], and that exogenous administra-
tion of tPA can prevent and reduce steroid-induced IOP eleva-
tion in sheep [19,20] and prevent steroid-induced reduction
of outflow facility in mice [43]. On the other hand, deletion
of the gene encoding tPA (Plat) in mice causes a significant
reduction in outflow facility [44]. This effect is associated
with a reduction in Mmp-9 expression in the angle ring tissues
of tPA-deficient mice [44]. Furthermore, overexpression of
tPA in steroid-treated mice results in increased expression of
Mmp-2, Mmp-9, and Mmp-13 in angle ring tissue [43].

To determine whether tPA regulates aqueous humor
outflow at the level of the TM via proteolytic action, cytokine
action, or both, native tPA and mutant non-enzymatically
active tPA (NE-tPA/S478A-tPA) were used in a mouse model
of steroid-induced glaucoma, in animals under baseline
conditions, in PlatKO mice, and in Mmp-9KO mice. The
effect of tPA on outflow facility and Mmp expression was
explored in these animals.

METHODS

Animals: Female mice aged 8—12 weeks were used for this
study. The animals were housed and bred at the State Univer-
sity of New York (SUNY') Downstate Health Sciences Univer-
sity Division of Comparative Medicine (Brooklyn, NY) under
a 12 h:12 h light-dark cycle and fed ad libitum. C57BL/6J
mice were obtained from The Jackson Laboratories (Bar
Harbor, ME). A PlatKO mouse colony was established from
animals (stock No. 002508) obtained from The Jackson Labo-
ratories [45]. These animals were on a C57BL/6] background.
An Mmp-9KO mouse colony was established from animals
(stock No. 007084) obtained from The Jackson Laboratories
[46]. These animals are on a mixed background, but have
been bred into the C57BL/6J background for five generations.
Protocols were approved by the SUNY Downstate Institu-
tional Animal Care and Use Committee, and experiments
were performed according to the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research.

Adenoviral vector construction: The pShuttle-CMV-PLAT
construct used was previously reported [43] and contains
the full coding region of the sheep PLAT mRNA (1.8 kb)
downstream of a CMV promoter and adjacent to a human
histone 2B (H2B) tagged fluorescent reporter (mCherry)
gene with an internal ribosome entry site (IRES) at the
multiple cloning site of the shuttle vector [43]. To generate
the non-enzymatic pShuttle-CMV-PLATNE construct, the
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PLAT gene insert was removed from the pShuttle-CM V-
PLAT plasmid by restriction enzyme digestion and ligated
into a pUCI18 plasmid vector. Conversion of thymidine 1677
to guanosine (1677T>G) in the tPA enzyme active site was
performed using the QuikChange Lightning Multi Site
Directed Mutagenesis Kit, according to the manufacturer’s
instructions (Agilent, Santa Clara, CA). This caused alanine
(GCQ) to replace serine (TCG) at the catalytic site (S478A),
rendering the resulting protein enzymatically inactive. The
PLAT-NE construct was excised from the pUCI8 vector
and re-ligated into the pShuttle-CMV plasmid. All plasmids
underwent restriction enzyme digestion to confirm the proper
fragment sizes and orientation. The inserts were directly
sequenced to confirm the nucleotide sequence (GENEWIZ,
South Plainfield, NJ).

The loss of enzymatic activity in pShuttle-CM V-
PLATNE was tested in comparison to pShuttle-CMV-PLAT
via plasmid transfection into 80% confluent human micro-
vascular endothelial cells (HMVEC; ThermoFisher Scien-
tific, Waltham, MA) in a 12-well plate through the use of
Targefect-R AW (Targeting Systems, El Cajon, CA). Transfec-
tion efficiency was visualized by the intracellular fluorescent
expression of mCherry. Supernatants were collected from all
culture plate wells, and enzymatic activity was assessed at
3 h via a Tissue type Plasminogen Activator Human Chro-
mogenic Activity Assay Kit, per manufacturer’s instructions
(ab108905, Abcam Co, England). Activity was normalized for
total protein amount as determined by a microBCA protein
assay kit, per the manufacturer’s instructions (Pierce, Ther-
moFisher Scientific), and expressed as a percentage of tPA
activity in non-transfected cells.

An adenovirus vector carrying the non-enzymatic trans-
gene (AdPLATNE) was generated by homologous recombi-
nation, amplification, and purification by ViraQuest Inc.
(North Liberty, IA). Frozen stocks of AAPLAT and AdNull
(containing no transgene) that were previously reported [43]
were also used.

Steroid, adenoviral, and protein injections: Intracameral
adenovirus and intravitreal protein injections were performed
using a 10 pl Hamilton syringe with 36-gauge stainless steel
needles (WPI Inc., Sarasota, FL), while subconjunctival injec-
tions were performed using a 100 pl Hamilton Syringe with
26-gauge needles (Precision Glide, Becton Dickinson & CO,
Franklin Lakes, NJ). All injections were performed under
isoflurane inhalation anesthesia and topical anesthesia with
0.5% proparacaine. C57BL/6J mice undergoing adenovirus
treatment received bilateral injections with 20 pl of triam-
cinolone acetonide (TA) suspension (40 mg/ml, Kenalog-40;
Bristol-Myers Squibb, New York, NY) subconjunctivally,
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immediately before the intracameral adenovirus injection.
Animals were then divided into three groups (Figure 1A):

1) Animals that received unilateral intracameral injection
with 2 pl of AAPLAT suspension (1.1x10" vg/ml) while the
contralateral eye received 2 ul of balanced salt solution (BSS;
Alcon Laboratories Inc., Fort Worth, TX),

2) Animals that received unilateral intracameral injection
with 2 pl of AAPLATNE suspension (1.2x10'2 vg/ml) while
the contralateral eye received 2 pl of BSS, and

3) Animals that received bilateral intracameral injection
with 2 pl of AdNull suspension (1.1x102 vg/ml).

Animals were euthanized one week after AAPLAT,
AdPLATNE, or AdNull treatment via isoflurane inhalation
(5%) with subsequent cervical dislocation.

C57BL/6J, PlatKO and Mmp-9KO mice were treated with
intravitreal tPA (either enzymatically active or enzymatically
inactive) or bovine serum albumin (BSA). C57BL/6J mice
were divided into two groups:

1) Animals receiving bilateral steroid (TA) injection
subconjunctivally five days before protein injection (Figure
1B), and

2) Animals not receiving subconjunctival steroids
(Figure 1C).

PlatKO and Mmp-9KO mice were also not given steroids
before the protein injections (Figure 1C). Within each cohort,
animals were divided into two groups:

1) Animals that received unilateral intravitreal injection
with 2 pl of tPA (5 pg/ul, Actilyse; Boehringer Ingelheim,
Ingelheim am Rhein, Germany), while the contralateral eye
received 2 pl of BSA (5 pg/ul; Gold Biotechnology, St Louis,
MO), and

2) Animals that received unilateral intravitreal injec-
tions with 2 pl of non-enzymatically active tPA (NE-tPA/
S478A-tPA; 5 png/ul; Innovative Research, Novi, MI), while
the contralateral eye received 2 pul of BSA. Animals were
euthanized two days after intravitreal injection.

IOP measurement: 10P was measured pre-terminally in
Mmp-9KO mice with a rebound tonometer [47]. Animals
were held in a custom-made restrainer that did not compress
the chest or neck while IOP was measured [48]. IOP measure-
ments were performed after the application of 0.5% propara-
caine topical anesthesia. Five measurements were obtained
per eye and averaged. IOP measurements were performed
between 10 AM and 12 PM to minimize the effect of diurnal
IOP variation.

Outflow facility determination: Mouse eyes were enucle-
ated immediately after euthanasia. Outflow facility was
determined using a constant pressure method, as previously
described [44]. Pressure was raised in steps of 4 cmH,O,
from 8 cmH,O (5.88 mmHg) to 32 cmH,0 (23.54 mmHg),
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by increasing the height of a column of fluid of BSS. A
steady-state was achieved after 10 min. Stabilization between
all subsequent steps was obtained within 5 min. Flow was
constantly measured via a microfluidic flow sensor (0.07-1.5
ul/min, MFSI; Elveflow, Paris, France). For analysis, flow
rates at each pressure level were plotted, and the slope of
the regression line was used to calculate the outflow facility
for each eye. Any eyes that developed visible leaks during
outflow facility determination, or that had pressure-flow
correlations with R?><0.9, were excluded from analysis but
were used for RNA quantification.

Tissue collection and confirmation of transgene expression:
After outflow facility determination in adenovirus-treated
mice, mCherry expression in the TM was determined in all
AdPLAT- and AdPLATNE-injected eyes. The eyes were
dissected on ice to isolate a rim of tissue containing the TM
by removing most of the iris and ciliary body. Fluoroshield
with diamidino-2-phenylindole (DAPI) histology mounting
medium (Millipore Sigma, St. Louis, MO) was applied for
the counterstain. Flat mounts of the rims containing TM were
observed in an epifluorescent microscope equipped with the
appropriate filter sets to visualize mCherry and DAPI expres-
sion. After observation, dissected rims were immediately
immersed in an RNA stabilizing agent (RNAlater, Invitrogen
by ThermoFisher Scientific) and frozen. For TM tissue collec-
tion following protein treatment, all eyes were flash frozen in
liquid nitrogen and subsequently dissected on ice to obtain the
angle ring containing the TM tissues, as previously described
[43]. Dissected TM tissues were immersed in RNAlater solu-
tion, snap-frozen, and stored at —80 °C until RNA extraction.

RNA isolation and quantitative real-time PCR: The collected
tissue was pooled (four eyes) and homogenized in TRIzol
reagent (Life Technologies, Carlsbad, CA). RNA was isolated
per the manufacturer’s instructions and resuspended in
nuclease-free water. RNA concentration was determined with
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a Nanodrop ND-1000 Spectrophotometer (ThermoFisher
Scientific). cDNA was synthesized using a High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems,
Waltham, MA) according to the manufacturer’s protocol.
Quantitative real-time PCR (QRT-PCR) was performed using
Green-2-Go qPCR Mastermix-ROX (BioBasic, Amherst,
NY) on a QuantStudio 6 Flex thermal cycler (Applied Biosys-
tems, Carlsbad, CA).

The mRNA expression of sheep PLAT and mouse Mmp-2,
Mmp-9, and Mmp-13 in angle ring tissues was determined.
Primers were designed using Primer-BLAST (in the public
domain), and their specificity was confirmed by the presence
of a single band of the expected size on agarose gel electro-
phoresis. Primer sequences are listed in Table 1. Specificity
was further verified during each experiment by inspection of
melting curves to ensure the absence of multiple-sized ampli-
fication products. The annealing temperature was 60 °C.

Statistical analysis: The values of target mRNA expression
were normalized to the expression levels of /85 (18S rRNA).
The relative fold change was calculated by using the AACt
method [49]. The presence of outliers was tested using the
Thompson Tau test, and any outliers were removed from the
analysis. The results were subjected to one-way ANOVA for
treatment using number cruncher statistical systems (NCSS)
statistical software. For outflow facility and IOP experiments,
a t-test or one-way ANOVA was used where appropriate.
Significant differences (p<0.05) were explored with Tukey-
Kramer post hoc analysis.

RESULTS

Confirmation of lack of enzymatic activity of cells transfected
with PLAT (1677T>G): To confirm that the mutant PLAT
(1677T>G) does not generate an enzymatically active tPA
protein, cell culture supernatant from transfected HMVECs

TABLE 1. PRIMER SEQUENCES OF GENES ANALYZED BY QRT-PCR.

Number Gene Sequence (5'- 3')
1 PLAT FP: CAGTGCCCAGAAGGGTTCAT
RP: GTAGCACCAGGGCTTTGAGT
5 - FP: ACAGTGACACCACGTGACAA
mp- RP: GGTCAGTGGCTTGGGGTATC
; - FP: GCGTCGTGATCCCCACTTAC
mp- RP: CAGGCCGAATAGGAGCGTC
A M3 FP: TACCATCCTGCGACTCTTGC
mp- RP: TTCACCCACATCAGGCACTC
5 135 FP: AGTCCCTGCCCTTTGTACACA

RP: GATCCGAGGGCCTCACTAAAC

FP, forward primer; RP, reverse primer
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Figure 2. Quantification of tPA
enzymatic activity. tPA enzymatic

z activity in supernatants of non-
5 WHMVEC

B S T T transfected HMVECs (n = 3) and
3 ] EBHMVEC+pShuttle-CMV-PLATNE HMVECs transfected with either
5 0s pShuttle-CMV-PLAT (n = 3) or

pShuttle-CMV-PLATNE (n = 4).
tPA enzymatic activity in super-
natant from pShuttle-CMV-PLAT

transfected cells was significantly higher than the activity in supernatant from pShuttle-CMV-PLATNE transfected and non-transfected
cells (p<0.01, ANOVA). Asterisks indicate differences on Tukey-Kramer post hoc analysis, * p<0.05, ** p<0.01.

was assayed for its ability to catalyze the conversion of plas-
minogen to plasmin. The supernatant of cells transfected with
pShuttle-CMV-PLAT had significantly higher enzymatic
activity (p<0.01, ANOVA) when compared to the supernatant
from pShuttle-CMV-PLATNE and that from non-transfected
cells (p<0.01 and p<0.05, respectively; Tukey-Kramer post
hoc analysis), while the enzymatic activity of the superna-
tant from pShuttle-CMV-PLATNE transfected cells was not
different from that of non-transfected cells (p>0.05, Tukey-
Kramer post hoc analysis; Figure 2).

PLAT (and PLATNE) expression in adenovirus-injected eyes:
In animals injected with adenoviral vectors, mCherry expres-
sion was distributed in many of the cells along the entire

length of the TM in AdPLAT- (Figure 3A) and AAPLATNE-
(Figure 3B) treated eyes. Expression of the PLAT gene was
detected by qRT-PCR in the TM of eyes receiving AAPLAT
and AdPLATNE, respectively, while PLAT expression was
below the detection limits in naive and AdNull treated eyes
(Figure 3C).

AdPLAT and AdPLATNE attenuate steroid-induced outflow
facility reduction and increase Mmp expression: In eyes
treated with TA and adenovirus, the mean + standard devia-
tion outflow facility (ul/min/mmHg) was 100.9£18.7x1073
in AAPLAT (n = 11), 101.3+£28x107° in AAPLATNE (n = 8),
and 63.6£33.8x107° in AdNull (n = 11) treated eyes, while
the outflow facility was 117+28.3x107% in naive C57BL/6J
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Figure 3. Visualization of adenovirus expression. Flatmounts of anterior segments of mouse eyes from animals injected with (A) AAPLAT
(TA+AdPLAT), (B) AAPLATNE (TA+AdPLATNE), and (C) AdNull (TA+AdNull). There was robust mCherry expression in both AAPLAT-
and AdPLATNE-treated eyes (white arrowheads). There was no mCherry expression in AdNull-treated eyes. DAPI was used as a coun-
terstain for nuclei. Arrows indicate mCherry-positive cells. C: qRT-PCR quantification of PLAT expression in angle ring tissues. Levels of
PLAT were detected in AAPLAT (n = 16) and AAPLATNE (n = 12) eyes, but were undetectable in AdNull (n = 16) and naive (n = 20) eyes.

TM = trabecular meshwork.
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Figure 4. Outflow facility was significantly enhanced in adenovirus-treated C57BL/6 mouse eyes. A: Outflow facility in TA- and adenovirus-
treated C57BL/6J mouse eyes. Outflow facility (mean = SD pl/min/mmHg) was significantly increased in eyes treated with TA+AdPLAT
(n=11) and TA+AdPLATNE (n = 8) compared to those treated with TA+AdNull (n = 11; **** p<0.0001, ANOVA with Tukey-Kramer post
hoc analysis). The outflow facility of naive (not treated with either TA or adenovirus) C57BL/6 animals is included for comparison. The
outflow facility in these eyes was similar to the outflow facility in AAPLAT- and AAPLATNE-treated eyes. Gene expression changes in
Mmp-2 (B), Mmp-9 (C), and Mmp-13 (D) were normalized (mean + SD) to values from naive eyes. Expression was significantly different
between TA+AdNull eyes (n = 16) and both TA+AdPLAT eyes (n = 16) and TA+AdPLATNE eyes (n = 8). Naive eyes (n = 20) also had lower
expression than the TA+AdPLAT- and TA+AdPLATNE-treated eyes. Asterisks indicate differences on Tukey-Kramer post hoc analysis, **
p<0.01, ***p<0.001, ****p<0.0001. mRNA was below detectable limits for Mmp-2, Mmp-9, and Mmp-13 in the TA+AdNull group.

eyes (n = 10; p<0.0001, ANOVA). Similar to previous reports
[47], TA caused a ~46% reduction in outflow facility from
baseline, while treatment with AJPLAT or AAPLATNE
restored outflow facility to baseline levels in TA-exposed
eyes. AdNull-treated eyes had a significantly lower outflow
facility than all other groups (p<0.0001, Tukey-Kramer
post hoc analysis), while there was no significant difference
between naive, TA+AdPLAT, or TA+AdPLATNE groups
(p>0.05, Tukey-Kramer post hoc analysis; Figure 4A).

The expression of Mmp-2, Mmp-9, and Mmp-13 in
C57BL/6J eyes exposed to TA and AdNull (n = 16) was
below detection levels. Treatment with AAPLAT (n= 16) and
AdPLATNE (n = 8) caused an upregulation in Mmp-2 (Figure
4B), Mmp-9 (Figure 4C), and Mmp-13 (Figure 4D) expres-
sion (p<0.0001, p<0.001, and p<0.0001, respectively; ANOVA
with Tukey-Kramer post hoc analysis). Mmp expression after
AdPLAT and AdPLATNE appeared to be higher than that in
naive eyes (n = 20).

Both enzymatically active and enzymatically inactive tissue
plasminogen activators attenuate steroid-induced outflow

facility reduction and increase Mmp expression: In eyes
treated with TA and the respective protein injection, the
mean * standard deviation outflow facility (pl/min/mmHg)
was 67.8+25.8x107 in TA+BSA (n = 18), 105.3+35.8x107 in
TA+PA (n = 15), and 114+40.3x107° in TA+NE-tPA (n = 10;
p<0.0001, ANOVA). Treatment with tPA or NE-tPA restored
outflow facility to naive baseline levels. There was a signifi-
cantly lower outflow facility in TA+BSA eyes compared to
that in all other groups (p<0.0001, Tukey-Kramer post hoc
analysis). Furthermore, there was no significant difference
between naive, TA+tPA, and TA+NE-tPA groups (p>0.05,
Tukey-Kramer post hoc analysis; Figure 5A).

tPA- (n = 8) and NE-tPA- (n = 8) treated eyes showed
a significant upregulation in Mmp-2 (Figure 5B), Mmp-9
(Figure 5C), and Mmp-13 (Figure 5D) expression (p<0.0001,
p<0.01, and p<0.01, respectively; ANOVA with Tukey-
Kramer post hoc analysis) compared to BSA- (n = 4) treated
controls and appeared to be higher than that in naive eyes (n
= 20).
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Figure 5. Outflow facility and Mmp gene expression were significantly enhanced in protein-treated C57BL/6 mouse eyes. A: Outflow facility
in TA- and protein-treated C57BL/6 mouse eyes. Outflow facility (mean + SD pl/min/mmHg) was significantly increased in eyes treated with
TA+PA (n = 15) and TA+NE-tPA (n = 10) compared to those treated with TA+BSA (n = 18; **** p<0.0001, ANOVA with Tukey-Kramer
post hoc analysis). The outflow facility of naive (not treated with either TA or protein) C57BL/6J animals is included for comparison. The
outflow facility in these eyes was similar to the outflow facility in tPA- and NE-tPA-treated eyes. Gene expression changes in Mmp-2 (B),
Mmp-9 (C), and Mmp-13 (D) were normalized (mean + SD) to values from naive eyes. Group means were significantly different in TA+BSA
eyes (n =4), TA+tPA eyes (n = 8), and TA+NE-tPA eyes (n = 8; ANOVA, Mmp-2, p<0.0001, Mmp-9, p<0.0001, Mmp-13, p<0.01). Asterisks
indicate differences in Tukey-Kramer post hoc analysis, * p<0.05, **p<0.01, ***p<0.001 ****p<0.0001.

Both enzymatically active and enzymatically inactive tissue
plasminogen activator administration rescues outflow facility
in PlatKO mice with an upregulation in Mmp-9 and Mmp-13
expression: In PlatKO mice receiving intravitreal BSA
injections (n = 19), the mean + standard deviation outflow
facility (ul/min/mmHg) was 61£22x1073. Intravitreal admin-
istration of tPA or NE-tPA caused a 46% (89+27x107%) and
51% (92+42x107%) increase in outflow facility, respectively,
compared to the outflow facility of BSA-treated eyes. There
was a significant difference in outflow facility among
PlatKO+BSA, PlatKO+tPA, and PlatKO+NE-tPA eyes
(p<0.001, ANOVA), with outflow facility in PlatKO+BSA
eyes significantly lower in comparison to the two other
groups (p<0.01, Tukey-Kramer post hoc analysis; Figure 6A).

Intravitreal tPA and NE-tPA administration in PlatKO
mice caused a significant upregulation in Mmp-9 (Figure
6C) expression (p<0.0001, ANOVA) compared to that in eyes
treated with BSA (n = 8; p<0.01, p<0.0001, Tukey-Kramer
post hoc analysis). There was also a significant upregula-
tion in Mmp-13 (Figure 6D) expression (p<0.0001, ANOVA)
in tPA- and NE-tPA-treated PlatKO eyes compared to

BSA-treated eyes (p<0.0001, p<0.05, Tukey-Kramer post hoc
analysis). Mmp-2 (Figure 6B) expression was not significantly
different in tPA- and NE-tPA-treated PlatKO eyes compared
to expression in BSA-treated eyes (p>0.05, ANOVA).

Tissue plasminogen activator does not alter baseline outflow

facility, Mmp, or Plat expression: Treatment with intravitreal
tPA and NE-tPA did not cause further enhancement in outflow
facility in C57BL/6J mouse eyes not previously exposed
to steroids (p>0.05, ANOVA). The mean + standard devia-
tion outflow facility (ul/min/mmHg) was 101.6£27.1x1073,
102.7£19.5x107%, and 110+36.5x107° in BSA (n = 19), tPA (n
= 11), and NE-tPA (n = 11) treated eyes, respectively (Figure
7A). No significant changes in Mmp gene expression were
detected between treatment groups (p>0.05, ANOVA; Figure
7B-D). Furthermore, exogenous tPA and NE-tPA did not
cause significant changes in endogenous Plat expression
(p>0.05, ANOVA; Figure 7E).

Tissue plasminogen activator does not rescue outflow facility
reduction in Mmp-9KO mice: Similar to previous reports [50],
intraocular pressure was significantly elevated (~50%) in
Mmp-9KO mice (21.28+2.07 mmHg; n = 20) when compared
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Figure 6. Outflow facility and Mmp gene expression were significantly enhanced in protein-treated PlatKO mouse eyes. A: Outflow facility
in protein-treated PlarKO mouse eyes. Outflow facility (mean + SD pul/min/mmHg) was significantly increased in eyes treated with tPA (n
= 12) and NE-tPA (n = 13) compared to those treated with BSA (n = 19; ** p<0.01, ANOVA with Tukey-Kramer post hoc analysis). Group
means of gene expression changes in Mmp-9 (C) and Mmp-13 (D) were significantly different in PlarKO BSA eyes (n = 8), tPA eyes (n = 12),
and NE-tPA eyes (n = 8; ANOVA, Mmp-9, p<0.0001, Mmp-13, p<0.0001). Group means of gene expression changes in Mmp-2 (B) were not
significantly different across treatment groups (ANOVA, Mmp-2, p>0.05). Asterisks indicate differences in Tukey-Kramer post hoc analysis,

* p<0.05, #*p<0.01, *** p<0.001, ****p<0.0001.

to C57BL/6J mice (14.14+£0.44 mmHg; n = 20; Figure 8A).
Furthermore, the mean =+ standard deviation outflow facility
(ul/min/mmHg) was significantly reduced in Mmp-9KO
mice (51.4£19.9x1075; n = 14) compared to C57BL/6J mice
(124.4+29.2x1073%; n = 16; p<0.0001, ¢ test; Figure 8B). Treat-
ment with intravitreal tPA or NE-tPA did not increase outflow
facility in Mmp-9KO mouse eyes (p>0.05, ANOVA; Figure
8C).

DISCUSSION

Steroid-induced IOP elevation can occur with topical corti-
costeroids in approximately 30% of the population [10]. Prior
work to understand the pathophysiology of this condition has
implicated the ECM in outflow pathways [7,11,14,15,25,51].

Plaque material accumulation has been detected in TM
specimens of patients with steroid-induced IOP elevation
[17], as well as in steroid-treated cultured TM cells [12,14].
Similar material has also been detected in animal models of
the disease, such as cows and mice [13,16]. This accumulation
of ECM material suggests that, at least for some individuals,
treatment with steroids leads to either excess ECM deposition
or dysregulation of normal ECM turnover.

We previously reported that the expression of tPA (one of
the enzymes regulating ECM turnover) is reduced following
prednisolone exposure in sheep outflow tissues [20]. In
addition, intraocular tPA administration can reverse steroid-
induced outflow facility reduction in mice and IOP elevation
in sheep [20,43], confirming that steroid-induced tPA changes
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Figure 7. Baseline outflow facility and Mmp gene expression were not altered in C57BL/6 mouse eyes. A: Outflow facility in protein-treated
C57BL/6 mouse eyes. Outflow facility (mean = SD pl/min/mmHg) was unchanged following treatment in non-steroid-treated eyes exposed
to tPA (n = 11) and NE-tPA (n = 11) compared to those treated with BSA (n=19; p>0.05, ANOVA). The outflow facility of naive (not treated
with protein) C57BL/6 animals is included for comparison. The outflow facility in these eyes was similar to the outflow facility in tPA-,
NE-tPA- ,or BSA-treated C57BL/6 eyes. Group means of gene expression changes in Mmp-2 (B), Mmp-9 (C), Mmp-13 (D), and Plat (E)
were not significantly different in BSA eyes (n = 12), tPA eyes (n = 8), or NE-tPA eyes (n = §; p>0.05, ANOVA).

may be responsible for some of the ECM accumulation seen
in this condition. Steroid-induced tPA expression reduction
is paralleled by a decrease in the expression of MMPs [52].
Furthermore, the exogenous supplementation of tPA seems to
reverse changes in MMP expression [43], making it tempting
to speculate that the effects of tPA on outflow facility are
mediated via its actions on MMP expression.

tPA is a serine protease that is better known for its action
in regulating the fibrinolytic pathway. It lies upstream and
can activate plasminogen into plasmin, which then degrades
fibrin to dissolve blood clots [26]. Yet, tPA has other roles
in tissue homeostasis, either through plasmin or through
independent activity. tPA has, in addition to its enzymatic
activity (which can directly or indirectly affect ECM compo-
nents), non-enzymatic domains within its protein structure

[33-35] that can bind to distinct receptors, eliciting a specific
cellular response. Since we have previously reported that
plasminogen levels were below detection limits in anterior
segment outflow tissues in mice [44], this work is an effort to
determine whether direct enzymatic action by tPA is required
for its effect on outflow facility, or whether these effects are
solely the result of cytokine events. To obtain an answer, we
used enzymatically inactive tPA.

The enzymatic activity of tPA has been well character-
ized and is dependent on the presence of an active site serine
in position 478 [38]. Conversion of the active site serine-478
to an alanine completely abolishes the protein’s enzymatic
activity [39,40], but still allows tPA to bind to receptors (i.e.,
LRP-1), inhibitors (i.e., PAI-1), and ligands (i.e., plasminogen)
[41].
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Figure 8. Protein treatment did not affect outflow facility in Mmp-9KO mouse eyes. A: Intraocular pressure in Mmp-9KO and C57BL/6 mouse
eyes. Intraocular pressure (mean = SD mmHg) in Mmp-9KO mouse eyes (n = 20) was significantly higher than that of C57BL/6J animals
(n = 20; **** p<(0.0001, ¢ test). B: Outflow facility in Mmp-9KO and C57BL/6 mouse eyes. Outflow facility (mean + SD pl/min/mmHg) in
Mmp-9KO mouse eyes (n = 14) was significantly lower than that of C57BL/6J animals (n = 16; **** p<0.0001, ¢ test). C: Outflow facility in
BSA-, tPA-, and NE-tPA-treated Mmp-9KO mouse eyes. Outflow facility (mean = SD pl/min/mmHg) was not significantly different across
groups: Mmp-9KO+BSA (n = 21), Mmp-9KO+tPA (n = 13), and Mmp-9KO+NE-tPA (n = 8; p>0.05, ANOVA).

To complement our existing molecular tools, we first
created a clone of the enzymatically inactive version of
sheep PLAT by site-directed mutagenesis. To confirm that it
encoded for a protein lacking enzymatic activity, we trans-
fected cultured HMVECs and assayed, in the supernatant, the
ability of tPA to convert plasminogen into plasmin. Transfec-
tion with the non-mutant sheep PLAT significantly increased
tPA activity in the HMVEC supernatant in comparison to
transfection with the enzymatically inactive mutant sheep
PLAT. Given the relatively low transfection efficiency of such
large plasmids, such differences were highly significant.

Since transfection of outflow pathways with plasmids is
challenging (if not impossible), we used adenoviral transfec-
tion to achieve transgene expression in these tissues. Adeno-
viral transfection is effective in achieving at least short-term

(1-2 weeks) expression of transgenes in the TM and has been
used by us and others for that reason [43,53,54]. Although
adenoviral injections in the anterior chamber can elicit a
significant inflammatory response, concurrent use of steroids
alleviates this effect and allows robust transfection and trans-
gene expression. The use of an adenoviral vector carrying a
fluorescent protein (mCherry), as well as the molecular quan-
tification of the transgenic transcript by qRT-PCR, allowed
us to confirm the successful transfection of TM cells in vivo.

Using this approach, we confirmed our previously
published results [43] that PLAT overexpression in the TM
abrogates steroid-induced outflow facility reduction in mice.
Surprisingly, the mutant PLAT that encoded for a protein
without enzymatic activity, as shown by the chromogenic
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activity assay, was equally effective in restoring outflow
facility in steroid-treated mouse eyes.

To further confirm that the observed effect of using
adenoviral transfection is mediated via the tPA protein, we
also administered (in another set of animals) either enzymati-
cally active or enzymatically inactive tPA. As with the virally
transfected eyes, both enzymatically active and enzymati-
cally inactive tPA completely restored the outflow facility
that was reduced by steroid treatment.

Importantly, enzymatically active and enzymatically
inactive tPA (either by transfection or by direct protein supple-
mentation) caused similar upregulation of Mmp-2, Mmp-9,
and Mmp-13 expression in steroid-treated eyes. Interestingly,
these Mmps were upregulated to levels even higher than those
detected in naive (not exposed to steroid) mouse eyes. These
findings indicate that the classic fibrinolytic serine protease
activity of tPA [26] is not critical for its effects on aqueous
humor outflow regulation. Given that plasminogen expres-
sion has been shown to be below detectable limits in angle
ring tissues containing the TM [44], it is unlikely that tPA
regulates outflow facility via enzymatic activity, suggesting
that tPA functions as a cytokine to induce changes in Mmp
transcription [32-34], which ultimately results in the modu-
lation of outflow. Though not previously described in TM
tissue, this tPA-mediated transcriptional regulation of MMPs
has been shown in other tissues [32-34,37].

To further confirm that tPA acts via a non-enzymatic
mechanism to affect outflow facility, we used PlatKO
mice. These mice have undetectable tPA enzymatic activity
and display a significant reduction in outflow facility [44]
compared with wild-type littermates. As expected, intra-
vitreal administration of tPA in these animals increased
outflow facility to levels similar to those of C57BL/6J mice
(the background strain on which P/afKO mice were main-
tained). Importantly, enzymatically inactive tPA was equally
effective in improving the outflow facility in these animals.
Administration of enzymatically active and inactive tPA
significantly increased Mmp-9 levels in the outflow tissues of
these animals. In addition, enzymatically active tPA caused
an upregulation (to a different degree) in the expression of
Mmp-13. Such changes have also been reported for tPA in
other tissues [55-57].

The relationship between tPA and MMP-9 has been
studied extensively in the context of its therapeutic dosing
for acute thrombotic cerebrovascular events. tPA administra-
tion results in enhanced MMP-9 activation, which can lead to
significant adverse outcomes [56-58]. However, in the context
of aqueous flow, upregulation or activation of Mmp-9 may
have beneficial effects. To determine whether tPA-induced
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Mmp-9 expression upregulation is critical for mediating
its effects on outflow facility regulation, we used Mmp-
9-deficient (Mmp-9KO) mice. These mice were originally
described in studies of carcinogenesis [46] and are viable
and fertile. Although they have diminished neuroretinal
degeneration [59], they show no obvious (clinical) ocular
phenotype. They have significantly higher IOP than their
wild-type littermates [50,60], and we have confirmed this IOP
elevation in comparison to C57BL/6J mice. Furthermore, this
IOP elevation is caused by a significant reduction in outflow
facility, corroborating previous findings on aqueous turn-
over in these mice [60]. Intravitreal administration of either
enzymatically active or enzymatically inactive tPA failed
to increase outflow facility in these animals, suggesting
that Mmp-9 functions downstream of tPA to affect aqueous
outflow, and confirming a role of Mmp-9 in the regulation of
outflow facility.

Given the detrimental effects of tPA-induced MMP-9
upregulation in the brain [56-58], we also explored whether
tPA increases Mmp-9 expression under baseline conditions
(in the absence of steroids), potentially resulting in an exces-
sive increase in outflow facility that could lead to hypotony.
Surprisingly, administration of either enzymatically active or
enzymatically inactive tPA in C57BL/6J mice did not affect
outflow facility or Mmp-9 expression, suggesting that its
actions may be regulated by availability of its receptor or
other downstream regulatory molecules [61].

The findings of this study provide a potential mecha-
nism by which tPA is able to regulate the outflow of aqueous
humor following exposure to steroids. tPA likely functions
as a cytokine to bind to a cell surface receptor and alter
downstream intracellular signaling, as evidenced by the
equal efficacies of enzymatically active and enzymatically
inactive tPA in reversing steroid-induced outflow facility
reduction in C57BL/6J mice and PlarKO mice. These physi-
ologic effects are correlated with the enhanced expression
of Mmp-9, which likely occurs via downstream transcrip-
tional regulation, as evidenced by the inability to enhance
outflow facility in Mmp-9KO mice. The potential relation-
ship between Mmp-2 and Mmp-13 expression and outflow
facility regulation remains unclear. Previous studies with
other tissues have shown that MMP-13 may participate in the
proteolytic activation of pro-MMP-9 [62-64]. If this is indeed
the mechanism of action of Mmp-13 in the mouse outflow
system, it would explain why outflow facility is reduced in
Mmp-9KO animals, even if Mmp-13 expression may become
upregulated as a result of tPA or NE-tPA treatment. The
role of MMP-2 (gelatinase A) in glaucoma has been unclear.
There is evidence indicating that the MMP-2 present in the
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aqueous humor remains inactive in its pro-peptide form
[65] and as such may not directly affect the outflow facility
process. Future experiments to discern the contribution of
MMP activity to outflow facility regulation could involve
the use of MmpKO mice or MMP pharmacologic inhibitors.

LRP-1 is a potential receptor candidate linking extra-
cellular tPA and Mmp transcription, as has been reported
in other organ systems [33-35] and is expressed in TM cells
[66]. LRP-1 is a scavenger receptor most classically linked
to receptor-mediated endocytosis in lipoprotein metabolism
[34]. Beyond this role, however, LRP-1 is associated with
downstream intracellular signaling cascades and has a high
affinity for binding tPA [33-35,67]. Both enzymatically
active and enzymatically inactive tPA have been shown to
bind to cell surface LRP-1 in complex with NMDA-R [36,68]
to initiate its phosphorylation and subsequent extracellular-
signal related activation of kinases 1/2 (Extracellular-signal
related activation of kinases 1/2 [ERK1/2]), leading to down-
stream gene expression changes [33,68], including MMP-9
[33,34].

In addition, LRP-1 has been reported to mediate the
endocytosis and degradation of excess tPA [69]. Such an
action may explain the fact that exogenously applied tPA
(either enzymatically active or enzymatically inactive) failed
to increase outflow facility or alter Mmp expression under
baseline conditions in C57BL/6J mice. Finally, it is worth
noting that another member of the LRP gene family (LRP-2),
which is also a potential receptor for tPA, has been implicated
in glaucoma pathophysiology, as it has been reported that /rp2
deletion causes significant IOP elevation in zebrafish [70].
Identifying potential tPA receptors in TM tissue will require
additional work.

In summary, we have shown that the enzymatic activity
of tPA is not essential for its action on regulating aqueous
outflow and that its action is, at least in part, mediated by
transcriptional control of Mmp-9. Previous studies on the role
of intraocular MMP-9 indicate that its expression is neces-
sary for proper collagen turnover at the iridocorneal angle
[60]. Although tPA-dependent Mmp expression upregula-
tion does not prove subsequent enzymatic activity at the
TM, it suggests such a mechanism of action. Furthermore,
tPA (either enzymatically active or inactive) does not affect
outflow facility in mice under baseline conditions, making it
an appealing target for therapeutic development of treatment
for elevated IOP in steroid-induced glaucoma.

702

© 2021 Molecular Vision

ACKNOWLEDGMENTS

Funding: This work was supported by the National Institutes
of Health [grant number RO1EY025543]. Funding agencies
had no involvement in study design; in the collection, analysis
and interpretation of data; in the writing of the report; and
in the decision to submit the article for publication. Author
contributions statement: S.G. and J.D. designed research;
S.G., A.O.B.,, Y.H. and A.D. performed research; S.G.
analyzed data; and S.G. wrote the paper; all authors reviewed
the manuscript.

REFERENCES

Woods AC. Clinical and experimental observation on the use
of ACTH and cortisone in ocular inflammatory disease. Am
J Ophthalmol 1950; 33:1325-49. [PMID: 14771206].

Covell LL. Glaucoma induced by systemic steroid therapy.
Am J Ophthalmol 1958; 45:108-9. [PMID: 13487744].

Goldmann H. Cortisone glaucoma. Arch Ophthalmol 1962;
68:621-6. .

Becker B. INTRAOCULAR PRESSURE RESPONSE TO
TOPICAL CORTICOSTEROIDS. Invest Ophthalmol 1965;
4:198-205. [PMID: 14283013].

Mantravadi AV, Vadhar N. Glaucoma. Primary care. 2015;
42:437-49. [PMID: 26319348].

Wordinger RJ, Clark AF. Effects of glucocorticoids on the
trabecular meshwork: towards a better understanding of
glaucoma. Prog Retin Eye Res 1999; 18:629-67. [PMID:
10438153].

Clark AF, Wordinger RJ. The role of steroids in outflow resis-
tance. Exp Eye Res 2009; 88:752-9. [PMID: 18977348].

Jones R 3rd, Rhee DJ. Corticosteroid-induced ocular hyperten-
sion and glaucoma: a brief review and update of the literature.
Curr Opin Ophthalmol 2006; 17:163-7. [PMID: 16552251].

Phulke S, Kaushik S, Kaur S, Pandav SS. Steroid-induced
Glaucoma: An Avoidable Irreversible Blindness. J Curr
Glaucoma Pract. 2017; 11:67-72. .

10. Razeghinejad MR, Katz LJ. Steroid-induced iatrogenic glau-

coma. Ophthalmic Res 2012; 47:66-80. [PMID: 21757964].

11.  Acott TS, Kelley MJ. Extracellular matrix in the trabecular

meshwork. Exp Eye Res 2008; 86:543-61. [PMID: 18313051].

Clark AF, Wilson K, McCartney MD, Miggans ST, Kunkle M,
Howe W. Glucocorticoid-induced formation of cross-linked
actin networks in cultured human trabecular meshwork
cells. Invest Ophthalmol Vis Sci 1994; 35:281-94. [PMID:
8300356].

Darryl R. Overby, Jacques Bertrand, Ozan-Yiiksel Tektas,
Alexandra Boussommier-Calleja, Martin Schicht, C
Ross Ethier, David F Woodward, W Daniel Stamer, Elke
Liitjen-Drecoll. Ultrastructural changes associated with
dexamethasone-induced ocular hypertension in mice. Invest
Ophthalmol Vis Sci 2014; 55:4922-33. .

12.

13.


http://www.molvis.org/molvis/v27/691
http://www.ncbi.nlm.nih.gov/pubmed/14771206
http://www.ncbi.nlm.nih.gov/pubmed/13487744
http://www.ncbi.nlm.nih.gov/pubmed/14283013
http://www.ncbi.nlm.nih.gov/pubmed/26319348
http://www.ncbi.nlm.nih.gov/pubmed/10438153
http://www.ncbi.nlm.nih.gov/pubmed/10438153
http://www.ncbi.nlm.nih.gov/pubmed/18977348
http://www.ncbi.nlm.nih.gov/pubmed/16552251
http://www.ncbi.nlm.nih.gov/pubmed/21757964
http://www.ncbi.nlm.nih.gov/pubmed/18313051
http://www.ncbi.nlm.nih.gov/pubmed/8300356
http://www.ncbi.nlm.nih.gov/pubmed/8300356

Molecular Vision 2021; 27:691-705 <http://www.molvis.org/molvis/v27/691>

14.

15.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

. Vijay Krishna Raghunathan. Joshua T Morgan, Shin Ae Park,
Darren Weber, Brett S Phinney, Christopher J Murphy, Paul
Russell. Dexamethasone Stiffens Trabecular Meshwork,
Trabecular Meshwork Cells, and Matrix. Invest Ophthalmol
Vis Sci 2015; 56:4447-59. .

Tane N, Dhar S, Roy S, Pinheiro A, Ohira A, Roy S. Effect
of excess synthesis of extracellular matrix components by
trabecular meshwork cells: possible consequence on aqueous
outflow. Exp Eye Res 2007; 84:832-42. [PMID: 17350618].

Tektas O-Y, Hammer CM, Danias J, Candia O, Gerometta R,
Steven M. Podos, Elke Liitjen-Drecoll. Morphologic changes
in the outflow pathways of bovine eyes treated with cortico-
steroids. Invest Ophthalmol Vis Sci 2010; 51:4060-6. .

Kubota T, Okabe H, Hisatomi T, Yamakiri K, Sakamoto T,
Tawara A. Ultrastructure of the trabecular meshwork in
secondary glaucoma eyes after intravitreal triamcinolone
acetonide. J Glaucoma 2006; 15:117-9. [PMID: 16633224].

Sivak JM, Fini ME. MMPs in the eye: emerging roles for
matrix metalloproteinases in ocular physiology. Prog Retin
Eye Res 2002; 21:1-14. [PMID: 11906808].

Candia OA, Gerometta RM, Danias J. Tissue plasminogen
activator reduces the elevated intraocular pressure induced
by prednisolone in sheep. Exp Eye Res 2014; 128:114-6.
[PMID: 25304217].

Gerometta R, Kumar S, Shah S, Alvarez L, Candia O, Danias
J. Reduction of steroid-induced intraocular pressure elevation
in sheep by tissue plasminogen activator. Invest Ophthalmol
Vis Sci 2013; 54:7903-9. [PMID: 24176900].

Nagase H, Visse R, Murphy G. Structure and function of
matrix metalloproteinases and TIMPs. Cardiovasc Res
2006; 69:562-73. [PMID: 16405877].

Snyder RW, Stamer WD, Kramer TR, Seftor RE. Corticoste-
roid treatment and trabecular meshwork proteases in cell and
organ culture supernatants. Exp Eye Res 1993; 57:461-8.
[PMID: 8282032].

Shan SW, Do CW, Lam TC, Ricky PWK, Li KK, Ka MC,
Stamer WD, To CH. New Insight of Common Regulatory
Pathways in Human Trabecular Meshwork Cells in Response
to Dexamethasone and Prednisolone Using an Integrated
Quantitative Proteomics: SWATH and MRM-HR Mass
Spectrometry. J Proteome Res 2017; 16:3753-65. .

Weinreb RN, Aung T, Medeiros FA. The pathophysiology and
treatment of glaucoma: a review. JAMA 2014; 311:1901-11.
[PMID: 24825645].

Braunger BM, Fuchshofer R, Tamm ER. The aqueous humor
outflow pathways in glaucoma: A unifying concept of
disease mechanisms and causative treatment. Eur J Pharm
Biopharm 2015; 95:173-8]1. .

Vassalli JD, Sappino AP, Belin D. The plasminogen activator/
plasmin system. J Clin Invest 1991; 88:1067-72. [PMID:
1833420].

Shuman MA, Polansky JR, Merkel C, Alvarado JA. Tissue
plasminogen activator in cultured human trabecular

703

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

© 2021 Molecular Vision

meshwork cells. Predominance of enzyme over plasmin-
ogen activator inhibitor. Invest Ophthalmol Vis Sci 1988;
29:401-5. [PMID: 3125123].

Tripathi BJ, Geanon JD, Tripathi RC. Distribution of tissue
plasminogen activator in human and monkey eyes. An immu-
nohistochemical study. Ophthalmology 1987; 94:1434-8.
[PMID: 3120076].

Michaluk P, Kaczmarek L. Matrix metalloproteinase-9 in
glutamate-dependent adult brain function and dysfunction.
Cell Death Differ 2007; 14:1255-8. [PMID: 17431423].

Sumii T, Lo EH. Involvement of matrix metalloproteinase in
thrombolysis-associated hemorrhagic transformation after
embolic focal ischemia in rats. Stroke 2002; 33:831-6.
[PMID: 11872911].

Horstmann S, Kalb P, Koziol J, Gardner H, Wagner S. Profiles
of matrix metalloproteinases, their inhibitors, and laminin
in stroke patients: influence of different therapies. Stroke
2003; 34:2165-70. [PMID: 12907822].

Bertrand T, Lesept F, Chevilley A, Lenoir S, Aimable M, Briens
A, Hommet Y, Bardou I, Parcq J, Vivien D. Conformations
of tissue plasminogen activator (tPA) orchestrate neuronal
survival by a crosstalk between EGFR and NMDAR. Cell
Death Dis 2015; 6:¢1924-.

Hu K, Yang J, Tanaka S, Gonias SL, Mars WM, Liu Y. Tissue-
type plasminogen activator acts as a cytokine that triggers
intracellular signal transduction and induces matrix metallo-
proteinase-9 gene expression. J Biol Chem 2006; 281:2120-7.
[PMID: 16303771].

Wang X. Sun-Ryung Lee, Ken Arai, Seong-Ryong Lee,
Kiyoshi Tsuji, G William Rebeck, Eng H Lo. Lipoprotein
receptor-mediated induction of matrix metalloproteinase by
tissue plasminogen activator. Nat Med 2003; 9:1313-7. .

Hu K, Wu C, Mars WM, Liu Y. Tissue-type plasminogen acti-
vator promotes murine myofibroblast activation through LDL
receptor-related protein 1-mediated integrin signaling. J Clin
Invest 2007; 117:3821-32. [PMID: 18037995].

Mantuano E, Lam MS, Shibayama M, Campana WM, Gonias
SL. The NMDA receptor functions independently and as
an LRP1 co-receptor to promote Schwann cell survival and
migration. J Cell Sci 2015; 128:3478-88. [PMID: 26272917].

Chintala SK. Tissue and urokinase plasminogen activators
instigate the degeneration of retinal ganglion cells in a mouse
model of glaucoma. Exp Eye Res 2016; 143:17-27. [PMID:
26474495].

Olson ST, Swanson R, Day D, Verhamme I, Kvassman J,
Shore JD. Resolution of Michaelis complex, acylation, and
conformational change steps in the reactions of the serpin,
plasminogen activator inhibitor-1, with tissue plasminogen
activator and trypsin. Biochemistry 2001; 40:11742-56.
[PMID: 11570875].

YiJS, Kim YH, Koh JY. Infarct reduction in rats following
intraventricular administration of either tissue plasminogen
activator (tPA) or its non-protease mutant S478 A-tPA. Exp
Neurol 2004; 189:354-60. [PMID: 15380485].


http://www.molvis.org/molvis/v27/691
http://www.ncbi.nlm.nih.gov/pubmed/17350618
http://www.ncbi.nlm.nih.gov/pubmed/16633224
http://www.ncbi.nlm.nih.gov/pubmed/11906808
http://www.ncbi.nlm.nih.gov/pubmed/25304217
http://www.ncbi.nlm.nih.gov/pubmed/24176900
http://www.ncbi.nlm.nih.gov/pubmed/16405877
http://www.ncbi.nlm.nih.gov/pubmed/8282032
http://www.ncbi.nlm.nih.gov/pubmed/24825645
http://www.ncbi.nlm.nih.gov/pubmed/1833420
http://www.ncbi.nlm.nih.gov/pubmed/1833420
http://www.ncbi.nlm.nih.gov/pubmed/3125123
http://www.ncbi.nlm.nih.gov/pubmed/3120076
http://www.ncbi.nlm.nih.gov/pubmed/17431423
http://www.ncbi.nlm.nih.gov/pubmed/11872911
http://www.ncbi.nlm.nih.gov/pubmed/12907822
http://www.ncbi.nlm.nih.gov/pubmed/16303771
http://www.ncbi.nlm.nih.gov/pubmed/18037995
http://www.ncbi.nlm.nih.gov/pubmed/26272917
http://www.ncbi.nlm.nih.gov/pubmed/26474495
http://www.ncbi.nlm.nih.gov/pubmed/26474495
http://www.ncbi.nlm.nih.gov/pubmed/11570875
http://www.ncbi.nlm.nih.gov/pubmed/15380485

Molecular Vision 2021; 27:691-705 <http://www.molvis.org/molvis/v27/691>

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

PuH, ShiY, Zhang L, Lu Z, Ye Q, Rehana K. Leak, Fei Xu,
Shubei Ma, Hongfeng Mu, Zhishuo Wei, Na Xu, Yuguo Xia,
Xiaoming Hu, T Kevin Hitchens, Michael V L Bennett, Jun
Chen. Protease-independent action of tissue plasminogen
activator in brain plasticity and neurological recovery after
ischemic stroke. Proc Natl Acad Sci USA 2019; 116:9115-24.

Werner F, Razzaq TM, Ellis V. Tissue plasminogen activator
binds to human vascular smooth muscle cells by a novel
mechanism. Evidence for a reciprocal linkage between inhi-
bition of catalytic activity and cellular binding. J Biol Chem
1999; 274:21555-61. [PMID: 10419460].

Seftor RE, Stamer WD, Seftor EA, Snyder RW. Dexametha-
sone decreases tissue plasminogen activator activity in
trabecular meshwork organ and cell cultures. J Glaucoma
1994; 3:323-8. [PMID: 19920617].

Kumar S, Shah S, Tang HM, Smith M, Borras T, Danias J.
Tissue plasminogen activator in trabecular meshwork attenu-
ates steroid induced outflow resistance in mice. PLoS One
2013; 8:¢72447-[PMID: 23977299].

Hu Y, Arturo O. Barron, Sofya Gindina, Sandeep Kumar,
Shravan Chintala, Ashima Nayyar, John Danias. Investiga-
tions on the Role of the Fibrinolytic Pathway on Outflow
Facility Regulation. Invest Ophthalmol Vis Sci 2019;
60:1571-80. .

Carmeliet P, Schoonjans L, Kieckens L, Ream B, Degen J,
Bronson R, De Vos R, van den Oord JJ, Collen D, Mulligan
RC. Physiological consequences of loss of plasminogen
activator gene function in mice. Nature 1994; 368:419-24. .

Coussens LM, Tinkle CL, Hanahan D, Werb Z. MMP-9
supplied by bone marrow-derived cells contributes to skin
carcinogenesis. Cell 2000; 103:481-90. [PMID: 11081634].

Kumar S, Shah S, Deutsch ER, Tang HM, Danias J. Triamcino-
lone acetonide decreases outflow facility in C57BL/6 mouse
eyes. Invest Ophthalmol Vis Sci 2013; 54:1280-7. [PMID:
23322580].

Danias J, Kontiola Al, Filippopoulos T, Mittag T. Method
for the noninvasive measurement of intraocular pressure in
mice. Invest Ophthalmol Vis Sci 2003; 44:1138-41. [PMID:
12601041].

Hu Y, Wang X, Wu Y, Jin W. 1, Baoli Cheng 3, Xiangming
Fang 3, Johanne Martel-Pelletier 1, Mohit Kapoor 1, Junzheng
Peng 1, Shijie Qi 1, Guixiu Shi 4, Jiangping Wu 1, Hongyu
Luo. Role of EFNBI and EFNB2 in Mouse Collagen-Induced
Arthritis and Human Rheumatoid Arthritis. Arthritis Rheu-
matol 2015; 67:1778-88. .

Robertson JV, Siwakoti A, West-Mays JA. Altered expression
of transforming growth factor beta 1 and matrix metallo-
proteinase-9 results in elevated intraocular pressure in mice.
Mol Vis 2013; 19:684-95. [PMID: 23559862].

Vranka JA, Kelley MJ, Acott TS, Keller KE. Extracellular
matrix in the trabecular meshwork: intraocular pressure
regulation and dysregulation in glaucoma. Exp Eye Res
2015; 133:112-25. [PMID: 25819459].

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

704

© 2021 Molecular Vision

el-Shabrawi Y, Eckhardt M, Berghold A, Faulborn J, Auboeck
L, Mangge H, Ardjomand N. Synthesis pattern of matrix
metalloproteinases (MMPs) and inhibitors (TIMPs) in human
explant organ cultures after treatment with latanoprost and
dexamethasone. Eye (Lond) 2000; 14:Pt 3A375-83. .

Pang [H, Millar JC, Clark AF. Elevation of intraocular pressure
in rodents using viral vectors targeting the trabecular mesh-
work. Exp Eye Res 2015; 141:33-41. [PMID: 26025608].

Borras T, Tamm ER, Zigler JS Jr. Ocular adenovirus gene
transfer varies in efficiency and inflammatory response.
Invest Ophthalmol Vis Sci 1996; 37:1282-93. [PMID:
8641831].

. Sun-Ryung Lee. Shu-Zhen Guo, Robert H Scannevin, Brian
C Magliaro, Kenneth J Rhodes, Xiaoying Wang, Eng H
Lo. Induction of matrix metalloproteinase, cytokines and
chemokines in rat cortical astrocytes exposed to plasminogen
activators. Neurosci Lett 2007; 417:1-5. .

Ning M, Furie KL, Koroshetz WJ, Lee H, Barron M, Lederer
M, Wang X, Zhu M, Sorensen AG, Lo EH, Kelly PJ. Asso-
ciation between tPA therapy and raised early matrix metal-
loproteinase-9 in acute stroke. Neurology 2006; 66:1550-5. .

Kelly MA, Shuaib A, Todd KG. Matrix metalloproteinase acti-
vation and blood-brain barrier breakdown following throm-
bolysis. Exp Neurol 2006; 200:38-49. [PMID: 16624294].

Adibhatla RM, Hatcher JF. Tissue plasminogen activator (tPA)
and matrix metalloproteinases in the pathogenesis of stroke:
therapeutic strategies. CNS Neurol Disord Drug Targets
2008; 7:243-53. [PMID: 18673209].

George AK, Homme RP, Majumder A, Tyagi SC, Singh M.
Effect of MMP-9 gene knockout on retinal vascular form
and function. Physiol Genomics 2019; 51:613-22. [PMID:
31709889].

De Groef L, Andries L, Siwakoti A, Geeraerts E, Bollaerts
I, Noterdaeme L, Etienne I, Papageorgiou A-P, Stalmans
I, Billen J, Judith A West-Mays LM. Aberrant Collagen
Composition of the Trabecular Meshwork Results in Reduced
Aqueous Humor Drainage and Elevated IOP in MMP-9 Null
Mice. Invest Ophthalmol Vis Sci 2016; 57:5984-95. .

Tamaki C, Ohtsuki S, Iwatsubo T, Hashimoto T, Yamada K,
Yabuki C, Terasaki T. Major involvement of low-density lipo-
protein receptor-related protein 1 in the clearance of plasma
free amyloid beta-peptide by the liver. Pharm Res 2006;
23:1407-16. .

Rios MH, Sorsa T, Obregon F, Tervahartiala T, Valenzuela
MA, Pozo P, Dutzan N, Lesaffre E, Molas M, Gamonal J.
Proteolytic roles of matrix metalloproteinase (MMP)-13
during progression of chronic periodontitis: initial evidence
for MMP-13/MMP-9 activation cascade. J Clin Periodontol
2009; 36:1011-7. .

Nannuru KC, Futakuchi M, Varney ML, Vincent TM,
Marcusson EG, Singh RK. Matrix metalloproteinase
(MMP)-13 regulates mammary tumor-induced osteolysis
by activating MMP9 and transforming growth factor-beta
signaling at the tumor-bone interface. Cancer Res 2010;
70:3494-504. [PMID: 20406980].


http://www.molvis.org/molvis/v27/691
http://www.ncbi.nlm.nih.gov/pubmed/10419460
http://www.ncbi.nlm.nih.gov/pubmed/19920617
http://www.ncbi.nlm.nih.gov/pubmed/23977299
http://www.ncbi.nlm.nih.gov/pubmed/11081634
http://www.ncbi.nlm.nih.gov/pubmed/23322580
http://www.ncbi.nlm.nih.gov/pubmed/23322580
http://www.ncbi.nlm.nih.gov/pubmed/12601041
http://www.ncbi.nlm.nih.gov/pubmed/12601041
http://www.ncbi.nlm.nih.gov/pubmed/23559862
http://www.ncbi.nlm.nih.gov/pubmed/25819459
http://www.ncbi.nlm.nih.gov/pubmed/26025608
http://www.ncbi.nlm.nih.gov/pubmed/8641831
http://www.ncbi.nlm.nih.gov/pubmed/8641831
http://www.ncbi.nlm.nih.gov/pubmed/16624294
http://www.ncbi.nlm.nih.gov/pubmed/18673209
http://www.ncbi.nlm.nih.gov/pubmed/31709889
http://www.ncbi.nlm.nih.gov/pubmed/31709889
http://www.ncbi.nlm.nih.gov/pubmed/20406980

Molecular Vision 2021; 27:691-705 <http://www.molvis.org/molvis/v27/691>

64. O’Sullivan S, Medina C, Ledwidge M, Radomski MW,
Gilmer JF. Nitric oxide-matrix metaloproteinase-9 interac-
tions: biological and pharmacological significance—NO and
MMP-9 interactions. Biochim Biophys Acta 2014; 1843:603-

17. [PMID: 24333402].

Maatta M, Tervahartiala T, Harju M, Airaksinen J, Autio-
Harmainen H, Sorsa T. Matrix metalloproteinases and their
tissue inhibitors in aqueous humor of patients with primary
open-angle glaucoma, exfoliation syndrome, and exfoliation
glaucoma. J Glaucoma 2005; 14:64-9. [PMID: 15650607].

Howard GC, Roberts BC, Epstein DL, Pizzo SV. Characteriza-
tion of alpha 2-macroglobulin binding to human trabecular
meshwork cells: presence of the alpha 2-macroglobulin
signaling receptor. Arch Biochem Biophys 1996; 333:19-26.
[PMID: 8806749].

Lillis AP, Mikhailenko I, Strickland DK. Beyond endocytosis:
LRP function in cell migration, proliferation and vascular

65.

66.

67.

© 2021 Molecular Vision

permeability. Journal of thrombosis and haemostasis JTH
2005; 3:1884-93. [PMID: 16102056].

68. Mantuano E, Lam MS, Gonias SL. LRP1 assembles unique
co-receptor systems to initiate cell signaling in response to
tissue-type plasminogen activator and myelin-associated
glycoprotein. J Biol Chem 2013; 288:34009-18. [PMID:
24129569].

69. Etique N, Verzeaux L, Dedieu S, Emonard H. LRP-1: a check-
point for the extracellular matrix proteolysis. BioMed Res
Int 2013;2013:152163-[PMID: 23936774].

70. Kerry N. Veth, Jason R Willer, Ross F Collery, Matthew P
Gray, Gregory B Willer, Daniel S Wagner, Mary C Mullins,
Ava J Udvadia, Richard S Smith, Simon W M John, Ronald
G Gregg, Brian A Link. Mutations in zebrafish Irp2 result in
adult-onset ocular pathogenesis that models myopia and other
risk factors for glaucoma. PLoS Genet 2011; 7:¢1001310-.

Articles are provided courtesy of Emory University and the Zhongshan Ophthalmic Center, Sun Yat-sen University, P.R. China.
The print version of this article was created on 7 December 2021. This reflects all typographical corrections and errata to the
article through that date. Details of any changes may be found in the online version of the article.

705


http://www.molvis.org/molvis/v27/691
http://www.ncbi.nlm.nih.gov/pubmed/24333402
http://www.ncbi.nlm.nih.gov/pubmed/15650607
http://www.ncbi.nlm.nih.gov/pubmed/8806749
http://www.ncbi.nlm.nih.gov/pubmed/16102056
http://www.ncbi.nlm.nih.gov/pubmed/24129569
http://www.ncbi.nlm.nih.gov/pubmed/24129569
http://www.ncbi.nlm.nih.gov/pubmed/23936774

	Reference r1
	Reference r2
	Reference r3
	Reference r4
	Reference r5
	Reference r6
	Reference r7
	Reference r8
	Reference r9
	Reference r10
	Reference r11
	Reference r12
	Reference r13
	Reference r14
	Reference r15
	Reference r16
	Reference r17
	Reference r18
	Reference r19
	Reference r20
	Reference r21
	Reference r22
	Reference r23
	Reference r24
	Reference r25
	Reference r26
	Reference r27
	Reference r28
	Reference r29
	Reference r30
	Reference r31
	Reference r32
	Reference r33
	Reference r34
	Reference r35
	Reference r36
	Reference r37
	Reference r38
	Reference r39
	Reference r40
	Reference r41
	Reference r42
	Reference r43
	Reference r44
	Reference r45
	Reference r46
	Reference r47
	Reference r48
	Reference r49
	Reference r50
	Reference r51
	Reference r52
	Reference r53
	Reference r54
	Reference r55
	Reference r56
	Reference r57
	Reference r58
	Reference r59
	Reference r60
	Reference r61
	Reference r62
	Reference r63
	Reference r64
	Reference r65
	Reference r66
	Reference r67
	Reference r68
	Reference r69
	Reference r70
	Table t1

