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Abstract

The trabecular meshwork (TM) is part of a complex tissue that controls the exit of aqueous humor

from the anterior chamber of the eye, and therefore helps maintaining intraocular pressure (IOP).

Because of variations in IOP with changing pressure gradients and fluid movement, the TM and

its contained cells undergo morphological deformations, resulting in distention and stretching. It is

therefore essential for TM cells to continuously detect and respond to these mechanical forces and

adapt their physiology to maintain proper cellular function and protect against mechanical injury.

Here we demonstrate the activation of autophagy, a pro-survival pathway responsible for the

degradation of long-lived proteins and organelles, in TM cells when subjected to biaxial static

stretch (20 % elongation), as well as in high-pressure perfused eyes (30 mm Hg). Morphological

and biochemical markers for autophagy found in the stretched cells include elevated LC3-II levels,

increased autophagic flux, and the presence of autophagic figures in electron micrographs.

Furthermore, our results indicate that the stretch-induced autophagy in TM cells occurs in an

MTOR- and BAG3-independent manner. We hypothesize that activation of autophagy is part of

the physiological response that allows TM cells to cope and adapt to mechanical forces.
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INTRODUCTION

The trabecular meshwork (TM) is part of a complex tissue that controls the exit 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 Schlemm's
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canal. The rate of AH drainage must be equal to AH production. Resistance to AH outflow

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

the second leading cause of irreversible permanent blindness worldwide [1].

Because of variations in IOP with changing pressure gradients and fluid movement, the TM

constantly undergoes morphological deformations. Increased IOP results in distention and

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

tissue [2,3]. The TM is subjected to additional sources of strain originated by ciliary muscle

contraction, with mechanical forces stretching it from Schwalbe's line to the scleral spur,

and inwards towards the Schlemm's canal lumen [3]. Transient changes in IOP are also

experienced during blinking or squeezing of the lid, manual eye rubbing, Valsava

manouvers, and other activities [4]. It is therefore essential for TM cells to continuously

detect and respond to these mechanical forces, and adapt their physiology in order to

maintain proper cellular function and protect against mechanical injury. In this sense,

several groups have already shown that mechanical stress can trigger a broad range of

responses in TM cells, including changes in cytoskeleton, induction of gene expression, and

activation of regulatory pathways [5–19]. However, little is known about the strategies that

are used by TM cells to respond to this stress, so they can adapt and survive.

Autophagy is a degradative process whereby cytosolic components such as proteins and

organelles are captured and broken down via the lysosomal pathway. Although it was long

believed that autophagy was a cell response to starvation, research has shown that

autophagic degradation fulfills a number of physiological roles including promoting cell

survival and adaptation, not only to metabolic but other cytotoxic stresses [20]. There are at

least three types of autophagy, based on the different pathways by which cargo material is

delivered to the lysosomes for degradation. Among those, macroautophagy, hereafter

referred to as autophagy, is the most widely studied and best characterized process. This

particular type of autophagy is characterized by the formation of a cytosolic double-

membrane vesicle, the autophagosome, which engulfs the material to be degraded.

Autophagosomes then fuse with lysosomes to form autolysosomes, in which the cytoplasmic

cargos are degraded by resident hydrolases. The resulting degradation products are then

transported back into the cytosol through the activity of membrane permeases for reuse. All

these steps are highly regulated by a number of evolutionary conserved autophagy related

genes (ATG genes) and ubiquitin-like conjugation systems [21].

A key event required for activation of autophagy is the lipidation of the autophagosome

marker LC3-I to LC3-II. 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 [22–24]. The kinase MTOR is a critical regulator of

autophagy induction, with activated MTOR suppressing autophagy [25,26].

In this study we show that autophagy is activated in TM cells in an MTOR-independent

manner in response to static biaxial stretch and in high-pressure perfused eyes. We
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hypothesize that activation of autophagy is part of the physiological response to maintain

TM cellular homeostasis and adaptation to mechanical forces.

MATERIALS AND METHODS

Reagents

3-Methyladenine (3-MA, Sigma-Aldrich, M9281), bafilomycin A1 (Sigma-Aldrich, B1793),

cycloheximide (Chx, Sigma-Aldrich, C7698), chloroquine (CQ, Sigma-Aldrich, C6628),

and rapamycin (Calbiochem, 553210).

Cell Cultures

Primary cultures of porcine and human TM cells were prepared and maintained as

previously described [27]. Briefly, the TM was dissected and digested with 2 mg/mL of

collagenase for 1 hour at 37 °C. The digested tissue was placed in gelatin-coated 35 mm

dishes and cultivated in low glucose Dulbecco's Modified Eagle Medium (DMEM) with L-

glutamine and 110 mg/L sodium pyruvate, supplemented with 10% fetal bovine serum

(FBS), 100 mM non-essential amino acids, 100 units/ml penicillin, 100 mg/ml streptomycin

sulfate and 0.25 mg/ml amphotericin B; all the reagents were obtained from Invitrogen

(Carlsbad, CA). Cells were maintained and propagated until passage three at 37 °C in a

humidified air with 5% CO2 incubator. Cell lines were subcultivated 1:2 when confluent.

Primary cultures of porcine TM cells were prepared from porcine cadaver eyes obtained

from a local abattoir (City Packing CO, Burlington, NC) less than five hours post-mortem.

Primary cultures of human TM cells were prepared from residual cornea rims after surgical

corneal transplantation at Duke University Eye Center. The protocols involving the use of

human tissue were consistent with the tenets of the Declaration of Helsinki. Cells at passage

four or five were used. Cultures labeled with the same number indicate same cell line. The

transformed TM human cell line (NTM) were kindly provided by Alcon Research [28].

Mechanical Stress Application

Mechanical stress was applied using the computer-controlled, vacuum-operated FX-3000

Flexercell Strain Unit (Flexcell, Hillsborough, NC). For this, cells were plated on type I

collagen-coated flexible silicone bottom plates (Flexcell, Hillsborough, NC). Once

confluency was reached, cells were subjected to static stretch (20% elongation) for the

indicated times in each experiment. Control cells were cultured under the same conditions,

but no mechanical force was applied. When indicated, chloroquine (CQ, 30 nM),

Bafilomycin A1 (BafA1, 100 nM), 3-methyladenine (3-MA, 10 mM), or cyclohexamide

(Chx, 25 μM) were added to the culture media one hour prior to stretching.

Obtention of Whole Cell Protein Lysates

Cells were washed twice in PBS and lysated in 20 mM HEPES, 2 mM EGTA, 5 mM EDTA,

and 0.5% NP-40 containing protease inhibitor cocktail (Thermo Scientific, 1858566) and

phosphatase inhibitor cocktail (Thermo Scientific, 78420). After sonication for one minute

on ice, the lysates were clarified by centrifugation. Protein concentration was determined

with a protein assay kit (Micro BCA, Thermo Scientific, 23235).
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Western Blot Analysis

Protein samples (10 μg) were separated by 10% polyacrylamide SDS-PAGE gels (15%

polyacrylamide for LC3 detection, 7% polyacrylamide for filamin detection) and transferred

to PVDF membranes (Bio-Rad, 162-0177). The membranes were blocked with 5% nonfat

dry milk and incubated overnight with the specific primary antibodies. The bands were

detected by incubation with a secondary antibody conjugated to horseradish peroxidase and

chemiluminescence substrate (ECL Plus, GE Healthcare, RPN2132). Antibodies used are

listed in Table 1.

Electron microscopy

Cells were washed twice in PBS and fixed in 2.5% glutaraldehyde in 0.1M cacodylate buffer

(pH 7.2). Fixed cells were then detached by gentle scraping, pelleted, post-fixed in 1%

osmium tetroxide in 0.1M cacodylate buffer, and processed for transmission electron

microscopy in the Morphology Facility at Duke Eye center. Perfused eyes were opened at

the equator and the anterior segment was fixed in 2.5% glutaraldehyde and 2%

formaldehyde. Thin sections (65 nm) were examined in a JEM-1200EX electron

microscopy.

Monitoring autophagy dynamics using AdtfLC3

Trabecular meshwork cells grown on Flexcell plates were transduced with 10 pfu/ cell of the

replication-deficient adenovirus containing LC3 fused to GFP and RFP (AdtfLC3) as

previously described [29]. At 2 dpi, cells were subjected to static mechanical stress (20%

elongation, 1 hour). Cells were then washed in PBS and fixed for ten minutes at room

temperature in 4% paraformaldehyde. Images were taken by confocal microscopy in a Zeiss

LSM 510 upright microscope using a 63×/1.0 dipping objective. Images from five different

fields were taken in each individual experiment. Red and yellow puncta were counted in a

masked manner both manually, by two independent investigators, and automatically using

the Green and Red Puncta Co-localization Image J Plugin (D. J. Swiwarski modified by R.

K. Dagda, and coapproved as an image tool for autophagic flux by Charleen T. Chu). A total

of two cells per field were counted (ten cells per experiment). Experiments were repeated

three times using different cell lines (total cells counted per condition = 30). To facilitate

manual counting the Find Edges process in Image J was applied to the images.

siRNA Transfection

NTM cells grown on Flexcell plates were transfected with either 100 pmol siRNA against

BAG3 (siBAG3) or 100 pmol non-targeting siRNA (siNC) using Lipofectamin RNAiMax

Reagent, following the manufacturer's instructions. Cells were kept overnight in Opti-MEM

medium and then switched to 10% DMEM. Cells were subjected to mechanical stress at day

2 post-transfection.

Whole Eye Perfused Organ Culture

Enucleated porcine eyes were obtained from a local abattoir (City Packing CO, Burlington,

NC) less than two hours post-mortem and maintained at 4 °C until use. Eyes were cleaned of

extraocular tissue and a 23-gauge needle was inserted intracamerally through the cornea and
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placed in the posterior chamber. One eye of each pair was perfused at a constant normal

pressure of 8 mmHg (equivalent to 15 mmHg in vivo), while the fellow eye was perfused at

high pressure (40 mmHg) for 1 hour at 37 °C in a humidified air with 5% CO2 incubator.

Dulbecco's phosphate-buffered saline (DPBS; pH 7.4) supplemented with 5.5 mM D-

glucose was used as perfusion media. Immediately after perfusion, eyes were opened at the

equator and the anterior segment fixed in 2.5% glutaraldehyde and 2% formaldehyde for

EM studies, or the TM dissected and quick-froze for WB analysis.

Statistical analysis

All experimental procedures were repeated at least three times in independent experiments

using different cell lines and pair of eyes. Data are represented as mean ± SD. Statistical

significance was calculated using Student's t-test for two-group comparisons and one-way or

two-way ANOVA for multiple group comparisons (Prism; GraphPad, San Diego, CA). P <

5% was considered statistically significant.

RESULTS

Static Mechanical Stress Increases the Levels of LC3-II in TM Cells

Primary cultures of human TM cells were grown to confluency and subjected to static

sustained stretch of 20% elongation for up to 16 hours. The levels of the autophagosome

marker LC3-II were evaluated by WB at the indicated times. As shown in Figures 1A and

1B, exposure to static mechanical stress caused an increase in the protein levels of LC3-II in

TM cells compared to non-stretched cultures (p=0.0007, ANOVA, n=3). This elevation in

LC3-II could be observed as early as 30 min post-stretch (1.389 ± 0.32 fold, p>0.05),

reaching statistical significance at one hour post-stretch (1.56 ± 0.05, p<0.001), and

maintained throughout the duration of the experiment (1.909 ± 0.054; p<0.01). To discern

whether the observed increased LC3-II protein levels in the stretched cultures resulted from

induction of autophagy versus decreased autophagic flux [30], cells were treated with the

lysosomal basifying agent, CQ (30 nM), during the last hour of the stretching. Blockage of

lysosomal degradation led to a further increase in LC3-II levels in CQ-treated cultures at one

hour post-stretching compared to non-stretched ones, with no difference observed at later

time points (Figure 1C). These results indicate that the elevation in LC3-II in the stretched

cultures was, at least during the early times, mediated by the activation of the autophagy

pathway in TM cells with mechanical stress. Partial lysosomal blockage with prolonged

sustained stretch cannot, however, be excluded. To further confirm activation of autophagy,

we treated the cultures with the autophagosome formation inhibitor 3-MA (10 mM), added

to the culture media one hour prior to mechanical stress application (static, 20% elongation

for 1 hour). As observed in Figure 2A, and quantified in Figure 2B, 3-MA significantly

blocked the increase in LC3-II with mechanical stress (0.467 ± 0.104 RPL versus 1.324 ±

0.373 RPL, p=0.0044, n=4).

We also examined by Western-blot the protein levels of other genes participating in the

induction of autophagy or autophagic flux in mechanically stretched TM cells. We did not

detect any significant variation in the expression of any of the proteins analyzed at 30
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minutes or one hour post-stretching. At 16 hours, a significant decrease in the protein levels

of Atg5, Atg7, and Atg12 was observed (Figure 3).

Mechanical Stress Increases the Number and Size of Autolysosomes

To monitor autophagic flux we used the tfLC3 method [31]. This method relies on the

different sensitivity to the acidic and/or proteolytic conditions of the lysosome lumen

between GFP and RFP. The GFP fluorescence signal is sensitive, whereas mRFP is more

stable. Therefore, colocalization of both GFP and RFP fluorescence highlights

autophagosomes, which are yet not fused with lysosomes, whereas an mRFP signal without

GFP corresponds to an autolysosome. Porcine TM cells infected with the recombinant

adenovirus AdtfLC3 (m.o.i = 10 pfu/cell) [29] for two days were subjected to mechanical

stress (20% elongation, 1 hour). As observed in Figure 4A, cells showed some degree of

basal autophagy as demonstrated by the yellow/red puncta staining. Counting of yellow

puncta per cell revealed a significant decrease in the number of autophagosomes in the

stretched cells compared to non-stretched (11.13 ± 12.30 vs. 37.00 ± 38.34 yellow puncta/

cell, p=0.0007, n=30) (Figure 4B). In contrast, mechanically stressed cells displayed

significantly higher amount of autolysosomes (red puncta, 215.88 ± 109.74 vs. 96.25 ±

77.17, p=0.0001, n=30). The red puncta/yellow puncta ratio was also higher in the stretched

cells (38.15 ± 35.93, p=0.0001, n=30), which suggest that autophagic flux is not impaired,

but that autophagosomes properly mature into autolysosomes (Figure 4C). Size

measurements of the red and yellow puncta indicated larger size in both, autophagosomes

(15.01 ± 5.24 vs. 12.03 ± 3.45, p=0.0118, n=30) and autolysosomes (16.84 ± 4.20 vs. 13.44

± 4.19, p=0.0027, n=30) with mechanical stress (Figure 4D). Individual channels are

included as Supplemental Material (SM-1).

We additionally examined the cellular ultrastructure by electron microscopy. Electron

micrographs showed the existence of autophagic structures typified as membrane-bound

organelles of ~ 500 nm in size in the cytosol of stretched cells (Figure 5B, representative

examples are marked as asterisks), which could not been found in the control cells (Figure

5A). Higher magnification pictures demonstrated these organelles to be initial vacuoles or

autophagosomes characterized by a double-membrane engulfing cytosolic-like material

(Figure 5C, AVi), as well as degradative vacuoles (AVd), characterized by a single

membrane containing amorphous electron-dense material and membranous structures

(Figure 5C, AVd).

Induction of Autophagy by Mechanical Stress is MTOR-Independent

Inhibition of the mechanistic target of rapamycin (MTOR) is the best-characterized

signaling pathway known to activate autophagy, in particular in response to starvation, and

in TM cells under chronic oxidative stress [29]. We investigating the potential role of

MTOR pathway in stretched-induced autophagy by evaluating the phosphorylated levels of

p70S6 Kinase (RPS6KB/p70S6K), a downstream target of MTOR, in porcine TM cells

subjected to mechanical stress (20% elongation) for 1 hour. Porcine TM cells treated for 24

hours with rapamycin (1μM), an MTOR-dependent activator of autophagy, was included as

a positive control. As observed in Figure 6A and quantified in Figure 6B, mechanically

stressed TM cells showed higher relative protein levels of pRPS6KB (1.52 ± 0.13 vs. 0.89 ±
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0.14, p=0.009, n=3) compared to non-stretched ones, which evidence activation, rather than

inhibition, of MTOR pathway. These results indicate that induction of autophagy with

mechanical stress is MTOR-independent.

Chaperon-Assisted Autophagy Does Not Mediate the Increase in LC3-II Levels in TM Cells
Under Static Mechanical Stress

During the preparation of this manuscript, Ulbricht et al. reported a novel type of selective

autophagy, chaperone-assisted autophagy (CASA), as a tension-induced autophagy pathway

essential for mechanotransduction in mammalian cells [32]. In this model, the CASA

complex senses the mechanical unfolding of filamin and initiates an ubiquitin-dependent

autophagic sorting of damaged filamin to lysosomes for degradation. Since our results

suggested the existence of an alternative pathway to MTOR pathway mediating the stretch-

induced autophagy in our cultures, we decided to look at CASA. 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 BafA1, a lysosomal

inhibitor, or cycloheximide, a protein biosynthesis inhibitor. As shown in Figure 7A, 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 confirmed these results, we knocked down the expression of

the co-chaperone BAG3, which is essential for CASA function, in the immortalized TM cell

line (NTM), via siRNA (siBAG3). NTM transfected with a scrambled siRNA (siNC) or non-

transfected cells were used as control. At day 2 post-transfection, cells were subjected to

mechanical stress (20% elongation) for 16 hours. Similar to that observed in primary

cultures, mechanically stressed NTM cells showed increased levels of LC3-II compared to

non-stretched ones. Downregulation of BAG3 did not cause any differential expression in

LC3-I, nor did it affect the increase in LC3-II with mechanical stress (Figure 7B). Likewise,

we did not observe significant changes in the protein levels of filamin in the cells transfected

with siBAG3 or in the stretched cultures (Figure 7A and B).

Induction of Autophagy in High Pressure-Perfused Eyes

The experiments presented so far have been conducted in an in vitro cell culture model,

which mimics the deformations that TM cells experience in vivo with ocular hypertension.

We wanted to examine whether stretching of TM cells in situ as a result of elevated IOP also

activates autophagy. For this, enucleated porcine eyes were perfused for one hour at either

normal physiological pressure (8 mmHg equivalent to 15 mmHg in vivo), or at high pressure

(fellow eye, 30 mmHg). As seen in Figure 8A, perfusion of eyes at 30 mmHg resulted in

increased levels of LC3-II compared to those ones perfused at 8 mmHg (Figure 8B, 4.311 ±

0.249 vs 2.620 ± 0.278, p=0.0001, n=6). Ultrastructural analysis also demonstrated the

presence of autophagosomes and autolysosomes figures in the cells of the corneoscleral

meshwork of eyes perfused at high pressure, which were not observed in control eyes

(Figure 8C, arrowheads).
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DISCUSSION

Cells in the TM are constantly subjected to mechanical strain associated with elevations in

IOP. In order to preserve cellular function and regain homeostasis, cells must adapt to these

morphological changes. Here, we have shown the induction of autophagy, a survival

adaptive pathway, in TM cells in response to static biaxial stretch as well as in high-pressure

perfused eyes. We further showed that the induction of autophagy with mechanical stretch in

TM cells is MTOR- and BAG3 independent. To our knowledge this is the first study

reporting the induction of autophagy with mechanical strain.

Static biaxial strain was chosen for our in vitro experimental model to mimic acute sustained

elevation of IOP, similar to that occurring under ocular hypertension and glaucoma.

Although no studies have looked at the level of strain experienced by TM cells for a given

degree of pressure elevation, the 20% elongation used in our experiments falls within the

pathophysiological ranges [33,34]. Under these conditions, we observed a dramatic increase

in the levels of the autophagosome marker LC3-II in the mechanically stretched cultures.

Inhibition of lysosomal degradation with CQ further increased the amount of LC3-II at early

times post-stretching, while pharmacological blockage of autophagosome formation with 3-

MA prevented it. Altogether, our data indicate that the stretch-induced increase in LC3-II

results from induction of autophagy, and it is mediated by the development of new

autophagosomes. Should we note that no changes in the quantity of p62/SQSTM1, an

ubiquitin receptor that links ubiquitinated proteins to the autophagy machinery, were

observed with mechanical strain [35]. Although p62 protein levels have been used as a

readout for autophagic degradation, as recently indicated in [30], there is not always a clear

correlation between increases in LC3-II and decreases in SQSTM1. A potential explanation

for that, among others, is simultaneous transcriptional induction of the gene encoding for

p62.

The quick activation of autophagy, as early as 30 minutes 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 exerted by mechanical forces. Still higher LC3-II levels were found in the

stretched cultures after 16 hours of static stretch. A priori, one would expect cells subjected

to static mechanical stretch to adapt to their new environment by for example adjusting their

attachment to the substratum and thereby reducing the mechanical strain, or by changes in

the cytoskeleton. In a recent study, induction of autophagy was observed in both

Dictyostelium and a breast cancel cell line when subjected to mechanical compressive stress

[36]. In this case, induction of autophagy was transient and LC3-II reverted to its basal

levels after 90 minutes, when cells recovered their shape. It is unclear how long it takes

stretched TM cells to adapt to mechanical forces. Although the higher LC3-II levels after 16

hours of constant stretch could indicate that the strained-induced stress was still not

completely relieved, we also observed at this specific time-point a decrease in the amount of

Atg5 and Atg12 in the stretched cultures. The Atg5-Atg12 conjugate is essential for LC3

lipidation and subsequent autophagosome formation. Interestingly, downregulation of Atg5-

Atg12 has been shown to be a key event in controlling basal autophagy [37]. It is therefore

plausible that a regulatory negative feedback has been already initiated in these cells. This is
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in accordance with the reported regain of the normal morphological appearance in TM cells

within 24 hours of static stretching [8].

It should also be considered such increase in LC3-II levels to result from concomitant

impaired or delayed autophagic flux under prolonged strain, specially since no significant

changes in LC3-II were detected among non-stretched and stretched cultures in the presence

of CQ at longer times [38]. In order for autophagy to be successful, autophagosomes must

fuse with lysosomes, so that cargo material can be degraded within autolysosomes. For this,

once they have formed, autophagosomes travel bi-directionally along microtubules towards

lysosomes, which are concentrated around the centrosome in the perinuclear region [39].

Microtubules are structural components of the cytoskeleton that determine cell shape,

polarity, and motility in cooperation with the actin filaments. Mechanical stretch is known to

disrupt cytoskeleton, including microtubules [40,41]. Therefore, it was plausible that

disruption of the microtubular network with mechanical stretch could mislocate

autophagosomes and lysosomes. The pattern of staining obtained when evaluating

autophagic dynamics using the tfLC3 assay showed a functional autophagic maturation

process in the stretched cultures, with a significant increase of red-only puncta [24].

Moreover, 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. Electron microscopy analysis qualitatively confirmed

the presence of autophagic structures (initial and degradative vacuoles) in cell subjected to

mechanical strain.

It is important to emphasize that the decrease in autophagosome number observed in the

stretched cultures is not inconsistent with induction of autophagy, as determined by LC3

lipidation. In contrast to the LC3-II WB, the tfLC3 assay does not evaluate autophagosome

formation, but autophagic dynamics. Autophagosomes are highly dynamic structures that

rapidly fuse with lysosomes, as early as 5 min after formation [42], unless fusion between

autophagosomes and lysosomes is blocked, for example with vinblastine. We could not

perform this type of experiments since the drug would affect the stretch response. Another

factor to consider is that that LC3 WB also detects LC3-II located in the phagophore (or

isolation membrane) and incomplete autophagosomes.

The signaling pathway triggering induction of autophagy with mechanical stretch has still to

be identified. In agreement with previous reports [12], static stretch activates MTOR

pathway, the classical autophagy inhibitor pathway, in TM cells. MTOR-independent

activation of autophagy has also been reported in breast cancer cells subjected to mechanical

compression [36]. This and our study suggest the existence of an alternative

mechanosensitive activator of autophagy that override the inhibitory signals triggered from

stretch-induced MTOR activation. One potential option to this alternative pathway is CASA,

a tension-induced autophagy pathway essential for mechanotransduction that has been very

recently described in mammalian cells [32]. In this model, the CASA complex senses the

mechanical unfolding of filamin and initiates an ubiquitin-dependent autophagic sorting of

damaged filamin to lysosomes for degradation. We did not detect, however, changes in the

filamin or the chaperon BAG3 protein levels with mechanical stress, even in the presence of

BafA1 or Chx. Furthermore, increased LC3-II was still observed in siBAG3-transfected

Porter et al. Page 9

Biochim Biophys Acta. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



cells in response to stretch. Therefore, the induction of autophagy with mechanical stress

does not seem to be mediated by CASA in our system. However, we do not rule out CASA

to be activated in other experimental conditions that might more extensively damage

cytoskeleton components.

Our experiments here have confirmed the occurrence of autophagy in high pressure perfused

eyes compared to eyes perfused at normal pressure conditions, characterized by elevated

LC3-II levels and the presence of autophagic figures in the cells of the corneoscleral

meshwork. Earlier studies by Grierson et al. also described increased size and number of

lysosomes and lysosomal complexes in the outflow pathway cells of Rhesus monkeys

subjected to high IOP [2]. Two immediate questions arise from these studies: (1) whether

autophagy is a primary response to elevated pressure (act as a mechanosensor) or it is a

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

Battista et al. [43]; and (2) which is the role of stretch-induced autophagy in cellular and

tissue physiology.

Although a limited number of studies in the literature have reported activation of autophagy

with mechanical compression and fluid shear stress [36,44–46], the physiological or

pathophysiological implications of mechanically-induced autophagy are not known at

present. One potential role is adaptation [47]. 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. The experimental conditions used in this study (30 mmHg, 1

hour) were aimed at addressing whether induction of autophagy was an early response to

short-term acute elevation in IOP. Unfortunately, we could not perform any physiological

study by using this experimental model. However, long-term perfusion experiments

conducted in different laboratories, have suggested the existence of some compensatory

pressure-lowering mechanism in the trabecular outflow pathway in response to more

physiologic pressure elevations [11,48]. 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 [34], is an exciting possibility that

needs to be further explored.

Another potential role of autophagy might be that of protecting against stretched-induced

injury and determining cell fate. Although autophagy is generally regarded as a prosurvival

mechanism, a number of studies indicate 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 [49]. However, continuous activation of

autophagy can also lead to autophagic cell death [50,51]. 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 [52]. In contrast, if mechanical forces

exceed the physiological ranges or under pathological conditions, dysregulation of

autophagy might trigger cell death and contribute to disease [44,45]. The stretching
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conditions used in these experiments did not elicit cell death. Some degree of cytotoxicity

was observed when using 3-MA (data not shown), which might point out towards a pro-

survival role of autophagy in TM cells against mechanical strain. We are currently working

towards developing molecular tools to better address this question.

CONCLUSIONS

In summary, our data here shows for the first time the activation of autophagy under biaxial

mechanical stretch and high pressure in TM cells in an MTOR- and BAG3 independent

manner. We hypothesize that activation of autophagy is part of the physiological response to

maintain TM cellular homeostasis and adaptation to mechanical forces. Future studies will

be directed at elucidating the precise role and the signaling pathways participating in the

stretch-induced autophagy, and its potential role in outflow pathway pathophysiology in

ocular hypertension and glaucoma. Whether autophagy is impaired in glaucoma is currently

under investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

The authors would like to thanks Ying Hao for excellent technical assistance in the TEM. This work was supported
by National Institute of Health Grants R01EY020491 (Liton) and P30EY005722; the Brightfocus Foundation
(Liton, G2012022), the Alcon Foundation (Liton, Young Investigator Grant), and by an unrestricted grant to Duke
Eye Center from Research to Prevent Blindness.

ABBREVIATIONS

TM trabecular meshwork

IOP intraocular pressure

ATG autophagy-related genes

CTSB cathepsin B

BECN1 beclin

TUBB beta tubulin

SQSTM sequestosome

tfLC3 tandem fluorescence LC3

GFP green fluorescence protein

RFP red fluorescence protein

m.o.i multiplicity of infection

BafA1 bafilomycin A1

MTOR mammalian target of rapamycin
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3-MA 3-methyladenine

Chx cycloheximide

CQ chloroquine

CASA chaperon-assisted autophagy

FLNA filamin A

BAG3 Bcl-2-associated athanogene 3
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HIGHLIGHTS

• Static mechanical stretch induces autophagy in TM cells

• Autophagy is induced in TM cells in high-pressure perfused eyes

• Stretch-induced autophagy in TM cells is MTOR-independent

• CASA does not mediate the induction of autophagy in TM cells under static

stretch
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Figure 1.
LC3-I to LC3-II turnover in human TM cells subjected to static mechanical stress. (A)

Protein expression levels of LC3-I and LC3-II in primary cultures of human TM cells

subjected to static mechanical stress (20% elongation) for 30 min, 1 hour or 16 hours,

evaluated by WB analysis. TUBB/β-tubulin was used as loading control. (B) Normalized

fold-changes of LC3B-II in stretched cultures compared to non-stretched cultures calculated

from densitometric analysis of the blots. (C) Expression levels of LC3-I and LC3-II in TM

cells mechanically stressed (static, 20% elongation) treated with CQ (30 nM), added during

the last hour of the stretching. Data are mean ± SD, n=3, **p < 0.001, *** p < 0.0001, one-

way ANOVA with Bonferroni post hoc test.
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Figure 2.
Autophagy inhibition in mechanically stressed TM cells. (A) Protein expression levels of

LC3-I and LC3-II in TM cells subjected to static mechanical stress (20% elongation, 1hour)

in the presence of 3-MA (10 mM) added to the culture media one hour prior to stretching,

evaluated by WB analysis. TUBB was used as loading control. Blots are representative from

four independent experiments. (B) Normalized relative protein levels of LC3B-II calculated

from densitometric analysis of the blots. Data are the means ± SD, n = 4, ***p < 0.001, t-

test.
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Figure 3.
Expression levels of proteins participating in the induction of autophagy or autophagic flux

in mechanically stretched TM cells. (A) Representative immunoblots using the indicated

specific antibodies. (B) Normalized relative protein levels calculated from densitometric

analysis of the blots. Data are the means ± SD, n = 4, *p<0.05, **p < 0.001, Two-way

ANOVA followed by Bonferroni's post hoc test.
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Figure 4.
Autophagic flux in mechanically stressed TM cells evaluated by tfLC3: Primary cultures of

TM cells were infected with AdtfLC3 (m.o.i = 10 pfu/cell). At 2 d.p.i., cells were subjected

to mechanical stress (20% elongation, 1 hour). (A) Representative confocal images showing

the presence of yellow and red puncta in non-stretched and stretched cells. Bottom panels

represents the top panel pictures processed with the Find Edges tools in Image J to facilitate

manual counting. (B) Number of yellow and red puncta per cell. (C) Autophagic flux

measurement as a ratio of red/yellow puncta per cell. (D) Size of yellow and red puncta.

Data are means ± SD of three independent experiments, ten cells/experiment, n = 30,

*p<0.05, **p < 0.00, *** p < 0.0001, t-test.
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Figure 5.
Ultrastructural appearance of TM cells exposed to static mechanical stress. (A) Non-

stretched cells. (B) Stretched cells. (C) Stretched cells at higher magnification. Note the

intracellular presence of autophagic structures (B, representative examples marked as *) in

the cells subjected to mechanical stress identified as initial vacuoles (C, AVi) and

degradative vacuoles (C, AVd). Pictures are representative of three independent

experiments.
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Figure 6.
MTOR pathway in mechanically stressed TM cells. (A) Protein levels of phosphorylated and

non-phosphorylated downstream target of MTOR, RPS6KB. (B) Normalized relative protein

levels of pRPS6KB calculated from densitometric analysis of the blots. Data are the means ±

SD, n = 3, **p < 0.01, t-test. NS: non-stretched; S: stretched.
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Figure 7.
Chaperon-assisted autophagy in TM cells under static mechanical stress: Protein levels of

the CASA components FLNA and BAG3, as well as the autophagic marker LC3-II in (A)

HTM cells subjected to static stretch (20% elongation, 16 hours) in the presence of BafA1

(100 nM) or Chx (25 μM) added to the culture media 30 minutes prior to stretching; (B)

NTM cells transfected with siBAG3. TUBB was used as loading control. Blots are

representative from three independent experiments.
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Figure 8.
Induction of Autophagy in High Pressure-Perfused Eyes. Enucleated porcine eyes were

perfused for one hour at either normal physiological pressure (8 mmHg equivalent to 15

mmHg in vivo), or at high pressure (fellow eye, 30 mmHg). (A) Protein expression levels of

LC3-I and LC3-II. (B) Normalized relative protein levels of LC3B-II calculated from

densitometric analysis of the blots. (C) Electron micrographs showing the presence of

autophagic figures (arrowheads) in the cells of the corneoscleral meshwork of eyes perfused

at high pressure.
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Table 1

List of Primary Antibodies Used

Target Protein Company Catalog Number Dilution

LC3A/B Abcam ab58610 1:500

LC3B Cell Signaling 3868S 1:1000

SQSTM1 Sigma-Aldrich P0067 1:1000

TUBB Sigma-Aldrich T5893 1:1000

ATG5 Cell Signaling 8540P 1:1000

BECN1 Cell Signaling 3495P 1:1000

ATG7 Cell Signaling 2631P 1:1000

ATG12 Cell Signaling 4180P 1:1000

CTSB Abcam ab58802 1:1000

p70S6K Santa Cruz Biotechnology SC-230 1:1000

p-p70S6K Santa Cruz Biotechnology SC-7984-R 1:1000

BAG3 Millipore ABC277 1:2000

FLNA Millipore MAB1672 1:2500
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