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ABSTRACT OF THE DISSERTATION

Mechanical Control of Retinal VVascular Inflammation in Diabetes

by

Xiao Yang

Doctor of Philosophy, Bioengineering
University of California, Riverside, March 2016
Dr. Kaustabh Ghosh, Chairperson

The goal of this research was to understand the role of cell- and subendothelial
matrix-dependent mechanical cues in retinal endothelial cell (EC) activation associated
with diabetes and to identify novel molecular targets for effective suppression of diabetic
retinal EC activation. Endothelial activation is a hallmark of high glucose (HG)-induced
retinal inflammation associated with diabetic retinopathy. Here | identified that HG-
induced upregulation of lysyl oxidase (LOX), a collagen-crosslinking enzyme, in retinal
capillary endothelial cells (ECs) leads to subendothelial matrix stiffening that, in turn,
promotes retinal EC activation. Further, 1 showed that (i) HG-induced subendothelial
matrix stiffening significantly impairs Transient Receptor Potential Vanilloid 4 (TRPV4, a
mechanosensitive Ca?* channel) expression and activity, (ii) TRPV4 impairment alone is
sufficient to promote high glucose-induced retinal EC activation, (iii) LOX inhibition

prevents high glucose-induced impairment of TRPV4 and, consequently, anti-



inflammatory nitric oxide. Finally, | showed that the effect of matrix stiffening-dependent
TRPV4 impairment on retinal EC activation is mediated, at least in part, via the canonical
Rho/ROCK mechanotransduction pathway that directly controls EC stiffness. More
importantly, there is a feedback mechanism between TRPV4 and Rho/ROCK signaling
pathways and it is likely to exacerbate retinal capillary stiffening and inflammation
associated with DR. Together, these findings identify a crucial role of TRPV4-mediated
Rho/ROCK signaling in diabetic retinal inflammation and implicate TRPV4 as the novel

anti-inflammatory target for management of early DR.
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CHAPTER 1

INTRODUCTION

Preface

This Chapter discusses the role of subendothelial matrix stiffness in EC function and
implicates its role in diabetic retinal inflammation. The global aim of this doctoral research
is to understand the role of cell- and extracellular matrix-dependent mechanical cues in
retinal vascular inflammation associated with diabetes and to identify novel molecular

targets for effective suppression of diabetic retinal vascular inflammation.



Background and Significance

Diabetic retinopathy (DR) is a prevalent and debilitating microvascular
complication of diabetes that leads to progressive loss of vision. It is the leading cause of
blindness in the working-age population (20-64 years old), affecting nearly 40% of all
individuals with diabetes (1-4). Given that diabetes has reached epidemic proportions, the
number of individuals expected to suffer from DR is expected to rise astronomically. Yet,
despite numerous efforts, DR management has been difficult to achieve. A better
understanding of DR pathophysiology is thus essential to develop new and more effective

therapies for this debilitating condition.

Pathophysiology of DR

DR is a microvascular disease resulting from abnormal changes in retinal capillaries
(Schematic 1.1). The early stage of DR is characterized by an increase in leukocyte
adhesion to retinal blood vessels (leukostasis) that, in turn, leads to capillary degeneration
(5). The adherent leukocytes subsequently release pro-inflammatory and vascular
permeability factors, such as TNF-a, IL-1p, IL-6, IL-8 and endothelial growth factor
(VEGF), that together disrupt the blood-retinal barrier, leading to an increase in vascular
permeability that culminates in macular edema (nonproliferative DR) (5, 6). Further,
leukostasis-mediated EC apoptosis leads to the formation of acellular capillaries that
eventually regress (6, 7). The resulting local retinal ischemia, in turn, leads to

compensatory vessel multiplication (proliferative DR) (8). Notably, both macular edema



and excessive vessel multiplication (neovascularization) are characteristics of advanced

stages of DR and are common causes for vision loss in DR.

Current Treatments for DR

Clinically there are several therapeutic approaches to inhibit the development or
progression of the DR. For the earlier stages of DR, the main approach is to manage by
control hyperglycemia (9, 10), blood pressure and lipids (10-12). However, it has been very
difficult to maintain normal metabolic control in many diabetic patients. Recent studies
have also challenged the beneficial effect of lipid or blood pressure control (13, 14).

Current pharmacological treatments for advanced stages of DR focus
predominantly on the inhibition of vascular endothelial growth factor (VEGF), a potent
hyperpermeability and neovascularization factor that is significantly elevated in DR
subjects (15). VEGF also stimulates increased leukostasis in retinal microvessels where the
adherent leukocytes release cytokines and toxic factors to enhance endothelial permeability
and cause retinal EC death (5). Despite these critical roles of VEGF in DR pathogenesis,
anti-VEGF therapies are effective in treating proliferative DR, they only produce transient
benefit in individuals with diabetic macular edema (16). Intravitreal injection of steriods
have been found to work well in DR patients with late-stage macular edema, however,
steroids exert side effects such as increased intraocular pressure and cataract formation (17,

18).



Alternative nonpharmacological approaches for DR management include laser
photocoagulation and vitrectomy, which aim to surgically eliminate abnormal blood
vessels, reduce fluid leakage in the retina, and remove blood in case of severe bleeding (19,
20). However, these treatments have a major limitation in that they may reduce color and
night vision (20). Collectively, these limitations of current DR therapies emphasize the
need to better understand the mechanisms governing DR so that more effective therapeutic

approaches can be developed.

Inflammation and DR

Growing evidence indicates that DR is a multifactorial condition that is strongly
regulated by retinal inflammation (5, 15). A critical early step in diabetic retinal
inflammation is the activation of retinal capillary endothelial cells (EC) (5, 21). Activated
retinal ECs upregulate cell adhesion molecules (CAMs) such as intercellular CAM (ICAM -

1) to promote leukocyte-EC adhesion (leukostasis).

Recent in vivo studies have implicated EC activation as a critical early step in DR
pathogenesis (6). Specifically, blocking endothelial ICAM-1 alone prevents diabetic retinal
leukostasis and vascular hyperpermeability in animal models of DR (21), thereby
implicating retinal EC activation as a major determinant of DR pathogenesis. Thus, while
anti-ICAM-1 therapies are currently being explored for DR treatment, a deeper
understanding of the mechanisms regulating EC activation is required so additional

molecular targets can be identified for effective DR management.



Potential Role of Subendothelial Matrix Stiffening in EC Activation

Past studies aimed at understanding diabetic retinal EC activation have focused
largely on the role of abnormal epigenetic, metabolic, and inflammatory factors (5, 22).
However, a recent study reported that diabetic rat retinal ECs express increased levels of
lysyl oxidase (LOX) (23), a copper-dependent enzyme that crosslinks collagen and
enhances extracellular matrix stiffness (24). Notably, LOX overexpression and associated
increase in extracellular matrix stiffness have been shown to promote endothelial
dysfunction resulting in lung vascular hyperpermeability (25). Whether LOX upregulation
in diabetic retinal ECs leads to subendothelial matrix stiffening and EC activation,

however, remains unknown.

It is important to examine this previously-unknown role of subendothelial matrix
stiffening in leukocyte-retinal EC adhesion because subendothelial matrix stiffness alone
can govern EC fate and function (26). This is because EC adhesion to the underlying
subendothelial matrix generates cytoskeletal tension that is exerted on and balanced by
cell-matrix adhesions whose strength, in turn, is proportional to subendothelial matrix
stiffness (Schematic 1.2A). The ensuing force balance at cell-matrix adhesion complexes
initiates mechanotransduction (Schematic 1.2B), the process by which mechanical cues are
transduced into intracellular biochemical signaling to produce a global cellular response
(Schematic 1.2C) (27). Indeed, alterations in subendothelial matrix stiffness alone have
been shown to cause lung vascular hyperpermeability and edema (25, 28), atherosclerosis

(29), and tumor growth and metastasis (30). These findings, together with the observation



that diabetic aortas that exhibit extensive leukocyte adhesion also undergo significant BM
stiffening (31), raise the intriguing possibility of a causal relationship between aberrant

subendothelial matrix stiffening and increased EC activation associated with DR.

Hypothesis

Based on these findings, the working hypothesis of this doctoral dissertation is
that diabetes-induced retinal capillary stiffening and associated mechanotransduction

actively contribute to retinal endothelial activation and inflammation associated with DR.



Progression of Diabetic Retinopathy (DR)
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Schematic 1.1: Illustration of DR progression. In the early stage of DR, excessive
leukocyte adhesion to retinal endothelial cells (leukostasis) leads to retinal capillary
degeneration, which results in local ischemia. Further, these events lead to upregulation of

VEGF and other pro-inflammatory factors, which can cause (A) compensatory vessel
multiplication (proliferative DR) or (B) diabetic macular edema (nonproliferative DR).



Matrix Stiffness and Mechanotransduction Govern Endothelial Function

- Cytoskeletal Tension
" Cell-Matrix Adhesions
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Schematic 1.2: Alterations in matrix stiffness and associated mechanotransduction
govern endothelial function: (A) ECs adhere to underlying matrix using integrin-
dependent focal adhesions (FAs). These FAs facilitate the development of a cell-matrix
force equilibrium where the tension in actin filaments is balanced by the sum of
compression borne by microtubules and the strength of FAs. The strength of FAs, in turn,
is dictated by matrix stiffness where stiffer matrices produce stronger FAs and vice versa.
(B) Various cytoskeletal adaptor proteins and cell signaling molecules are also recruited to
FAs. Thus, by actively controlling FA strength, BM stiffness plays an important role in
cellular mechanotransduction. (C) The biochemical signaling pathways elicited by matrix
stiffness-dependent mechanotransduction converge in the nucleus to govern global cell
function such that cells on soft matrices round up and die (apoptosis), those on stiff matrices
spread fully and proliferate while cells on intermediate stiffness undergo partial retraction
and differentiation.
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CHAPTER 2

Basement Membrane Stiffening Promotes Retinal Endothelial Activation

Associated with Diabetes

Preface

This Chapter explores the role of subendothelial basement membrane (BM) stiffening

in retinal EC activation associated with diabetic retinopathy.

Adapted from manuscript* Figures 2.1-2.2B, 2.2D-2.10

In collaboration : Data for Figures 2.2C
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Introduction

Diabetic retinopathy (DR) is an important microvascular complication of diabetes
and the leading cause of blindness in the working-age population (1). Growing evidence
indicates that DR is a multifactorial condition that is strongly regulated by retinal
inflammation (2, 3). A critical early step in diabetic retinal inflammation is the activation
of retinal capillary endothelial cells (EC) (3, 4). Activated retinal ECs upregulate cell
adhesion molecules (CAMs) such as intercellular CAM (ICAM-1) to promote leukocyte-
EC adhesion (leukostasis). The adherent leukocytes subsequently release pro-
inflammatory and vascular permeability factors that together disrupt the blood-retinal
barrier, leading to an increase in vascular permeability that culminates in macular edema
(3, 5). Importantly, blocking endothelial ICAM-1 alone prevents diabetic retinal
leukostasis and vascular hyperpermeability in animal models of DR (4), thereby
implicating retinal EC activation as a major determinant of DR pathogenesis.

Studies aimed at understanding diabetic retinal EC activation have focused
primarily on the role of abnormal epigenetic, metabolic, and inflammatory factors (3, 6).
However, a recent study reported that diabetic rat retinal ECs express increased levels of
lysyl oxidase (LOX) (7), a copper-dependent enzyme that crosslinks collagen and enhances
extracellular matrix stiffness (8). Notably, LOX overexpression and associated increase in
extracellular matrix stiffness have been shown to promote endothelial dysfunction resulting
in lung vascular hyperpermeability (9). Whether LOX upregulation in diabetic retinal ECs
leads to subendothelial basement membrane (BM) stiffening and EC activation, however,

remains unknown.

14



It is important to understand the role of subendothelial BM stiffening in diabetic
retinal EC activation and inflammation as it can modulate the efficacy of existing and new
anti-inflammatory DR therapies that commonly target soluble factors and their signaling
pathways. This is because changes in extracellular matrix stiffness is known to
independently regulate intracellular biochemistry, and thereby cell response to soluble
cues, via alteration in cytoskeletal tension and cell-matrix adhesion strength (10). This
conversion of matrix stiffness-dependent mechanical cues into intracellular biochemical
signaling (termed mechanotransduction) plays an important role in regulating tissue
function and disease. For instance, abnormal subendothelial matrix stiffness and associated
alterations in intracellular mechanical signaling has been strongly implicated in vascular
malformations (11), loss of capillary ECs (12), pulmonary edema (9), and atherosclerosis
(13). Thus, I hypothesized that LOX upregulation in diabetic retinas promotes increased
crosslinking and stiffening of retinal subendothelial BM that, in turn, actively contributes
to retinal inflammation seen in DR.

Using atomic force microscopy, | show that high glucose (HG), the major risk
factor for DR, causes significant increase in the stiffness of retinal EC-secreted matrix in
vitro, which correlates with increased subendothelial collagen IV deposition, LOX
upregulation, NF-xB-dependent retinal EC activation, and monocyte-EC adhesion. These
findings are consistent with in vivo observations where diabetic mouse retinal
inflammation correlated with higher levels of LOX and BM collagen 1V. Finally, by

pharmacological inhibition of LOX and development of synthetic matrices, | show that
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HG-induced subendothelial matrix stiffening is necessary and sufficient for diabetic retinal

EC activation.

Materials and Methods

Animal Model. All animal studies were performed as per Association for Research in
Vision and Ophthalmology (ARVO) guidelines and in compliance with IACUC protocols
approved by UC, Riverside, and University of New Mexico. Adult (8 week-old) male
C57BL6/J mice (Jackson Labs) were injected with streptozotocin (STZ; 60 mg/kg body
weight; Sigma) in 10 mM citrate buffer (pH 4.5) daily for five consecutive days. Animals
with fasting blood glucose greater than 300 mg/dL were considered diabetic and were
studied at four months’ duration of diabetes. Age-matched mice receiving no STZ injection

were used as non-diabetic control.

Retinal Whole Mount Immunofluorescence. Enucleated eyes from diabetic and control
mice were fixed in 4% paraformaldehyde (PFA; Electron Microscopy Sciences, PA) for
4h prior to retinal isolation. Next, isolated retinas were permeabilized in 1% Triton X-100
and labeled with rabbit anti-collagen IV antibody (Abcam, MA, Cat#ab6586) followed by
fluorescently-labeled anti-rabbit 1gG (Vector Laboratories, Cat#DI-1488). Retinal
capillaries were counterstained with isolectin GS-1B4 (Life Technologies, Cat#121412) and

imaged using a Leica SP5 confocal microscope. To confirm the specificity of anti-collagen
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IV immunostaining, some retinal whole mounts were labeled with secondary antibody

alone.

Cell Culture and Glucose Treatment. Human retinal ECs, monkey chorioretinal ECs
(RF/6A), and human monocytic cells (U937) were purchased from Cell Systems (Kirkland,
WA) and ATCC, respectively. Human retinal ECs were grown in MCDB131 medium
(Mediatech, VA) supplemented with 10% fetal bovine serum (FBS; Fisherbrand), 2 mM
L-Glutamine (Life Technologies), 0.03 mg/mL Endothelial Cell Growth Supplement
(Sigma), 1x antimycotic/antibiotic mixture (Life Technologies), 10 ng/ml human EGF
(Millipore), 1 pg/ml hydrocortizone, and 0.09 mg/ml heparin (Sigma). Monkey
chorioretinal ECs were grown in EMEM (ATCC) supplemented with 10% FBS and 1x
antimycotic/antibiotic mixture. U937 monocytes were grown in RPMI-1640 medium (GE
Healthcare) supplemented with 10% FBS, 2 mM L-Glutamine, 1.5 mg/ml sodium
bicarbonate (Life Technologies), 1x antimycotic/antibiotic mixture, 1 mM sodium
pyruvate (Life Technologies), and 4.5 mg/ml glucose (Sigma). Human CD14* peripheral
blood monocytes (PBMs) were freshly isolated by centrifuging peripheral blood (Zenbio,
NC) in Ficoll-Paque (GE Healthcare) to obtain buffy coat, which was subsequently spun
down, decanted, resuspended in PBS buffer (containing 1% BSA and 2mM EDTA) at
250x106 cells/ml, and mixed with 20 uL of CD14* magnetic microbeads (Miltenyi Biotec,
CA) per 10x10° cells for 20 min at 4<C. Finally, cell/bead suspension was spun down,

decanted, suspended in PBS buffer and subjected to magnet-activated cell sorting.
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For in vitro studies, EC monolayers were cultured in regular growth medium
containing normal glucose (NG, 5.5 mM) or high glucose (HG, 30 mM) =LOX inhibitor
B-aminopropionitrile (BAPN;CsHsN2 0.5C4Hs04; 0.1 mM; >98% purity; Sigma), and
supplemented with ascorbic acid (200 pg/mL; Sigma) to facilitate BM deposition. BAPN
is a specific and irreversible inhibitor of LOX enzymatic activity (7, 14, 15). After 9 days,
culture medium was replaced with low serum (2.5% FBS) medium (with all other
components at original concentration) and monolayers allowed to grow overnight prior to

specific assay.

Western Blot. To detect LOX, ICAM-1, and CD11b expression in vivo, mouse retinas
were perfused, isolated, and homogenized in ice-cold RIPA lysis buffer (containing
protease and phosphatase inhibitors). To detect LOX expression in cultured ECs, cells were
grown in medium containing NG or HGBAPN for 10d, followed by lysis in RIPA lysis
buffer. Supernatants from centrifuged retinal and EC culture lysates were subjected to
Western Blotting using nitrocellulose membrane, which was probed with antibodies
against LOX (Novus Biologicals, Cat#NB110-59729), CD11b (Novus Biologicals,
Cat#NB110-89474) and ICAM-1 (Santa Cruz Biotech, Cat#SC-1511) followed by
appropriate HRP-conjugated secondary antibodies (Vector Laboratories, Cat#DI1-1488).
GAPDH (Sigma, Cat#G9545) or B-tubulin (Abcam, Cat#ab6046) were used as loading
controls. Western Blot protein bands were visualized using a camera-based imaging system
(Biospectrum AC Imaging System) that automatically adjusts exposure time to avoid pixel

saturation. ImageJ was used to perform densitometric analysis, and the measurements
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(within the 10-250 pixel intensity range) were normalized with respect to corresponding

loading controls.

EC-secreted Subendothelial Matrix. Decellularized (cell-free) subendothelial matrix was
obtained using a technique that others and I have reported before (12, 16). Briefly, ECs in
NG or HGEHBAPN medium were grown on glass cover slips coated with glutaraldehyde-
crosslinked gelatin for 10d, followed by decellularization of EC monolayers using a mild
detergent composed of 20mM ammonium hydroxide (Sigma) and 0.5% Triton X-100
(Sigma) and fixation of the resultant subendothelial matrix with 1% PFA. Decellularized
BM were labeled with rabbit anti-collagen 1V (Abcam, Cat#ab6586) and fluorescein-
conjugated anti-rabbit secondary antibody (Vector Laboratories, Cat#DI1-1488) and imaged
with a Leica SP5 confocal microscope. Subendothelial matrix thickness (n=3 per

condition) was analyzed from xzy-plane images using ImageJ.

Measurement of Mouse Retinal Capillary and Subendothelial Matrix Stiffness. The
stiffness of isolated normal and diabetic mouse retinal capillaries and unfixed
decellularized subendothelial matrices obtained from NG- or HG#BAPN-treated EC
cultures was measured using a biological-grade atomic force microscope (AFM; Veeco
Instruments, NY) operated in tapping mode using a ~40 nm silicon nitride tip (glass bead
for retinal capillaries) attached to a 140 um-long microcantilever (MLCT, Bruker) with
bending spring constant of 0.1 N/m. The maximum indentation force applied to sample

was ~8 nN. Measurements were made in force-curve mode, and the cantilever deflection
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was measured through the photodiode difference signal (Sqer, Volts). For each region, ~25
force curves were measured and only the linear region of force curves were considered for
matrix stiffness analysis. Sample stiffness is calculated as ksampie = F/ zs, where F is the
applied force and zs the sample deformation. Average stiffness was obtained from

indentations in at least 9 different regions across the subendothelial matrix samples.

Real-time PCR. Total RNA was isolated from cells (Direct-zol RNA MiniPrep; Zymo
Research, Irvine, CA), converted to cDNA using High Capacity cDNA Reverse
Transcription (Applied Biosystems, Foster City, CA), and amplified with the appropriate
TagMan assay for ICAM-1 (Applied Biosystems, CA, Cat#4331182) in the Applied
Biosystems 7500 Fast system. Relative mRNA levels were determined by the comparative

Ct method with normalization to GAPDH.

Flow Cytometry. ECs were detached and labeled with rabbit anti-ICAM-1 antibody (Santa
Cruz Biotech, SC-107) followed by fluorescently-labeled anti-mouse 1gG (Vector
Laboratories, Catalog# DI-2488). Next, ECs were fixed with 1% PFA, detected by a Cell
Lab Quanta SC flow cytometer (Beckman Coulter, CA), and analyzed by FlowJo (Treestar

Inc, CA).

Synthetic Matrix Fabrication. Thin (~100 pm-thick), elastic synthetic matrices of
varying stiffness were prepared by mixing polyacrylamide and bis-acrylamide at different

mass ratios, as reported previously (17, 18). Polyacrylamide gels have been extensively
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used to study extracellular matrix mechanosensing because they can be synthesized over a
broad range of stiffness through simple variation in bis-acrylamide (crosslinker)
concentration, in addition to permitting a chemically-activated surface for covalent
conjugation of any cell-binding matrix protein. Synthetic matrices were prepared at 1000
Pa, which mimics the average stiffness of normal subendothelial matrix (19), as well as
2000 Pa and 4000 Pa to mimic progressive matrix stiffening. To promote EC spreading,
synthetic matrix surfaces were activated using sulfo-SANPAH prior to covalently
conjugating human plasma fibronectin (BD Bioscience) at ~3 ug/cm? for 2h at 37°C.
Retinal ECs grown under NG or HGHBAPN conditions for 10d were detached and re-
plated on fibronectin-coated synthetic matrices in low serum medium and incubated

overnight prior to use in assays.

Monocyte-EC Adhesion. ECs were cultured in NG or HGBAPN medium for 10d prior
to addition of fluorescently-labeled human PBMs or U937 cells (125,000 cells/cm?) for 30
minutes at 37°C. Following rinsing with PBS, adherent monocytes were fixed with 1%
PFA, imaged using Nikon Eclipse Ti microscope fitted with a Nikon DS-Qi1lMc camera,
and counted using Image] (=10 images per condition). To confirm the effect of
subendothelial matrix stiffness on monocyte-EC adhesion, NG- and HG-treated ECs were
grown on synthetic matrices of normal (1000 Pa) or higher (2000 Pa, 4000 Pa) stiffness in

low serum medium and subjected to monocyte-EC adhesion assay, as described above.
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NF-kB Activation. ECs grown in NG or HGBAPN medium for 10d were detached and
re-plated (in low serum medium containing NG or HGABAPN) on decellularized
subendothelial matrices obtained from parallel NG or HGHBAPN cultures. 6h post-plating,
cells were fixed with 1% PFA, permeabilized, blocked with 2% BSA, and labeled with
rabbit anti-NF-xB p65 antibody (Santa Cruz Biotech, Cat#SC-109) followed by
fluorescently-labeled anti-rabbit 1gG (Vector Laboratories, Cat#DI-1488). Cells were
counter-stained with DAPI to label nuclei and imaged using Nikon Eclipse Ti microscope.
NF-kB activation was determined by quantifying the fraction of cells (expressed as percent
of total) that exhibit significant nuclear NF-xB p65 staining (n >20 cells per condition), as
previously reported (20). To confirm the effect of HG-induced subendothelial matrix
stiffening on NF-kB activation, NG-treated ECs were plated (in low serum medium) on the
corresponding decellularized matrices for 6h prior to assessment of NF-«xB activation. ECs
treated with tumor necrosis factor-o (TNF-a; 25 ng/ml; 5h), an inflammatory cytokine that
induces NF-kB activation (21), served as positive control while antibody specificity was

confirmed by labeling some samples with secondary antibody alone.

Intracellular Nitric Oxide (NO) Production. Retinal ECs grown in NG or HG3BAPN
medium for 10d were detached and re-plated on the corresponding decellularized
subendothelial matrices in low serum medium containing NG or HGABAPN. After
overnight incubation, cells were loaded with fluorescent NO-sensitive dye DAF-FM
diacetate (2 uM; Life Technologies), as per manufacturer’s protocol. After excess dye was

rinsed off and cells recovered in NG or HGHBAPN medium, the medium was replaced
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with Krebs—Henseleit buffer. Dye-loaded cells were imaged using Nikon Eclipse Ti
microscope and intracellular net fluorescence intensity was quantified using ImageJ in the
aforementioned manner (n >20 cells per condition). To confirm the effect of subendothelial
matrix stiffness on intracellular NO, NG- or HG-treated ECs were grown overnight on
synthetic matrices of normal (1000 Pa) or high (4000 Pa) stiffness in low serum medium

and subjected to intracellular NO measurement.

LOX Activity Assay. Retinal ECs were cultured in NG or HGEBAPN medium for 9d,
followed by overnight starvation in NG or HG3BAPN-containing phenol red-free medium.
LOX activity was determined by the conventional Amplex Red fluorescence assay (22,
23). Briefly, culture supernatants were incubated (at 1:1 ratio) with a reaction buffer (37 <C;
30 min) containing 10 M Amplex Red Reagent (Life Technologies) and the LOX activity
was determined by measuring emitted fluorescence (540/590 nm), resulting from hydrogen
peroxide produced by active LOX, with a fluorescence spectrophotometer (n>8) and
comparing it with a standard curve generated from serially-diluted hydrogen peroxide

solution.

Statistics. All data were obtained from multiple replicates and expressed as mean £SEM.
For studies involving three experimental conditions, statistical significance was determined
by analysis of variance (ANOVA; GraphPad Instat®), followed by Tukey’s post-hoc
analysis. For studies involving two experimental conditions, statistical significance was

determined by both unpaired t-test (GraphPad Instat®), followed by Welch correction, as
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well as Pearson’s correlation analysis (SPSS Statistics, IBM, Inc.). Results were considered

significant if p<0.05.

Results

Retinal endothelial activation is a chief characteristic of diabetes

Activated ECs express ICAM-1, a key endothelial cell adhesion molecule that
promotes adhesion of circulating leukocytes. Predictably, | found that retinal ECs in
diabetic mice exhibit ~70% higher (p<0.01) ICAM-1 expression than non-diabetic controls
(Fig. 2.1A). This significant increase in retinal ICAM-1 expression correlated with a
markedly (~50%; p<0.05) greater accumulation of CD11b+ monocytes/macrophages in
diabetic retinas than in non-diabetic controls.

Consistent with the in vivo observations, HG treatment caused significantly greater
activation of cultured human retinal ECs, as judged by ~1.6-fold higher (p<0.01) ICAM-1
MRNA expression in HG-treated ECs than in NG-treated counterparts (Fig. 2.1B). This
increase in ICAM-1 mRNA levels under HG conditions correlated with ~2-fold higher
number of HG-treated ECs expressing high surface ICAM-1-expression than NG-treated
cells (Fig. 2.1C). Further, consistent with a significant increase in monocyte accumulation
in diabetic retinas, HG-treated ECs exhibited ~4-fold greater binding (p<0.001) of
fluorescently-labeled U937 human monocytic cells than NG-treated ECs (Fig. 2.1D).
Human peripheral blood monocytes (PBMs) freshly isolated from whole blood also

exhibited preferential binding to HG-treated ECs (Fig. 2.1E), thereby indicating that U937
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cells mimic human circulating monocytes with regards to their ability to differentially
adhere to normal versus diabetic retinal ECs.

To further understand the mechanism underlying higher endothelial ICAM-1
expression on HG-treated stiffer subendothelial matrix, | looked at the activation of NF-
kB, the major transcriptional factor that upregulates various inflammatory genes including
ICAM-1 (21). Immunostaining for NF-xB p65 and subsequent quantitative analysis
revealed an approximately two-fold greater (p<0.05) incidence of its nuclear translocation,
an indicator of NF-xB activation (20), in HG-treated cells than in NG-treated cells (Fig.

2.1F).

Diabetes is associated with significant increase in retinal subendothelial matrix
crosslinking and stiffening

To test our hypothesis that BM stiffening actively contributes to retinal EC
activation associated with DR, | examined retinas of diabetic mice for levels of LOX, a
collagen-crosslinking enzyme, and BM collagen IV that, together, confer stiffness to
capillary BM. LOX expression was found to be significantly higher (1.6-fold; p<0.05) in
diabetic retinas than in non-diabetic controls (Fig. 2.2A). Further, whole mount retinal
immunofluorescent staining revealed that diabetic retinal capillaries also exhibit markedly
greater BM collagen 1V deposition than their non-diabetic counterparts (Fig. 2.2B), likely
due to greater LOX-mediated collagen crosslinking in diabetic retinas. More importantly,

AFM force indentation on isolated mouse retinal capillaries showed a significant increase
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(~3-fold; p<0.01) in the stiffness of diabetic retinal capillaries compared to their non-
diabetic counterparts (Fig. 2.2C).

ECs cultured under NG and HG conditions (for 10d) exhibited a similar trend in
LOX expression and collagen 1V deposition. Specifically, HG-treated cells were found to
exhibit two-fold higher (p<0.001) LOX expression than NG-treated cells (Fig. 2.2D),
which correlated with a similar two-fold increase (p<0.001) in LOX activity in HG-treated
ECs (Fig. 2.3). Immunofluorescent staining of decellularized retinal EC monolayers for
collagen 1V showed a significant increase (p<0.001) in the density and thickness of
subendothelial collagen 1V matrix secreted under HG conditions (Fig. 2.2E), which
correlates with HG-induced LOX upregulation.

To determine whether higher levels of LOX and collagen 1V observed in diabetic
retinas and HG-treated EC cultures are associated with retinal subendothelial matrix
stiffening, AFM force indentation was performed on matrices obtained from decellularized
NG- and HG-treated EC cultures. Quantitative analysis of multiple (n=25) AFM force
indentation curves revealed that the subendothelial matrix deposited by HG-treated ECs is

two-fold stiffer (p<0.001) than that produced by NG-treated cells (Fig. 2.2F).

Inhibition of subendothelial matrix stiffening prevents HG-induced retinal EC
activation

To determine whether HG-induced subendothelial matrix stiffening actively
contributes to retinal EC activation, | suppressed LOX crosslinking in HG-treated cells

using a pharmacological LOX inhibitor BAPN. AFM force indentations of decellularized
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matrices indicated that inhibition of LOX crosslinking completely prevented HG-induced
subendothelial matrix stiffening (Fig. 2.4A). This inhibition of matrix stiffening correlated
with reduced matrix deposition by HG-treated cells, as judged by immunofluorescent
staining of collagen 1V (Fig. 2.5). More importantly, suppression of HG-induced
subendothelial matrix stiffening by BAPN prevented the increase in U937 cell adhesion to
HG-treated ECs (Fig. 2.4B). Notably, BAPN exerted comparable anti-inflammatory effect
when added 10d after the onset of HG treatment (Fig. 2.6), thereby indicating that the pro-
inflammatory effects of subendothelial matrix stiffening are reversible.

The anti-inflammatory effect produced by inhibition of subendothelial matrix
stiffening was associated with significant suppression of NF-kB activation (nuclear
translocation) (Fig. 2.7A). Notably, NF-«xB activation is regulated upstream by endothelial
nitric oxide (NO), a potent anti-inflammatory factor that suppresses NF-«xB activation and
ICAM-1-mediated leukocyte-EC adhesion (24-26). Thus, | looked to see whether BM
stiffness-dependent mechanical control of NF-kB activation correlated inversely with
endothelial NO production. Quantitative analyses of cells labeled with NO-sensitive dye
revealed that, indeed, HG-mediated EC activation was associated with a significant (~40%;
p<0.001) reduction in intracellular NO, which was prevented by suppression of
subendothelial matrix stiffening (Fig. 2.7B). Taken together, these findings strongly
implicate subendothelial BM stiffening as a critical determinant of diabetic retinal EC

activation.
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Subendothelial matrix stiffening is necessary and sufficient for HG-induced retinal
EC activation

In addition to increasing subendothelial matrix stiffness, hyperglycemia also exerts
biochemical effects that lead to increased oxidative stress and inflammation (3). Thus, to
determine the extent to which LOX-mediated subendothelial matrix stiffening alone causes
HG-induced retinal EC activation, I plated fresh, NG-treated retinal ECs on decellularized
matrices obtained from preceding NG- and HGABAPN-treated EC cultures and examined
monocyte-EC adhesion and endothelial NO production (Fig. 2.8A). Under these conditions
where the effects of LOX is conveyed only via matrix stiffness, retinal ECs plated on HG -
treated (stiffer) subendothelial matrix exhibited significantly greater U937 cell adhesion
than those plated on NG- or HG+BAPN-treated matrices (Fig. 2.8B). These differential
levels of monocyte-EC adhesion on decellularized matrices were inversely related to the
levels of endothelial NO, with ECs plated on HG-treated matrix producing ~40% lower
NO (p<0.001) than those on NG- or HG+BAPN-treated matrices (Fig. 2.8C). Expectedly,
the reduction in endothelial NO on HG-treated matrix correlated with greater NF-xB
activation (Fig. 2.9). Thus, these findings indicate that LOX-dependent subendothelial
matrix stiffening that occurs under HG conditions is alone sufficient to cause retinal EC
activation.

To unequivocally confirm the pivotal role of subendothelial matrix stiffening in
retinal EC activation, NG-treated cells were grown on synthetic matrices of progressively
increasing stiffness. Counting of adherent U937 cells revealed a progressive increase in

monocyte-EC adhesion on stiffer synthetic matrices (Fig. 2.10A), which correlated
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inversely with endothelial NO production (Fig. 2.10B). Given that these significant
differences in monocyte-EC adhesion and NO production are observed under NG
conditions, these data corroborate the findings from decellularized matrices that
subendothelial matrix stiffening is sufficient to cause retinal EC activation.

Further, when ECs grown in NG and HG medium were detached and plated on
synthetic matrices of low (normal) stiffness for 24h in corresponding NG or HG medium,
both monocyte-EC adhesion and NO production were found to be comparable (Figs.
2.10C,D). Since 24h is insufficient time for ECs to deposit a robust matrix, these data
confirm our initial observation (Figs. 2.4, 2.7) that subendothelial matrix stiffening is also

necessary to promote HG-induced retinal EC activation.

Discussions

Retinal inflammation plays a crucial role in DR pathogenesis. Past studies have
demonstrated that retinal EC activation is a rate-limiting step in diabetic retinal
inflammation (3, 4). Efforts aimed at understanding how retinal EC activation is regulated
have revealed an important role of epigenetic, metabolic and inflammatory factors (2, 3,
6). Our findings are the first to implicate mechanical cues in the form of subendothelial
BM stiffening as an important determinant of diabetic retinal EC activation. Using cultured
retinal ECs, | further show that subendothelial matrix stiffening, caused by HG-induced
LOX upregulation, is alone sufficient to activate retinal ECs. By highlighting the critical

yet previously unrecognized role of subendothelial matrix stiffening in HG-induced retinal
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EC activation, this study creates a new paradigm for the understanding of diabetic retinal
inflammation and provides a strong rationale for detailed preclinical studies to evaluate
BM stiffness normalization as a potential anti-inflammatory DR therapy either alone or in
conjunction with existing DR treatment strategies. Further, since matrix stiffening triggers
mechanotransduction pathways that can independently control cell function (10), a deeper
mechanistic understanding of the mechanical control of diabetic retinal EC activation may
lead to the identification of new therapeutic targets for effective DR management.

Vascular inflammation is a hallmark of diabetic complications such as retinopathy
and cardiovascular diseases. Indeed, our mouse model of DR and HG-treated retinal EC
cultures demonstrated significant increase in endothelial ICAM-1 expression and
monocyte-EC binding, which is consistent with EC activation observed in diabetic
aortas/arteries (27, 28). Notably, diabetes is also associated with significant stiffening of
large vessels such as arteries and aorta (29, 30) and independent studies have implicated
aortic/arterial subendothelial matrix stiffening in increased vascular permeability and
monocyte accumulation associated with atherosclerosis (13, 31). Thus, here | asked
whether diabetes also leads to an increase in retinal subendothelial matrix stiffness and, if
so, whether matrix stiffening actively contributes to retinal EC activation associated with
DR.

| found that EC activation and inflammation in vitro and in diabetic mouse retina
correlate with higher expression and activity of the collagen-crosslinking enzyme LOX,
which is consistent with LOX upregulation reported in diabetic rat retinal capillaries (7).

Since past studies have implicated LOX upregulation in the stiffening of lung and tumor
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extracellular matrix (9, 32), | asked whether LOX enhances retinal subendothelial matrix
stiffness. To address this question, | used a biological-grade AFM to perform force
indentation measurements on decellularized subendothelial matrix obtained from retinal
EC cultures. AFM offers a unique, sensitive, quantitative, and reliable technique to
measure micromechanical properties (e.g. cell/matrix stiffness, intermolecular bond
forces) of myriad biological materials such as DNA, proteins, cells, and tissues (33-35).
Our AFM force measurements confirmed that HG treatment significantly increases LOX-
dependent retinal subendothelial matrix stiffness. These AFM measurements, which are
the first to quantify retinal subendothelial matrix or BM stiffness in vitro or in vivo, formed
the basis for examining the mechanical control of diabetic retinal EC activation. To this
end, |1 showed that HG-induced retinal EC activation depends strongly on the increase in
LOX-dependent subendothelial matrix stiffness. It must be noted that the subendothelial
matrix deposited by retinal EC cultures is similar, but not identical, to the BM deposited in
retinal capillaries, with the presence of interstitial matrix proteins (e.g. collagen | and V1)
in subendothelial matrices in vitro being a major distinction (36, 37). Since the retinal
capillary BM in vivo is regulated by both ECs and pericytes, co-culturing these cells in
vitro may lead to the deposition of a matrix that more closely resembles the in vivo BM.
Nonetheless, together with a past study that implicated HG-induced LOX upregulation in
retinal vascular hyperpermeability (7), our findings implicate a crucial role of LOX-
dependent BM stiffening in diabetic retinal inflammation.

Owing to its collagen-crosslinking property, LOX upregulation in HG-treated ECs

and diabetic mouse retinas predictably correlated with increased collagen IV deposition in
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subendothelial matrix and BM, respectively. This observation agrees well with past reports
of increased BM collagen 1V accumulation in retinal vessels of diabetic rats and humans
with DR (7, 38-40). Notably, other BM components such as fibronectin, tenascin-C and
collagen XI1I are also deposited in excessive amounts in diabetic retinal capillary BMs (39-
41). Among these, fibronectin is particularly important as it interacts with both collagen
IV and LOX via specific molecular domains within its N- and C-terminal domains,
respectively (23, 42), and is implicated in regulating LOX activity (23). Thus, it is possible
that, in addition to increasing retinal capillary BM thickness, excessive fibronectin also
contributes to LOX-dependent BM stiffening and associated retinal inflammation. DR is
also associated with upregulation of plasminogen activator-inhibitor 1 (PAI-1) in retinal
ECs (43, 44). Since plasminogen activation leads to degradation of BM fibronectin (45),
upregulation of PAI-1 in DR may also, at least indirectly, contribute to BM stiffening via
increased fibronectin/LOX interaction.

In addition to increasing LOX-mediated subendothelial matrix stiffening,
hyperglycemia causes other biochemical alterations such as increased polyol and
hexosamine pathway flux, glycation of plasma biomolecules, and formation of advanced
glycation end-products (AGE) that contribute to oxidative stress and inflammation (46).
Thus, it may be possible that the inflammatory effects of HG reported here result from dual
effects of aberrant matrix stiffness-dependent mechanical and HG-dependent biochemical
cues. Remarkably, however, our findings revealed that LOX-mediated subendothelial
matrix stiffening alone is sufficient to promote retinal EC activation independent of the

effects of HG-induced biochemical modifications. This is an important finding because it
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implicates BM stiffening as an independent regulator of diabetic retinal inflammation. To
unequivocally confirm this, | cultured NG-treated ECs on synthetically-engineered
matrices made of polyacrylamide gels of increasing stiffness. Polyacrylamide gels have
been widely used to examine the role of BM/matrix stiffness in endothelial permeability
(31), transcriptional control of angiogenesis (47), atheroprotective effects of apoE (13), and
tumor vascular dysfunction (11). Here, | leveraged them to confirm that subendothelial
matrix stiffening alone promotes activation of NG-treated ECs, thereby consolidating the
observations made on decellularized matrices.

To determine the inflammatory pathway by which subendothelial matrix stiffening
activates retinal ECs, | focused on the NO/NF-«xB axis. NO is a potent endogenous anti-
inflammatory factor that suppresses EC activation by inhibiting the activity of NF-xB (25,
26), a key transcriptional factor that promotes ICAM-1-dependent leukocyte-EC adhesion
in DR (48-50). Indeed, diabetic vascular inflammation is associated with impaired
endothelial NO (51). Further, genetic knockout of endothelial nitric oxide synthase
(eNOS), the primary enzyme that produces endothelial NO, has been shown to accelerate
DR pathogenesis (52). Consistent with these reports, | found that the inflammatory effects
of HG-induced subendothelial matrix stiffening result from impaired retinal endothelial
NO and associated increase in NF-kB activation. The underlying mechanotransduction
pathway by which matrix stiffening regulates inflammatory processes, however, remains
to be examined.

Current anti-inflammatory treatments for DR are limited to the use of steroids (53,

54). Although they work well in DR patients with late-stage macular edema, steroids exert
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side effects such as increased intraocular pressure and cataract formation (53, 55). Thus,
there is an unmet need to identify new anti-inflammatory targets and therapies for more
effective DR management. By highlighting the crucial role of subendothelial matrix
stiffening in retinal EC activation, this study provides new mechanistic insights into the
pathophysiology of inflammation associated with DR. These findings also form the basis
for carrying out detailed in vivo studies that examine BM stiffness as a potential anti-
inflammatory target for DR treatment. These animal studies will help determine the extent
to which inhibition of BM stiffening suppresses diabetic retinal inflammation both alone
and in conjunction with existing DR therapies. Furthermore, future studies that examine
the mechanotransduction pathways underlying the mechanical control of diabetic retinal
inflammation may lead to the identification of entirely new class of molecular targets for

more effective anti-inflammatory DR therapies.

Conclusion

Diabetic mice exhibiting 70% and 50% increase in retinal ICAM-1 expression and
leukocyte accumulation, respectively, demonstrated a two-fold increase in the levels of BM
collagen 1V and LOX, key determinants of capillary BM stiffness. Using atomic force
microscopy, | confirmed that HG significantly enhances LOX-dependent subendothelial
matrix stiffness in vitro, which correlated with ~2.5-fold increase in endothelial ICAM-1
expression, four-fold greater monocyte-EC adhesion, and ~two-fold alteration in

endothelial nitric oxide (decrease) and NF-«B activation (increase). Importantly, inhibition
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of LOX-dependent subendothelial matrix stiffening alone suppressed HG-induced retinal
EC activation. Finally, using synthetic matrices of tunable stiffness, I demonstrate that
subendothelial matrix stiffening is necessary and sufficient to promote EC activation.
These findings implicate BM stiffening as a critical determinant of HG-induced
retinal EC activation and provides rationale to examine BM stiffness and underlying

mechanotransduction pathways as therapeutic targets for diabetic retinopathy.
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FIGURE 2.1. Retinal endothelial activation is a chief characteristic of diabetes. (A)
Representative Western blot bands and their densitometric analyses (bar graphs) together
reveal that the levels of endothelial ICAM-1 and CD11b* monocyte/macrophage are
significantly higher (*, p<0.05; **, p<0.01) in diabetic mouse retinas when compared with
control retinas (n=5). ICAM-1, and CD11b* levels were normalized with respect to the
corresponding levels of B-tubulin (loading control). (B) Real-time RT-PCR analysis shows
that HG-treated retinal EC cultures exhibit 60% increase (**, p<0.01) in ICAM-1 mRNA
expression than NG-treated cells. ICAM-1 mRNA levels were normalized with respect to
NG levels. (C) Surface expression of endothelial ICAM-1 was determined by flow
cytometry. Quantitative analysis of representative fluorescence vs size (electronic volume)
dot plots indicates that HG treatment produces an ~2-fold increase in the number of high
ICAM-1-expressing ECs (red box) than NG treatment. (D, E) Fluorescently-labeled U937
cells or freshly-isolated human peripheral blood monocytes (PBMs) were added to EC
monolayer for 30 min. Representative fluorescent images of adherent U937 cells or human
PBMs and subsequent cell count indicate a significant (2.1- to 3.5-fold; ***, p<0.001)
increase in monocyte-EC adhesion under HG conditions. Bar graph indicates average +
SEM (per mm?) from multiple (n>10) images of monocyte-EC co-cultures. Scale bar: 100
um. PBM: peripheral blood monocytes. (F) Representative fluorescent images of NG- and
HG-treated ECs labeled with anti-NF-kB p65 and quantification of percent total cells (bar
graph; n>20 cells) with NF-kB p65 nuclear translocation reveal significantly greater (***,
p<0.001) incidence of NF-kB activation in HG-treated ECs than in their NG-treated
counterparts. Significance was determined by unpaired t-test, followed by Welch
correction, and confirmed by Pearson’s correlation analysis. Scale bar: 20 pum. NG: normal
glucose; HG: high glucose. *, p<0.05; **, p<0.01; ***, p<0.001.
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FIGURE 2.2. Diabetes is associated with significant increase in retinal subendothelial
matrix crosslinking and stiffening. (A) Representative Western blot bands and their
densitometric analyses (bar graph) together reveal that LOX expression is significantly
higher (*, p<0.05) in diabetic mouse retinas when compared with control retinas. LOX
levels were normalized with respect to the corresponding levels of B-tubulin (loading
control). (B) Representative fluorescent images (n >15) of non-diabetic control and
diabetic mouse retinas immunostained with anti-collagen IV indicate that diabetes leads to
marked increase in collagen IV deposition in retinal capillary BM. Scale bar: 50 um. (C)
Stiffness of isolated mouse retinal capillaries was measured by an atomic force microscope
(AFM) fitted with a ~5 um glass bead tip (schematic). Quantitative analysis of multiple
(n>13) force indentation measurements revealed a 3-fold (***, p<0.001) increase in retinal
capillary stiffness in diabetic mouse retinal capillaries than in non-diabetic control
condition. (D) Representative Western blot bands and their densitometric analyses (bar
graph) together reveal that HG-treated retinal ECs express two-fold higher (***, p<0.001)
levels of lysyl oxidase (LOX) than NG-treated cells. LOX levels were normalized with
respect to the corresponding levels of GAPDH (loading control). (E) Decellularized
matrices obtained from NG- and HG-treated human retinal EC cultures were
immunostained with anti-collagen 1V. Representative top (XY plane) and cross-sectional
(XZ plane) views of the collagen IV network shows that, compared to NG-treated ECs,
those treated with HG deposit a markedly denser and thicker matrix. Matrix thickness was
quantified from multiple (n=3) samples and plotted as average =SEM (bar graph). Scale
bar: 10 um. (F) Stiffness of EC-secreted matrix was measured by an atomic force
microscope (AFM) fitted with a ~40 nm pyramidal silicon nitride tip (schematic).
Quantitative analysis of multiple (n>25) force indentation measurements (bar graph)
revealed a two-fold (***, p<0.001) increase in subendothelial matrix stiffness under HG
conditions thanin NG conditions. Significance was determined by unpaired t-test, followed
by Welch correction, and confirmed by Pearson’s correlation analysis. **, p<0.01; ***,
p<0.001.
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FIGURE 2.3. HG enhances LOX activity in retinal ECs. LOX activity assay shows that
HG-treated retinal ECs exhibit a ~two-fold greater (***, p<0.001) LOX activity than NG-
treated cells. The HG-induced increase in LOX activity was suppressed by BAPN (0.1
mM), a specific and irreversible inhibitor of LOX activity. LOX activity levels were
normalized with respect to NG levels. Significance was determined by ANOVA, followed

by Tukey’s post-hoc analysis. ***, p<0.001.
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FIGURE 2.4. Inhibition of HG-induced retinal subendothelial matrix stiffening
prevents monocyte-EC adhesion. (A) AFM force indentation measurements of
decellularized EC-secreted matrix confirms that pharmacological inhibition of LOX
activity (by BAPN) in HG-treated ECs prevents HG-induced subendothelial matrix
stiffening. Bar graph indicates average + SEM from multiple (n>25) force curves (***,
p<0.001). (B) Fluorescently-labeled U937 cells were added to EC monolayers for 30 min.
Representative fluorescent images of adherent U937 cells and subsequent cell count
indicate that the significant increase in monocyte adhesion to HG-treated ECs can be
prevented by suppressing LOX-dependent subendothelial matrix stiffening. Bar graph
indicates average = SEM (per mm?) from multiple (n>10) images of monocyte-EC co-
cultures (***, p<0.001). Significance was determined by ANOVA, followed by Tukey’s
post-hoc analysis. Scale bar: 100 pm. ***, p<0.001.
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FIGURE 2.5. Inhibition of LOX activity prevents HG-induced retinal subendothelial
matrix thickening. The representative top (XY plane) and cross-sectional (XZ plane)
views of EC-secreted matrix labeled with anti-collagen 1V reveal that pharmacological
inhibition of LOX activity (by BAPN) in HG-treated ECs reduces matrix deposition.
Subendothelial matrix thickness was quantified from multiple (n=3) samples and plotted
as average = SEM (bar graph). Significance was determined by ANOVA, followed by
Tukey’s post-hoc analysis. Scale bar: 5 pm. *** p<0.001.
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FIGURE 2.6. LOX inhibition reverses the inflammatory effects of HG-induced
subendothelial matrix stiffening. LOX inhibitor BAPN was added to HG-treated ECs
either at the onset of HG culture (HG+BAPN) or 10d after the onset of HG culture
(HG=>HG+BAPN) prior to the addition of fluorescently-labeled U937 cells for 30 min.
Representative fluorescent images of adherent U937 cells and subsequent cell count (bar
graph) indicate that the significant increase in monocyte adhesion to HG-treated ECs can
be successfully reversed upon LOX inhibition in 10d-old HG cultures. Bar graph indicates
average = SEM from multiple (n>10) images of monocyte-EC co-cultures. Significance
was determined by ANOVA, followed by Tukey’s post-hoc analysis. Scale bar: 100 um.
*** p<0.001.
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FIGURE 2.7. Inhibition of HG-induced subendothelial matrix stiffening prevents NF-
kB activation and restores endothelial NO production. (A) Representative fluorescent
images of ECs labeled with anti-NF-kB p65 and subsequent quantitative analysis from
multiple (n=35) cells (bar graph) indicate that the significant increase in the incidence of
NF-kB nuclear translocation (activation) seen in HG-treated ECs is effectively (*, p<0.05)
prevented by BAPN-mediated LOX inhibition. Scale bar: 20 um. (B) Representative
fluorescent images of ECs labeled with DAF-FM diacetate, a NO-sensitive dye, and
subsequent intensity measurements from multiple (n>30) cells (bar graph) reveal that the
loss of NO production caused by HG treatment is prevented by BAPN-mediated inhibition
of subendothelial matrix stiffening (***, p<0.001). Significance was determined by
ANOVA, followed by Tukey’s post-hoc analysis. Scale bar:100pm. *, p<0.05; ***,
p<0.001.
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FIGURE 2.8. HG-induced subendothelial matrix stiffening alone can promote retinal
EC activation. (A) Schematic depiction of the experimental procedure to examine the
direct effect of modified BM on normal ECs. (B) Fluorescently-labeled U937 cells were
added (for 30 min) to NG-treated EC monolayers grown on decellularized matrices
obtained from preceding NG, HG or HG+BAPN cultures. Counting of adherent U937 cells
(per mm?) from multiple (n>10) images of monocyte-EC co-cultures indicate that HG-
treated stiff matrix alone causes significant (***, p<0.001) increase in monocyte-EC
adhesion, which did not occur on ‘normalized’ matrix obtained from BAPN-treated
cultures. (C) The lack of increase in monocyte-EC adhesion on ‘normalized’ HG+BAPN-
treated matrix correlates strongly with a lack of decrease in endothelial NO production on
these matrices, as indicated by fluorescent intensity measurement from multiple (n>30)
ECs labeled with the NO-sensitive dye DAF-FM diacetate (***, p<0.001). Significance
was determined by ANOVA, followed by Tukey’s post-hoc analysis. ***, p<0.001.
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FIGURE 2.9. Subendothelial matrix stiffening is sufficient to enhance endothelial NF-
kB activation. Representative fluorescent images show NG-treated ECs grown on
decellularized matrices obtained from preceding NG, HG or HG+BAPN cultures and
immunostained with anti-NF-«xB p65. Subsequent quantitative analysis (bar graph) from
multiple (n>25) cells indicates that the significant increase in the incidence of NF-«xB
nuclear translocation (activation) seen on HG-treated matrix is effectively (***, p<0.001)
prevented on BAPN-treated ‘normalized’” matrix. Significance was determined by
ANOVA, followed by Tukey’s post-hoc analysis. Scale bar: 20 pm. *, p<0.05; **, p<0.01.
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FIGURE 2.10. Subendothelial matrix stiffening is necessary and sufficient for HG-
induced retinal EC activation. (A) Fresh NG-treated ECs were plated on synthetic
matrices of normal (1000 Pa) or increasing (2000 Pa and 4000 Pa) stiffness and evaluated
for U937 cell adhesion. Counting of adherent U937 cells indicates that, under NG
conditions, ECs grown on stiffer synthetic matrix exhibit a progressive increase in
monocyte-EC adhesion. Bar graph indicates average = SEM (per mm?) from multiple
(n>10) images of monocyte-EC co-cultures (*, p<0.05; ***, p<0.001). Significance was
determined by ANOVA, followed by Tukey’s post-hoc analysis. (B) Increase in monocyte-
EC adhesion on stiffer synthetic matrix correlates with a significant decrease in endothelial
NO production, as indicated by fluorescent intensity measurement of multiple (n>30) ECs
labeled with NO-sensitive dye DAF-FM diacetate. (C, D) ECs grown in NG or HG medium
for 10d were detached and re-plated on synthetic matrix of normal (1000 Pa) stiffness for
evaluation of U937 cell adhesion and intracellular NO production. Counting of adherent
U937 cells indicates no significant difference (p>0.05) in monocyte adhesion to NG- and
HG-treated ECs grown on synthetic matrix of normal stiffness (C). This is consistent with
the similar levels of intracellular NO observed in these cells, as judged by fluorescence
intensity measurement of DAF-FM diacetate-labeled ECs (D). For B-D, significance was
determined by unpaired t-test, followed by Welch correction, and confirmed by Pearson’s
correlation analysis. *, p<0.05; ***, p<0.001; ns, no significance.
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CHAPTER 3

Loss of Mechanosensitive TRPV4 Mediates Mechanical Control of

Diabetic Retinal Endothelial Activation

Preface

This Chapter explores the role of mechanosensitive TRPV4 in diabetic retinal EC
activation and implicates TRPV4 as a novel anti-inflammatory target for management of

early DR.

Original contribution : Data for Figures 3.2B - 3.3, 3.5, 3.6A, 3.7B-C, 3.8, 3.9

In collaboration : Data for Figures 3.1, 3.2A, 3.4, 3.6B, 3.7A, 3.10
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Introduction

Studies in Chapter 2 have shown that high glucose (HG) causes significant LOX-
mediated stiffening of retinal subendothelial matrix in vitro, which is necessary and
sufficient to promote retinal EC activation, as judged by impaired constitutive NO
production, increased NF-«kB activation and greater monocyte-EC adhesion (1). However,
the molecular mechanism behind this subendothelial matrix stiffness-induced retinal EC
activation and inflammation remains unknown.

To identify the mechanosensitive mechanism implicated in this subendothelial
matrix stiffening-dependent retinal EC activation, | looked at the role of mechanosensitive
TRPV4 (Transient Receptor Potential Vanilloid 4) Ca?* channel. TRPV4 is a member of
the transmembrane TRP family of Ca?* channels that are ubiquitously expressed in ECs
and known to be sensitive to mechanical forces such as shear stress and cyclic stretch (2,
3). Notably, my collaborative work on atherosclerosis has recently shown that TRPV4
mediates matrix stiffness sensitivity in aortic endothelial (4), which is consistent with the
role of TRPV4 is matrix stiffness sensing in cardiac myocytes and tumor-derived ECs (5,
6). Further, TRPV4 is also known to enhance eNOS (endothelial nitric oxide synthase)
activation, (7, 8) which leads to the production of anti-inflammatory NO. Since diabetes
and HG treatment lead to both increased subendothelial matrix stiffness and impaired
endothelial NO production (Chapter 2), | hypothesized that HG-induced subendothelial

matrix stiffening impairs TRPV4-mediated mechanotransduction that, in turn, leads to
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impaired retinal endothelial NO production (EC activation) and increased monocyte-EC
adhesion.

By uncovering the previously unknown link between subendothelial matrix
stiffening, TRPV4-mediated mechanotransduction and EC activation, I here show that HG
causes significant increase in the stiffness of retinal EC-secreted subendothelial matrix in
vitro, which correlates with TRPV4-mediated retinal EC activation and monocyte-EC
adhesion. These findings are consistent with in vivo observations where diabetic retinal
inflammation correlates with lower TRPV4 expression. Finally, I show that HG-induced
retinal EC activation and monocyte-EC adhesion can be suppressed by pharmacological

enhancement of TRPVA4.

Materials and Methods

Animal Model. All animal studies were performed as per Association for Research in
Vision and Ophthalmology (ARVO) guidelines and in compliance with IACUC protocols
approved by UC, Riverside, and University of New Mexico. Adult (8 week-old) male
C57BL6/J mice (Jackson Labs) were injected with streptozotocin (STZ; 60 mg/kg body
weight; Sigma) in 10 mM citrate buffer (pH 4.5) daily for five days. Animals with fasting
blood glucose greater than 300 mg/dL were considered diabetic. Once the animals were
considered diabetic, a group of mice was treated with LOX inhibitor f-aminopropionitrile

(BAPN; 3 mg/kg; drinking water; Sigma) for three months. Studies were performed at three
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months’ duration of diabetes. Age-matched mice receiving no STZ injection were used as

non-diabetic control.

Retinal Whole Mount Immunofluorescence. Enucleated eyes from diabetic and control
mice were fixed in 4% paraformaldehyde (PFA; Electron Microscopy Sciences, PA) 4h
prior to retinal isolation. 1% Triton X-100 was used to permeabilize the isolated retinas.
Next, permeabilized retinas were labeled with rabbit anti-TRPV4 antibody (Alomone Labs,
Isreal) followed by FITC-labeled anti-rabbit 1gG (Life Technologies). Retinal vessels were
counterstained with isolectin GS-IB4 (Life Technologies) and imaged with a Leica SP5
confocal microscope. TRPV4 expression was quantified using ImageJ (NIH) and
expressed as fluorescence intensity per unit vessel area (n >15 vessels per condition). For
semi-quantitative analysis of TRPV4 levels in retinal capillaries, I first measured the
background fluorescence intensity from an empty surrounding region with an area identical
to that of the retinal vessel and then subtracted this value from the fluorescence intensity
obtained directly from the vessel. Data was expressed as fluorescence intensity per unit

vessel area (n >15 vessel segments per condition).

Retinal Capillary Isolation. Enucleated eyes from control, diabetic =BAPN mice were
fixed in 5% formalin (Sigma) overnight prior to retinal isolation. Next, isolated retinas
were digested with 1.5% Trypsin (1:250; Amresco) and washed in ddH2O to obtain retinal
capillaries for stiffness analysis. Retinal capillaries from three mice were isolated per

condition.
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Cell Culture and Glucose Treatment. Human retinal ECs and human monocytic cells
(U937) were purchased from Cell Systems (Kirkland, WA) and ATCC, respectively.
Human retinal ECs were grown in MCDB131 medium (Mediatech, VA) supplemented
with 10% fetal bovine serum (FBS; Fisherbrand), 2 mM L-Glutamine (Life Technologies),
0.03 mg/mL Endothelial Cell Growth Supplement (Sigma), 1x antimycotic/antibiotic
mixture (Life Technologies), 10 ng/ml human EGF (Millipore), 1 pg/ml hydrocortizone,
and 0.09 mg/ml heparin (Sigma). U937 monocytes were grown in RPMI-1640 medium
(GE Healthcare) supplemented with 10% FBS, 2 mM L-Glutamine, 1.5 mg/ml sodium
bicarbonate (Life Technologies), 1x antimycotic/antibiotic mixture, 1 mM sodium

pyruvate (Life Technologies), and 4.5 mg/ml glucose (Sigma).

For in vitro studies, EC monolayers were cultured in regular growth medium
containing normal glucose (NG, 5.5 mM) or high glucose (HG, 30 mM) £BAPN (0.1
mM; Sigma), and supplemented with ascorbic acid (200 pg/mL; Sigma) to facilitate
subendothelial matrix deposition. BAPN is a specific and irreversible inhibitor of LOX
enzymatic activity (9-11). After 9 days, culture medium was replaced with low serum
(2.5% FBS) medium (with all other components at original concentration) and cells were

incubated overnight prior to specific assay.

LOX Activity Assay. Retinal ECs were cultured in NG or HGBAPN medium for 9d,

followed by overnight starvation in NG or HG3BAPN-containing phenol red-free medium.
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LOX activity was determined by the conventional Amplex Red fluorescence assay (12,
13). Briefly, culture supernatants were incubated (at 1:1 ratio) with a reaction buffer (37 <C;
30 min) containing 10 M Amplex Red Reagent (Life Technologies) and the LOX activity
was determined by measuring emitted fluorescence (540/590 nm), resulting from hydrogen
peroxide produced by active LOX, with a fluorescence spectrophotometer (n>8) and
comparing it with a standard curve generated from serially-diluted hydrogen peroxide

solution.

EC-secreted Subendothelial Matrix. Decellularized (cell-free) subendothelial matrix was
obtained using a technique as previously reported(14, 15). Briefly, ECs in NG or
HGBAPN medium were grown on glass cover slips coated with glutaraldehyde-
crosslinked gelatin for 10d, followed by decellularization of EC monolayers using a mild
detergent composed of 20mM ammonium hydroxide (Sigma) and 0.5% Triton X-100
(Sigma). Retinal ECs grown under NG or HGHBAPN conditions for 10d were detached
and re-plated on decellularized subendothelial matrices in low serum medium and

incubated overnight prior to use in assays.

Western Blot. To detect eNOS expression in vivo, mouse retinas were perfused, isolated,
and homogenized in ice-cold RIPA lysis buffer (containing protease and phosphatase
inhibitors). To detect TRPV4 expression in vivo, mouse retinal capillaries were isolated
and homogenized in ice-cold RIPA lysis buffer. To detect TRPV4 expression in cultured

ECs, cells were grown in medium containing NG or HGHBAPN for 10d, followed by lysis
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in RIPA buffer. Retinal and EC culture lysates were centrifuged and supernatants were
subjected to Western Blotting using nitrocellulose membrane, which was probed with
antibodies against eNOS (BD Bioscience), CD11b (Novus Biologicals) and TRPV4
(Alomone Labs) followed by appropriate HRP-conjugated secondary antibodies (Vector
Labs). GAPDH (Sigma) or B-tubulin (Abcam) was used as the loading control. Western
Blot protein bands were visualized using a camera-based imaging system (Biospectrum
AC Imaging System) that automatically adjusts exposure time to avoid pixel saturation.
ImageJ was used to perform densitometric analysis, and the measurements (within the 10-

250 pixel intensity range) were normalized with respect to corresponding loading controls.

Flow Cytometry. ECs were detached and labeled with anti-ICAM-1 antibody (Santa Cruz
Biotech), or detached, permeabilized, and then labeled with rabbit anti-eNOS p1117
antibody (Santa Cruz Biotech) followed by fluorescently-labeled anti-rabbit secondary 1gG
(Vector Laboratories). To detect CD11b* monocyte/macrophage accumulation in vivo,
mouse retinas were isolated, and labeled with rabbit anti-CD11b* antibody followed by
fluorescently-labeled anti-rabbit 1gG. Next, ECs and mouse retinal cells were fixed with
1% PFA, detected by a Cell Lab Quanta SC flow cytometer (Beckman Coulter, CA), and

analyzed by FlowJo (Treestar Inc, CA).

Measurement of Retinal Capillary and Subendothelial Matrix Stiffness. The stiffness
of isolated mouse retinal capillaries and unfixed decellularized subendothelial matrix

obtained from NG- or HGABAPN-treated EC cultures was measured using a biological-

61



grade atomic force microscope (AFM; Veeco Instruments, NY) operated in tapping mode
using a ~5 um glass bead or ~40 nm silicon nitride tip attached to a 140 pum-long
microcantilever (MLCT, Bruker) with bending spring constant of 0.1 N/m. The maximum
indentation force applied to sample was ~8 nN. Measurements were made in force-curve
mode, and the cantilever deflection was measured through the photodiode difference signal
(Sqer, volts). For each region, ~25 force curves were measured and only the linear region of
force curves were considered for subendothelial matrix stiffness analysis. Sample stiffness
is calculated as ksample = F/ zs, where F is the applied force and zs the sample deformation.
Average stiffness was obtained from indentations in at least 8 different regions across the

mouse retinal capillaries and the subendothelial matrix samples.

Synthetic Matrix Fabrication. Thin (~100 pm-thick), elastic synthetic matrices of
varying stiffness were prepared by mixing polyacrylamide and bis-acrylamide at different
mass ratios, as previously reported (16, 17). Polyacrylamide gels have been extensively
used to study extracellular matrix mechanosensing because they can be synthesized over a
broad range of stiffness through simple variation in bis-acrylamide (crosslinker)
concentration, in addition to permitting a chemically-activated surface for covalent
conjugation of any cell-binding matrix protein. Synthetic matrices were prepared at 1000
Pa, which mimics the average stiffness of normal subendothelial matrix (4), as well as 4000
Pa to mimic subendothelial matrix stiffening. To promote EC spreading, synthetic matrix
surfaces were activated using sulfo-SANPAHprior to covalently conjugating human

plasma fibronectin (BD Bioscience) at ~3 pg/cm? for 2h at 37°C. Retinal ECs grown under
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NG or HG#BAPN conditions for 10d were detached and re-plated on fibronectin-coated

synthetic matrices in low serum medium and incubated overnight prior to use in assays.

Monocyte-EC Adhesion. ECs were cultured in NG or HGHBAPN medium for 10 days
prior to addition of fluorescently-labeled U937 cells (125,000 cells/cm?) for 30 minutes at
37°C. Following rinsing with PBS, adherent monocytes were fixed with 1% PFA, imaged
using Nikon Eclipse Ti microscope fitted with a Nikon DS-QilMc camera, and counted
using ImageJ (=10 images per condition). To confirm the effect of TRPV4 on monocyte-
EC adhesion, HG-treated ECs were grown on corresponding decellularized subendothelial
matrices in low serum medium and subjected to TRPV4 activation through
pharmacological agonist (GSK1016790A; 50 nM) for 3h. To further confirm TRPV4’s role
in monocyte-EC adhesion, cells were grown on stiff (4000 Pa) synthetic matrix in low
serum medium and subjected to TRPV4 activation through agonist GSK1016790A (50

nM) for 3h. Next, monocyte-EC adhesion assay was performed, as described above.

Intracellular Nitric Oxide (NO) Production. Retinal ECs grown in NG or HGBAPN
medium for 10 days were detached and re-plated on the corresponding decellularized BM
in low serum medium containing NG or HGAEBAPN. After overnight incubation, cells were
loaded with fluorescent NO-sensitive dye DAF-FM diacetate (2 |uM; Life Technologies),
as per manufacturer’s protocol. After excess dye was rinsed off and cells recovered in NG
or HGABAPN medium, the medium was replaced with Krebs—Henseleit buffer. Dye-

loaded cells were imaged using Nikon Eclipse Ti microscope and intracellular fluorescence
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intensities were quantified using ImageJ (n >20 cells per condition). To unequivocally
confirm the effect of subendothelial matrix stiffness on intracellular NO, NG- or HG-
treated ECs were grown overnight on synthetic matrix of normal (1000 Pa) or high (4000
Pa) stiffness in low serum medium and subjected to intracellular NO measurement. To test
the mediator’s role of TRPV4, retinal ECs grown under HG + BAPN conditions or plated
on stiffer (4000 Pa) synthetic matrix were treated without or with selective TRPV4
antagonist RN1734 (8) (25 M, 5h; Sigma-Aldrich) or agonist GSK1016790A (50 nM; 3h;

Sigma-Aldrich), and then subjected to intracellular NO measurement.

Calcium Imaging. Retinal ECs grown in NG or HGEBAPN medium for 10 days were
detached and re-plated on the corresponding decellularized subendothelial matrices in low
serum medium containing NG or HG#BAPN. Next day, ECs were loaded with fluorescent
Ca®*-sensitive dye Fluo-4 AM (1 uM; Life Technologies) in Ca?* buffer containing 136
mM Sodium Chloride, 4.7 mM potassium chloride, 1.2 mM magnecium sulfate, 1.1 mM
calcium chloride, 1.2 mM potassium phosphate monobasic, 5 mM sodium bicarbonate, 5.5
mM glucose and 20mM HEPES (Sigma). Excess dye was then rinsed off and cells
recovered in Ca* Buffer for 30 minutes. To detect TRPV4 activity, dye-loaded cells were
imaged with time-lapse function every 3 seconds using Nikon Eclipse Ti microscope and
after one minute of time-lapse imaging, cells were stimulated with TRPV4 agonist GSK-
1016790A (300 nM) and imaged for an additional 5 min. To unequivocally confirm the
effect of subendothelial matrix stiffness on TRPV4 activity, NG-treated ECs were grown

overnight on synthetic matrices of normal (1000 Pa) or high (4000 Pa) stiffness in low
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serum medium and subjected to TRPV4 activity measurement. Intracellular Ca?* was
quantified by measuring net intracellular fluorescence intensity (n >20 cells per condition;

using ImageJ), as previously described (2).

Real-time PCR. Total RNA was isolated from control, diabetic = BAPN mice retinal
capillaries (Direct-zol RNA MiniPrep; Zymo Research, Irvine, CA), converted to cDNA
using High Capacity cDNA Reverse Transcription (Applied Biosystems, Foster City, CA),
and amplified with the appropriate TagMan assay for ICAM-1 (Applied Biosystems, CA)
in the Applied Biosystems 7500 Fast system. Relative mMRNA levels were determined by

the comparative Ct method with normalization to GAPDH.

Statistics. All data were obtained from multiple replicates (n > 3) and expressed as
meanSEM or histogram, as indicated in the respective experiments. Statistical
significance was determined using analysis of variance (ANOVA; GraphPad Instat®),

followed by Tukey’s post-hoc analysis. Results were considered significant if p<0.05.

Results

Diabetes induces retinal EC activation
Chapter 2 showed that diabetic retinal capillary is significantly stiffer compared to
non-diabetic mouse retinal capillaries (Fig. 2.2C). As expected, this significant increase in

retinal capillary stiffness correlated with ~2-fold (p<0.05) greater accumulation of CD11b*
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monocytes/macrophages in diabetic retinas than in non-diabetic controls (Fig. 3.1A). This
significant increase in monocyte accumulation within diabetic retinas correlated strongly
with a marked inhibition in the levels of both eNOS phosphorylation (activation) and
expression (3- and ~3.5-fold lower, respectively; p<0.01), with the relative levels of eNOS
phosphorylation (p-eNOS/eNOS) also undergoing a 3-fold decrease (p<0.01) in diabetic

retinas compared to non-diabetic controls (Fig. 3.1B).

Diabetes leads to loss of mechanosensitive TRPV4 in retinal ECs

Activation of TRPV4, a member of the transmembrane TRP family of Ca?*
channels, is known to enhance NO production through both CaZ*/Calmodulin-dependent
eNOS activation (18, 19), and activation of Calmodulin kinase Il which phosphorylates
eNOS on Serl1177 (20). Since eNOS phosphorylation was impaired in diabetic mouse
retinas, here | looked at the expression of mechanosensitive TRPV4 in normal and diabetic
mouse retinas. Whole mount retinal immunofluorescence and quantitative image analysis
revealed that diabetic mouse retinal capillaries exhibit ~70% decrease (p<0.01) in TRPV4
expression when compared to their non-diabetic counterparts (Fig. 3.2A).

Consistent with our in vivo observations, HG treatment caused significant
downregulation of TRPV4 in cultured human retinal ECs, as judged by ~70% lower
(p<0.01) TRPV4 expression in HG-treated ECs than in NG-treated counterparts (Fig.
3.2B). Further, to determine TRPV4 activity, NG-and HG-treated retinal ECs were loaded
with Ca?*-sensitive Fluo-4/AM dye and Ca?* influx was recorded in response to a selective

TRPV4 agonist GSK1016790A. Predictably, HG-treated retinal ECs exhibited ~40%
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decrease (p<0.001) in both baseline and peak Ca* influx levels (Fig. 3.2C). Importantly,
this decrease in TRPV4 activity was not due to difference in osmotic pressure, as indicated
by the lack of increase in Ca* influx in mannitol-treated ECs (osmotic control).

Further, 1 looked to see whether HG-induced downregulation of TRPV4 was
associated with impaired eNOS phosphorylation in cultured ECs. Quantitative analyses of
cells labeled with phospho-eNOS (p-eNOS) antibody revealed that HG-treated ECs
produce an ~77% decrease in the number of high p-eNOS-expressing ECs than NG-treated
cells (Fig. 3.3A). HG-induced p-eNOS downregulation was associated with impaired
endothelial NO production and enhanced monocyte-EC adhesion. Quantitative analysis of
ECs labeled with NO-sensitive dye revealed that, HG-treated ECs exhibit a ~30% decrease
(p<0.001) in intracellular NO levels compared to NG-treated ECs, and this HG-induced
decrease in NO levels was associated with 2.5-fold increase (p<0.001) in monocyte-EC
adhesion (Fig. 3.3B, C). Notably, these observed differences in monocyte-EC adhesion
were not due to differences in osmotic pressure as mannitol-treated ECs (osmotic control)

showed no difference in monocyte-EC adhesion compared to NG-treated ECs.

Inhibition of LOX-dependent subendothelial matrix stiffening rescues loss of TRPV4
under high glucose conditions

Consistent with our previous in vivo and in vitro observations (Chapter 2), HG-
treated ECs exhibit ~1.7-fold increase (p<0.001) in LOX expression along with ~2-fold
increase (p<0.001) in LOX activity (Fig. 3.4A, B). Quantitative analysis of AFM force

indentation curves revealed that increase in LOX activity correlates with ~1.7-fold increase
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(p<0.001) in stiffness of subendothelial matrix deposited by HG-treated ECs, and
inhibition of LOX activity in HG-treated ECs using a pharmacological LOX inhibitor
BAPN suppresses HG-induced subendothelial matrix stiffening (Fig. 3.4C).

To confirm whether subendothelial matrix stiffening can independently regulate
TRPV4, LOX activity in HG-treated cells was pharmacologically inhibited using BAPN
and the corresponding effects on TRPV4 activity and expression were measured.
Importantly, inhibition of LOX activity (by BAPN) in HG-treated ECs prevented HG-

induced suppression of both TRPV4 expression and activity (Fig. 3.4D,E).

Subendothelial matrix stiffening alone is sufficient to inhibit TRPV4 activity and
promote retinal EC activation

Previously, | showed that subendothelial matrix stiffening is necessary and
sufficient to promote retinal EC activation. However, whether this subendothelial matrix
stiffening-dependent inflammatory effect was mediated through inhibition of TRPV4
activity remains unknown. Thus, to determine the extent to which LOX-mediated
subendothelial matrix stiffening alone causes HG-induced inhibition of TRPV4 activity,
fresh, NG-treated retinal ECs were plated on decellularized subendothelial matrices
obtained from NG- and HG =BAPN-treated EC cultures and examined TRPV4 activity
and endothelial NO production (Fig. 3.5A). Under these conditions where the effects of
LOX is conveyed only via subendothelial matrix stiffness, retinal ECs plated on HG -treated
(stiffer) subendothelial matrix exhibited significantly lower TRPV4 activation than those

plated on NG- or HG+BAPN-treated subendothelial matrix, as determined by the
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fluorescent intensities of baseline and peak Ca?* levels in the cells (Fig. 3.5B). Thus, these
findings indicate that LOX-dependent subendothelial matrix stiffening that occurs under
HG conditions is alone sufficient to cause TRPV4 downregulation.

To unequivocally confirm the pivotal role of subendothelial matrix stiffening in
HG-induced suppression of TRPV4 activity, NG-treated cells were grown on normal and
stiff synthetic matrices. Quantitative measurement of Ca?* influx revealed that ECs on
stiffer matrix exhibit a significant decrease in both baseline and peak Ca?* levels (Fig.
3.5C). These findings clearly indicate that subendothelial matrix stiffening is sufficient to

cause TRPV4 downregulation.

Increase in TRPV4 activity mediates the anti-inflammatory effects of LOX inhibition
on HG-treated ECs

To confirm whether the anti-inflammatory effects of LOX inhibition on HG-treated
ECs are mediated through TRPV4, pharmacological antagonist of TRPV4, RN1734 (RN)
was used and endothelial NO production and ICAM-1 expression were measured.
Quantitative analyses of ECs labeled with NO-sensitive dye revealed that, HG-treated ECs
exhibit ~80% decrease (p<0.001) in intracellular NO levels compared to NG-treated ECs,
and this decrease in NO levels was restored with suppression of BM stiffening by BAPN
(Fig. 3.6A). However, with suppression of TRPV4 activity, the restoration of NO levels
was significantly diminished (p<0.001). Importantly, quantitatively analyses of cells
labeled with ICAM-1 antibody revealed that HG-treated ECs exhibit a ~1.5-fold increase

in the number of high ICAM-1-expressing ECs than NG-treated cells and suppression of
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subendothelial matrix stiffness significantly inhibited ICAM-1 expression in HG-treated
cells (Fig. 3.6B). Further, the number of high ICAM-1-expressing cells in HG+BAPN-
treated ECs were significantly increased by TRPV4 inhibition with RN1734. Together,
these data suggest that the anti-inflammatory effects of LOX inhibition on HG-treated ECs

is mediated via an increase in TRPV4 activity.

Inhibition of retinal capillary and subendothelial matrix stiffening prevents retinal
endothelial TRPV4 impairment and retinal EC activation

In Chapter 2, | have shown that LOX-mediated crosslinking contributes to
subendothelial matrix stiffening seen in HG-treated retinal ECs and diabetic mouse retinas
exhibit significantly increased LOX expression and increased capillary stiffness. Here |
show that pharmacological inhibition of LOX activity (using BAPN) in diabetic mice
significantly inhibited (p<0.001) diabetes-induced retinal capillary stiffening (Fig. 3.7A).
Crucially, thisinhibition in diabetic retinal capillary stiffening prevented the loss of TRPV4
in retinal capillaries (Fig. 3.7B) that, in turn, correlated with suppression of retinal

endothelial ICAM-1 (Fig. 3.7C).

Pharmacological enhancement of TRPV4 activity reverses the effect of subendothelial
matrix stiffness on retinal EC activation

To determine whether HG-induced retinal EC activation can be inhibited by direct
TRPV4 activation, TRPV4-selective agonist (GSK1016790) was added to HG-treated

retinal ECs. Remarkably, pharmacologically enhance TRPV4 activity (using
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GSK1016790) in HG-treated retinal ECs significantly restored (p<0.001) the production
level of constitutive endothelial NO (Fig. 3.8). Further, pharmacological enhancement of
TRPV4 activity also suppressed the number of high ICAM-1-expressing cells in HG-
treated ECs which, in turn, inhibited monocyte-EC adhesion (Fig. 3.9A, B).

To confirm the pivotal role of subendothelial matrix stiffening-mediated TRPV4
impairment in retinal EC activation, NG-treated cells were grown on synthetic matrices of
normal (1000 Pa) or higher (4000 Pa) stiffness and treated with TRPV4-selective agonist
(GSK1016790). Consistent with the result from the native subendothelial matrix, retinal
ECs plated on the synthetic matrix exhibit the same trend, where addition of TRPV4
agonist to ECs grown on stiffer matrix significantly enhanced (~2.7-fold; p<0.001)
endothelial NO levels and reduced (65%; p<0.001) monocyte adhesion (Fig. 3.10A, B).
Together, these findings indicate that TRPV4 acts as a pivotal mechanical ‘control switch’

in subendothelial matrix stiffening-dependent control of diabetic retinal EC activation.

Discussion

Retinal inflammation is a major characteristic of DR pathogenesis, where retinal
EC activation is acting as the rate-limiting step in diabetic retinal inflammation (21, 22).
Although many studies have revealed that epigenetic, metabolic and inflammatory factors
play an important role in regulation of retinal EC activation (22-24), our recent findings
indicated that LOX-mediated subendothelial matrix stiffening alone is necessary and

sufficient to cause HG-induced retinal ECs activation (1). However, the molecular
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mechanism behind this subendothelial matrix stiffening-mediated retinal EC activation has
remained unclear. Our current findings revealed that subendothelial matrix stiffening-
dependent retinal EC activation is mediated by TRPV4, a mechanosensitive Ca* ion
channel. Crucially, pharmacological inhibition of LOX-dependent BM stiffening in
diabetic mice caused a significant rescue of TRPV4 loss and associated decrease in ICAM -
1 expression in retinal capillaries. | further show that inhibition of TRPV4 activity alone is
sufficient to activate retinal ECs. By highlighting the critical yet previously unrecognized
role of TRPV4 in HG-induced retinal EC activation, this study creates a new paradigm for
the understanding of diabetic retinal inflammation and provides a strong rationale for
detailed preclinical studies to evaluate TRPV4 as a potential therapeutic target for anti-
inflammatory DR therapy either alone or in conjunction with existing DR treatment
strategies.

Vascular inflammation is a hallmark of diabetic retinopathy and is associated with
impaired endothelial NO (25). Further, DR pathogenesis has been shown to accelerate with
genetic knockout of endothelial nitric oxide synthase (eNOS), the primary enzyme that
produces endothelial NO (26). Consistent with these reports, | found that our mouse model
of DR and HG-treated retinal EC cultures demonstrated significant decrease in
phosphorylated eNOS (p-eNOS) expression. Notably, the impairment of p-eNOS was
associated with LOX-mediated subendothelial matrix stiffening and increased monocyte-
EC adhesion in HG-treated retinal EC cultures.

To elucidate the mechanism underlying BM stiffness-dependent retinal endothelial

activation, | looked at the role of mechanosensitive TRPV4 Ca2* channel. | focused on
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endothelial TRPV4 because firstly, it has been shown to be activated by physical cues such
as subendothelial matrix stiffness, cyclic stretch, shear stress and osmotic pressure (2-4),
and secondly, its activation enhances endothelial NO production not only through
Ca?*/Calmodulin-dependent eNOS activation (18, 19), but also through activation of
Calmodulin kinase Il which phosphorylates eNOS on Ser1177 (20). Importantly, 1 showed
that the expression of TRPV4 is significantly downregulated in diabetic mouse retinas,
which is consistent with what had been found in diabetic rat retina (27). Our current
findings are the first to identify subendothelial matrix stiffening as an independent
regulator of TRPV4, as confirmed by the in vitro studies where suppression of LOX-
dependent subendothelial matrix stiffening restored TRPV4 levels in HG-treated ECs.
Thus, it is plausible that the decrease in TRPV4 level observed in diabetic mouse retinal
capillaries results, at least in part, from diabetic-induced stiffening of subendothelial BM.

In the current study, downregulation of TRPV4 activity and expression on HG-
induced stiffer subendothelial matrix correlated directly with p-eNOS/NO levels and
inversely with monocyte-EC adhesion. Thus, | looked to see whether retinal endothelial
TRPV4 activation is sufficient to regulate NO-dependent control of monocyte-EC
adhesion. Indeed, pharmacological enhancement of TRPV4 in HG-treated retinal EC
cultures alone increased eNOS phosphorylation and NO production, and suppressed
ICAM-1 expression and monocyte-EC adhesion. Together, these new findings confirm that
loss of TRPV4 activity contributes greatly to subendothelial matrix stiffening-dependent
mechanical control of diabetic retinal endothelial activation, thus, confirming the pivotal

role of TRPV4 in DR pathogenesis.
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Although steroids have been used for anti-inflammatory treatments of DR (28, 29),
they exert side effects such as increased intraocular pressure and cataract formation (28,
30). Thus, there is an unmet need to identify new anti-inflammatory targets and therapies
for more effective DR management. By highlighting the crucial role of mechanosensitive
TRPV4 in retinal EC activation, this study implicates TRPV4 as a novel anti-inflammatory
target for management of early DR. Future studies that uncover the mechanotransduction
pathways linking BM stiffening, TRPV4 and retinal EC activation may lead to the

identification of new anti-inflammatory targets for more effective DR management.

Conclusion

In summary, | here show that TRPV4 expression was markedly impaired in diabetic
mouse retinal capillaries, which correlates with enhanced ICAM-1, impaired eNOS, and
increased CD11b* leukocyte accumulation. Notably, inhibition of LOX-dependent
subendothelial matrix stiffening alone caused significant recovery of TRPV4
expression/activity and endothelial NO production. Further, and more importantly,
pharmacological enhancement of TRPV4 alone suppressed the inflammatory effects of
HG-induced BM stiffening in vitro.

These findings identify a crucial role of mechanosensitive TRPV4 in diabetic
retinal inflammation and implicate TRPV4 as a novel anti-inflammatory target for

management of early DR.

74



A 19G Control Diabetic

g 10° 7 CD1b* |4 cp1b* |4 CD11b* g % | N
5 i 0.005 0.24 050 = —
2 10°- ] . ] o S
s 2 60 -
& 2
B 10° 4 8 T
' 30 1
A oo 4 5
(&) 103 48 s |1 R @ 8 .
T Y T v T T T T v #* - K .
40 0 10°  10¢ 105 -10° O 10° 10¢ 10° -10° O 10° 10* 10° Con  Diabetic
SSC
B Con Diabetic p-eNOS Total eNOS p-eNOS/Total eNOS
oy
= [%2) *k
£ o
2 g 2
Total eNOS E 208 S 02 E
] ) e 2
. Q 04 Z 01 %]
= 0 c 0 )
Con Diabetic T Con Diabetic = Con Diabetic

FIGURE 3.1. Diabetes induces retinal EC activation. (A) Levels of CD11b*
monocytes/macrophages accumulated in mouse retinas were determined by flow
cytometry. Quantitative analysis of representative vs fluor. vs SSC dot plots indicates that
diabetic mouse retinas exhibit ~2.1-fold greater accumulation of CD11b*
monocytes/macrophages (red box) than in non-diabetic controls. (B) Representative
Western blot bands and their densitometric analyses (bar graphs) together reveal that both
phosphorylated eNOS (p-eNOS) and total eNOS expression is significantly higher (**,
p<0.01) in diabetic mouse retinas when compared with control retinas. Bar graphs indicate
average = SEM from five retinas per condition. p-eNOS levels were normalized with
respect to the corresponding levels of B-tubulin (loading control) or total eNOS. *, p<0.05;
** p<0.01.
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FIGURE 3.2. Diabetes leads to loss of mechanosensitive TRPV4 in retinal ECs. (A)
Representative fluorescent images of non-diabetic control and diabetic mouse retinas
immunostained with anti-TRPV4 and subsequent fluorescence intensity measurements
reveal that diabetes leads to a ~70% decrease (***, p<0.001) in TRPV4 expression in
retinal capillaries. Average fluorescence intensity/unit vessel area was determined from
multiple (n > 15) retinal capillaries. Scale bar: 50 pm. (B) Representative Western blot
bands (from three repeats) and their densitometric analyses (bar graph) together reveal that
HG-treated retinal ECs exhibit ~70% (***, p<0.001) decrease in TRPV4 expression than
NG-treated cells. TRPV4 levels were normalized with respect to the corresponding levels
of GAPDH (loading control). (C) Calcium microfluorimetry was performed in Fluo4-AM-
loaded HRECs cultured in medium containing NG, HG or mannitol (osmotic control). Line
graph from a representative cell and bar graph (average + SEM) from multiple (n>20) cells
reveal that HG treatment significantly inhibits TRPV4 activity, as indicated by a ~40%
decrease (**, p<0.01) in both baseline Ca?* and peak Ca?* influx levels. Arrow indicates
the moment selective TRPV4 agonist GSK1016790A was added to cells. HREC: Human
Retinal Microvascular Endothelial Cells; NG: Normal Glucose, 5.5 mM; HG: High
Glucose, 30 mM; MN: Mannitol, 30mM. **, p<0.01; ***, p<0.001.
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FIGURE 3.3. Downregulation of mechanosensitive TRPV4 is associated with HG-
induced retinal EC activation. (A) Intracellular expression of phosphorylated eNOS (p-
eNOS) was determined by flow cytometry. Quantitative analysis of representative
fluorescence vs size (electronic volume) dot plots (red box) indicates that HG treatment
produces an ~77% decrease in the number of high p-eNOS-expressing ECs (bar graph)
than NG treatment. (B) Representative fluorescent images of HRECs labeled with DAF-
FM diacetate, a NO-sensitive dye, and their subsequent intensity measurements (n>25
cells) indicate a ~30% (***, p<0.001) reduction of constitutive NO production in HG-
treated ECs. (C) Fluorescently-labeled U937 cells were added to EC monolayers for 30
min. Representative fluorescent images of adherent U937 cells and subsequent cell count
of adherent U937 cells (bar graph) indicate a significant (2.5-fold; ***, p<0.001) increase
in monocyte-EC adhesion under HG conditions. Bar graph indicates average =SEM (per
mm?) from multiple (n>10) images of monocyte-EC co-cultures. Scale bar: 100 pm. ***,
p<0.001; ns, no significance.
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FIGURE 3.4. Inhibition of LOX-dependent subendothelial matrix stiffening rescues
loss of TRPV4 under high glucose conditions. (A) Western blot bands and their
densitometric analyses (bar graph) together reveal that lysyl oxidase (LOX) expression by
retinal ECs increases significantly (~1.7-fold: ***, p<0.001) upon treatment with HG. LOX
levels were normalized with respect to the corresponding levels of GAPDH, which served
as the loading control. (B) LOX activity assay indicates that HG-treated retinal ECs exhibit
a two-fold increase (***, p<0.001) in LOX activity compared with NG-treated cells. LOX
activity levels were normalized with respect to NG levels. The increase in HG-mediated
LOX expression correlated directly with a corresponding increase in LOX activity, as
measured by a LOX activity kit and quantified in the bar graph. (C) Stiffness of HREC-
secreted subendothelial matrix was measured by an atomic force microscope (AFM) fitted
with a ~40 nm pyramidal silicon nitride tip (schematic). Quantitative analysis of multiple
(n>10) force indentation measurements revealed a 1.7-fold (***, p<0.001) increase in
subendothelial matrix stiffness under HG conditions than in NG conditions. Importantly,
inhibition of LOX activity in HG-treated ECs (by BAPN) prevents HG-induced
subendothelial matrix stiffening. (C) Representative Western blot bands (from three
repeats) and their densitometric analyses (bar graph) together reveal that HG-induced
downregulation of TRPV4 expression was prevented by inhibition of LOX activity.
TRPV4 levels were normalized with respect to the corresponding levels of GAPDH
(loading control). *** p<0.001. (D) LOX inhibition restores TRPV4 activity, as indicated
by recovery of Ca?* influx in HG-treated ECs following stimulation with selective TRPV4
agonist GSK1016790A (red arrow; line graph of a representative cell). Bar graphs indicate
both baseline and peak Ca?* levels in HG-treated ECs were restored with LOX inhibition.
BAPN: B-amino-propionitrile (0.1 mM). *** p<0.001.
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FIGURE 3.5. Subendothelial matrix stiffening alone is sufficient to inhibit TRPV4
activity. (A) Schematic depiction of the experimental procedure to examine the effect of
treated, decellularized subendothelial matrix on untreated ECs. (B) TRPV4 activity was
measured in NG-treated ECs grown on decellularized subendothelial matrices obtained
from preceding NG, HG or HG+BAPN cultures. Ca?* influx measurements indicate that
HG-induced subendothelial stiffening alone causes significant suppression of TRPV4
activity, which did not occur on ‘normalized’ subendothelial matrix obtained from BAPN-
treated cultures. (B) Fresh NG-treated ECs were plated on synthetic matrices of normal
(1000 Pa) or higher (4000 Pa) stiffness and evaluated for TRPV4 activity. Quantitative
measurement of Ca?* influx revealed that ECs on stiffer matrix exhibit a significant
decrease in both baseline and peak Ca?* levels. **, p<0.01; ***, p<0.001.
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FIGURE 3.6. Increase in TRPV4 activity mediates the anti-inflammatory effects of
LOX inhibition on HG-treated ECs. (A) Representative fluorescent images of HRECs
labeled with DAF-FM diacetate, a NO-sensitive dye, and their subsequent intensity
measurements (n>25 cells) reveal that inhibition of subendothelial matrix stiffening
prevents the loss of constitutive NO production caused by HG treatment. Further, the
prevention of NO impairment was lost with TRPV4 inhibition by RN1734. Scale bar: 100
pm. (B) Surface expression of endothelial ICAM-1 was determined by flow cytometry.
Quantitative analysis of representative fluorescence vs size (electronic volume) dot plots
indicates that HG treatment produces an ~1.5-fold increase in the number of high ICAM-
1-expressing ECs (red box and bar graph) than NG treatment and inhibition of
subendothelial matrix stiffening prevents ICAM-1 upregulation, but RN treatment
diminished the prevention effect of BAPN. RN: RN1737, TRPV4 antagonist. ***,
p<0.001.
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FIGURE 3.7. Inhibition of retinal capillary and subendothelial matrix stiffening
prevents retinal endothelial TRPV4 impairment and retinal EC activation. (A)
Quantitative analysis of multiple (n>10) force indentation measurements revealed a 2.6-
fold (***, p<0.001) increase in retinal capillary stiffness in diabetic mouse retinal
capillaries than in non-diabetic control condition. Further, inhibition of LOX activity with
BAPN significantly prevented capillary stiffening in diabetic retinal capillaries. (B)
Representative Western blot bands and their densitometric analyses (bar graphs) together
reveal that TRPV4 expression is significantly impaired (**, p<0.01) in diabetic mouse
retinal capillaries when compared with control retinal capillaries, and this impairment was
prevented with LOX inhibition using BAPN. Bar graphs indicate average =SEM from
retinal capillaries of three retinas per condition. TRPV4 levels were normalized with
respect to the corresponding levels of GAPDH (loading control). (C) Real-time RT-PCR
analysis shows that diabetic retinal capillaries exhibit ~3-fold increase (**, p<0.01) in
ICAM-1 mRNA expression than non-diabetic controls and this increase in ICAM-1 mRNA
was inhibited by BAPN treatment. ICAM-1 mRNA levels were normalized with respect to
NG levels. BAPN: B-amino-propionitrile (3 mg/kg). *, p<0.05; **, p<0.01; ***, p<0.001.
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FIGURE 3.8. Pharmacological enhancement of TRPV4 activity reverses the effect of
subendothelial matrix stiffness on endothelial NO production. (A) Pharmacological
enhancement of TRPV4 activity (using GSK1016790A) in HG-treated ECs resulted in
~5.5-fold increase (***, p<0.001) in production of constitutive endothelial NO, as
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NO-sensitive dye DAF-FM diacetate. ***, p<0.001.
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FIGURE 3.9. Pharmacological enhancement of TRPV4 act|V|ty reverses the effect of
subendothelial matrix stiffness on retinal EC activation. (A) Surface expression of
endothelial ICAM-1 was determined by flow cytometry. Quantitative analysis of
representative fluorescence vs size (electronic volume) dot plots indicates that HG
treatment produces an ~2.5-fold increase in the number of high ICAM-1-expressing ECs
(red box and bar graph) than NG treatment and this increase was suppressed with
pharmacological enhancement of TRPV4 activity using GSK1016790A. (B) The GSK-
induced enhancement of NO production in HG-treated ECs resulted in ~60% decrease
(***, p<0.001) in monocyte-EC adhesion. Bar graph indicates average & SEM from
multiple (n>10) images of monocyte-EC co-cultures. ***, p<0.001.
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FIGURE 3.10. Pharmacological enhancement of TRPV4 activity reverses the effect
of matrix stiffness-dependent retinal EC activation. (A) Pharmacological
enhancement of TRPV4 activity (using GSK1016790A) in ECs grown on stiff (4000 Pa)
synthetic matrix resulted in 2.7-fold increase (***, p<0.001) in production of constitutive
endothelial NO. (B) The GSK-induced enhancement of NO production in ECs grown on
stiff (4000 Pa) synthetic matrix resulted in ~65% decrease (***, p<0.001) in monocyte-
EC adhesion. ***, p<0.001.
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CHAPTER 4

TRPV4-mediated Rho/ROCK Signaling in Diabetes-induced

Retinal Endothelial Activation

Preface

This Chapter identifies the mechanotransduction mechanism underlying TRPV4-

mediated diabetic retinal EC activation.

Original contribution : Data for Figures 4.2 — 4.3A,4.4,4.5.

In collaboration : Data for Figures 4.1, 4.3B
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Introduction

Studies performed in Chapter 2 demonstrated that endothelial activation is a
hallmark of retinal inflammation associated with diabetic retinopathy (DR), which is
mechanically controlled through an increase in subendothelial matrix stiffness. Findings
from Chapter 3 revealed that mechanosensitive ion channel Transient Receptor Potential
Vanilloid 4 (TRPV4) mediates subendothelial matrix stiffening-dependent retinal
endothelial cell (EC) activation associated with high glucose treatment. However, the
precise mechanotransduction pathway involved in TRPV4-dependent control of retinal EC
remains unknown. Past studies have shown that Rho and its downstream effector Rho-
associated Kinase (ROCK) (1) are key molecular players in cell tension (cell stiffness) and
mechanotransduction and can be directly activated by matrix stiffening (1, 2). Further,
Rho/ROCK activity is known to be suppressed by endothelial nitric oxide (NO) (3). Thus,
| here examined the role of TRPV4-mediated Rho/ROCK signaling in diabetic retinal EC

activation.

Material and Methods

Cell Culture and Glucose Treatment. Human retinal ECs and human monocytic cells
(U937) were purchased from Cell Systems (Kirkland, WA) and ATCC, respectively.
Human retinal ECs were grown in MCDB131 medium (Mediatech, VA) supplemented
with 10% fetal bovine serum (FBS; Fisherbrand), 2 mM L-Glutamine (Life Technologies),

0.03 mg/mL Endothelial Cell Growth Supplement (Sigma), 1x antimycotic/antibiotic
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mixture (Life Technologies), 10 ng/ml human EGF (Millipore), 1 pg/ml hydrocortizone,
and 0.09 mg/ml heparin (Sigma). U937 monocytes were grown in RPMI-1640 medium
(GE Healthcare) supplemented with 10% FBS, 2 mM L-Glutamine, 1.5 mg/ml sodium
bicarbonate (Life Technologies), 1x antimycotic/antibiotic mixture, 1 mM sodium
pyruvate (Life Technologies), and 4.5 mg/ml glucose (Sigma).

For in vitro studies, EC monolayers were cultured in regular growth medium
containing normal glucose (NG, 5.5 mM) or high glucose (HG, 30 mM). After 9 days,
culture medium was replaced with low serum (2.5% FBS) medium (with all other
components at original concentration) and monolayers allowed to grow overnight prior to

specific assay.

Measurement of Retinal Endothelial Cell Stiffness. The stiffness of NG- or HG -treated
human retinal EC cultures was measured using a biological-grade atomic force microscope
(AFM; Veeco Instruments, NY) operated in tapping mode using a ~5 pum glass bead
attached to a 140 um-long microcantilever (MLCT, Bruker) with bending spring constant
of 0.1 N/m. The maximum indentation force applied to sample was ~8 nN. Measurements
were made in force-curve mode, and the cantilever deflection was measured through the
photodiode difference signal (Sqef, volts). For each region, ~25 force curves were measured
and only the linear region of force curves were considered for EC stiffness analysis. Sample
stiffness is calculated as ksample = F/ zs, where F is the applied force and zs the sample
deformation. Average stiffness was obtained from indentations in at least 8 different

regions across the retinal EC samples.
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G-LISA Activation Assay. To detect the activity of Rho in cultured ECs, cells were grown
in medium containing NG or HG for 10d, followed by lysis in RIPA buffer. EC culture
lysates were centrifuged and supernatants were subjected to Rho activity measurement
using a G-LISA Activation Assay Kit (Cytoskeleton Inc, CO), as per the manufacture’s

protocol.

Western Blot. To detect ROCK-2 expression in cultured ECs, cells were grown in medium
containing NG or HG for 10d, followed by lysis in RIPA buffer. To detect ICAM-1
expression in cultured ECs, cells were grown in medium containing NG or HG for 10d,
followed by Y27632 (Y27; 20 M, 0.5h; Reagent Direct) =RN1734 (25 M, 5h; Sigma-
Aldrich) in HG-treated ECs. Then treated ECs were lysed in RIPA buffer. EC culture
lysates were centrifuged and supernatants were subjected to Western Blotting using
nitrocellulose membrane, which was probed with antibodies against ROCK-2 (Santa Cruz
Biotech) and ICAM-1 (Santa Cruz Biotech) followed by appropriate HRP-conjugated
secondary antibodies (Vector Labs). GAPDH (Sigma) was used as the loading control.
Western Blot protein bands were visualized using a camera-based imaging system
(Biospectrum AC Imaging System) that automatically adjusts exposure time to avoid pixel
saturation. ImageJ was used to perform densitometric analysis, and the measurements
(within the 10-250 pixel intensity range) were normalized with respect to corresponding

loading controls.
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Calcium Imaging. Retinal ECs grown in NG or HG medium for 10 days were detached
and re-plated on the corresponding decellularized subendothelial matrices in low serum
medium containing NG or HG. Next day, one group of |HG-treated ECs were treated with
Y27 (20 M) for 30 minutes. ECs were then loaded with fluorescent Ca?*-sensitive dye
Fluo-4 AM (1 pM; Life Technologies) in Ca%* buffer which contains 136 mM Sodium
Chloride, 4.7 mM potassium chloride, 1.2 mM magnecium sulfate, 1.1 mM calcium
chloride, 1.2 mM potassium phosphate monobasic, 5 mM sodium bicarbonate, 5.5 mM
glucose and 20mM HEPES (Sigma). After excess dye was rinsed off and cells recovered
in Ca?* Buffer for 30 minutes. To detect TRPV4 activity, dye-loaded cells were imaged
with time-lapse function every 3 seconds using Nikon Eclipse Ti microscope and after 1
min of time-lapse imaging, cells were stimulated with TRPV4 agonist GSK-1016790A
(300 nM; Sigma-Aldrich) and imaged for an additional 5 min. Intracellular Ca?* was
quantified by measuring net intracellular fluorescence intensity (n >20 cells per condition;

using ImageJ), as previously described (4).

Intracellular Nitric Oxide (NO) Production. Retinal ECs grown in NG or HG medium
for 10 days were detached and re-plated on the corresponding decellularized subendothelial
matrices in low serum medium containing NG or HG. After overnight incubation, one
group of HG-treated cells were treated with selective TRPV4 antagonist RN1734 (RN; 25
M, 5h). The HG and HG+RN-treated cells were then be treated with a ROCK inhibitor
Y27 (20 M, 30 minutes). Cells were then loaded with fluorescent NO-sensitive dye DAF-

FM diacetate (2 pM; Life Technologies), as per manufacturer’s protocol. After excess dye
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was rinsed off and cells recovered in the respective medium, the medium was replaced with
Krebs—Henseleit buffer. Dye-loaded cells were imaged using Nikon Eclipse Ti microscope
and intracellular fluorescence intensities were quantified using ImageJ (n >20 cells per

condition).

Monocyte-EC Adhesion. ECs were cultured in NG or HG medium for 10 days prior to
Y274RN treatment as described above. Fluorescently-labeled U937 cells (125,000
cells/cm?) were then added to the EC monolayers for 30 minutes at 37°C. Following rinsing
with PBS, adherent monocytes were fixed with 1% PFA, imaged using Nikon Eclipse Ti
microscope fitted with a Nikon DS-QilMc camera, and counted using ImageJ (>10 images

per condition).

Statistics. All data were obtained from multiple replicates (n > 3) and expressed as
mean*SEM or histogram, as indicated in the respective experiments. Statistical
significance was determined using analysis of variance (ANOVA; GraphPad Instat®),

followed by Tukey’s post-hoc analysis. Results were considered significant if p<0.05.

Results

HG treatment increases EC stiffness
Chapter 2 showed that diabetes leads to retinal capillary stiffening (Fig. 2.2C). Since

capillary contains both ECs and basement membrane, here | looked to see whether HG-
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treatment also simultaneously increased EC stiffness. A biological-grade AFM was used to
obtain the stiffness measurements of NG- or HG -treated human retinal ECs in tapping mode
The maximum indentation force applied to sample was ~8 nN and the indentation curves
were recorded. The AFM force indentations revealed that HG-treated ECs are ~5-fold stiffer

(p<0.01) compared to NG-treated ECs (Fig. 4.1A).

Rho/ROCK?2 is upregulated in HG-treated ECs

Rho/ROCK signaling is known to regulate cell contractility which is proportional to
cell stiffness. Thus, | looked to see whether HG-induced EC stiffening was associated with
upregulation of Rho/ROCK activity. Here | showed that HG treatment caused a ~50%
increase of Rho activity in cultured human retinal ECs (Fig. 4.2A). This increase in Rho
activity led to ~40% increase in ROCK2 expression in HG-treated ECs compared to NG-
treated ECs (Fig. 4.2B).

Predictably, this HG-induced EC stiffening was associated with ~50% decrease in

TRPV4 expression and activity (Fig. 4.2C).

Pharmacological enhancement of TRPV4 activity inhibits Rho activity and EC
stiffening in HG-treated ECs

eNOS-derived NO is also know to inhibit Rho/ROCK activation (3), and TRPV4 is
known to enhance eNOS activation (5, 6). To determine whether HG-induced Rho activation
and EC stiffening is mediated through TRPV4 impairment, | enhanced TRPV4 activity in

HG-treated ECs using a pharmacological TRPV4 agonist GSK1016790A (GSK). G-LISA

97



assay revealed that the HG-induced increase in Rho activation is significantly suppressed by
enhancement of TRPV4 activity (Fig. 4.3A). Further, pharmacological enhancement of
TRPV4 activity also inhibited EC stiffening in HG-treated cells (Fig. 4.3B). Together, these

findings indicate that TRPV4 is an upstream regulator for Rho/ROCK activation.

Inhibition of ROCK2 restores TRPV4 activity in HG-treated ECs

Since EC stiffness is always in dynamic equilibrium with subendothelial matrix
stiffness, increase in EC stiffness feeds back to enhance subendothelial matrix stiffness (7,
8). Thus, Rho/ROCK activation may in turn play a role in TRPV4 activation as well. To
determine whether HG-induced Rho/ROCK activation actively contributes to TRPV4
activation, | suppressed ROCK?2 activity in HG-treated cells using a pharmacological ROCK
inhibitor Y27. HG treatment caused significant downregulation of TRPV4 activity in
cultured human retinal ECs, as judged by ~60% decrease (p<0.001) in baseline and ~50%
decrease (p<0.001) in peak Ca* influx levels (Fig. 4.4). Further, activity of TRPV4 in HG-

treated retinal ECs was restored with suppression of ROCK activity by Y27.

Inhibition of Rho/ROCK restores NO production in HG-treated ECs via an increase in
TRPV4

To determine the role of Rho/ROCK activity in HG-induced EC activation, ECs
under HG condition were treated with Y27. To confirm the effect is mediated through
TRPV4, the HG+Y27-treated cells were treated with RN1734, a TRPV4 antagonist.

Quantitative analyses of ECs labeled with NO-sensitive dye revealed that, HG-treated ECs
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exhibit ~65% decrease in intracellular NO levels compared to NG-treated ECs, and this
decrease in NO levels was restored with suppression of ROCK activity by Y27 (Fig. 4.5).
However, with suppression of TRPV4 activity by a TRPV4 antagonist, the restoration of NO

levels was diminished.

Inhibition of Rho/ROCK suppresses activation of HG-treated ECs via an increase in
TRPV4

Importantly, quantitatively analyses of cells labeled with ICAM-1 antibody revealed
that HG-treated ECs exhibit a ~4.5-fold increase in ICAM-1 expression than NG-treated cells
and suppression of ROCK activity significantly inhibited ICAM-1 expression in HG-treated
cells (Fig. 4.6A). Further, expression of ICAM-1in HG+Y27-treated ECs was significantly
increased by TRPV4 inhibition with RN1734. Consistent with ICAM-1 expression,
suppression of ROCK activity significantly inhibited the increased monocyte-EC adhesion
in HG-treated cells and inhibition of TRPV4 activity in HG+Y27-treated ECs upregulated
monocyte-EC adhesion (Fig. 4.6B). Together, these findings suggest that HG-induced EC
activation is mediated through TRPV4, and there is a feedback mechanism between TRPV4

and Rho/ROCK signaling pathways.

Discussion

My previous studies (described in Chapters 2 and 3) identified subendothelial

matrix stiffening and associated loss of mechanosensitive TRPV4 as critical determinants
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of retinal EC activation associated with high glucose and diabetes. This study was
performed to identify the mechanotransduction pathway by which TRPV4 impairment
promotes retinal EC activation. The current findings demonstrate that there is a
subendothelial matrix stiffness-dependent feedback loop between mechanosensitive Ca?*
ion channel TRPV4 and mechanotransducer Rho/ROCK in controlling NO-mediated
endothelial-monocyte adhesion.

Since my previous studies (Chapter 3) revealed that HG-induced matrix stiffening
impairs TRPV4, endothelial NO levels and enhances monocyte-EC adhesion, here | asked
whether this TRPV4-dependent control of EC activation was mediated by Rho/ROCK.
Rho/ROCK, the major mechanotransduction pathway that controls cell tension and
stiffness, has previously been shown to be inhibited by eNOS-derived NO (3). Further,
TRPV4 is known to enhance eNOS activation through a calcium-dependent pathway (5,
6). Thus, it is plausible that NO-dependent control of Rho/ROCK is mediated upstream by
the TRPV4 signaling. Indeed, my current findings reveal that HG-induced upregulation of
Rho activity and EC stiffness are significantly inhibited upon pharmacological
enhancement of TRPV4 activity.

Past studies have shown that matrix stiffening directly increases Rho (1). Further,
this matrix stiffening-dependent Rho increase is via integrins (9-11). Rho exerts its effects
via its downstream target, Rho-associated Kinase (ROCK). Of the two isoforms of ROCK
viz. ROCK1 and ROCK2, the former appears to be more important for immunological
functions, whereas the latter is more important for endothelial and vascular smooth muscle

function (12, 13).
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In addition to subendothelial matrix stiffness, Rho/ROCK can also be regulated by
eNOS-derived NO levels (3). Specifically, increase in eNOS activation has been shown to
negatively regulate Rho activity both in vitro (3) and in vivo (14). Importantly, Rho/ROCK
is upregulated in various pathological conditions marked by matrix stiffening (7, 8, 15).
Indeed, work by our group and others have shown that Rho activity and ROCK2 gene
expression are significantly upregulated in diabetic mouse retinas (16, 17) that have stiffer
capillaries. These in vivo findings correlated strongly with the current in vitro findings,
which showed that HG treatment significantly increases Rho activity and ROCK
expression in cultured retinal ECs. Further, consistent with the ability of Rho/ROCK to
increase actomyosin-dependent cell contractility, we found that HG-treated ECs also
became significantly stiffer, which agrees well with capillary stiffening observed in earlier
studies (Chapter 2).

Since a dynamic equilibrium needs to be achived between EC stiffness and
subendothelial matrix stiffness, increase in EC stiffness can feed back to enhance
subendothelial matrix stiffness (7, 8). Thus, Rho/ROCK activation may in turn play a role
in TRPV4 activation as well. Indeed, my current findings reveal that HG-induced
downregulation of TRPV4 is significantly reversed upon pharmacological inhibition of
Rho/ROCK activity.

Findings from Chapter 3 revealed that TRPV4 activity positively regulates
endothelial NO production. Since TRPV4 enhancement increases Rho activity and EC
stiffness, and Rho/ROCK also inhibits both TRPV4 and endothelial NO, it is likely that

there is a feedback loop between mechanosensitive Ca?* ion channel TRPV4 and
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mechanotransducer Rho/ROCK in controlling NO-mediated endothelial-monocyte
adhesion. The current findings confirmed this hypothesis because the increased Rho
activity can be significant suppressed by TRPV4 enhancement, inhibition of Rho/ROCK
activity significant restored endothelial NO production caused by TRPV4 impairment, and
significant increase in endothelial NO production caused by Rho/ROCK inhibition was
prevented by TRPV4 suppression. Since endothelial NO suppresses ICAM-1 expression
and monocyte-EC adhesion, the aforementioned effects of Rno/ROCK/TRPV4 regulation
on endothelial NO production correlated predictably and inversely with these functional
responses. These new findings provide a crucial mechanistic understanding of the
mechanotransduction pathway underlying the effects of diabetes-induced subendothelial
matrix stiffening on retinal endothelial activation and inflammation associated with

diabetic retinopathy.

Conclusion

This report showed that HG treatment caused significant retinal EC stiffening and
activation in vitro, which is consistent with diabetic retinal capillary stiffening and
inflammation in vivo. These inflammatory effects of HG correlated with significant
decrease in expression and activity of TRPV4, and upregulation of Rho activity and
ROCK-2 expression in retinal EC cultures. Notably, enhancement of TRPV4 activity alone
caused significant decrease in Rho activity. Further, inhibition of ROCK-2 activity alone

caused significant recovery of TRPV4 activity, endothelial NO production and suppression
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of monocyte-EC adhesion. More importantly, pharmacological enhancement of TRPV4
alone suppressed the Rho-mediated EC stiffening and the inflammatory effects in vitro,
which indicates there is a feedback loop between TRPV4 and Rho/ROCK. Thus, TRPV4
activity is both a target and an effector of Rho/ROCK signaling. These findings identify a
crucial role of Rho/ROCK-mediated TRPV4 signaling in diabetic retinal inflammation and
implicate Rho/ROCK and TRPV4 as the novel anti-inflammatory target for management

of early DR.
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FIGURE 4.1. HG treatment increases EC stiffness. Stiffness of human retinal ECs was
measured by an atomic force microscope (AFM) fitted with a ~5 um glass bead tip
(schematic). Quantitative analysis of multiple (n>13) force indentation measurements
revealed a 5-fold (***, p<0.001) increase in retinal EC stiffness under HG condition than in
NG condition. NG: Normal Glucose, 5.5 mM; HG: High Glucose, 30 mM. *** p<0.001.
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FIGURE 4.2. Rho/ROCK2 and TRPV4 is upregulated in HG-treated ECs. (A) Rho
activity was measured with a G-LISA Activation Assay Kit. Quantitative analysis of multiple
(n>3) samples revealed a 50% (*, p<0.05) increase in Rho activity under HG condition than
in NG condition. (B) Representative Western blot bands and their densitometric analyses
(bar graphs) together reveal that ROCK-2 expression is ~40% higher (***, p<0.001) in HG-
treated ECs when compared with NG-treated ECs. Bar graphs indicate average & SEM.
ROCK-2 levels were normalized with respect to the corresponding levels of GAPDH
(loading control). (C) Representative Western blot bands and their densitometric analyses
(bar graphs) together reveal that TRPV4 expression is significantly higher (***, p<0.001) in
HG-treated ECs when compared with NG-treated ECs. Bar graphs indicate average =SEM.
TRPV4 levels were normalized with respect to the corresponding levels of GAPDH (loading
control). *, p<0.05; **, p<0.01; ***, p<0.001.
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FIGURE 4.3. Pharmacological enhancement of TRPV4 activity inhibits Rho activity
and EC stiffening in HG-treated ECs. (A) Rho activity was measured with a G-LISA
Activation Assay Kit. Quantitative analysis of multiple (n>3) samples revealed that HG-
induced increase in Rho activity was inhibited by pharmacological enhancement of TRPV4
activity. (B) Stiffness of human retinal ECs was measured by an atomic force microscope
(AFM) fitted with a ~5 um glass bead tip (schematic). Quantitative analysis of multiple
(n>13) force indentation measurements revealed HG-induced EC stiffening was inhibited
with TRPV4 enhancement. GSK: GSK1016790A, TRPV4 agonist. **, p<0.01; ***

p<0.001.
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FIGURE 4.4. Inhibition of ROCK2 restores TRPV4 activity in HG-treated ECs.
Calcium microfluorimetry was performed in Fluo4-AM-loaded human retinal ECs cultured
in medium containing NG, HGxY 27632 (ROCK inhibitor). Line graph from a representative
cell and bar graph (average =+ SEM) from multiple (n>20) cells reveal that HG treatment
significantly inhibits TRPV4 activity, as indicated by a ~60% and ~50% decrease (***,
p<0.001) in baseline Ca?* and peak Ca?* influx levels, respectively. Arrow indicates the
moment selective TRPV4 agonist GSK1016790A was added to cells. Y27: Y27632, ROCK

inhibitor. ***, p<0.001.
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FIGURE 4.5. Inhibition of Rho/ROCK restores NO production in HG-treated ECs
via an increase in TRPV4. (A) Human retinal ECs labeled with DAF-FM diacetate, a NO-
sensitive dye, and subsequent intensity measurements (n>25 cells) reveal that inhibition of
ROCK activity prevents the loss of constitutive NO production caused by HG treatment.
Further, the prevention of NO impairment was lost with TRPV4 inhibition by RN. RN:
RN1737, TRPV4 antagonist. ***, p<0.001; ns, no significance.
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FIGURE 4.6. Inhibition of Rho/ROCK suppresses activation of HG-treated ECs via
an increase in TRPV4. (A) Western blot bands and their densitometric analyses (bar
graph) together reveal that HG treatment produces an ~4.5-fold increase in ICAM-1
expression than NG treatment and inhibition of ROCK activity prevents ICAM-1
upregulation, but RN treatment diminished the prevention effect of Y27. ICAM-1 levels
were normalized with respect to the corresponding levels of GAPDH (loading control). (B)
Fluorescently-labeled U937 cells were added to EC monolayers for 30 min. Subsequent
cell count of adherent U937 cells (bar graph) revealed that the Y27-induced suppression of
ICAM-1 expression in HG-treated ECs resulted in ~75% decrease (***, p<0.001) in
monocyte-EC adhesion, and RN treatment enhanced monocyte-EC adhesion in HG+Y27-
treated cells. Bar graph indicates average = SEM from multiple (n>10) images of
monocyte-EC co-cultures. ***, p<0.001; ns, no significance.
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CHAPTER 5

CONCLUSION

The goal of this research was to understand the role of cell- and subendothelial matrix-
dependent mechanical cues in retinal vascular inflammation associated with diabetes and
to identify novel molecular targets for effective suppression of diabetic retinal vascular
inflammation. As reported in Chapter 2, lysyl oxidase (LOX) is a key molecular
determinant of retinal subendothelial matrix stiffening associated with diabetes. Further,
high glucose-induced subendothelial matrix stiffening alone is necessary and sufficient to
promote diabetic retinal EC activation, which can be prevented by LOX inhibition.
However, the molecular mechanism behind this subendothelial matrix stiffness-induced

retinal EC activation and inflammation remains unknown.

With the hope to identify the mechanosensitive mechanism implicated in this
subendothelial matrix stiffening-dependent retinal EC activation, Chapter 3 explored the
role of mechanosensitive TRPV4 channel, a member of the transmembrane TRP family of
Ca?* channels, which is ubiquitously expressed in ECs. Here | showed that (i) high glucose-
induced subendothelial matrix stiffening significantly impairs TRPV4 expression and
activity, (if) TRPV4 impairment alone is sufficient to promote high glucose-induced retinal
EC activation, (iii) LOX inhibition prevents high glucose-induced impairment of TRPV4

and, consequently, anti-inflammatory nitric oxide. These findings identify a crucial role of
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mechanosensitive TRPV4 in diabetic retinal inflammation. However, the
mechanotransduction mechanism underlying the TRPV4-mediated diabetic retinal EC

activation remains to be examined.

Finally, Chapter 4 showed that the TRPV4-dependent diabetic EC activation is
mediated, at least in part, via the canonical Rho/ROCK mechanotransduction pathway that
directly controls EC stiffness. Additionally, there is a feedback mechanism between
TRPV4 and Rho/ROCK signaling pathways and it is likely to exacerbate retinal capillary
stiffening and inflammation associated with DR. Together, these findings identify a crucial
role of TRPV4-mediated Rho/ROCK signaling in diabetic retinal inflammation and

implicate TRPV4 as the novel anti-inflammatory target for management of early DR.

Working Model

The findings from my studies indicate a complex mechanochemical signaling
mechanism that links matrix stiffening and retinal inflammation in diabetes. Specifically,
we showed that diabetes enhances LOX. Although these studies do not focus on the
underlying mechanism in diabetes-induced LOX upregulation, past studies have shown
that hypoxia-inducible factor-1 (HIF-1) was significantly upregulated under diabetic
condition (1, 2), and LOX can be regulated by HIF-1 at transcriptional level (3). Thus, |
speculate that diabetes/HG-induced LOX upregulation is mediated through upregulation

of HIF-1 (Schematic 5.1A).
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My findings also show that LOX upregulation leads to subendothelial matrix
stiffening. LOX is a copper-dependent amine oxidase that crosslinks collagen and increases
matrix stiffness (4) (Schematic 5.1B). This HG-induced subendothelial matrix stiffening
significantly impairs TRPV4 expression and activity. However, whether subendothelial
matrix stiffness control TRPV4 expression and activity remains unclear. Integrins are the
major transmembrane cell surface receptors that mediate cell adhesion to matrix molecules
(5). Additionally, they transmit external forces (such as matrix stiffness-dependent
resistance force) rapidly to TRPV4 via a “hardwired” framework. It is this physical
association between integrins and TRPV4 that confers the latter its mechanosensitivity (6)
(Schematic 5.1C). Thus, | speculate that the matrix stiffening-dependent TRPV4
impairment is mediated through integrin activity.

Next, TRPV4 is known to enhance eNOS activation through calcium-dependent
pathway (7, 8). Calcium influx induced by TRPV4 activation caused increase in
cytoplasmic calcium levels and activates calmodulin (CaM). CaM binds to the CaM-
binding domain in eNOS, causes alignment of the oxygenase and reductase domains of
eNOS, and then leads to efficient NO synthesis. Additionally, CaM activates CaM kinase
Il (CaMKII), which phosphorylate eNOS on S1179 and promote nitric oxide (NO)
synthesis (Schematic 5.1D). Thus, impaired TRPV4 activation inhibits eNOS-derived NO
production and decreased endothelial NO levels in retinal ECs.

eNOS produces constitutively low levels of NO that inhibits activation of inhibitory
kB kinase (IKK), the prerequisite enzyme complex necessary to induce NF-kB nuclear

translocation (activation) in ECs (9-11) (Schematic 5.1E). Decreased endothelial NO
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causes activation of NF-kB and leads to downstream transcription of pro-inflammatory
factors (TNF-a, IL-6) and cell adhesion molecule (ICAM-1) (Schematic 5.1F). This
increase in ICAM-1 leads to increased monocyte-EC adhesion via binding of ICAM-1 (on
ECs) and amP2 integrin (on monocytes) (Schematic 5.1G).

More importantly, eNOS-derived NO is also know to inhibit Rho/ROCK activation
via inhibition of G213, family of heterotrimeric G proteins (12) (Schematic 5.1H). Gi213
stimulate Rho guanine nucleotide exchange factors (GEFs). Thus, inhibition of NO
enhances Giznz and upregulates GEF that, in turn, promotes Rho-GDP (inactive)
transformation to Rho-GTP (active). This increase in Rho activity leads to an increase in
cytoskeleton tension (cell stiffening) via activation of its downstream effector, Rho-
associated Kinase (ROCK) (13). ROCK activates myosin to generate contractility that
increases cell stiffness. Together, increase in both retinal EC and endothelial matrix
stiffness result to retinal capillary stiffening.

Finally, since EC stiffness is always in dynamic equilibrium with matrix stiffness,
increase in EC stiffness feeds back to enhance matrix stiffness through increasing
contractility force (14, 15). The increase in cell contractility pulls on the endothelial matrix
through integrin, which physically causes an increase in local density and stiffness of
endothelial matrix. This further impairs TRPV4 and downstream endothlial NO levels. The
existence of this feedback mechanism between TRPV4 and Rho/ROCK signaling
pathways is likely to exacerbate retinal capillary stiffening and inflammation associated
with DR. Therefore, future in vivo studies that aim to enhance TRPV4 through a

nanotechnological approach may be come a more effective in managing DR.
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Future Directions

Although HIF-1 is known to be upregulated under diabetic/HG condition and LOX
is a directly transcriptional target of HIF-1, the link between diabetes/HG and HIF-1-
dependent LOX expression has not been explicitly demonstrated. To confirm the role of
diabetes-induced HIF-1 upregulation in LOX overexpression, 8-10 weeks old STZ-diabetic
adult mice (C57BL/6) will be divided into two groups: no treatment (vehicle only),
treatment with HIF-1 inhibitor EZN-2698, an antisense oligonucleotide that can
specifically bind to HIF-1ao mRNA with high affinity and cause down-regulation of HIF-
la protein levels (16). Treatments will begin at the onset of diabetes and continue for the
duration of the experiment. After 3 months of diabetes, mice will be sacrificed and whole
retinas will be harvested for assessment of LOX expression (Western Blot). Age-matched
(untreated) nondiabetic mice will serve as controls. To confirm the role of HG-induced
HIF-1 upregulation in LOX overexpression, human retinal ECs under HG condition will
be treated with a HIF-1 inhibitor EZN-2698. Culture medium and cell lysates will be
collected for measurements of LOX activity (Amplex Red assay) and expression (Western
Blot), respectively.

Retinas of diabetic animals and humans contain high levels of oxidative stress,
advanced glycation end-products (AGEs), and fibronectin in capillary basement membrane
(17-19). Notably, these biochemical factors are implicated in enhancing LOX expression

and/or activity. Specifically, past studies have shown that (a) reactive oxygen species
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(ROS) enhance LOX expression in ECs and dermal fibroblasts (20, 21), (b) AGEs enhance
LOX expression and activity in aortic ECs and ovarian tissues (22, 23), and (c) fibronectin
interacts with both LOX and collagen IV (the major structural protein in basement
membrane) and regulates LOX activity (24). Since these factors are overexpressed in the
retina of diabetic mice, it will be important to investigate whether they contribute to the
observed increase in retinal LOX expression and capillary stiffening.

To investigate the role of oxidative stress and AGEs on retinal LOX upregulation
and capillary stiffening, 8-10 weeks old STZ-diabetic adult mice (C57BL/6) will be divided
into three groups: no treatment (vehicle only), treatment with NADPH (superoxide)
inhibitor apocynin (37 mg/Kg in feed(25, 26)), and treatment with AGE inhibitor
aminoguanidine (1 g/L through drinking water(27)). To investigate the role of fibronectin
on retinal LOX upregulation and capillary stiffening, 8-10 weeks old STZ-diabetic adult
mice (C57BL/6) will be divided into three groups: no treatment (vehicle only), and
treatment with antisense oligonucleotide against fibronectin (28-30) or scrambled
oligonucleotides. Treatments will begin at the onset of diabetes and continue for the
duration of the experiment. Age-matched (untreated) nondiabetic mice will serve as
controls. Mice will be sacrificed after 3 months of diabetes and whole retinas will be
harvested for assessment of LOX activity, and superoxide (Amplex Red assay) or AGEs
(Western Blot). Intact retinal capillaries will be isolated for measurement of (1) LOX and
ICAM-1 mRNA, (2) LOX activity, (3) superoxide, AGEs, or fibronectin and (4) retinal
capillary stiffness (AFM). Levels of oxidative stress, AGEs, or fibronectin will be

correlated with LOX and retinal capillary stiffness.
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Acute mechanical activation of integrins is known to rapidly activate TRPV4 (6).
However, the role of chronic integrin activation, which is likely occurring on the stiffer
subendothelial matrix, in TRPV4 impairment remains unknown. This is important to know
because it would reveal whether the impaired TRPV4 expression and activity that observed
in the stiffer retinal capillaries and EC cultures is mediated upstream by abnormal integrin-
matrix interactions. To investigate this, | will focus on two specific integrin-matrix
interactions: a2f31-collagen 1V and a5 1-fibronectin, because collagen 1V isa key capillary
basement membrane molecule that retinal ECs bind to (using a2f1) under physiological
conditions while fibronectin (a5B1 integrin) is abundantly expressed in retinal capillaries
in diabetes. Cultured human retinal ECs will be grown on 1000 Pa (normal) or 4000 Pa
(stiff) synthetic matrices surface-coated with equimolar doses (5 pg/cm?) of either collagen
IV or fibronectin. TRPV4 expression and activity will be measured by Western Blot and
Ca?* microfluorimetry, as shown in Chapter 3, while integrin activity will be measured by
adding distinct ‘activation-specific’ antibodies against the individual integrin and
comparing antibody binding (and thus, integrin activation state) using flow cytometry, as
previously reported (15, 31).

Diabetes-induced capillary lesions develop slowly, and require 6-8 months of
diabetes to become statistically greater than normal (32). Thus, it is important to know the
long term effect (in mice — 8 mos of diabetes) of LOX inhibition and TRPV4 activation in
DR. STZ-diabetic C57BL/6 mice will be divided into three groups (n= 20/group): no
treatment (vehicle only), treatment with LOX inhibitor (BAPN), and treatment with

TRPV4 agonist (GSK1016790A). Treatments will begin at the onset of overt diabetes and
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continue for the duration of the experiment. Age-matched (untreated) nondiabetic mice
will serve as controls. LOX and TRPV4 expression will be measured in retinal capillaries
isolated from these mice after 8 months of diabetes and correlated with retinal capillary
stiffness (measured by AFM). To assess vascular leakage (hyperpermeability), mice will
receive intravenous FITC-dextran injections and sacrificed 20 min later (following
perfusion) for quantification of FITC-dextran leakage into retinal tissue (32-35). For
assessment of diabetes-induced capillary lesions viz. acellular (degenerate) capillaries and
pericyte loss, isolated retinal capillaries will be stained with Periodic acid-Schiff and

subjected to quantitative image analyses (32-35).

Together with my current findings, completing these future studies will not only
identify other previously-unrecognized mechanochemical mechanisms underlying DR
pathogenesis, but also further confirm the important role of LOX and TRPV4 in retinal
inflammation associated with early DR. Therefore, these studies implicate LOX and

TRPV4 as new anti-inflammatory targets for DR therapy.
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Schematic 5.1: Illustration of mechanisms in subendothelial matrix stiffness-
dependent EC activation. HIF-1: hypoxia inducible factor-1; CaM: calmodulin; CaMKII:
calmodulin kinase I1; IKK: inhibitory kB kinase; GEF: guanine nucleotide exchange factor.
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