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PURPOSE. Treatment with corticosteroids can result in ocular hypertension and may lead to the
development of steroid-induced glaucoma. The extent to which biomechanical changes in
trabecular meshwork (TM) cells and extracellular matrix (ECM) contribute toward this
dysfunction is poorly understood.

METHODS. Primary human TM (HTM) cells were cultured for either 3 days or 4 weeks in the
presence or absence of dexamethasone (DEX), and cell mechanics, matrix mechanics and
proteomics were determined, respectively. Adult rabbits were treated topically with either
0.1% DEX or vehicle over 3 weeks, and mechanics of the TM were determined.

RESULTS. Treatment with DEX for 3 days resulted in a 2-fold increase in HTM cell stiffness, and
this correlated with activation of extracellular signal-related kinase 1/2 (ERK1/2) and
overexpression of a-smooth muscle actin (aSMA). Further, the matrix deposited by HTM cells
chronically treated with DEX is approximately 4-fold stiffer, more organized, and has elevated
expression of matrix proteins commonly implicated in glaucoma (decorin, myocilin, fibrillin,
secreted frizzle-related protein [SFRP1], matrix-gla). Also, DEX treatment resulted in a 3.5-fold
increase in stiffness of the rabbit TM.

DISCUSSION. This integrated approach clearly demonstrates that DEX treatment increases TM
cell stiffness concurrent with elevated aSMA expression and activation of the mitogen-
activated protein kinase (MAPK) pathway, stiffens the ECM in vitro along with upregulation of
Wnt antagonists and fibrotic markers embedded in a more organized matrix, and increases the
stiffness of TM tissues in vivo. These results demonstrate glucocorticoid treatment can initiate
the biophysical alteration associated with increased resistance to aqueous humor outflow and
the resultant increase in IOP.

Keywords: cell and matrix mechanics, steroid-induced glaucoma, extracellular matrix, elastic
modulus, proteomics

Glaucoma is a group of diseases, affecting over 60 million
people worldwide, defined by irreversible damage to the

optic nerve leading to vision loss and blindness.1 In primary
open angle glaucoma (POAG), resistance to aqueous humor
outflow by the trabecular meshwork (TM) leads to elevated
IOP. Intraocular pressure remains the only modifiable, causative
risk factor for glaucoma progression. Therefore, understanding
pathological changes to the TM is of central importance to
developing effective therapeutics. Alterations in tissue biome-
chanics are an underexplored component of this pathology. We
recently demonstrated that the glaucomatous TM is approxi-
mately 20-fold stiffer than normal,2 and it is unclear whether
this increase in stiffness is a result of changes to extracellular
matrix (ECM) stiffness and/or cell stiffness. There is circum-
stantial evidence to support mechanical changes in cellular and
extracellular constituents of the TM. Primary open-angle
glaucoma has been associated with altered TM cell cytoskeletal
dynamics3,4 as well as significant changes to the composition
and morphology of the TM.5 The underlying mechanisms for
dysregulation of TM cytoskeletal dynamics, and ECM deposition

and remodeling remain poorly understood. It is possible that
cytoskeletal changes are secondary to ECM alterations through
integrin signaling.6,7 While not directly linked to stiffening in
the TM, cells/tissues of POAG patients exhibit elevated levels of
transglutaminase (TGM2, a crosslinker of ECM proteins) and
alkaline phosphatase (ALP, a calcification marker), both
associated with stiffening of the ECM in other systems.8–12 In
aggregate, these findings point toward cellular and ECM
contributions to the observed stiffening of the human TM
(HTM) in POAG. Despite the known importance of biophysical
cues to TM cell function,13–17 biophysical signaling within the
TM remains poorly understood.

Studying the biophysical properties of the TM is inherently
challenging due to the lack of suitable in vivo models. Primary
open-angle glaucoma is in general a human disease, since the
manifestation of glaucoma in other species does not exhibit
many of the features found in human POAG patients. As such,
in vitro culture of HTM cells is commonly used to investigate
alterations in molecular signaling as well as biomechanical
properties. One of the most commonly used in vitro models
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involves the use of glucocorticoids (GCs), a family of steroid
hormones that bind to the GC receptor.18 These compounds
have been associated with glaucoma, since patients with POAG
have increased cortisol levels,19,20 although responses to
cortisol may vary between individuals.21–24 Approximately
30% to 40% of the normotensive population develops elevated
IOP when treated with ocular GCs, such as dexamethasone
(DEX). This increase in IOP is a recognized risk factor
associated with glaucoma, and necessitates cessation of steroid
use and/or therapeutic intervention in these individuals.25

Additionally, almost all POAG patients respond to steroids by
developing a significantly higher IOP.25–27 The mechanisms of
steroid-induced ocular hypertension currently are not under-
stood. However, in line with our finding of increased stiffness
in POAG, we hypothesize that DEX induces stiffening of TM
tissue. Further, considering findings that DEX alters TM cell
actin cytoskeletal dynamics,4 cellular proteomic profile,28 and
ECM production,29–31 we hypothesize that DEX induces
intrinsic stiffening of TM cells as well as the elaboration of a
stiffer matrix.

To test our hypothesis, we measured the biomechanical
properties of HTM cells and their ECM as well as determining
the alterations in the proteins present in the ECM after DEX
treatment. To establish the relevance of our in vitro findings,
we topically administered DEX to rabbit eyes for 3 weeks and
examined changes to the stiffness of the meshwork in vivo.

MATERIALS AND METHODS

Isolation and Culture of HTM Cells

Primary HTM cells were isolated from donor corneoscleral rims
unsuitable for transplant (SavingSight Eye Bank, St. Louis, MO,
USA) as described previously.32 Since cells were obtained from
donor tissue, these are not considered as Human Subject
Research. All experiments involving human tissue/cells were
performed in compliance with the tenets of the Declaration of
Helsinki. Power analyses (a¼ 0.05) indicated that three donor
cell lines would be necessary when differences of the means of
elastic modulus (our primary end-point for tissue mechanics)
are small (0.5 kPa) and the standard deviations are large (0.1
kPa). We used HTM cells isolated from at least three or four
donors for each experiment and they were routinely main-
tained in Dulbecco’s modified Eagle medium/Nutrient Mixture
F-12 (50:50; DMEM/F-12) supplemented with 10% fetal bovine
serum (FBS), and 1% penicillin/streptomycin/amphotericin
(Life Technologies, Carlsbad, CA, USA). Cells were used
between passages three and seven for all experiments. All
cultures were confirmed as HTM by myocilin gene upregu-
lation in response to 100 nM DEX (Sigma-Aldrich Corp., St.
Louis, MO, USA). Equivolume treatments of ethanol (EtOH)
were used as the vehicle control.

Treatment With DEX

Cell Mechanics. To determine changes in cellular mechan-
ics, cells were seeded on glass coverslips (50,000/well) in a 24-
well plate and allowed to attach overnight. Media was changed
the following day with vehicle control (EtOH) or 100 nM DEX
and incubated for 3 days. Coverslips then were mounted on
atomic force microscope (AFM) compatible petri dishes and
equilibrated for 30 min in Hank’s balanced salt solution (HBSS)
immediately before obtaining force versus indentation curves.

ECM Mechanics. For these experiments, cells were
cultured on amino-silane modified glass coverslips. Briefly,
glass coverslips were incubated with 3-aminopropyl trimethox-
ysilane overnight under vacuum. Silanized coverlips were heat

treated at 2008C for 20 minutes and stored briefly under
vacuum with a desiccant until used for cell culture. Freshly
silanized coverslips were used for all experiments. Primary
HTM cells were seeded on these modified coverslips (50,000/
well) in 24-well dishes as described above. Dexamethasone or
EtOH treatment was performed twice every week for 4 weeks.

Isolation of Protein and Western Blotting

Changes in cell stiffness were correlated with alterations in
protein expression by Western blotting. Briefly, following 3-day
DEX treatments, cells were lysed and scraped into radioimmu-
noprecipitation assay (RIPA) buffer (ThermoScientific, Wal-
tham, MA, USA) supplemented with protease and phosphatase
inhibitors (Fisher Scientific, Hampton, NH, USA) on ice. The
cells then were homogenized and centrifuged at 1000g for 1
minute to remove any cell debris. Homogenate was concen-
trated using 3000 Dalton cut-off spin columns (Fisher
Scientific). Protein was quantified using a modified Lowry
assay (DC assay; BioRad, Hercules, CA, USA) with BSA as the
standard. Protein homogenate then was denatured in Laemmli
buffer (Sigma-Aldrich Corp.) by boiling for 10 minutes.
Approximately 10 lg protein was loaded per well for each
sample. Electrophoresis was performed using 10% Bis-Tris
precast gels as described previously13 and protein was
transferred onto nitrocellulose membranes. Immunoblotting
was done against anti–a-smooth muscle actin (aSMA; Sigma-
Aldrich Corp.), total extracellular signal-regulated kinase 1/2
(ERK1/2; Abcam, Cambridge, MA, USA), phosphorylated
ERK1/2 (pERK1/2; Abcam), and b-tubulin (Abcam) overnight
at 48C. This was followed by incubation with secondary
antibodies conjugated with horseradish peroxidase (HRP;
Kirkegaard & Perry Laboratories, Inc., MD, USA) for 1 hour at
378C. Protein bands were detected by chemiluminescence
(Advansta, Inc., Menlo Park, CA, USA). Blots then were imaged
using ImageQuant 350 imaging system (GE Healthcare Life
Sciences, Pittsburgh, PA, USA). The optical densities of the
protein bands were quantified using ImageJ (National Institutes
of Health [NIH], Bethesda, MD, USA).33,34 The staining of the b-
tubulin was used as a standard on all blots so that relative
quantitation could be determined.

Decellularization and Characterization of the ECM

Matrices were obtained by decellularization of cultures as
described previously using 20 mM ammonium hydroxide
(NH4OH).35 Freshly decellularized ECM was used for mechan-
ical characterization and proteomics, while formaldehyde-fixed
cell-derived matrices were used for immunocytochemistry. For
mechanical characterization, decellularized matrices were
rinsed gently yet thoroughly in HBSS, and AFM was performed
in contact mode. Subsequently, decellularization was con-
firmed by immunocytochemistry. For confirmation, the cell-
derived matrices were fixed in 4% formaldehyde for 20 minutes
and then labeled for pan-collagen (Abcam), fibronectin
(Abcam), F-actin (Phalloidin; Life Technologies), and counter-
stained with 406-diamidino-2-phenylindole (DAPI; Life Technol-
ogies) for the presence of nuclear material. The samples then
were imaged using a Zeiss 200 M inverted epifluorescence
microscope (Carl Zeiss, Jena, Germany). Proteomic profiling
was conducted on freshly decellularized ECM as described
previously using shotgun proteomics.35 Total spectral counts
of all proteins identified can be found as supplementary data
(Supplementary Data S1).

Gene Ontology (GO) Analysis. Functional annotation of
the differentially expressed proteins were analyzed using the
Database for Annotation, Visualization, and Integrated Discov-
ery (DAVID).36 Only GO clusters whose P value was less than
0.05 were considered.
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Kyoto Encyclopedia of Genes and Genomes (KEGG)
Analysis. Analyses were done using the differentially expressed
proteins whose P values were less than 0.05, using the R-
package ‘‘Gostats’’ combining two databases: KEGG pathway
database and Molecular Signatures Database from Broad
Institute. In the pathway graph, the center part of the dot
represents the enrichment of upregulated genes and the outer
layer of the dot corresponds to the enrichment of the
downregulated genes. Red center at the nodes indicates that
the protein set is enriched in proteins that are upregulated, gray
indicates proteins that are not enriched in the downregulated
group. Green edge color indicates that there are overlapped
proteins (similarity) between the two nodes connecting the
upregulated proteins. Blue edge color indicates that there are
overlapped proteins between the two nodes connecting the
downregulated proteins. A solid red node means that this gene
set is enriched in up- and downregulated genes. The Table lists
the proteins that each cluster interacts with.

Determination of Elastic Modulus

Elastic moduli of cells and matrices were determined by atomic
force microscopy. Force versus indentation curves were
obtained in contact mode using an Asylum MFP-3D BIO

microscope (Asylum Research, Santa Barbara, CA, USA) as
described previously.35,37–39

Imaging the ECM

Immediately after obtaining force measurements on the
decellularized ECM samples, they were rinsed thoroughly in
deionized water (dH2O) and air-dried overnight at 378C. Then,
ECM samples were imaged by the atomic force microscope in
contact mode using an AC240TS cantilever (nominal j¼1.5 N/
m; NanoAndMore, Soquel, CA, USA) at 500 pN applied force
and 0.3 Hz.

Treatment of Rabbits With DEX and Clinical
Follow-Up

Power analyses (a ¼ 0.05) indicated that three animals would
be necessary when differences of the means of elastic modulus
(our primary end-point for tissue mechanics) are small (1 kPa)
and the standard deviations are large (0.3 kPa). Therefore, we
used four animals to obtain greater statistical power and to
minimize animal use. Four healthy female New Zealand white
rabbits (Charles River Laboratories, Wilmington, MA, USA), 14
months old, were included in the study. Each rabbit underwent

TABLE. The Important Biological Functions (With Greatest Statistical Significance for Enrichment) as Defined by GO Classification in the Collected
Proteome Data Set of ECM From DEX-Treated Cells That Were Altered at Least 1.9-Fold in Comparison With Control Cultures Using DAVID
Proteomic Tool

GO:Term ID Category Genes P Value

GO:0044421 Extracellular region part WNT5A, RBP4, A2M, ADAMTSL1, LTBP2, LUM, IGFBP7, TNC, CLU, POSTN,

VTN, DCN, AHSG, TGFB2, CTGF, SMOC1, APOH, PTN, COL12A1, FBN2,

LAMB1, COL8A1, THBS1, TFPI2, COL11A1, PRSS12, MYOC, ADAM9,

ANGPTL4, THBS4, MATN2, ICAM1, COL4A1, FBN1, CCDC80, MGP, IGF2,

NID1, SOD1, DKK2, AFP, SERPINF1, SFRP1, SULF1, IGFBP2, IGFBP3, IGFBP5

3.72E-29

GO:0005576 Extracellular region A2M, LTBP2, IGFBP7, VTN, POSTN, EDIL3, TTN, TGFB2, CTGF, ITIH4, APOH,

COL12A1, LTF, ITIH2, COL11A1, TFPI2, ADAM9, CYR61, MATN2, ICAM1,

MFI2, MGP, SERPINF1, WNT5A, RBP4, ADAMTSL1, LUM, TNC, CLU, DCN,

MDK, AHSG, SMOC1, PTN, FBN2, COL8A1, LAMB1, THBS1, PRSS12, MYOC,

THBS4, ANGPTL4, COL4A1, FBN1, CCDC80, IGF2, NID1, SOD1, DKK2, AFP,

DKK1, SRPX2, TFRC, SFRP1, SULF1, IGFBP2, IGFBP3, IGFBP5

1.07E-25

GO:0031012 Extracellular matrix WNT5A, ADAMTSL1, LTBP2, TNC, LUM, POSTN, VTN, DCN, TGFB2, AHSG,

CTGF, SMOC1, COL12A1, FBN2, LAMB1, THBS1, COL8A1, TFPI2, COL11A1,

PRSS12, THBS4, ANGPTL4, MATN2, COL4A1, FBN1, CCDC80, MGP, NID1,

SOD1

4.46E-23

GO:0005578 Proteinaceous

extracellular matrix

WNT5A, MATN2, ADAMTSL1, COL4A1, LTBP2, TNC, LUM, FBN1, CCDC80, MGP,

NID1, VTN, POSTN, DCN, CTGF, SMOC1, COL12A1, FBN2, LAMB1, COL8A1,

TFPI2, COL11A1, THBS4, ANGPTL4

9.44E-18

GO:0005615 Extracellular space WNT5A, RBP4, A2M, IGFBP7, CLU, VTN, TGFB2, AHSG, APOH, PTN, THBS1,

MYOC, ADAM9, ANGPTL4, ICAM1, FBN1, MGP, IGF2, SOD1, DKK2, AFP,

SFRP1, SERPINF1, SULF1, IGFBP2, IGFBP3, IGFBP5

2.63E-13

GO:0044420 Extracellular matrix

part

COL4A1, TNC, SMOC1, LUM, FBN1, CCDC80, COL12A1, NID1, LAMB1,

COL8A1, COL11A1, PRSS12

3.66E-10

GO:0009986 Cell surface ICAM1, LRP1, ITGA5, CRYAB, ITGAV, SULF1, APOH, ITGA2, THBS1, ITGB1,

ADAM9, HSPA9

2.29E-05

GO:0031410 Cytoplasmic vesicle A2M, CLU, SOD1, ITGB1, TGFB2, LRP1, SERPINF1, TFRC, SDCBP, THBS1,

IGFBP2, MYOF, PRSS12, THBS4

3.79E-04

GO:0031982 Vesicle A2M, CLU, SOD1, ITGB1, TGFB2, LRP1, SERPINF1, TFRC, SDCBP, THBS1,

IGFBP2, MYOF, PRSS12, THBS4

5.69E-04

GO:0016023 Cytoplasmic membrane-

bounded vesicle

A2M, LRP1, TFRC, SERPINF1, CLU, SDCBP, THBS1, ITGB1, THBS4, TGFB2 1.23E-02

GO:0031988 Membrane-bounded

vesicle

A2M, LRP1, TFRC, SERPINF1, CLU, SDCBP, THBS1, ITGB1, THBS4, TGFB2 1.49E-02

GO:0042995 Cell projection LRP1, ITGA5, ITGA2, SOD1, ITGB1, DBN1, PRSS12, MYOC, CTNNB1, TGFB2,

CTNNA2

1.97E-02

The enrichment P value (compared to the theoretical human proteome) is calculated based on EASE Score, a modified Fisher’s exact test and
ranges from 0 to 1. Fisher’s exact P value ¼ 0 represents perfect enrichment.
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a physical examination and was assessed as normal before
initiation of the study. A complete ophthalmic examination,
including slit-lamp biomicroscopy and indirect ophthalmosco-
py, was performed to verify all rabbits had eyes without pre-
existing ocular diseases. All procedures adhered to the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research, and standards for the care and use of laboratory
animals at University of California, Davis, and were approved
by the Institutional Animal Care and Use Committee (IACUC).
In accordance with the approved IACUC protocol, only one
eye could be treated to prevent inadvertent alteration of vision
in both eyes and, as such, the contralateral eye was left
untreated and was used as the control eye.

Before the initiation of the study, baseline IOPs were
measured with a rebound tonometer (Tonovet; Icare, Helsinki,
Finland) three times a week for 3 weeks at 9 to 11 AM. At each
session, three consecutive measurements were performed by
one examiner following 30 minutes of acclimation inside the
carrier placed in the examination room, and then 3 to 5
minutes of acclimation on the table to ensure the rabbit was
not overstressed, which can result in a temporarily high IOP.
Once rigorous baseline data were established, a drop of 0.1%
DEX (dexamethasone sodium phosphate; Bausch & Lomb,
Tampa, FL, USA) was instilled into the right eye three times
daily for 3 weeks. Intraocular pressures were measured daily in
the same manner. A complete ophthalmic examination with a
slit-lamp biomicroscope and indirect ophthalmoscope was
performed five times a week during the study period. The
anterior segment was photo-documented using a Nikon SLR
digital camera (Nikon, Tokyo, Japan) with macrolens and ring
Q2 flash once weekly. The fundus was imaged with a fundus
camera (Cf-1 Digital Retinal Camera; Canon, Lake Success, NY,
USA) and spectral domain optical coherence tomography
(Optovue, Fremont, CA, USA) at the same time points.

Statistical Analysis

All mechanics data are represented as box and whisker plots to
demonstrate data distribution. Statistical comparison of me-
chanics between vehicle and DEX-treated cells was done using
Mann-Whitney U test and results are indicated in the plots.
Shotgun proteomics data were analyzed using Scaffold Viewer
(Proteome Software, Inc., Portland, OR, USA). Using the built-
in features of the software, normalized total spectral counts

from the five different cell cultures were compared for fold-
change between the EtOH and DEX samples. The relative
abundance between the two groups was compared using
Fisher’s exact test.40 Principal component analysis (PCA) was
calculated using the prcomp function in R (v 3.1.2; http://
www.r-project.org/) on the peptide MS1 spectral count at the
protein level using a covariance matrix. The scree plot is
plotted as proportion of variance against the number of
principal components (PCs).

RESULTS

Alterations to Cell Stiffness and Cytoskeletal
Dynamics in HTM Cells In Vitro

The extents to which the biophysical properties of cells and
cytoskeletal dynamics are altered with 3-day DEX treatment
were evaluated using primary HTM cells. To determine the
effect of DEX treatment on cell stiffness, elastic modulus was
determined by atomic force microscopy on cells from four
individual donors. The distribution of the elastic moduli values
for each donor is shown in Figure 1. Three-day DEX treatment
induced a significant increase in HTM cell stiffness, from 2.82
6 1.01 to 5.87 6 2.93 kPa. Data demonstrated that for all
donors, the elastic moduli of DEX-treated cells were signifi-
cantly greater than those of vehicle (EtOH)–treated cells.

To ascertain if the change in cell stiffness was accompanied
by cytoskeletal changes and subsequent activation of the cell’s
contractility machinery, Western blotting was performed to
determine the expression of aSMA and activation of the ERK
protein, after DEX treatment (Fig. 2). For all four donor cells, 3-
day DEX treatment resulted in significantly elevated expression
of aSMA and phosphorylated ERK1/2 with no changes
observed for total ERK1/2 or b-tubulin expression. When
normalized to the loading control (b-tubulin) expression of
aSMA and pERK1/2 in the DEX-treated cells were approxi-
mately 2-fold greater than that of vehicle-treated cells.

Human TM cells from three donors also were cultured for 4
weeks in the presence of either vehicle or DEX to allow for
deposition of ECM. A subset of samples were fixed and
immunostained (F-actin and DAPI) to demonstrate presence of
cells after 4 weeks in culture. Consistent with the upregulation
of aSMA and pERK1/2 (with 3-day DEX treatment), increased

FIGURE 1. Elastic modulus of HTM cells from four donors treated with either vehicle control or DEX for 3 days. Data are represented as box plots

with mean indicated as a red line. Results are from at least seven locations with five force curves per location. P < 0.001, Mann-Whitney U test.
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numbers of stress fibers were observed in HTM cells treated
with DEX (for 4 weeks) compared to control cultures (Fig. 3).
Also, consistent with previously established reports, DEX-
treated HTM cells appeared enlarged.

Long-Term Effects of DEX Treatment on Matrix
Mechanics, Morphology, and Composition In Vitro

Matrix Morphology. To remove the cells while preserving
ECM integrity, we lysed the cells using 20 mM NH4OH and
0.05% Triton X-100 in PBS. Decellularization was confirmed by
immunocytochemistry (Fig. 4A). All ECM samples stained
positively for pan-collagen with simultaneous lack of F-actin or
DAPI staining indicating the ECM was devoid of cytoskeletal or
nuclear components after the decellularization. Also, dramatic
differences in immunostaining patterns for deposition of
fibronectin were observed (Fig. 4A). Fibronectin was observed

to be deposited as an organized fibrillar sheet from DEX-treated
cells compared to minimal organization observed in the ECM of
EtOH-treated cells.

Concurrent with changes in immunostaining, morphologi-
cal alterations to the deposited ECM were determined by
imaging using the AFM. Extracellular matrix deposited by DEX-
treated cells appeared more organized and fibrillar in
comparison with vehicle-treated cells. As a quantitative
measure of matrix roughness, we compared the root mean
square (RMS) of the AFM height map of matrix deposited by
control cells (216.50 6 97.75 nm) and DEX-treated cells (85.94
6 29.09 nm). Quantitative analyses of four random regions of
the ECM revealed that DEX treatment resulted in a significantly
smoother matrix than controls (Fig. 4B).

Matrix Mechanics. Analysis of force versus indentation
curves to determine the elastic moduli of HTM cell–derived
ECM revealed that DEX treatment deposited a significantly
stiffer ECM compared to EtOH-treated cells (Fig. 5). The elastic
moduli for ECM derived from EtOH-treated cells had a mean of
0.37 6 0.26 kPa, while those derived after DEX treatment had
a mean of 1.35 6 0.45 kPa. The distributions of elastic moduli
for each donor cell are illustrated in Figure 5.

Proteomic Analysis of the ECM. To ascertain quantitative
differences in biochemical composition of ECM derived from
cells chronically treated (for 4 weeks) with EtOH and DEX,
nano-scale liquid chromatography tandem-mass spectrometry
(nano–LC-MS/MS) was performed on ECM protein extracts.
Principal component analysis was performed on the spectral
data comparing EtOH- and DEX-derived ECM samples. The
Scree plot demonstrated that 97% of the variance in the data
was accounted by PCs 1 and 2 (Fig. 6A). Plots of PC1 versus
PC2 demonstrated distinct clustering of data (Fig. 6A)
suggesting that significant differences in protein expression
between the groups existed. Indeed, on closer inspection, it
was observed that a significant number of extracellular
proteins were up-/downregulated over 1.9-fold after DEX
treatment (Fig. 6B; P < 0.05, Fisher’s exact test). As expected,
myocilin (MYOC), a protein known to be upregulated in TM
cells by GCs, was significantly upregulated in ECM derived
from DEX-treated cells. Detection of MYOC, albeit to a limited
extent, was observed in only one of the five donor cell lines in
vehicle-treated cell derived matrix. Gene ontology analysis of
the expressed proteins is presented in the Table and visualized
using the web-based AmiGO2 tool (Supplementary Fig. S1).

Proteins of particular interest that were significantly
overexpressed in the ECM derived from DEX-treated cells
were Dickkopf-related proteins 1 and 2 (DKK1, DKK2),
secreted frizzled-related protein (SFRP1), decorin (DCN),
thrombospondin, Wnt5a, extracellular sulfatase 1 (SULF1),

FIGURE 2. Representative Western blot comparing the expressions of
aSMA, ERK1/2, phosphorylated ERK1/2, and loading control (b-
tubulin) in 3-day control and DEX-treated cells. Graph illustrates the
mean optical density of the protein bands expressed relative to control
cultures. Data are mean 6 SD (n¼ 4 donors). ***P < 0.001, **P < 0.01,
Mann-Whitney U test.

FIGURE 3. Representative images of HTM cells treated with vehicle control or DEX after 4 weeks. Significantly greater number of stress fibers (F-
actin/red; nucleus/DAPI/blue) was observed in the DEX group compared to control (EtOH) cells.

Dexamethasone Stiffens TM Cells and Matrix IOVS j July 2015 j Vol. 56 j No. 8 j 4451



FIGURE 4. (A) Representative images of HTM cell-derived ECM from control or DEX-treated cultures. Absence of staining for F-actin (Phalloidin/red)
and nuclei (DAPI/blue) with abundant signal for pan-collagen immunostaining (green) demonstrated the presence of ECM devoid of HTM cells after
they were removed with NH4OH. Differences in assembly and immunostaining pattern for fibronectin were observed between the two groups.
Scale bars: 50 lm. (B) Representative images of ECM morphology as imaged by atomic force microscopy and surface roughness measured as RMS
are illustrated. The control ECM was not organized, while the ECM from the DEX-treated cells had a much more organized appearance. Results are
mean 6 SD of RMS calculated from three images for each donor. **P < 0.01, Mann-Whitney U test.
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connective tissue growth factor (CTGF), TGF-b2, coiled-coil
domain containing protein-80 (CCDC80), lumican, CYR61,
vitronectin, and collagens XII and IV. Interestingly, expression
of periostin and tenascin-C was dramatically downregulated in
ECM derived from DEX-treated cells. Although there was a
differential staining pattern of fibronectin by immunocyto-
chemistry, no significant difference in its protein expression in
the ECM was observed between EtOH- and DEX-treated
samples. Protein–protein interaction analysis using the KEGG
pathway was performed on the data obtained by proteomics
(Fig. 6C, Supplementary Fig. S2). The most abundantly
enriched protein clusters accounted for those that interact
with fibronectin, decorin, insulin-like growth factor binding
protein 2 (IGFBP2), matrix metalloproteinase 2 (MMP2), focal
adhesions, and ECM-receptor interactions. A list of proteins
that interact with these clusters and were identified by
proteomic analysis of the ECM is provided in Figure 6C.

Effect of DEX on TM Biomechanics In Vivo

Biomechanical characterization of the rabbit TM after topical
administration of DEX for 3 weeks was performed by AFM. No
ocular toxicity or deleterious health effects were observed in
the treated animals during the duration of the study, with the
exception of temporary mild conjunctival congestion and
chemosis observed in the treated eye of two animals 8 and 9
days after the initiation of the treatment. To facilitate the
isolation of an adequately-sized TM sample, we used 14-month-
old rabbits. The elastic modulus of the meshwork from all DEX-
treated rabbit eyes was significantly higher than the contralat-
eral eyes. The elastic moduli for control rabbit TM had a mean
of 1.03 6 0.55 kPa (mean 6 SD), which was significantly
increased by DEX treatment to 3.89 6 2.55 kPa. The
distributions of elastic moduli for each rabbit are illustrated
in Figure 7A. As expected, between rabbits there were
variations in the moduli of the meshworks; but for each rabbit
there was an increase in modulus in the DEX-treated eye
compared to the contralateral eye. With the four rabbits in our
study, no statistically significant changes in IOP were observed
between the DEX-treated and control eyes in the 3-week
period. We note that the rabbits we investigated were older
and this is consistent with previous reports showing induction
of an elevated IOP after DEX treatment is blunted in older

rabbits.41,42 As demonstrated by those studies, with increasing
age of the rabbit, changes in IOP become smaller and would be
expected to be a little less than 1 mm Hg in the older rabbits.
Since our rabbits were mature adults, it would have required a
substantial number of animals to document statistically
significant changes in IOP. The IOP measurements from the
rabbits are presented in Figure 7B.

DISCUSSION

While steroids are used widely for the treatment of autoim-
mune and inflammatory diseases, the development of steroid-
induced iatrogenic glaucoma and ocular hypertension is a
frequent and potentially debilitating side effect. Pathophysio-
logical investigations of human eyes from patients with steroid-
induced glaucoma have correlated the increased resistance to
outflow with ultrastructural changes to the TM tissue
associated with increased deposition of ECM proteins in the
TM beams, deposits in the uveal meshwork and juxtacanalic-
ular (JCT) region.5,43,44 It also has been speculated that
cytoskeletal changes of cells in the Schlemm’s canal and JCT
may contribute to the onset and progression of the disease.
While these changes have been linked to the outflow pathway,
biomechanical changes to TM cells, ECM, and tissue have not
been reported previously to our knowledge.

DEX Alters Cytoskeletal Dynamics and Cell
Stiffness In Vitro

Cytoskeletal remodeling of TM cells after DEX treatment has
been demonstrated previously through the formation of
polygonal actin networks, noncanonical Wnt signaling, and
activation of the Rho family of proteins.4,45–47 These cross-
linked actin structures have been linked to the formation of
stress fibers and the induction of contractile machinery of the
cell.7 It is well established that TM contractility is an important
regulator of IOP regulation and several therapeutics targeting
contractility currently are being developed for clinical applica-
tions.48,49 Interestingly, in this study we not only demonstrated
that DEX treatment increases cell stiffness, but also elevates the
expression of proteins aSMA and phosphorylated-ERK1/2
associated with the contractility machinery of the TM; aSMA
is a mechanosensitive protein whose overexpression can

FIGURE 5. Elastic modulus of ECM derived from HTM cells treated with either vehicle control or DEX for 4 weeks. Data are represented as box plots

with mean indicated as a red line. Results are from at least seven locations with five force curves per location. P < 0.001, Mann-Whitney U test.
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FIGURE 6. Quantitative analysis of mass spectral data of over 5100 proteins identified from cell-derived extracellular matrices after DEX and control
treatments. Proteins were identified by X! Tandem LC-MS/MS. Matrices were derived from five donor lines. (A) Principal component analysis plots: scree
plot identifying the number of principal components that define the proportion of variance in data is illustrated. Plot of PC1 versus PC2 demonstrates
data clustering for 4 of 5 donor lines. (B) Histogram illustrating log to the base 2-fold changes of ECM protein expression comparing DEX with control
cultures. Proteins that were upregulated are in blue and those downregulated are in red comparing DEX with control cultures. (C) Protein–protein
interaction clusters of those most abundantly enriched identified by KEGG pathway analysis of ECM proteins. In the pathway graph, the center part of
the dot represents the enrichment of upregulated proteins and the outer layer of the dot corresponds to the enrichment of the downregulated proteins.
Red center at the nodes indicates that protein set is enriched in proteins that are upregulated, gray indicates proteins that are not enriched in
downregulated group. Green edge color indicates that there are overlapped proteins (similarity) between the two nodes connecting the upregulated
proteins. Blue edge color indicates that there are overlapped proteins between the two nodes connecting the downregulated proteins. If a node is solid

red, which means that this protein set is enriched in up- and downregulated protein. The Table lists the proteins that each cluster interacts with.
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increase contractility50,51 of cells by being incorporated into
stress fibers.52 Activation of the ERK pathway, an important
constituent of the mitogen activated protein kinase (MAPK)
family, points toward another potential clinical target for the
regulation of stress fibers and mechanotransduction response.
We recognize that, while cell stiffness does not equate to
contractility, the presence of stress fibers provide the
machinery for cells to exert contractile forces on the
ECM.53,54 Further, HTM cells presented significantly elevated
numbers of stress fibers (F-actin) when treated over 4 weeks
indicating that the biomechanical attributes of the cells are
altered long-term. Future studies will determine if DEX
treatment, indeed, modulates contractile forces exerted by
HTM cells in vitro.

Treatment With DEX Alters the Biophysical

Properties, Biochemical Composition, and

Organization of ECM In Vitro

Using atomic force microscopy, a relevant method to study
substrate rigidity on cellular length scales,55,56 we demonstrat-

ed here that DEX-treated HTM cells deposit ECM that is
significantly stiffer than those deposited by control cultures.
Our results indicated that HTM cells, through deposition and
modification of ECM, regulate their biophysical as well as
biochemical environment. Concurrent with change in stiffness
of the ECM, morphology, assembly, and expression of a number
of ECM proteins were significantly altered. Even though
expression of fibronectin (determined by proteomics) was
similar, the architecture (determined by immunostaining) of
the matrices elaborated by DEX- and vehicle-treated HTM cells
was strikingly different. Fibronectin in DEX ECM was observed
to be organized sheet-like, while in vehicle ECM it was diffuse.
Glucocorticoid-induced fibronectin synthesis and assembly are
reported to be partially dependent on the integrin receptor
binding reflecting an inside-out signaling mechanism.57–60

More recently, an in vitro study demonstrated that externally
applied mechanical stress can transform the compact structure
of fibronectin to its fibrillar state.61 Thus, increased activation
of contractility machinery and perhaps altered integrin binding
in DEX-treated cells may contribute to the reorganization of
deposited fibronectin.

FIGURE 7. (A) Elastic modulus of trabecular meshwork from four rabbits treated with either vehicle control (left eye) or dexamethasone (DEX; right
eye) after 21 days. Data are represented as box plots with mean indicated as a red line. Results are from at least seven locations with five force curves
per location. P < 0.001, Mann-Whitney U test. (B) Changes in IOP of four rabbits recorded over 10 days before (baseline) and 21 days after
treatment with vehicle control or DEX. Results are mean 6 SD (n¼ 4 animals).
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In addition to these morphological changes, a significant
number of proteins in the extracellular milieu were either up-
or downregulated. Notably, MYOC, DCN, DKK2, fibrillin-1,
fibrillin-2, thrombospondin 4 (THBS4), angiopoeitin-related
protein 4 (ANGPTL4), and matrix-gla protein were upregulated
6-fold or more in the ECM after DEX treatment. Tellingly, we
observed elevated expression of microfibril-associated proteins
(fibrillin-1, fibrillin-2, LTBP2, ADAMTSL4) in the ECM derived
from DEX-treated cells. Microfibrils are well established
components of the ECM, in elastic and nonelastic tissues,
and have been linked with the control and activation of TGF-b
signaling.62 Fibrillin-1 is a calcium binding glycoprotein
(approximately 350 kDa) and a principal structural component
of microfibrils of connective tissue ECM.63 It has been
postulated that fibrillar assembly of fibronectin (as observed
in this study) is essential for the deposition and assembly of
fibrillin-164 and that subsequent ECM microfibril formation is
accelerated by extracellular ADAMTSL4.65 Latent TGF binding
protein-2 (LTBP2), whose mutations have been associated with
primary congenital glaucoma,66,67 is a component of mature
ECM and depends on preformed fibrillin-1 network.68 Defects
in microfibrils, while most commonly studied with relevance
to Marfan syndrome,69 only recently have been hypothesized
to have a role in glaucoma.70 To the best of our knowledge, this
is the first study to report increased expression of microfibril-
associated proteins in the ECM of TM cells after chronic steroid
treatment, although the presence of fibrillin-1 and microfibril-
associated proteins have been documented previously in the
JCT and corneoscleral meshwork of normal human eyes.71,72

Antagonists of the Wnt pathway DKK1,73,74 SFRP1,75,76 and
Wnt5A77 were overexpressed greater than 3-fold in the
extracellular milieu of DEX-treated cells. The presence of
Wnt antagonists in the stiffer ECM after steroid treatment
revealed a link between cytoskeletal remodeling, glucocorti-
coid response, and ECM remodeling. Previous reports have
documented that treatment of TM cells with SFRP1 elevates
IOP and reduces outflow facility.78,79 Prolonged inhibition of
Wnt also has been linked to loss of cell–cell communication
resulting in apoptosis, reduced cellularity, or senescence,80–84

all of which have been hypothesized to have a role in
progression of glaucoma.85–87 We recently demonstrated that
Wnt inhibition and senescence can alter cytoskeletal dynamics
and increase cell stiffness.88,89 Concomitant with this, cadher-
in-11 (CDH11), an integral membrane protein that promotes
intercellular adhesion,90 was found downregulated in the ECM
after DEX treatment. While CDH11 has been postulated to
have extracellular function in the formation of otholithic
membranes,91 their role in maintaining TM cellularity is
unknown.

In addition, ECM proteins related to fibrosis also were
overexpressed after chronic DEX treatment: thrombospondin
1,92 TGF-b2,93–95 lumican,96 and CTGF or CCN2.97–100 Two
members of the CCN family proteins (CCN1 [CYR61] and
CCN2 [CTG]), upregulated after steroid treatment, can be
activated and secreted when cells are mechanically chal-
lenged.101 We noted that thymosin b4, another protein
upregulated with DEX treatment, has been linked previously
to reorganizing connective tissue during wound repair102 and
is a potent regulator of actin polymerization.103 In aggregate,
these proteomic findings suggest profound alterations of ECM
mechanobiology in DEX-treated TM cells.

DEX Treatment Stiffens the TM In Vivo

Using the rabbit model, we demonstrated that, although no
changes in IOP were observed between the DEX-treated and
control eyes over the duration of the study in our older rabbits,
the TMs in DEX-treated eyes were significantly stiffer than

controls in just 3 weeks. To our knowledge, this is the first
study to demonstrate in vivo that the mechanical properties of
the meshwork tissue are altered after topical treatment with
steroids irrespective of any measured change in IOP. What the
consequences of prolonged application of steroids in these
older animals would be on IOP changes and subsequent tissue
biomechanics is speculative at this point and warrants further
investigation. Studies correlating ultrastructural changes of the
TM in rabbits with altered mechanical properties after steroid
treatment are further needed. Glucocorticoid-induced modifi-
cations to the TM, with unknown biomechanical consequenc-
es to the TM, after systemic delivery of DEX have been
reported in mice recently.104 Whether altered biomechanics
contributes to IOP changes in the long term in rabbits remains
to be elucidated. Further studies will be required to elaborate
the role of GCs in altering TM biomechanics in younger rabbits
with steroid-induced ocular hypertension.

Summary

Data presented here definitively demonstrate that biophysical
and biochemical dynamics of cells and ECM, in vitro and in
vivo, are directly altered when treated with DEX. Importantly,
we demonstrated that biomechanical attributes of the TM in
vivo are significantly altered regardless of changes in IOP. In
vitro, acute treatment of HTM cells with DEX makes them
stiffer and possibly more contractile. Increased tension
between cell and substratum via focal adhesions can trigger
transcriptional changes in the long term resulting in altered
deposition and assembly of ECM. Indeed, DEX treatment
resulted in a stiffer yet more organized matrix that was rich in
Wnt inhibitors, proteins associated as fibrotic markers, and
inhibitors of matrix degradation. These can in turn result in a
sustained feedback loop that may lead to further stiffening of
the cytoskeleton and subsequently matrix, therefore, contrib-
uting to the pathophysiology of steroid-induced ocular
hypertension.

Online Supplemental Material

Details of experimental procedures related to contact mechan-
ics and shotgun proteomics can be found in supplementary
methods. Raw data of proteomics with total spectral counts are
available as ‘‘Data S1.xls.’’ The KEGG analyses and visualization
of GO enrichment are illustrated in Supplementary Figures.
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