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Abstract
Glaucoma is a multifactorial optic neuropathy characterized by retinal ganglion cell (RGC) death and axonal degeneration
leading to irreversible blindness. Mutations in the MYOCILIN (MYOC) gene are the most common genetic factors of primary
open-angle glaucoma. To develop a genetic mouse model induced by the synergistic interaction of mutated myocilin and
another significant risk factor, oxidative stress, we produced double-mutant mice (Tg-MYOCY437H/+/Sod2+/−) bearing human
MYOC with a Y437H point mutation and a heterozygous deletion of the gene for the primary antioxidant enzyme, superoxide
dismutase 2 (SOD2). Sod2 is broadly expressed in most tissues including the trabecular meshwork (TM) and heterozygous Sod2
knockout mice exhibit the reduced SOD2 activity and oxidative stress in all studied tissues. Accumulation of Y437H myocilin
in the TM induced endoplasmic reticulum stress and led to a 45% loss of smooth muscle alpha-actin positive cells in
the eye drainage structure of 10- to 12-month-old Tg-MYOCY437H/+/Sod2+/− mice as compared with wild-type littermates.
Tg-MYOCY437H/+/Sod2+/− mice had higher intraocular pressure, lost about 37% of RGCs in the peripheral retina, and exhibited
axonal degeneration in the retina and optic nerve as compared with their wild-type littermates. Single-mutant littermates
containing MYOCY437H/+ or Sod2+/− exhibited no significant pathological changes until 12 months of age. Additionally, we
observed elevated expression of endothelial leukocyte adhesion molecule-1, a human glaucoma marker, in the TM of
Tg-MYOCY437H/+/Sod2+/− mice. This is the first reported animal glaucoma model that combines expression of a glaucoma-
causing mutant gene and an additional mutation mimicking a deleterious environment factor that acts synergistically.

Introduction
Glaucoma is a progressive optic neuropathy characterized by ret-
inal ganglion cell (RGC) death, degeneration of axons in the optic
nerve, and specific deformation of the optic nerve head (ONH)
known as glaucomatous cupping (1). Primary open-angle glau-
coma (POAG) is the most common form of glaucoma, with ele-
vated intraocular pressure (IOP) being one of the main risk
factors (2). Globally, more than 70 million people suffer from
glaucoma, rendering it the second leading cause of blindness in
the world. Since glaucoma prevalence increases with age, the

number of glaucoma patients is expected to increase as the
human life span continues to lengthen (1,3). Despite the high
prevalence and severity of glaucoma, the biological basis of glau-
coma is poorly understood and the factors contributing to its pro-
gression have not yet been fully elucidated.

The contribution of genetic variations to the development of
POAG has been proven and disease-associated genes identified
(4,5). Among them, the first identified and most commonly stud-
ied gene isMYOCILIN (MYOC), which encodes a glycoprotein con-
sisting of 504 amino acids in humans. Mutations in MYOC are
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responsible for approximately 3–5% of adult-onset POAG and
10–30% of juvenile-onset open-angle glaucoma (5–7). So far,
more than 70 different glaucoma-associated mutations have
been identified in MYOC, and the majority of these mutations
are within the third exon of the gene encoding the olfactomedin
domain at the carboxyl terminus of the protein (8,9). Disease-
causing mutant myocilins are non-secreted (10), relatively insol-
uble (11), form intracellular aggregates containing amyloid fibrils
(12), and are accumulated in ER as aggregates leading to ER stress,
which ultimatelymay lead to cell death (13–17). Myocilin is abun-
dantly expressed in the trabecularmeshwork (TM), one of the key
components of the eye’s aqueous humor outflow system (18,19).
This suggests that accumulation of mutated myocilin in TM
could lead to ER stress, and ultimately may result in the loss of
cells within the TM, structural changes in the outflow pathway,
and elevated IOP (16,17). Several transgenic mouse lines expres-
sing mutated mouse or human myocilin in the TM have been
generated to produce amouse glaucomamodel, allowing a better
understanding of the in vivo pathogenic mechanisms induced by
mutated myocilin (20–23). We have generated transgenic mice
using a bacterial artificial chromosome containing the full-length
human MYOC gene with the Y437H point mutation. These mice
produced physiological levels ofmutated Y437Hhumanmyocilin
in the iridocorneal angle tissues (20). The expressedmutantmyo-
cilin accumulated in the TM and led to up-regulation of ER stress
markers and down-regulation of paraoxonase 2 and glutathione
peroxidase 3 in the eye angle tissues of aged (16-month-old)
transgenic mice that help to defend against oxidative stress
(16). However,moderate IOPelevation and loss of RGCs in the per-
ipheral retina were detected only in aged (16- to 18-month-old)
mice. Expression of the same human Y437H mutant myocilin
at much higher level in the TM of transgenic mice using the
CMV promoter led to more dramatic elevation of IOP and RGC
loss that could be detected even in 3- to 5-month-old mice (23).

Available data suggest that interactions between genetic and
environmental factors confer the complex disease phenotypes of
POAG (24–27). This implies that individuals carrying POAG-asso-
ciated genetic variants of certain genes may be more susceptible
to the development of the disease when they are exposed to par-
ticular environmental factors. Environmental factors and un-
healthy lifestyles—like atmospheric pollutants, cigarette smoke,
ultraviolet rays, radiation, and toxic chemicals—can create an
imbalance between pro-oxidants and antioxidants, leading to oxi-
dative stress (28). Oxidative and ER stress are intimately intercon-
nected (29). It has been shown that expression of mutated
myocilin in primary TM cultures impairs mitochondrial functions
(30), while expression of mutated myocilin in HEK293 cells make
themmore sensitive to oxidative stress (16). This led to a suggestion
that TM of people carryingmutations inMYOCmight bemore sen-
sitive to the oxidative stress produced by environmental factors.

Here, to test this hypothesis in an animal model, we applied
oxidative stress to our transgenic mouse line that expresses the
human Y437H myocilin mutant by mating this line with mice
carrying a null mutation of Sod2 (superoxide dismutase 2).
SOD2, a critical enzyme for aerobic life (31), is a detoxification en-
zyme that converts superoxide to hydrogen peroxide, which can
subsequently be converted towater. SOD2 is broadly expressed in
most tissues including human TM cells and rat eye angle tissues
(32,33). The homozygous Sod2 knockout mice survive only for a
short time (34). However, heterozygous Sod2 knockout mice ex-
hibit an apparently normal phenotype and life span, despite
the reduced activities of the enzyme and excessive oxidative
stress in all studied tissues (35). We report that mice that express
humanmutatedmyocilin in the TM and are heretozygous for the

Sod2 null mutation develop more severe glaucoma-like pheno-
type much earlier than mice carrying just myocilin mutation.
Pathogenic mechanisms activated in this double-mutant
mouse model may better reflect the pathology observed in
human patients carrying mutations in MYOC.

Results
Mutated myocilin and Sod2 haplodeficiency together
induce elevated levels of apoptotic and ER stress markers
in vivo

Since expression of mutated myocilin makes cells in culture more
sensitive to oxidative stress, we hypothesized that in vivo expres-
sion of mutated myocilin in transgenic mice would similarly in-
crease the sensitivity of TM cells to oxidative stress and promote
cell death (16). To apply additional oxidative stress to the TM, we
matedMYOCY437H/+ transgenicmicewith Sod2-deficientmice, pro-
ducing double-mutant Tg-MYOCY437H/+/Sod2+/− mice. Heterozy-
gous Sod2 knockout mice provide higher levels of oxidative stress
to TM, since Sod2 is expressed inmost types of cells and tissues in-
cluding TM cells and heterozygous null mice exhibit excessive oxi-
dative stress in all studied tissues (32,36,37). We have previously
detected up-regulation of an ER stress marker, 78 kDa glucose-
regulated protein (GRP78), in the angle tissues of 16-month-old
Tg-MYOCY437H mice (16). To test whether induction of ER stress
occurs earlier in Tg-MYOCY437H/+/Sod2+/− mice, we compared the
levels of GRP78 in the angle tissues of Tg-MYOCY437H/+/Sod2+/−,
Tg-MYOCY437H/+, Sod2+/−, and wild-type mice from 4-month-old
onward. No changes in the level of GRP78 were detected in the
angle tissues among 4- to 6-month-old mice of different geno-
types. Similarly, no changes were detected in the level of apoptotic
marker, cleaved poly (ADP-ribose) polymerase (PARP), in mice of
this age (not shown). However, the level of GRP78 was increased
in 8-month-old Tg-MYOCY437H/+/Sod2+/− mice as compared with
other genotypes (Fig. 1A and B). To test whether induction of ER
stress in MYOCY437H/+/Sod2+/− mice is accompanied by the induc-
tion of apoptosis, we selected two apoptotic markers. Bcl-2 inter-
acting mediator of cell death (Bim), a pro-apoptotic BH3-only
member of the Bcl-2 family, is required for the initiation of apop-
tosis induced by severe ER stress (38). Cleaved PARP is generated
by activated caspases 3 and 7 during apoptosis and is considered
a major hallmark of apoptosis (39). Bim and cleaved PARP were
increased in the angle tissues of 8-month-old Tg-MYOCY437H/+/
Sod2+/− mice compared with other genotypes (Fig. 1A and B).
Bright-field images revealed that the iridocornealangle ofTg-MYO-
CY437H/+/Sod2+/− mice was open and had no obvious abnormalities
in the structure of the iris, ciliary body, or cornea (Fig. 1C, upper
panel). Immunostaining of eye sections with antibodies against
GRP78 demonstrated elevated levels of staining in the TM and
sclera of 8-month-old Tg-MYOCY437H/+/Sod2+/− mice and weak
staining in Tg-MYOCY437H/+ mice, while wild-type and Sod+/− sec-
tions showed practically no staining (Fig. 1C, lower panel). These
data confirmed our suggestion that a combination of elevated
levels of reactive oxygen species (ROS) as a result of Sod2 haplode-
ficiency and mutated myocilin indeed produce more severe ER
stress in vivo than either factor alone.

Mutated myocilin and Sod2 haplodeficiency together
decrease the number of cells and actin cytoskeleton in
TM, and elevate IOP

Up-regulation of apoptoticmarkers in the eye angle tissues of Tg-
MYOCY437H/+/Sod2+/− mice, as detected by Western blotting,
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suggests apoptotic cell death and TM damage. To evaluate TM
damage in vivo, we stained TM with antibodies against alpha-
smooth muscle actin (α-SMA). In the eye, α-SMA expression
was detected in the human aqueous outflow pathway (40). Stain-
ing of the eye sections of wild-type mice with antibodies against
α-SMA demonstrated specific staining of the junction of the cor-
nea and iris corresponding to the TM area (Fig. 2A). α-SMA stain-
ing was co-localized with myocilin staining in the TM, though
myocilin staining extended further into the sclera (Fig. 2A). Stain-
ing of the whole mouse eye ball with antibodies against α-SMA
showed a very specific signal, located at the expected TM pos-
ition, and extended around thewhole eye (Fig. 2B). Formore care-
ful examination of α-SMA staining, tissues around the TM were
dissected (see a yellow square in Fig. 2B) and the staining patterns
were compared between different genotypes. Strong α-SMA
staining was observed in the TM area of wild-type mice
(Fig. 2C). However, α-SMA signals were significantly reduced in
the TM area of Tg-MYOCY437H/+/Sod2+/− mice and moderately

reduced in Tg-MYOCY437H/+ mice when compared to wild-type
and Sod2+/− mice (Fig. 2C). To estimate the number of cells in
the TM, we stained nuclei with TO-PRO-3 and counted them in
the α-SMA stained area. A significant loss of cells was detected
in the TM of Tg-MYOCY437H/+/Sod2+/− mice as compared with
other genotypes (Fig. 2D). The number of cells was reduced by
45% in 10- to 12-month-old Tg-MYOCY437H/+/Sod2+/− mice versus
wild-typemice. Therewas a trend for a reduction of the cell num-
ber in Tg-MYOCY437H/+ mice that did not reach statistical signifi-
cance (Fig. 2D). We suggest that expression of mutated myocilin
and increased oxidative stress in Tg-MYOCY437H/+/Sod2+/− mice
leads to TM cell loss and actin fiber reduction.

Available data suggest that loss of TM cells may lead to IOP
elevation and be associated with glaucoma in humans (41). To
test the effects of cell loss in the TM area of mice, we measured
IOP in wild-type, Tg-MYOCY437H/+, Sod2+/−, and Tg-MYOCY437H/+/
Sod2+/− mice. Our previous data (20) and data of literature (42) de-
monstrated that there are no statistically significant IOP changes in

Figure 1. Increased expression of markers for ER stress and apoptosis in the eye angle tissue of Tg-MYOCY437H/+/Sod2+/− mice. (A) Lysates from the dissected eye angle

tissues of 8-month-old littermates were immunoblotted with indicated antibodies. HSC70 was used as an internal control. (B) Quantification of three independent

Western blot experiments as in (A). Signal intensities of all proteins analyzed were calculated relatively MYOCY437H/+/Sod2+/− samples, since the level of GRP78 was

very low in some wild-type samples. **P < 0.01. (C) Frozen eye sections of 8-month-old littermates were stained with antibodies against GRP78 and DAPI (lower panel).

Upper panel shows the bright-field images. Eye sections from at least three independent mice of each genotype were used for staining. Representative images are

shown. Scale bar, 100 μm; TM, trabecular meshwork; CB, ciliary body.
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Tg-MYOCY437H/+ orwild-typemicebetween8and12monthsofage.
Tg-MYOCY437H/+/Sod2+/−micealsodidnot showstatisticallysignifi-
cant changes in IOP between 8- to 10- and 10-to 12-month-old age

groups tested (now shown) and data for both groups were com-
bined in Figure 3. Statistically significant elevation of IOP was de-
tected in 8- to 12-month-old Tg-MYOCY437H/+/Sod2+/− mice

Figure 2. Reduction of α-SMA fibers and cells in TM of Tg-MYOCY437H/+/Sod2+/− mice. (A) Frozen eye sections of wild-typemicewere stainedwith anti-myocilin (left panel)

and anti-α-SMA (middle panel) antibodies. Right panel is themerged image of two fluorescent channels and bright field. Scale bar, 100 μm. (B) Wholemouse eye ball was

stained with anti-α-SMA antibody and its green fluorescent image was overlaid on the bright-field image. The yellow square indicates a representative region

encompassing TM shown in (C). (C) The anterior segments including TM were dissected from 10-month-old littermates and TM tissues in the segments were stained

with α-SMA antibodies. At least six independent samples per each genotype were stained. Representative images are shown. Scale bar, 100 μm. (D) The nuclei in the

α-SMA-positive area of 10- to 12-month-old mice were counted and represented as the numbers per region. All the values are presented as mean ± SE and analyzed by

one-way ANOVA followed by Tukey’s multiple comparisons test. **P < 0.01. n shows the number of analyzed mice; TM, trabecular meshwork; CB, ciliary body; SC,

Schlemm’s canal.
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relative to othermouse lines. Therewere no significant differences
between wild-type and the two single-mutant mouse lines. The
difference between Tg-MYOCY437H/+/Sod2+/− mice and mice from
other genotypes ranged from3.7 to4.2mmHg (Fig. 3). Theelevation
of IOP in Tg-MYOCY437H/+/Sod2+/− mice was almost 2-fold higher
and was detected much earlier than in Tg-MYOCY437H/+ mice
which we had analyzed previously (20).

RGC and axonal degeneration in
Tg-MYOCY437H/+/Sod2 +/− mice

To characterize potential pathological changes in the retina of
mice with different genotypes, we stained whole-mounted ret-
inas with antibodies against markers of nerve fibers and RGCs.
The retinal nerve fibers of 10-month-old mice were visualized
by the staining with antibodies against neurofilament heavy
chain protein (NFH). Overall, staining of the nerve fibers in
peripheral retina of Tg-MYOCY437H/+/Sod2+/− mice was dramat-
ically reduced, while staining of Sod2+/− retinas was moderately
reduced, when compared with staining of wild-type and Tg-
MYOCY437H/+ retinas but the reduction of staining in Sod2+/− ret-
inas was not statistically significant (P < 0.075) (Fig. 4A and B).
The temporal and ventral parts of Tg-MYOCY437H/+/Sod2+/− ret-
ina showed more pronounced reduction of staining than the
dorsal and nasal parts (Fig. 4A). Less pronounced differences
in the staining intensity were observed in the central retinas
from mice of different genotypes (Fig. 4A and C).

Figure 4. Neuronal fiber depletion in the retina of Tg-MYOCY437H/+/Sod2+/− mice. (A) Immunofluorescence of 10-month-old whole-mounted retinas stained with

antibodies against NFH, which label RGC axons. Crossed arrows indicate the directions of the corresponding poles of the retinas. Four sets of littermate retinas were

stained. Representative images are shown. Scale bar, 1 mm. (B) Relative fluorescence intensities of the NFH-staining of the entire whole-mounted retinas as in (A). All

values are presented as mean ± SE. **P < 0.01. n shows the number of analyzed mice. (C) Higher magnification images of the dorsal retinas in (A) are shown from the

central region (bottom) to the peripheral region (top).

Figure 3. IOP elevation in the eyes of Tg-MYOCY437H/+/Sod2+/− mice. Results of IOP

measurements in the eyes of 8- to 12-month-old mice are shown. All the values

are presented as mean ± SE and analyzed by one-way ANOVA followed by

Tukey’s multiple comparisons test. **P < 0.01. n shows the number of analyzed

mice.
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To determine whether the Tg-MYOCY437H/+/Sod2+/− genotype
is associated with elevated RGC death, we stained RGCs of 10- to
12-month-old mice of different genotypes with antibodies
against NeuN and neuron-specific class III beta-tubulin (βIII
TUB). Staining with two differentmarkers similarly showed a de-
crease in the number of positive cells in the peripheral retinas of
Tg-MYOCY437H/SOD2+/− mice (Fig. 5A). However, no significant
differences were detected in the number of NeuN positive cells
in the central retinas among mice with different genotypes (not
shown). We used βIII TUB marker for further staining and quan-
titative analysis because this staining demonstrated the higher
quality of images compared to NeuN staining. About 37% loss
of βIII TUB-positive cells was detected in the peripheral retinas
of Tg-MYOCY437H/+/Sod2+/− mice when compared with wild-
type and single-mutant mice (Fig. 5B). These data revealed that
Tg-MYOCY437H/+/Sod2+/− mice demonstrate elevated RGC death
and axonal degeneration in the neuronal fiber layer when

compared with wild-type littermates or mice carrying only a sin-
gle mutation.

Cupping of the optic nerve head in
Tg-MYOCY437H/+/Sod2+/− mice

Clinically, glaucomatous optic nerve damage is recognized by the
enlargement and deepening of the optic cup. As glaucoma pro-
gresses, nerve fibers gradually die and the thickness of the neural
fiber layer is diminished, causing the optic cup to enlarge.
With fewer RGCs and depleted nerve fibers in the retinas of Tg-
MYOCY437H/+/Sod2+/− mice, it seemed likely that the structure
and appearance of the ONH as well as thickness of the neural
fiber layer in the ONH area might show similar pathological
changes. To assess changes in the ONH, whole retinas of
10-month-old mice were stained with antibodies against NFH
and three-dimensional structures for the images of the ONH

Figure 5. Loss of RGCs in the peripheral retinas of Tg-MYOCY437H/Sod2+/− mice. (A) RGCswere labeled by anti-NeuN (upper row) and anti-βIII TUB (lower row) antibodies in

thewhole-mounted retinas of 10-month-old littermates. Representative images from the peripheral retinas are shown. Scale bar, 100 μm. (B) βIII TUB-positive cells in the

peripheral retinas of 10- to 12-month-old mice were counted and plotted as the numbers per area. All the values are presented as mean ± SE and analyzed by one-way

ANOVA followed by Tukey’s multiple comparisons test. **P < 0.01; n shows the number of analyzed mice.
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were constructed using confocal microscopy and the Volocity 3D
analysis software. The boundary of NFH staining at the center of
the whole retina reflected the size of the optic cup. The optic cup
in the ONH was enlarged in Tg-MYOCY437H/+/Sod2+/− mice
(Fig. 6A, upper panel). Furthermore, transverse sections showed
thinning of the nerve fiber layer (Fig. 6A, lower panel and B) and
a deeper excavation of the ONH in Tg-MYOCY437H/+/Sod2+/− mice
(Fig. 6A, lower panel). Together, these findings indicate that cup-
ping of the ONH occurs in Tg-MYOCY437H/+/Sod2+/− mice.

Axonal degeneration in the optic nerve of
MYOCY437H/+/Sod2+/− mice

Degeneration of the optic nerve is one of the notable pathological
changes in glaucoma patients. To identify degenerative changes
in the optic nerves of mice with different genotypes, the ultra-
structure of optic nerve transverse sections, cut at approximately
1 mm behind the globe, was analyzed in 10-month-old mice.

Multiple pathological changes were detected throughout the
optic nerve cross-sections of Tg-MYOCY437H/+/Sod2+/− mice.
These changes included numerous demyelinated axons as well
as additional features of axonal degeneration such as amorphous
axoplasm, axolemma detachment, myelin debris and double
myelination. In contrast, no significant pathological changes
were seen in mice with the other genotypes (Fig. 7). Axonal de-
generation of the optic nerve in Tg-MYOCY437H/+/Sod2+/−mice oc-
curred earlier than in mice carrying only the Tg-MYOCY437H/+

mutation (20) and the edge area of the optic nerve is more af-
fected than other areas of the optic nerve.

Elevated expression of ELAM-1, a molecular marker of
human glaucoma, in the TM of Tg-MYOCY437H/+/SOD2+/−

mice

ELAM-1, consistently detected in glaucomatous TM, is regarded
as the first molecular marker of human glaucoma (43,44).

Figure 6. Nerve fiber layer atrophy and structural change in the ONH of Tg-MYOCY437H/+/Sod2+/− mice. Nerve fibers were labeled by anti-NFH antibodies in the whole-

mounted retinas of 10-month-old littermates. 3D image stacks for nerve fiber layer in the ONH and surrounding areas of the retina are shown in the upper row. The

corresponding transverse sections stained with antibodies against NFH and TO-PRO-3 are shown in the lower row. Similar results were obtained in three independent

experiments. Representative stainings are shown. Scale bar, 100 μm. (B) Quantification of the nerve fiber layer thickness. The measurements were made at the points

marked by the arrowheads in the lower set of images as in (A). All the values are presented as mean ± SE. **P < 0.01. n shows the number of analyzed mice.
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Up-regulation of ELAM-1mRNA in the TMof glaucomatous donors
has been also demonstrated by microarray analysis (45), while a
proteomic study demonstrated the presence of higher levels of
ELAM-1 in the aqueoushumor of POAGpatients (46). Increased ex-
pression of ELAM-1 also has been reported in the aqueous outflow
pathway of an induced glaucoma model (47). To test whether
ELAM-1 is elevated in the TM of Tg-MYOCY437H/+/Sod2+/− mice,
transverse sections of 8-month-old mouse eye were stained with
antibodies against ELAM-1. ELAM-1 staining was significantly in-
creased in the TM of Tg-MYOCY437H+/−/Sod2+/− mice and moder-
ately increased in the TM of Tg-MYOCY437H+/− mice as compared
with staining of WT and Sod2+/− mice (Fig. 8A and B). Thus, the
mice expressing theY437Hmutantmyocilin indeedhaveup-regu-
lated expression of a well-accepted marker for glaucoma, and the
up-regulation is enhanced in Tg-MYOCY437H/+/Sod2+/−mice.

Discussion
Adult-onset POAG is a complicated disease that appears to be in-
fluenced bymultiple genetic and environmental factors (5,25). To
date, at least 20 genetic loci have been identified as being asso-
ciated with POAG. MYOC is the first identified and most studied
glaucoma gene. The MYOC absence apparently does not lead to
glaucoma (48,49). Disease-causing mutations in myocilin likely
act by a gain of function mechanism (49). Available data suggest
that myocilin-induced glaucoma can be a form of ER storage dis-
ease (23,50,51) and that disease pathogenesis in POAG patients
depends upon the expression of abnormal mutated myocilin.

To study molecular mechanisms of myocilin-induced glau-
coma, several mouse lines expressing Y437H human mutant

myocilin or its corresponding mouse mutant, Y423H mouse mu-
tant myocilin, in eye angle tissues have been produced. Two
transgenicmouse lines expressing Y437H humanmutantmyoci-
lin or its corresponding mouse mutant, Y423H mouse mutant
myocilin have been generated using bacterial artificial chromo-
some DNA encoding the full-length human MYOC or mouse
Myoc genes (20,21). These two mutant myocilin lines exhibited
similar levels of pathological change, including approximately
2 mmHg higher IOP, a 20% loss of RGCs in the peripheral retina,
and mild axonal degeneration in the optic nerve (20,21). In con-
trast to these results, replacement of the endogenous mouse
Myoc allele with a mutant Y423H allele did not lead to an eleva-
tion of IOP and degenerative changes in the retina or optic
nerve (22). This might be explained by different genetic back-
grounds of mice (52) and/or different levels of mutant myocilin
produced. Indeed, expression of high levels of mutated human
Y437H myocilin in the eye drainage structures and sclera under
the control of the cytomegalovirus promoter in transgenic mice
led to elevation of IOP by about 3 mmHg at 3 months of age
(23). This was accompanied by the loss of RGCs (about 18% by
3–5 months of age and 30% by 12–14 months of age) and optic
nerve axons. Pathological changes observed in the eyes of mice
expressing mutated myocilin are similar to those observed in
glaucoma patients. However, pathological changes induced by
the physiological levels of mutated myocilin are much less dra-
matic than the ones seen in human subjects with the same
MYOCmutation. One possible explanation of the observed differ-
ences is that the conventional trabecular outflow pathway ac-
counts for about 80% of aqueous humor removal in humans,
while about 20% of aqueous humor leaves the eye through the

Figure 7. Degeneration in the optic nerves of Tg-MYOCY437H/+/Sod2+/− mice. Representative electron micrographs of the optic nerve cross-sections from 10-month-old

littermates are shown. Red asterisks indicate the loss of axonal profiles in the edges of the optic nerve that were instead filled up with low-density material. Right

panels show the higher magnification images for the areas marked by the red dotted line in the images from Tg-MYOCY437H/+ and Tg-MYOCY437H/+/Sod2+/− mice.

Degenerating axons in the higher magnification image of Tg-MYOCY437H/+/Sod2+/− optic nerve were identified by the lack of myelin sheath (black asterisks) and the

presence of amorphous axoplasm, axolemma detachment, myelin debris or double myelination (red arrows). Scale bars, 2 μm.
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unconventional uveoscleral pathway. In mice, oppositely, about
80% of aqueous humor leaves the eye through the uveoscleral
pathway and only about 20% through the trabecular outflow
pathway (53,54).

Although mutations in MYOC are considered to be a signifi-
cant genetic factor, severity of the disease in individuals bearing
a deleteriousMYOCmutation may be dependent upon other risk
factors during their life time. Patientswith theY437Hmutation in

MYOC demonstrate a range of recorded IOP (14–77 mm Hg) with
mean 44 mm Hg as well as age at diagnosis of disease (8–41
years) with mean 20 years that is much earlier than typical age
of non-MYOC-associated POAG (55). Mice may not be exposed to
the same risk factors as humans due to a different life style.
Moreover, since mice have a much shorter life span than hu-
mans, they might not be exposed to the risk factors long enough
to lead to the severe pathological changes that humans acquire.

Figure 8. Increased expression of a human glaucomamarker, ELAM-1 in TM of Tg-MYOCY437H/+/Sod2+/−mice. Frozen eye sections of 8-month-old littermateswere stained

with antibodies against ELAM-1. The top panels show the bright-field images of the mouse iridocorneal angle. The middle (bright field) and bottom (ELAM-1

immunofluorescence) panels show the higher magnification for the area surrounded by yellow squares in the top panels. Similar results were obtained in three

independent experiments. Representative stainings are shown. Scale bars, 50 μm; TM, trabecular meshwork; CB, ciliary body; SC, Schlemm’s canal. (B) Quantification
of ELAM-1 fluorescence intensities in the TM areas as in (A). All the values are presented as mean ± SE. *P < 0.05; **P < 0.01. n shows the number of analyzed mice.
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Therefore, to elevate pathological changes in a mouse model of
glaucoma, mice carrying glaucoma-causing mutation in the
MYOC gene could be exposed to additional risk factors or to an in-
creased level of a particular risk factor.

Considerable evidence suggests that oxidative stress has an
important role in the pathogenesis of glaucoma (56,57). Protein
misfolding and oxidative stress are closely related events (29). Ac-
cumulation of unfolded proteins in the ER lumens causes oxida-
tive stress, while ROS by itself can cause protein misfolding and
the ER (58). Expression ofmutatedmyocilin sensitizes cells to oxi-
dative stress and leads to cell death, even at low oxidant concen-
trations, suggesting that oxidative stress, a risk factor and a
component of the aging process, together withmutatedmyocilin
may produce more severe glaucoma than any of these factors
alone (16). TM, a tissue that contains high levels of myocilin, is
the tissue in the anterior chamber that ismost sensitive to oxida-
tive damage (59). Therefore, the TMmay be most sensitive to the
synergistic effects of mutated myocilin and oxidative stress.
Indeed, Tg-MYOCY437H/+/Sod2+/−double-mutantmice showed se-
vere ER stress in eye drainage structures that ultimately resulted
in cell death in the TM. This suggests that the deleterious effect of
mutated myocilin may lead to a reduction in the number of TM
cells in an environment of higher-level oxidative stress in hu-
mans. Clinical research has shown that TM cell loss can correlate
with POAG progression. POAG patients have lower TM cellularity
compared to normal age-matched controls (60), and this cellular-
ity declines with age (61,62). Reduction in the number of TM cells
may be associated with TM dysfunction and, subsequently,
increased IOP in humans. Our 10- to 12-month-old Tg-
MYOCY437H/+/Sod2+/− mice showed about 45% reduction in the
amount of TM cells as compared with single mutants or with
wild-type, while a single Tg-MYOCY437H/+ mutant showed only
moderate non-statistically significant reduction of TM cells
when compared with wild-type. We also demonstrated that
actin fibers are reduced in the TM of Tg-MYOCY437H/+/Sod2+/−

mice. TM cells have a distinct actomyosin cytoskeleton and ex-
hibit considerable contractile properties. The contractility of the
actomyosin system in TM cells or the inner wall endothelium of
Schlemm’s canal is an important determinant in the regulation
of outflow resistance (63). IOP elevation most often appears to
be caused by an increased resistance to the outflow of aqueous
humor through the drainage structures. The reduced actin fibers
observedwhen alpha-actin positive cells are themselves reduced
may lead to a decline in contractility of the actomyosin system
and malfunction of the TM, which in turn can cause elevated
IOP. We identified much higher IOP in Tg-MYOCY437H/+/Sod2+/

mice at 8 months of age than that in Tg-MYOCY437H/+ mice at 18
months of age (20). This again indicates that the combination of
mutated MYOC and Sod2 haplodeficience accelerates the onset
of disease. Eight months in mice is an equivalent of 22–23 years
of human life (64). This age is close to the average age at which
glaucoma is diagnosed among human patients with the
MYOCY437H/+ mutations. However, the absolute or relative in-
crease in IOP of Tg-MYOCY437H/+/Sod2+/− mice is still smaller
than those observed in patients with the same MYOC mutation.
Although IOP was not dramatically elevated, we observed pro-
nounced pathological glaucomatous changes in the retina and
optic nerve of Tg-MYOCY437H/+/Sod2+/− mice.

Growing evidence suggests involvement of the ROS in RGC
death and axonal degeneration in the retina (56). For example, a
study of homozygous Sod2 knockout mice revealed thinning of
the total retina, including nerve fibers and the RGC layer (65). In
the current study, we also identified moderate depletion of the
nerve fibers in the retina of Sod2 haplodeficient mice, though

this depletion as well as changes in the retinal thickness or the
RGC number in 10- to 12-month-old Sod2 haplodeficient mice
were not statistically significant. This insinuates that higher le-
vels of ROS in the retina may also contribute to retinal deterior-
ation. As such, RGCs and their axons, when slightly damaged
by oxidative stress, may be more vulnerable to mechanical stres-
ses produced byelevated IOP. The depletion in retinal nerve fibers
and loss of RGCs in the retina of Tg-MYOCY437H/+/Sod2+/− mice
were not evenly distributed throughout the whole retina, just
as glaucomatous damage in humanpatients is not usually evenly
distributed. Interestingly, healthy individuals also exhibit vary-
ing thickness of retinal nerve fibers, depending on the sector of
retina. Sectorial degeneration of axons was similarly observed
in the DBA/2J mouse glaucoma model and rat ocular hyperten-
sionmodel (66,67). Glaucomatous retinal damagewasmainly de-
tected in the peripheral retina of Tg-MYOCY437H/+/Sod2+/− mice.
This observation is compatible with the pattern of disease pro-
gression observed in other mouse models of glaucoma (20,21,68)
and human glaucoma patients, in which glaucomamost often af-
fects peripheral visual function at its early stages, while deterior-
ation of the central retina generally is only seen at the later stages
of disease.

We believe that the mouse glaucoma model induced by the
combination of glaucoma-associated mutated myocilin and a
second risk factor (oxidative stress) may more closely mimic
the complicated pathogenic mechanisms that arise in human
glaucoma patients. It is well established that UV light, ionizing
radiation, chemotherapeutics, and environmental toxins are ex-
ogenous sources of ROS. Smoking, another cause of high oxida-
tive stress (69), has been identified as a risk factor in elder
women with POAG (70). Antioxidant drug therapy approaches
were suggested and tested for neuroprotection in glaucoma
(71–73). Antioxidant drug approaches could be also beneficial
for patients with glaucoma-causing myocilin mutations who
should avoid the substances and behavior such as smoking caus-
ing free radical production and may try antioxidants to delay the
progression of the disease.

Materials and Methods
Production of double-mutant mice

Heterozygous Sod2 null mice (original strain name: B6.129S7-
Sod2tmlLeb/J) were purchased from the Jackson Laboratories (Bar
Harbor, ME). Tg-MYOCY437H/+ have been previously described
(20). Heterozygous Sod2 null and Tg-MYOCY437H/+ mice were
mated with C57/BL6 mice for at least five generations. All further
matings between different mouse lines were conducted with F5
and later generations. To generate doubly heterozygous (Tg-
MYOCY437H/+/Sod2+/−) mice, Tg-MYOCY437H/+ mice were mated
with Sod2+/−mice. Mice were maintained in accordance with
guidelines set forth by the National Eye Institute Committee on
the Use and Care of Animals and the Association for Research
in Vision and Ophthalmology’s Statement for the Use of Animals
in Ophthalmic and Visual Research.

IOP measurement

Mice were anesthetized with a mixture of ketamine (100 mg/kg)
and xylazine (10 mg/kg). IOP was measured in anesthetized ani-
mals using afiber-optic signal (FTI-10) conditioner equippedwith
a fiber-optic pressure transducer (FISO Technologies, Montreal,
Quebec, Canada) as described previously (20,21). The measure-
ments were made from 9 AM to noon. IOP from each eye was
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recorded during a 2-min session, with four measurements taken
at 30-sec intervals within each session. The average of these four
measurements was used to calculate IOP for each eye. Dacriose
sterile eye irrigation solution (Novartis, Basel, Switzerland) was
topically applied after each IOP measurement.

Immunoblotting

The mouse iridocorneal angle tissues (the ciliary body, TM, and
base of the iris and cornea) were dissected, homogenized in the
lysis buffer (50 m Tris, pH 7.5, 5 m EDTA, 20 m dithiothreitol,
0.2% SDS, 1% Triton X-100, and 1% Tween 20), and centrifuged to
remove insoluble material. Proteins of the soluble fraction (20 μg)
were separated by NuPAGE 4–12% gradient Bis-Tris gel (Life Tech-
nologies, Frederick, MD, USA) and transferred to a nitrocellulose
membrane (Life Technologies). Membranes were pre-incubated
in a blocking buffer (5% nonfat milk, 25 m Tris, pH 7.4, 150 m

NaCl, 0.05% Tween 20) and then incubated with antibodies
against myocilin (1:4000) (49), GRP78 (1:500; Cell Signaling Tech-
nology, Beverly, MA, USA), Bim (1:500; Cell Signaling Technology),
cleaved PARP (1:500; Cell Signaling Technology) or heat-shock
cognate 70 (HSC70; 1:2000; Santa Cruz Biotechnology, Santa
Cruz, CA, USA) in blocking buffer overnight at 4°C. Secondary
antibodies (an anti-rabbit or anti-mouse horseradish peroxidase
antibodies; Amersham, Piscataway, NJ, USA) were diluted 1:5000
in a blocking buffer and incubated for 2 h at room temperature.
The immunoreactive bandswere developed by using SuperSignal
West Dura or West Femto chemiluminescent substrate (Pierce,
Rockford, IL, USA). For the quantification, images were analyzed
using Image J software (NIH, Bethesda, MD, USA).

Immunofluorescent labeling and image analysis

Mouse eyeswere fixed in 4%paraformaldehyde for 2 h before pro-
cessing for cryosection embedding or whole-tissue preparation.
Frozen sections (10 μm) ofmouse eyes were blocked in a blocking
buffer (2% normal goat serum and 0.2% Triton X-100 in PBS) for
1 h and incubated with antibodies against GRP78 (1:100; Cell Sig-
naling Technology), α-SMA (1:200; Abcam, Cambridge, MA) or
NFH (1:200; EMD Millipore, Temecula, CA) in a blocking buffer
for 3 h, followed by incubation with Alexa 488-conjugated anti-
rabbit secondary antibody (1:500; Life Technologies) for 1 h. Sec-
tions were mounted in the ProLong Gold antifade reagent (Life
Technologies) or further incubated for 3 h with anti-myocilin
antibody which was pre-labeled with DyLight 594 fluorescent
dye (74). Whole eye balls, whole retinas or dissected anterior seg-
ments were blocked in a blocking buffer (1% normal goat serum,
1% BSA and 1% Triton X-100 in PBS) for 1 h and incubated with
antibodies against α-SMA (1:100; Abcam), NFH (1:200; EMD Milli-
pore), or βIII TUB (1:100; Covance, Berkeley, CA, USA) for 48 h at
4°C, followed by incubation with Alexa 488 (or 555) goat anti-
rabbit secondary antibody (1:500; Life Technologies) or Alexa
488 goat anti-rat secondary antibody (1:500; Life Technologies)
for 24 h at 4°C. The mounted samples were examined, and fluor-
escent images were collected using a Zeiss LSM 700 confocal
microscope (Zeiss, Jena, Germany).

The images of α-SMA-positive areas in anterior segments
were acquired using the tile scan function (1 × 3 tiles). For the
quantification of TM cells, TO-PRO-3 (Life Technologies)-stained
nuclei in α-SMA-positive TM areas were counted from three ran-
domly selected areas of 50 × 50 μm in the acquired images. The
average of three measurements was used to compare different
animals. To quantify RGCs, images from each of the four retinal
segments were randomly selected to count the number of βIII

TUB-positive cells per an area of 375 × 375 μm. The average of
the four measurements was used to compare different animals.
Fluorescence intensities of the entire NFH-stained whole-
mount retinas were measured using ZEN Software 2012 (Carl
Zeiss). To quantify ELAM-1 fluorescence intensity in TM, TM
areawas selected andfluorescence quantificationwas performed
as described above. To compare the structures of ONH, confocal
z-stacks were collected at 0.271 μm intervals from ONH in the
NFH-stained whole retinas. 3D reconstructions from 90 optical
sections were performed using Volocity software (PerkinElmer,
Waltham, MA, USA). The nerve fiber layer thickness near the
ONH was measured using ZEN Software 2012 (Carl Zeiss).

Electron microscopy

Retrobulbar optic nerve segments were double-fixed in 2.5% glu-
taraldehyde and 0.5% osmium tetroxide in PBS, dehydrated, and
embedded in Spurr’s epoxy resin. Ultrathin sections (90 nm)were
prepared, double-stained with uranyl acetate and lead citrate,
and viewed in a JEOL JEM-1010 transmission electronmicroscope
equipped with digital imaging camera.

Statistical analysis

Quantitative data were presented as mean ± S.E. Statistical ana-
lysis for two groups was performed using a two-tailed Student’s
t-test. Statistical analysis formultiple groupswas performedwith
one-way factorial analysis of variance (ANOVA) and subsequent
Tukey’s multiple comparison test. In all statistical analyses, sig-
nificance was defined as P < 0.05.
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