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Abstract

Malfunction of the trabecular meshwork (TM)/schlemm’s canal (SC) conventional outflow 

pathway is associated with elevated intraocular pressure (IOP) and, therefore, increased risk of 

developing glaucoma, a potentially blinding disease affecting more than 70 million people 

worldwide. This TM/SC tissue is subjected to different types of stress, including mechanical, 

oxidative, and phagocytic stress. Long-term exposure to these stresses is believed to lead to a 

progressive accumulation of damaged cellular and tissue structures causing permanent alterations 

in the tissue physiology, and contribute to the pathologic increase in aqueous humor (AH) outflow 

resistance. Autophagy is emerging as an essential cellular survival mechanism against a variety of 

stressors. In addition to performing basal functions, autophagy acts as a cellular survival pathway 

and represents an essential mechanism by which organisms can adapt to acute stress conditions 

and repair stress-induced damage. A decline in autophagy has been observed in most tissues with 

aging and has been considered responsible, at least in part, for the accumulation of damaged 

cellular components in almost all tissues of aging organisms. Dysfunction in the autophagy 

pathway is associated with several human diseases, from infectious diseases to cancer and 

neurodegeneration. In this review, we will summarize our current knowledge of the emerging 

roles of autophagy in outflow tissue physiology and pathophysiology, including novel evidence 

suggesting compromised autophagy in the glaucomatous outflow pathway.

1. Introduction

Autophagy is a dynamic catabolic process by which cytosolic material, including organelles, 

proteins and pathogens, are delivered to the lysosome for degradation. Although autophagy 

was initially thought to be a bulk cytoplasmic degradation mechanism in response to 

starvation, numerous studies now support a key role of autophagy in maintaining cellular 

and tissue homeostasis, as well as an adaptive cellular response to stress, providing 

protective functions during tissue injury. The trabecular meshwork (TM)/schlemm’s canal 

(SC) outflow pathway is known to be subjected to different types of stress such as 

mechanical, oxidative, and phagocytic stress. Short-term exposure to these stresses is 
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expected to elicit adaptive responses, however, long-term exposure may lead to permanent 

alterations in the tissue physiology and contribute to the pathologic increase in aqueous 

humor (AH) outflow resistance frequently associated with glaucoma. In this review, we will 

summarize our current knowledge of the emerging roles of autophagy in outflow tissue 

physiology and pathophysiology, including novel evidence supporting potential alterations 

of autophagy in the glaucomatous outflow pathway.

2. Autophagy, A Cellular Survival Pathway Against Stress and Adaptation

Autophagy, which means self-eating, is an evolutionarily conserved mechanism that allows 

for the degradation of cytosolic components, such as proteins and organelles, within 

lysosomes by lysosomal hydrolases. Three main autophagic pathways have been described 

in mammalian cells based on the delivery route of the cargo material to the lysosomal 

lumen: macroautophagy, microautophagy and chaperon-mediated-autophagy (CMA) (Figure 

1). Macroautophagy, commonly known as simply “autophagy”, involves the formation of a 

new organelle, the autophagosome, a double-membrane structure that encloses portions of 

the cytosol, including whole organelles. Autophagosomes then fuse with lysosomes, forming 

the autolysosomes, in which the luminal material is degraded by resident hydrolases 

(Mizushima et al., 2008). In microautophagy, small pieces of the cytoplasm are directly 

engulfed by inward invagination of the lysosomal or late endosomal membrane. In CMA, 

specific cytosolic soluble proteins, containing a KFERQ-like pentapeptide sequence, are 

recognized by the chaperone Hsc70 that delivers them to the lysosomal receptor, the 

lysosome-associated membrane protein type 2A (LAMP-2A), for translocation into the 

lysosomal lumen (Kon and Cuervo, 2010; Mizushima et al., 2008). After all three types of 

autophagy, the resultant degradation products are then transported back into the cytosol 

through the activity of membrane permeases and can be used for different purposes, such as 

new protein synthesis, energy production, and gluconeogenesis. Among all these types of 

autophagy, macroautophagy (referred to here as autophagy) is the most extensively studied.

Despite the earliest beliefs, autophagy does not just occur during starvation; autophagy 

occurs constitutively at basal levels to perform homeostatic functions such as protein and 

organelle turnover. In fact, the autophagy pathway has emerged as an essential component 

during development and in maintaining cellular and tissue homeostasis (Mizushima and 

Komatsu, 2011). A proof of that is that whole-body knockout of essential autophagy genes 

is incompatible with life; autophagy-incompetent mice die at early embryonic stages 

because of severe developmental defects, or within the first three days postpartum. In 

addition to performing basal functions, autophagy acts as a cellular survival pathway. 

Autophagic activity can be enhanced in response to a wide variety of intracellular and 

extracellular stimuli and represents an essential mechanism by which organisms can adapt to 

acute stress conditions and repair stress-induced damage. The importance of autophagy is 

highlighted by an increasing number of studies linking dysfunction in the autophagy 

pathway with several human diseases, from infectious diseases to cancer and 

neurodegeneration (Levine and Kroemer, 2008). Defects in all the steps of the autophagy 

pathway have been associated to disease; from autophagosome formation, as seen in several 

cancers, to defects in autophagosome maturation, like in Alzheimer’s disease, or impaired 

autophagic clearance (i. e. lysosomal storage disorders). Moreover, a decline in autophagy 
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has been observed in most tissues with aging and has been considered responsible, at least in 

part, for the accumulation of damaged cellular components in almost all tissues of aging 

organisms (Rubinsztein et al., 2011). This is particularly detriment in patients with 

proteinopathies, like Huntington’s disease, as autophagy may reach a saturation point in 

which its capacity to degrade the mutant aggregate-prone proteins is exceeded.

Activation of autophagy is a highly regulated event controlled by a number of evolutionary 

conserved autophagy related genes (ATG genes) (Mizushima, 2007). The best well-known 

pathway controlling autophagy is the mTOR pathway, although an mTOR-independent 

activation of autophagy has been long suspected and is started to be characterized (Sarkar, 

2013). In the case of the mTOR-dependent pathway, inactivation of mTOR triggers the 

recruitment of ATG proteins to the initiation site and activation of two ubiquitin-like 

conjugation systems (Atg12-Atg5-Atg16 and Atg8/LC3 conjugation systems) that culminate 

with the formation of the autophagosome. A key event required for autophagosome 

formation is the lipidation of the autophagosome marker LC3-I to LC3-II (Kimura et al., 

2009; Mizushima and Yoshimori, 2007). LC3 is synthesized as a precursor form that is 

cleaved by the protease ATG4B, resulting in the cytosolic isoform LC3-I. Upon induction of 

autophagy, LC3-I is conjugated to phosphatidylethanolamine to form LC3-II. LC3-II is 

incorporated to the nascent and elongating autophagosome membrane and remains on the 

autophagosome until fusion with the lysosomes. In the autolysosomes LC3-II is then either 

degraded or delipidated by ATG4 and recycled. A number of different intracellular and 

extracellular signals and factors have been shown to regulate autophagy, i.e. lack of 

nutrients, reactive oxygen species or, as we will review here, mechanical strain or ascorbic 

acid (Kroemer et al., 2010).

3. The Outflow Pathway, A Tissue Controlling Intraocular Pressure

The TM/SC outflow pathway is a highly specialized tissue located at the angle formed by 

the cornea and the iris. This tissue is involved in intraocular pressure (IOP) homeostasis by 

modulating the outflow of AH from the anterior chamber to the venous system. Increased 

IOP resulting from abnormally high outflow resistance is commonly associated with primary 

open angle glaucoma (POAG), an age-related disease second leading form of permanent 

blindness worldwide (Bill and Phillips, 1971; Quigley, 2011; Stamer and Acott, 2012).

In addition to modulating AH outflow resistance, the conventional outflow pathway is 

believed to be involved in detoxification of the AH, phagocytosis of cellular debris, and the 

maintenance of immune privilege in the eye. To accomplish all these functions, the 

conventional outflow pathway is organized, despite its small size (100–150 μg, containing 

approximately 200,000–300,000 cells), as a complex structure composed of morphologically 

and functionally different cell types (Lütjen-Drecoll, 1999; Tripathi, 1977). The TM/SC 

tissue is structured into four differentiated layers through which the AH must pass before 

leaving the eye: the inner uveal meshwork, the corneoscleral meshwork, the juxtacanalinular 

tissue (JCT), and the inner wall of the SC. The uveal and the corneoscleral meshworks are 

composed of sheets of connective tissue beams lined by TM endothelial cells. The beams 

attach to each other in several layers forming a porous filter-like structure. TM cells 

covering the beams are involved in phagocytosis and tissue remodeling. The JCT is 
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composed of loosely arranged extracellular matrix (ECM) in which JCT cells are randomly 

distributed. JCT cells are characterized by the presence of processes or extensions 

connecting the TM cells from the corneoscleral meshwork with cells from the inner wall of 

SC. The cells of the inner wall endothelium of SC constitute the only continuous cell layer 

in the outflow pathway. The JCT/SC region contains the locus of both normal outflow 

resistance and the abnormal resistance in POAG. The causes for this abnormal resistance are 

not known, but it is believed to result from failure of the TM/SC cellular function (Stamer 

and Acott, 2012).

As it will be more extensively explained later within the specific sections, the cells in the 

outflow pathway are continuously subjected to a variety of physiological stress during their 

lifetime, as part of their normal metabolism (Liton and Gonzalez, 2008). Three major types 

of stresses have been identified: oxidative stress, caused by the presence of reactive oxygen 

species (ROS) in the AH; phagocytic stress, due to the clearing of pigment particles and cell 

debris; and mechanical stress, in the form of both strain and shear stress, as a result of 

changes in IOP and fluid flow, respectively. It is therefore imperative that these cells 

account with protective and repair mechanisms that allows them to cope with these daily 

challenges. This is particularly important, since cells in the TM are known to be postmitotic 

differentiated cells characterized by a low renewal rate; injured cells are not readily replaced 

and damage is not diluted through cell division, as occurs in highly replicative tissues. 

Although there are still few studies in the literature, the autophagic lysosomal pathway is 

arising as a critical cellular pathway activated in response to these stressors, contributing to 

keeping outflow pathway homeostasis. Dysregulation of this pathway, in particularly during 

aging, might compromise the ability of TM cells to respond to stress and lead to progressing 

cellular and tissue dysfunction (Liton et al., 2009a; 2009b).

4. The Role of Autophagy in Outflow Pathway Physiology

4. 1. Autophagy, Mechanotransduction and Outflow Pathway Physiology

As Coleman and Trokel showed back in 1969, the TM/SC outflow pathway tissues are 

constantly exposed to changing levels in IOP (Coleman and Trokel, 1969). These variations 

in IOP include transient pressure changes of up to 10 mmHg resultant from blinking and eye 

movement, as well as continuous small cyclic oscillations (2–3 mmHg) associated with the 

ocular pulse (Johnstone, 2004). Studies performed in human enucleated eyes from 

postmortem donors fixated at different pressures, as well as in eyes from rhesus monkeys 

subjected to graded levels of physiologic IOP levels in vivo, have documented dramatic 

changes in the morphology of the outflow pathway under the influence of changing IOP 

(Grierson and Lee, 1975a; 1975b; Johnstone and Grant, 1973). Increased IOP results in 

distention and stretching of the TM and its contained cells, while decreased IOP leads to 

relaxation of the tissue]. According to measurements conducted by Grierson and Lee, 

changes in pressure from 8 to 30 mm Hg could result in a level of stretching of the outflow 

pathway cells that could reach as much as 50% (Grierson and Lee, 1975b; 1975a). Such 

level of strain causes profound changes to cell morphology, affecting a variety of cellular 

properties such as motility, stiffness, contraction, orientation and cell alignment. Therefore, 

TM cells must undoubtedly possess biological mechanisms that allow them to sense and 
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respond to these mechanical forces, so they can adapt and survive. A very recent study 

performed in our laboratory suggests that autophagy could be one of these cellular 

adaptative mechanisms in response to strain (Porter et al., 2014). By using an in vitro 

experimental model mimicking acute sustained elevation of IOP (static biaxial stretch), we 

found autophagy to be activated quickly after application of mechanical forces. Activation 

of autophagy was characterized by a dramatic elevation in the levels of LC3-II, which could 

be prevented by pharmacological blockage of autophagosome formation with 3-MA. 

Moreover, when autophagic flux was evaluated, our data indicated that not only mechanical 

stretch does not perturb maturation of autophagosomes into autolysosomes, but also that the 

number and size of autolysosomes was higher in mechanically stretched cells.

Activation of autophagy was not restricted to in vitro cultured TM cells. We also confirmed 

the occurrence of autophagy in TM cells in situ in high pressure perfused eyes compared to 

eyes perfused at normal pressure conditions. Similarly, autophagy was characterized by 

elevated LC3-II levels and the presence of autophagic figures, preferentially in the cells of 

the corneoscleral meshwork. These findings nicely corroborated earlier observations by 

Grierson et al. describing increased size and number of lysosomes and lysosomal complexes 

in the outflow pathway cells of Rhesus monkeys subjected to high IOP (Grierson and Lee, 

1975b).

Two immediate questions arise from these studies, as discussed in our original manuscript: 

(1) whether autophagy is a primary response to elevated pressure or, in contrast, it is a 

secondary response to morphological tissue deformations, similar to those described by 

Battista et al. (Battista et al., 2008); and (2) which is the role of stretch-induced autophagy in 

cellular and tissue physiology. Regarding the first question, the fact that activation of 

autophagy was observed as early as 30 min post-stretch reasonably supports a role of the 

autophagic pathway as one of the initial responses elicited in TM cells to cope with the 

stress and regain homeostasis. Following on this, we investigated the possibility that stretch-

induced autophagy in TM cells could be mediated by chaperone-assisted autophagy 

(CASA). Chaperon-assisted autophagy is a selective type of autophagy, essential for 

mechanotransduction, which has been recently described in mammalian cells in response to 

tension (Arndt et al., 2010; Ulbricht et al., 2013). This type of autophagy integrates tension 

sensing, autophagosome formation and transcription regulation. The CASA multichaperone 

complex comprised of Hsc70, HspB8 and BAG3, senses the mechanical unfolding of 

filamin and initiates an ubiquitin-dependent autophagic sorting of damaged filamin to 

lysosomes for degradation. At the same time, BAG3 triggers a transcriptional response 

mediated by the transcription factors YAP-TAZ to compensate disposal of client proteins. 

Despite the initial enthusiasm, activation of CASA could not be detected in TM cells under 

static biaxial stretch. However, it cannot be ruled out, and indeed it is supported by 

unpublished data generated in our laboratory, that CASA is activated in other experimental 

conditions that might more extensively damage cytoskeleton components.

The physiological or pathophysiological implications of mechanically-induced autophagy 

are not known at present. Induction of autophagy with mechanical stress- either strain, 

compression or shear stress - is a novel area of research with just a limited number of studies 

reported in the literature (King, 2012; King et al., 2011; Lien et al., 2013; Tanabe et al., 
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2011). A very likely role of stretch-induced is adaptation. When subjected to forces or 

elevated pressure, TM cells must modify and reinforce their cytoskeleton to increase cortical 

rigidity. Induction of autophagy can help cells to undergo these changes by increasing 

protein and organelle turnover, which might in turn affect other cellular and metabolic 

processes to help rebalance cellular and tissue function. Long-term perfusion experiments 

have suggested the existence of some compensatory pressure-lowering mechanism in the 

trabecular outflow pathway in response to more physiologic pressure elevations (Borrás et 

al., 2002; Bradley et al., 2001). Whether the initial activation of autophagy forms part of this 

compensatory homeostatic mechanism by facilitating secondary adaptation, such as ECM 

remodeling or mechanical signaling to stretch (Acott et al., 2014), is an exciting possibility 

that needs to be further explored.

It is also likely that autophagy is activated to protect against long-term stretched-induced 

injury. Although autophagy is generally regarded as a prosurvival mechanism, a number of 

studies have indicated a complex relationship between autophagy and apoptosis. Induction 

of autophagy promotes survival through inhibition of apoptosis via direct interaction 

between Beclin 1 and Bcl 2 (Levine et al., 2008). However, if autophagy is continuously 

activated, it can lead to autophagic cell death (Kroemer and Levine, 2008); Lenardo et al., 

2009). Thus, mechanical activation of autophagy under normal physiological forces may 

help remove damaged components and suppress cell death. In this sense, a recent study has 

shown rapamycin, an autophagy activator, to efficiently protect against the damaging effects 

of compressive mechanical stress and biochemical stimuli in articular cartilage (Caramés et 

al., 2012). In contrast, under pathologic conditions where mechanical forces exceed the 

physiological range, dysregulation of autophagy might trigger cell death and contribute to 

disease (Tanabe et al., 2011).

Another aspect that needs to be further investigated is the signaling pathway triggering 

induction of autophagy with mechanical stretch. In agreement with a previous report 

(Bradley et al., 2003), static stretch activates MTOR pathway in TM cells, suggesting that 

stretch-induced autophagy occurs in an MTOR-independent manner. A similar finding has 

been reported in breast cancer cells subjected to mechanical compression (King et al., 2011). 

This and our study indicate the existence of an alternative mechanosensitive activator of 

autophagy that override the inhibitory signals triggered from stretch-induced MTOR 

activation.

4.2 Intralysosomal Degradation of Extracellular Matrix (ECM) Components in TM Cells

Regulation of ECM composition is believed to play a major role in both in outflow pathway 

physiology (Bradley et al., 1998; Keller et al., 2009; Spiga and Borrás, 2010). Traditionally, 

it has been thought that proteolysis of ECM components occurs mainly extracellularly 

meditated by metalloproteinases (MMPs). However, it is now believed that it primarily 

occurs at the cell membrane and intracellularly, by endocytosis of partially degraded 

proteins (Broemme and Wilson, 2011). Moreover, several studies have demonstrated the 

ability of lysosomal cathepsins to contribute to such pericellular and/or intracellular 

degradation of ECM and basement membrane proteins in some cell types (Broemme and 

Wilson, 2011; Sloane et al., 2005). In a very recent study, our group has demonstrated the 
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phagocytic uptake of partially degraded ECM components and their delivery to the 

lysosomal compartment for complete degradation (Porter et al., 2013a). Moreover, 

phagocytosis of bionic ligands (i.e. E. coli or collagen-coated beads) specifically 

upregulated and increased the secretion and membrane expression of cathepsin B, a 

lysosomal cathepsin capable of activating the uPA/plasminogen proteolytic cascade 

(Aggarwal and Sloane, 2014; Sloane et al., 2005). These findings support a novel role of 

lysosomal enzymes, in cooperation with phagocytosis and autophagy, in outflow pathway 

physiology and IOP regulation by modulating ECM remodeling. Failure of this system could 

explain the abnormal ECM deposition observed in the glaucomatous outflow pathway.

5. Autophagy in Outflow Pathway Pathophysiology: Implications for 

Glaucoma Pathogenesis

5.1 Autophagy in Aging and Age-Related Diseases

The connection between autophagy and aging comes from studies showing that increase 

autophagy increases longevity, while autophagy inhibition induces premature aging 

(Bergamini et al., 2007; Kang et al., 2011; Mariño et al., 2010; Rubinsztein et al., 2011; 

Vellai et al., 2009; Young and Narita, 2010). During aging, there is a decline in the 

autophagic activity in all the tissues examined to date. Indeed, age-dependent alterations of 

the autophagic lysosomal system is considered to be responsible, at least in part, for the 

accumulation of damaged cellular components in aging organisms. The exact reasons for 

this reduced autophagic activity with age is not fully elucidated, but it is been proposed to 

result from a defect in the clearance of autophagic vacuoles (Cuervo, 2008; Terman et al., 

2007). Reactive oxygen species (ROS) resulting from normal aerobic metabolism are 

continuously inflicting macromolecular damage. Most of these oxidatively damaged 

biomolecules and organelles are successfully removed by the cellular proteolytic systems, 

namely proteasomes and lysosomes; however, the recycling machinery is inherently 

imperfect and it is affected itself by the aging process. Thus, there is gradual accumulation 

of partially degraded or nondegraded intralysosomal material, known as lipofuscin or age 

pigment, which seems to interfere with the activity of lysosomal hydrolases. This impaired 

lysosomal proteolytic activity ultimately affects the ability of these secondary lysosomes to 

fuse with autophagosomes, thus slowing down the overall autophagic clearance. 

Accordingly, morphological studies showing the expansion of the lysosomal compartments, 

accumulation of autophagic vacuoles and lipofuscin deposition in the aging lysosomal 

system. Accumulation of waste material is not limited to within the lysosomes. The 

recycling of damaged or worn-out organelles (i.e mitochondria, peroxisomes) and 

cytoplasmic protein aggregates gets also compromised contributing to the cellular 

dysfunction (Brunk et al., 1992; Cuervo, 2003; Cuervo et al., 2005; Terman et al., 2006). In 

particular, the inability of the cell to remove damage mitochondria and its consequent 

cytosolic accumulation is quite detrimental since it initiates a vicious cycle of increased 

ROS production and further defective autophagic clearance. Failure of the quality control 

mechanisms is specifically harmful in terminally differentiated post-mitotic cells and in 

tissues with low renewal rate, since dilution of damaged components by cell division is not 

possible (Cuervo et al., 2005). Autophagy dysregulation and the presence of biological 

waste material has been associated with an increasing number of age-related diseases, 
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including age-related macular degeneration, Alzheimer’s disease, Parkinson’s disease, 

cardiomyopathies, and atherosclerosis (Boya, 2012; Harris and Rubinsztein, 2011; Levine 

and Kroemer, 2008; Schneider and Cuervo, 2014; Weide and Huber, 2011; Yang et al., 

2009)

5.2. Oxidative Stress, Aging and Pathophysiology of the Outflow Pathway

Primary open angle glaucoma (POAG) is a late-onset disease characterized by increased 

resistance to aqueous humor (AH) outflow through the conventional outflow pathway tissue, 

leading to elevated intraocular pressure (IOP) and thus increased risk of developing 

glaucoma (Quigley, 2011). Still nowadays, the exact molecular mechanisms responsible for 

such resistance are not known; however, aging of the TM tissue or the deleterious effect 

associated with aging are considered a major risk factor (Liton et al., 2005).

Cells in the outflow pathway are constantly subjected to oxidative insult, both from ROS 

present in the AH and that generated by normal cellular metabolism (Spector et al., 1998). 

This continuous exposure to ROS has been suspected to contribute to the morphological and 

physiological alterations of the aqueous outflow pathway in aging and POAG (Aslan et al., 

2008; Kumar and Agarwal, 2007; Saccà et al., 2007; Zanon-Moreno et al., 2008). The 

particular higher sensitivity of the TM to oxidative radicals compared with other tissues in 

the anterior chamber of the eye would explain why this tissue is more affected to the 

oxidative insult (Izzotti et al., 2009). One potential source of intracellular ROS is that 

generated from H2O2 through iron-catalyzed Fenton reactions, which results in the 

production of highly reactive hydroxyl radicals (Kruszewski, 2003). These newly generated 

free radicals can induce the peroxidation of adjacent lipids and proteins and oxidative 

damage to DNA. Although cells and organisms posses mechanisms to prevent free iron from 

reacting with H2O2, localized iron dysregulation and consequent iron accumulation has been 

demonstrated to occur in a variety of tissues and species during normal aging (Killilea et al., 

2003; Xu et al., 2008), including senescent and glaucomatous TM cells (Lin et al., 2010). 

Accumulation of iron primarily occurs within the lysosomal compartment resulting from the 

autophagic degradation of ferritin (Bridges, 1987). Accordingly, intralysosomal iron 

chelation effectively suppressed the generation of ROS in TM cells following acute 

oxidative stress with H2O2, indicating lysosomes as key organelles responsible for ROS 

generation (Lin et al., 2010). Production of ROS has been also observed by mitochondria in 

TM cells exposed to chronic oxidative stress, which mediates the upregulation of endothelial 

leukocyte adhesion molecule-1 (Li et al., 2007), a previously reported glaucoma marker 

(Liton et al., 2006; Wang et al., 2001). Moreover, increased mitochondrial ROS production 

has been reported in TM primary cultures from glaucoma donors (He et al., 2008).

The TM of patients with POAG has additionally showed increased expression and activity 

of inducible nitric oxide synthase (iNOS), believed to be responsible for the elevated 

expression of the powerful oxidant peroxynitrite in the TM of patients with severe POAG 

(Fernández-Durango et al., 2008). In addition to this pro-oxidant environment, the aging 

outflow pathway is also characterized by an overall decreased in the antioxidant potential 

(La Paz and Epstein, 1996) and downregulated expression of the antioxidants paraxonase 3 

and ceruloplasmin (Liton et al., 2006). This imbalance between oxidant production and 
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antioxidant defense mechanisms causes oxidative stress to the outflow pathway tissue during 

aging and in disease. Specific evidence of oxidative stress comes from studies reporting 

increased presence of peroxidized lipids (Fernández-Durango et al., 2008) and oxidative 

DNA damage in the glaucomatous outflow pathway; in this latter case, the levels of DNA 

oxidation significantly correlated with IOP and visual field defects (Saccà et al., 2005). Our 

own work also reported a 3-fold increase in the levels of carbonylated proteins in TM cells 

from older donors compared to young ones (Caballero et al., 2004). Interestingly, this 

increase in carbonylated proteins was associated with a 7.5-fold decrease of proteasome 

activity, suggesting that a progressive loss of proteolytic proteasomal function in the TM 

with aging could contribute to the observed increased accumulation of oxidized proteins.

5.3. Effect of Chronic Oxidative Stress on Autophagic Lysosomal Function in TM Cells

Induction of autophagy is one of the potential cellular responses to ROS and oxidative 

damage, acting at two levels. On the one hand, ROS can initiate autophagosome formation 

and autophagic degradation functioning as cellular signaling molecules; on the other hand, 

autophagy serves to reduce oxidative damage as well as ROS levels through the removal of 

protein aggregates and damage organelles, including mitochondria and lysosomes (Li et al., 

2015). Recently, our group investigated the activation of autophagy in TM cells in response 

to chronic oxidative stress (Porter et al., 2013b). Chronic oxidative stress was applied using 

our well-established experimental model consisting on culturing confluent monolayers of 

postmitotic TM cells to hyperoxia (40% O2) for two weeks. Cells grown under these 

conditions display a phenotype similar to aging cells, characterized by increased 

intracellular ROS, decreased mitochondrial membrane potential, as well as increased DNA 

damage, carbonylated protein contents, and the presence of lipofuscin (Liton et al., 2008).

Activation of autophagy, analyzed using three different methodologies, was observed in 

chronically stressed cultures. Moreover, maturation of newly formed autophagosomes into 

autolysosomes was also confirmed. Induction of autophagy in TM cells in response to 

oxidative stress was found to be mTOR-dependent and involved the nuclear translocation of 

the transcription factor EB (TFEB), a master regulator of autophagy and lysosomal 

biogenesis (Settembre et al., 2011). Upon nuclear translocation, TFEB drives the expression 

of autophagy and lysosomal genes, thus linking and coordinating the function of these two 

cellular organelles, autophagosomes and lysosomes, for an efficient autophagic process. In 

agreement, induction of autophagy was accompanied by the upregulation of the lysosomal 

machinery, including lysosomal hydrolases, in TM cells grown at 40% O2 conditions. We 

observed, however, that despite the transcriptional activation of the autophagic and 

lysosomal machinery, and the elevated content of lysosomal cathepsins, lysosomal 

degradation was not enhanced. Furthermore, the oxidatively stressed cultures displayed 

lower cathepsins activity and improper proteolytic maturation of lysosomal cathepsins 

(Liton et al., 2008; Porter et al., 2013b). Further analysis revealed that the overall decrease 

in cathepsin activities and reduced lysosomal degradative potential could be attributed to the 

basification of the lysosomal lumen in the cells grown under hyperoxia (Porter et al., 

2013b). The molecular mechanism leading to lysosomal basification with oxidative stress in 

TM cells have still not been identified.
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Ascorbic acid is a potent antioxidant, which is present at high concentrations in the AH 

(Delamere, 1996). A reduction of the levels of vitamin C in plasma as well as in the AH of 

patients with POAG and secondary glaucoma has been documented by several investigators 

(Ferreira et al., 2009; Koliakos et al., 2002; Leite et al., 2009). The potential relevance of 

AA in outflow pathway physiology and pathophysiology comes from the observed IOP-

lowering effect of AA (LINNER, 1969), and from the recent work by Zanon-Moreno et al. 

(Zanon-Moreno et al., 2011) reporting an association between a polymorphism in the AA 

transporter SLC23A2 with lower plasma concentrations of AA and with higher risk of 

POAG. Very interestingly, supplementation of TM cells with AA has been shown to activate 

the autophagic lysosomal pathway and increase lysosomal degradation in TM cells in a 

dose-dependent manner (Xu et al., 2014). This increase in lysosomal degradation was 

mediated by proteolytic activation of cathepsins, presumably through the stabilization of 

lysosomal pH, as described in glial cells (Martin et al., 2002). Based on this, it is very 

tempting to speculate that activation of autophagy might be, at least in part, one of the 

mechanisms by which AA protects against oxidative stress. The diminished levels of 

ascorbate or deficient AA cellular uptake can affect lysosomal pH and compromise 

lysosomal degradation in outflow pathway cells.

The higher number of autophagosomes and autolysosomes - resulting from induction of 

autophagy - and the increased presence of cargo material within them, while keeping the 

same cellular degradative capacity, might result in the accumulation of undegraded material 

within residual bodies. Moreover, as previously explained, renewal of aged or damaged 

organelles can also be affected. It is therefore possible that decrease in proteasome activity 

in TM cells from older donors (Caballero et al., 2004) and the increased mitochondrial ROS 

production in glaucomatous TM primary cultures (He et al., 2008) might result from the 

poor autophagic turnover of proteasomes and mitochondria, respectively. Also, as it will be 

discussed elsewhere in this Special Issue, clearance of mutant myocilin can be also 

compromised since the turnover of myocilin involves ubiquitin-proteasomes and lysosomal 

pathways (Qiu et al., 2014).

A recent work by Pulliero et al. has reported the occurrence of an age dependent increase in 

autophagy in the TM tissue (Pulliero et al., 2014). Furthermore, they showed that aging 

promotes TM senescence due to increased oxidative stress paralleled by autophagy increase. 

Indeed, both oxidative DNA damage and autophagy were more abundant in subjects older 

than 60 years. A link between oxidative stress, cellular senescence and autophagy has been 

also elucidated from our studies in vitro, demonstrating a correlation between increased 

lysosomal content and detectable senescence-associated-β-galactosidase (SA-β-gal) in TM 

cells grown under chronic oxidative stress (Liton et al., 2008; Porter et al., 2013b). When 

application of chronic oxidative stress was conducted in the presence of the autophagy 

inhibitor 3-MA, the increase in SA-β-gal activity was partially blocked, as well as that in 

lipofuscin and lysosomal mass suggesting that the occurrence of SA-β-gal activity is 

mediated by LC3-dependent autophagy and results from reduced autophagic flux within 

autolysosomes (Porter et al., 2013b). These findings are of special relevance since the 

glaucomatous outflow pathway contains increased number of cells displaying SA-β-gal 

activity in the compared with age-matched control tissue (Liton et al., 2005). Impaired 

autophagic flux induced by oxidative stress might thus represent one of the factors leading 
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to progressive failure of cellular TM function with age and contribute to the pathogenesis of 

POAG.

5.4. Autophagy in The Glaucomatous Outflow Pathway

Although still not investigated in detail, increasing number of evidence in the literature 

suggests altered autophagic lysosomal function in the glaucomatous outflow pathway. First 

evidence come from older studies describing increased hydrolase activities in the TM of 

glaucomatous eyes (Coupland et al., 1993), as well as those reporting ultrastructural 

changes, such as the presence of membrane-limited vesicles filled with granular material and 

accumulation of autophagic vacuoles and pigment granules in the cytoplasm of 

glaucomatous TM cells (Cracknell et al., 2006; Rohen, 1982; Tektas and Lütjen-Drecoll, 

2009). A recent work by Keller et al. also provides a genetic link between autophagy and 

glaucoma since ASB10, a novel candidate POAG gene, was shown to participate in 

ubiquitin-mediated degradation pathways (Keller et al., 2013). The importance of autophagy 

in outflow physiology is additionally supported by the observation that ocular hypertension 

is an ocular manifestation described in patients with lysosomal storage disorders (Biswas et 

al., 2008; Nowaczyk et al., 1988; Spellacy et al., 1980).

More direct experimental evidence linking autophagy to outflow pathway pathophysiology 

comes from our latest study, in which we evaluated autophagic lysosomal function in TM 

cells isolated from glaucomatous donors and compared it to that in age-matched donor eyes 

(Porter et al., 2015). Glaucomatous TM cells displayed a significant decrease in the steady-

state levels of LC3-II, as well as reduced lysosomal proteolysis. Moreover, the levels of 

RPS6KB phosphorylated at Thr389, a direct mTOR phosphorylation site, were dramatically 

increased in the glaucomatous cultures, a clear indication of autophagy inhibition. In 

addition to the constitutive inhibition of autophagic function, the ability to induce autophagy 

in response to stress, at least to oxidative stress, was similarly compromised in the 

glaucomatous cultures. A very striking result was that TM cells from glaucoma donors also 

demonstrated a significant increase in SA-β-gal activity and lipofuscin content, similar to 

our previous observations in chronically stressed TM cells and in glaucomatous TM cells in 

situ (Liton et al., 2005). SA-β-gal is an abnormal activity of the lysosomal enzyme β-

galactosidase that occurs at pH 6 in senescent cells. Although the exact nature of this 

abnormal activity is not fully understood, as mentioned earlier, SA-β-gal expression has 

been co-localized within autolysosomes together with LC3 and has been proposed to results 

from reduced autophagic flux within autolysosomes during cellular senescence. These 

findings reinforce a relationship between oxidative stress, autophagic dysfunction, and 

outflow pathway pathophysiology (Figure 2).

6. Concluding Remarks and Future Studies

The study of autophagy is still an emerging, but promising field in outflow pathway tissue 

physiology and pathophysiology. As summarized in Figure 3, all the experimental evidence 

available to date supports a key role of autophagy in maintaining outflow pathway tissue 

homeostasis and response to stress. Morphological and in vitro culture studies also sustain 

its potential malfunction in glaucoma. However, confirmation of existing observations in 

vitro in cadaver human tissue and/or transgenic animal models is needed. The study of 
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autophagy in glaucomatous human cadaver tissue can be, conversely, subjected to important 

limitations, as the supply of human cadaver eyes, access to complete clinical histories and 

most importantly, to the fact that all glaucoma patients undergo therapy with glaucoma 

medications, usually a combination of different drugs, and/or might have undergone surgery, 

either laser or trabeculectomy. So far, there is no information of the effects of these 

therapeutic treatments on the autophagic lysosomal pathway. Similarly, the use of transgenic 

animal models is challenging since full body knockouts of relevant autophagic genes are 

lethal, and no specific promoter has been yet identified for TM cells that can be used to 

generate tissue specific or conditional knockouts. Also important is the recognition of 

inducing mechanisms and signaling pathways involved in the autophagic response in TM 

cells, which could open ways for the modulation of the autophagic lysosomal function in 

ocular hypertension and possibly define targets for drug design.
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HIGHLIGHTS

• Autophagy is induced in TM cells in response to oxidative and mechanical 

stress.

• The autophagic lysosomal system is emerging as an important regulator of 

outflow pathway physiology, protecting against stretch-induced injury and 

modulating ECM composition.

• Chronic oxidative stress induces lysosomal basification in TM cells and 

consequent decrease in autophagic flux.

• Glaucomatous TM cells display dysregulated autophagic function.
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Figure 1. 
Summary of the effect of chronic oxidative stress on autophagic lysosomal function in TM 

cells.
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Figure 2. 
Summary of the roles of autophagy in outflow pathway physiology and pathophysiology.
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Figure 3. 
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