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Glucocorticoid (GC)-induced ocular hypertension (OHT) is a serious adverse effect of prolonged GC
therapy that can lead to iatrogenic glaucoma and permanent vision loss. An appropriate mouse model
can help us understand precise molecular mechanisms and etiology of GC-induced OHT. We therefore
developed a novel, simple, and reproducible mouse model of GC-induced OHT. GC-induced myocilin
expression in the trabecular meshwork (TM) has been suggested to play an important role in GC-induced
OHT. We further determined whether myocilin contributes to GC-OHT. C57BL/6J mice received weekly
periocular conjunctival fornix injections of a dexamethasone-21-acetate (DEX-Ac) formulation.
Intraocular pressure (IOP) elevation was relatively rapid and significant, and correlated with reduced
conventional outflow facility. Nighttime IOPs were higher in ocular hypertensive eyes compared to
daytime IOPs. DEX-Ac treatment led to increased expression of fibronectin, collagen I, and a-smooth
muscle actin in the TM in mouse eyes. No changes in body weight indicated no systemic toxicity
associated with DEX-Ac treatment. Wild-type mice showed increased myocilin expression in the TM on
DEX-Ac treatment. Both wild-type and Myoc�/� mice had equivalent and significantly elevated IOP with
DEX-Ac treatment every week. In conclusion, our mouse model mimics many aspects of GC-induced OHT
in humans, and we further demonstrate that myocilin does not play a major role in DEX-induced OHT in
mice. (Am J Pathol 2017, 187: 713e723; http://dx.doi.org/10.1016/j.ajpath.2016.12.003)
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Glucocorticoids (GCs) are one of the most commonly
prescribed medications worldwide for the treatment of a
plethora of diseases and conditions. Because of their broad-
spectrum anti-inflammatory and immunosuppressive prop-
erties, the worldwide market for GC use is estimated to be
>$10 billion per year.1 Approximately 1.2% of US and
0.85% of UK populations are prescribed therapeutic GCs
every year.2,3 GCs also remain the mainstay of treatment for
a variety of ocular inflammatory diseases involving almost
all tissues of the eye, such as eyelids, conjunctiva, cornea,
sclera, uvea, retina, and optic nerve.4 The routes of GC
administration in treatment of these disorders can be topical
ocular, oral, systemic, intravitreal injections and implants,
and periocular injections (including subconjunctival,
subtenon, retrobulbar, and peribulbar).5 However, pro-
longed GC therapy is associated with serious ocular adverse
effects, including development of posterior subcapsular
stigative Pathology. Published by Elsevier Inc
cataracts, and the development of GC-induced ocular hy-
pertension (GC-OHT) and iatrogenic open-angle glaucoma.

The clinical presentation of GC-induced glaucoma is
similar to primary open-angle glaucoma (POAG), and for
>50 years, reports have suggested a link between glaucoma
and GCs. Development of GC-induced OHT depends on
GC dose and duration of treatment, method of administra-
tion, potency of GC, and individual susceptibility to
GCs.6e8 There are varying degrees of steroid responsive-
ness (ie, development of GC-OHT) among individuals;
90% of glaucoma patients are steroid responders compared
to 40% of the general population.6e10 If left untreated,
GC-induced OHT progresses to secondary open-angle
. All rights reserved.
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glaucoma, with the development of glaucomatous optic
neuropathy and permanent vision loss.

Similar to POAG, GC-induced OHT is also caused by
increased aqueous humor outflow resistance and is associ-
ated with similar biochemical and morphological changes in
the trabecular meshwork (TM) of the outflow pathway.4e8

The TM is a small filter-like tissue consisting of TM cells
with a sieve-like extracellular matrix that maintains normal
intraocular pressure (IOP) by regulating aqueous humor
outflow resistance. GCs cause physical and mechanical
changes in the microstructure of the TM, leading to elevated
IOP. GCs alter TM cellular functions, including increased
TM cell and nucleus sizes, inhibition of cell proliferation
and migration, and altered cellular junctional com-
plexes.11,12 GCs reorganize the TM cell actin cytoskeleton
by forming cross-linked actin networks,13e16 which are
geodesic dome-like structures and/or tangles of actin fila-
ments. These morphological and biochemical changes alter
TM stiffness and impair TM functions, such as phagocy-
tosis,17 adversely affecting the aqueous outflow pathway.
GCs also cause excessive deposition of extracellular matrix
material in the TM with induction of glycosaminogly-
cans,18,19 fibronectin,20 laminin,21 collagens,22 and elastin.23

Several laboratories have attempted to identify genes/
proteins involved in the development of GC-OHT in TM
cells in response to GCs. In the late 1980s, Polansky and
colleagues23 identified a 57-kDa glycoprotein that was
induced by dexamethasone (DEX) in primary TM cell cul-
tures. This gene and protein initially was called trabecular
meshwork inducible glucocorticoid response.23,24 Concur-
rently, genetic linkage studies mapped and subsequently
identified trabecular meshwork inducible glucocorticoid
response as the first glaucoma gene responsible for 4% of
POAG cases.25e27 This trabecular meshwork inducible
glucocorticoid response gene was later identified as myo-
cilin (MYOC).28 Approximately 3% to 5% of POAG
patients have mutations in MYOC.29,30 The exact role of
wild-type (WT) MYOC is not completely understood.
Various genetic strategies, including knockout, knock-in, or
transient expression of transgenic mutant MYOC, were
tested in mouse models.31e38 Because GC treatment induces
MYOC expression in TM cells, it was hypothesized that
increased myocilin accumulation in the TM leads to
blockage of aqueous humor flow, causing increased IOP and
steroid-induced glaucoma. However, when this hypothesis
was tested in transgenic Myoc mice, which overexpressed
WT myocilin 15-fold compared to normal mice, these
transgenic mice did not exhibit glaucoma, indicating that
overexpression of WT myocilin alone does not cause
glaucoma in mice.31 Furthermore, myocilin knockout mice
did not show glaucoma phenotypes, suggesting that myo-
cilin is not required for regulation of IOP. Several studies
have demonstrated that glaucomatous mutations in MYOC
cause gain of function in which misfolded myocilin accu-
mulates intracellularly,39 inducing endoplasmic reticulum
stress-mediated TM cell death and IOP elevation.38,40e42
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However, it is unclear whether WT myocilin plays any
role in GC-induced OHT because of lack of an appropriate
mouse model of GC-induced OHT. Recently, several
laboratories have demonstrated DEX-induced ocular
hypertension in mice. Both systemic and topical delivery of
DEX has been shown to induce OHT in mice.40,43 Kumar
et al44 used subconjunctival delivery of triamcinolone ace-
tonide in attempt to induce GC-OHT. However, these
models have their benefits as well as drawbacks. Systemic
delivery of DEX using implanted minipumps elevated IOP
by 3 to 4 mmHg at 3 to 4 weeks, which correlated with
reduction in outflow facility. However, minipump delivery
of DEX has significant limitations, including requiring
invasive surgery for implantation, elevated blood pressure,
lymphopenia, and a high dropout rate of mice associated
with reduction in body weight because of systemic DEX
treatment.43,45 Topical DEX (0.1%) elevated the IOP by 7 to
8 mmHg at 6 weeks and was associated with loss of retinal
ganglion cells and optic nerve axons, but this method
requires administering eye drops three times daily for
multiple weeks by a trained technician.40 The subcon-
junctival triamcinolone acetonide injection reduced the
aqueous outflow facility but was not able to significantly
elevate IOP.44

There is a significant need for an easy and reproducible
mouse model of GC-OHT. In humans, slow-release GC
formulations or devices in the eye lead to sustained
IOP elevations in susceptible individuals. Therefore, we
hypothesized that slow-release deposits of the less soluble
DEX-21-acetate (DEX-Ac) may reduce dosing frequency
and exhibit sustained IOP elevation. We tested several
different formulations and injection techniques to identify
an effective and consistent model of GC-OHT. In addition
to developing a new reproducible mouse model of GC-OHT
using periocular conjunctival fornix (CF) injections of
DEX-Ac, another goal of our study was to determine the
potential effects of myocilin on GC-induced OHT.

Materials and Methods

Animals

Male and femaleC57BL/6J andmyocilin knockout (Myoc�/�)
mice on a pure C57BL/6J background were obtained from the
Jackson Laboratory (Bar Harbor, ME). All mice were 6 to 8
months old at the start of experiments. All mouse studies and
care were performed in compliance with the Association for
Research in Vision and Ophthalmology Statement of the Use
of Animals in Ophthalmic and Vision Research and the
University of North Texas Health Science Center Institutional
Animal Care and Use Committee regulations. Mice were
housed under controlled conditions of temperature (21�C to
26�C), humidity (40% to 70%), and a 12-hour light/12-hour
dark cycle. Food and water were provided ad libitum. The
number of animals used in each experiment is indicated in the
corresponding figure legends and Results.
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Table 1 Preparation of Injection Vehicle Suspension
Formulation

Injection vehicle suspension formulation

Contents Volume/100 mL

Sodium chloride USP granular 0.667 g
Creatinine NF 0.5 g
Edetate disodium USP dihydrate 0.05 g
Carboxymethylcellulose sodium USP (medium
viscosity)

0.5 g

Polysorbate 80 NF 0.1 mL
Benzyl alcohol NF 0.9 g
Sodium bisulfite FCC 0.1 g
Sodium hydroxide 1% Adjust pH to 7
Water for injection, USP 100 mL

FCC, Food Chemicals Codex; NF, National Formulary; USP, United States
Pharmacopeia.

A Novel Mouse Model of DEX-Induced OHT
DEX Formulations

Vehicle for Suspension Formulations
Our injection vehicle for suspension formulation was
prepared as described in Table 1. Each ingredient was added
sequentially and mixed in 70 mL of water for injection,
adjusted to pH 7, and then brought to final volume with
water for injection. This formulation was transferred into
10-mL amber glass bottles and sealed. The preparation was
autoclaved at 121�C, 15 psi, for 20 minutes. After that, the
vehicle was allowed to cool and kept at 4�C until further
use. The preparation is stable for 90 days.

DEX-Ac Formulation
For preparation of 10 mg/mL of DEX-Ac suspension,
0.01 g of DEX-Ac, anhydrous micronized powder
(Spectrum Chemicals, New Brunswick, NJ) was mixed
with 1 mL of vehicle suspension in a sterile 2-mL
microcentrifuge tube. This suspension was mixed using
two stainless steel 5-mm beads (Qiagen, Valencia, CA) in
a TissueLyser LT (Qiagen) for 5 minutes at 50 oscillations
per second. This disrupts and homogenizes the DEX-Ac
particles to ensure a fine drug particle size for the formu-
lation. After this step, the microcentrifuge with drug was
wrapped with aluminum foil to protect from light and
rotated overnight at 4�C or until further use. The DEX-Ac
formulations were prepared fresh every 2 weeks. This
DEX-Ac suspension can form larger particles (clumps)
after 2 weeks. These larger DEX-Ac particles or clumps
can clog the syringe needle and cause variable amounts of
drug delivered with each injection.

Additional DEX Formulations
We initially tried two formulations for preparing 10 mg/mL
DEX. DEX powder (0.01 g; catalog number D4902; Sigma,
St. Louis, MO) was mixed with 1 mL of vehicle suspension
or sesame oil in a sterile 2-mL microcentrifuge tube. Similar
procedures were followed, as described above, to get the
DEX formulation.
The American Journal of Pathology - ajp.amjpathol.org
Dexamethasone sodium phosphate injection solution
(10 mg/mL) was obtained from a commercial source (West-
Ward Pharmaceuticals Corp., Eatontown, NJ).

Routes of DEX Administration

Before and during injections, mice were anesthetized with
isoflurane (2.5%) and oxygen (0.8 L/minute). For topical
anesthesia, both eyes received one to two drops of 0.5%
proparacaine HCl (Akorn Inc., Lake Forest, IL).

Periocular CF Injection
For periocular injection, a 32-gauge needle with a Hamilton
glass microsyringe (25-mL volume; Hamilton Company,
Reno, NV) was used. The lower eyelid was retracted, and
the needle was inserted through the CF. DEX-Ac or vehicle
suspension (20 mL) was injected immediately under the CF
over the course of 10 to 15 seconds. The needle was then
withdrawn. The procedure was performed on both eyes of
each animal (each animal receiving either DEX-Ac in both
eyes or vehicle in both eyes). Mice were treated with DEX-
Ac or vehicle once per week until the end of the study.

Subconjunctival Injection
For subconjunctival injection, a 32-gauge needle with a
glass microsyringe (25-mL volume; Hamilton Company)
was used. The lower eyelid was retracted, and the con-
junctiva was gently pulled away from the surface of the
globe using forceps. DEX, DEX-Ac, or vehicle suspension
(20 mL) was injected immediately under the conjunctiva
over the course of 20 to 25 seconds. The needle was then
withdrawn. The procedure was performed on both eyes of
each animal (each animal receiving a subconjunctival in-
jection of either DEX in both eyes or vehicle in both eyes).

Intravitreal Injection
For intravitreal injection, a 33-gauge needle with a glass
microsyringe (10-mL volume; Hamilton Company) was
used. The eye was proptosed, and the needle was inserted
through the equatorial sclera and inserted into the vitreous
chamber at an angle of approximately 45 degrees, taking
care to avoid touching the posterior part of the lens or the
retina. DEX or vehicle suspension (3 mL) was injected into
the vitreous over the course of 1 minute. The needle was
then left in place for a further 30 seconds (to facilitate
mixing), before being rapidly withdrawn.

IOP Measurements

For this study, both conscious and anesthetized IOPs were
measured during day and night, respectively. During day-
time, conscious IOPs were measured in behaviorally trained
mice using a TonoLab rebound tonometer (Colonial Medi-
cal Supply, Franconia, NH) every week, following our
previously published method.46 All daytime IOP measure-
ments were performed in both eyes between 10 AM and 2 PM.
715
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IOPs were measured before the weekly injections. For
nighttime IOP measurement, mice were first kept in dark at
4 PM on day of IOP measurement, and at 10 PM, anesthetized
IOPs were measured in both eyes using TonoLab rebound
tonometer twice a week. The entire procedure was
performed under red light in a darkroom. Two separate
laboratories performed injections and IOP measurements
independently (Zode laboratory, conscious daytime IOPs;
and Clark laboratory, nighttime IOPs) in a masked manner.
IOP data from each laboratory are reported as two inde-
pendent experiments, and the results reported have been
replicated numerous times.

Aqueous Humor Outflow Facility Measurements

Measurements were recorded in live mice, as previously
described.47,48 Mice were anesthetized using a 100/10 mg/kg
ketamine/xylazine cocktail. A quarter to half of this dose
was administered for maintenance of anesthesia as neces-
sary. After attainment of a surgical plane of anesthesia,
animals were placed on a heated pad (37�C) for mainte-
nance of body temperature. One to two drops of propar-
acaine HCl (0.5%; Akorn Inc.) were applied topically to
both eyes for corneal anesthesia. The anterior chambers of
both eyes were cannulated using a 30-gauge needle
inserted through the cornea 1 to 2 mm from the limbus and
pushed across the chamber to a point in the chamber angle
opposite to the point of cannulation, taking care not to
touch the iris, anterior lens capsule or epithelium, or
corneal endothelium. Each cannulating needle was con-
nected to a previously calibrated (sphygmomanometer;
Diagnostix 700, Hauppage, NY) flow-through BLPR-2
pressure transducer [World Precision Instruments (WPI),
Sarasota, FL] for continuous determination of pressure
within the perfusion system. A drop of phosphate-buffered
saline (PBS) was also administered to each eye to prevent
corneal drying. The opposing terminal of the pressure
transducer was connected via further tubing to a 1 mL
syringe loaded into a microdialysis infusion pump (SP101I
Syringe Pump; WPI). The tubing, transducer, and syringe
were all filled with sterile PBS solution (filtered through a
0.2-mm HT Tuffryn Membrane Acrodisc Syringe Filter;
PALL Gelman Laboratory, Port Washington, NY). Signals
from each pressure transducer were passed via a TBM4M
Bridge Amplifier (WPI) and a Lab-Trax Analog-to-Digital
Converter (WPI) to a computer for display on a virtual
chart recorder (LabScribe2 software; WPI). Eyes were
initially infused at a flow rate of 0.1 mL/minute. When
pressures stabilized within 10 to 30 minutes, pressure
measurements were recorded over a 10-minute period, and
then flow rates were increased sequentially to 0.2, 0.3, 0.4,
and 0.5 mL/minute. Three stabilized pressures at 5-minute
intervals at each flow rate were recorded. Aqueous humor
outflow facility in each eye of each animal was calculated
as the reciprocal of the slope of a plot of mean stabilized
pressure as ordinate against flow rate as abscissa.
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Histology and Immunofluorescence

Eyes from DEX-Ac and vehicle-treated mice were enucleated
and fixed overnight in freshly prepared 4% paraformaldehyde
in PBS. Afterward, eyes were washed three times with PBS,
dehydrated with ethanol, and embedded in paraffin. Samples
were divided into sections (5 mm thick) and stained with
hematoxylin and eosin for general evaluation of the anterior
segment, including structural organization of TM. For im-
munostaining, tissue sections were deparaffinized in xylene
and rehydrated twice each with 100%, 95%, 70%, and 50%
ethanol for 5 minutes. For antigen retrieval, the tissue sec-
tions were incubated in citrate buffer (pH 6.0) at 100�C for
13 minutes and then at room temperature for another 13
minutes. Tissue sections were blocked (10% goat
serum þ 0.2% Triton-X 100) for 2 hours in a dark and humid
chamber. Tissue sections were then washed briefly with PBS
and immunolabeled with either rabbit polyclonal fibronectin
antibody (1:200; catalog number ab2413; Abcam, Cam-
bridge, MA), rabbit polyclonal collagen I antibody (1:200;
catalog number NB600-408; Novus Biologicals, Littleton,
CO), rabbit polyclonal a-smooth muscle actin antibody
(1:100; catalog number ab5694; Abcam), or goat polyclonal
myocilin (N-15) antibody (1:100; catalog number sc-21243;
Santa Cruz Biotechnology, Dallas, TX) and incubated over-
night at 4�C. Tissue sections incubated without primary
antibody served as a negative control. After the incubation,
tissue sections were washed three times with PBS and further
incubated for 2 hours at room temperature with the appro-
priate secondary antibodies (1:500; Alexa goat anti-rabbit
568 or Alexa donkey anti-goat; Thermo Fisher Scientific,
Inc., Waltham, MA). Tissue sections were washed with PBS
and mounted with mounting medium containing DAPI nu-
clear stain (Vector Labs, Inc., Burlingame, CA). Images were
captured by Keyence all-in-one fluorescence microscope
(Itasca, IL). All antibodies used in this study were validated
and characterized previously.49

Western Blot Analysis

Mouse anterior segments were carefully dissected from
enucleated eyes and lysed in lysis buffer. The protein samples
were run on denaturing 4% to 12% gradient polyacrylamide
ready-made gels (NuPAGE Bis-Tris gels; Life Technologies,
Carlsbad, CA) and transferred onto a polyvinylidene
difluoride membrane. Blots were blocked with 10% nonfat
dried milk for 1 hour and then incubated overnight with
specific primary antibody at 4�C on a rotating shaker. The
membranes were washed three times with 1� PBS with
Tween 20 and incubated with corresponding horseradish
peroxidaseeconjugated secondary antibody for 1.5 hours.
The proteins were then visualized using enhanced chem-
iluminescence detection reagents (SuperSignal West Femto
Maximum Sensitivity Substrate; Pierce Biotechnology,
Rockford, IL). The antibodies used were as follows: fibro-
nectin antibody (1:1000; catalog number ab2413; Abcam),
ajp.amjpathol.org - The American Journal of Pathology

http://ajp.amjpathol.org


Table 2 Summary of Routes of Delivery and Different
Formulations of Dexamethasone

Administration
route

Formulation

Dexamethasone

Dexamethasone
sodium
phosphate

Dexamethasone
acetate

Subconjunctival NE NE NR
Intravitreal NE NE NE
Periocular CF NA NR R

CF, conjunctival fornix; NA, not available; NE, no effect on intraocular
pressure; NR, not reproducible; R, reproducible.

A Novel Mouse Model of DEX-Induced OHT
goat polyclonal myocilin (N-15) antibody (1:250; catalog
number sc-21243; Santa Cruz Biotechnology), and glycer-
aldehyde-3-phosphate dehydrogenase (1:1000; catalog num-
ber 3683; Cell Signaling Technology, Danvers, MA).

Statistical Analysis

Statistical analyses were performed using GraphPad Prism
version 7.0 (GraphPad Software, La Jolla, CA). An unpaired
t-test (two tailed) was used to compare data between two
groups. Multiple groups were compared using two-way
analysis of variance, followed by Bonferroni post hoc test.
Statistical significance was determined at P < 0.05.

Results

Different dexamethasone drug formulations and routes of
administration were tried to develop the GC-OHT mouse
model (Table 2 and Supplemental Tables S1eS4) to find an
easy, efficient, and reproduciblemethod ofGCdelivery to eyes
to developGC-OHT.Only the periocularCF injection ofDEX-
Ac was reproducible and led to significant and sustained IOP
elevations that correlated with reduced outflow facility.
Figure 1 Development of DEX-Aceinduced ocular hypertension in mice. A: Pla
(E) is digitally retracted, and a 32-gauge needle is inserted through the CF. DEX-Ac
course of 10 to 15 seconds. The needle is then withdrawn. Weekly periocular injec
in mice. B: Conscious daytime IOP measurements of DEX-Ace versus vehicle-trea
C: Nighttime IOP measurements of DEX-Ace versus vehicle-treated mice show sign
n Z 10 (B, DEX-Acetreated mice); n Z 14 (B, vehicle-treated mice); n Z 20
***P < 0.001, and ****P < 0.0001, unpaired t-test.

The American Journal of Pathology - ajp.amjpathol.org
Weekly Periocular CF DEX-Ac Injections Caused
Significant and Sustained IOP Elevation in Mice

Weekly periocular CF injections of DEX-Ac suspension
to both eyes of mice caused DEX-induced OHT with
sustained and significantly elevated IOP. The periocular
CF site for injection of DEX-Ac and vehicle is shown
in Figure 1A.

Conscious Daytime IOP

Periocular CF injections of DEX-Ac elevated IOP within
1 week of treatment compared to vehicle-treated mice, and
IOP elevation was sustained throughout 4 weeks. Treatment
of mice with vehicle did not elevate IOP. Conscious mouse
IOP differences between DEX-Ac and vehicle groups were
sustained to approximately 4 mmHg (P Z 0.001) starting
from the second week of treatment (Figure 1B). The abso-
lute increase in IOP in DEX-Ac (n Z 14) versus vehicle
(n Z 10) treated mice averaged 2.67 � 0.06 mmHg at
1 week, 4.12 � 0.03 mmHg at 2 weeks, 3.80 � 0.21 mmHg
at 3 weeks, and 3.95 � 0.30 mmHg at 4 weeks
(means � SEM; P < 0.001).

Anesthetized Nighttime IOP

IOP elevation was rapid and significantly higher at night in
DEX-Acetreated mice compared with vehicle-treated mice
starting from 3 days after injection. IOP differences between
vehicle and DEX-Acetreated mice were significantly higher
throughout the study (P < 0.001) (Figure 1C). The absolute
increases in IOP in DEX-Ac (n Z 20) versus vehicle
(n Z 12) treated mice averaged 3.0 � 0.3 mmHg at day 7,
7.58 � 0.5 mmHg at day 14, 8.32 � 0.5 mmHg at day 25,
and 9.43 � 0.6 mmHg at day 36 (means � SEM).
cement of the periocular conjunctival fornix (CF) injection. The lower eyelid
or vehicle suspension (20 mL) is injected immediately under the CF over the
tion of DEX-Ac in both eyes significantly elevates intraocular pressure (IOP)
ted mice show significant IOP elevation starting from 1 week of treatment.
ificant IOP elevation from 3 to 36 days. Data are presented as means � SEM.
(C, DEX-Acetreated mice); n Z 12 (C, vehicle-treated mice). *P < 0.05,
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Figure 3 Comparison of body weights between DEX-Ace and vehicle-
treated mice. After 4 weeks of weekly DEX-Ac treatment, body weight
remained unchanged in DEX-Acetreated mice compared to vehicle-treated
mice. Unpaired t-test. Data are presented as means � SEM. n Z 7
(DEX-Acetreated mice); n Z 5 (vehicle-treated mice).

Patel et al
After 4 weeks, DEX-Ac treatment was stopped at 4
weeks and IOP was followed, we observed that at 7 weeks,
IOP decreased and started returning to its baseline IOP
(Supplemental Figure S1). This corresponds to changes
observed in human GC-OHT eyes; IOP starts to return to
normal levels after cessation of GC therapy.

Although we routinely used mice aged 6 to 8 months, we
also tested younger mice (aged 2 to 3 months) and obtained
similar results.

Periocular CF Injection of DEX-Ac Reduced
Conventional Outflow Facility

Conventional outflow facility was measured in live mice
after 5 weeks of DEX-Ac treatment. Conventional outflow
facility was significantly reduced in DEX-Ac mice
compared to vehicle-treated mice (Figure 2). Conventional
outflow facility was 15.69 � 1.36 nL/minute/mmHg
in DEX-Acetreated mice (n Z 13) compared 23.50 �
2.09 nL/minute/mmHg in vehicle-treated mice (P Z 0.004;
n Z 12). This represented a 33% reduction in conventional
outflow facility in DEX-treated mice compared to vehicle-
treated mice. The mean decrease in outflow facility corre-
sponded well with the mean IOP elevation in DEX-treated
mice, according to the modified Goldman equation.

Effect of DEX-Ac Treatment on Body Weight

Systemic administration of DEX has been shown to decrease
the weight in mice.43,45 Because it is possible that periocular
injections of DEX-Ac have systemic effects, including
reduced body weight, we determined whether ocular delivery
of DEX-Ac using periocular CF injections in our mouse
Figure 2 Comparison of conventional outflow facility between DEX-Ace
and vehicle-treated mice. After 5 weeks of DEX-Ac treatment, conventional
outflow facility was significantly reduced in DEX-Acetreated mice
compared to vehicle-treated mice. Data are presented as means � SEM.
n Z 13 (DEX-Acetreated mice); n Z 12 (vehicle-treated mice).
P Z 0.004, unpaired t-test.
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model reduces body weight (Figure 3). Body weights were
measured every week over the course of treatment. At the end
of 4 weeks, body weight was 28.29 � 0.89 g in DEX-
Acetreated mice (n Z 7) compared to 27.40 � 2.29 g in
vehicle-treated mice (n Z 5). DEX-Ac did not alter body
weight of mice even after 4 weeks of treatment, suggesting a
minimum systemic effect after local DEX-Ac delivery.

Histological Changes in the TM after DEX-Ac Treatment

DEX treatment leads to many biochemical changes in the
TM, including increased production of fibronectin,20

collagens,22 and actin.13 To assess whether treatment with
DEX-Ac will also induce these biochemical changes in our
model, we performed immunohistochemical analysis for
fibronectin, collagen I, and a-smooth muscle actin in ante-
rior segment tissues from 4-week DEX-Ace and vehicle-
treated mice (Figure 4A). Immunohistochemical analysis
revealed increased fibronectin (DEX-Ac, n Z 4; vehicle,
n Z 4), collagen I (DEX-Ac, n Z 5; vehicle, n Z 5), and
a-smooth muscle actin (DEX-Ac, n Z 4; vehicle, n Z 4)
expression in the TM of DEX-Acetreated mice compared to
vehicle-treated mice. In addition, hematoxylin and eosin
staining revealed no apparent ocular abnormalities and
similar TM structural organization in DEX-Ace and
vehicle-treated mice (Figure 4B).

Effect of Myocilin on IOP after DEX-Ac Treatment

Although GCs induce myocilin protein production in the
TM,26 its role in regulating IOP and GC-OHT has not been
convincingly demonstrated. We first examined whether
ajp.amjpathol.org - The American Journal of Pathology
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Figure 4 DEX-Ac treatment increases expression of
fibronectin, collagen I, and a-smooth muscle actin in the
trabecular meshwork (TM) of mouse eyes. A: Immunohis-
tochemical analysis showing increased expression of
fibronectin (red), collagen I (red), and a-smooth muscle
actin (red) in DEX-Acetreated mice (right column)
compared to vehicle-treated mice (left column). DAPI
staining (blue) counterstains cell nuclei. No primary anti-
body staining control (bottom left panel). Bright field
image showing structural orientation of TM with respect to
other ocular structures (bottom right panel). Boxed areas
indicate TM. B: Hematoxylin and eosin staining reveals no
apparent ocular abnormalities and a similar TM structural
organization in DEX-Ace and vehicle-treated mice. Boxed
areas indicate TM. n Z 4 (A, fibronectin and a-smooth
muscle actin DEX-Ac and vehicle); nZ 5 (A, collagen I DEX-
Ac and vehicle). Scale bars Z 50 mm (A and B). C, cornea;
CB, ciliary body; I, iris; RT, retina.

A Novel Mouse Model of DEX-Induced OHT
DEX-Ac treatment increases myocilin expression in the TM
region by performing immunostaining of anterior segment
tissues. Myocilin immunostaining was higher in the TM of
DEX-Acetreated mice (Figure 5A). Consistent with
immunostaining analysis, Western blot analysis from ante-
rior segment tissue lysates showed increased expression of
fibronectin and myocilin in WT mice after DEX-Ac
treatment (Figure 5B). However, in myocilin knockout
(Myoc�/�) mice, there was no expression of myocilin after
DEX-Ac treatment, even though there was increased
expression of fibronectin similar to that observed with WT
DEX-Acetreated mice (Figure 5B). Because it has not yet
been determined whether DEX leads to IOP elevation in
Myoc knockout mice, we injected DEX-Ac and compared
IOP elevation in both WT and Myoc�/� mice. The baseline
The American Journal of Pathology - ajp.amjpathol.org
IOPs for both WT and Myoc�/� were the same, and
DEX-Aceinduced IOP elevation was rapid in both WT and
Myoc�/� compared to vehicle-treated mice starting from
1 week of treatment. Conscious daytime IOP differences
between DEX-Ac and vehicle groups in both WT and
Myoc�/� were sustained to approximately 4 to 5 mmHg
(P Z 0.001) from week 1 throughout the course of treat-
ment (Figure 5C). In WT mice, the absolute increase in IOP
in DEX-Ac (n Z 10) versus vehicle (n Z 10) treated mice
averaged 3.9 � 0.03 mmHg at 1 week, 3.7 � 0.08 mmHg
at 2 weeks, 4.9 � 0.18 mmHg at 3 weeks, and 3.6 �
0.02 mmHg at 4 weeks (means � SEM). Similar IOP dif-
ferences between DEX-Ac and vehicle were observed in
Myoc�/� mice. In Myoc�/� mice, the absolute increase in
IOP in DEX-Ac (n Z 12) versus vehicle (n Z 6) treated
719

http://ajp.amjpathol.org


Figure 5 Intraocular pressure (IOP) elevation in wild-type (WT) and Myoc knockout (KO) mice after DEX-Ac treatment. A: Immunostaining for
myocilin in the trabecular meshwork (TM; indicated by the boxed areas) of 4-week DEX-Ace (bottom left panel) and vehicle- (top left panel) treated
WT mice. Merged bright field (BF) fluorescence images (right column) provide detailed structural orientation. B: Representative Western blot image
of fibronectin (FN) and myocilin (Myoc) in the anterior segment tissue lysates of DEX-Acetreated WT mice and vehicle (Veh)- and DEX-Acetreated
Myoc�/� mice. C: Weekly periocular conjunctival fornix (CF) injections of DEX-Ac significantly elevates IOP in both WT and Myoc�/� mice. Age-
matched WT and Myoc�/� mice were treated with vehicle or DEX-Ac, and conscious IOPs were measured weekly. DEX-Ac treatment of WT
and Myoc�/� mice show significant IOP elevation from 1 to 4 weeks compared to vehicle-treated littermates. Data are presented as means � SEM (C).
n Z 3 (A, DEX-Ace and vehicle-treated mice); n Z 10 (C, DEX-Acetreated WT mice and vehicle-treated littermates); n Z 12 (C, DEX-Acetreated
Myoc�/� mice). ***P < 0.001, two-way analysis of variance. Scale bars Z 50 mm. Gapdh, glyceraldehyde-3-phosphate dehydrogenase.
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mice averaged 2.95 � 0.05 mmHg at 1 week, 4.2 � 0.14
mmHg at 2 weeks, 3.2 � 0.02 mmHg at 3 weeks, and
3.3 � 0.05 mmHg at 4 weeks (means � SEM). Multiple
comparisons between groups using two-way analysis of
variance showed that IOP was statistically significant
between DEX-Ac and vehicle-treated mice in both WT and
Myoc�/� mice (Supplemental Table S5). These results
suggest that myocilin does not play a major role in
DEX-induced OHT.
Discussion

GC-induced OHT is a serious adverse effect of prolonged
GC therapy with patients. GC-induced IOP elevation, if left
untreated, progresses to secondary open-angle glaucoma,
involving glaucomatous optic neuropathy and permanent
vision loss. However, the molecular mechanisms respon-
sible for GC-induced ocular hypertension are not entirely
clear. Animal models can provide better insights into path-
ogenesis of GC-induced OHT, and investigators have
reported GC-OHT in eight different species besides human.4

In our study, we describe a mouse model of GC-OHT with a
novel periocular CF delivery of DEX-Ac. This reproducible
model is easy to run and captures many aspects of
GC-induced OHT, including elevated IOP, reduction in the
aqueous humor outflow facility, and reversibility of ocular
hypertension after discontinuing GC treatment. This model
also exhibits histological changes observed in the TM of
GC-induced OHT eyes, including increased expression of
fibronectin, collagen type I, a-smooth muscle actin, and
myocilin in the TM region. In addition, minimum systemic
720
toxicity was associated with this local DEX-Ac treatment, as
evident from unchanged body weight of mice treated with
DEX-Ac compared to vehicle-treated mice. Furthermore,
Myoc knockout mice developed similar DEX-induced
ocular hypertension as WT mice, although myocilin
expression increases in the TM of only WT mice in response
to DEX treatment.26

Interestingly, the magnitude of DEX-OHT was greater at
night (DIOP 8 to 9 mmHg in anesthetized mice) compared
to daytime (DIOP 3 to 4 mmHg in conscious mice). Our
findings agree with daytime/nighttime IOPs in POAG
transgenic MYOCY437H mice.37 This diurnal IOP variation
in mice has been reported previously.50e52 Because mice
are nocturnal animals, rates of aqueous humor formation are
higher during active hours, which therefore cause higher
nighttime IOPs, especially when the outflow facility is
compromised. There are also diurnal IOP differences in
other species,53e55 including humans.56,57 The magnitudes
of the IOP fluxes are even greater in human eyes with
glaucoma or ocular hypertension than in normal eyes,58 as
seen in our model. Humans also have diurnal differences in
rates of aqueous humor production, which are higher in the
day compared to night.59 However, human IOPs are higher
at night because of changing from upright to supine posi-
tion,57 which does not occur in mice. Monitoring both
daytime and nighttime IOPs may help us better understand
and manage disease processes. Furthermore, the conven-
tional outflow facility measured at 5 weeks of DEX-Ac
treatment was significantly reduced in DEX-Acetreated
mice by 33% compared to vehicle-treated mice, and there
was a correlation between elevated IOP and decreased
conventional outflow facility. These results are consistent
ajp.amjpathol.org - The American Journal of Pathology
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with previous studies of GC-induced OHT, including
Whitlock et al43 and Overby et al45 using systemic DEX
delivery, as well as Zode et al40 using topical ocular DEX
treatment. Kumar et al44 used subconjunctival delivery of
triamcinolone acetonide to show decreased conventional
outflow facility, but this was not correlated with IOP
elevation. We also were unable to get reproducible IOP
elevation with subconjunctival DEX administration.

Several studies43,45 have reported a high dropout rate and
reduction in body weight in response to systemic DEX
treatment. In contrast, we found minimal to no systemic
toxicity associated with DEX treatment, as measured by
potential loss in body weight in our mouse model. In
addition, our mouse model requires minimally invasive
periocular CF injections on a weekly basis under mild
anesthesia, which is effective and efficient, and minimizes
animal distress compared to systemic DEX delivery. Sys-
temic DEX delivery in mice used surgical implantation of
minipumps into the backs of mice,43,45 whereas topical
ocular DEX administration required administration of eye
drops three times daily for multiple weeks by a trained
technician.40 We tried formulating DEX and DEX-Ac,
which are not soluble in aqueous formulations and require
suspension formulations. Although DEX-21-phosphate is
soluble in aqueous solutions, it did not provide prolonged
delivery and did not reproducibly elevate IOP when
administered by periocular CF injections. We found that the
formulation of DEX-Ac and its consistency is important to
get reproducible results. DEX-Ac will form larger pre-
cipitates and clumps when in suspension longer than 2
weeks. Therefore, it is essential to use freshly prepared
formulations every 2 weeks.

Consistent with other previously reported
studies13,20,22,40,45 that show DEX-induced biochemical
changes in the TM, we found similar biochemical
changes in TM of our mouse model after DEX-Ac treat-
ment. The expression of fibronectin, collagen I, myocilin,
and a-smooth muscle actin increased in the TM of DEX-
Acetreated mice compared to vehicle-treated mice. Thus,
our mouse model appropriately mimics many aspects of
GC-induced OHT, which is similar to humans and
other species.

MYOC was first reported as a DEX-induced gene
and protein in cultured human TM cells.24,26,27 MYOC
was discovered as the first gene responsible for juvenile
open-angle glaucoma and a subset of POAG.25,28,29 The
current function of MYOC is unknown, but it has been
suggested that MYOC might play a role in development of
GC-induced OHT and secondary glaucoma. MYOC
expression and OHT induction occur in response to GCs,
and both follow similar time-course and dose-response
curves.26,60,61 Few studies have addressed the potential
role of myocilin in GC-induced OHT. Both Shepard et al62

and Kirstein et al63 showed that myocilin induction by GCs
was because of other transcription factors or remote gluco-
corticoid response elements and not by sequences in the
The American Journal of Pathology - ajp.amjpathol.org
proximal region of the myocilin gene promoter. Another
study by Fingert et al64 compared steroid responders and
control subjects for changes in myocilin gene sequences,
and there was no correlation between myocilin gene varia-
tions and steroid response. However, there are no functional
studies that demonstrate that the GC induction of myocilin
is necessary for GC-induced OHT. Consistent with previous
studies, we also observed increased myocilin expression in
the TM of WT mice after DEX treatment.23,24 To address
whether DEX-induced myocilin plays a role in IOP eleva-
tion, we compared the IOP responses to DEX-Ac treatment
in WT and Myoc�/� mice. IOP remained significantly
elevated in both WT and Myoc�/� DEX-Acetreated mice
compared to vehicle-treated WT and Myoc�/� mice, indi-
cating that myocilin is not involved in DEX-induced OHT.

In summary, our mouse model of DEX-induced OHT
mimics many aspects of GC-induced OHT observed in
humans, including IOP elevation, reduced conventional
outflow facility, and biochemical changes in TM. The
nighttime IOP was higher with ocular hypertensive eyes
compared to normal eyes. With periocular CF injection of
DEX-Ac, we did not find any obvious signs of systemic
toxicity associated with DEX. IOP started returning to
baseline when DEX-Ac treatment was stopped, suggesting
that this model mimics many features of GC-OHT in human
eyes, including the reversibility of ocular hypertension
after discontinuation of GC therapy. Using this mouse
model, we further demonstrate that loss of myocilin does
not prevent GC-induced OHT. Mouse genetics and new
genome editing tools will allow identification of the factors
and pathways involved in the development of GC-OHT in
this new model.
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