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PURPOSE. We investigated mechanisms of reduction of intraocular pressure (IOP) by Rho
kinase inhibitor AR-12286 in steroid-induced ocular hypertension (SIOH).

METHODS. C57BL/6 mice (N = 56) were randomly divided into Saline, dexamethasone
(DEX), DEX + AR-12286, and DEX-discontinuation (DEX-DC) groups. IOP was measured
weekly during the first four weeks in all groups. Beginning at week 5, the DEX-DC group
was followed without treatment until IOP returned to normal, and the other groups were
treated as assigned with IOP measured every other day for another week. Fluorescent
tracer was injected into the anterior chamber to visualize the outflow pattern in the
trabecular meshwork (TM) and TM effective filtration area (EFA) was determined. Radial
sections from both high- and low-tracer regions were processed for electron microscopy.

RESULTS. AR-12286 reduced IOP in SIOH mouse eyes in one day (P < 0.01). At the end of
week 5, mean IOP in the DEX + AR-12286 group was ∼4 mm Hg lower than DEX group
(P < 0.001) and ∼2 mm Hg lower than DEX-DC group (P < 0.05). After one-week AR-
12286 treatment (P < 0.05) or five-week DC of DEX (P < 0.01), DEX-induced reduction
of EFA was rescued and DEX-induced morphological changes in the TM were partially
reversed.

CONCLUSIONS. AR-12286 reversed steroid-induced morphological changes in the TM and
reduced EFA, which correlated with reduced IOP in SIOH eyes. AR-12286 reduced IOP
elevation in SIOH eyes more effectively than discontinuing DEX treatment even when
accompanied by continuous DEX treatment. Therefore Rho kinase inhibitors may lower
SIOH in patients who rely on steroid treatment.

Keywords: rho kinase inhibitor, AR-12286, steroid-induced ocular hypertensive mouse
model, effective filtration area, trabecular meshwork, intraocular pressure, morphology,
confocal microscopy, transmission electron microscopy

E levated intraocular pressure (IOP), resulting from
increased resistance to aqueous humor outflow, is a

major risk factor for the development and progression of
glaucoma, a leading cause of blindness worldwide.1,2 Many
studies have proven that reduction of IOP in glaucoma can
slow damage to the optic nerve and preserve vision.3–8

Reduction of IOP via medical, laser, or surgical means
remains the sole clinical objective for the treatment of this
blinding disease.9,10

In glaucomatous eyes, elevation of IOP results from an
abnormally increased resistance to outflow in the trabecu-
lar outflow pathway. The causes of this increased outflow
resistance are not fully understood, but current evidence
supports an increase in the contractile tone and stiffness
of the trabecular meshwork (TM), changes in extracellular
matrix (ECM) composition and/or a decrease in the conduc-
tance of the inner wall (IW) of Schlemm’s canal (SC).11–18

In the TM, experimental evidence suggests that the major-
ity of outflow resistance is generated in the juxtacanalicular

connective tissue (JCT) region2,19,20 and is modulated by the
IW endothelial cells of SC and their pores.21,22

Previous tracer studies concluded that aqueous humor
outflow through the TM and into SC is “segmental” rather
than uniform.23–34 We termed the active fraction of the
total area of the outflow pathway as effective filtration
area (EFA),29 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
differences in the morphology of their outflow pathways,
especially in the TM.24,28,35,36 Furthermore, a negative corre-
lation was found between the TM PEFL and IOP in both
a genetic ocular hypotensive mouse model37 and a steroid-
induced ocular hypertensive mouse model,38 with correlated
morphological changes found in the TM.

The newest class of ocular hypotensive drugs, Rho kinase
(ROCK) inhibitors, serves to decrease IOP by inhibiting
ROCK, a serine/threonine kinase whose activity increases
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actomyosin contraction in smooth muscle–like cells, includ-
ing the myofibroblast-like cells of the TM. Rho kinase
inhibitors have been shown to relax the overall tone of
the contractile cells in TM,17,39–42 alter tissue architecture in
such a way that expands the JCT region,17,28,36 and increase
the permeability of cultured SC cell monolayers.17 Previ-
ous studies had shown that ROCK/NET (norepinephrine
transporter) dual inhibitor netarsudil, a novel glaucomatous
medication used in patients with glaucoma or ocular hyper-
tension (OHT), lowers IOP primarily by increasing outflow
through the TM in addition to decreasing both aqueous
humor production and episcleral venous pressure.30,36,43–45

Our study in ex vivo human donor eyes demonstrated
increased EFA with correlated morphological changes in the
TM after netarsudil perfusion.36 Other studies had shown
that netarsudil may decrease IOP and increase outflow facil-
ity in both normotensive30 and steroid-induce ocular hyper-
tensive (SIOH) mouse eyes,45,46 with morphological and
stiffness changes found in the TM, especially in the JCT
region. Increased fluorescent microbeads distribution was
also found in normotensive mouse eyes with in vivo perfu-
sion after netarsudil treatment.30 All these findings suggest
that it is possible for the ROCK inhibitor to reduce IOP by
restoring the steroid-induced morphological changes in the
TM and increasing EFA in SIOH eyes.

Although the long-term usage of steroids can cause eleva-
tion of IOP, steroids remain the main therapy for inflamma-
tory and immune-mediated diseases, and their usage may
be necessary for patients with life-threatening cases, such
as kidney inflammation, or vision-impairing cases, such as
macular edema and uveitis. Therefore, although in most
cases the SIOH is reversible, the cessation of steroid treat-
ment may not be practical for some patients. Until effective
alternatives to nonsteroidal anti-inflammatory therapies are
developed, there is still a need to optimize therapy for those
patients relying on steroid treatment. Netarsudil has previ-
ously been shown to lower IOP in steroid-induced glaucoma
patients whose OHT was poorly controlled by standard glau-
coma medications.45

To investigate the mechanisms of SIOH, our lab recently
reported a hydrodynamic and morphological comparison
study by using a dexamethasone (DEX)-induced ocular
hypertensive mouse model.38 Our data suggested that topi-
cal DEX treatment increases IOP in mouse eyes by reduc-
ing the EFA in the TM. Morphological correlations with
the reduction of EFA include compacting the JCT in high
tracer regions and abnormal accumulation of ECM in the
TM, including basement membrane (BM)–like materials,
fingerprint-like arranged materials resembling basement
membrane (FBM), short curly filaments, and more contin-
uous BM of the IW of SC. Similar ECM changes have been
reported in SIOH human and animal eyes.47–51

AR-12286 is a highly selective ROCK inhibitor devel-
oped by the same company as netarsudil (Aerie Pharma-
ceuticals, Inc., Durham, NC, USA), but with no NET activ-
ity and less off-target kinase activity.52,53 In previous clin-
ical trials, it has been shown to lower IOP in patients
with glaucoma or OHT within one week, with the best
IOP reduction effect produced by 0.25% AR-12286 after
twice daily dosing.54,55 In the current study, we explored
whether the ROCK inhibitor AR-12286 can rescue SIOH
and offset the DEX-induced changes in the trabecular
outflow pathway and whether these effects are compara-
ble to the effects produced by the discontinuation of steroid
administration.

METHODS

Animal Husbandry

All experiments were completed in compliance with the
Association for Research in Vision and Ophthalmology State-
ment for the Use of Animals in Ophthalmic and Vision
Research. Local Institutional Animal Care and Use Commit-
tee approval was obtained. Fifty-six C57BL/6 mice (6-week-
old) were purchased from Charles River Laboratories (Wilm-
ington, MA, USA). All mice were housed in the Animal
Science Center of Boston University Medical Campus, with
a 12-hour light/12-hour dark cycle and access to food and
water as desired. On 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 three days before
experiments.

Eye Drops Administration

Fifty-six mice were randomly divided into four groups:
Saline, DEX, DEX + AR-12286, and discontinuation of DEX
(DEX-DC). The composition and detailed treatments of each
group are shown in Tables 1 and 2, respectively. A small
eye drop (∼10 μL) of either 0.1% dexamethasone phos-
phate (Henry Schein Inc., Melville, NY, USA) (DEX, DEX
+ AR-12286, and DEX-DC groups) or sterile saline solution
(Teknova Inc. Hollister, CA) (Saline group) (both containing
9.4 mg/mL hydroxyethyl cellulose) was topically applied to
both eyes of each mouse under light anesthesia (isoflurane)
twice per day for four weeks. At week 5, the Saline group
was treated with saline solution four times a day. The DEX
group was treated with two doses of saline solution in addi-
tion to the two doses of dexamethasone treatment each day,
whereas the DEX + AR-12286 group was treated with two
doses of dexamethasone and two doses of 0.25% AR-12286.
The DEX-DC group did not receive any treatment after four
weeks.

IOP Measurement

IOP was measured in all groups at baseline and then weekly
between 8 AM and 10 AM for four weeks (before the appli-
cation of the first dose of eye drops) using a rodent rebound
tonometer (Icare TONOLAB; Icare, Vantaa, Finland) with
constant flow of 2.5% isoflurane (Henry Schein Inc.). The
measurement procedure was described in detail in our previ-
ous study.38 At week 5, for the Saline, DEX, and DEX+AR-
12286 groups, IOP was measured on day 0 (week 5 base-
line), 1, 3, 5 and 7. For DEX-DC group, IOP was measured
weekly from week 5 until it returned to a similar level as
the Saline group (around week 9, five weeks after DC of
DEX). Because each eye responds differently to treatment,
each eye was measured as an independent data point for
IOP.38,56

TABLE 1. Number of Mice and Sex Distribution in Each Group

Group Number of Mice Sex Distribution

Saline 15 8 females + 7 males
DEX 16 8 females + 8 males
DEX + AR-12286 14 8 females + 6 males
DEX-DC 11 5 females + 6 males



Effects of AR-12286 on Ocular Hypertensive Eyes IOVS | February 2023 | Vol. 64 | No. 2 | Article 7 | 3

TABLE 2. Daily Treatments for Each Group

Week 1–4 Week 5

Group 8:00–10:00 AM 2:30–4:30 PM 8:00–10:00 AM 11:00 AM–12:30 PM 2:30–4:30 PM 5:30–7:00 PM Week 6–9

Saline Saline Saline Saline Saline Saline Saline —
DEX DEX DEX DEX Saline DEX Saline —
DEX + AR-12286 DEX DEX DEX AR-12286 DEX AR-12286 —
DEX-DC DEX DEX Discontinuation of DEX treatment

Tracer Injection

At the end of the experiment (end of week 5 for Saline, DEX,
and DEX+AR-12286 groups; week 9 for DEX-DC group),
one eye of each mouse was then injected with fluorescent
tracers as previously described.37,38 In brief, 1 μL solution
of 20 nm tracers (Ex/Em: 505/515, 2%; Invitrogen, Carls-
bad, CA, USA) diluted 1:50 in Dulbecco’s phosphate-buffered
saline solution (v/v) was injected into the anterior chamber
of mouse eyes at 4 nL/s by a microprocessor-based microsy-
ringe pump controller (Micro4; World Precision Instruments,
Sarasota, FL, USA). After the injection was completed, 45
minutes 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 ante-
rior chamber while additional fixative was simultaneously
applied to the exterior of the eye for 30 minutes. Both eyes
were enucleated after euthanasia of the mouse, fixed in
Karnovsky’s fixative, then transferred in phosphate-buffered
saline solution, and kept at 4°C for further processing.
The 12 o’clock position of the eye was marked to provide
orientation.

Confocal Microscopy

All tracer-injected eyes were examined using an Olympus
MVX10 (Olympus, Tokyo, Japan) fluorescent stereomicro-
scope. Eyes with no tracer present in the TM region were
excluded from further processing and analyses. Each of the
successfully injected eyes (Saline: n = 11; DEX: n = 11; DEX
+ AR-12286: n = 7; DEX-DC: n = 6) were dissected into
eight radial “wedges” as described previously.38 For trabec-
ular outflow imaging, each wedge was immersed in mount-
ing media (Life Technologies, Carlsbad, CA, USA) in a glass-
bottom dish and imaged in the en face view from the corneal
side 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).

Two radial sections were obtained from high- and low-
tracer regions respectively (four radial sections in total) of
each eye. The obtained radial sections were confirmed as
regions with high or low tracer distribution in the TM using
confocal microscopy.

PEFL Analysis

In the trabecular outflow images of each radial wedge, ‘‘total
length’’ of the TM (TL) and ‘‘filtration length’’ of TM contain-

ing tracer (FL) were measured using ZEN blue 2.3 imaging
software (Carl Zeiss) with white balance set at 120, computer
monitor resolution set at 1920 × 1080. The average percent
effective filtration length (TM PEFL= �FL/�TL × 100%) in
each eye was subsequently calculated as performed in previ-
ous studies (Fig. 1A).29,36–38

Light and Electron Microscopy

Radial sections with high- or low-tracer presence confirmed
by confocal microscopy in 5-6 randomly selected eyes (five
for DEX-DC group and six for all other groups) from each
group were processed for light and electron microscopy.
Sections were post-fixed with 2% osmium tetroxide in 1.5%
potassium ferrocyanide for two hours, en bloc stained with
1.5% uranyl acetate for 90 minutes, dehydrated in an ascend-
ing 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 visual-
ize extracellular matrix, and examined using a transmission
electron microscope (JEOL JEM-1010, Tokyo, Japan). Images
were taken along SC at original magnifications ×3000,
×5000, and ×10,000.

Measurements of PBML of the IW of SC

Percentage BM length (PBML) of the IW of SC was measured
by using ×3000 TEM images of radial sections from high-
and low-tracer regions. The IW length and length of BM was
measured as shown in Figure 1B. PBML was calculated as
� length of BM/� IW length × 100%. At least 50 μm of IW
length was analyzed in each section. The overall PBML for
each eye was estimated by using TM PEFL as PBMLoverall =
PBMLhigh tracer region × TM PEFL + PBMLlow tracer region × (1-TM
PEFL).

Measurements of the JCT Thickness

JCT area was measured in electron microscopic images
of radial sections (×3000) by selecting the area from the
basal side of the IW endothelium to the empty space adja-
cent to the outermost corneoscleral beams and measur-
ing the cross-sectional area using ImageJ. JCT length was
also measured by ImageJ. JCT thickness was then calcu-
lated (Fig. 1C). Only the images showing a clear outer-
most beam were used for JCT thickness measurements.
At least 30 μm length of JCT was measured for each
section. The JCT thickness of each group is the mean of
the radial sections of five to six eyes. The overall JCT thick-
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FIGURE 1. Measurement methods for TM PEFL, PBML, and JCT
thickness. (A) Method of TM PEFL measurements. The tracer distri-
bution is shown in green. The red lines represent effective filtra-
tion length (FL) labeled with fluorescent tracers, and the yellow line
represents the TL of TM. The average TM PEFL in each perfused
mouse eye was calculated as TM PEFL = �FL/�TL × 100%. (B)
PBML measurements. The yellow double arrows represent the full
length of the IW of SC, and the red double arrows represent the BM
length. PBML = � BM length/� IW length × 100%. (C) Method of
JCT thickness measurements. JCT area (red) and JCT length (yellow)
were measured. The average JCT thickness (�JCT area/�JCT length)
was then calculated accordingly.

ness for each eye was estimated by using TM PEFL as JCT
thicknessoverall = JCT thicknesshigh tracer region × TM PEFL +
JCT thicknesslow tracer region × (1-TM PEFL).

All measurements (including PEFL, PBML, JCT thickness)
in this study were repeated by the same investigator (R.R.)
once again three months later and by another investigator
(A.A.H.) in a masked manner. The difference was less than
6% between the same investigator and less than 8% between
different investigators.

Statistical Analysis

Paired (when comparing to its own baseline IOP) and
non-paired (when comparing between different groups)
Student’s t-test and three-way ANOVA were applied for
IOP comparison. Mann-Whitney test and Wilcoxon signed
rank test were applied for hydrodynamic and morphological
comparisons between groups. Linear regression was applied
for correlation analyses. All statistical analyses used Graph-
Pad Prism 8 (GraphPad Software, San Diego, CA, USA) with
a required significance level of P < 0.05. All data are shown
as mean ± SEM.

RESULTS

AR-12286 Treatment Reduces IOP in SIOH Mouse
Eyes

IOP changes through 5 or 9 weeks are listed in Table 3. Data
points from both sexes in each group were combined for
analysis since no significant difference was found between
male and female mice in DEX-induced IOP increase (P =
0.31) or AR-12286 recovered IOP (P = 0.98). IOP increased
within a week and remained elevated for the following four
weeks in all DEX-treated groups compared to the Saline
group (Fig. 2A), in which IOP remained unchanged for four
weeks and increased <1 mm Hg at week 5 when compared
to its own baseline (14.8 ± 0.2 vs. 14.1 ± 0.3, P = 0.04).
At the end of week 5, IOP of DEX group was ∼6 mm Hg
higher when compared to the Saline group (20.9 ± 0.4 vs.
14.8 ± 0.2, P < 0.001). For DEX + AR-12286 group, the IOP
increase was similar to DEX group before week 5, then AR-
12286 treatment at week 5 reduced IOP by ∼4.5 mm Hg
(16.6 ± 0.5 vs. 20.9 ± 0.4, P < 0.001). Although AR-12286
did not fully reverse IOP to the same level as the Saline
group (P < 0.01), IOP was reduced ∼2 mm Hg more than
in the DEX-DC group at week 5 (18.5 ± 0.6, P < 0.05)
(Fig. 2A). Detailed IOP changes during week 5 are shown
in Table 4 and Figures 2B and C for the Saline, DEX, and
DEX + AR12286 groups. AR-12286 reduced the elevated IOP
after one day of treatment (18.0 ± 0.5 vs. 20.3 ± 0.4, P <

0.01).�IOP (vs. week 5, day 0) also showed significant nega-
tive change at week 5, day 1 (P < 0.001). Three-way ANOVA
confirmed a significant main effect of the type of treatment
(DEX vs. DEX + AR-12286, F [1, 40] = 30.42, P < 0.0001)

TABLE 3. Comparison of Weekly IOP (mm Hg) Data

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

Saline 14.1 ± 0.3 13.8 ± 0.3 13.8 ± 0.2 13.6 ± 0.3 14.0 ± 0.3 14.8 ± 0.2
DEX 14.2 ± 0.3 18.5 ± 0.3 18.5 ± 0.4 20.7 ± 0.5 20.0 ± 0.4 20.9 ± 0.4
DEX + AR-12286 14.5 ± 0.3 18.7 ± 0.4 20.1 ± 0.4 20.6 ± 0.5 19.7 ± 0.4 16.6 ± 0.5
DEX-DC 12.9 ± 0.4 16.9 ± 0.5 18.7 ± 0.6 20.2 ± 0.7 20.3 ± 0.6 18.5 ± 0.6
Time Week 6 Week 7 Week 8 Week 9
DEX-DC 16.5 ± 0.6 15.9 ± 0.6 14.5 ± 0.5 14.3 ± 0.4
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FIGURE 2. Intraocular pressure (IOP). (A) IOP measurements through week 5. DEX increased IOP over time. SIOH eyes showed signifi-
cantly increased IOP at all time-points after treatment. In the DEX + AR-12286 group, IOP changed similarly to the DEX group during the
first four weeks, but IOP decreased in the last week with the application of AR-12286. The DEX + AR-12286 group also showed a more
significant reduction in IOP when compared to the DEX-DC group. (Asterisk: P value when compared to IOP of DEX + AR-12286 group
at week 5. *P < 0.05; **P < 0.01; ***P < 0.001). (B) IOP measurements during week 5. AR-12286 rescued SIOH after one day of treatment.
(*P value when compared to IOP of DEX group; # P value when compared to IOP of the Saline group). (C) �IOP (vs. week 5, Day 0)
during week 5. AR-12286 reversed IOP change after one day of treatment. ***P < 0.001. (D) IOP measurements with discontinuation of DEX
treatment. Discontinuation of DEX decreased IOP over time and reversed IOP to the similar level of Saline control around week 9. Black
arrows indicate the start of application of AR-12286 or DC of DEX.

TABLE 4. Detailed IOP (mm Hg) Data in Week 5

Time Day 0 Day 1 Day 3 Day 5 Day 7

Saline 13.7 ± 0.3 14.0 ± 0.3 14.5 ± 0.3 14.6 ± 0.4 14.8 ± 0.3
DEX 20.1 ± 0.5 20.3 ± 0.4 20.8 ± 0.3 20.4 ± 0.5 21.0 ± 0.4
DEX + AR-12286 19.7 ± 0.4 18.0 ± 0.5 17.1 ± 0.4 16.2 ± 0.5 16.6 ± 0.5

and of time (F [3.738, 149.5] = 5.196, P = 0.0008). There
was also a significant interaction between the type of treat-
ment and time (F [4, 160] = 10.43, P < 0.0001), suggesting
that AR-12286 significantly reduced IOP over time. Although
the reduction in IOP was not as much as that induced by
AR-12286, IOP in the DEX-DC group at the end of week 5
(after one week of discontinuation of DEX treatment) was
also significantly lower than in the DEX group (P = 0.003).
At week 9 (after five weeks of discontinuation of DEX treat-
ment), IOP in the DEX-DC group was at a similar level to
the IOP in the Saline group (Table 3, Fig. 2D).

AR-12286 Treatment Recovers Reduced EFA in
SIOH Mouse Eyes

When calculated using en face confocal images, TM PEFL
was 48.34% ± 5.38% in the DEX group (n = 11), which was
significantly less compared to the Saline group TM PEFL
of 72.25% ± 4.67% (n = 11; P = 0.002) (Figs. 3A, 3B).
AR-12286 treatment recovered TM PEFL back to 70.44% ±
5.15%, with a significant increase when compared to the
DEX group (n = 7; P = 0.02) and similar to the Saline group
(P = 0.54). At week 9, discontinuation of DEX treatment also
increased the TM PEFL to 76.27% ± 5.01% (n = 6), signif-

icantly differed from that in the DEX group at week 5 (P
= 0.002). There was a significant negative correlation found
between TM PEFL and IOP (N = 35, R2 = 0.36, P = 0.0002)
(Fig. 3C).

AR-12286 Treatment Reduces the Increased ECM
in SIOH Mouse Eyes

Consistent with our previous report,38 morphological
changes in the ECM of the TM were observed in SIOH eyes,
including the increase of deposition of BM-like materials
(Fig. 4B), FBM (Fig. 4C), short curly filaments (Fig. 4D),
and increased PBML (Figs. 5 and 6). After either one week
of AR-12286 treatment or five weeks of discontinuation of
DEX treatment, less abnormal ECM was observed in the TM
(Table 5). The AR-12286-treated or DEX-DC eyes with abnor-
mal ECM present were found correlated with a relatively
higher endpoint IOP as well.

The increased PBML in SIOH eyes, caused by increase of
both BM and BM-like materials, was also decreased after
AR-12286 treatment (Figs. 5 and 6). In Saline, DEX, and
DEX+AR-12286 groups, PBML was greater in low-tracer
regions than high-tracer regions (Fig. 6A). PBML in low-
tracer versus high-tracer regions was 44.73% ± 0.06% vs.
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FIGURE 3. Trabecular meshwork (TM) percentage effective filtration length (PEFL). (A) Representative en face images of eyes from
each group. The tracer distribution is shown in green. (S, superior; N, nasal; I, Inferior; T, temporal). (B) TM PEFL at endpoint. DEX induced
a significant reduction in TM PEFL when compared to the Saline group (**P < 0.01), whereas both AR-12286 (*P < 0.05) and DEX-DC
(**P < 0.01) recovered this reduction. (C) TM PEFL-IOP correlation. There was a significant negative correlation between TM PEFL and IOP
(R2 = 0.36, P < 0.001).
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FIGURE 4. Morphological changes in the ECM of the TM. (A) Representative electron microscopy (EM) image shows the ultrastructure
of the JCT region in control eyes. The space beneath the inner wall of SC (arrows) is almost empty. (B–D) Representative EM images show
the ultrastructure of JCT regions in DEX-treated eyes. Increased deposition of basement membrane-like materials in the space beneath the
inner wall of SC (arrows) (B), the formation of fingerprint-like arranged materials resembling basement membrane (asterisks) (C), and the
formation of short curly filaments (arrowheads) (D) were observed.

28.56% ± 3.24% in the Saline group (P = 0.03), 69.00%
± 3.85% versus 52.07% ± 3.10% in the DEX group (P =
0.03), and 58.88% ± 2.48% versus 41.50% ± 2.44% in the
DEX + AR-12286 group (P = 0.03), respectively. In DEX-DC
group, mean PBML was also greater in low-tracer regions
than high-tracer regions (55.64% ± 2.41% vs. 44.63% ±
1.11%). However, this difference approached but did not
reach statistical significance (P = 0.06). PBML was signifi-
cantly greater than that in the Saline group in both high-and
low-tracer regions in DEX (high-tracer regions: P = 0.002;
low-tracer regions: P = 0.002), DEX + AR-12286 (high-
tracer regions: P = 0.02; low-tracer regions: P = 0.002),
and DEX-DC groups (high-tracer regions: P = 0.004; low-

tracer regions: P = 0.009). AR-12286 treatment significantly
reduced the DEX-induced increase in PBML in high-tracer
regions (P = 0.03). There was a significant increase in over-
all PBML in the DEX (P = 0.002), DEX + AR-12286 (P =
0.009), and DEX-DC (P = 0.004) groups when compared to
the Saline group (Fig. 6B). There was a significant reduction
in overall PBML in the DEX + AR-12286 (P = 0.02) and DEX-
DC (P = 0.009) groups when compared to the DEX group.
There was a significant positive correlation found between
overall PBML and IOP (N = 17, R2 = 0.49, P = 0.0002) (Fig.
6C). There was also a significant negative correlation found
between TM PEFL and overall PBML (N = 17, R2 = 0.44,
P = 0.0005) (Fig. 6D).
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FIGURE 5. TEM images showing PBML Changes. Representative electron microscope images around inner wall of SC from high- and
low-tracer regions of each group of eyes. The arrows indicate BM or BM-like materials.

AR-12286 Treatment Expanded the Compacted
JCT in SIOH Mouse Eyes

Consistent with what we previously reported,38 in the Saline
group, JCT thickness in high-tracer regions was significantly
greater than in low-tracer regions (3.00 ± 0.10 μm vs. 2.22 ±
0.14 μm, P= 0.03) (Figs. 7A, 7B). DEX treatment significantly
reduced JCT thickness in high-tracer region (2.03 ± 0.11 μm,
P = 0.002), making it similar to that in low-tracer regions
(1.82 ± 0.08 μm, P = 0.09). AR-12286 treatment significantly
expanded JCT in both high- (3.19 ± 0.15 μm, P = 0.002)
and low- (2.51 ± 0.16 μm, P = 0.004) tracer regions when
compared to the DEX group. The JCT thickness in DEX-DC
group was significantly greater than that in the DEX group in
high-tracer regions (3.33 ± 0.23 μm, P= 0.004). The increase
in mean JCT thickness in DEX-DC group when compared to
the DEX group in low-tracer regions approached but did
not reach statistical significance (2.41 ± 0.27 μm, P = 0.05).

There was a significant reduction in JCT thickness in the
DEX group when compared to the Saline group (1.77 ± 0.06
μm vs. 2.75 ± 0.14 μm, P = 0.002) (Fig. 7C). There was
a significant increase in JCT thickness in DEX + AR-12286
(2.97 ± 0.11 μm, P = 0.002) and DEX-DC (3.12 ± 0.20 μm,
P = 0.004) group when compared to DEX group.

DISCUSSION

In this study, we investigated whether the ROCK inhibitor
AR-12286 could rescue SIOH and offset the DEX-induced
hydrodynamic and morphologic changes in the trabecular
outflow pathway, and we compared the effects of AR-12286
with discontinuation of steroid administration. To the best of
our knowledge, this is the first quantitative study of hydrody-
namic and morphological changes induced in SIOH mouse
eyes by a highly selective Rho kinase inhibitor, and the first
study to compare the changes in the trabecular outflow path-
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FIGURE 6. Percentage basement membrane length (PBML) comparison. (A) In the Saline, DEX, and DEX + AR-12286 groups, PBML is
significantly greater in low-tracer regions compared to high-tracer region (*P < 0.05). DEX treatment induced a significant increase in PBML
in both high- and low-tracer regions compared to the Saline controls (**P < 0.01). After AR-12286 treatment or DC of DEX, this increase in
PBML became nonsignificant in low-tracer regions, although it remains significant in high-tracer regions (*P < 0.05; **P < 0.01). However,
AR-12286 induced a significant reduction in PBML in high-tracer regions when compared to the DEX group (*P < 0.05). (B) The overall
PBML was significantly increased in all DEX-treated eyes when compared to Saline controls (**P < 0.01). Both AR-12286 and DC of DEX
significantly reduced overall PBML when compared to DEX group (*P < 0.05; **P < 0.01). (C) There was a significant positive correlation
between IOP and overall PBML (R2 = 0.49, P = 0.0002). (D) There was a significant negative correlation between TM PEFL and overall
PBML (R2 = 0.44, P = 0.0005).

TABLE 5. Presence of Abnormal ECM in the TM

Group BM-Like Materials FBM Short Curly Filaments

Saline 1 out of 6 eyes 0 out of 6 eyes 1 out of 6 eyes
DEX 6 out of 6 eyes 4 out of 6 eyes 3 out of 6 eyes
DEX + AR-12286 2 out of 6 eyes 1 out of 6 eyes 2 out of 6 eyes
DEX-DC 1 out of 5 eyes 0 out of 5 eyes 2 out of 5 eyes

way to the discontinuation of steroid treatment. The topical
application of AR-12286 decreased IOP in SIOH mouse eyes
within a week by increasing EFA in the TM. Morphological
correlations with this increased EFA included expansion of
the JCT in both high- and low-tracer regions and decreased
deposition of ECM in the TM. Our data suggested that even
when accompanied with continuous topical steroid treat-
ment, AR-12286 reduced IOP in SIOH eyes more effectively
than the discontinuation of DEX treatment. The hydrody-
namic and morphological changes caused by AR-12286 on
SIOH eyes within a week were similar to those caused by
discontinuation of DEX treatment for five weeks. Therefore
there is a potential for using AR-12286 to lower SIOH in
patients who rely on steroid treatment.

Similar to a previous study which investigated the effects
of Rho kinase inhibitor netarsudil on SIOH mouse eyes,45

we observed a significant reduction of IOP after one day
of AR-12286 treatment, which was followed by a contin-

uous decrease in IOP over one week. While netarsudil
was reported to produce ∼50% reduction of IOP after four
days of treatment of SIOH mouse eyes, we found AR-12286
produced ∼60% to 70% reduction of IOP after 3 or 5 days
of treatment (Day 3 or Day 5 of week 5 in Table 4). Consis-
tent with the reported reversal of steroid-induced reduction
in outflow facility by netarsudil,45 we observed a reversal of
the steroid-induced reduction in active filtration area by AR-
12286 that was similar to discontinuation of steroid treat-
ment. Just as a previous study51 found a negative correla-
tion between IOP and outflow facility, we found a negative
correlation between IOP and PEFL, which is consistent with
our previous findings in SIOH and normal mouse eyes.38

However, although retrospective cohort studies of netarsudil
and another Rho kinase inhibitor glaucoma medication, ripa-
sudil, have reported success in lowering IOP in steroid-
induced glaucoma patients,45–57 another retrospective study
with a smaller sample size found no significant reduction in
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FIGURE 7. JCT thickness. (A) Representative electron microscopy images of JCT from high and low-tracer regions of each group of eyes.
Double arrows represent the JCT thickness. (B) A more expanded JCT was found in high-tracer regions than low-tracer regions in the Saline
group (*P < 0.05). DEX treatment significantly reduced JCT thickness in high-tracer regions compared to high-tracer regions in the Saline
group (**P < 0.01). AR-12286 treatment significantly expanded JCT in both high- and low-tracer regions when compared to DEX group
(**P < 0.01). DC of DEX significantly expanded JCT in high-tracer regions when compared to DEX group (**P < 0.01). (C) The overall JCT
thickness was significantly decreased in DEX-treated group when compared to the Saline controls (**P < 0.01). Both AR-12286 treatment
and DC of DEX significantly increased overall JCT thickness when compared to the DEX group (**P < 0.01).

IOP in steroid-induced glaucoma patients, whereas signifi-
cant reduction was found in POAG patients.58

Also consistent with the findings of reversed steroid-
induced increase in TM stiffness and fibrotic markers in
the previous study with netarsudil,45 we found that AR-
12286 treatment reversed the steroid-induced compacted
JCT and steroid-induced increase in the ECM deposition
in the TM. Consistent with our previous study in SIOH
and normal mouse eyes,38 we found a positive correlation
between PBML and PEFL and a negative correlation between
PBML and IOP. However, although one week of AR-12286
treatment and five weeks of DC of DEX treatment both
reversed PEFL and JCT thickness to a similar level, they
only partially reversed PBML, and their IOP was significantly
different from each other. This suggests that although one
week of AR-12286 treatment could offset the steroid-induced
changes in the trabecular outflow pathway to a similar level
as five weeks DC of DEX, a longer DC of DEX may result in
further reduction of IOP via other unknown mechanisms.

We found that Rho kinase inhibitor AR-12286 induced
a decrease in ECM deposition, especially in the JCT region.
The previous study with netarsudil suggested that this reduc-

tion in ECM deposition may be related to the anti-fibrotic
activity of Rho kinase inhibition.45 Other studies with 2D
and 3D human trabecular meshwork cell culture also suggest
that Rho kinase inhibitors can reverse the steroid-induced
upregulation in ECM components and downregulation in
matrix metalloproteinases.59,60 However, further studies are
needed to better understand the mechanisms associated
with the anti-fibrotic activity of Rho kinase inhibitors.

Interestingly, we found that there was a greater increase
in the IOP of DEX-treated mouse eyes when the interval
time between two doses of DEX was decreased. In our
previous quantitative study on DEX-induced hydrodynamic
and morphological changes on mouse eyes,38 the interval
between two daily doses of DEX was eight hours (first dose
at 9–11 AM and second dose at 5–7 PM). However, in the
current study, to add two daily doses of AR-12286, the inter-
val between two daily doses of DEX was reduced from eight
hours to 6.5 hours (first dose at 8–10 AM and second dose
at 2:30–4:30 PM). The IOP in DEX-treated mouse eyes in our
current study versus previous study was 14.2 ± 0.3 versus
13.8 ± 0.4 mm Hg at baseline (P = 0.54, two-tailed, non-
paired t-test), 18.5 ± 0.3 vs. 16.5 ± 0.6 (P = 0.004) after
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week 1 of treatment, 18.5 ± 0.4 versus 16.9 ± 0.4 (P =
0.005) at week 2, 20.7 ± 0.5 versus 17.7 ± 0.5 (P = 0.0001)
at week 3, 20.0 ± 0.4 versus 17.8 ± 0.4 (P = 0.0003) at
week 4, and 20.9 ± 0.4 versus 17.9 ± 0.4 (P < 0.0001) at
week 5. These data suggest that a shorter interval between
two doses of DEX may induce a booster effect and result in
a greater IOP elevation in mouse eyes. However, although
there was a small reduction in the average of TM PEFL in the
DEX-treated mouse eyes in current study when compared to
our previous study (48.34% ± 5.38% vs. 50.89% ± 4.52%),
this reduction did not reach statistical significance (P = 0.78,
Mann Whitney test). There was also no significant difference
found between overall JCT thickness (1.77 ± 0.06 μm vs. 1.80
± 0.18 μm, P = 0.93) or overall PBML (60.68% ± 3.44% vs.
63.18% ± 3.45%, P = 0.75). These findings suggest that the
booster effect on IOP caused by shorter interval DEX dosing
may not be induced by the hydrodynamic and morphologi-
cal changes in the trabecular outflow pathway. Other possi-
ble mechanisms, such as changes in aqueous humor produc-
tion or uveal outflow may need to be investigated.

In summary, by using an SIOH mouse model, we have
shown that the highly selective Rho kinase inhibitor AR-
12286 lowers IOP in one week via reversing steroid-
induced hydrodynamic and morphological changes in the
trabecular meshwork of ocular hypertensive mouse eyes.
AR-12286 expands the compacted trabecular meshwork,
reduces the increased abnormal extracellular matrix, reduces
the elevated inner wall endothelial basement membrane
continuity, and results in an increase in active filtration area,
consequently lowering IOP. Rho kinase inhibitor AR-12286
can reduce steroid-induced IOP elevation more effectively
than a five-week DC of steroid treatment. These results
suggest that Rho kinase inhibitors hold promise as a ther-
apeutic option for lowering IOP in patients who rely on
steroid treatment.
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