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Abstract: We investigated whether an inverse relationship exists between intraocular pressure (IOP)
and effective filtration area (EFA) in the trabecular meshwork (TM) in a steroid-induced ocular
hypertensive (SIOH) mouse model and the morphological changes associated with the reduction of
EFA. C57BL/6 mice (n = 15 per group) received either 0.1% dexamethasone (DEX) or saline eye drops
twice daily for five weeks. IOP was measured weekly. Fluorescent tracers were injected into the
anterior chamber to label EFA at the endpoint. Injected eyes were fixed and processed for confocal
microscopy. EFA in the TM was analyzed. Light and electron microscopy were performed in high-
and low-tracer regions of six eyes per group. The mean IOP was ~4 mm Hg higher in DEX-treated
than saline-treated control eyes (p < 0.001) at the endpoint. EFA was reduced in DEX-treated eyes
compared to controls (p < 0.01) and negatively correlated with IOP (R2 = 0.38, p = 0.002). Reduced
thickness of juxtacanalicular tissue (JCT) and increased abnormal extracellular matrix in the JCT were
found to be associated with reduced EFA. Our data confirm the inverse relationship between EFA
and IOP, suggesting that morphological changes in the JCT contribute to the reduction of EFA, thus
elevating IOP in SIOH mouse eyes.

Keywords: steroid-induced ocular hypertensive mouse model; effective filtration area; trabecular
meshwork; intraocular pressure; morphology; confocal microscopy; transmission electron microscopy

1. Introduction

Glucocorticoids are one of the most commonly prescribed classes of medications
worldwide for the treatment of various ocular and systemic conditions, due to their broad-
spectrum anti-inflammatory and immunosuppressive properties. However, as described
for the first time in the 1950s [1], long-term usage of steroids can cause an elevation of
intraocular pressure (IOP), the primary risk factor of glaucoma [2,3]. Steroid-induced
glaucoma is a form of secondary open-angle glaucoma and clinically very similar to pri-
mary open-angle glaucoma (POAG). In both clinical conditions, the elevated IOP is due
to an increased aqueous humor outflow resistance and is associated with morphologic
and biochemical changes in the trabecular meshwork (TM) [4–9]. Steroids are known to
induce ocular hypertension when administered via topical, periocular, and even systemic
or inhalational routes. IOP rises after steroid therapy more frequently with topical adminis-
tration than systemic administration [10]. Approximately 40% of the normal population
have a measurable IOP increase after 4–6 weeks of topical steroid treatment and are con-
sidered to be “steroid responders”. In contrast, 95% of hypertensive POAG patients and
100% of low-tension POAG patients are “steroid responders” under treatment with topical
steroid [11,12]. Non-glaucomatous steroid responders are at higher risk for developing
POAG compared to non-glaucomatous non-responders [13,14], which suggests similar
mechanisms in the pathology of steroid-induced ocular hypertension (SIOH) and POAG.
Therefore, there is a need to better understand the mechanisms of SIOH.
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To investigate the mechanisms of SIOH, various SIOH animal models have been
developed in rabbits [15,16], cats [17], dogs [18], bovines [19], sheep [20], non-human
primates [21], rats [22,23], and mice [24–28]. These models confirmed steroid-induced
morphological and functional changes in the TM [23,24,27,29–36]. Previous SIOH mouse
models also confirmed a reduction in outflow facility [24,25,28].

In the TM, experimental evidence suggests that the majority of outflow resistance is
generated in the juxtacanalicular tissue (JCT) region [2,37,38]. A recent study also suggests
that the increased flow resistance in glaucomatous eyes is generated immediately below
the surface of the inner wall (IW) of Schlemm’s canal (SC) [39]. Therefore, we expect to find
the most significant morphological differences in the TM of SIOH mouse eyes located in
the JCT region, as shown by previous studies on SIOH mouse models [24,28].

Previous tracer studies concluded that aqueous humor outflow is “segmental” rather
than uniform [40–51]. We termed the active fraction of the total area of the outflow pathway
as effective filtration area (EFA) [46], which was previously analyzed by measuring percent
effective filtration length (PEFL). Our group found a positive correlation between PEFL
and outflow facility across three species (bovine, monkey, and human) with marked dif-
ferences in the morphology of their outflow pathways [41,44,45]. Furthermore, a negative
correlation was found between the TM PEFL and IOP in a secreted protein, acidic and
rich in cysteine (SPARC)-null mouse model of ocular hypotension [52]. This study aims
to determine whether an inverse relationship also exists between the PEFL and IOP in an
ocular hypertensive model and to investigate what morphological changes contribute to
the reduction of EFA. We utilized a recently reported mouse model of ocular hypertension
induced by topical administration of dexamethasone (DEX) [27,53] to test our hypothesis
that DEX will induce structural changes in the JCT region of the TM, resulting in a decrease
in the EFA and, thereby, an increase in IOP.

2. Results
2.1. DEX Treatment Elevates IOP

Unlike humans, all DEX-treated mice in this study appeared to respond to the steroid
with ≥3 mm Hg increase in IOP in at least one eye. Because each eye responds differently
to DEX treatment, each eye of a mouse can be measured as an independent data point for
IOP [27]. The comparison of weekly IOP changes between two groups is summarized in
Table 1. IOP significantly increased within a week and remained elevated for the following
four weeks in the DEX-treated group compared to the saline-treated group (Figure 1), in
which IOP remained unchanged for five weeks. IOP of DEX-treated eyes versus saline-
treated eyes was 13.8 ± 0.4 vs. 14.1 ± 0.4 mm Hg at baseline (p = 0.69; two-tailed non-paired
t-test), 16.5 ± 0.6 vs. 14.0 ± 0.3 (p = 0.001) after Week 1 of treatment, 16.9 ± 0.4 vs. 13.5 ± 0.4
(p < 0.0001) at Week 2, 17.7 ± 0.5 vs. 13.4 ± 0.3 (p < 0.0001) at Week 3, 17.8 ± 0.4 vs.
13.6 ± 0.3 (p < 0.0001) at Week 4, and 17.9 ± 0.4 vs. 13.8 ± 0.3 (p < 0.0001) at Week 5. When
compared to its own baseline, the DEX group showed a significant increase after one week
of treatment (p = 0.002 at Week 1, <0.0001 at Weeks 2–5; two-tailed paired t-test). In contrast,
the saline group had no change in IOP over the five weeks of treatment when compared to
its own baseline (p = 0.95 at Week 1, 0.33 at Week 2, 0.18 at Week 3, 0.37 at Week 4, and 0.61
at Week 5).

Table 1. Comparison of Weekly IOP (mm Hg) Changes.

Time Week 0 Week 1 Week 2 Week 3 Week 4 Week 5

Saline 14.1 ± 0.4 14.0 ± 0.3 13.5 ± 0.4 13.4 ± 0.3 13.6 ± 0.3 13.8 ± 0.3

DEX 13.8 ± 0.4 16.5 ± 0.7 16.8 ± 0.4 17.7 ± 0.5 17.8 ± 0.4 17.9 ± 0.4
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Figure 1. DEX Treatment Increased IOP. Dexamethasone (DEX) treatment increased Intraocular 
Pressure (IOP) over time. DEX-treated eyes showed significantly increased IOP at all time points 
after treatment compared to the saline-treated controls (**: p < 0.01; ***: p < 0.001). There was also a 
significant increase when compared to its own baseline (##: p < 0.01; ###: p < 0.001). 

IOP change during five weeks of treatment was further analyzed by using three-way 
ANOVA with three factors: treatment (DEX vs. saline), time, and sex. The results showed 
that there was a significant main effect of the type of treatment (F (1, 56) = 83.88, p < 0.0001). 
There was also a significant main effect of time (F (5, 280) = 7.256, p < 0.0001) but no sig-
nificant main effect of sex (F (1, 56) = 0.2556, p = 0.6151). Therefore, eyes from both sexes 
were combined for other analyses. There was also a significant interaction between the 
type of treatment and time (F (5, 280) = 11.18, p < 0.0001). No significant interaction was 
found between time and sex (F (5, 280) = 1.331, p = 0.2594) or between the type of treatment 
and sex (F (1, 56) = 1.163, p = 0.2855). There was no significant interaction between the type 
of treatment, time, and sex (F (5, 280) = 0.7144, p = 0.6131). These data suggested that DEX 
increased IOP significantly over time, while sex did not affect the IOP change. 

2.2. DEX Treatment Reduces PEFL 
The en face images of the anterior segment showed the outflow pattern in each eye. 

Segmental flow was observed in both DEX-treated and saline-treated control eyes, but the 
flow pattern was more continuous in the control eyes when compared to DEX-treated eyes 
(Figure 2A). 

When calculated by using en face confocal images, TM PEFL was 50.89 ± 4.52% in the 
DEX-treated group (n = 12), which was significantly less than the TM PEFL of 75.09 ± 
3.60% (n = 10, p = 0.002; Mann-Whitney test) in the control group (Figure 2B). A significant 
negative correlation was found between TM PEFL and IOP (n = 22, R2 = 0.38, p = 0.002; 
linear regression) (Figure 2C). 

Guided by the outflow pattern, radial and frontal sections were obtained from high- 
or low-tracer regions. The distribution of tracers in the TM was observed in both radial 
and frontal sections in both groups (Figure 3). 

2.3. DEX Treatment-Induced Changes of Extracellular Matrix (ECM) in the JCT 
Compared to control eyes, in which we found either no basement membrane (BM)-
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but in none of the control eyes. The formation of short curly filaments was found in the 
JCT of most DEX-treated eyes (4 of 6 eyes) (Figure 4D), but in none of the control eyes. 

Figure 1. DEX Treatment Increased IOP. Dexamethasone (DEX) treatment increased Intraocular
Pressure (IOP) over time. DEX-treated eyes showed significantly increased IOP at all time points
after treatment compared to the saline-treated controls (**: p < 0.01; ***: p < 0.001). There was also a
significant increase when compared to its own baseline (##: p < 0.01; ###: p < 0.001).

IOP change during five weeks of treatment was further analyzed by using three-way
ANOVA with three factors: treatment (DEX vs. saline), time, and sex. The results showed
that there was a significant main effect of the type of treatment (F (1, 56) = 83.88, p < 0.0001).
There was also a significant main effect of time (F (5, 280) = 7.256, p < 0.0001) but no
significant main effect of sex (F (1, 56) = 0.2556, p = 0.6151). Therefore, eyes from both sexes
were combined for other analyses. There was also a significant interaction between the
type of treatment and time (F (5, 280) = 11.18, p < 0.0001). No significant interaction was
found between time and sex (F (5, 280) = 1.331, p = 0.2594) or between the type of treatment
and sex (F (1, 56) = 1.163, p = 0.2855). There was no significant interaction between the type
of treatment, time, and sex (F (5, 280) = 0.7144, p = 0.6131). These data suggested that DEX
increased IOP significantly over time, while sex did not affect the IOP change.

2.2. DEX Treatment Reduces PEFL

The en face images of the anterior segment showed the outflow pattern in each eye.
Segmental flow was observed in both DEX-treated and saline-treated control eyes, but
the flow pattern was more continuous in the control eyes when compared to DEX-treated
eyes (Figure 2A).

When calculated by using en face confocal images, TM PEFL was 50.89 ± 4.52%
in the DEX-treated group (n = 12), which was significantly less than the TM PEFL of
75.09 ± 3.60% (n = 10, p = 0.002; Mann-Whitney test) in the control group (Figure 2B). A
significant negative correlation was found between TM PEFL and IOP (n = 22, R2 = 0.38,
p = 0.002; linear regression) (Figure 2C).

Guided by the outflow pattern, radial and frontal sections were obtained from high-
or low-tracer regions. The distribution of tracers in the TM was observed in both radial
and frontal sections in both groups (Figure 3).
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The short curly filaments were observed to mix with collagen fibers and form dense ma-
terials occasionally (Figure 4E). Both the increase in BM-like materials and formation of 
FBM and/or short curly filaments were observed in high- and low-tracer regions, while 
they were more abundant in low-tracer regions. The JCT had greater expansion, with 
more open spaces filled with tracer in the high-tracer regions of control eyes and became 
more compact after DEX-treatment (Figure 5). Specific morphometric analyses were per-
formed to determine the changes in the thickness of JCT and percentage BM length 
(PBML) of the IW of SC. 

 
Figure 2. TM PEFL and its correlation with IOP. (A) Representative en face images of saline- and 
dexamethasone (DEX)-treated eyes (N: nasal; T: temporal; S: superior; I: inferior). The tracer distri-
bution is shown in green. (B) DEX-treatment induced a significant reduction in trabecular mesh-
work percentage effective filtration length (TM PEFL) when compared to controls (**: p < 0.01). (C) 
There was a significant negative correlation between TM PEFL and IOP (R2 = 0.38, p = 0.002). 

 

Figure 2. TM PEFL and its correlation with IOP. (A) Representative en face images of saline- and
dexamethasone (DEX)-treated eyes (N: nasal; T: temporal; S: superior; I: inferior). The tracer distribu-
tion is shown in green. (B) DEX-treatment induced a significant reduction in trabecular meshwork
percentage effective filtration length (TM PEFL) when compared to controls (**: p < 0.01). (C) There
was a significant negative correlation between TM PEFL and IOP (R2 = 0.38, p = 0.002).
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Figure 3. Tracer Distribution in the TM. Representative confocal images from radial (left two panels)
and frontal (right two panels) plane views reveal the green tracer distribution in the high-tracer (top
panels) and low-tracer (bottom panels) regions of the trabecular meshwork (TM). The blue represents
DAPI staining for nuclei. DEX: dexamethasone; SC: Schlemm’s canal.

2.3. DEX Treatment-Induced Changes of Extracellular Matrix (ECM) in the JCT

Compared to control eyes, in which we found either no basement membrane (BM)-like
materials deposited in the JCT (4 of 6 eyes) (Figure 4A), or only small amounts of fibrillar
materials in the JCT (2 of 6 eyes), increased deposition of BM-like materials was found in
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all DEX-treated eyes (6 of 6 eyes) (Figure 4B). The formation of fingerprint-like arranged
material (FBM) was observed in all DEX-treated eyes (6 of 6 eyes) (Figure 4C), but in none
of the control eyes. The formation of short curly filaments was found in the JCT of most
DEX-treated eyes (4 of 6 eyes) (Figure 4D), but in none of the control eyes. The short curly
filaments were observed to mix with collagen fibers and form dense materials occasionally
(Figure 4E). Both the increase in BM-like materials and formation of FBM and/or short curly
filaments were observed in high- and low-tracer regions, while they were more abundant in
low-tracer regions. The JCT had greater expansion, with more open spaces filled with tracer
in the high-tracer regions of control eyes and became more compact after DEX-treatment
(Figure 5). Specific morphometric analyses were performed to determine the changes in
the thickness of JCT and percentage BM length (PBML) of the IW of SC.
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eyes. (B–D) Representative EM images show the ultrastructure of JCT regions in dexamethasone 
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Figure 4. ECM Morphology in both DEX-Treated and Control Eyes. (A) Representative electron
microscopy (EM) image shows the ultrastructure of the juxtacanalicular tissue (JCT) region in control
eyes. (B–D) Representative EM images show the ultrastructure of JCT regions in dexamethasone
(DEX)-treated eyes. An increased deposition of basement membrane-like materials (B) (black arrows),
the formation of fingerprint-like arranged materials resembling basement membrane (C) (white
asterisks), and the formation of short curly filaments (D) (white arrowheads) were observed. The
short curly filaments were observed to occasionally mix with collagen fibers (white pound signs) and
form dense materials (E).
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Figure 5. JCT in Low- and High-Tracer Regions. Representative electron microscopy images of the 
juxtacanalicular tissue (JCT) from low-tracer and high-tracer regions of saline control (left column) 
and dexamethasone (DEX)-treated (right column) eyes. The bottom row presents a larger view of 
the squared region in the middle row. There are more empty spaces with fluorescent tracers (black 
arrows) in the JCT in the high-tracer regions of control eyes. Double arrows show the JCT thickness. 

  

Figure 5. JCT in Low- and High-Tracer Regions. Representative electron microscopy images of the
juxtacanalicular tissue (JCT) from low-tracer and high-tracer regions of saline control (left column)
and dexamethasone (DEX)-treated (right column) eyes. The bottom row presents a larger view of
the squared region in the middle row. There are more empty spaces with fluorescent tracers (black
arrows) in the JCT in the high-tracer regions of control eyes. Double arrows show the JCT thickness.
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2.4. DEX Treatment Decreased JCT Thickness

The JCT thickness was greater in high-tracer regions (2.71 ± 0.22 µm) than in low-
tracer regions (1.94 ± 0.15 µm, p = 0.03; Figures 5 and 6) of control eyes. No significant
difference in JCT thickness was found between high- and low-tracer regions in DEX-treated
eyes (p = 0.69). In DEX-treated eyes, mean JCT thickness in low-tracer regions was similar
to control eyes (1.67 ± 0.27 µm, p = 0.13; Mann-Whitney test), while JCT thickness in
high-tracer regions of DEX-treated eyes was significantly decreased when compared to the
high-tracer regions of controls (1.79 ± 0.22 vs. 2.71 ± 0.22 µm, p = 0.009; Figures 5 and 6).
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Figure 6. JCT Thickness. A more expanded juxtacanalicular tissue (JCT) was found in high-tracer
regions compared to low-tracer regions in control eyes (**: p < 0.01). Dexamethasone (DEX) treatment
significantly reduced JCT thickness in high-tracer regions compared to high-tracer regions in control
eyes (*: p < 0.05).

2.5. DEX Treatment Increased PBML of the IW of SC

We first calculated the PBML of the IW of SC in the eyes without tracer injection
by using immunohistochemistry staining for type IV collagen, a major component of
BM. A large variance was seen in both saline and DEX groups (Figure 7A). However,
there was a trend towards a greater mean PBML in DEX-treated eyes (49.19 ± 5.54%,
range: 36.73–65.16%) compared to controls (25.69 ± 7.37%, range: 7.04–49.72%). This
difference approached but did not reach statistical significance (p = 0.06; Mann-Whitney
test) (Figure 7B).

Since the eyes used for type IV collagen staining were not labeled with tracer to
distinguish high- and low-flow regions, PBML was further analyzed in high- and low-
tracer regions by electron microscopy in the tracer-injected eyes. In saline-treated eyes,
BM often appeared discontinuous in high-tracer regions, while more continuous BM was
observed in low-tracer regions (Figure 8A). In DEX-treated eyes, a more continuous BM
was observed in both high- and low-tracer regions (Figure 8A). Moreover, as previously
mentioned, increased fibrillary BM-like structures were found in DEX-treated eyes. These
fibrillary BM-like structures can be difficult to distinguish from the regular BM when
located near the basal lamella of IW cells. Therefore, some BM-like structures may be
included as BM in measurements. In saline-treated eyes, PBML was significantly greater
in low-tracer regions compared to high-tracer regions (59.34 ± 5.98% vs. 28.27 ± 2.12%,
p = 0.03; Wilcoxon signed-rank test) (Figure 8B). In DEX-treated eyes, the difference in
PBML between low-tracer (76.99 ± 3.81%) and high-tracer regions (49.47 ± 1.88%) was also
significant (p = 0.03). In DEX-treated eyes, PBML in low-tracer regions was not significantly
different from control eyes (76.99 ± 3.81% vs. 59.34 ± 5.98%, p = 0.06; Mann-Whitney
test), while PBML in high-tracer regions was significantly greater compared to controls
(49.47 ± 1.88% vs. 28.27 ± 2.12%, p = 0.002; Figure 8B).
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gen, a major component of BM in the trabecular meshwork (TM), while the blue represents nuclei. 
The white arrows indicate the BM of the inner wall of Schlemm’s canal (SC). (B) Mean PBML was 
higher in DEX-treated eyes when compared to controls, indicating that BM became more continuous 
after DEX-treatment. However, this difference did not quite reach statistical significance (p = 0.06). 

Figure 7. Increased PBML after DEX treatment by Immunohistochemistry. (A) Representative confo-
cal images show that percentage basement membrane length (PBML) varies in both dexamethasone
(DEX)-treated and untreated eyes. The green represents positive staining of type IV collagen, a major
component of BM in the trabecular meshwork (TM), while the blue represents nuclei. The white
arrows indicate the BM of the inner wall of Schlemm’s canal (SC). (B) Mean PBML was higher in
DEX-treated eyes when compared to controls, indicating that BM became more continuous after
DEX-treatment. However, this difference did not quite reach statistical significance (p = 0.06).
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Figure 8. Increased PBML after DEX Treatment by Electron Microscopy. (A) Representative electron
microscope images around the inner wall of Schlemm’s canal (SC) from high- and low-tracer regions
of saline- and dexamethasone (DEX)-treated eyes. Black arrows indicate the basement membrane
(BM), or fibrillary BM-like structure formed after DEX treatment. (B) In both saline- and DEX- treated
eyes, mean percentage BM length (PBML) is significantly greater in low-tracer regions compared to
high-tracer regions (*: p < 0.05; **: p < 0.01). DEX treatment induced a significant increase in mean
PBML in high-tracer regions compared to that in high-tracer regions in control eyes (*: p < 0.05).

2.6. Overall JCT Thickness and Overall PBML

We used TM PEFL to estimate the overall JCT thickness (JCT thicknessoverall = JCT
thicknesshigh-tracer region × TM PEFL + JCT thicknesslow-tracer region × (1 − TM PEFL)) and
the overall PBML (PBMLoverall = PBMLhigh-tracer region × TM PEFL + PBMLlow-tracer region ×
(1 − TM PEFL)). The overall JCT thickness was significantly decreased after DEX treatment
when compared to controls (1.80 ± 0.18 µm vs. 2.46 ± 0.18 µm, p = 0.04; Figure 9A).
Overall PBML was significantly increased after DEX treatment when compared to controls
(63.18 ± 3.45% vs. 34.94 ± 2.10%, p = 0.002; Figure 9B). Overall PBML is positively correlated
with IOP (R2 = 0.58, p = 0.008; Figure 9C) but negatively correlated with TM PEFL (R2 = 0.71,
p = 0.0005; Figure 9D).
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Figure 9. Overall JCT Thickness and Overall PBML. (A) The overall juxtacanalicular tissue (JCT)
thickness was significantly decreased in dexamethasone (DEX)-treated eyes when compared to con-
trols (*: p < 0.05). (B) Mean overall percentage basement membrane length (PBML) was significantly
increased in DEX-treated eyes when compared to controls (**: p < 0.01). (C) There was a significant
positive correlation between IOP and overall PBML (R2 = 0.52, p = 0.008). (D) There was a significant
negative correlation between TM PEFL and overall PBML (R2 = 0.71, p = 0.0005).

2.7. Effects of DEX Treatment on Body Weight (BW)

At the endpoint of treatment (Week 5), BW was 22.7 ± 0.7 g in DEX-treated male mice,
which was a 3% average decrease (range: −13% to +8%) from their baseline (23.4 ± 0.5 g)
and an average 4% less than male controls (23.6 ± 0.5 g). BW was 17.1 ± 0.3 g in DEX-
treated female mice, which was a 4% average decrease (range: −11% to 0%) from their
baseline (17.9 ± 0.2 g) and an average 13% less than female controls (19.6 ± 0.3 g).

3. Discussion

In this study, we used an in vivo mouse model to investigate the effects of five weeks
of topical steroid (DEX) treatment on IOP, outflow pattern, and morphology. To the best
of our knowledge, this is the first in vivo study to investigate the DEX-induced outflow
pattern change and its morphological correlations. All of the DEX-treated mice had at least
one eye showing a ≥3 mm Hg increase in IOP during DEX treatment. Therefore, 100%
of the mice in this study are considered as steroid responders. Our results are consistent
with the previous two studies that showed either no evidence for the presence of steroid
“nonresponses” in mice by Overby et al. [24] or 90–95% of mice developed SIOH after DEX
treatment (Zode et al.) [27].

We found that DEX treatment induced ~4 mm Hg increase in IOP. As we hypothesized,
this steroid-induced IOP elevation was associated with reduced active filtration areas
in the TM (~1/3 reduction in TM PEFL). There was a significant negative correlation
between TM PEFL and IOP. Further investigation of ultrastructural changes in the JCT
region showed that steroid treatment caused a decrease in the JCT thickness in high-tracer
regions. Additionally, we found abnormal accumulation of ECM in the JCT of DEX-treated
eyes, including BM-like materials, FBM, short curly filaments, and more continuous BM
of the IW of SC. These data support our hypothesis that the elevated IOP induced by
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steroid administration is associated with a reduction in active filtration area caused by
morphological changes in the JCT region of the TM in mouse eyes.

3.1. Correlations between IOP, TM PEFL, and PBML

Similar to our previous study on ocular hypotensive SPARC-null mice, we found an
inverse relationship between IOP and TM PEFL. Although this relationship was statistically
significant (p = 0.002), the correlation between IOP and TM PEFL (R2 = 0.38; Figure 2C) was
much weaker when compared to the correlation between IOP and TM PEFL reported in the
previous study (R2 = 0.72) [52]. Meanwhile, although we found a strong negative correlation
between TM PEFL and overall PBML (R2 = 0.71; Figure 9D), the positive correlation between
IOP and overall PBML was also relatively weaker (R2 = 0.52; Figure 9C). There are two
possible reasons for these weak correlations between IOP and either TM PEFL or PBML
in the current study. First, while the endpoint IOP was measured under less than 3 min
anesthesia by isoflurane, the fluorescent tracers were injected into the mouse eyes and
penetrated the TM when the mice were deeply anesthetized by ketamine + xylazine, with
the whole procedure taking ~1 h. General anesthetics are known to reduce IOP, which falls
further as deeper levels of anesthesia are attained. The decrease in IOP is attributed to an
increase in outflow facility [54], relaxation of the extraocular muscles [54], and a decrease
in the rate of aqueous humor formation [55,56]. However, this IOP reduction induced by
general anesthetics seems more significant on rodents with elevated IOP when compared
to normal IOP controls [27,57,58]. Therefore, the actual IOP of steroid-treated eyes during
tracer injection may decrease more when compared to the control eyes, causing a weaker
correlation between the IOP measured before deep anesthesia and TM PEFL/BM continuity.
Secondly, the current study focused on the effects of DEX on the trabecular outflow, but the
influence of uveoscleral outflow may not be negligible. The TM PEFL and BM continuity
are supposed to correlate with trabecular outflow facility (Ctrabecular). The assumption of
linear correlation between IOP and trabecular outflow facility was based on the modified
Goldmann equation (Flowratetotal = (IOP − PESV) Ctrabecular + Flowrateuveoscleral). This
equation has an assumption that uveoscleral flow rate is independent from IOP. However,
direct tracer-based measurements indicate that uveoscleral outflow is not entirely pressure-
independent, although it is relatively pressure-insensitive [59–62]. In addition, uveoscleral
outflow may account for a much greater portion of the total aqueous outflow in mouse
eyes [63,64]. Therefore, IOP-dependent influence on uveoscleral outflow may have also
contributed to a weaker linear correlation between IOP and TM PEFL/PBML, especially
when eyes with elevated IOP are involved.

The average TM PEFL in control eyes calculated in the current study was greater
than that calculated in the SPARC-null mice study (75.09 ± 3.60% vs. 54.68 ± 9.95%) [52].
This may be due to the more advanced confocal microscope (Zeiss LSM 700 vs. Zeiss 510
Axiovert M100), operation software (ZEN2010 vs. Zeiss LSM 510), and imaging software
(ZEN blue 2.3 vs. Zeiss LSM 510) used in this study when compared to the previous study,
which may have allowed the visualization of more fluorescent tracers in the TM. Moreover,
in order to clearly show the edge of radial wedges in the background, 120 of white balance
was used for the analyses, which was set at a greater value in the previous study [52] to
ensure a black background. Our TM PEFL results in control eyes were similar to the TM
PEFL in ex vivo perfused human donor control eyes (75.09 ± 3.60% vs. 72.19 ± 5.72%) [65].

3.2. Systemic Effects of Steroids Were Observed in Mice

Although this study aimed to investigate the effects of topical steroid on mouse eyes,
we would expect that some systemic effects of steroids were also involved due to the
self-grooming behavior of rodents and possible diffusion of steroid into the circulatory
system. A systemic administration of steroid causes BW loss in mice [24,26]. About 40% of
the DEX-treated mice were eliminated from one of the previous systemic steroid studies
because more than 20% BW loss was found in these mice by 3–4 weeks [24]. In the current
study, the steroid-treated group exhibited 3–4% (with a maximum of 13%) BW loss when
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compared to baseline, indicating much weaker systemic effects of steroid treatment. None
of the animals in the current study were found in critical health condition due to BW
loss and needed to be removed from the study. Furthermore, systemic administration of
steroids is the least likely route to cause IOP elevation in the clinic [10]. Therefore, the
topical steroid model is a more effective model for mechanistic and therapeutic studies of
SIOH. Recently, Patel et al. reported a novel method to introduce steroid into a mouse’s eye
by using periocular conjunctival fornix injections, which may cause the elevation of IOP
without decreasing BW [25]. If we combine the BW data from male and female mice, at
Week 5, BW of the DEX-treated mice from both sexes was 19.7 ± 0.8 g, with no significant
difference from BW of the saline-treated mice from both sexes (21.5 ± 0.6 g, p = 0.09). This is
consistent with the results reported by Patel et al., with no indication of the sex of mice used
for BW measurements [25]. However, we found this difference is significant in female mice
(17.1 ± 0.3 g vs. 19.6 ± 0.3 g, p = 0.008) but not in male mice (22.7 ± 0.7 g vs. 23.6 ± 0.5 g,
p = 0.39). Our data indicate that there are still some systemic effects that are more significant
in female mice, even when the steroid was topically applied.

3.3. Steroid-Induced Ultrastructural Changes in the TM Compared to Previous Studies

The major ultrastructural changes found in the TM associated with steroid treat-
ment were more compacted JCT in high-tracer regions and an increased deposition of
ECM. The latter is consistent with previous TM cell culture studies on the ECM effects
of steroids [5,33,66,67]. FBM and BM-like materials were previously reported in steroid-
treated human eyes [4,8,68], juvenile glaucoma [69], and uveitic glaucoma [70]. Unlike
between the trabecular lamellae [69,70] or near corneoscleral meshwork [4], as previously
reported in human eyes, we found that FBM were primarily located in the JCT, similar to
studies in steroid-treated bovine eyes [36] and systemic steroid-treated mouse eyes [24].
These morphological correlations likely contribute to increased outflow resistance and
result in reduced EFA. Although the composition of the BM-like materials that we observed
to have increased in the DEX-treated eyes is unclear, a previous study had reported the
increase of type IV collagen in the TM of steroid-induced glaucomatous eyes [71]. We
hypothesize that the BM-like materials may contain similar components to BM, such as
type IV collagen, perlecan, laminin, integrins, etc., due to the structural similarity to the BM
in TEM images. Further immuno-labeling studies will be needed to confirm this hypothesis.
Although “plaques” were previously reported in human eyes with POAG [4,72,73], juvenile
glaucoma [69], uveitic glaucoma [70], and steroid-treated human [68] and bovine eyes [36],
we did not observe the formation of “plaques” in the steroid-treated mouse eyes. Our
finding is consistent with two previous studies: one in steroid-treated human eyes [4] and
another in systemic steroid-treated mouse eyes [24]. We found the formation of a unique
structure, short curly filaments, in the JCT of DEX-treated mouse eyes. Although they are
much less abundant compared to BM-like materials, the composition of these filaments
may need to be studied further.

A recent study found that the increased flow resistance and stiffness in glaucomatous
eyes is located immediately below the surface of the IW of SC, suggesting that BM of the
IW may contribute to this increased resistance [39]. Although BM of the IW is discon-
tinuous [74–76], increased BM continuity has been previously reported in a systemically
induced steroid ocular hypertensive mouse model [24]. Our observation of both increased
accumulation of BM-like materials and increased BM continuity was consistent with a
previous study on systemic DEX-induced ultrastructural changes in mouse eyes [24].

The increase in PBML may imply the increase of cell-matrix connections between the
IW of SC to the ECM in the JCT, which may elevate the outflow resistance. This is consistent
with a previous report showing that DEX induces focal adhesions in cell culture, via which
cells connect to the matrix [77]. By labeling the outflow pattern in this current study, we
found a reduction in PEFL associated with an increase in overall PBML after DEX treatment.
A previous study also provided evidence of the increased PBML in human steroid-induced
glaucomatous eyes [24]. This previous study reported a significant negative correlation
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between outflow facility of ex vivo perfused systemic DEX-treated mouse eyes and PBML,
whereas we found a negative correlation between TM PEFL and overall PBML, which
is consistent with our previous finding that PEFL is positively correlated with outflow
facility [41,44,45]. The previous systemic DEX study observed reduced empty space in the
TM of DEX-treated eyes [24]. In our current study, with the association of more compacted
or thinner JCT and increased deposition of ECM, we would also expect reduced empty
space in DEX-treated eyes. This can also cause an increase in outflow resistance in the JCT.

However, while the previous study in systemic DEX-treated eyes indicated that im-
munohistochemistry staining of type IV collagen was more continuous along the IW
of SC when compared to controls, we found a relatively large variance in PBML in
both DEX-treated and control eyes by type IV collagen immunohistochemistry staining
(Figure 7). Based on our PBML measured with TEM images, the type IV collagen staining
along the IW varies depending on the flow type (high- or low-tracer) of the area. However,
because the immunohistochemistry analysis in our current study was performed on the
eyes without tracer injection, we could not directly correlate the type IV collagen staining
with outflow dynamics. Further study with immunostaining of the tracer-injected eyes is
required to investigate whether more continuous type IV collagen staining is correlated
with low-tracer regions.

3.4. Mechanisms of Steroid-Induced IOP Elevation

Although further investigation to understand more detailed mechanisms may be
needed, our data demonstrated that DEX may increase outflow resistance in the JCT via
increasing ECM deposition and compacting JCT structure. Our data also suggest that
steroid treatment changes morphological parameters, such as JCT thickness and PBML,
more dramatically in high-tracer regions. The accumulation of these morphological changes
in high-flow regions may turn some of them into low-flow regions and result in a reduction
of EFA. In terms of the molecular mechanisms of steroid-induced ocular hypertension,
a recent study showed that Smad3 deficiency resulted in complete inhibition of steroid-
induced ocular hypertension in mouse eyes [78]. Smad3 is a protein downstream of the
TGF-β2 signaling pathway. TGF-β2 is recognized as a central player in the pathology of
glaucoma, stimulating ECM protein expression and secretion [79,80], which is consistent
with our findings.

One limitation of this study was that the ultrastructural analysis used two radial
sections (one from high- and one from low-tracer regions), which only covered a small
fraction of the total TM. Additionally, the sample size (n = 6) was relatively small. The other
limitation was that an additional group of mice with a higher dose of DEX may elucidate
whether the DEX-induced hydrodynamic and morphological changes are dose-dependent.

In summary, the topical DEX treatment increased IOP in mouse eyes by reducing
active filtration area in the trabecular outflow pathway. Morphological correlations with
this reduction included compacted JCT in high-tracer regions and increased deposition
of ECM in the JCT. Similar ultrastructural changes were found in our topical DEX-treated
mouse eyes when compared to both systemic DEX-treated mouse eyes and human eyes
with steroid-induced glaucoma.

4. Materials and Methods
4.1. Animal Husbandry

All experiments were completed in compliance with the Association for Research in
Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and
Vision Research. Local Institutional Animal Care and Use Committee (IACUC) approval
was obtained. Thirty C57BL/6 mice (six-week-old) were purchased from Charles River
Laboratories (Wilmington, MA, USA). All mice were housed in the Animal Science Center
of the Boston University Medical Campus, with a 12 h light/12 h dark cycle and access
to food and water ad libitum. Upon arrival, mice were examined to confirm a normal
appearance, i.e., free of any signs of ocular disease, and allowed to acclimatize for at least



Int. J. Mol. Sci. 2022, 23, 854 14 of 21

three days before experiments. Since BW has been reported to decrease in mice after
systemic steroid administration [24,26], BW was measured at baseline and then weekly to
monitor for possible systemic effects induced by topical administration of DEX.

4.2. Eye Drops Administration

Thirty mice were randomly divided into two groups: a DEX-treated group and a saline-
treated control group (n = 15 each, including 7 males and 8 females). A small eye drop
(∼10 µL) of either 0.1% dexamethasone phosphate (Henry Schein Inc., Melville, NY, USA)
or sterile saline (Teknova Inc., Hollister, CA, USA) (both containing 9.4 mg/mL hydrox-
yethyl cellulose) was topically applied to both eyes of each mouse twice daily for five
weeks. The initial daily dose was given between 9 am and 11 am, with the second dose
between 5 pm and 7 pm.

4.3. IOP Measurement

IOP was measured at baseline and then weekly between 9 am and 11 am (prior to the
application of the first dose of eye drops) using a rodent rebound tonometer (Icare® TONO-
LAB; Icare, Vantaa, Finland). Mice were initially anesthetized with 5% isoflurane in an
anesthesia chamber for ~40 s and then attached to a nose cone with constant flow of 2.5%
isoflurane for IOP measurements. The IOP for each eye was the median of three readings
(each reading was averaged from six independent measurements by the tonometer). Mice
were anesthetized for a very short time (average: 2 min 10 s, maximum: 2 min 30 s) because
longer isoflurane exposure rapidly decreases IOP, especially in DEX-treated mice [27,57].

4.4. Tracer Injection

At the end of treatment, mice were anesthetized with 87.5 mg/kg ketamine (Henry
Schein Inc., Melville, NY, USA) and 12.5 mg/kg xylazine (Henry Schein Inc.) by in-
traperitoneal injection. One eye of each mouse was then injected with fluorescent tracers
as previously described [52]. In brief, a 10 µL Hamilton microsyringe (Nanofil; World
Precision Instruments, Sarasota, FL, USA) was loaded with 1 µL solution of 20 nm trac-
ers (Ex/Em: 505/515, 2%, Invitrogen, Carlsbad, CA, USA) diluted 1:50 in Dulbecco’s
phosphate-buffered saline (v/v), as well as 2 µL modified Karnovsky’s fixative (2.5% glu-
taraldehyde and 2% paraformaldehyde, pH 7.3) separated by a 0.2 µL air bubble. A 35G
needle (NF35BL-2; World Precision Instruments) connected to this syringe was then in-
serted into the anterior chamber centrally to optimize uniform distribution. The tracer
volume was delivered at 4 nL/s by a microprocessor-based microsyringe pump controller
(Micro4; World Precision Instruments). The 12 o’clock position of the eye was marked using
TMD Tissue Marking Dye (Triangle Biomedical Sciences, Durham, NC, USA) to provide
orientation. After the injection of tracers, 45 min were allowed for the tracers to migrate
through the anterior chamber, penetrate the TM, and reach SC, while the needle remained
in the eye. During this time, artificial tears (Henry Schein Inc.) were applied to the cornea
of both eyes to prevent dehydration. To prevent blood reflux into SC when the needle
was withdrawn, modified Karnovsky’s fixative (2 µL) was subsequently injected into the
anterior chamber while additional fixative was simultaneously applied to the exterior of
the eye for 30 min. Both eyes were enucleated after euthanasia of the mouse. The eye
injected with tracers was placed in Karnovsky’s fixative while the other eye was placed
in 4% paraformaldehyde at 4 ◦C overnight, then transferred in PBS and kept at 4 ◦C for
further processing.

4.5. Confocal Microscopy

All tracer-injected eyes were examined using an Olympus MVX10 (Olympus, Tokyo,
Japan) fluorescent stereomicroscope. Eyes with no tracer present in the TM region were
excluded from further processing and analyses. Each of the successfully injected eyes
(DEX-treated: n = 12; saline-treated: n = 10) were dissected into eight radial “wedges”,
as shown in Figure 10A. For trabecular outflow imaging, each wedge was immersed in
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mounting media (Life Technologies, Carlsbad, CA, USA) in a glass-bottom dish and imaged
in the en face view from the corneal side (highlighted plane in Figure 10B) with a Zeiss
LSM 700 confocal microscope (Carl Zeiss, Peabody, MA, USA). The images were taken with
a 10× objective and maximum pinhole (confocal slice thickness = 143 µm) to capture the
entire fluorescence throughout the thickness of the TM tissue. Images were captured using
the ZEN2010 operating software (Carl Zeiss).
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Figure 10. Dissection Methods and Imaging Planes. (A) Pattern of an enucleated eye dissected into
eight radial wedges. Trabecular meshwork (TM) region and Schlemm’s canal (SC) are demarcated.
Analysis of one of these eight wedges is illustrated in the following panels. The yellow surface
represents the side of the tissue seen in the en face view (B), radial section (C), and frontal section (D).
The frontal section plane usually bisects SC and the TM region, as shown here.

The tissue was subsequently sectioned in both radial (Figure 10C) and frontal
(Figure 10D) planes in both high- and low-tracer regions. Two radial and four frontal
sections were obtained from high- and low-tracer regions of each eye. The obtained radial
and frontal sections were immersed in Vectashield Antifade mounting medium with DAPI
(Vector Laboratories, Burlingame, CA, USA) and imaged with a Zeiss LSM 700 to confirm
the regions with high tracer or low tracer. Sections that failed to confirm with high- or
low-tracer regions were excluded from further processing.

4.6. PEFL Analysis

In the trabecular outflow images of each radial wedge, “total length” of the TM
(TL) and “filtration length” of TM containing tracer (FL) were measured using ZEN blue
2.3 imaging software (Carl Zeiss) with white balance set at 120 and computer monitor
resolution set at 1920 × 1080. The average percent effective filtration length (TM PEFL =
Σ FL/Σ TL × 100%) in each eye was subsequently calculated as performed in previous
studies (Figure 11A) [46,52,65]. All measurements in this study were repeated by the
same investigator (RR) three months later and by another investigator (AAH) in a masked
manner. The difference was less than 6% between the same investigator and less than 8%
between different investigators.
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Figure 11. Measurement Methods for TM PEFL and JCT Thickness. (A) Methods of trabecular
meshwork percentage effective filtration length (TM PEFL) measurements. The tracer distribution is
shown in green. The red lines represent effective filtration length (FL) labeled with fluorescent tracers,
while the yellow line represents the total length (TL) of trabecular meshwork (TM). The average TM
PEFL in each perfused mouse eye was calculated as TM PEFL = Σ FL/Σ TL × 100%. (B) Methods
of Juxtacanalicular Tissue (JCT) thickness measurements. JCT area (red) and JCT length (yellow)
were measured in an electron microscopic image, with the average JCT thickness (Σ JCT area/Σ JCT
length) calculated accordingly.

4.7. Light and Electron Microscopy

Radial and frontal sections with high- or low-tracer presence confirmed by confocal
microscopy in six randomly selected eyes from each group were processed for light and
electron microscopy. Sections were post-fixed with 2% osmium tetroxide in 1.5% potassium
ferrocyanide for 2 h, en bloc stained with 1.5% uranyl acetate for 90 min, dehydrated
in an ascending series of ethanol and propylene oxide, and embedded in Epon-Araldite.
After semithin sections (1 µm) were cut and examined with light microscopy, sections
containing regions of interest were then prepared for electron microscopy (at least one
radial section from high- and low-tracer regions was imaged using electron microscopy
in each randomly selected eye). Ultrathin sections (80 nm) were obtained, stained with
4% methanol-based uranyl acetate to visualize extracellular matrix, and examined using a
transmission electron microscope (JEOL JEM-1010, Tokyo, Japan). Images were taken along
SC at original magnifications of 3000×, 5000×, and 10,000×.

4.8. Measurements of the JCT Thickness

JCT area was measured in 3000× electron microscopic images of radial sections by
selecting the area from the basal side of the IW endothelium to the empty space adjacent
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to the outermost corneoscleral beams and measuring the cross-sectional area using Im-
ageJ (NIH). JCT length was also measured by ImageJ. JCT thickness was then calculated
(Figure 11B). Only the images showing a clear outermost beam were used for JCT thickness
measurements. At least 30 µm length of JCT was measured for each section.

4.9. Immunohistochemistry

The non-tracer injected eye from each mouse was enucleated and immersion-fixed
immediately with 4% paraformaldehyde for immunohistochemistry. The eyes were then
paraffin-embedded and 5 µm transverse sections were obtained from five randomly selected
eyes from each group. The paraffin sections were deparaffinized, microwaved in 10 mM
citrate buffer (pH 6.0) for 10 min to retrieve antigen, and then stained for type IV collagen
by methods adapted from Overby et al. [24]. In brief, sections were incubated for 1 h in
5% BLOTTO (Santa Cruz Biotechnology, Dallas, TX, USA) in PBS at room temperature to
prevent nonspecific binding. Sections were incubated overnight at 4 ◦C with primary rabbit
polyclonal antibody against type IV collagen (AB756P; MilliporeSigma, Burlington, MA,
USA) at a dilution of 1:50 in PBS containing 2% bovine serum albumin (BSA; American
Bioanalytical, Natick, MA, USA) and 0.02% Triton X-100. Sections were then rinsed three
times with PBS for 10 min each and incubated for 2 h with Alexa Fluor® 488 donkey anti-
rabbit secondary antibody (Invitrogen, Carlsbad, CA, USA) at a dilution of 1:500 in PBS
containing 0.2% BSA. Sections were rinsed in PBS and mounted with DAPI Fluoromount-G
mounting medium (SouthernBiotech, Birmingham, AL, USA). Specimens were examined
and imaged with Zeiss LSM 700. Negative controls were treated identically, except that the
primary antibody was omitted.

4.10. Measurements of PBML of the IW of SC

Because type IV collagen is a major constituent of BM [81,82], BM of the IW of SC
can be labeled by immunohistochemistry staining of type IV collagen. Confocal images
taken with a 40× oil objective were used to measure the IW length and BM length. At
least 100 µm of IW length was measured in each section. PBML was calculated as Σ BM
length/Σ IW length × 100% (Figure 12A). PBML was also measured using 3000× TEM
images of radial sections at high- and low-tracer regions with similar methods (Figure 12B).
Sections of six randomly selected eyes from each group were analyzed. At least 40 µm of
IW length was analyzed in each section.
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Figure 12. Measurement Methods of PBML of the IW of SC. (A) Measurement methods of Percentage
Basement Membrane Length (PBML) with confocal images. The left panel shows immunohistochemi-
cal staining of type IV collagen (green) to label the BM in the trabecular meshwork (TM). The right
panel shows the same image merged with DAPI staining of nuclei (blue). The yellow double arrows
represent the full length of the inner wall (IW) of Schlemm’s canal (SC), while the red double arrows
represent the length of BM. PBML = Σ length of BM/Σ IW length × 100%. (B) Measurement methods
of PBML with electron microscopic images. The yellow double arrows represent the full length of the
IW of SC, while the red double arrows represent the length of BM. PBML = Σ length of continuous
BM/Σ IW length × 100%.
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4.11. Statistical Analysis

A two-tailed paired and a non-paired Student’s t-test and three-way ANOVA were
applied for IOP comparison. Mann-Whitney and Wilcoxon signed-rank tests were applied
for hydrodynamic and morphological comparison between two groups. Linear regression
was applied for correlation analyses. All statistical analyses used GraphPad Prism 8
(GraphPad Software, San Diego, CA, USA) with a required significance level of p < 0.05.
All data are shown as mean ± SEM.

Author Contributions: Conceptualization, R.R. and H.G.; methodology, R.R. and H.G.; validation,
A.A.H.; formal analysis, R.R. and A.A.H.; investigation, R.R., A.A.H., D.L.S. and H.G.; resources,
H.G.; data curation, R.R.; writing—original draft preparation, R.R.; writing—review and editing,
H.G., A.A.H. and D.L.S.; visualization, R.R.; supervision, H.G.; project administration, H.G.; funding
acquisition, H.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Institutes of Health Grant EY022634 and the
Massachusetts Lions Eye Research Fund 2016–2022.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the IACUC of the Boston University Medical Campus
(AN15299, 08/05/2016).

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data are readily available for presentation to the referees and
the editors of the journal, if requested.

Acknowledgments: We would like to acknowledge the Integrated Biomedical Imaging Services
(IBIS) at the Boston University School of Medicine for our usage of imaging equipment.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. McLEAN, J.M.; Gordon, D.M.; Koteen, H. Clinical Experiences with ACTH and Cortisone in Ocular Diseases. Trans.-Am. Acad.

Ophthalmol. Otolaryngol. Am. Acad. Ophthalmol. Otolaryngol. 1951, 55, 565–572.
2. Grant, W.M. Experimental Aqueous Perfusion in Enucleated Human Eyes. Arch. Ophthalmol. 1963, 69, 783–801. [CrossRef]
3. McMonnies, C.W. Intraocular Pressure Spikes in Keratectasia, Axial Myopia, and Glaucoma. Optom. Vis. Sci. 2008, 85, 1018–1026.

[CrossRef]
4. Johnson, D.; Gottanka, J.; Flügel, C.; Hoffmann, F.; Futa, R.; Lütjen-Drecoll, E. Ultrastructural Changes in the Trabecular Meshwork

of Human Eyes Treated with Corticosteroids. Arch. Ophthalmol. 1997, 115, 375–383. [CrossRef]
5. Zhou, L.; Li, Y.; Yue, B.Y. Glucocorticoid Effects on Extracellular Matrix Proteins and Integrins in Bovine Trabecular Meshwork

Cells in Relation to Glaucoma. Int. J. Mol. Med. 1998, 1, 339–346. [CrossRef]
6. Rönkkö, S.; Rekonen, P.; Kaarniranta, K.; Puustjärvi, T.; Teräsvirta, M.; Uusitalo, H. Matrix Metalloproteinases and Their Inhibitors

in the Chamber Angle of Normal Eyes and Patients with Primary Open-Angle Glaucoma and Exfoliation Glaucoma. Graefes Arch.
Clin. Exp. Ophthalmol. 2007, 245, 697–704. [CrossRef] [PubMed]

7. Tamm, E.R.; Fuchshofer, R. What Increases Outflow Resistance in Primary Open-Angle Glaucoma? Surv. Ophthalmol. 2007, 52
(Suppl. 2), S101–S104. [CrossRef] [PubMed]

8. Tektas, O.-Y.; Lütjen-Drecoll, E. Structural Changes of the Trabecular Meshwork in Different Kinds of Glaucoma. Exp. Eye Res.
2009, 88, 769–775. [CrossRef] [PubMed]

9. Vranka, J.A.; Kelley, M.J.; Acott, T.S.; Keller, K.E. Extracellular Matrix in the Trabecular Meshwork: Intraocular Pressure Regulation
and Dysregulation in Glaucoma. Exp. Eye Res. 2015, 133, 112–125. [CrossRef]

10. Godel, V.; Feiler-Ofry, V.; Stein, R. Systemic Steroids and Ocular Fluid Dynamics. I. Analysis of the Sample as a Whole. Influence
of Dosage and Duration of Therapy. Acta Ophthalmol. 1972, 50, 655–663. [CrossRef]

11. Armaly, M.F.; Becker, B. Intraocular Pressure Response to Topical Corticosteroids. Fed. Proc. 1965, 24, 1274–1278.
12. Armaly, M.F. Effect of corticosteroids on intraocular pressure and fluid dynamics. II. the effect of dexamethasone in the

glaucomatous eye. Arch. Ophthalmol. 1963, 70, 492–499. [CrossRef]
13. Lewis, J.M.; Priddy, T.; Judd, J.; Gordon, M.O.; Kass, M.A.; Kolker, A.E.; Becker, B. Intraocular Pressure Response to Topical

Dexamethasone as a Predictor for the Development of Primary Open-Angle Glaucoma. Am. J. Ophthalmol. 1988, 106, 607–612.
[CrossRef]

14. Kitazawa, Y.; Horie, T. The Prognosis of Corticosteroid-Responsive Individuals. Arch. Ophthalmol. 1981, 99, 819–823. [CrossRef]
15. Ticho, U.; Lahav, M.; Berkowitz, S.; Yoffe, P. Ocular Changes in Rabbits with Corticosteroid-Induced Ocular Hypertension. Br. J.

Ophthalmol. 1979, 63, 646–650. [CrossRef]

http://doi.org/10.1001/archopht.1963.00960040789022
http://doi.org/10.1097/OPX.0b013e3181890e91
http://doi.org/10.1001/archopht.1997.01100150377011
http://doi.org/10.3892/ijmm.1.2.339
http://doi.org/10.1007/s00417-006-0440-1
http://www.ncbi.nlm.nih.gov/pubmed/17028863
http://doi.org/10.1016/j.survophthal.2007.08.002
http://www.ncbi.nlm.nih.gov/pubmed/17998032
http://doi.org/10.1016/j.exer.2008.11.025
http://www.ncbi.nlm.nih.gov/pubmed/19114037
http://doi.org/10.1016/j.exer.2014.07.014
http://doi.org/10.1111/j.1755-3768.1972.tb06606.x
http://doi.org/10.1001/archopht.1963.00960050494011
http://doi.org/10.1016/0002-9394(88)90595-8
http://doi.org/10.1001/archopht.1981.03930010819005
http://doi.org/10.1136/bjo.63.9.646


Int. J. Mol. Sci. 2022, 23, 854 19 of 21

16. Song, Z.; Gao, H.; Liu, H.; Sun, X. Metabolomics of Rabbit Aqueous Humor after Administration of Glucocorticosteroid. Curr.
Eye Res. 2011, 36, 563–570. [CrossRef] [PubMed]

17. Bhattacherjee, P.; Paterson, C.A.; Spellman, J.M.; Graff, G.; Yanni, J.M. Pharmacological Validation of a Feline Model of Steroid-
Induced Ocular Hypertension. Arch. Ophthalmol. 1999, 117, 361–364. [CrossRef]

18. Gelatt, K.N.; Mackay, E.O. The Ocular Hypertensive Effects of Topical 0.1% Dexamethasone in Beagles with Inherited Glaucoma.
J. Ocul. Pharmacol. Ther. 1998, 14, 57–66. [CrossRef] [PubMed]

19. Gerometta, R.; Podos, S.M.; Candia, O.A.; Wu, B.; Malgor, L.A.; Mittag, T.; Danias, J. Steroid-Induced Ocular Hypertension in
Normal Cattle. Arch. Ophthalmol. 2004, 122, 1492–1497. [CrossRef]

20. Gerometta, R.; Podos, S.M.; Danias, J.; Candia, O.A. Steroid-Induced Ocular Hypertension in Normal Sheep. Investig. Ophthalmol.
Vis. Sci. 2009, 50, 669–673. [CrossRef]

21. Fingert, J.H.; Clark, A.F.; Craig, J.E.; Alward, W.L.; Snibson, G.R.; McLaughlin, M.; Tuttle, L.; Mackey, D.A.; Sheffield, V.C.;
Stone, E.M. Evaluation of the Myocilin (MYOC) Glaucoma Gene in Monkey and Human Steroid-Induced Ocular Hypertension.
Investig. Ophthalmol. Vis. Sci. 2001, 42, 145–152.

22. Sawaguchi, K.; Nakamura, Y.; Nakamura, Y.; Sakai, H.; Sawaguchi, S. Myocilin Gene Expression in the Trabecular Meshwork of
Rats in a Steroid-Induced Ocular Hypertension Model. Ophthalmic Res. 2005, 37, 235–242. [CrossRef]

23. Razali, N.; Agarwal, R.; Agarwal, P.; Kapitonova, M.Y.; Kannan Kutty, M.; Smirnov, A.; Salmah Bakar, N.; Ismail, N.M. Anterior
and Posterior Segment Changes in Rat Eyes with Chronic Steroid Administration and Their Responsiveness to Antiglaucoma
Drugs. Eur. J. Pharmacol. 2015, 749, 73–80. [CrossRef]

24. Overby, D.R.; Bertrand, J.; Tektas, O.-Y.; Boussommier-Calleja, A.; Schicht, M.; Ethier, C.R.; Woodward, D.F.; Stamer, W.D.;
Lütjen-Drecoll, E. Ultrastructural Changes Associated with Dexamethasone-Induced Ocular Hypertension in Mice. Investig.
Ophthalmol. Vis. Sci. 2014, 55, 4922–4933. [CrossRef]

25. Patel, G.C.; Phan, T.N.; Maddineni, P.; Kasetti, R.B.; Millar, J.C.; Clark, A.F.; Zode, G.S. Dexamethasone-Induced Ocular
Hypertension in Mice: Effects of Myocilin and Route of Administration. Am. J. Pathol. 2017, 187, 713–723. [CrossRef]

26. Whitlock, N.A.; McKnight, B.; Corcoran, K.N.; Rodriguez, L.A.; Rice, D.S. Increased Intraocular Pressure in Mice Treated with
Dexamethasone. Investig. Ophthalmol. Vis. Sci. 2010, 51, 6496–6503. [CrossRef]

27. Zode, G.S.; Sharma, A.B.; Lin, X.; Searby, C.C.; Bugge, K.; Kim, G.H.; Clark, A.F.; Sheffield, V.C. Ocular-Specific ER Stress
Reduction Rescues Glaucoma in Murine Glucocorticoid-Induced Glaucoma. J. Clin. Investig. 2014, 124, 1956–1965. [CrossRef]

28. Li, G.; Lee, C.; Agrahari, V.; Wang, K.; Navarro, I.; Sherwood, J.M.; Crews, K.; Farsiu, S.; Gonzalez, P.; Lin, C.-W.; et al. In Vivo
Measurement of Trabecular Meshwork Stiffness in a Corticosteroid-Induced Ocular Hypertensive Mouse Model. Proc. Natl. Acad.
Sci. USA 2019, 116, 1714–1722. [CrossRef]

29. Candia, O.A.; Gerometta, R.; Millar, J.C.; Podos, S.M. Suppression of Corticosteroid-Induced Ocular Hypertension in Sheep by
Anecortave. Arch. Ophthalmol. 2010, 128, 338–343. [CrossRef]

30. Danias, J.; Gerometta, R.; Ge, Y.; Ren, L.; Panagis, L.; Mittag, T.W.; Candia, O.A.; Podos, S.M. Gene Expression Changes in
Steroid-Induced IOP Elevation in Bovine Trabecular Meshwork. Investig. Ophthalmol. Vis. Sci. 2011, 52, 8636–8645. [CrossRef]

31. François, J.; Benozzi, G.; Victoria-Troncoso, V.; Bohyn, W. Ultrastructural and Morphometric Study of Corticosteroid Glaucoma in
Rabbits. Ophthalmic Res. 1984, 16, 168–178. [CrossRef] [PubMed]

32. 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. Investig. Ophthalmol. Vis. Sci. 2013, 54, 7903–7909. [CrossRef]

33. Kasetti, R.B.; Maddineni, P.; Millar, J.C.; Clark, A.F.; Zode, G.S. Increased Synthesis and Deposition of Extracellular Matrix
Proteins Leads to Endoplasmic Reticulum Stress in the Trabecular Meshwork. Sci. Rep. 2017, 7, 14951. [CrossRef]

34. Mao, W.; Tovar-Vidales, T.; Yorio, T.; Wordinger, R.J.; Clark, A.F. Perfusion-Cultured Bovine Anterior Segments as an Ex
Vivo Model for Studying Glucocorticoid-Induced Ocular Hypertension and Glaucoma. Investig. Ophthalmol. Vis. Sci. 2011,
52, 8068–8075. [CrossRef] [PubMed]

35. Shinzato, M.; Yamashiro, Y.; Miyara, N.; Iwamatsu, A.; Takeuchi, K.; Umikawa, M.; Bayarjargal, M.; Kariya, K.; Sawaguchi, S.
Proteomic Analysis of the Trabecular Meshwork of Rats in a Steroid-Induced Ocular Hypertension Model: Downregulation of
Type I Collagen C-Propeptides. Ophthalmic Res. 2007, 39, 330–337. [CrossRef]

36. Tektas, O.-Y.; Hammer, C.M.; Danias, J.; Candia, O.; Gerometta, R.; Podos, S.M.; Lütjen-Drecoll, E. Morphologic Changes in the
Outflow Pathways of Bovine Eyes Treated with Corticosteroids. Investig. Ophthalmol. Vis. Sci. 2010, 51, 4060–4066. [CrossRef]
[PubMed]

37. Mäepea, O.; Bill, A. The Pressures in the Episcleral Veins, Schlemm’s Canal and the Trabecular Meshwork in Monkeys: Effects of
Changes in Intraocular Pressure. Exp. Eye Res. 1989, 49, 645–663. [CrossRef]

38. Mäepea, O.; Bill, A. Pressures in the Juxtacanalicular Tissue and Schlemm’s Canal in Monkeys. Exp. Eye Res. 1992, 54, 879–883.
[CrossRef]

39. Vahabikashi, A.; Gelman, A.; Dong, B.; Gong, L.; Cha, E.D.K.; Schimmel, M.; Tamm, E.R.; Perkumas, K.; Stamer, W.D.; Sun, C.; et al.
Increased Stiffness and Flow Resistance of the Inner Wall of Schlemm’s Canal in Glaucomatous Human Eyes. Proc. Natl. Acad.
Sci. USA 2019, 116, 26555–26563. [CrossRef]

40. Battista, S.A.; Lu, Z.; Hofmann, S.; Freddo, T.; Overby, D.R.; Gong, H. Reduction of the Available Area for Aqueous Humor
Outflow and Increase in Meshwork Herniations into Collector Channels following Acute IOP Elevation in Bovine Eyes. Investig.
Ophthalmol. Vis. Sci. 2008, 49, 5346–5352. [CrossRef] [PubMed]

http://doi.org/10.3109/02713683.2011.566410
http://www.ncbi.nlm.nih.gov/pubmed/21591866
http://doi.org/10.1001/archopht.117.3.361
http://doi.org/10.1089/jop.1998.14.57
http://www.ncbi.nlm.nih.gov/pubmed/9493783
http://doi.org/10.1001/archopht.122.10.1492
http://doi.org/10.1167/iovs.08-2410
http://doi.org/10.1159/000086946
http://doi.org/10.1016/j.ejphar.2014.11.029
http://doi.org/10.1167/iovs.14-14429
http://doi.org/10.1016/j.ajpath.2016.12.003
http://doi.org/10.1167/iovs.10-5430
http://doi.org/10.1172/JCI69774
http://doi.org/10.1073/pnas.1814889116
http://doi.org/10.1001/archophthalmol.2009.387
http://doi.org/10.1167/iovs.11-7563
http://doi.org/10.1159/000265313
http://www.ncbi.nlm.nih.gov/pubmed/6472795
http://doi.org/10.1167/iovs.13-12801
http://doi.org/10.1038/s41598-017-14938-0
http://doi.org/10.1167/iovs.11-8133
http://www.ncbi.nlm.nih.gov/pubmed/21911581
http://doi.org/10.1159/000109989
http://doi.org/10.1167/iovs.09-4742
http://www.ncbi.nlm.nih.gov/pubmed/20237246
http://doi.org/10.1016/S0014-4835(89)80060-0
http://doi.org/10.1016/0014-4835(92)90151-H
http://doi.org/10.1073/pnas.1911837116
http://doi.org/10.1167/iovs.08-1707
http://www.ncbi.nlm.nih.gov/pubmed/18515571


Int. J. Mol. Sci. 2022, 23, 854 20 of 21

41. Lu, Z.; Overby, D.R.; Scott, P.A.; Freddo, T.F.; Gong, H. The Mechanism of Increasing Outflow Facility by Rho-Kinase Inhibition
with Y-27632 in Bovine Eyes. Exp. Eye Res. 2008, 86, 271–281. [CrossRef] [PubMed]

42. Scott, P.A.; Lu, Z.; Liu, Y.; Gong, H. Relationships between Increased Aqueous Outflow Facility during Washout with the Changes
in Hydrodynamic Pattern and Morphology in Bovine Aqueous Outflow Pathways. Exp. Eye Res. 2009, 89, 942–949. [CrossRef]

43. Zhu, J.; Ye, W.; Gong, H. Development of a Novel Two Color Tracer Perfusion Technique for the Hydrodynamic Study of Aqueous
Outflow in Bovine Eyes. Chin. Med. J. 2010, 123, 599–605. [PubMed]

44. Lu, Z.; Zhang, Y.; Freddo, T.F.; Gong, H. Similar Hydrodynamic and Morphological Changes in the Aqueous Humor Outflow
Pathway after Washout and Y27632 Treatment in Monkey Eyes. Exp. Eye Res. 2011, 93, 397–404. [CrossRef]

45. Yang, C.-Y.C.; Liu, Y.; Lu, Z.; Ren, R.; Gong, H. Effects of Y27632 on Aqueous Humor Outflow Facility with Changes in
Hydrodynamic Pattern and Morphology in Human Eyes. Investig. Ophthalmol. Vis. Sci. 2013, 54, 5859–5870. [CrossRef] [PubMed]

46. Cha, E.D.K.; Xu, J.; Gong, L.; Gong, H. Variations in Active Outflow Along the Trabecular Outflow Pathway. Exp. Eye Res. 2016,
146, 354–360. [CrossRef] [PubMed]

47. Li, G.; Mukherjee, D.; Navarro, I.; Ashpole, N.E.; Sherwood, J.M.; Chang, J.; Overby, D.R.; Yuan, F.; Gonzalez, P.; Kopczynski, C.C.; et al.
Visualization of Conventional Outflow Tissue Responses to Netarsudil in Living Mouse Eyes. Eur. J. Pharmacol. 2016, 787, 20–31.
[CrossRef]

48. Braakman, S.T.; Read, A.T.; Chan, D.W.-H.; Ethier, C.R.; Overby, D.R. Colocalization of Outflow Segmentation and Pores Along
the Inner Wall of Schlemm’s Canal. Exp. Eye Res. 2015, 130, 87–96. [CrossRef]

49. Chang, J.Y.H.; Folz, S.J.; Laryea, S.N.; Overby, D.R. Multi-Scale Analysis of Segmental Outflow Patterns in Human Trabecular
Meshwork with Changing Intraocular Pressure. J. Ocul. Pharmacol. Ther. 2014, 30, 213–223. [CrossRef]

50. Keller, K.E.; Bradley, J.M.; Vranka, J.A.; Acott, T.S. Segmental Versican Expression in the Trabecular Meshwork and Involvement
in Outflow Facility. Investig. Ophthalmol. Vis. Sci. 2011, 52, 5049–5057. [CrossRef]

51. Vranka, J.A.; Staverosky, J.A.; Raghunathan, V.; Acott, T.S. Elevated Pressure Influences Relative Distribution of Segmental
Regions of the Trabecular Meshwork. Exp. Eye Res. 2020, 190, 107888. [CrossRef]

52. Swaminathan, S.S.; Oh, D.-J.; Kang, M.H.; Ren, R.; Jin, R.; Gong, H.; Rhee, D.J. Secreted Protein Acidic and Rich in Cysteine
(SPARC)-Null Mice Exhibit More Uniform Outflow. Investig. Ophthalmol. Vis. Sci. 2013, 54, 2035–2047. [CrossRef]

53. Elena, P.-P.; Cimbolini, N.; Antonelli, S.; Bouzin, M.; Feraille, L.; Viaud, K.; Nicolas, M.-F.; Laurent, S.; Blot, C. Comparison of the
Effect of Dexamethasone and Prednisolone Acetate in a Rat Model of Glucocorticoid-Induced Ocular Hypertension Following
Topical Delivery. Investig. Ophthalmol. Vis. Sci. 2015, 56, 2001.

54. Smith, R.B.; Leano, N. Intraocular Pressure Following Pancuronium. Can. Anaesth. Soc. J. 1973, 20, 742–746. [CrossRef]
55. Ivankovic, A.D.; Lowe, H.J. The Influence of Methoxyflurane and Neuroleptanesthesia on Intraocular Pressure in Man. Anesth.

Analg. 1969, 48, 933–938. [CrossRef]
56. Tang, L.Q.; Krupin, T.; Milner, M.; Woods, D.; Miller, K.; Carré, D.A.; Civan, M.M. Halogenated Inhalation Anesthetic Agents

Decrease Transepithelial Electrical Measurements across the Isolated Iris-Ciliary Body. Investig. Ophthalmol. Vis. Sci. 1991,
32, 1912–1915.

57. Ding, C.; Wang, P.; Tian, N. Effect of General Anesthetics on IOP in Elevated IOP Mouse Model. Exp. Eye Res. 2011, 92, 512–520.
[CrossRef]

58. Jia, L.; Cepurna, W.O.; Johnson, E.C.; Morrison, J.C. Effect of General Anesthetics on IOP in Rats with Experimental Aqueous
Outflow Obstruction. Investig. Ophthalmol. Vis. Sci. 2000, 41, 3415–3419.

59. Bill, A. The Aqueous Humor Drainage Mechanism in the Cynomolgus Monkey (Macaca Irus) with Evidence for Unconventional
Routes. Investig. Ophthalmol. 1965, 4, 911–919.

60. Becker, B.; Neufeld, A.H. Pressure Dependence of Uveoscleral Outflow. J. Glaucoma 2002, 11, 545. [CrossRef]
61. Kaufman, P. Some Thoughts on the Pressure Dependence of Uveoscleral Flow. J. Glaucoma 2003, 12, 89. [CrossRef]
62. Bill, A. Some Thoughts on the Pressure Dependence of Uveoscleral Flow. J. Glaucoma 2003, 12, 88–89. [CrossRef]
63. Aihara, M.; Lindsey, J.D.; Weinreb, R.N. Aqueous Humor Dynamics in Mice. Investig. Ophthalmol. Vis. Sci. 2003, 44, 5168–5173.

[CrossRef]
64. Lei, Y.; Overby, D.R.; Boussommier-Calleja, A.; Stamer, W.D.; Ethier, C.R. Outflow Physiology of the Mouse Eye: Pressure

Dependence and Washout. Investig. Ophthalmol. Vis. Sci. 2011, 52, 1865–1871. [CrossRef]
65. Ren, R.; Li, G.; Le, T.D.; Kopczynski, C.; Stamer, W.D.; Gong, H. Netarsudil Increases Outflow Facility in Human Eyes Through

Multiple Mechanisms. Investig. Ophthalmol. Vis. Sci. 2016, 57, 6197–6209. [CrossRef]
66. Steely, H.T.; Browder, S.L.; Julian, M.B.; Miggans, S.T.; Wilson, K.L.; Clark, A.F. The Effects of Dexamethasone on Fibronectin

Expression in Cultured Human Trabecular Meshwork Cells. Investig. Ophthalmol. Vis. Sci. 1992, 33, 2242–2250.
67. Yemanyi, F.; Baidouri, H.; Burns, A.R.; Raghunathan, V. Dexamethasone and Glucocorticoid-Induced Matrix Temporally Modulate

Key Integrins, Caveolins, Contractility, and Stiffness in Human Trabecular Meshwork Cells. Investig. Ophthalmol. Vis. Sci. 2020,
61, 16. [CrossRef]

68. Rohen, J.W.; Linnér, E.; Witmer, R. Electron Microscopic Studies on the Trabecular Meshwork in Two Cases of Corticosteroid-
Glaucoma. Exp. Eye Res. 1973, 17, 19–31. [CrossRef]

69. Furuyoshi, N.; Furuyoshi, M.; Futa, R.; Gottanka, J.; Lütjen-Drecoll, E. Ultrastructural Changes in the Trabecular Meshwork of
Juvenile Glaucoma. Ophthalmologica 1997, 211, 140–146. [CrossRef]

http://doi.org/10.1016/j.exer.2007.10.018
http://www.ncbi.nlm.nih.gov/pubmed/18155193
http://doi.org/10.1016/j.exer.2009.08.002
http://www.ncbi.nlm.nih.gov/pubmed/20367989
http://doi.org/10.1016/j.exer.2011.05.012
http://doi.org/10.1167/iovs.12-10930
http://www.ncbi.nlm.nih.gov/pubmed/23920374
http://doi.org/10.1016/j.exer.2016.01.008
http://www.ncbi.nlm.nih.gov/pubmed/26775054
http://doi.org/10.1016/j.ejphar.2016.04.002
http://doi.org/10.1016/j.exer.2014.11.008
http://doi.org/10.1089/jop.2013.0182
http://doi.org/10.1167/iovs.10-6948
http://doi.org/10.1016/j.exer.2019.107888
http://doi.org/10.1167/iovs.12-10950
http://doi.org/10.1007/BF03025674
http://doi.org/10.1213/00000539-196911000-00009
http://doi.org/10.1016/j.exer.2011.03.016
http://doi.org/10.1097/00061198-200210000-00017
http://doi.org/10.1097/00061198-200302000-00018
http://doi.org/10.1097/00061198-200302000-00017
http://doi.org/10.1167/iovs.03-0504
http://doi.org/10.1167/iovs.10-6019
http://doi.org/10.1167/iovs.16-20189
http://doi.org/10.1167/iovs.61.13.16
http://doi.org/10.1016/0014-4835(73)90164-4
http://doi.org/10.1159/000310781


Int. J. Mol. Sci. 2022, 23, 854 21 of 21

70. Tektas, O.-Y.; Heinz, C.; Heiligenhaus, A.; Hammer, C.M.; Luetjen-Drecoll, E. Morphological Changes of Trabeculectomy
Specimens in Different Kinds of Uveitic Glaucoma. Curr. Eye Res. 2011, 36, 442–448. [CrossRef]

71. Tawara, A.; Tou, N.; Kubota, T.; Harada, Y.; Yokota, K. Immunohistochemical Evaluation of the Extracellular Matrix in Trabecular
Meshwork in Steroid-Induced Glaucoma. Graefes Arch. Clin. Exp. Ophthalmol. 2008, 246, 1021–1028. [CrossRef]

72. Gottanka, J.; Johnson, D.H.; Martus, P.; Lütjen-Drecoll, E. Severity of Optic Nerve Damage in Eyes with POAG Is Correlated with
Changes in the Trabecular Meshwork. J. Glaucoma 1997, 6, 123–132. [CrossRef]

73. Lütjen-Drecoll, E.; Shimizu, T.; Rohrbach, M.; Rohen, J.W. Quantitative Analysis of “plaque Material” in the Inner- and Outer
Wall of Schlemm’s Canal in Normal- and Glaucomatous Eyes. Exp. Eye Res. 1986, 42, 443–455. [CrossRef]

74. Grierson, I.; Lee, W.R.; Abraham, S.; Howes, R.C. Associations between the Cells of the Walls of Schlemm’s Canal. Albrecht Von
Graefes Arch. Klin. Exp. Ophthalmol. 1978, 208, 33–47. [CrossRef]

75. Gong, H.; Tripathi, R.C.; Tripathi, B.J. Morphology of the Aqueous Outflow Pathway. Microsc. Res. Tech. 1996, 33, 336–367.
[CrossRef]

76. Gong, H.; Ruberti, J.; Overby, D.; Johnson, M.; Freddo, T.F. A New View of the Human Trabecular Meshwork Using Quick-Freeze,
Deep-Etch Electron Microscopy. Exp. Eye Res. 2002, 75, 347–358. [CrossRef]

77. Leo, J.C.L.; Guo, C.; Woon, C.T.; Aw, S.E.; Lin, V.C.L. Glucocorticoid and Mineralocorticoid Cross-Talk with Progesterone Receptor
to Induce Focal Adhesion and Growth Inhibition in Breast Cancer Cells. Endocrinology 2004, 145, 1314–1321. [CrossRef]

78. Kasetti, R.B.; Maddineni, P.; Patel, P.; Searby, C.; Sheffield, V.C.; Zode, G.S. Transforming Growth Factor B2 (TGFβ2) Signaling
Plays a Key Role in Glucocorticoid-Induced Ocular Hypertension. J. Biol. Chem. 2018, 293, 9854–9868. [CrossRef]

79. Fuchshofer, R.; Birke, M.; Welge-Lussen, U.; Kook, D.; Lütjen-Drecoll, E. Transforming Growth Factor-Beta 2 Modulated
Extracellular Matrix Component Expression in Cultured Human Optic Nerve Head Astrocytes. Investig. Ophthalmol. Vis. Sci.
2005, 46, 568–578. [CrossRef]

80. Zode, G.S.; Sethi, A.; Brun-Zinkernagel, A.-M.; Chang, I.-F.; Clark, A.F.; Wordinger, R.J. Transforming Growth Factor-B2
Increases Extracellular Matrix Proteins in Optic Nerve Head Cells via Activation of the Smad Signaling Pathway. Mol. Vis. 2011,
17, 1745–1758.

81. Paulsson, M. Basement Membrane Proteins: Structure, Assembly, and Cellular Interactions. Crit. Rev. Biochem. Mol. Biol. 1992,
27, 93–127. [CrossRef]

82. Kalluri, R. Basement Membranes: Structure, Assembly and Role in Tumour Angiogenesis. Nat. Rev. Cancer 2003, 3, 422–433.
[CrossRef]

http://doi.org/10.3109/02713683.2011.566409
http://doi.org/10.1007/s00417-008-0800-0
http://doi.org/10.1097/00061198-199704000-00009
http://doi.org/10.1016/0014-4835(86)90004-7
http://doi.org/10.1007/BF00406980
http://doi.org/10.1002/(SICI)1097-0029(19960301)33:4&lt;336::AID-JEMT4&gt;3.0.CO;2-N
http://doi.org/10.1006/exer.2002.2010
http://doi.org/10.1210/en.2003-0732
http://doi.org/10.1074/jbc.RA118.002540
http://doi.org/10.1167/iovs.04-0649
http://doi.org/10.3109/10409239209082560
http://doi.org/10.1038/nrc1094

	Introduction 
	Results 
	DEX Treatment Elevates IOP 
	DEX Treatment Reduces PEFL 
	DEX Treatment-Induced Changes of Extracellular Matrix (ECM) in the JCT 
	DEX Treatment Decreased JCT Thickness 
	DEX Treatment Increased PBML of the IW of SC 
	Overall JCT Thickness and Overall PBML 
	Effects of DEX Treatment on Body Weight (BW) 

	Discussion 
	Correlations between IOP, TM PEFL, and PBML 
	Systemic Effects of Steroids Were Observed in Mice 
	Steroid-Induced Ultrastructural Changes in the TM Compared to Previous Studies 
	Mechanisms of Steroid-Induced IOP Elevation 

	Materials and Methods 
	Animal Husbandry 
	Eye Drops Administration 
	IOP Measurement 
	Tracer Injection 
	Confocal Microscopy 
	PEFL Analysis 
	Light and Electron Microscopy 
	Measurements of the JCT Thickness 
	Immunohistochemistry 
	Measurements of PBML of the IW of SC 
	Statistical Analysis 

	References

