
AUTOPHAGY AND MECHANOTRANSDUCTION IN OUTFLOW 
PATHWAY CELLS

Joshua Hirt and Paloma B. Liton
Duke University, Department of Ophthalmology, Durham, NC, USA

Abstract

Because of elevations in IOP and other forces, cells in the trabecular meshwork (TM) are 

constantly subjected to mechanical strain. In order to preserve cellular function and regain 

homeostasis, cells must sense and adapt to these morphological changes. We and others have 

already shown that mechanical stress can trigger a broad range of responses in TM cells; however, 

very little is known about the strategies that TM cells use to respond to this stress, so they can 

adapt and survive.

Autophagy, a lysosomal degradation pathway, has emerged as an important cellular homeostatic 

mechanism promoting cell survival and adaptation to a number of cytotoxic stresses. Our 

laboratory has reported the activation of autophagy in TM cells in response to static biaxial strain 

and high pressure. Moreover, our newest data also suggest the activation of chaperon-assisted 

selective autophagy, a recently identified tension-induced autophagy essential for 

mechanotransduction, in TM cells under cyclic mechanical stress.

In this review manuscript we will discuss autophagy as part of an integrated response triggered in 

TM cells in response to strain, exerting a dual role in repair and mechanotransduction, and the 

potential effects of dysregulated in outflow pathway pathophysiology.

1. Introduction

The trabecular meshwork (TM)/Schlemm’s Canal (SC) conventional outflow pathway is a 

complex tissue primarily responsible for regulating the outflow of aqueous humor (AH) 

from the anterior chamber of the eye. Aqueous humor is continuously produced by the 

ciliary body and enters the anterior chamber through the pupil, draining passively out of the 

eye in a pressure gradient manner via first the TM and then through the SC. The rate of AH 

drainage must be equal to AH production. Resistance to AH outflow through the TM/SC 

causes elevated intraocular pressure (IOP), and with that the risk of developing glaucoma, 

the second leading cause of irreversible permanent blindness worldwide (Stamer and Acott, 

2012).
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Cells in the TM are constantly subjected to mechanical forces and deformations resulting 

from changes in IOP and eye movement. It is expected TM cells to possess adaptive 

mechanisms, which allow them to cope to this stress and prevent further injury. Here, we 

will review the existing data supporting autophagy, a catabolic mechanism that involves the 

degradation of unnecessary or dysfunctional cellular components through the action of 

lysosomes, as part of a homeostatic integrated regulatory response triggered in TM cells in 

response to strain. In addition, we will include additional new data obtained in our 

laboratory showing activation of a new described tension-induced autophagy in cyclically 

stretched TM cells.

2. Mechanical Forces in the Outflow Pathway: Critical Regulators of IOP 

Homeostasis

Direct recordings of IOP in a human volunteer revealed that IOP is not stable, but it 

experiences a high level of fluctuations with normal ocular activities (Coleman and Trokel, 

1969; Johnstone, 2004). 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). Long lasting 

high-magnitude changes occur under pathological conditions in ocular hypertensive eyes.

Such elevations in IOP generate an increase in pressure gradient across the TM, which is 

translated into distension and compaction of the elastic tridimensional meshwork. 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; 

Stamer and Acott, 2012). 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; Stamer and Acott, 2012). Additional sources of 

strain are those originated by ciliary muscle contraction, with mechanical forces stretching it 

from Schwalbe’s line to the scleral spur, and inwards towards the SC lumen (Coleman and 

Trokel, 1969; Johnstone and Grant, 1973).

Schlemm’s canal cells are also exposed to a variety of mechanical forces, specifically shear 

stress exerted by the flowing of AH within Schlemm’s canal and basal-to-apical pressure 

gradient, which result in the alignment of the SC parallel to the flow and in large cellular 

deformations, respectively (Ethier et al., 2004; Johnstone, 2004).

2.1 Mechanosensors in Outflow Pathway Cells

Numerous in vitro studies aimed at investigating the effects of mechanical stress in both 

perfused organ culture and cell culture have proven that cells in the outflow pathway are 

capable of sensing and responding to fluctuations in IOP and mechanical strain (cyclic and 

static). Despite its importance, identification of the mechanosensor/s has not been however a 
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subject of extensive number of reports in the literature. Trabecular meshwork cells have been 

shown to express several known mechanotransduction channels (Piezo1, Piezo2, TASK1, 

TREK1, TRPA1, TRPC1, TRPC2, TRPC3, TRPC6, TRPM2, TRPP2) in tissue as well as in 

cultured conditions (Grierson and Lee, 1975b; 1975a; Johnstone and Grant, 1973; Li et al., 

2007; Tran et al., 2014). Which, if any, does indeed function as mechanosensor in TM cells 

is currently unknown. Cochlin, an ECM protein linked to the pathogenesis of glaucoma, has 

also been reported to be involved in mechanosensasion of fluid flowing and 

mechanotransduction, in conjunction with the TREK-1 channel. In this specific case, it was 

proposed that the mechanotransduction initiated by cochlin/TREK-1 would modulate the 

expression of several cytosolic proteins, i.e., profilin, which in turn would cause cytoskeletal 

remodeling concomitant with increased outflow facility and fluid flow, thus resulting in 

reduction of IOP (Goel et al., 2011). Most recently, in an elegant study using multiple 

complementary approaches, Luo et al. identified primary cilia as the pressure-sensing 

organelle in the TM (Luo et al., 2014). Furthermore, proper cilia function was found to be 

essential for pressure sensation in these cells. Primary cilia in TM cells shorten in response 

to fluid flow and elevated hydrostatic pressure, and promote increased transcription of TNF-

α, TGF-β, and GLI1 genes. These effects were found to require both, OCRL, an inositol 

polyphosphate 5-phosphatase, and transient receptor potential vanilloid 4 (TRPV4), a ciliary 

mechanosensory channel, in a manner where OCRL appears to be required for proper 

localization and function of TRPV4 in the cilia. This in turn is necessary for calcium flux 

that regulates the transcriptional programs that coordinate cilia function with pressure 

sensing.

2.2 Mechanical Stress in Cellular and Tissue Homeostasis

Mechanical forces are known to elicit a broad range of responses in TM cells, including 

alterations to the extracellular matrix, changes in cytoskeleton, induction of gene expression, 

secretion of cytokines, and activation of regulatory and, as we will discuss later, degradative 

pathways (Bradley et al., 2001; 2003; Chudgar et al., 2006; Keller et al., 2007; Liton et al., 

2005a; 2005c; Luna et al., 2009b; 2009c; Matsuo et al., 1996; Mitton et al., 1997; Okada et 

al., 1998; Sato et al., 1999; Stamer and Acott, 2012; Tumminia et al., 1998; Vittal et al., 

2005; WuDunn, 2001). Cells in the inner wall of the SC have been shown to release nitric 

oxide with application of shear stress and rearrangement of their F-actin architecture 

(Ashpole et al., 2014; Ethier et al., 2004). Although the specific or detailed mechanisms are 

not really yet elucidated, it is logical to think that the ultimate goal of these stretch-induced 

responses is to maintain cellular and tissue homeostasis.

Experiments conducted in vitro in perfused eyes clearly indicated the existence of some sort 

of homeostatic mechanism responsible for IOP regulation in the TM/SC outflow pathway 

tissue, defining IOP homeostasis as a long-term response to mechanical stretch (Acott et al., 

2014). Elevation of the perfusion rate was followed by a consequent expected elevation in 

pressure. However, over the days, pressure was found to return to its baseline level, even 

though inflow was kept high (Borrás et al., 2002; Bradley et al., 2001). These observations, 

which have been corroborated by different groups, manifest the presence of a compensatory 

mechanism that contributes to maintaining IOP homeostasis (Baetz et al., 2009; Booth et al., 

1999; Borrás, 2003; Bradley et al., 2001; 2003; Chudgar et al., 2006; Gasull et al., 2003; 
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Keller et al., 2007; 2009; Liton et al., 2005b; 2005d; Luna et al., 2009c; 2011; Matsuo et al., 

1996; Mitton et al., 1997; Okada et al., 1998; Ramos et al., 2009; Sato et al., 1999; Tamm et 

al., 1999; Tumminia et al., 1998; Vittal et al., 2005; WuDunn, 2009; 2001). Sensing the 

resistance or pressure misbalance in the form of mechanical stretch by the cells in the 

outflow pathway is thought to be the triggering response.

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

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

Continuous exposure to strain predisposes cells to stretch-induced injury. Therefore, cellular 

responses elicited by stretching and fluid flow must be also directed to adapt TM cells to 

such mechanical forces and to repair them from potential stretch-induced damage. A very 

recent study performed in our laboratory suggests that autophagy could be one relevant 

cellular adaptive mechanism in response to strain (Porter et al., 2014).

3. Autophagy: A Stress Response Adaptive Pathway

Autophagy is arising as one on the central cellular adaptive response to stress. Autophagy, 

which means “self-eating”, is a general term that refers to the catabolic process in which 

cellular components, including organelles, are degraded by the machinery of the lysosomes. 

Three different types of autophagy have been described in mammalian cells based on the 

delivery route of the cytoplasmic material to the lysosomal lumen: macroautophagy, 

microautophagy, and chaperon-mediated autophagy. Among them, macroautophagy, 

commonly known simply as autophagy is the most extensively studied. This particular type 

of autophagy is characterized by the formation of a double membrane-bound organelle, the 

autophagosome, which engulfs the material targeted for degradation. Autophagosomes then 

fuse with lysosomes to form autolysosomes, in which the cytoplasmic cargos are degraded 

by resident hydrolases into their minor constituents. Degradation products are then 

transported back into the cytosol through the activity of membrane permeases, so they can 

be recycled and used for different purposes, such as new protein synthesis, energy 

production, and gluconeogenesis (Fig 1). Macroautophagy then consists of four sequential 

differentiated steps: (1) sequestration and autophagosome formation, (2) fusion of 

autophagosomes with lysosomes, (3) lysosomal degradation of cargo material, and (4) 

recycling. All these steps are controlled by a number of evolutionary conserved autophagy 

related genes (ATG genes) (Mizushima, 2007).

Although initially believed to be a primary response to starvation, macroautophagy is known 

to occur at basal levels in most tissues as it contributes to routine housekeeping functions. 

Autophagy exerts a wide variety of physiological roles, like amino acid pool maintenance, 

intracellular quality control, development, cell death, tumor suppression and anti-aging 

(Mariño and López-Otín, 2004; Mizushima, 2009). The primary role of basal autophagy is 

to contribute to the intracellular quality control and housekeeping by removing misfolded or 

aggregated proteins, clearing damaged organelles (i.e. mitochondria, endoplasmic reticulum, 

peroxisomes), as well as eliminating intracellular pathogens. In addition to performing basal 

functions, autophagy acts as a cellular survival pathway that is quickly activated in response 

to different types of stress, including ER stress, unfolded protein response, oxidative stress, 

metabolic stress, and mechanical stress. Activation of autophagy represents an essential 
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mechanism by which organisms can repair stress-induced damage and adapt to the new 

environmental conditions. Dysfunction in the autophagy pathway has been associated with 

several human diseases, including glaucoma (Levine and Kroemer, 2008; Porter et al., 

2015).

A growing list of intracellular and extracellular stimuli are known to activate autophagy 

(Kroemer et al., 2010); e.g. nutrient depletion, hypoxia, drug and radiation treatment, 

reactive oxygen species (ROS) or, as we will discuss later, mechanical strain. Many 

signaling pathways and second messengers have been shown to regulate the activity of the 

autophagy machinery. The majority of them converge on mTOR (mammalian target of 

rapamycin), which is a central regulator of macroautophagy (Sarkar, 2013). Regardless the 

selectivity of the process, recent evidence support the notion that macroautophagic cargo is 

not incorporated in the nascent autophagosome in a bulky randomly manner, but that it can 

occur selectively for substrates. Selective macroautophagy utilizes the same core machinery 

used for nonselective macroautophagy. Selectivity is achieved by the recognition of the 

cargo ligand (scaffold) by a specific receptor that recruits it to the phagophore assembling 

site, where an autophagosome forms. In many cases, the receptor proteins subsequently bind 

one of the LC3 family proteins. This interaction may connect the cargo directly with the 

macroautophagy machinery (Johansen and Lamark, 2011). Examples of selective autophagy 

are degradation of aggregated proteins (aggrephagy), lipid droplets (lipophagy), ribosomes 

(ribophagy), mitochondria (mitophagy), and chaperon-selective assisted autophagy (CASA), 

a specific type of autophagy recently described in response to tension.

4. Autophagy and Mechanical Stretch: Dual Role in Repair and 

Mechanotransduction

4.1 Stretch-Induced Autophagy

The majority of the cells in all organisms are eventually exposed to mechanical stressed 

caused by physical changes in their microenvironment. Mechanical forces may be 

experienced in the form of compression, strain, or shear stress. When exposed to these 

physical forces, cells need to undergo a number of changes, i.e. changes in cytoskeletal 

stiffness or increase in cortical rigidity, to successfully cope with the stress. The ability to 

respond and adapt to alterations in the physical environment is therefore a universal and 

essential property required to maintain cell functionality. This is true even for specialized 

mechanosensitive cells, like TM cells, whose metabolism is anticipated to be at least partly 

regulated by mechanical forces. The responses to mechanical stress are complex and still not 

completely understood.

The induction of autophagy by mechanical stress was first documented in 2011 by King et 

al. in Dictyostellium (King et al., 2011). In this study, investigators found that mechanical 

compressive stress rapidly induces autophagosome formation greater than 20-fold. Similar 

response was corroborated in mammalian cells, thus indicating that such is an evolutionary 

conserved, general response to mechanical stress. The response to changes in mechanical 

pressure was graduated, with half-maximal responses at ~0.2 kPa, similar to other mechano-

sensitive responses. They further showed that the mechanical induction of autophagy is 
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mTOR-independent and transient, lasting until the cells adapt to their new environment and 

recover their shape. Activation of autophagy with mechanical compression has been also 

described in injury models of cartilage explants and in the spinal cord with increase 

intracranial pressure and in conditions of intervertebral disk degeneration. In all these cases, 

pharmacological stimulation of autophagy with rapamycin exerted a protective role 

decreasing both damage and cell death (Caramés et al., 2012; Tanabe et al., 2011; Q. J. 

Wang et al., 2006).

Induction of autophagy has also been recently reported with mechanical strain (Porter et al., 

2014). The signaling pathways and the physiological roles varies depending on the cell type 

and experimental model. Autophagy was found to protect end plate chondrocytes from 

intermittent cyclic mechanical tension-induced calcification, playing a key role in bone 

homeostasis (Xu et al., 2014). In contrast, application of cyclic mechanical stress caused 

autophagic cell death in tenofibroblast through activation of PGE2 production (Chen et al., 

2015). Similarly, excessive activation of autophagy through AT1 receptor-mediated 

activation of p38MAPK in culture cardiomyocytes and mouse hearts has been linked to 

cardiac hypertrophy (Lin et al., 2014).

4.1.1 Autophagy, a Physiological Response to Mechanical Stress and High 
Pressure in Trabecular Meshwork Cells—Recently, our laboratory reported the 

activation of autophagy in TM cells in response to biaxial static mechanical stretch (20% 

elongation), an experimental model that mimics acute sustained elevation of IOP, similar to 

that occurring in the outflow pathway in vivo with ocular hypertension. We observed a quick 

activation of autophagy as early as 30 minutes 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. Electron microscopy qualitatively confirmed the increased presence of autophagic 

structures in mechanically-strained cells. Moreover, the number and the size of 

autolysosomes was also found to be higher indicating that the maturation process was not 

impaired by potential disruption of the microtubular system with the mechanical forces.

Corroborating 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), activation of autophagy in TM cells was 

also confirmed in situ in response to high pressure (Porter et al., 2014). Similarly, autophagy 

was characterized by elevated LC3-II levels and the presence of autophagic figures. While 

these autophagic figures were preferentially found in the cells of the corneoscleral 

meshwork in the porcine outflow pathway, they were described in both the JCT and the cells 

lining the trabeculae in the monkey eye. It is likely that the distinct anatomy of the porcine 

outflow pathway compared to primates, which might influence the stretch-sensing tissue 

properties, or differences in the experimental procedure (in vivo versus in vitro) could 

account for this dissimilarity rather than a cell-specific response.

The signaling pathway triggering stretch-induced autophagy in TM cells has still not been 

identified. As mentioned earlier, MTOR is the best well-known pathway regulator of 

autophagy, having an inhibitory function. Activation of MTOR leads to inhibition of 
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autophagy through (i) the phosphorylation of multiple autophagy-related proteins, which 

promote autophagy initiation and autophagosome nucleation, and (ii) by preventing the 

nuclear translocation of the transcription factor TFEB, a master regulator of lysosomal and 

autophagy gene expression (Sarkar, 2013). Mechanical stretch activates the MTOR pathway 

in TM cells (Bradley et al., 2003); therefore indicating that stretch-induced autophagy must 

occur in TM cells in an MTOR-independent manner. A similar finding has been reported in 

breast cancer cells subjected to mechanical compression (King et al., 2011). Together these 

studies indicate the existence of a still unknown alternative mechanosensitive activator of 

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

activation. Various signaling pathways regulate autophagy independently of MTOR, 

including cAMP/PLCε, Ca2+/calpain and inositol signalling pathways (Sarkar, 2013). 

Whether any of these pathways is implicated in stretch-induced autophagy in TM cells is 

currently under investigation.

4.2 Chaperon-Assisted Selective Autophagy (CASA), a Tension-Induced Autophagy

Chaperon-assisted autophagy (CASA) is a type of selective autophagy recently described in 

muscle cells in response to tension, essential for muscle maintenance (Ulbricht et al., 2013). 

This type of autophagy integrates tension sensing, autophagosome formation and 

transcription regulation. The CASA complex, comprised of the molecular chaperones Hsc7, 

HspB8 and the cochaperone BAG3 (BCL2-Associated Athanogene 3), senses the 

mechanical unfolding of the actin-crosslinking protein filamin and initiates the ubiquitin-

dependent autophagic sorting of damaged filamin to lysosomes for degradation. Intriguingly, 

at the same time that BAG3 facilitates the autophagic degradation of mechanically damaged 

cytoskeleton components, it triggers a transcriptional response to compensate that disposal. 

This is performed by activation and nuclear translocation of the transcription factors YAP 

(Yes-associated protein) and TAZ (transcriptional coactivator with PDZ-binding motif). Very 

interestingly YAP/TAZ were previously identified as key downstream elements and 

mediators of mechanical cues (Dupont et al., 2011). BAG3 utilizes its WW domain to bind 

the YAP/TAZ inhibitors LATS1/2 or AmotL1/2 and promote nuclear translocation of 

YAP/TAZ and concomitant transcriptional activation of proteins involved in cell adhesion 

and ECM remodeling, including filamin and BAG3 (Dupont et al., 2011) (Fig 1).

4.2.1 Induction of CASA and Mechanotransduction in TM cells—Our laboratory 

investigated the possibility that the observed induction of autophagy in TM cells with static 

biaxial stretch could be mediated by CASA (Porter et al., 2014). First, we checked whether 

filamin was being degraded through the lysosomal pathway in response to mechanical 

injury. For this, human TM cells were stretched in the presence of bafilomycin A1, a 

lysosomal inhibitor, or cycloheximide, a protein biosynthesis inhibitor. None of the 

treatments caused any differences in the filamin protein levels in stretched cells compared to 

non-stretched ones, suggesting that CASA was not being activating in our experimental 

model. To further confirm these results, stretch-induced autophagy was investigated in TM 

cells with knocked down BAG3 expression levels. Downregulation of BAG3 did not cause 

any differential expression in LC3-I, nor did it affect the increase in LC3-II with mechanical 

stress. Altogether, these results indicated that CASA was not being activated in TM cells in 

response to biaxial stretch.
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Gene expression profile analysis showed, however, upregulated mRNA levels of BAG3, 

filamin and several of the genes that are known to be modulated by YAP/TAZ (i.e. TGF-β, 

and CTGF) in TM cells subjected to cyclic mechanical stretch (20% elongation, 1 cycle/

second, (Luna et al., 2009b)). In view of this, we decided to evaluate CASA under cyclic 

mechanical stretch conditions in primary cultures of human TM cells. As seen in Fig. 2, 

cyclic mechanical stress (20% elongation, 1 cycle/sec, 16 hours) also resulted in increased 

levels of LC3-II. The stretch-induced increase in LC3-II was blocked with 3-MA, but did not 

suffer major changes with rapamycin, an mTOR-dependent activator of autophagy (Fig. 2A). 

Down-regulation of Atg5, an ubiquitin ligase required for lipidation of LC3-I to LC3-II, via 

Amaxa nucleoporation using a specific siRNA targeting human Atg5 (siAtg5), completely 

abolished the stretched-induced activation of autophagy. Intriguingly, in this case, down-

regulation of BAG3, also significantly diminished the increase in LC3-II in the stretched 

cultures (Fig. 2B–C), indicating a potential role of CASA in the induction of autophagy with 

cyclic mechanical stress.

Still we do not know why this differential response between static and cyclic stress, although 

it is not surprising. Cyclic regimes of mechanical stress are known to exert different effects 

from static stretching (J. H.–C. Wang and Thampatty, 2006). Therefore, it should be 

expected that cyclic mechanical stimulation of TM cells might elicit different responses 

from those observed after static stretching. One potential explanation is that continuous 

cycles of contraction/relaxation might more extensively damage cytoskeleton components, 

but it definitively has to be studied.

Other two related questions that remain to be investigated are how BAG3 controls initiation 

of autophagy and autophagosome formation to induce autophagic degradation, and whether 

this regulation is MTOR dependent or independent. A recent report in the literature has 

shown that BAG3 actually regulates the basal amount of total cellular LC3B by controlling 

its mRNA translation. This was specific for LC3, since no other ATG proteins were found to 

be affected in that study (Rodríguez et al., 2016). We have observed, however, decreased 

Atg5 protein levels in siBAG3-transfected TM cells. There is little information about the 

regulation of key autophagy classic checkpoints by BAG3. There is only one description 

showing that autophagy is controlled by BAG3 through a Beclin-independent mechanism 

suggesting that BAG3 could control the autophagy signaling through a nontraditional 

mechanism (Liu et al., 2013). Recently, BAG3 has been implicated in the non-canonical 

activation of autophagy by estrogen receptor (Felzen et al., 2015). This process was 

independent of MTOR signaling network. If non-canonical activation of autophagy were the 

case for CASA, we would have expected, however, Atg5 knockdown to have not effect on 

stretched-induced autophagy. This, together with the fact that siBAG3 does not completely 

abolish the increase in LC3-II levels with mechanical stress, highlights the complexity of the 

regulating signaling pathways controlling stretch-induced autophagy. Similarly, based on our 

data, we cannot discard that non-canonical and canonical autophagy occur simultaneously, 

resulting from other types of stress or simply basal autophagy.
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4.3 Autophagy and Shear Stress

As seen earlier, cells in the inner wall of the SC are subjected to an additional type of stress, 

shear stress. Although the effect of shear stress on autophagic function in SC cells has still 

not been investigated, a couple of very recent studies in the literature have reported that 

shear stress induces activation of autophagy in both ex vivo perfused vascular endothelial 

cells and vascular vessel segment (Bharath et al., 2014; Guo et al., 2014). Moreover, 

autophagy was found to regulate vascular endothelial cell eNOS and ET-1 expression 

induced by laminar shear stress, at least in the ex vivo perfused system (Guo et al., 2014). 

Compared with steady laminar shear stress alone, pretreatment with the autophagy inducer 

rapamycin further strengthened the effects, while treatment with the autophagy inhibitor 3-

MA abolished it. In addition to playing a critical role in maintaining nitric oxide (NO) 

bioavailability, autophagy has been proposed to also be a key regulator of oxidant-

antioxidant balance and inflammatory-anti-inflammatory balance that ultimately regulate 

endothelial cell responses to shear stress (Bharath et al., 2014). It would be extremely 

interesting to see whether the reported NO production by shear stress in SC cells is also 

mediated through activation of autophagy (Ashpole et al., 2014).

4.3 Role of Autophagy in TM Functionality and IOP Homeostasis

The physiological or pathophysiological implications of mechanically-induced autophagy 

and/or CASA are not known at present. Induction of autophagy with mechanical stress-

either strain, compression or shear stress – is an emerging area of research with just a few 

reports in the literature (King, 2012; King et al., 2011; Lien et al., 2013; Tanabe et al., 2011). 

Likely, the major roles of stretch-induced autophagy would be adaptation and repair or 

protection against long-term stretch-induced injury. 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 and 

help rebalance cellular and tissue function. Whether autophagy is a primary response to 

elevated pressure or, in contrast, it is a secondary response to morphological tissue 

deformations (Battista et al., 2008) is still to be determined, but the fact that activation of 

autophagy was observed as early as 30 min post-stretch reasonably supports its role as one 

of the initial responses elicited in TM cells to cope with the stress and regain homeostasis.

Of utmost relevance for outflow pathway physiology might be the activation of CASA. 

Long-term perfusion experiments have suggested the existence of a compensatory pressure-

lowering mechanism in the trabecular outflow pathway in response to more physiologic 

pressure elevations (Borrás et al., 2002; Bradley et al., 2001). It is very plausible that CASA 

forms part of this IOP compensatory homeostatic mechanism by facilitating secondary 

adaptation, such as ECM remodeling or mechanical signaling to stretch (Acott et al., 2014), 

through the activation and nuclear translocation of the transcriptional regulators YAP/TAZ. 

As briefly mentioned earlier, YAP/TAZ were recently identified as sensors and mediators of 

mechanical cues instructed by the cellular microenvironment, nuclear relays of mechanical 

signals exerted by ECM rigidity and cell shape (Dupont et al., 2011). Interestingly, this 

regulation was independent of Hippo cascade, but required Rho GTPase activity and tension 

of the actomyosin cytoskeleton, which are well-known major players in outflow pathway 
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tissue homeostasis. YAP/TAZ regulate the activity of multiple transcription factors. 

Specifically, YAP has been shown to modulate the expression of greater than 60 genes 

including genes previously described to be upregulated with mechanical stress in TM cells 

and/or be significantly elevated in glaucoma like, for example, connective tissue growth 

factor, transforming growth factor β, transglutaminase-2, and plasminogen-activator 

inhibitor-1, among others.

Increased NO production by shear stress during SC collapse at elevated intraocular pressures 

have been proposed to mediate, in part, IOP homeostasis by both, increasing the 

permeability of the inner wall of the SC and decreasing contractility of the juxtacanalicular 

tissue (Ashpole et al., 2014). Supporting this hypothesis, overexpression of eNOS in 

transgenic mice resulted in decreased IOP and increased outflow facility (Stamer et al., 

2011). It has been therefore postulated that elements that regulate eNOS activity and 

expression, such as shear stress, may impact intraocular pressure. In this regard, based on the 

reports in other vascular endothelial cells, activation of autophagy by shear stress might 

represent a very important mechanism regulating NO production and IOP homeostasis, in 

particular at elevated IOPs.

5. Dysregulation of autophagy with oxidative stress and in the 

glaucomatous TM: Potential Effect in Mechanotransduction and IOP 

Homeostasis

Autophagy is generally regarded as a prosurvival mechanism, however, if 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 contrast, if mechanical forces 

exceed the physiological ranges or under pathological conditions, dysregulation of 

autophagy might trigger cell death and contribute to disease (Tanabe et al., 2011).

Increasing number of evidence in the literature suggests that the autophagic lysosomal 

function is altered in glaucomatous outflow pathway cells. First indirect evidence come from 

older studies describing increased hydrolase activities in the TM of glaucomatous eyes 

(Coupland et al., 1993), as well as 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). 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, 

reduced lysosomal proteolysis, and chronic activation of the mTOR autophagy inhibitory 

pathway, indicating that autophagy was constitutively suppressed in these cultures. Not only 

that, we also found that their ability to induce autophagy in response to, at least, oxidative 

stress, as we previously reported for non-glaucomatous TM cells (Porter et al., 2013), was 

similarly compromised. Basification of the lysosomal compartment with subsequent 
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dysfunction of autophagy and reduced autophagic flux was also observed with chronic 

oxidative stress in TM cells (Porter et al., 2013).

The impact of impaired lysosomal function on mechanotransduction and IOP homeostasis 

has not been studied so far, nor has been evaluated whether chronic mechanical stress affects 

lysosomal function itself. The most obvious consequence of failure of the autophagic system 

would be the accumulation of stretch-induced damage in outflow pathway cells leading to 

lack of adaptation, and progressive failure of cellular and, ultimately, TM tissue function. 

Dysfunction of autophagy might also affect, as seen in other vascular cells, NO production 

by SC cells. Intriguingly, SC cells isolated from glaucomatous eyes were found to be shear 

stress unresponsive and displayed lower NO levels (Ashpole et al., 2014). Whether this is a 

consequence of impaired autophagic function is an exciting possibility that needs still to be 

investigated.

Alterations in CASA have the potential to additionally affect mechanotransduction. In this 

regard, different studies by Paul Russell’s group showed the activation of YAP/TAZ in TM 

cells in response to stiffness (Raghunathan et al., 2013), as well as increased stiffness in 

glaucomatous TM cells (Russell and Johnson, 2012). Activation of CASA in response to 

tension caused by substrate stiffness has been reported in muscle cells (Arndt et al., 2010). 

Although there is still no experimental evidence, it is plausible that continuous CASA 

activation in the stiffened glaucomatous TM results in disrupted mechanotransduction and 

the upregulation of downstream genes like TGF-β or CTGF, further contributing to the 

stiffness. Finally, overactivation of autophagy, as discussed earlier, might also cause 

autophagic cell death and contribute to the loss in cellularity described in the glaucomatous 

outflow pathway (Alvarado et al., 1981).

Concluding Remarks

In conclusion, although there are still relatively few data in the literature, stretch-induced 

autophagy is emerging as a key cellular system part of an integrated response triggered in 

TM cells in response to strain, exerting a dual role in repair and mechanotransduction and 

contributing to IOP homeostasis. Dysregulation of this response with aging and in disease 

would very elegantly explain the molecular basis underlying critical questions in outflow 

pathway pathogenesis such as why the decreased NO production and increased TGF-β, 

ECM deposition and stiffness in glaucoma. Future studies are needed to investigate the 

significance of the differential response between static and cyclic mechanical forces and the 

precise role of macroautophagy and CASA in mechanotransduction and outflow pathway 

tissue homeostasis. Understanding the exact roles of autophagy and the signaling pathways 

involved in the autophagic response in TM cells can help to identify novel therapeutic 

targets for the modulation of the autophagic lysosomal function in ocular hypertension and 

glaucoma.
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Figure 1. 
Descriptive illustration of macroautophagy and CASA.
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Figure 2. 
Stretch-induced activation of CASA in cyclically stretched human TM cells. (A) Primary 

cultures of human TM cells at passage 3 were grown on collagen-I coated Flexcell plates to 

confluency and subjected to cyclic mechanical stretch (20% elongation, 1 cycle/second) for 

24 hours in the presence of vehicle, the autophagy activator rapamycin (1uM), or the 

autophagy inhibitor 3-MA (10mM) added in fresh culture media prior application of 

mechanical forces. Lipidation of LC3-I to LC3-II were evaluated by WB. (B) Primary 

cultures of human TM cells were transfected with siRNA against human BAG3 (siBAG3), 

Atg5 (siAtg5), or control (siNC) and subjected to cyclic mechanical stretch (20% elongation, 

1 cycle/second, 24 hours) at 48 hours post-transfection. Protein levels of BAG3, Atg5, and 

LC3-II were evaluated by WB. Three different cell lines were used for these experiments. 

(C) Normalized relative protein levels calculated from densitometric analysis of the blots. 

Data are the means ± SD, n = 3, *p<0.05, ***p < 0.0001. C: Control; S: Stretched.
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