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aDoheny Eye Institute and Department of Ophthalmology, David Geffen School of Medicine at 
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bEye Hospital of China Academy of Chinese Medical Sciences, Beijing, China

cHamilton Glaucoma Center, Shiley Eye Institute, and the Viterbi Family Department of 
Ophthalmology University of California, San Diego, CA, USA

dStein Eye Institute and Department of Ophthalmology, David Geffen School of Medicine at 
UCLA, Los Angeles, CA, USA

Abstract

Steroid-induced ocular hypertension can be seen even after trabecular meshwork (TM) bypass/

ablation. Thus, the purpose was to investigate steroid-response in cells distal to the TM by using 

primary scleral fibroblasts. Primary scleral cell cultures were generated using mid-depth scleral 

wedges from human donor corneo-scleral rims (n=5) after corneal transplantation. Cells were 

treated with dexamethasone (DEX; 100 nM) and compared to media (MED)/vehicle (DMSO) 

controls. Cell size, shape, and migration were studied using the IncuCyte Live-Cell Analysis 

System. Cytoskeleton was compared using Alexa Fluor-568 Phalloidin and senescence tested by 

evaluating beta-galactosidase. Western blot comparison was performed for α-SMA, FKBP-51, 

fibronectin, phospho-myosin light chain, and myocilin. Scleral fibroblasts upregulated FKBP-51 in 

response to DEX indicating the existence of steroid-responsive pathways. Compared to controls, 

DEX-treated cells proliferated slower (~50%; p < 0.01–0.02), grew larger (~1.3-fold; p < 0.001), 

and migrated less (p = 0.01–0.006). Alexa Fluor 568 Phalloidin actin stress fiber labeling was 

more diffuse in DEX-treated cells (p = 0.001–0.004). DEX-treated cells showed more senescence 

compared to controls (~1.7-fold; p = 0.01–0.02). However, DEX-treated cells did not show 

increased cross-linked actin network formation or elevated myocilin/fibronectin/α-SMA/phospho- 

myosin light chain protein expression. For all parameters, MED- and DMSO-treated control cells 

were not significantly different. Primary scleral fibroblasts, grown from tissue collected 

immediately distal to the TM, demonstrated scleral-response behaviors that were similar to, but 

not identical with, classic TM steroid-response. Further study is needed to understand how these 
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scleral cellular alterations may contribute to steroid-response IOP elevation after TM bypass/

ablation surgery.

1. Introduction

Trabecular meshwork-targeted minimally invasive glaucoma surgeries (MIGS) safely lower 

intraocular pressure (IOP) in open-angle glaucomas (Chou et al., 2017). Typically conducted 

concurrent with cataract surgery, these procedures are performed by bypassing or ablating 

the trabecular meshwork (TM). The TM and Schlemm’s canal (SC) border is where the 

majority of aqueous humor outflow (AHO) resistance resides (Johnson, 2006) so by creating 

a direct communication between the anterior chamber to SC, lower IOP can be achieved. 

However, the challenge for MIGS has been inconsistent frequency and magnitude of IOP 

reduction. Hypotheses for these results include unfavorable MIGS surgical placement in the 

setting of segmental (peri-limbal and non-circumferential) aqueous humor outflow (AHO) 

(Huang et al., 2018a; Huang et al., 2016a; Saraswathy et al., 2016; Vranka and Acott, 2017; 

Vranka et al., 2015; Xie et al., 2019), surgeon error, or steroid-response.

Steroid-response is defined by IOP elevation (ocular hypertension) after steroid exposure. It 

has been extensively studied after topical or systemic delivery with or without surgery. 

Steroid-response IOP elevation was first described in the 1950’s after adrenocorticotropin 

hormone (ACTH) exposure (Gordon et al., 1951). While steroid-response can occur with 

systemic administration, topical steroid exposure on the eye has been particularly implicated 

with IOP elevation seen in ~30% of patients using an IOP endpoint of 20–31 mm Hg 

(Becker, 1965; Phulke et al., 2017) and in ~30% of patients when using an endpoint of 6–15 

mm Hg elevation (Armaly, 1965; Phulke et al., 2017). The prevalence of steroid- induced 

ocular hypertension is even higher in patients with primary open angle glaucoma (Phulke et 

al., 2017; Weinreb et al., 1985). Mechanistically, steroid-response has been thoroughly 

studied at the TM. Using TM cell culture, steroid exposure led to larger cells (Clark et al., 

1994; Clark and Wordinger, 2009; Tripathi et al., 1989; Wilson et al., 1993) that showed 

diminished proliferation (Clark and Wordinger, 2009; Wilson et al., 1993), phagocytosis 

(Bill, 1975; Clark and Wordinger, 2009; Matsumoto and Johnson, 1997), and migration 

(Clark et al., 1994; Clark and Wordinger, 2009). At a sub-cellular level, steroid exposure led 

to an increase in myocilin and fibronectin (Clark and Wordinger, 2009; Polansky et al., 

1997; Polansky et al., 2000) protein expression as well as formation of cross-linked actin 

networks (CLANs) (Clark et al., 2005; Clark et al., 1996; Clark et al., 1994; Clark and 

Wordinger, 2009; Wilson et al., 1993). Upregulation of integrin avp3 via the calcineurin/

NFAT pathway has been hypothesized to mediate some of these changes (Faralli et al., 

2013).

After all intraocular surgeries, steroids are near universally used in order to control 

inflammation and its sequelae. Not unexpectedly, in some patients, post-operative steroids 

can also lead to steroid-induced ocular hypertension (Armaly, 1963; Becker, 1965; Becker 

and Mills, 1963). In several reports, a persistence of steroid-induced ocular hypertension has 

been observed, even after TM- targeted MIGS which circumvent the TM (Belovay et al., 

2012; Fellman, 2015; Harvey and Khaimi, 2011; Karmel, 2014; Le and Saheb, 2014; Liu et 
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al., 2009). Thus, it has been recommended that topical steroids should be more rapidly 

tapered following MIGS procedures (Harvey and Khaimi, 2011; Le and Saheb, 2014).

For TM-targeted MIGS, the conundrum has been that steroid-induced ocular hypertension 

can persist despite TM bypass or ablation that creates a direct communication between the 

anterior chamber and SC. This is unexpected because if steroid-response is due to TM 

alterations, the question arises as to why and how it can persist if the TM is ablated or 

bypassed. This implies the possibility of a TM-independent steroid-response, and this 

phenomenon has been poorly characterized at an epidemiological, cellular and molecular 

level. Two hypotheses could help explain this seeming contradiction. First, in the setting of 

segmental AHO, if TM-targeted MIGS were placed at nonimprovable outflow regions, 

steroid-response could arise in the remaining AHO pathways (Huang et al., 2017b; Huang et 

al., 2017c; Huang et al., 2019; Huang et al., 2018b; Huang et al., 2016b; Huang et al., 

2016c). Alternatively, there could be steroid-mediated changes in the distal outflow 

pathways past the TM (Huang et al., 2017a) (after SC, collector channels [CC’s], intrascleral 

venous plexus, and aqueous/episcleral veins).

In this report, we study steroid-response distal to the TM. Ideally, cells lining the distal AHO 

pathways should be isolated for study, but there are no validated methods to purify and 

expand just these cells. Alternatively, we created scleral fibroblast cell culture, incubated the 

cells with steroids, and looked for steroid-mediated changes. We study some of the 

previously reported TM steroid-response endpoints (proliferation, cell size, cellular 

migration, myocilin, fibronectin, and cytoskeleton) in addition to other cellular 

characteristics. The scleral cells were derived from mid-depth scleral tissue taken from 

donor corneal transplant rims immediately posterior to TM and SC. This is important as this 

is where the distal outflow pathways are located. Moreover, this avoided the superficial 

episclera near Tenon’s capsule and deeper lamina fusca sclera where there is retinal pigment 

epithelium and choroid. We hypothesize that scleral cells share some of the steroid-response 

characteristics with TM cells that may contribute to steroid-response in the distal AHO 

pathways and IOP elevation after TM-targeted MIGS.

2. Methods

2.1. Cell Culture

Scleral primary cultures were generated using previously published methods (Acott et al., 

1988; Hernandez et al., 1987; Jobling et al., 2004; Tripathi and Tripathi, 1982). Briefly, 

corneal-scleral rims from 5 human donors were acquired after corneal transplantation 

surgeries under a UCLA approved IRB protocol. No subject had a known history of 

glaucoma or eye disease. Multiple mid-depth scleral wedges were dissected with careful 

attention to avoid manipulation of surface Tenon for concern of contamination (Fig. 1A). 

Explants were incubated in media (DMEM/F12; ThermoFisher Scientific, Waltham, MA) 

with 10% fetal bovine serum (VWR, Radnor, PA), and 1% antibiotics and antimycotics 

(penicillin, streptomycin, and amphotericin B; Corning, Corning, NY) at 37°C in 5% CO2. 

Half of the media was replaced with fresh media every other day, and over several weeks 

spindle-shaped scleral fibroblasts migrated from the wedge onto the tissue culture plate. 

Scleral cells were passaged by treating confluent cells with trypsin (GenClone, El Cajon, 
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CA) at 37°C in 5% CO2 for 5–10 minutes followed by media neutralization. All experiments 

were done on passage numbers 3–6.

2.2 Primary Scleral Cell Characterization

In general, scleral cells were seeded and grown to 70% confluence in 4-well chamber slides 

(ThermoFisher) under 3 treatment groups and treated daily for 7 days: DEX (100 nM 

dexamethasone dissolved in DMSO [Millipore Sigma, Burlington, MA]), DMSO (0.1% 

[Millipore Sigma]), and MED (media). After 7 days, cells were washed with 1X phosphate 

buffered saline (PBS; Millipore Sigma), fixed with 4% paraformaldehyde for 25 minutes at 

room temperature (RT), washed 3 times with PBS, and blocked/permeablized with 0.25% 

Triton X-100 in 5% bovine serum albumin (BSA; Rockland, Limerick, PA) for 30 minutes at 

RT. Fixed cells were incubated in α-smooth muscle actin primary antibody (α-SMA; 

ab5694; Abcam, Cambridge, MA; 1:100) with 1% BSA overnight at 4°C. Cells were then 

washed twice with PBS, incubated in Texas Red-X secondary antibody (T-6391; 

ThermoFisher) with 0.2% BSA for 1 hour at RT, stained/mounted with DAPI (Vector 

Laboratories, Burlingame, CA), and imaged under a BZ-X700 digital imaging microscope 

(Keyence, Itasca, IL).

2.2.1 Cell Proliferation—Scleral cells were seeded and grown in 96-well plates at a cell 

concentration of ~500 cells per well under the same 3 treatment groups (20 wells per group) 

and treated daily for 7 days. Cell images were taken with IncuCyte Live-Cell Analysis 

System (Essen BioScience, Ann Arbor, MI) and percent confluence determined by built-in 

software. To further confirm the automated cell counting, manual counting was also 

performed based on a sampling of original IncuCyte images. At 0, 10, 60, 80, 125, and 162 

hour time points, cells were manually counted by masked graders (n = 3 images per 

condition). Three separate cell lines from two different donors were evaluated for both 

proliferation assessment methods. All data are expressed as a mean +/− SEM.

2.2.2 Cell Size Analyses—IncuCyte images were exported from the proliferation assay 

to ImageJ for cell size analyses using ImageJ software (Schneider et al., 2012) and 

quantitatively analyzed. Blinded graders used the ImageJ freehand tracing tool to trace 

individual cells and measure area. To standardize analyses, images were chosen based on the 

same cell confluence (~10%) for all 3 treatments in order to measure clear single cells. This 

meant evaluating DEX-treated cells at 72-hours and MED- and DMSO-treated cells at 48-

hours. For each treatment condition, approximately 10 cells were measured, each from a 

total of 7 different wells for a total of 60 cells measured. Cells from three separate cell lines 

from two different donors were assessed.

2.3. Cytoskeletal labeling

Scleral cells were grown to 70% confluence in 4-well chamber slides (ThermoFisher) under 

the same treatment groups (4 wells per group). After 7 days, cells were fixed with 4% 

paraformaldehyde for 15 minutes at room temperature (RT) and blocked/permeablized with 

0.25% Triton X-100 in 5% BSA for 30 minutes at RT. Fixed cells were incubated in 

phalloidin (Alexa Fluor 568 Phalloidin; ThermoFisher; 1:50) with 1% BSA overnight at 

4°C, washed, stained/mounted with DAPI (Vector Laboratories), and viewed under a BZ-

Bogarin et al. Page 4

Exp Eye Res. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



X700 digital imaging microscope (Keyence). Cells form two separate cell lines from two 

different donors were assessed.

2.3.1 Quantitative Cytoskeletal Fluorescent Analysis—The above cytoskeletal 

fluorescence of filamentous actin stress fiber distribution was analyzed by using a bin-based 

pixel intensity approach. Phalloidin-stained images were converted to an 8-bit (black and 

white) format and uploaded to ImageJ software for analysis. Individual cells were traced 

with freehand tracing tool. The histogram command was selected to reveal the pixel 

intensity (0–255) distribution values for each of the selected cell images. Four bins were 

established based on pixel intensity (bin 1: pixel values 0–63, bin 2: 64–127, bin 3: 128–191, 

and bin 4: 192–255) to represent the ranges of signal intensities. In other words, bin 1 

represented a collection of the darkest pixels, and bin 4 represented a collection of the 

brightest pixels. For each cell, the number of pixels within each bin was determined. For 

each treatment condition, 7–9 cells were measured from a total of 8 different wells for a total 

of 62 cells measured per condition with the average number of pixels per bin determined.

2.3.2 Cross-linked Actin Network Analyses—The above phalloidin-stained images 

were also examined for CLANs based on published criteria (Filla et al., 2009) and 

quantified. For each image, cells were analyzed and recorded as either a CLAN-positive cell 

(CPC) (Filla et al., 2011) or not (non-CPC). Images were taken from 4 individual wells per 

treatment. For each well, the total number of CPCs was divided by the total number of 

analyzed cells to yield the CPC percentage. The calculated values for each well were 

averaged across the 4 wells per treatment and converted to a final percentage.

2.4. Western Blotting

For protein expression experiments, whole cell-lysates were prepared using 1X RIPA lysis 

buffer (Millipore Sigma) with protease inhibitors (Millipore Sigma; 1:100) by shearing cells 

with a 22-gauge needle while kept on ice. Phosphatase inhibitors (Cocktail 2 at 1:100 and 

Cocktail 3 at 1:50; Millipore Sigma) were added for experiments looking at 

phosphorylation. Samples were centrifuged at 14,000 rpm for 25 minutes at 4°C two 

sequential times. The supernatant was then transferred to a chilled tube and protein 

concentration measured. For Western blot, samples were denatured and reduced with 2-

mercaptoethanol (Bio-Rad, Hercules, CA) and Laemmli buffer (Bio-Rad) by boiling for 5 

minutes followed by cooling on ice. Protein samples were loaded and separated on a 4–20% 

Mini-Protean TGX polyacrylamide gel (Bio-Rad) at RT followed by transfer onto a 

polyvinylidene difluoride (Bio-Rad) membrane at 4°C. The membrane was blocked with 5% 

blotting grade non-fat dry milk (Bio-Rad) or 5% BSA (Rockland) and 1x-Tris buffered 

saline (Bio-Rad) with Tween 20 (0.1%; Bio-Rad) for 1 hour RT or overnight at 4°C. 

Membranes were probed with antibodies to α-SMA (ab5694; Abcam; 1:500), FKBP-51 

(ab79844; Abcam; 1:1000), myocilin (ab41552; Abcam; 1:500), fibronectin (ab2413; 

Abcam; 1:5000), myosin light chain 2 (3672; Cell Signaling, Danvers, MA; 1:1000), 

phospho-myosin light chain 2 (3674; Cell Signaling; 1:1000), or glyceraldehyde-3-

phosphate dehydrogenase (GAPDH; MAB374; Millipore, Burlington, MA; 1:5000). Goat 

Anti-Rabbit IgG-HRP and Horse Anti-Mouse IgG-HRP (Vector Laboratories; 1:2000) were 
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used as secondary antibodies. Protein bands were imaged with a ChemiDoc XRS+ imaging 

system (BioRad). Quantitative band densitometry was performed using ImageJ.

2.5. Cellular Migration Assay

To test cellular migration, we created a wound in the cell culture into which cells could 

migrate and re-populate the region. Two scleral cell lines from two different donors were 

seeded and grown on 96-well plates at a cell concentration of ~1000 cells per well under the 

same 3 treatment groups (4 wells per group), and treated daily for 7 days with DEX, MED, 

or DMSO. At the end of day 7, wells were scratched with WoundMaker™ and washed. 

Drug treatment continued for 2.5 more days (~60-hours). Images were taken with IncuCyte 

Live-Cell Analysis System (Essen BioScience), and wound width, relative wound density, 

and wound confluence were determined by built-in software. Wound width was determined 

by taking the average distance between the edges of the initial scratch. In this measurement, 

isolated cells, not contiguous to the native (unscratched) cell population on each side of the 

wound were excluded per built-in software. Relative wound density was measured as the 

ratio of cell-density in the wound to the cell density in the native (unscratched) regions. 

Wound confluence percentage was the fractional wound area that was covered by cells.

2.5. Senescence Assay

To test for cellular senescence, scleral cells were seeded and grown on a 12-well plate at a 

cell concentration of ~2500 cells per well under the same 3 treatment groups (3 wells per 

group), and treated daily for 7 days with DEX, MED, or DMSO. At the end of day 7, cells 

were washed once with PBS and a fixative solution from a senescence detection kit 

(ab65351; Abcam) was applied for 25 minutes at RT. Cells were washed twice with PBS, 

treated with X-gal staining solution, inserted into a plastic bag, and placed in an incubator 

(37°C; 5% CO2) overnight. Images were taken with a BZ-X700 digital imaging microscope 

(Keyence) at a 10X magnification. For each well, images with individual cells were counted 

and identified as either normal (not blue) or senescent (blue) by a masked grader. The 

number of blue cells was then divided by the total number of counted cells yielding the 

percentage of senescent cells within the image. The calculated values for each image was 

averaged across the 3 wells per treatment and converted into a final percentage.

3. Results

To study steroid-response distal to the TM, we created scleral fibroblast primary culture 

using mid-depth scleral wedges from remnant donor corneo-scleral rims (Fig. 1A) after 

corneal transplantation. Cells took on a spindle shape appearance, characteristic of 

fibroblasts (Fig. 1B). Further, nearly 100% of cells (182 out of 185 counted) expressed α-

smooth muscle actin (Fig. 1C–D). In all of the following experiments, cells were treated 

with dexamethasone (DEX; 100 nM) to induce a steroid-response and compared to controls 

of media (MED) and vehicle (DMSO).

Before looking for steroid-response phenotypes based on classic TM steroid-response 

characteristics, the ability for scleral fibroblasts to sense and respond to steroids was tested. 

FKBP-51 is a well known steroid-response element for many cell-types (Davies et al., 2002; 
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Jääskeläinen et al., 2011; Paakinaho et al., 2010; Vermeer et al., 2003). DEX-treated cells 

expressed FKBP51 unlike MED- and DMSO-treated conditions (Fig. 2). This indicated that 

steroid-response molecular pathways were at least present in scleral fibroblasts.

Cells were then grown in an incubator with the IncuCyte Live-Cell Analysis System such 

that images could be taken every day. Built-in software allowed for quantitative assessment 

of cellular proliferation. Over time, DEX-treated cells grew slower quantitatively (Fig. 

3A/B) and qualitatively (Fig. 3C–E). Assessed by automated confluence assessment (Fig. 

3A), this difference was first statistically significant at 60-hours (DEX 8.4% +/− 0.4% vs. 

MED 11% +/− 0.4% confluence, p < 0.001; and DEX 8.4% +/− 0.4% vs. DMSO 9.9% +/

− 0.5% confluence, p = 0.03). At the last time-point (~160-hours), cellular proliferation in 

DEX-treated cells was approximately half that of MED and DMSO (DEX 17.4% +/− 1.7% 

vs. MED 30.7% +/− 4.4% confluence, p < 0.01; and DEX 17.4% +/−1.7% vs. DMSO 31.2% 

+/− 5.2% confluence, p = 0.02). Proliferation between MED- and DMSO-treated cells was 

not statistically significantly different (p = 0.94) at the final time-point. To validate this 

result using another method, manual counting was done on a subset of images with masked 

graders (Fig. 3B). The same general result was obtained although statistical significance was 

not achieved for DEX compared to DMSO until 80-hours (p = 0.01).

DEX-treated cells also qualitatively appeared larger than MED- and DMSO-treated cells 

(Fig. 4). This was assessed before cells reached confluence, so that individual cells could be 

fully visualized. Thus DEX-treated cells were analyzed at 72-hours as opposed to 48-hours 

for MED- and DMSO-treated cells. Quantitatively, DEX-treated (580.8 +/− 23.1 microns2) 

cells measured larger compared to MED- (453.9 +/− 18.7 microns2) and DMSO-treated 

(456.9 +/− 15.5 microns2) cells (DEX vs. MED: p <0.001; DEX vs. DMSO: p < 0.001; and 

MED vs. DMSO: p = 0.9).

To test migration, a scratch assay was performed. Wound width, relative wound density and 

wound confluence were determined. Qualitatively, the DEX-treated wound appeared less 

confluent compared to the MED- and DMSO- treated wounds, which showed higher 

confluence (Fig. 5). Quantitatively, DEX-treated (1507.86 +/− 164.1 microns) cells showed 

a constant wound width measurement at 60 hours compared to the smaller wound width 

measurement in MED- (348.37 +/− 228.2 microns) and DMSO-treated (441.95 +/− 231.4 

microns) cells (DEX vs. MED: p = 0.006; DEX vs. DMSO: p = 0.009; and MED vs. DMSO: 

p = 0.78; Fig. 5A). DEX-treated cells also showed a decrease in relative wound density 

(DEX 64.4% +/− 7.9% vs. MED 91.7% +/− 3.0%, p = 0.02; DEX 64.4% +/− 7.9% vs. 

DMSO 90.4% +/− 5.2%, p = 0.03; MED 91.7% +/− 3.0% vs. DMSO 90.4% +/− 5.2%, p = 

0.84; Fig. 5B) and wound confluence (DEX 18.8% +/− 4.7% vs. MED 56.4% +/− 9.3%, p = 

0.01; DEX 18.8% +/− 4.7% vs. DMSO 52.5% +/− 6.3%, p = 0.005; MED 56.4% +/− 9.3% 

vs. DMSO 52.5% +/− 6.3%, p =0.74; Fig. 5C). Wound width, relative wound density, and 

wound confluence between MED- and DMSO-treated cells were not statistically 

significantly different.

Since steroid-response is known to alter TM cytoskeleton, Alexa Fluor-548 phalloidin (a 

molecule known to bind filamentous actin) labeling was performed on scleral cells. 

Qualitatively, in all conditions, stress fibers were seen although in DEX-treated cells the 
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stress fibers were more diffusely distributed (Fig. 6A/D). This was unlike MED- and 

DMSO-treated cells that contained stress fibers, but also had intervening regions of fewer 

stress fibers (Fig. 6B/E and C/F). To quantify this observation, a bin-based pixel intensity 

approach was taken. The average pixels per cell with a signal intensity of 0–63, 64–127, 

128–191, and 192–255 were quantified. Consistent with qualitative results, DEX-treated 

cells had a greater number of pixels at the highest intensity range (192–255) (p < 0.001 to 

0.004) and lesser number of pixels at the lowest intensity range (0–63) compared to controls 

(p = 0.001 to 0.008) (Fig. 6G). These results were different from that of TM cells where 

cross-linked actin networks (CLANs) form in response to steroids. In scleral cells, while 

CLANs were seen in baseline and control conditions, steroids did not increase their presence 

(p = 0.73 to 0.88) (Fig. 6H).

Since, TM cells are also known to steroid-respond by increasing expression of fibronectin 

and myocilin, these endpoints were tested in scleral fibroblasts as well. In both cases, after 

steroid exposure for 7 days, while the proteins were expressed, there was no difference 

comparing DEX- to MED- or DMSO-treated cells (for fibronectin p = 0.83 to 0.96 [Fig. 

7A/B]; for myocilin p = 0.48 to 0.7 [Fig. 7C/D]). To test for contractility, phospho-myosin 

light chain was assessed. In all conditions, phospho-myosin light chain was minimally 

observed, but myosin light chain protein was expressed and seen by Western blot (Fig. 

7E/F). Since phosphorylation events can be fleeting and steroid-response is a chronic 

phenomenon, we alternatively tested for contractility by looking at α-smooth muscle actin 

(Fig. 7 G/H). After 7-day steroid treatment, there was no α-smooth muscle actin difference 

comparing DEX-treated to MED- or DMSO-treated cells (p = 0.33 to 0.76).

Given the observation of slower growing and larger cells, it was considered that these cells 

may be undergoing senescence. While senescence has not been tested in TM steroid-

response, TGF-β has been implicated in ocular hypertension, and TGF-β treated TM cells 

have been shown to undergo senescence (Yu et al., 2010). We tested this in scleral cells 

using a β-galactosidase senescence assay showing increased senescence in DEX-treated 

cells compared to controls (Fig. 8; DEX = 36.6% +/− 3.2%; MED = 21.4% +/− 3.1%; and 

DMSO = 20.7% +/− 1.8%) (DEX vs. MED: p = 0.02; DEX vs. DMSO: p = 0.01; MED vs. 

DMSO: p = 0.97).

4. Discussion

Steroid-response phenotypes in scleral fibroblasts were similar, but not identical, to steroid-

response in TM cells. Like TM cells, steroid exposure led to larger scleral cells that 

proliferated and migrated less. Similar to TM cells, scleral fibroblasts also showed altered 

cytoskeleton; however, the morphologic appearance was different. In scleral cells, stress 

fibers were more distributed as opposed to showing an increased number of CLANs. 

Moreover, unlike TM cells, scleral fibroblasts did not increase expression of myocilin, 

fibronectin, or contractile properties. However, steroid-mediated gene expression pathways 

were intact as assessed by FKBP-51. Therefore, scleral fibroblasts are steroid responsive and 

share some, but not all, of the steroid-response characteristics of TM cells.
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While TM cell steroid-response alterations have been studied, the exact mechanism by how 

these changes increase AHO outflow resistance is still unclear. Based on increased cell size 

and CLAN formation, it is possible that the TM becomes less porous and more stiff (Palko et 

al., 2016). Such a mechanism would link cellular alterations to diminished AHO. 

Alternatively, greater extracellular matrix deposition could be the culprit in the TM. For 

scleral cells, only some of the classic TM steroid-response alterations are seen. First, given 

that scleral cells are different from TM cells, it is not surprising that a different cell yields a 

similar (but slightly different) response to the same agent. However, future experiments will 

need to better clarify how scleral changes can impact outflow. Like for the TM (Li et al., 

2019), stiffness can be measured after steroid-response, and increased stiffness has been 

seen in glaucomatous sclera (Palko et al., 2016). Alternatively, scleral cells may be 

interacting with the cells lining the outflow pathways, or the steroids may be directly 

impacting these cells themselves.

The exact steroid-induced molecular mechanism for scleral changes also needs further 

investigation. In our study, given decreased proliferation and increased cell-size we 

evaluated the possibility of steroid-induced senescence. This has been described for neural 

crest cells (Bose et al., 2010), and both TM cells and sclera have a neural crest embryologic 

origin (Sakao-Suzuki et al., 2014; Tripathi and Tripathi, 1989; Williams and Bohnsack, 

2015). In this study, scleral fibroblast steroid exposure did induce greater senescence 

compared to controls (Fig. 8). While TM senescence has not been studied in relation to TM 

steroid-response, TM senescence is currently being actively investigated as one hypothesis 

for elevated IOP in glaucoma (Caprioli, 2013; Chhunchha et al., 2017; Liton et al., 2005; Yu 

et al., 2010). TGF-β has been implicated in glaucomatous ocular hypertension and is also 

noted to induce senescence in TM cells (Yu et al., 2010). As steroid-response is effectively a 

pharmacologically induced model for decreased outflow facility and elevated IOP in 

glaucoma (Li et al., 2019), senescence should also be studied in TM steroid-responsiveness 

in the future.

Limitations in this work include the use of scleral cells to assess distal AHO pathway 

steroid-response. As mentioned in the introduction and earlier in the discussion, it is more 

ideal to isolate and study the cells lining the outflow pathways themselves to evaluate distal 

(post-TM) steroid-response. This includes cells lining SC, CCs, intrascleral venous plexus, 

and aqueous/episcleral veins. Unfortunately, well-established and validated methods are not 

available for the isolation and study of these various cell types. Further, the characteristics of 

AHO-pathway cells that line the distal AHO pathways differ depending on where along the 

distal AHO pathways the cells reside. For example, cells lining CC’s may differ from cells 

lining episcleral veins. Episcleral veins are vascular pathways that express hallmark 

phylogenetic venous proteins (Gonzalez et al., 2017). SC has a hybrid origin expressing both 

vascular and lymphatic markers (Jung et al., 2017). Therefore, it is also unclear where along 

the distal pathway steroid-response is most prominent. Ongoing efforts are underway to 

culture the vascular distal outflow pathway cells (personal communication: Uttio Roy-

Chowdhury), and steroid- responsiveness of these cells should be tested when they become 

available.
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If it becomes difficult to isolate and validate these cells, anterior-segment perfusion cultures 

(Mao et al., 2011), where the distal AHO pathways are still intact, are another good model to 

study distal steroid-response. Recently, trabeculotomized human anterior segments have 

been used to study the impact of agents such as endothelin-1 and nitric-oxide donors on 

outflow (McDonnell et al., 2018). Since the TM was removed, any changes to the outflow 

facility was specifically due to direct drug impact on the distal AHO pathways themselves. 

These organ cultures can also last a significant period of time, up to many days (Johnson and 

Tschumper, 1989). Thus, the impact of steroid-response on AHO resistance can be directly 

studied in this model without requiring the need to specifically isolate and culture distal 

AHO pathway cells.

In conclusion, steroid-responsiveness is not unique to TM cells and persists distally in 

scleral fibroblasts. The role of steroids in medical management is complex as steroids can be 

both beneficial and deleterious. Steroids can slow wound-healing (both good and bad) and 

lead to problems such as a steroid-response IOP elevation. However, post-operatively, they 

are still necessary to control sequelae from overaggressive inflammation. For trabecular 

MIGS, the next step needs to involve innovations that improve consistency and magnitude of 

IOP reduction. One such step would be to better characterize post-TM MIGS steroid-

response beyond clinical trial observations. Since steroid prescription can be easily titrated 

by a faster or slower post-operative taper or by choosing steroids with more or less ocular 

penetration (Pleyer et al., 2013), a better understanding of how steroids impact distal AHO 

pathways can lead to less steroid-response IOP elevation and better post-operative care of 

patients undergoing TM-targeted MIGS.
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Highlights

• Distal steroid-response may lead to an increase in intraocular pressure (IOP)

• Increase in IOP has been observed after trabecular bypass surgery

• Scleral fibroblasts steroid-respond similar to trabecular meshwork cells

• Steroid-response in AHO pathways may contribute to IOP elevation after 

MIGS
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Figure 1. Primary Scleral Fibroblast Culture.
A) Cell culture was created using donor remnant corneo-scleral rims after corneal 

transplantation. Wedges were cut, and an initial scleral flap was made (green arrow) with a 

mid-depth scleral secondary flap (red arrow) created and removed for explant. B) Primary 

scleral cells took on a characteristic spindle shape appearance. Scale bar = 300 microns. C) 

Immunofluorescence confirms α-smooth muscle actin expression in nearly all primary 

scleral cells. Scale bar = 50 microns. D) α-smooth muscle actin protein expression was 

observed by Western blot. GAPDH was used as a loading control.
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Figure 2. Primary Scleral Fibroblasts Respond to Steroid Treatment.
Elevated FKBP-51 protein expression is normally seen in response to steroid treatment. In 

primary scleral fibroblasts, DEX- but not MED- and DMSO-treatment induced FKBP-51 

expression quantitatively and qualitatively by Western blot. GAPDH served as a loading 

control. Bars expressed as mean +/− SEM.
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Figure 3. DEX-treatment Reduced Cellular Proliferation.
A) After DEX-treatment there was statistically significant slower cellular proliferation of 

primary scleral fibroblasts as assessed by automated assessment of confluence, starting at 

60-hours. B) Manual counting of cells from a subset of images showed the same results with 

slow proliferation comparing DEX- to MED- starting at 60-hours and DEX- to DMSO- at 80 

hours. Final comparisons were made at 162-hours. Data expressed as mean +/− SEM. C-E) 

DEX-treated cells were qualitatively less confluent at 162-hours compared to MED- and 

DMSO-treated cells. Scale bar = 300 microns.
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Figure 4. EX-treatment Resulted in Larger Cells.
DEX-treated cell area was quantitatively and qualitatively larger compared to MED- and 

DMSO-treated cells. Scale bar = 100 microns. Bars expressed as mean +/− SEM.
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Figure 5: DEX-treatment Slowed Cellular Migration.
A-C) DEX-treated wound width analyses showed less migratory behavior compared to 

MED- and DMSO-treated cells. Wound width, relative wound density and wound 

confluence were determined by built-in IncuCyte software. Data expressed as mean +/− 

SEM. Qualitatively, a wound is created (0 hr; white line with round ends) in each condition 

from which cellular migration is assessed. At 60 hr, DEX-treated cells filled in the gap less 

compared to MED- and DMSO-treated cells. Scale bar = 400 microns.
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Figure 6. DEX-treatment Altered Actin Cytoskeleton.
A/D) DEX-treated cells qualitatively showed more diffuse stress fiber distribution compared 

to (B/E) MED- and (C/F) DMSO-treated cells. A-C) Scale bar = 100 microns. D-F) Scale 

bar = 50 microns. G) Quantitatively, a bin-based pixel intensity method showed that DEX-

treated cells contained brighter pixels (192–255) and fewer darker pixels (0–63). H) DEX-

treatment did not lead to more CLAN formation. I/J Show representative examples of 

CLANs at high-magnification showing a geodesic shape (yellow arrow) and an example of 

the minimum requirement of three intensely fluorescent vertices connected by three actin 

spokes (white arrows) (scale bar = 25 microns). CPC = Clan-positive cells. Bars are 

expressed as mean +/− SEM.
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Figure 7. DEX-treatment Did Not Alter Markers of Contractility or Myocilin/Fibronectin 
Protein Expression.
A/B) Fibronectin was expressed in scleral fibroblasts but after 7-day DEX-treatment there 

was no increased protein expression compared to MED- and DMSO-treatment (n = 3 lines 

from 2 donors). C/D) Myocilin was expressed in scleral fibroblasts but after 7-day DEX-

treatment there was no increased protein expression compared to MED- and DMSO-

treatment (n = 3 lines from 2 donors). E/F) Phospho-myosin light chain (MLC-p) expression 

was minimal between all 3 treatment conditions (n = 3 lines from 2 donors) after 2 to 7 day 

DEX-treatments. Myosin-light chain (MLC) protein itself was seen though. G/H) α-smooth 

muscle actin was expressed in scleral fibroblasts but after 7-day DEX-treatment there was no 

increased protein expression compared to MED- and DMSO-treatment (n = 6 lines from 5 

donors). All bars expressed as mean +/− SEM.
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Figure 8. DEX-treatment Induces Cellular Senescence.
DEX-treated cells (A) quantitatively and (B) qualitatively (blue coloration) showed 

increased senescence compared to MED- and DMSO-treated cells. Scale bar = 200 microns. 

Bars expressed as mean +/−SEM.
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