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PURPOSE. Re-cellularization of the trabecular meshwork (TM) using stem cells is a potential
novel treatment for ocular hypertension associated with glaucoma. To assess the thera-
peutic efficacy of this approach, improved in vivo and ex vivo models of TM pathophys-
iology are needed. Here, we investigate whether oxidative stress, induced by hydrogen
peroxide (H2O2), can model glaucomatous ocular hypertension in the readily available
porcine anterior segment organ culture model.

METHODS. The impact of H2O2 on TM cell viability and function was first evaluated in
vitro using primary porcine TM cells. Oxidative stress was then induced by H2O2 infusion
into perfused porcine anterior segments. Trabecular meshwork function was assessed by
tracking matrix metalloproteinase (MMP) activity and the ability of the preparation to
maintain intraocular pressure (IOP) homeostasis after a flow challenge (doubled fluid
infusion rate). Finally, the TM was evaluated histologically.

RESULTS. H2O2 treatment resulted in a titratable reduction in cellularity across multiple
primary TM cell donor strains. In organ culture preparations, H2O2-treated eyes showed
impaired IOP homeostasis (i.e., IOPs stabilized at higher levels after a flow challenge vs.
control eyes). This result was consistent with reduced MMP activity and TM cellularity;
however, damage to the TM microstructure was not histologically evident in anterior
segments receiving H2O2.

CONCLUSIONS. Titrated H2O2 infusion resulted in TM cellular dysfunction without destruc-
tion of TM structure. Thus, this porcine organ culture model offers a useful platform for
assessing trabecular meshwork therapies to treat ocular hypertension associated with
glaucoma.

Keywords: trabecular meshwork, anterior segment organ culture, glaucoma, regenerative
model, animal model

P rimary open angle glaucoma (POAG), responsible for
an estimated 74% of glaucoma cases worldwide, is a

leading cause of irreversible blindness.1 The best estab-
lished risk factor for POAG is elevated intraocular pressure
(IOP), which is determined by the aqueous humor produc-
tion rate and resistance to outflow of aqueous humor.2

The primary aqueous humor drainage route, known as the
conventional pathway, consists of the trabecular meshwork
(TM), Schlemm’s canal, and the distal vessels.3,4

The cellularity of the TM is reduced in POAG patients.5–8

The TM, along with the inner wall of Schlemm’s canal, is the
major site of aqueous outflow resistance. TM cells phagocy-
tose debris from aqueous humor to prevent outflow block-
age, are contractile to alter outflow resistance, and are active
remodelers of their extracellular matrix to alter TM extracel-
lular matrix characteristics.9–13 Thus, reduced TM cellularity
presumably leads to tissue dysfunction and may contribute
to subsequent increased outflow resistance and elevated IOP.
Therapies that focus on restoring TM cellularity and function
could offer therapeutic benefits to POAG patients.

To test such therapies, a model that mimics TM dysfunc-
tion, including ocular hypertension (OHT) and reduced
cellularity, is needed. However, most current models of glau-
coma are focused on studying optic neuropathy secondary
to OHT and thus alter the outflow pathway in ways that do
not replicate the situation in human glaucoma.14–18 There
are several exceptions in which reduced TM cellularity has
been achieved without severe TM damage. In one study,
Zhang et al.19 ablated TM cells in rat eyes using a cytotoxic
vector; interestingly, they observed a reduced IOP after this
procedure. Senatorov et al.20 expressed mutant myocilin in
mice, which led to reduced TM cellularity and elevated IOP.21

Unfortunately, mutations in myocilin are only associated
with 3% to 4% of POAG cases and may not translate to other
POAG subtypes.22 Abu-Hassan et al.23 used saponin, a plant-
derived detergent, to reduce TM cellularity in organ-cultured
human and porcine anterior segments. They reported that
IOP homeostasis was altered in human anterior segments
after saponin treatment. Unfortunately, the saponin model
does not appear to work in porcine eyes, either in our hands
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or in the lab of the original publication (M. Kelley, personal
communication).

Anterior segment organ culture is a well-established
method for studying TM function, in which TM cell viability
and function can be maintained for several weeks. Ideally,
all organ culture experiments would use human tissue;
however, due to poor availability and high costs, this option
is not feasible for many labs. Thus, anterior segment organ
culture experiments have used monkey, porcine, bovine, or
human eyes.24–29

Our goal was to create a model of graduated TM cell
loss and dysfunction using readily available porcine ante-
rior segments in organ culture. For this purpose, we chose to
utilize oxidative stress-induced damage to the TM. Here, we
show that hydrogen peroxide (H2O2) can be used to reduce
TM cellularity, leading to tissue dysfunction in the form of
reduced IOP homeostasis. This organ-culture TM dysfunc-
tion model offers an attractive platform for testing therapies
for recellularizing and/or refunctionalizing the TM.

MATERIALS AND METHODS

To determine the effects of H2O2 exposure on cell viabil-
ity, we first used isolated, cultured porcine TM (pTM) cells.
Cells were treated with different H2O2 concentrations, and
viability was assessed until cellularity was reduced by ∼50%.
pTM cells were further assessed for phenotypic function
after H2O2 treatment. We next implemented H2O2 treatment
in porcine anterior segments maintained in organ culture,
assessing TM function, viability, and histology in this model.

Cell Culture Experiments

Porcine Anterior Segment Preparation. Fresh porcine
eyes were obtained from a slaughterhouse (Holifield Farms,
Covington, GA, USA) within 6 to 8 hours of enucleation. Eyes
were dissected to isolate the anterior chamber in a manner
similar to previously reported methods.24,25,30 Briefly, orbital
connective tissue was removed, and eyes were soaked in
Betadine solution (Purdue Pharma, New York, NY, USA) for
5 minutes. Eyes were then washed three times with sterile
PBS containing penicillin, streptomycin, and amphotericin
and transferred to a sterile laminar flow hood for further
dissection. Eyes were hemisected to isolate the anterior
segment, and the vitreous humor and lens were removed.
Next, the iris was cut radially back to the iris root and pecti-
nate ligaments until the TM was revealed, and the ciliary
processes were carefully removed with Vannas microscis-
sors (World Precision Instruments, Sarasota, FL, USA) while
preserving the TM.

Porcine Trabecular Meshwork Cell Isolation. The TM
was removed from the corneoscleral shell with curved, fine
forceps and placed in 10 mg/mL Gibco Collagenase Type
IV (Thermo Fisher Scientific, Waltham, MA, USA) digestion
solution for 30 minutes at 37°C as previously described.31

Collagenase Type IV was neutralized by the addition of
10% fetal bovine serum (FBS)-containing Dulbecco’s modi-
fied Eagle’s media (DMEM) supplemented with penicillin,
streptomycin, and 2-mM L-glutamine (TM cell media), and
the tissue digest was centrifuged at 1000 rpm for 10 minutes.
The pellet was resuspended in 3 mL TM cell media and
placed on a 0.1% (w/v) gelatin-coated six-well plate for
48 hours to allow cells to attach. Media was exchanged every
3 days until cells reached ∼90% confluency, at which point

pTM cells were detached with 0.05% Trypsin-EDTA (w/v,
Cellgro; Corning Inc., Corning, NY, USA) and plated in new
culture flasks at 5000 cells/cm2 (∼3:1 split ratio). Cells were
expanded and used between passages 4 and 6 for all exper-
iments.

Porcine Trabecular Meshwork Cell Characterization.
To confirm cultured cells had TM-like properties, cells
were plated at 10,000 cells/cm2 in six-well plates and were
assessed for myocilin expression following dexamethasone
(DEX) treatment. Then, 100-nM DEX was added in TM
cell media to cultured cells for 7 days, and the media
was replaced every 3 days. After 1 week of treatment,
RNA was isolated and RT-PCR was performed as previously
described.32 We chose to look at myocilin message rather
than protein, as preliminary studies showed poor detec-
tion of porcine myocilin with available antibodies. Briefly,
Invitrogen TRIzol Reagent (Thermo Fisher Scientific) was
utilized for initial RNA isolation, followed by additional
purification using the Aurum Total RNA Mini Kit (Bio-Rad,
Hercules, CA, USA). The RNA amount and purity were quan-
tified by a NanoDrop 2000C spectrophotometer (Thermo
Fisher Scientific). Then, 1 μg of RNA was reverse tran-
scribed to clonal DNA (cDNA; Bio-Rad). cDNA samples were
analyzed for porcine myocilin and previously established
TM reference genes (GAPDH, GUSB, and TBP) (Supple-
mentary Table S1).66 cDNA amplification was quantified in
real time throughout the PCR cycle (StepOnePlus Real-Time
PCR System; Thermo Fisher Scientific) with SYBR Green
reagent (Bio-Rad). The resulting cyclic threshold values were
normalized to the geometric mean of reference genes and
further normalized against untreated pTM samples using the
2−��CT methodology.33 We observed significant increases in
myocilin message levels after DEX treatment in all pTM cell
lines tested, confirming the TM phenotype (Supplementary
Fig. S1).

Exposure of Cells to Hydrogen Peroxide In Vitro

Porcine TM cells were plated at 10,000 cells/cm2 in TM cell
media and allowed to deposit extracellular matrix and prolif-
erate for at least 48 hours. To assess viability, pTM cells
were plated in 24-well plates, and six-well plates were used
for functional experiments. Cell media was aspirated, and
cells were washed once with PBS. Commercially available
hydrogen peroxide (H2O2) obtained fresh from a local phar-
macy (3% w/v) was 0.22-μm sterile filtered and prepared at
specified concentrations in serum-free DMEM supplemented
with 2-mM L-glutamine and 1× penicillin, streptomycin, and
amphotericin (organ culture media). Cells were incubated
at 37°C in organ culture media for 1 hour. H2O2-containing
media was then removed, and cells were washed once with
PBS. pTM cells were assessed immediately when indicated,
or fresh organ culture media was added for further cell
culture.

Cellular Viability Assessment. In vitro cellular viabil-
ity was assessed as previously described.30 Briefly, cells
were incubated for 5 minutes in propidium iodide (Thermo
Fisher Scientific) to stain dead, adherent cells. Cells were
then detached with 0.05% Trypsin-EDTA (w/v), and TM
cell media was added after 5 minutes to neutralize trypsin
activity. Cell suspensions were collected and loaded onto
non-adherent 96-well plates (Corning). Cell samples were
analyzed using flow cytometry (Attune NxT; Thermo Fisher
Scientific). Living cell counts were compared to control,
untreated cell counts to determine viability after H2O2
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treatment. Viability was assessed immediately and 24 hours
and 48 hours following H2O2 treatment as indicated.

Metabolic Activity Assessment. pTM cells were seeded
24 hours after H2O2 treatment at 10,000 cells/cm2 in 96-well
plates in Hanks’ balanced salt solution (HBSS) supplemented
with 5% FBS and 2-mM L-glutamine. To determine the
effect of H2O2 on metabolic activity, alamarBlue (resazurin;
Bio-Rad) in fresh media (10% v/v) was added to each
cell sample.34 The increase in alamarBlue fluorescence was
detected by using a plate reader (Cytation 3, Bio-Tek Instru-
ments, Winooski, VT, USA) incubated at 37°C in a 5% CO2

atmosphere, with readings (excitation, 545-nm wavelength;
emission, 590-nm wavelength) taken every 10 minutes for
at least 2 hours. Fluorescence was plotted versus time for
each cell sample, and the slope of the linear region was
found. Slopes were compared between treated and untreated
cell samples to determine the effects of H2O2 on metabolic
activity.

Phagocytic Activity Assessment. TM cells are known to
be actively phagocytic,10,11 and their activity has been quan-
tified previously using Invitrogen pHrodo Red E. coli BioPar-
ticles (Thermo Fisher Scientific).32,35 Twenty-four hours after
H2O2 treatment, cells were seeded at 50,000 cells/cm2 onto
96-well plates in HBSS supplemented with 5% FBS and
2-mM L-glutamine. Cells were allowed to attach overnight
before assessing phagocytosis. pHrodo particles (2 million
cells/vial) were reconstituted in HBSS media, sonicated
for 5 minutes, and added to pTM cells. Control, non-
phagocytically challenged samples remained in HBSS media
throughout. pTM cells were exposed to pHrodo particles for
4 hours, after which cells were detached with 0.05% (w/v)
Trypsin-EDTA for 5 minutes. Cells in solution were trans-
ferred to 96-well plates and passed through an Attune NxT
flow cytometer at an uptake flow rate of 100 μL/min. Non-
phagocytically challenged control median fluorescent inten-
sity (MFI) values were subtracted from MFI values measured
in phagocytically challenged samples. Ratios of MFI values
in H2O2-treated cells to MFI values in control, untreated cells
were calculated to determine the effect of H2O2 on phago-
cytic activity.

Gel Contractility Assessment. Cell contractility was
determined using a previously developed collagen gel
contraction assay, as trabecular meshwork cells are contrac-
tile.32,36 Briefly, 24 hours after H2O2 treatment, cells were
resuspended in serum-free DMEM at 9 × 105 cells/mL. Colla-
gen type I (3 mg/mL, 1% [v/v] acetic acid, calf skin; MP
Biomedical, Santa Ana, CA, USA) was added to cells at a 1:2
volume ratio (collagen:cells), and a pre-titrated volume of
0.1-M sodium hydroxide was immediately added to neutral-
ize the acidity. Collagen gels (1 mg/mL, 6 × 105 cells/mL
final concentration) were cast in 48-well plates at 240 μL gel
solution per well. Collagen gels were allowed to solidify for
20 minutes, then 240 μL of serum-free media was added
to each well. Collagen gels were allowed to stabilize for
24 hours, at which point gels were released from the walls of
the 48-well plates using a pipette tip. Gels were incubated for
a further 24 hours to allow time for the gels to reach a steady-
state gel area. Images of each gel were taken immediately
following release from the walls and at 24 hours (ChemiDoc
MP; Bio-Rad). Using ImageJ (National Institutes of Health,
Bethesda, MD, USA), gel area was quantified immediately
after release and 24 hours later to determine the extent of gel
contraction. Percent gel contraction was compared between
H2O2-treated and control (untreated) cell samples to deter-
mine the effects of H2O2 on gel contractility.

Porcine Anterior Segment Organ Culture

Dissected anterior segments, prepared as described above,
were mounted in custom-built organ culture dishes (Supple-
mentary Fig. S2). Organ cultured anterior segments were
maintained in a sterile 37°C humidified incubator and
perfused at 2.5 μL/min with organ culture media; pressure
was measured every 60 seconds with a pressure transducer
(142pc01g; Honeywell, Morris Plains, NJ, USA) and recorded
in LabVIEW 2014 SP1 (National Instruments, Austin, TX,
USA). Before H2O2 or other agents were added, the eyes
were allowed to stabilize for at least 48 hours after initial
setup. Eyes that did not demonstrate a stable outflow facility
(a ratio between perfusion flow rate and IOP) between 0.45
and 0.125 μL/min/mm Hg (pressures of ∼6–20 mm Hg IOP)
were considered damaged and were not used for subsequent
experiments.

Hydrogen Peroxide Treatment in Organ Culture

After IOP stabilization, 4.5-mM H2O2 in organ culture media
was perfused into eyes for 1 hour. To rapidly expose the
anterior segments to H2O2, an exchange was conducted as
follows. Anterior segments were open to hydrostatic reser-
voirs to maintain constant pressure (6–12 mm Hg) and
provide a fluid outlet, and the perfusion flow rate was
increased to 2.5 mL/min until approximately 7 to 10 mL of
4.5-mM H2O2 had been infused. This exchange protocol had
the advantage of filling the entire anterior segment and thus
offering the most uniform possible exposure of the entire
TM to H2O2, although we expect that high-flow regions of
the TM still received more H2O2 than low-flow regions. After
the exchange had been completed, anterior segments were
returned to the normal perfusion flow rate of 2.5 μL/min
for 1 hour, and the valve connecting the culture dish to
the hydrostatic reservoirs was closed, during which time the
perfusate consisted of media with added 4.5-mM H2O2 . At
the conclusion of this 1-hour period, anterior segments were
again exchanged with an additional 7 to 10 mL of organ
culture media at 2.5 mL/min to flush H2O2-containing media
from the anterior segment. Finally, anterior segments were
perfused for an additional 24 hours at 2.5 μL/min to allow
IOP stabilization following treatment with H2O2. For control
anterior segments, the same protocol was followed except
that no H2O2 was added to the organ culture media.

Organ Culture Characterization

IOP Homeostasis Challenge. After a 24-hour IOP stabi-
lization period following H2O2 treatment, the organ-culture
perfusion flow rate was increased to 5μL/min to create a 2×
flow challenge. The 2× flow was continued until IOP had
stabilized for 24 hours, after which eyes were removed from
culture. This stabilization occurred at different times during
the 2× flow challenge (between 24 hours and 72 hours
after starting the challenge), so that eyes were removed
from culture at different time points. A similar 2× pressure
challenge has been shown to result in higher facilities in
normal human anterior segments, presumably due to the
TM adapting so as to restore a homeostatic pressure level.
This adaptive response was absent or blunted in glaucoma-
tous anterior segments,23 and thus the pressure challenge
response has been interpreted as a measure of TM function.
Our 2× flow challenge follows a similar approach and is
easier to implement in a pump-based system, such as was
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FIGURE 1. Schematic of 2× flow challenge paradigm. After IOP stabilized following H2O2 or media treatment for treated and control eyes,
respectively (“Baseline IOP”), the inlet flow rate doubled (2× flow challenge). In control eyes, we expect the TM to adapt, so that IOP
recovers to baseline IOP levels. In treated eyes, we expect TM function to be impaired so IOP does not return to baseline values.

used in this work. When organ-cultured anterior segments
are challenged in this way, we expect that pressure will spike
and eventually reduce to baseline values in control anterior
segments with functional TMs. On the other hand, we expect
that H2O2-treated anterior segments will not adapt, so that
IOP will remain elevated (diagrammed in Fig. 1).

Gelatin Zymography.During organ culture experiments,
1 mL of media that had passed through the outflow tract was
collected by aspiration from the organ culture dish daily
(conditioned outflow media). The remaining media in the
organ culture dish was discarded daily. Media was collected
before H2O2 treatment and throughout the 2× flow chal-
lenge and was stored at –80°C prior to use. Media was
assessed for gelatinase activity (matrix metalloproteinase 2
[MMP2] and MMP9) by gelatin zymography as previously
described.37,38 Briefly, 4× non-reducing sample dye (250-
mM Tris-HCl, pH 6.8; 40% [v/v] glycerol; 8% [w/v] SDS;
and 0.01% [w/v] bromophenol blue) was added to media
samples, and 5 μL of each sample were loaded onto 10%
SDS-polyacrylamide gels with 0.2% (w/v) gelatin. SDS-PAGE
was run at 125 V for approximately 90 minutes at room
temperature in running buffer (25-mM Tris, 192-mM glycine,
0.1% [w/v] SDS, pH 8.3; BioRad). Next, gels were placed in
2.5% (v/v) Triton X-100 to renature enzymes for 30 minutes,
then incubated overnight in 50-mM Tris-HCl, 150-mM NaCl,
and 10-mM CaCl2, pH 7.8 (37°C) to allow sufficient time
for gelatinolytic activity to occur. Finally, gels were incu-
bated with Coomassie stain (0.05% [w/v] Coomassie Brilliant
Blue G-250, 25% [v/v] methanol, 10% [v/v] acetic acid) for
1 hour and subsequent destaining solution (4% [v/v]
methanol, 8% [v/v] acetic acid) until gelatinolytic activity
bands were visible. Gels were imaged (ChemiDoc MP), and
total gelatinase activity was quantified using ImageQuant TL
8.1 (GE Healthcare Life Sciences, Chicago, IL, USA). We note
that this methodology quantified gelatinolytic activity of the
entire anterior segment (not just the TM), as other anterior
tissues, such as the cornea, could contribute to gelatinases
found in the outflow media.

Live/Dead Assessment in Organ Culture. After a
24-hour IOP stabilization period following H2O2 treatment,
anterior segments were live/dead stained to determine cellu-
lar viability. Anterior segments were removed from organ
culture, washed once with PBS, and incubated with 2-μM
calcein-AM and 4-μM ethidium homodimer-1 for 30 minutes.
Live/dead stained tissue was imaged en face by confocal
microscopy (LSM 700; Carl Zeiss Microscopy, White Plains,
NY, USA). Micrographs were captured as tile scans of z-
stacks (to account for TM depth and height differences in the
tissue) at 50× magnification. Maximum intensity projections
were created from z-stacks for subsequent image quantifi-
cation. Eyes were then fixed overnight using 10% buffered-
formalin at 4°C.

Brightfield overlays were also captured to identify the
corneal margin, from which we determined the approximate
location of the TM. Specifically, a 1-mm-wide band around
the corneal margin was taken to include the TM. Next, a
polar coordinate system (r, θ) with origin at the corneal
center was superimposed on the images using MATLAB
(MathWorks, Natick, MA, USA), for additional analysis of
segmental changes to the TM. Total fluorescent intensity for
calcein-AM (live) was calculated at 1° increments around
the entire TM circumference (0°–360°). Unfortunately, we
did not record the absolute (anatomical) orientation of the
eye, so that the θ = 0 reference was relative to the image
taken rather than to anatomical orientation. To determine
overall viability, we determined the magnitude of the fluo-
rescent signal due to autofluorescence by examining all
images and then set a threshold based on this magnitude.
Any TM regions exceeding this threshold were considered
to be viable, and we quantified the circumferential extent of
such regions. We also tested the sensitivity of our results to
the threshold value and found that it could be adjusted up
or down by up to 50% with little difference. Finally, coeffi-
cients of variation for live cell signal intensity around the TM
were computed as a measure of segmental effects/variability
within the TM.
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FIGURE 2. Effects of H2O2 treatment on pTM cells in vitro. (A) Effect of H2O2 concentration on pTM cell viability immediately after 1-hour
exposure for two pTM cell lines (n = 4 technical replicates for each pTM cell line). P values are the area associated with the null hypothesis
that the slope of the regressed line was zero (i.e., that cell viability did not depend on H2O2 concentration). (B) Extended effects of 2-mM
H2O2 treatment for 1 hour on pTM cell viability for two pTM cell lines (n = 4 technical replicates for each pTM cell line). (C) Summary of
effects of 1-hour, 2-mM H2O2 treatment on three pTM cell lines (n = 16 for pTM A and pTM C and n = 8 for pTM B technical replicates).
Significant differences between each cell line were determined by ANOVA with post hoc Tukey’s test; *P < 0.05, **P < 0.01. Error bars denote
standard deviations throughout. All viability values were normalized to control conditions (no H2O2).

Histological Processing. Porcine tissue was processed
for histology as previously described.30 Briefly, anterior
segment quadrants of fixed porcine eyes were cut into 3-
mm-wide meridional wedges and dissected to isolate the
outflow region. The tissue was dehydrated in an ethanol
series, infiltrated, and embedded in Histocryl resin (Electron
Microscopy Sciences, Hatfield, PA, USA). Sagittal sections
2 μm thick were cut on a Leica UC7 Ultramicrotome
(Leica Microsystems, Buffalo Grove NY, USA) and exam-
ined with a Leica DM6 epifluorescent microscope. The
sections were then stained with a polychromatic stain39

composed of basic fuchsin and azure B (Electron Microscopy
Sciences), mounted in Prolong Gold (Thermo Fisher Scien-
tific) and examined to evaluate cell morphology and tissue
structure.

Analysis of H2O2-treated and untreated (control) tissue
sections was performed in a masked manner. TM was eval-
uated across multiple quadrants for at least four control
and untreated eyes to account for the segmental variabil-
ity of porcine TM anatomy and potential segmental variabil-
ity of H2O2 effects. Images were taken at both low (10×)
and high (63×) magnifications for each sample and eval-
uated by two examiners familiar with TM histology (CRE,
ATR). Each section was scored as control or H2O2-treated,
focusing on the following features: variability and amount
of pigment in the TM, number of nuclei and their distribu-
tion, appearance of nuclei (swollen vs. normal), and over-
all integrity of TM microstructure. After assessment of all
sections, the examiners were unmasked, and agreement
between examiner scores and the actual treatment status was
computed.

Statistics

For in vitro experiments, at least three technical replicates
for each of two pTM cell lines were assessed for each
experiment setup. For ex vivo organ culture experiments, at
least six eyes were assessed for every experimental condi-
tion. All statistical analyses were performed using Prism
8.1.1 (GraphPad, La Jolla, CA, USA). To assess differences
between the two groups (control vs. H2O2-treated), paired or
unpaired Student’s t-tests were used when parametric statis-
tical testing was applicable (i.e., uniform distribution and
equal variance between groups). Normal distribution was
assessed using the Shapiro–Wilk test, which tested the null
hypothesis that a sample came from a normally distributed
population; the null hypothesis was rejected if P < 0.05.
The Brown–Forsythe test was used for assessing equal vari-
ances, with P < 0.05 indicating variances that were signifi-
cantly different. When parametric statistical analysis was not
suitable, the Mann–Whitney test was used, as indicated. For
multiple comparisons, P values were corrected using the
Holm–Šídák test. The significance threshold was taken as
P = 0.05 for all analyses.

RESULTS

Effect of H2O2 on pTM Cell Viability In Vitro

Isolated pTM cells were treated with different concentra-
tions of H2O2 for 1 hour, and cell viability was measured
by flow cytometry. Viability and H2O2 concentration were
linearly correlated over a wide range (Fig. 2A). Interest-
ingly, cell viability continued to decrease beyond the initial
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FIGURE 3. Effect of H2O2 on pTM cell function. pTM cells were treated with 2-mM H2O2 for 1 hour. After 24 hours, pTM cells were tested
for (A) metabolic activity (n = 6 technical replicates for each pTM cell line), (B) phagocytic activity (n = 3 technical replicates for each pTM
cell line), and (C) collagen gel contractility (n = 5 technical replicates for each pTM cell line). Black dashed lines denote untreated control
results, and error bars denote standard deviations. Significant differences (denoted by asterisks, P < 0.05) between H2O2-treated cells and
untreated controls were determined by Mann–Whitney test (3A) or paired Student’s t-test (3B,C).

1-hour treatment with H2O2 until stabilizing approximately
24 hours after H2O2 exposure (Fig. 2B). Further, cellular
viability was generally similar in three pTM cell lines follow-
ing 1-hour treatment with 2-mM H2O2 and 24-hour incuba-
tion in organ culture media to account for extended H2O2-
induced death (Fig. 2C). However, quantitative differences
in H2O2 response were significant between the pTM A and
pTM B cell lines and between the pTM A and pTM C lines,
highlighting the biological variability anticipated in subse-
quent organ culture experiments. We conclude that H2O2

treatment of pTM cells is capable of producing titrated cell
loss in culture.

Functional Assessment of H2O2-Treated pTM Cells

To assess the effects of H2O2 treatment on pTM cell func-
tion, cells were treated with 2-mM H2O2 for 1 hour and
allowed to equilibrate for 24 hours. alamarBlue staining indi-
cated a significant decrease in metabolic activity following
treatment (Fig. 3A). Phagocytic activity after incubation with
pHrodo particles was reduced in two of the three pTM cell
lines tested following H2O2 treatment and was unaltered in
the third pTM cell line (Fig. 3B). When all samples were
pooled, the effect of H2O2 on phagocytosis was not signif-
icant when compared to untreated cells. H2O2-treated cells
showed slight increases in contractility, as assayed by a gel
contraction assay, but overall these differences were not
statistically significant. (Fig. 3C). We conclude that, although
metabolic activity was significantly reduced, the phagocytic
and contractile properties of the surviving pTM cells were
only slightly altered following H2O2 treatment.

IOP Homeostasis After H2O2 Treatment

After characterizing H2O2 treatment effects in vitro, exper-
iments were translated to porcine organ-cultured anterior

segments. Different H2O2 concentrations were perfused into
porcine anterior segments for 1 hour, followed by a stabiliza-
tion period in which IOP returned to pre-treatment levels
for both H2O2-treated and untreated experiments. Differ-
ences between baseline IOP values for control and H2O2-
treated eyes were not significant (Supplementary Table S2).
The perfusion flow rate was then doubled to evaluate the
ability of the TM to respond to this 2× flow challenge,
as described in the Methods section. We observed that 2-
to 4-mM H2O2 did not lead to significant TM dysfunction;
that is, elevated IOP eventually returned close to baseline
levels following the 2× flow challenge (data not shown).
However, 4.5-mM H2O2 resulted in sustained IOP elevation
for at least 3 days following the 2× flow challenge, indi-
cating a loss of TM homeostatic response (Fig. 4). This was
further verified by gelatin zymography of effluent collected
before and during the 2× flow challenge. Gelatinase activ-
ity for control eyes (no H2O2 exposure) was not significantly
different after H2O2 treatment and before 2× flow. However,
gelatinase activities in control eyes exhibited significantly
more gelatinase activity compared to H2O2-treated eyes (Fig.
5) during the 2× flow challenge, indicating reduced extra-
cellular matrix remodeling capacity in H2O2-treated eyes.
Interesting, although total gelatinolytic activity was quanti-
fied and compared, activity was predominantly due to MMP2
(∼72 kDa) and not MMP9 (∼92 kDa) (Fig. 5A). We conclude
that 4.5-mM H2O2 is capable of disrupting IOP homeostasis
in the porcine TM.

Live/Dead Assessment of Porcine TM After H2O2

Treatment

Cellular viability was assessed in the porcine TM
24 hours after H2O2 treatment by using calcein-AM and
ethidium homodimer-1 staining. Reduced live cell signal and
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FIGURE 4. The 2× perfusion flow challenge after H2O2 treatment. (A) Average IOP traces for H2O2-treated and control eyes. IOP traces
are shown throughout the 2× perfusion flow challenge until IOP steady-state was reached. IOP was normalized to an eye-specific baseline
IOP measured after treatment with 4.5-mM H2O2 (experimental eyes) or media (control eyes); shaded region denotes standard error. The
n values indicate the number of eyes that were averaged, accounting for different termination times for the experiments. (B) Normalized
steady-state (∼48 hours after H2O2 treatment) IOP after 2× flow challenge in H2O2-treated and control eyes (n = 9 eyes for each). Statistical
significance between H2O2-treated and untreated eyes was determined by unpaired Student’s t-test.

FIGURE 5. Gelatinase levels in effluent collected from perfused
anterior segments. (A) Representative zymogram for effluent from
control and H2O2-treated anterior segments. Bands are concentrated
in the 50- to 75-kDa molecular weights, indicative of MMP2 (and not
MMP9) activity. (B) Total gelatinolytic activity is shown relative to
pretreatment activity (n > 7 biological replicates for each). For each
time point, 5 μL of sample was run; after quantifying band inten-
sity, 2× flow results were doubled to account for the increased flow
rate. Individual data points are shown, and horizontal bars denote
means. Statistical significance between H2O2-treated and untreated
eyes (P < 0.05) was determined by unpaired Student’s t-test.

increased dead cell signal were observed in the TM region of
H2O2-treated eyes compared to control, untreated eyes (Figs.
6A, 6B). A polar coordinate system was superimposed on
images and average live cell signal intensity was quantified
versus angular position (θ) in 1° increments for each ante-
rior segment. There was a statistically significant reduction

of 63% ± 25% (mean ± SD) in circumferentially averaged live
cell signal intensity due to H2O2 treatment versus controls
(P < 0.03; n = 9) (Fig. 7C). It can be seen that cell viability in
the porcine organ culture system was segmentally variable
even in control eyes (Fig. 6A), an effect that appeared to be
enhanced by H2O2 treatment (Fig. 6B), with some regions
showing essentially no live cells and others showing mini-
mal dead cell staining. This is likely related to the known
segmental nature of outflow through the TM.40,41 We quan-
tified this effect by determining the percentage of the TM
circumference showing live cell signal above a threshold
value. The percentage of such regions (viable TM) was 28%
± 23% lower in H2O2-treated anterior segments compared
to 59% ± 27% for control, untreated eyes (P < 0.04; n = 9)
(Fig. 6D). To further quantify the segmental changes in the
TM after H2O2 exposure, we calculated a coefficient of vari-
ation for live cell signal around the TM circumference for
each anterior segment, with higher values indicating more
pronounced segmental variation. There was a significantly
greater coefficient of variation in H2O2-treated eyes (1.75 ±
0.87) versus untreated tissue (1.0 ± 0.36; P < 0.02; n = 9)
(Fig. 6E). We conclude that H2O2 treatment reduces TM cell
viability and increases segmental variability.

Structural and Histological Assessment of
H2O2-Treated Eyes

Following H2O2 treatment, corneal swelling was qualita-
tively monitored in organ culture as evidenced by reduced
corneal transparency. Corneal swelling indicates damage to
the corneal endothelium and results in cytokine and MMP
secretion that may confound stem cell therapy results.42–45

One day after H2O2 treatment, reduced transparency was not
observed. For the 2× flow experiments where H2O2 eyes
were maintained for 3 to 4 days after treatment, corneal
swelling was infrequent, similar to that seen in untreated
eyes.

We also assessed sagittal sections from fixed porcine eyes
after live/dead imaging to determine whether H2O2 treat-
ment altered TM morphology. Tissue was stained with poly-
chromatic stain to identify cell nuclei and better visualize TM
extracellular matrix. Overall, TM microarchitecture was not
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FIGURE 6. Live/dead staining in the TM REGION of H2O2-treated porcine anterior segments. Representative en face images for the entire TM
region of (A) control and (B) H2O2-treated porcine anterior segments are shown. Calcein-AM (green) and ethidium homodimer (purple) label
live and dead cells, respectively. Scale bars: 2 mm. Only signal from the selected TM region (1-mm band around the corneal margin, shown as
dashed region) was included in the analysis. (C) Circumferentially averaged live cell fluorescent signal intensity in the TM, normalized by the
mean signal in untreated controls. We used a polar coordinate system centered on the central cornea and quantified signal intensity versus
circumferential position, followed by circumferential averaging and normalization to obtain the plotted quantity (n = 9 anterior segments
for each of control and H2O2-treated eyes). (D) There were fewer circumferential regions with viable TM in the H2O2-treated eyes versus
controls. The plotted quantity is the percentage of the TM circumference showing cell viability, defined as having live staining intensity
higher than a threshold, as described in the text. (E) The circumferential variation in cell viability was greater in H2O2-treated eyes. The
plotted quantity is the coefficient of variation for live cell signal around the TM circumference (measurements at 1° increments), normalized
to the mean coefficient of variation in control eyes. In C, D, and E, error bars denote standard deviations; significant differences (P < 0.05)
between H2O2-treated and untreated eyes were determined by unpaired Student’s t-test.

found to be disrupted by H2O2 when compared to untreated
eyes (Fig. 7). The numbers of cell nuclei in the TM were
generally similar between H2O2-treated and untreated eyes,
with some sections from H2O2-treated tissue showing low
cell counts and other sections not (Fig. 7). In masked scoring,
we could not consistently identify which images were taken
from H2O2-treated eyes (44% identified correctly) versus
from control eyes (69% identified correctly). These results
were surprising but are likely due to the highly segmental
effects observed in H2O2-treated eyes as noted above (Fig.
6) and the infrequent sampling inherent in sagittal histologic
sections.

DISCUSSION

This work demonstrates that it is possible to create a
pathophysiologically accurate model of TM dysfunction
in commonly available porcine anterior segments. Such a
model is expected to be useful for several reasons. First,
reduced TM cellularity in glaucoma is believed to cause
tissue dysfunction, including increased outflow resistance
leading to OHT.46,47 As a result, this model offers a plat-
form to test therapies to restore the cellularity and/or func-
tionality of the TM. In this context, use of porcine anterior

segments is attractive because they offer a more manageable
TM size compared to rodents, and findings in this model are
likely to be highly translatable to human eyes when eye-size-
dependent physical factors are considered (e.g., efficiency of
stem cell delivery).

We used H2O2 treatment, an acute model of oxidative
stress, to induce TM dysfunction in porcine anterior segment
organ culture. Oxidative stress is believed to contribute to
the pathogenesis of POAG and lead to DNA, mitochondrial,
and extracellular matrix damage in the TM.48–53 Interestingly,
the TM has been found to be more susceptible to oxida-
tive damage than other anterior ocular tissues, such as the
cornea.54

Key features of this model include reduced TM cellularity,
increased heterogeneity of TM cellularity, and a loss of IOP
homeostasis after a flow challenge. Consistent with this loss
of homeostasis, we observed reduced gelatinase (predom-
inately MMP2) activity in H2O2-treated anterior segments.
TM cells have been previously shown to upregulate secre-
tion of MMP2, MMP3, and MMP14 after IOP elevation, all
of which are involved in extracellular matrix remodeling.13

Reduction of MMP2 activity, as observed by gelatin zymog-
raphy in media effluent, suggests reduced tissue remodeling
after elevated IOP in H2O2 eyes. The reduction in gelatinase
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FIGURE 7. Histological assessment of TM after H2O2 treatment.
Representative polychromatic stained sagittal sections of the TM
region for (rows 1 and 3) H2O2-treated organ-culture porcine
anterior segments and (rows 2 and 4) untreated control anterior
segments. The upper two rows are sections that were correctly iden-
tified as either control or H2O2-treated in masked scoring, and the
lower two rows show incorrectly identified images. Lower magnifi-
cation brightfield micrographs are labeled with relevant anatomical
features for orientation (posterior margin of Descemet’s membrane).
Approximate zoomed regions are shown as red boxes in lower
magnification micrographs, corresponding to the higher magnifica-
tion images. *Angular aqueous plexus, an analog of Schlemm’s canal
in porcine eyes; PDM, posterior margin of Descemet’s membrane;
S, sclera.

activity was not in response to H2O2 treatment, as media
effluent collected before and after H2O2 treatments showed
similar gelatinase activity. However, it is worth reiterating
that media effluent activity reflects the anterior segment as
a whole and not exclusively the TM. MMP release from the
cornea, for example, is a confounding factor in these results
that cannot be excluded.

Organ-cultured porcine anterior segments had a signifi-
cant reduction in cellularity after 4.5-mM H2O2 treatment, as
determined by live/dead staining, with cell viability reduced
to 63% ± 25% of that seen in controls. This seems to
be somewhat more severe than the situation in human
glaucomatous tissue, where approximately 30% fewer cells

are found in the TM of POAG donors compared to simi-
larly aged healthy eyes.5,8 However, the porcine anterior
segments are presumably from young adult pigs, and TM
cells are lost continuously with age. Considering a reduc-
tion in TM cellularity associated with aging from 0 to 80
years of approximately 60%,55 we estimate that there are
approximately 70% to 80% fewer TM cells in aged glau-
comatous human eyes compared to young, healthy human
tissue, a greater reduction than the result from this study.
Interestingly, loss of IOP homeostasis was utilized as our
endpoint to determine the optimal H2O2 concentration,
which perhaps not coincidentally resulted in a TM cellularity
reduction similar to that seen in human glaucoma in aged
eyes.

Interestingly, reduced TM cell viability was seen to be
highly heterogeneous (segmental) around the TM circum-
ference, as quantified by the fraction of viable regions
around the TM (28% after H2O2 exposure vs. 59% in control,
untreated eyes) and the coefficient of variation of viable cell
staining around the TM circumference. It is important to note
that even control eyes showed appreciable segmental vari-
ation, an effect that was amplified by H2O2. We speculate
that damage is more severe in regions of high flow during
the 1-hour H2O2 exposure in organ culture. These findings
were consistent with observations from histological analysis,
in which both control and H2O2-treated TMs were found to
have regions of reduced cellularity. In fact, masked histolog-
ical scoring could not detect a consistent difference in cellu-
larity between H2O2-treated and control tissue, likely due
to the significant undersampling associated with studying
sagittal sections at discrete circumferential locations. Further
experiments are needed to understand this aspect of the
response to H2O2. For example, studies incorporating a fluo-
rescent tracker to track high outflow regions along with
H2O2 treatment could determine whether there is a corre-
lation between high flow and reduced viability.41 Second,
a more rigorous serial sectioning process of the entire TM
would be necessary to fully track reduced cellularity follow-
ing H2O2 treatment. Third, immunohistochemical analysis
could be used to track key proteins associated with the TM
to better identify and track changes occurring in the tissue
as a result of the H2O2 treatment. These findings also high-
light a general limitation of the organ culture approach—
namely, the segmental loss of cells in control eyes.56

Even though eyes were obtained fresh and were dissected
by an experienced investigator, such segmental variation
appears unavoidable and future studies should consider this
effect.

Importantly, our acute oxidative stress model resulted in
minimal unwanted side effects on tissue morphology and
the function of the remaining TM cells. For example, histol-
ogy revealed normal-appearing TM after H2O2 treatment at
both gross and microscopic levels, suggesting tissue integrity
was maintained, essential for assessing stem cell therapies.
Further, phagocytic and contractile functions of the remain-
ing TM cells were only slightly altered after H2O2 treat-
ment; however, phagocytosis was inconsistent across the
three cell lines tested in vitro, with one cell line showing
a significant reduction in phagocytic function. Phagocyto-
sis has been shown to be minimally impacted in POAG
eyes maintained in anterior segment culture,57 whereas other
studies using dexamethasone to create ocular hypertension
have found a significant reduction in phagocytic function.58

Conversely, we did find metabolic activity to be signifi-
cantly reduced in cultured TM cells after H2O2 treatment.
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Oxidative stress is known to decrease metabolic activity in
other cell types, so this result was expected.59–62 Further,
reduced metabolic activity has been observed in different
cell types derived from old donors as compared to cells from
young donors.63,64 Because POAG is associated with aging,65

this effect on metabolic activity may mimic the reduced activ-
ity likely present in glaucomatous TM cells.

There are several limitations to this model. H2O2-induced
damage of the TM was non-specific and, as a result, other
anterior chamber tissues exhibited reduced cellularity. This
might lead to confounding factors when testing cell ther-
apies. The non-specificity of H2O2 effects also means this
approach is likely not suitable for in vivo applications.
Finally, the effects of H2O2 were observed to be segmental,
likely due to known flow heterogeneity through the TM,40,41

which may or may not mimic the cell loss situation in glau-
coma. Nonetheless, this model shows utility as a pre-clinical
platform for testing TM-based therapies in cultured porcine
anterior segments.
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