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Abstract
Primary open angle glaucoma (POAG) is a late onset disease usually accompanied by elevated
intraocular pressure (IOP) that results from the failure of the trabecular meshwork (TM) to maintain
normal levels of aqueous humor outflow resistance. Cells in the TM are subjected to chronic oxidative
stress through reactive oxygen species (ROS) present in the aqueous humor (AH) and generated by
normal metabolism. Exposure to ROS is thought to contribute to the morphological and physiological
alterations of the outflow pathway in aging and POAG. Our results indicate that chronic exposure
of TM cells to oxidative stress causes the accumulation of nondegradable material within the
lysosomal compartment leading to diminished lysosomal activity and increased SA-β-Gal
expression. Because the lysosomal compartment is responsible for maintaining general cellular
turnover, such impaired activity may lead to a progressive cellular decline in the TM cell function
and thus contribute to the progression of POAG.
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The glaucomas are a group of eye diseases that are characterized by progressive degeneration
of the optic nerve and consequent irreversible vision loss. With more than 70 million people
affected worldwide, glaucoma constitutes the second leading cause of permanent blindness.
Although the precise molecular mechanisms leading to glaucoma are far from being
understood, aging and elevated intraocular pressure (IOP) are known to be the main causative
factors for developing Primary Open Angle Glaucoma (POAG), the most prevalent form of
the disease.1

Physiological levels of IOP are maintained by the trabecular meshwork (TM), a specialized
tissue located at the chamber angle of the eye between the cornea and the sclera. It is composed
of layers of collagen and elastin trabecular beams lined with endothelial-like cells. Functional
failure of the TM tissue impedes aqueous humor outflow leading to elevated IOP. Why the
TM tissue fails with aging and in glaucoma still remains unknown.2

Our laboratory has long hypothesized that aging of the TM cells, or more specifically, that the
generation of free radicals associated with the normal process of aging can be, at least partially,
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responsible for the loss in TM tissue functionality in POAG.3-5 This hypothesis is supported
by a growing body of evidence that shows increased presence of oxidative markers and
decreased antioxidant defense in the glaucomatous TM.6,7 Also supporting a potential role of
aging in the pathogenesis of POAG is our own study in which we report an increased number
of cells positively stained for senescence-associated β galactosidase activity (SA-β-gal) in the
glaucomatous TM tissue compared to age-matched control tissue.8 SA-β-Gal is an activity of
the lysosomal β-galactosidase at pH 6 described in senescent cells.9 It is proposed to be a
manifestation of residual β-galactosidase activity at suboptimal pH that becomes detectable
with the increase in lysosomal content in aging cells.10,11

Cells in the TM are postmitotic differentiated cells characterized by a low renewal rate. A well-
known effect of aging in other postmitotic cells, like neurons, cardiomyocytes or retinal
pigmented epithelial cells, is the accumulation of intralysosomal oxidized cross-linked proteins
and lipids that cannot be degraded by the proteolytic cellular machinery. A number of studies
indicate that the presence of such waste material, known as lipofuscin, compromises the overall
lysosomal pathway, thereby contributing to the progressive cellular dysfunction associated
with aging.12,13

In our most recent publication, we investigated whether the occurrence of SA-β-gal might be
somehow correlated with the presence of lipofuscin in aging TM cells.14 To this end, we
mimicked in vitro the conditions to which aging TM cells are thought to be exposed in vivo,
using the hyperoxic model. This experimental model, previously used by other investigators
in similar studies with other cell types, consists of generating chronic oxidative stress by
incubating confluent cell monolayers, in this case of TM cells, under a high oxygen
concentration atmosphere (40% O2), while keeping the control cultures under physiological
oxygen concentration (5% O2). Stressed cultures demonstrate the presence of several oxidative
markers, including increased production of intracellular reactive oxygen species (ROS),
increased DNA damage and protein carbonyl content, as well as decreased mitochondrial
membrane potential. Morphologically, TM cells grown at 40% O2 were larger in size and were
characterized by the presence of autofluorescent granules in the perinuclear region. Similarly,
the levels of cellular autofluorescence, which are considered a measurement of lipofuscin
content, were significantly higher in the stressed cultures.

Accompanying these changes, ultrastructural analysis showed a remarkable accumulation of
intracytoplasmic membrane-bound organelles filled with an amorphous electron-dense
material in the cells grown at 40% O2. Although we did not confirm the exact nature of these
organelles, they shared morphological features resembling lipofuscin-loaded secondary
lysosomes or autolysosomes found in other aging tissues. This is in accordance with the also
observed dramatic increase in lysosomal mass (3-fold increase), and in autophagic vacuole
content in the oxidatively stressed TM cultures. The question was if, as suggested by other
investigators, this increase in lysosomal content correlated with detectable SA-β-Gal activity.
Our results clearly suggested that both events were interconnected, and that the occurrence of
SA-β-Gal activity was not necessarily mediated by the transcriptional upregulation of the β-
galactosidase gene. It remains to be determined whether the increased SA-β-gal in the
glaucomatous outflow pathway correlates with increased lysosomal mass in vivo. Also,
following the same line of thinking, it would be very interesting to investigate whether other
lysosomal hydrolases show abnormal activity at higher pH in aging cells.

A striking finding in our study was that oxidatively stressed TM cells did not display increased
lysosomal proteolytic activity, as quantified using the fluorogenic substrate z-FR-AMC. This
result was surprising since we indeed detected elevated cathepsin protein levels in the cells
grown at 40% O2. Altogether, these data indicate that TM cells quickly respond to the
accumulation of oxidized cross-linked material by activating the autophagy/lysosomal
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degradative pathway, with the consequent synthesis of new lysosomes and lysosomal enzymes.
However, by reasons that are still unknown, the lysosomal proteolytic activity is compromised
under oxidative stress conditions. One limitation in our study was the use of an omnicathepsin
substrate and a pan-cathepsin antibody that recognizes the N terminus, which did not allow us
to monitor either the activity or the processing of the different cathepsins. Ongoing experiments
using more specific substrates for different cathepsins seem to indicate that not all lysosomal
proteases are equally influenced by oxidative stress. Moreover, preliminary data suggest that
40% O2 might affect the proteolytic processing of some of the cathepsins in TM cells, which
could lead to a defective activation of the lysosomal enzymes. We are in the process of
confirming and investigating the causes of these exciting results.

Our model for how this diminished degradative capacity within lipofuscin-loaded lysosomes
in aging TM cells might affect TM tissue functionality and contribute to the pathogenesis of
glaucoma is summarized in Figure 1. As proposed in the “garbage catastrophe theory of
aging,”15,16 the first obvious consequence of lysosomal dysfunction is the failure of the
recycling cellular processes with the consequent accumulation of biological garbage, including
worn-out organelles, which further compromise the overall cell and TM tissue homeostasis.

A second less obvious effect of the accumulation of nondegradable material within the
lysosomal acidic compartment might be its interference with other endolysosomal functions.
Trabecular meshwork cells are known to be actively phagocytic; they are capable of ingesting
endogenous and exogenous material, thus keeping the trabecular outflow channels free of
potentially obstructive debris.17 Although not extensively investigated, a number of studies
suggest a potential negative effect of oxidative stress in phagocytosis in retinal pigmented
epithelial cells, macrophages, and kupffer cells.18-20 Also, oxidative stress and cytoplasmic
saturation with indigestible material impairs phagocytosis of apoptotic cells in atherosclerotic
plaques.21

Reduced phagocytic capacity together with impaired lysosomal proteolytic activity can
additionally have an impact on physiological collagen turnover in the outflow pathway.
Collagens of most connective tissues are subject to continuous remodeling and turnover, a
phenomenon that occurs under both physiological and pathological conditions. There are two
important pathways for collagen degradation: the extracellular pathway, which involves the
action of both matrix metalloproteinases and secreted lysosomal enzymes (in particular,
cathepsin K), and the intracellular route, mediated by phagocytosis, which involves lysosomal
degradation by cysteine proteinases.22 Defects in these routes might explain the collagen lattice
deposition observed in the basement membrane of the trabecular lamellae of the outflow
pathway with age and in POAG.23

Also related to this subject is the study published by Rohen that demonstrated the presence of
extracellular matrix vesicles (MV) in the glaucomatous outflow pathway.24 Two types of MV
were observed: type I MV are small membrane-bound vesicles that contain electron dense
material and are positively stained for acid phosphatase, suggesting a lysosomal origin. They
may also appear as empty vesicles, sometimes still containing electron dense material at the
inner aspect of their membranes. Type II MV vary largely in size and form. They are relatively
large and round or oval, with content structurally similar to the cytoplasm of TM cells. The
nature, function, and physiological significance of the MV in the outflow pathway remain
completely unknown. Lipofuscin-loaded lysosomes are more sensitive to oxidative stress,
jeopardizing lysosomal stability and causing cell death due to the release of lysosomal contents.
In this scenario, it is very tempting to speculate that such matrix vesicles could derive from
degeneration of lipofuscin-loaded cells due to lysosomal permeabilization, and possibly,
defective phagocytic capacity in aging TM cells.
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Speculations aside, several lines of evidence, in addition to increased SA-β-Gal activity,
support a potential lysosomal dysfunction in the pathogenesis of glaucoma, including the
cytoplasmic accumulation of pigment granules, lipid droplets and autophagic vacuoles, as well
as the presence of membrane-limited vesicles filled with granular material in glaucomatous
TM cells.25,26 It is also important to mention that the development of glaucoma is associated
with several mucopolysaccharidoses, a group of congenital lysosomal storage diseases.27-30

Although this type of glaucoma belongs to the so-called secondary open angle glaucoma, it
highlights the crucial role of the lysosomal system in proper outflow pathway functionality.
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Figure 1.
Proposed Model of the Potential Implications of Lysosomal Dysfunction in the Pathogenesis
of POAG. The accumulation of lipofuscin-loaded lysosomes with diminished degradative
capacity within aging TM cells might: (1) cause the accumulation of worn-out organelles and
thus contribute to the progressive cellular dysfunction and tissue homeostasis associated with
the aging process; (2) participate in collagen deposition due to inefficient intracellular and
extracellular collagen degradation by lysosomal proteases; (3) impair the phagocytic TM
cellular capacity and promote the accumulation of cellular debris and components of the ECM,
in particular, collagen; and (4) induce lysosomal permeabilization with consequent TM cell
death, which could explain the decreased cellularity, as well as the presence of extracellular
lysosomal-related organelles in the glaucomatous TM.

Liton et al. Page 6

Autophagy. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


