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Vascular wall endothelial cells (ECs) are continuously subject to blood flow-induced shear
stress and vasodilation-constriction induced tensile (or compressive) stress/strain. Altered
mechanical environment can trigger EC activation and lead to atherosclerosis. Atherosclerosis is
the main cause of coronary artery disease, which is the leading cause of death in the US. The
functional and morphological response of ECs to fluid shear stress (FSS) or cyclic strain (CS) has
been well documented. However, the responses of ECs to concomitant FSS and CS, have not been
well characterized. A better understanding of this process can lead to more targeted preventive and

therapeutic solutions for vascular diseases such as atherosclerosis.

To investigate and better quantify the relationship between biomechanics and
atherosclerosis formation, a patient-specific fluid-structure interaction (FSI) model of the left
coronary artery was developed. The model incorporated transient blood flow, blood vessel cyclic
bending and stretching, as well as myocardial contraction, to provide a physiologically relevant
simulation of blood flow, shear stress and tensile strain conditions within the left coronary artery.
Blood flow-induced FSS and CS on the vascular wall under various physiological and pathological

conditions were estimated.



In parallel, a novel shearing-stretching device was developed, to apply physiologically
relevant FSS and CS concomitantly to cultured human coronary artery endothelial cells. Upon
mechanical stimulation, endothelial cell morphological and functional responses were
characterized. Changes in cell morphology were evaluated through cell area and elongation.
Changes in EC functional responses were evaluated by characterizing EC activation, (i.e., ICAM-
1 and phosphorylated PECAM-1 expression) and associated mechanotransduction (MAPK)
pathway activation. Cells subjected to pathological FSS and CS mechanical conditions, in
comparison to cells subjected to physiological conditions, were significantly bigger in area and
presented significantly increased EC activation. Concomitant FSS and CS stimulation induced
significant changes in endothelial cell function, compared to when cells were exposed to only FSS
or CS alone. These findings demonstrate the complex interplay between altered FSS and CS, and
suggest both FSS and CS need to be considered to investigate how mechanical stress/strain affects

endothelial cell mechanotransduction, pathophysiological responses and disease initiation.



To my family, especially my parents, Elvin Meza and Liliana Sanchez.



Frontispiece: Computed Tomography of a patient’s heart, from which much of this work was

based on.
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Chapter |
INTRODUCTION, SPECIFIC AIMS AND SIGNIFICANCE

Coronary artery disease (CAD) (also known as coronary heart disease) is the leading cause of
death in the US [4]. Coronary arteries (Figure 1A) are the vessels that supply blood to the cardiac muscles.
CAD occurs when the coronary arteries are blocked due to plaque accumulation, or atherosclerosis

(Figure 1B). Decreased blood supply to the heart can cause myocardial infarction (heart attack).
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Figure 1. A) Coronary arteries supply blood to the heart muscles. [1] B) Enlarged view of an
obstructed coronary artery due to plaque accumulation (atherosclerosis) [3]

There are two main coronary arteries which supply the heart: the right and the left coronary artery
(Figure 1A). The left coronary artery divides into two branches, the circumflex artery and the left anterior
descending (LAD) artery. The LAD’s obstruction accounts for 40-50% of myocardial infarctions, as
compared to 15-20% caused by circumflex artery blockage and 30-40% by right coronary artery

obstruction [5].



Both biochemical and biomechanical factors play important roles in CAD development [6, 7].
The study of how biomechanical factors affect CAD development has had a growing interest in the last
decades, and it is the focus of this dissertation.

The theory of the important role hemodynamics/biomechanics has on atherosclerosis formation
was proposed by Mustard[8], Fox[9], Texon[10], Mitchell[11], Fry[12] and Caro et al[13], in the 1960-
1970’s [14, 15]. Their hypothesis was presented to account for the localization of atherosclerosis in the
arterial system, evidenced in clinical and postmortem studies. These studies found that atherosclerotic
lesions on human vessels do not develop randomly throughout the vasculature (Figure 2), instead lesions
occur focally at bifurcations, branch ostia and curvatures in the arterial tree where blood flow is disturbed
and flow separation from the vessel wall, along with formation of eddies are likely to occur[16-18] (also
termed regions of recirculating or oscillatory flow). Fry[12] and Caro[13] specifically proposed low and
high wall shear stresses induced by blood flow might be the cause of atherosclerosis localization. Since
then, many in vitro and in vivo studies have validated their theory.

Shear stress, which is the frictional force induced by blood flow acting on the vessel wall is sensed
and mechanotransduced by endothelial cells lining the inner portion of the vessel wall into a biochemical
signal that results in either an atherogenic or atheroprotective response by the cells. Low shear stress (<10
dynes/cm?), prevalent at atherosclerosis-prone sites, stimulates an atherogenic response, while normal
shear stress, prevalent at disease-free regions along the vasculature ( >10 dynes/cm?, but <25 dynes/cm?)
induces an atheroprotective endothelial cell response[19-21]. Furthermore, high shear stress (>25
dynes/cm?) prevalent at plaque protusions, or stenosis throats, is thought to elicit atherogenic responses
as well[22], but more studies are needed to support this claim.

The mechanotransduction process is thought to start off with common mechanotransducers such
as platelet-endothelial cell adhesion molecule (PECAM-1). Depending on the magnitude, frequency and
duration of the mechanical signal, PECAM-1 can then phosphorylate and activate the mitogen-activated

protein kinases (MAPK) pathway[23, 24] via the phosphorylation of extracellular signal-regulated kinases



(ERK)1/2, c-Jun N-terminal kinases (JNK) and p38. This MAPK activation would then result in the
activation of transcriptional factors (such as nuclear factor kappa-light-chain-enhancer of activated B cells,
NF-xB) [25, 26]. Subsequently, the expression of EC surface inflammatory proteins (such as intercellular-
adhesion molecule, ICAM-1) would increase [26, 27], enhancing leukocyte transmigration and many other

inflammatory responses [28, 29]. These inflammatory responses could potentially lead to atherosclerosis

formation.
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Figure 2. Distribution of atherosclerosis in humans. Atherosclerosis occurs preferentially at bifurcations
where blood flow is disturbed and oscillatory. [2]



The EC change in function in response to mechanical stimuli, is also accompanied by an apparent
morphological change. ECs adjust their cytoskeleton to maintain homeostasis. In disease-free regions of
the vasculature, were flow is laminar, ECs align and elongate parallel to the direction of flow[30]. This
alignment reduces their resistance to flow and activates atheroprotective mechanotransductory pathways.
Along bifurcations and areas were flow is disturbed and oscillatory, ECs exhibit a cobblestone
morphology, with no definite alignment[31]., which is thought to expose ECs to greater shear stress
gradients and be responsible for the activation of atherogenic mechanotransductory pathways[32].

However, in vivo, ECs are exposed to a complex set of mechanical stimuli. Coronary artery
endothelial cells are exposed to shear stress induced by blood flow, along with cyclic tensile strains
induced by the artery’s cyclic displacement, bending and contraction during the cardiac cycle [33, 34]
(Refer to Figure 3). Cyclic strain varies in magnitude, frequency, direction, and can be isotropic and

anisotropic in nature[35].
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Figure 3. Endothelial cells lining the inner vessel wall are exposed to two major forces: A) cyclic
strain and B) fluid shear stress. Cells can react in either an atherogenic or atheroprotective way to their
mechanical environment.



ECs are sensitive to cyclic strain and also react in either an atherogenic or atheroprotective manner
to this stimuli. Cyclic strain, similar to shear stress, is known to affect various cellular processes, including
alignment, vascular angiogenesis, endothelial barrier function, proliferation, apoptosis and differentiation
[35-38]. Physiological and pathological strain magnitudes depend on the type of endothelial cell and are
not clearly distinguished. Some studies have shown physiological and pathological strains in pulmonary
arterial endothelial cells, for example, are 5% and 18% respectively[36]. However, magnitudes for
coronary artery endothelial cells have not been clearly distinguished.

Since ECs are sensitive to both shear stress and cyclic strain, and they are exposed to both
concomitantly, studying EC response to both stresses is more physiologically relevant. The better this
complex mechanical environment is mimicked in in vivo studies, the more natural in vivo cell behavior
will be elicited. Changes in shear stress and tensile strain can lead to atherosclerosis development [39],
yet how shear stress and tensile strain act together to affect endothelial cell function has not been well
characterized. Understanding the relationship between mechanical stimuli and vascular pathology can
lead to improved treatments. In order to be able to study the response of ECs to both stresses
concomitantly, systems need to be designed that will allow for that.

Over the years, only a handful of systems have been developed to apply concurrent shear stress
and cyclic stretch to ECs in vitro. In most of these systems, distensible tubes have been used to mimic
veins or arteries [40-48]. Endothelial cells were seeded in the inner lining of the distensible tubes and flow
and pressure were applied to simulate blood flow and circumferential stretching. Microfluidic cell culture
channels then became popular in recent years [49]. Cells were cultured on suspended thin films inside
channels which mimic segments of blood vessels. Some devices applied pressure and flow simultaneously
to ECs cultured on thin flexible membranes, through pulse generator or other customized control systems
[50-53]. These devices all applied a combination of uniaxial/biaxial strain and fluid shear stress

concomitantly. Recently, Ravi Sinha et al.[54] developed a microfluidic device than can apply anisotropic



strain and fluid shear stress combinations. Even though this area of study is slowly growing, it remains
underinvestigated.

These studies demonstrated that EC response to shear stress and cyclic stretch depends on
whether the two stresses (or strains) are applied separately or simultaneously [55]. It was reported that
both shear stress and cyclic stretch can equally affect the orientation and alignment of ECs [44], and that
concurrent application of shear stress and tensile stretch may affect EC oxidative stress [56], intercellular
junction protein expression, and EC permeability [57]. Furthermore, differences in phase relationship

between the two mechanical stimuli can lead to significant differences in EC morphological response[58].



The goal of the present study was to characterize stress/strain (especially fluid shear stress and
vascular wall tensile stress/strain) conditions in the left coronary artery, and to determine how these
stresses/strain conditions affect endothelial cell pathophysiology. The underlying hypothesis was that the
concurrent stimulation from altered shear stress and tensile strain may lead to significant changes in

EC morphology and function, accelerating local inflammatory responses.

Three specific aims were carried out to test the hypothesis.

Specific Aim 1: A fluid-structure interaction (FSI) model of the left anterior descending (LAD) coronary
artery was developed under physiological and pathological conditions, to determine the dynamic fluid
shear stress (FSS) and cyclic tensile strain (CS) distribution on the coronary artery wall. Patient-specific
geometry, transient blood flow, blood vessel wall viscoelasticity, blood vessel cyclic bending, and
myocardium contraction were incorporated into the FSI model to increase the physiological relevance of

the model.

Specific Aim 2: A programmable shearing-stretching device that is capable of applying physiologically

relevant dynamic fluid shear stress (FSS) and cyclic tensile strain (CS) simultaneously to endothelial cells
(EC) was designed, fabricated, characterized and validated.

The system integrated a programmable vacuum-driven strain device with a programmable cone-and-plate
shearing device, to allow concurrent application of pulsatile shear stress and cyclic strain to cultured ECs.
Its main advantage over other similar systems is its ease of use and precise control of shear stress and
strain. Stress/strain conditions generated by the device were validated experimentally, and the
effectiveness of the device was evaluated through EC morphology changes under various mechanical

loading conditions.



Specific Aim 3: Based on results obtained from Aim 1, physiological or pathological shear stress and/or

tensile strain were applied to cultured human coronary artery endothelial cells (HCAEC) using the
shearing-stretching device, developed in Aim 2. EC morphological and functional responses to single and
combined stimuli were characterized. Changes in cell morphology were evaluated by cell area and
elongation. Changes in EC inflammatory responses were evaluated by characterizing EC activation, i.e.,
cell surface ICAM-1 expression, PECAM-1 tyrosine phosphorylation, mechanotransduction pathway

activation, i.e. MAPK pathway and associated transcription factor NF-«kB activation.

Significance

The FSI model was the first model that incorporated patient specific geometry, transient blood
flow, blood vessel motion, and myocardial contraction, to simulate blood flow and stress/strain conditions
within the left coronary artery. The innovative shearing-stretching device enabled us to investigate EC

mechanotransduction and inflammatory responses under dynamic FSS and CS simultaneously.

The results obtained from this study would help us to better understand how different mechanical
stress/strain conditions interact to regulate EC function and disease initiation. New insight in EC
mechanotransduction under physiological and pathological mechanical conditions will help to identify
factors that are responsible for EC dysfunction, and lead to preventive and therapeutic solutions for

cardiovascular disease [59].
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FLUID-STRUCTURE INTERACTION MODEL OF THE HUMAN LEFT
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2.1 Abstract

A left coronary artery fluid-structure interaction (FSI) model was developed in this study. The
model included not only transient blood flow conditions and cyclic motion of the artery (bending and
stretching), but also pressure induced by myocardial contraction. A patient-specific 3D geometry of the
left anterior descending (LAD) artery was constructed in ADINA, based on computed tomography
angiography (CTA) data. To simulate disease conditions, a 70% stenosis was placed in the LAD. A
physiologically relevant and fully developed velocity profile (0-12 cm/sec) was prescribed at the inlet of
the LAD. The bending motion and displacement of the blood vessel were imposed based on the LAD’s
spatial information obtained from the CTA data. The cardiac muscle contraction-induced pressure (0-25
kPa) was applied to the outside of the vessel wall during systole. The inner blood vessel wall was defined
as the fluid-structure interface. The fluid volume was solved using the Arbitrary Lagrangian-Eulerian
formulation of the Navier-Stokes equations. The fluid and solid were fully coupled using a direct coupling
method. The results demonstrated that myocardial contraction had a significant effect on the local
hemodynamics. Specifically, it transiently increased blood flow velocity and fluid wall shear stress by
approximately 4 folds. Under physiological conditions, fluid wall shear stress varied between 0 and 2.63
Pa, whereas under stenosis conditions, oscillating fluid wall shear stress occurred, and the maximum shear
stress increased to 10.3 Pa in various regions near the stenosis throat. Circumferential strain developed in
the blood vessel wall varied between 2-10.8% under physiological conditions and decreased to 0-4.5%
under stenosis conditions. These results underscore the importance of incorporating transient flow, blood
vessel motion and myocardial contraction when simulating coronary artery hemodynamics. With
improved physiological relevance, this FSI model can help us to better understand the complex and
dynamic mechanical environment within the left coronary artery, and elucidate how mechanical factors

contribute to the initiation and development of coronary artery disease.
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2.2 Introduction

The left anterior descending (LAD) coronary artery is considered the most critical vessel in terms
of myocardial perfusion, since it supplies blood to 45-55% of the left ventricle [60]. The narrowing or
blockage (severe occlusion of the artery) of the LAD due to atherosclerosis results in 40-50% of all heart
attacks [5] and causes over 185,000 deaths in the US annually [61].

Besides genetic and life-style factors, biomechanics play a key role in atherosclerosis initiation
and progression. Atherosclerosis only occurs at certain locations within the vasculature [15, 62, 63].
Atherosclerotic plaque tends to accumulate in areas with altered biomechanical conditions, such as altered
fluid shear stress induced by disturbed blood flow, and/or altered tensile strain within the vascular wall
due to changed local blood pressure or vessel compliance [64, 65]. Accelerated blood flow and elevated
shear stress occur near a stenosis (i.e., blood vessel restriction due to atherosclerotic plaque accumulation),
while stagnant flow and low shear stress are common near a bifurcation or within the recirculation zones
downstream of a stenosis. With a plaque built up, the vascular wall tensile strain would change, due to the
increased stiffness of the blood vessel wall. Pathological shear stress and/or tensile strain can cause
atherogenic responses in vascular endothelial cells, by enhancing inflammatory protein expression and
leukocyte transmigration [21, 37].

To better understand how atherosclerosis and coronary artery disease develop, the complex
mechanical environment including, 1) shear stress induced by blood flow, 2) axial stretch due to cyclic
bending, and 3) circumferential strain induced by blood pressure and myocardial contraction [66-68],
within the coronary arteries need to be better characterized. Numerical simulation provides an effective
solution to estimate fluid shear stress and vascular wall strain within the coronary artery, as neither can be

effectively measured in vivo.
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Current Ultrasound, Magnetic Resonance Imaging (MRI), and fused Intravascular Ultrasound
(IVUS) Computed Tomography (CT) based methods have various limitations to measure wall shear stress
(WSS). Ultrasound is restricted by limited spatial resolution and therefore can only be used to estimate
fluid shear stress in relatively straight arteries [69]. 4D MRI can considerably underestimate wall shear
stress magnitude due to a lack in spatiotemporal resolution [70, 71]. Fused IVUS CT methods are
“invasive” in nature [72], and can only be applied to patients who are already undergoing catheterization.

Methods to measure strain in vivo are more common, since these are typically used to identify
vulnerable plaques (plaque at risk of rupture). These methods include ultrasound based variants such as
Dobutamine Stress Echocardiography (DSE)[73], Doppler Stress Imaging (DSI) [74], 2D Speckle
Tracking Ecocardiography (STE) [73, 74], Ultrasound Palpography [75], Non-invasive Vascular
Ultrasound Elastography (NIVE) [76], Automatic Function Imaging (AFI) [77], among others [78].
Ultrasound scanning is always a compromise between resolution and penetration. Given that the coronary
arteries are located relatively deep inside the body, invasive intraluminal echocatheters are needed to
image them. Therefore, the greatest disadvantage of all these ultrasound techniques is all are invasive.
These techniques can also affected by translational motion [79], angle dependent measurements [76, 80,
81] and subjective interpretation which is a result of both image quality and experience [82-84].

In recent years, many fluid-structure interaction (FSI) models of the coronary arteries have been
developed to simulate blood flow-arterial wall interactions. The dynamic movement of the arterial wall
influences the motion of the blood, and the arterial wall displacement is computed based on the force
generated by the blood as it travels through the vessel. Many of those models were successful in
elucidating stress-strain conditions in the coronary arteries, by including patient-specific geometry [85,
86], pulsatile flow, cyclic bending [87] and anisotropic material properties of the blood vessel wall [88].

However, few of those models have considered the effect of myocardial contraction on
hemodynamics and blood vessel wall strain conditions [89]. A large portion of the left coronary artery is

embedded within the myocardium. During systole, the cardiac muscles contract, which can constrict the
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left coronary artery, and significantly reduce coronary blood flow [90]. The magnitude of this contraction,
I.e., squeezing of the myocardium on the external blood vessel wall, can reach 40 kPa [67]. Ignoring the
effect of such a huge contraction force would likely result in an underestimation of flow and strain
conditions within the left coronary artery.

Zhang et al incorporated myocardial contraction into a 2D FSI model to compare the difference
between epicardial and intramural arteries [91]. They reported that due to myocardial contraction, the
maximum blood flow velocity increased slightly. However, simplified 2D geometry and flow conditions
limited the physiological relevance of this model. Smith et al [92] developed a FSI model to investigate if
myocardial contraction would inhibit coronary blood flow. Their model showed that a so-called
“intramyocardial pump” played a dominant role in reducing systolic flow. However, the effects of cardiac
muscle contraction on blood hemodynamics, fluid shears stress, or blood vessel wall tensile stress, were
under investigated. In 2011, Ohayon et al [93] developed a patient-specific finite element (FE) model to
study the effect of myocardial contraction on coronary blood vessel wall stress and strain distribution.
They reported that wall strain stiffening induced by myocardial contraction, was an additional process
contributing to the initiation of atherosclerosis. However, how blood flow interacted with the vessel wall
was not considered in their study.

In the present study, a FSI model of the left contrary artery was developed based on a patient-
specific LAD geometry. This model incorporated transient blood flow, blood vessel cyclic bending and
stretching, as well as myocardial contraction, to provide a physiologically relevant estimation of blood
flow, shear stress and tensile strain conditions within the left coronary artery, under physiological and

pathological conditions.
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2.3 Materials and Methods

The 3D geometry of a healthy left anterior descending artery (LAD) was constructed based on the
anatomical CTA (Computed Tomography Angiography) data acquired from a patient at Tianjin First

Center Hospital in China.

The myocardial area was isolated using 3D Slicer (Surgical Planning Labs, Boston), and LAD was
segmented using the colliding fronts segmentation algorithm of the Vascular Modeling Tool Kit (VMTK,

an open source software, www.vmtk.org). The 3-dimensional geometry of LAD was constructed and

smoothed using SolidWorks (2015), and exported to ADINA (Version 9.2, ADINA R&D Inc., Watertown,
MA) for mesh generation (Figure 4A). To simulate disease conditions, a 70% stenosis was added 8 mm
downstream from the bifurcation of LAD and the left circumflex artery (LCX). The stenosed area (an
intruding plaque) was positioned towards the arterial wall opposite to the myocardium (Figure 4B) [94].
The width of the lesion area was 3.05 mm and the length was 6.78 mm, which were typical for a 50-70%

stenosis in the left coronary artery [95].

bi
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Figure 4. Patient-specific LAD segmentation workflow. Myocardium region was isolated from
patient’s CTA data. (A) The LAD was segmented and prepared for mesh generation. (B) Diseased
condition was simulated by adding a 70% stenosis, 8 mm downstream from the LAD-LCX bifurcation.
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Free-form triangular elements were generated for both the normal and the stenotic LAD geometries
using the Delaunay meshing algorithm. The fluid domain (i.e., blood within the vessel) and the solid
domain (i.e., the blood vessel wall) were meshed separately. To ensure mesh independence, mesh size
(the number of elements) was increased gradually till the solution difference was less than 5%. In the
present study, the normal LAD consisted of 39,284 elements in the solid domain and 373,903 elements in
the fluid domain. In the 70% stenosis model, the solid domain included the vascular wall and the plaque.
There were 39,214 elements in the wall, 30,778 elements within the plaque, and 374,517 elements in the
fluid domain. For the stenosis model, adequate face linkage was employed to ensure nodal coincidence

between the plaque and the arterial wall.

The diameter of LAD at the inlet was 3.82 mm, and that at the outlet was 1.59 mm. The total length
of the model was 7.45 cm (Figure 4A). The arterial wall was defined as 3-D shell with a thickness of 0.25
mm [96]. During one cardiac cycle, LAD experienced large displacements due to cyclic bending and
myocardial compression, which was prescribed based on the CTA data. Figure 5A depicts the centerline
locations of LAD at the end of systole and diastole. The largest displacement occurred approximately 35

mm downstream from the inlet, and the outlet moved up/down by 7.5 mm.
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Figure 5. Input waveforms for the FSI model. (A) Cyclic displacement of LAD was computed by
tracking centerline locations of the LAD at the end of diastole and systole. (B) Pressure waveform
induced by myocardial contraction, inlet blood velocity waveform, and inner LAD wall displacement
waveform during one cardiac cycle. Pressure induced by myocardial contraction changed between 0 and
25 kPa; inlet blood velocity varied between 0 and 12 cm/s; and displacement of the blood vessel varied
between 0.3 mm and 7.5 mm. All waveforms are shown as ratio to the magnitude of displacement,

pressure and velocity.

The arterial wall and the plaque were defined as nonlinear elastic, anisotropic, and
incompressible materials. Their mechanical behavior was described using the hyper-elastic modified
Mooney-Rivlin model with added anisotropic effects [97]. These anisotropic properties result from

randomly oriented or aligned collagenous fibers within the blood vessel wall, which affect the response

of the blood vessel to applied stress/strain significantly, especially when the strain is large.
The strain energy density function (W) for the Mooney-Rivlin model (stress-strain relationship) is given
by [97, 98]:
2 2
W == ClO(Il - 3) + 601(12 - 3) + Cll(Il - 3)([2 - 3) + Czo(lz - 3) + Coz(lz - 3)
- k
+ Dy [e”2 7V — 1] + 2 feaplky (= 171+ explia = D] - 2)

(Equation 1)
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where [; are strain invariants of the Cauchy-Green deformation tensor and are defined as the following

[97, 98]:

I, = )Cy (Equation 2)
I, = %(112 —C;;Cij);  (Equation 3)
I; = detC (Equation 4)
Iy = Cij(ng)i(ng)j;  (Equation 5)
Is = Cij(ny)i(np) (Equation 6)

Ji's are the reduced invariants [97, 98], defined as the following:

1/3

Jo =11, (Equation 7)

/3

_1
J2 = Iel, (Equation 8)

The direction of the collagenous fibers are described by the normal vectors n, and n; with
components (n,); and (n,); respectively [97,98]. ¢; D; and K; are material constants chosen to match
the experimental data (tensile stretch and histology) from human coronary arteries and calcified plaque,
reported by Kural et al [99] and Karimi et al [100]. In those studies, the artery and plaque samples were
pre-elongated (5%) during mechanical testing, simulating pre-stress conditions [99, 100]. Table 1

summarizes the constants of the Mooney-Rivlin model and the added anisotropic properties.

Table 1. The Mooney-Rivlin constants and anisotropic constants for the normal vascular wall and the
plaque.

Mooney-Rivlin constants (MPa) Anisotropic constants (KPa)
Cwo Cun | Co | Cuu | Co2 D1 | D2 K1 Kz
Vascular Wall[99] -1.31 0115 O 0 0 063 2 3.6 235

Plaque[100] -0.49 050 3.63 119 473 0 0 - -
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The inlet of the arterial wall was fixed in all translational and rotational directions through the

calculation to allow for model convergence.

To simulate the cyclic bending motion of the blood vessel, a displacement waveform (Figure 5B)
calculated based on the CTA data was prescribed along the inner LAD wall. During one cardiac cycle, the

maximum radius of curvature displacement was 7.5 cm (occurring at 0.5 sec).

The pressure induced by myocardial contraction was also included in the model. As depicted in
Figure 5B, the squeezing of the cardiac muscles took place during systole, and the maximum pressure
generated was approximately 25 kPa [67]. This load was imposed on LAD through the outside blood

vessel wall.

A transient blood flow velocity input was applied at the inlet of LAD. During one cardiac cycle,
the flow rate within the LAD varied between 0 and 100 mL/min, corresponding to a mean velocity of 0-
12 cm/sec [101]. The maximum flow occurred during early diastole when the ventricles were relaxing and
the extravascular compression of the coronary arteries was absent. Blood flow was assumed laminar, and
blood was modeled as an incompressible and Newtonian fluid with a density of 1060 kg/m®and a dynamic

viscosity of 3.5 cP. The LAD outlet was defined as a pressure outlet, with zero normal traction.

The inner surface of the LAD wall, and the outer boundary of the fluid volume were defined as
the fluid-structure interface. At the interface, velocity and traction conditions were equal. The fluid domain
was solved using the Arbitrary Lagrangian-Eulerian formulation of the Navier-Stokes equations. The fluid
and solid were fully coupled using a direct coupling method with a coupling composite time step of 0.0025
sec. Default convergence criteria (10~ tolerance) were used for both the force and the displacement

calculation.
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Following numerical simulation, blood flow velocity, wall fluid shear stress, and blood pressure
distribution were analyzed for the fluid domain. Blood vessel wall circumferential and axial strains were
calculated for the solid domain. Results obtained from the normal LAD model were compared to that of

the stenosis model.

2.4 Results

2.4.1 Blood Flow Velocity
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Figure 6. Blood flow velocity within the LAD under normal conditions. During diastole, blood
flow was unidirectional within the normal LAD, with an average velocity of 0.21 m/s.
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Figure 7. Blood flow velocity within the LAD under stenosis conditions. The plaque obstruction
resulted in an increased velocity (to 0.8 m/s) at the stenosis throat. Flow detachment occurred
downstream of the plaque, causing the development of a recirculation region, where flow was
oscillatory and with a maximum velocity magnitude of about 0.225 m/s.

Transient velocity input (Figure 5B, the velocity waveform) was prescribed at the inlet of the
LAD. As the blood vessel dislocated and the myocardium compressed, blood flow velocity changed.
0.0175 sec into the diastole (the beginning of diastole was defined as t=0), and approximately 8 mm
downstream from the inlet (enlarged area in Figure 6), blood flow velocity reached its maximum, i.e.,
0.40 m/s, in the normal LAD (Figure 6). For the rest of the diastole, as blood pressure decreased, blood
velocity decreased gradually. At the beginning of systole (t=0.61 sec), myocardial contraction started,
which caused a surge in blood flow velocity, bringing it back up to 0.42 m/s. Through the cardiac cycle,
blood flow was laminar, with the Reynolds number varying between 27.6 and 551. Blood flow under the
stenosis conditions (70%) followed a similar trend, but appeared more complex (Figure 7). At the stenosis
throat (about 8 mm from the inlet), the maximum flow velocity (magnitude was 1.0 m/s) occurred at

approximately 0.02 sec, followed by a gradual decrease until the end of diastole. As systole started (t=0.61
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sec), myocardial compression caused blood flow acceleration, and the velocity went up to 0.83 m/sec.
Flow detachment occurred downstream of the stenosis, resulting in a recirculation region. The average
velocity of the oscillatory flow within the recirculation region (approximately 0.6 cm in length) was
0.075m/s. With the presence of a 70% stenosis, the maximum Reynolds number increased to 757. The
maximum and mean velocity, as well as the maximum Reynolds number of blood flow under normal and

stenosis conditions are summarized in Table 2.

Table 2- The maximum and mean velocity, maximum Reynolds number, maximum shear stress,
maximum/mean wall fluid shear stress, and maximum/mean tensile strain values in the normal (point of
interest is located 8 mm downstream from the inlet) and stenotic (stenosis throat and recirculation
region) LAD models

Normal | Stenosis Throat Recirculation Region

(on plaque)
Maximum velocity (m/s) 0.42 1.05 0.225
Mean velocity (m/s) 0.21 0.35 0.11
Maximum Reynolds number 551 757 310
Maximum shear stress (Pa) 7.50 24.46 1.51
Maximum wall fluid shear stress (Pa) 2.63 10.3 0.9
Mean wall fluid shear stress (Pa) 1.2 3.7 0.3
Maximum circumferential strain (%) 10.8 4.50 9.00
Mean circumferential strain (%o) 8.00 3.3 7.00
Maximum axial strain (%0) 14 3.5 155
Mean axial strain (%0) 8.5 1.3 10.5

21



2.4.2 Maximum Shear Stress

The maximum shear stress (MSS) at the wall was calculated. The maximum shear stress was
defined as one-half of the difference between the maximum and minimum principal stress. The MSS along
the normal LAD wall is depicted in Figure 8. MSS in areas near the inlet was in general less than 7 Pa.
MSS was close to 4.5 Pa at the point of the highest curvature, 5 Pa before and after the branching, and 9
Pa near the outflow of the model. During diastole, MSS decreased as blood flow velocity decreased, and
increased back again during systole. Approximately 8 mm downstream of the LAD inlet, MSS reached a
magnitude of 6 Pa at the beginning of systole (Figure 8, t = 0.6125 sec). Arterial bending did not seem to
impact MSS much. With the presence of a 70% stenosis (located 8 mm downstream of the inlet), MSS
increased significantly (Figure 9). At the stenosis throat, the MSS increased by 2.5 folds, to 15 Pa
(compared to 6 Pa under normal condition) during systole. In the recirculation zone downstream of the

stenosis, MSS was low (1.51 Pa) and oscillatory.

Wall fluid shear stress (WSS) was also calculated based on the local shear strain rate and effective

viscosity. The maximum and mean WSS values are summarized in Table 2.
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Figure 8. The maximum shear stress along the LAD wall under normal conditions through the
cardiac cycle. Wall shear stress was significantly increased by myocardial compression (0.6125
s). The white arrows indicate the inflow, outflow, point of highest curvature and branching point
(the branching artery is not shown).
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Figure 9. The maximum shear stress along the LAD wall under stenosis conditions. The maximum
wall shear stress significantly increased during systole due to myocardial compression. The white
arrows indicate the inflow, outflow, point of highest curvature and branching point (the branching
artery is not shown).
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Figure 10. Blood vessel wall circumferential strain in the normal LAD model. At t=0.75 sec (mid
systole), the vessel wall is subject to up to 10.8% blood vessel wall circumferential strain. With the
presence of stenosis, the circumferential strain in the plaque area decreased to a maximum of 4.5%.
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Figure 11. Blood vessel wall axial strain in the normal and stenotic LAD model. Both normal and
stenotic models are subject to up to 15.5% axial strain during systole. Axial strain in the plaque area
decreases to a maximum of 3.5%.

The cyclic bending and stretching motion of LAD contributed greatly to the axial and
circumferential strain developed within the blood vessel wall. Figure 10 depicts the circumferential strain
distribution within the blood vessel wall at t = 0.75 sec (mid systole), when myocardial contraction
generated the most compression. 8 mm downstream from the inlet in the normal artery, myocardial

contraction resulted in a maximum circumferential strain of 10.8%, which decreased to 2% during
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diastole. The maximum axial strain was 14%, and the minimum was 1.5% (Figure 11). In the stenosis
model, due to the presence of the plague (8 mm downstream from the inlet), the maximum circumferential
strain decreased to 4.5% (Figure 10), and the maximum axial strain to 3.5% (Figure 11). Within the
recirculation region downstream of the stenosis, the maximum circumferential strain was approximately
9%, and the maximum axial strain was 15.5%. Blood pressure in early diastole (minimum bending, no
myocardial contraction) only caused very small circumferential and axial strain (<2%), compared to that

induced by the vessel motion.

Both WSS and tensile strain can significantly affect vascular wall endothelial cell functions.
Therefore, WSS and tensile strain distribution within the LAD was carefully examined. Figure 12 depicts
representative WSS and tensile strain waveforms as a function of time, from randomly selected wall
elements under normal and stenosis conditions. During one cardiac cycle, a wall element within a normal
LAD was exposed to pulsatile shear stress and tensile strain. The magnitude of WSS was 1 Pa, and that
of the circumferential strain and axial strain were 7% and 8.4% respectively (Figure 12, Normal). With
a 70% stenosis, due to the increased stiffness of the plaque, WSS of a wall element located in the plaque
area increased to 3.7 Pa, circumferential strain decreased to 3%, and axial strain to 2.8% (Figure 12,
Stenosis throat). For a wall element within the recirculation zone, WSS decreased to 0.7 Pa,

circumferential strain to 5% and axial strain to 7.2% (Figure 12, Recirculation region).

To determine how myocardial contraction affected blood vessel wall fluid shear stress and tensile
strain distribution, the normal and stenosis LAD models were also run without myocardial compression,
i.e., in these models, the deformation of the blood vessel wall was mainly induced by the bending motion
of the vessel and changes of blood pressure. Typical WSS and tensile strain waveforms are demonstrated
in Figure 13. In the normal LAD model without compression, the magnitude of wall fluid shear stress
was similar to that observed in the model with myocardium compression, Figure 12, Normal), which was

approximately 1 Pa (Figure 13, Normal). During systole, however, differences occurred. The second
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surge in shear stress due to myocardial contraction disappeared. Axial strain remained similar (7.3%) since
axial strain was mostly induced by the bending motion of the vessel. Circumferential strain decreased to

2.9% since the vessel was no longer compressed during systole.

Similar trend was observed with the stenosis model. Near the plaque, the WSS magnitudes
remained almost the same compared to the compressed model (i.e., 3.68 Pa compared to 3.7 Pa at the
stenosis throat, and 0.74 Pa compared to 0.7 Pa within the recirculation region). However, the second
shear stress peak disappeared in the non-compressed model. The axial strain values slightly differed from
the compressed model (i.e., 3.1% compared to 3% at the stenosis throat, and 6.6% compared to 7.2%
within the recirculation region). The lack of compression resulted in a large decrease in circumferential
strain within the recirculation and stenotic throat region, from 5% to 3.7%, and from 3% to 1.9%

respectively.
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Figure 12. Wall shear stress and tensile strain along normal, recirculation and stenosis throat regions in

the LAD, with myocardium compression
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Figure 13. Wall shear stress and tensile strain along normal, recirculation and stenosis throat regions in
the LAD, without myocardium compression.
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2.5 Discussion

The left coronary artery models developed in this study incorporated transient blood flow, blood
vessel motion (bending and stretching), and myocardial contraction. The effect of blood flow, vessel
motion and cardiac muscle contraction collectively on coronary artery hemodynamics and vascular wall

stress/strain distribution was investigated.

The lab has previously reported a left coronary artery FSI model considering both dynamic blood
flow and vessel stretching-bending motion[87]. The present study improved the physiological relevance
of the previous model by incorporating myocardial contraction. The results indicated that myocardial
contraction had a significant effect on all hemodynamic parameters. It not only transiently increased blood
flow velocity (by 4 folds) during systole, but also caused a second velocity peak during the cardiac cycle

(Figure 12).

The present model estimated that the velocity magnitudes in the normal LAD varied between 0
and 0.42 m/s, which was in agreement with echo Doppler measurements in patients with normal coronary
blood flow [102]. As expected, with the presence of a 70% stenosis, a prominent velocity increase
occurred near the stenosis throat due to the decrease in lumen size. A recirculation region formed after the
stenosis, and the size of the recirculation zone varied between 0.07 mm (during systole) and 0.6 mm
(during systole). Compared to our previously reported FSI model (where myocardial contraction was not
considered), velocity magnitudes estimated by the current model were much higher. In the previously
reported model, the maximum blood velocity within the normal LAD was 0.18 m/s and that in the stenosed
model was 0.31 m/s [87]; in the current model, the maximum blood velocity increased to 0.42 m/s and 1
m/s respectively. These differences may due to the inconsistencies in geometry[103], boundary conditions

and degrees of freedom[104] between the two models.
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Fluid shear stress at the vascular wall was also calculated using the present model. Within a normal
LAD, wall fluid shear stress varied between 0 and 2.63 Pa. With a 70% stenosis, wall fluid shear stress
near the stenosis throat went up to 10 Pa, and that within the recirculation region was always less than 0.9
Pa. These values are comparable to those reported in literature, that fluid shear stress below 1 Pa was
considered pathologically low, between 1 and 2.5 Pa was considered normal (or physiological), and over

2.5 Pa was considered pathologically high [19, 105-108].

Besides changes in blood flow velocity and fluid shear stress, myocardial contraction also caused
a 50% increase in the maximum shear stress within the vascular wall. The current model estimated that
within a normal LAD, the maximum shear stress varied between 0.75 and 7.5 Pa, which is similar to that

has been reported in literature [105].

In terms of strain, myocardial contraction caused a large increase in both axial and circumferential
strain. Axial strain was more prominent during the bending motion, while circumferential strain changed
largely during systole once the compression started. Yamamoto T, et al. measured the amount of
compression in the LAD associated with cardiac contractions, using multi-planar reconstruction and
enhanced cross sectional CT images. They reported an axial strain of 15.6 + 26.4% (mean + standard
deviation) under normal conditions, which increased to 17.1 + 30.8% with a stenosis [109]. Ohayon et al
also reported similar axial strain values of -13.90 £ 8.92 [93]. These axial strain values are in concordance
with that estimated by our model. Under normal conditions, the axial strain within the LAD reached a
maximum value of 14%, which increased to 15.5% under stenotic conditions. Circumferential strain
values obtained from the present LAD model were also comparable to those reported by in-vivo studies
using intravascular ultrasound. Liang et al reported a 5-10% circumferential strain in normal regions of
the LAD wall, while a 0-2% strain in the luminal area facing an eccentric plaque [110]. Our model

estimated circumferential strains of 8% and 3% in normal LAD and near stenosis, respectively. The slight
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difference here could be due to different plaque compositions, as mechanical properties of plagues change

with their composition (calcified, soft or mixed), which varies greatly among patients [111].

In summary, this is the first large LAD FSI simulation model (>3mm) that included the effect of
myocardium contraction. The results indicated that along with LAD cyclic stretching and bending motion
[87, 112, 113], myocardial contraction exerted a substantial mechanical stress/strain on the artery and had
a significant effect on coronary hemodynamics/mechanics. Values estimated using this model agreed well
with that reported in literature (numerical simulation or in vivo measurement), validating the improved

physiological relevance and accuracy of the model.

Coronary artery shear stress and tensile strain conditions estimated using this FSI model can be
employed by in vitro studies to investigate how coronary biomechanics affect blood cell and vascular wall

endothelial cell pathophysiological responses during atherosclerosis development.
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2.7 Limitations

The FSI model has the following limitations.

1. The model does not take into account the multi-layered structure of arterial walls, instead it
assumes a single layer with uniform material properties.

2. The vascular wall was assumed to have a uniform thickness, which is not always the case in vivo.
However, the effect of thickness variation (+/- 10% as measured by high-frequency transthoracic
and epicardial echocardiography [114]) on hemodynamic parameters such as wall shear stress and
wall stiffness is still not fully understood, therefore it may or may not have affected the model
estimation on hemodynamic parameters [93, 96, 115, 116].

3. Torsion effects were not included in the model which could improve the accuracy of the resultant
hemodynamics in terms of WSS by ~3%[117]. The effect of torsion on the resultant strain
distribution is not certain.

4. The model does not take into account the effect of anisotropy on the plaque area. The addition of
anisotropic properties to the plaque area, could further enhance the resultant strain distribution

estimation.
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Chapter 111

A SHEARING-STRETCHING DEVICE THAT CAN APPLY CONCURRENT
FLUID SHEAR STRESS AND CYCLIC STRETCH TO ENDOTHELIAL CELLS

Portions of this chapter have been reproduced from:

Daphne Meza, Louie Abejar, David A. Rubenstein, Wei Yin, 2016, "A Shearing-Stretching
Device That Can Apply Physiological Fluid Shear Stress and Cyclic Stretch Concurrently to
Endothelial Cells,” J Biomech Eng, 138(3), p. 4032550.
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3.1 Abstract

Endothelial cell (EC) morphology and functions can be highly impacted by the mechanical stresses
these cells experience in vivo. In most areas in the vasculature, ECs are continuously exposed to blood
flow induced shear stress, and vasodilation-contraction induced tensile stress/strain simultaneously.
Investigations on how ECs respond to combined shear stress and tensile strain will help us to better
understand how altered mechanical environment affects EC mechanotransduction, dysfunction and
associated cardiovascular disease development. In the present study, a programmable shearing and
stretching device that can apply dynamic fluid shear stress and cyclic tensile strain simultaneously to
cultured ECs was developed. Flow and stress/strain conditions in the device were simulated using a fluid
structure interaction (FSI1) model in ADINA. To characterize the performance of this device and the effect
of combined shear stress-tensile strain on EC morphology, human coronary artery ECs were exposed to
concurrent shear stress and cyclic tensile strain in the device. Changes in EC morphology were evaluated
through cell elongation, cell alignment and cell junctional actin accumulation. Results obtained from the
numerical simulation indicated that in the “in-plane” area of the device, both fluid shear stress and bi-axial
tensile strain was uniform. Results obtained from in vitro experiments demonstrated that shear stress,
alone or combined with cyclic tensile strain, induced significant cell elongation. Biaxial tensile strain
alone did not cause any noticeable change in EC elongation. Fluid shear stress and cyclic tensile strain
had opposite effects on EC actin filament alignment and accumulation. By combining various fluid shear
stress and cyclic tensile strain conditions, this device can provide a physiologically relevant mechanical

environment to study EC responses to physiological and pathological mechanical stimulation.
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3.2 Introduction

Vascular wall endothelial cells (ECs) are continuously subject to blood flow induced shear stress
and vasodilation-contraction induced tensile (or compressive) stress/strain. Altered mechanical
environment can trigger various pathological responses in ECs and lead to atherosclerosis [118-121]. To
investigate how different mechanical conditions affect EC functions and activities, multiple in vitro
models have been developed to apply shear stress, or tensile strain to ECs. It is well established that under
physiological flow, ECs align their cytoskeleton proteins with the blood flow direction which reduces
effective resistance of the flow [30]. Pathological flow can result in altered (e.g., elevated, reduced or
oscillatory) shear stress on ECs, causing EC activation. Activated ECs can express increased amount of
surface adhesion molecules (such as ICAM-1) [122], which promote monocyte recruitment and initiate
atherosclerosis. Cyclic stretch (sometimes compression) can also affect EC functions greatly. It was
reported that in the absence of shear stress, cyclic axial stretch of blood vessels can cause EC actin fibers
to align with the circumferential direction, reducing endothelium-dependent vasodilatability [123]. Large
cyclic strain can lead to EC activation [124] and apoptosis [125]. Cyclic stretch can also activate EC ion
channels, affecting EC mechanotransduction [126] and enhancing EC pro-inflammatory responses
associated with atherosclerosis [127].

However, under pathological conditions, how altered shear stress and cyclic strain work together
to affect EC functions was under investigated. Over the years, only a handful of systems have been
developed to apply concurrent shear stress and cyclic stretch to ECs in vitro. In most of these systems,
distensible tubes were used to mimic veins or arteries [40-48], making cell culture and accurate control of
stress/strain waveforms challenging. Furthermore, to visualize cells, the tubes need to be cut open to flatten
following stress/strain treatment, which could induce additional changes in the results. Microfluidic cell
culture channels have become popular in recent years [49]. Cells can be cultured on a suspended thin film

inside a channel that mimics a segment of a blood vessel wall. However, the lack of control worsens as
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the channel area increases. Switching between biaxial and circumferential strain application would require
changes in the lithographed microfluidic channel geometry, and the need in frequent film loading and
characterization made such systems low throughput. Some other devices could apply pressure and flow
simultaneously to ECs cultured on thin flexible membranes, through pulse generator or other customized
control systems [50-53]. However, the complex experimental setup and inability to generate
physiologically relevant dynamic stress/strain conditions made these devices/systems less applicable.

In spite of the limitations associated with the above mentioned systems, it has been demonstrated
that EC response to shear stress and cyclic stretch depends on whether the two stresses (or strains) are
applied separately or simultaneously [55]. It was reported that both shear stress and cyclic stretch can
equally affect the orientation and alignment of ECs[44], and the concurrent application of shear stress and
tensile stretch may affect EC oxidative stress[56], intercellular junction protein expression, and EC
permeability [57].

In the present study, a programmable shearing-stretching device that can apply precisely controlled
dynamic shear stress and cyclic tensile strain to ECs simultaneously was developed, in order to
characterize EC responses. The device integrated a piston-driven vacuum system and a cone-and-plate
shearing device, and was able to apply physiologically relevant dynamic shear stress and tensile strain to
cultured ECs on flexible membranes. The effectiveness of the device was evaluated through numerical
simulation and EC morphological responses. Using this device, the hypothesis that ECs may respond to

shear stress or tensile strain differently if the two simulations are applied concurrently was tested.
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3.3 Materials and Methods

3.3.1 The Dynamic Shearing-Stretching Device

The dynamic shearing-stretching device was designed based on a cone-and-plate shearing device
[128] and a vacuum-driven membrane stretching system [129, 130] . As depicted in Figure 14, the device
is composed of three components: 1) the housing for a culture plate with flexible membrane (Figure 14A-
B), 2) shearing cones (Figure 14C), and 3) a piston vacuum system (Figure 14D). The culture plate with
flexible membrane can be easily (and tightly) inserted into the housing and connected with the piston
vacuum system. Circular-shaped supporting plates (Figure 14E) can be placed underneath the flexible
membrane to ensure a 2D-equibiaxial strain in the “in-plane” area of the membrane [130, 131] when
vacuum pressure is applied. The Teflon shearing cones are attached to stepper motors and can be placed
right above the flexible membranes. The speed of the stepper motors and the piston can be programmed
and precisely controlled using a computer, thus generating desired shear stress (through the change of
cone speed) and bi-axial tensile strain (through the change of vacuum pressure) in the “in-plane” area of

the membrane.
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Figure 14. The shearing and stretching device. Left: a schematic drawing of the system. Right: a picture of
the device in operation. (A) The housing for a cell culture plate; (B) The 6-well cell culture plate with
flexible membrane; (C) Shearing cones; (D) The piston pump; (E) Enlarged view of the flexible membrane
and the supporting plate.

3.3.2 Numerical Simulation of Shear Stress and Tensile Strain Distribution

To estimate shear stress and tensile strain distribution that can be generated on the flexible membrane, a
3D Fluid Structure Interaction (FSI) model was built using ADINA (8.9.3, ADINA R & D Inc.). The
geometry of the numerical model matched that of the shearing-stretching device. The fluid around the
cone will be modeled as a Newtonian fluid with the viscosity of 1 cP and density of 1 g/mL (matching
that of culture media). The flexible membrane was modeled as the FSI interface with a Young’s modulus
of 600,000 Pa and a Poisson ratio of 0.49. The top of the supporting plate was defined as a rigid surface.
The angular velocity of the cone was used as the velocity input of the fluid elements, and a cyclic vacuum
pressure (frequency 1.1 HZ) was used as the transient pressure input on the flexible membrane, i.e., the
FSI interface. To solve the numerical model, a maximum of 30 iterations were allowed at each time step.

For both the fluid phase and the solid phase, the convergence tolerance was set as the default. To ensure
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mesh-independence of the solution, mesh size for both the fluid phase and the solid phase was gradually

increased until the difference in solution was less than 1%.

3.3.3 Cyclic Tensile Strain Measurement

The shearing component of the device has been well characterized experimentally in our lab [128,
132]. To determine the relationship between membrane strain and the applied vacuum pressure, and to
validate strain uniformity, dots were marked on the flexible membrane and traced when vacuum pressure
was applied. Real time motion of the dots on the membrane surface under vacuum pressure was recorded
using an 8-megapixel iSight video-camera. Images were acquired at the rate of 120 frames per second and
a resolution of 15x15 pixels per dot tracer. Each frame was then analyzed using an in-house MATLAB
program. Circumferential strain (€g) and radial strain (e,.) were calculated as indicated by Equations 7
and 8, where r is the radial distance in the relaxed state and u is the radial displacement in the strained
state [131, 133]. Equal circumferential and radial strains (e = €,-) would indicate strain field uniformity.

€g = U/T (Equation 9)

€, = du/or (Equation 10)

3.3.4 Endothelial Cell Culture

Human coronary artery ECs (HCAEC) were purchased from ScienCell Research Laboratories
(Carlsbad, CA) and will be used between passages 2 and 7. Cells were maintained in endothelial cell basal
medium supplemented with 5% fetal bovine serum, endothelial cell growth supplement, and 1%
penicillin/streptomycin (all cell culture reagents were purchased from ScienCell Research Laboratories).
Cells were grown to confluence in 6-well Flexcell culture plates (Flexcell International Corporation) pre-

coated (2-3 hours at 37°C) with 5 pg/mL fibronectin (Sigma-Aldrich, St Louis, MO).
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3.3.5 Applying concurrent shear stress and cyclic tensile strain to ECs

By setting the cone speed (18 rad/s) and the vacuum pressure (30 kPa, 1.1 Hz), a constant shear stress at
1 Pa and a cyclic tensile strain with a magnitude of approximately 3% were generated in the shearing-
stretching device (Figure 15) and applied to a confluent monolayer of HCAEC simultaneously for 30
min at 37 °C. ECs that were not exposed to any stress or strain (resting cells) were used as the experimental
control. To determine if the combined stimulation affected EC response differently than each single

stimulation, ECs were also treated with pure shear stress (1 Pa), or pure cyclic tensile strain (3%).

Vacuum Pressure (KPa)

>

= 30 r

o

kS

>

= 20 r

2o F-F-%---f-\ - -
<&

=3

<= 10 r

o

3

L

2 0

<) 0 0.9 1.8 2.7
o

Time (sec)

Figure 15. A constant angular velocity (18 rad/sec) was used as the velocity input of the cone, and a
cyclic vacuum pressure (magnitude at 30 KPa) was used as the transient pressure input on the flexible
membrane.
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3.3.6 Immunofluorescence Microscopy

Following shear stress and/or tensile strain treatment, HCAECs were washed twice with PBS,
fixed in 0.5% glutaraldehyde and neutralized with 100 mM glycine-BSA [134]. ECs were then stained
with Alexa Fluor 488 conjugated Phalloidin for F-actin elements (Ambion, Life Technologies, NY). EC

nuclei were stained with DAPIL Cell images were visualized using a Nikon Ti inverted microscope.

3.3.7 Cell Morphology Characterization

3.3.7.1 Cell Elongation

EC elongation following shear stress and/or tensile stretch treatment was determined using the
Nikon Image Analysis Software. Cell elongation was quantified by the ratio of the long axis over the short
axis of a cell, automatically determined by the software. Multiple cells were randomly chosen for each
condition and the average of all the sampled cells was used as the elongation induced by that particular
condition (control/untreated, shear, stretch, or combined). Cell elongation analysis was conducted by two
individuals independently.

Additionally, EC nuclei elongation was assessed. Using MATLAB, cell nuclei images (DAPI
stained) were converted to binary images and individual nuclei were randomly selected. Using a
MATLAB built-in function, the long axis and short axis of each nucleus was determined. The elongation
of the nucleus was defined as the ratio between long axis and short axis. Nucleus elongation analysis was
also conducted by two individuals independently. MATLAB code is available in the supplemental

information.
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3.3.7.2 Cell Alignment

Cell alignment was quantified based on a method developed by Ng et. al. [135], which utilizes 2D
Fast-Fourier transform (FFT) to determine orientation. Using the ImageJ software, F-actin fluorescence
images (1082 by1082 pixels) of ECs were gray-scaled, background subtracted (using the “rolling ball’
algorithm [136]), contrast enhanced (to ensure fiber visibility), and binarized. Orientation intensity
histograms of F-actin fibers was generated using FFT. Following normalization (to the average intensity
of each image), the alignment index (Al) was calculated. The Al refers to the fraction of actin fibers that
are aligned within 20° of the peak angle [137]. A randomly aligned matrix would have an Al of 1. High

Al would indicate a large fraction of actin fibers aligned around the peak angle.

3.3.7.3 F-actin Accumulation

Actin accumulation at cell junctions was measured using a custom MATLAB script. A line was
placed across a randomly selected cell junction, from the outside to the inside of the cell. A plot of the
intensities of the pixels along the line was generated and the signal (intensity at the junction) to background
(intensity inside cell body) ratio was calculated and used to quantify actin accumulation. MATLAB script

is available in the supplemental information section.

3.3.7.4 Statistical Analysis

Data analysis was conducted using SAS (9.3) or GraphPad Prism (v.6.01, San Diego, CA).
Significant difference was defined as o = 0.05. ANOVA was used to analyze cell elongation data. If
significant difference (P<0.05) was detected, Student Newman Keuls post hoc test was conducted for
further comparison. Student’s t-test was used to analyze data on actin accumulation. For cell alignment,

data was analyzed using Student’s t-test with Welch’s correction.

42



3.4 Results

3.4.1 The FSI model

Figure 16 depicts velocity vectors and shear stress distribution of the fluid phase as the cone was
rotating (18 rad/s) and the membrane deformed under the cyclic vacuum pressure (0—-30 kPa). In the flow
field, the Reynolds number was low (< 1) throughout the stretching cycle, indicating that the flow was
laminar. On the surface of the membrane, the fluid velocity gradient remained the same, resulting in a
constant and uniformly distributed fluid shear stress (magnitude) in the in-plane area (1 Pa). Figure 17A
depicts the membrane nodal displacement along the radial direction in the in-plane area at the maximum
deformation (t=0.6 s). The displacement increased linearly as the radial distance increased (0—12 mm).
Based on the displacement and original location of each node, circumferential and radial strain generated
due to membrane deformation can be calculated using Egs. (9) and (10). Figure 17B depicts the
circumferential and radial tensile strain of one randomly chosen node (approximately 6 mm from the
center of the membrane) as a function of time. The circumferential strain and radial strain were
approximately the same (difference was less than 3%), with a maximum value of approximately 3%
occurring at 0.6 s, indicating that a uniform equal-biaxial strain field was generated on the membrane

surface in the in-plane area.
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t=03sec

Figure 16. A) Velocity (m/s) vectors of the fluid phase as the vacuum pressure changed between 0 and 30
KPa in one stretching cycle. Simultaneously, the cone was rotting at a constant angular velocity of 18 rad/s.
B) Corresponding shear stress (Pa) distribution in the flow field when both the cone and the membrane were

moving.
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Figure 17. (A) Nodal displacement along the radial direction in the in-plane area of the membrane at
t=0.6 sec. (B) Circumferential and radial strain of a randomly chosen node (6 mm from the center of the
membrane) change as a function of time during one stretching cycle.
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3.4.2 Experimental characterization of tensile strain

Based on the displacement of the dot tracers, radial strain (e,.) and circumferential (eg) strain
along various angles (6) and radial locations () were calculated and depicted in Figure 18. Using
ANOVA, no significant difference (P >0.1, n=4) was detected in the circumferential or radial strain as
location (angle # and radial location ») changed. Moreover, no difference (P>0.1) was found between the
radial strain (e,-) and the circumferential (e4) strain, indicating an equal-biaxial strain field. At the
maximum vacuum pressure of 30 KPa, a uniform strain field was generated on the “in-plane” area of the
membrane and the magnitude of the cyclic strain was approximately 3%, matching that calculated using
the FSI model. Additionally, no significant change (P > 0.3) in membrane strain was detected after 30

min of continuous operation (cyclic stretch at 1.1 Hz).
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Figure 18. Measured circumferential and radial strain. (A) Radial strain did not vary significantly with
angle (P>0.3); (B) circumferential strain did not vary significantly with radial distance (P>0.1). The
circumferential and radial strains do not differ (P>0.1), indicating strain field uniformity.
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3.4.3 Cell morphology characterization

Following shear stress (1 Pa) and/or cyclic tensile strain (3%) treatment, EC morphology was

visualized using fluorescence microscopy. Representative images are depicted in Figure 19

(magnification 40x). Untreated ECs (control) appeared relatively small and randomly oriented, without

highlighted cell boundaries. ECs that were exposed to shear stress (alone or combined with tensile
strain) looked enlarged and elongated; cell boundaries appeared more distinct. ECs exposed to cyclic

tensile strain alone had a substantial increase in surface area and appeared more cuboidal.

Control ; Sheared ,

Coﬁ;lbined .,

Figure 19. Representative images of ECs following shear stress and/or tensile strain treatment. White
arrows indicate flow direction and red arrows indicate the directions of tensile strain. Scale bars
represent 100 um.
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3.4.3.1 Cell elongation

EC elongation was quantified by calculating the ratio between cell long axis and short axis. The
results (Figure 20A) demonstrated that shear stress, alone or combined with cyclic tensile strain, induced
significant cell elongation (P<0.05), compared to untreated ECs. Cell elongation caused by concurrent
shear stress and tensile strain was significantly lower (P<0.05) than that induced by shear stress alone.
Equal-biaxial stretch alone did not cause any change in EC elongation. These results suggested that shear
stress and bi-axial tensile strain may have opposite roles in cell elongation. In a similar manner, the
elongation of EC nucleus was quantified by comparing the long axis and short axis of cell nucleus. The
results (Figure 20B) showed that shear stress, alone or combined with cyclic tensile strain, induced a
significant increase (P<0.05) in nucleus elongation, but no difference was detected between the two
conditions. Biaxial tensile strain alone did not affect EC nucleus elongation. The mechanical stiffness of
cell nucleus is in general ten times larger than that of the cytoskeleton [138], thus it requires high
stress/strain or more time for significant changes to occur in nucleus. This might have contributed to the

difference observed in cell elongation and nucleus elongation.
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Figure 20. (A) Cell elongation and (B) Nucleus elongation after HCAEC were treated with shear stress
and/or cyclic tensile strain. Data is presented as mean + standard deviation (n=24). * indicates
significant difference (P < 0.05).
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3.4.3.2 Actin filament alignment

The alignment of actin filaments was quantified using an in-house MATLAB program. The results
(Figure 21) demonstrated that shear stress and biaxial tensile strain did not have the same effects on actin
alignment. Under shear stress, EC actin filament’s Al was significantly higher than that under biaxial
tensile strain (ANOVA with Welch’s correction, followed by Games-Howell post hoc test, P<0.05).
However, shear stress and/or tensile strain did not cause any overall change in actin alignment when
compared to untreated ECs, which may have resulted from the nature of the biaxial tensile strain and the

fact that in a cone-and-plate shearing device, the shear stress direction is not uniform at different locations.
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Figure 21. Actin alignment was quantified using FFT. Significant difference was detected between ECs
that were treated with shear stress alone, and those treated with tensile strain alone (P<0.05, n=12-19).
Data is presented as mean + standard deviation. * indicates significant difference (P < 0.05).
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3.4.3.3 Actin accumulation at cell junctions

The accumulation of cortical actin, also referred to as junctional actin, is critical for the
maintenance of cell junctional integrity. An increase in actin accumulation at the EC junction could be
associated with increased endothelium permeability and enhanced monocyte transmigration [139]. It has
been reported that the assembly, growth and maintenance of junctional actin depends on the mechanical
stress ECs experience [140]. As the mechanical stress increases, the size of EC junctions could increase
proportionally [141]. Using an in-house MATLAB program (see supplemental information section for
written code), the intensity of pixels within the cell junction were compared to that within the cell body,
and the ratio was used to quantify actin accumulation at cell junctions. ANOVA (with Welch’s correction,
P =0.012, n=31-93 images for each experimental condition) and Games Howell post hoc test
demonstrated that there was a significant difference in actin accumulation between untreated cells
(control) and cells treated with shear stress and tensile strain simultaneously (Figure 22). Independent
student’s t-test demonstrated that there was a significant difference (P=0.046) in actin accumulation
between untreated cells and sheared cells. Student’s t-test also demonstrated that there was a significant
difference (P=0.011) in actin accumulation between tensile strain treated cells and stretch-and-shear

treated cells (Figure 22)
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Figure 22. Actin accumulation along EC boundaries. Shear stress, alone or combined with tensile strain,
induced significant increase in actin accumulation along cell boundaries (P<0.05, n=31-93). Biaxial
tensile strain alone did not induce any changes in actin accumulation at cell junctions. Data is presented
as mean + standard deviation.

3.5 Discussion

Mechanical stresses including fluid shear stress and blood vessel wall tensile stress/strain play
important roles in EC morphology and functions. Altered mechanical environment can affect EC
cytoskeleton arrangement, causing changes in cell alignment, migration, apoptosis, and protein/gene
expression[142]. Evaluating changes in ECs induced by either fluid shear stress or cyclic tensile stretch
alone would not provide comprehensive information on EC responses toward the dynamic mechanical
environment in vivo. In the present study, a simple shearing-stretching device that can apply well-
controlled and concurrent fluid shear stress and tensile strain to cultured ECs was developed, and its
performance was examined through numerical simulation and in vitro experiments with HCAECSs.

The results demonstrated that the shearing-stretching device can be precisely controlled to generate
desired fluid shear stress and tensile strain at the same time. The concurrent fluid shear stress and tensile
strain affected EC morphology, including cell elongation, alignment, and actin fiber accumulation,
differently from shear stress or tensile strain alone. In large or medium sized arteries, physiological fluid
shear stress is pulsatile and ranges from 1 to 7 Pa [143]. Under pathological conditions, fluid shear stress
could deviate from the physiological range greatly: at an atherosclerotic lesion site, blood vessel wall fluid
shear stress could elevate to well over 10 Pa [144], while within the recirculation zone or near a
bifurcation, wall fluid shear stress may decrease significantly (less than 0.5 Pa) and oscillate [143]. Tensile
strain induced by vessel dilation in blood vessels can vary greatly as well. With the presence of
atherosclerosis, due to lipid deposition and/or calcification within the blood vessel wall, the extensibility
of the blood vessel could decrease significantly, resulting in reduced tensile strain. In blood vessels like

the coronary arteries, due to the large motion (bending and stretching) of the blood vessel, coronary artery
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endothelial cells can experience a large variation in fluid shear stress and tensile strain in multiple
directions (especially in the axial and circumferential direction) [87]. Even though it is still unclear if there
is a threshold level of cyclic tensile strain that can induce significant EC morphology change and cause
EC remodeling, many studies have chosen tensile strain between 2% and 10% to stimulate ECs in vitro
[18, 145]. It was reported that 2% cyclic stretch could be as potent as shear stress at 8 Pa [44]. The effects
from fluid shear stress and cyclic tensile strain could be additive or opposite, depending on the level of
the stress/strain, pulsatility of the shear stress, or the phase angle between shear stress and tensile strain
[44, 57].

In the present study, only simplified shearing-stretching conditions were tested to examine the
performance of the shearing-stretching device. The results demonstrated that fluid shear stress alone had
the largest effect on cell elongation, followed by the concurrent stimulation from shear stress and tensile
strain. Cyclic bi-axial tensile strain hardly affected EC elongation. A similar trend was observed with EC
alignment: cells had clearer alignment under fluid shear stress, compared to biaxial tensile strain. Shear
stress, alone or combined with tensile strain, also induced a significant increase in actin accumulation
along cell boundaries, while tensile stretch alone had no effect. These observations are in agreement with
what has been reported in literature that ECs can elongate and align in response to shear stress [146-149],
but not to a biaxial tensile strain[150]. In the present study, ECs also displayed a greater junctional actin
accumulation under concurrent shear stress and strain, which is in agreement with a recent report showing
that EC junction size can be modulated by cell—cell tugging forces [141] . Under concurrent shear stress
and cyclic strain, ECs displayed a similar alignment, yet a reduced elongation when compared to ECs
exposed to pure shear stress. This somewhat differs from alignment and elongation results obtained from
the previous studies using distensible tubes [151], in which both alignment and elongation increased in
response to concomitant shear stress and hoop stress. This discrepancy in results can be due to either the
difference in the duration of mechanical stimulation (24 hours instead of 30 min in our study) or to the

difference in strain magnitudes used (10% strain as opposed to 3% in our study).
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In the in vitro experiments, 800 ul culture media was added to each well. In the numerical model,
the same amount of media was modeled. To determine if the added media would affect the shear stress
and/or strain distribution on the membrane, a stretching membrane model without the fluid phase (i.e.,
media) was conducted, and the results indicated that the presence of 800 pl media did not cause noticeable
changes in membrane strain distribution. The in vitro experiments and the FSI numerical model supported
the validity of the shearing-stretching system. In the in vitro experiments, the cells in the periphery area
of the membrane could experience significantly elevated tensile strain, which may possibly cause large
changes in EC morphology, function, and junctional integrity. These cells are not likely to affect cells
within the in-plane area through cell—cell interaction, but could possibly release EC microparticles or
activation markers/ proteins into the medium. These released microparticles or proteins could potentially
affect the functions and behavior of the cells within the in-plane area. Effects from these released
substances may need further investigation.

By modifying the shape of the supporting plate (Figure 14E), the strain generated through
membrane stretch can be changed from equal-biaxial tensile strain to uniaxial strain, or other combinations
of biaxial strain. By adjusting the motor speed and the cyclic vacuum pressure, this shearing-stretching
device can generate various combinations of fluid shear stress and tensile strain, providing an easy solution
to establish physiologically relevant mechanical environment. Examples include elevated pulsatile shear
stress and decreased tensile strain that can occur at the stenosis throat within a stenosed blood vessel, or
low oscillatory shear stress and reduced tensile strain that can occur in a recirculation zone downstream

of the stenosis.
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3.6 Conclusions

A simple programmable shearing-stretching device was developed in the present study, and its
performance was validated through numerical simulation using an FSI model and in vitro experiments
with HCAECs. The concurrent stimulation from fluid shear stress and cyclic tensile strain could induce
different responses in EC morphology, compared to single stimulation from either fluid shear stress or
tensile strain. By combining various fluid shear stress and cyclic tensile strain, the altered mechanical
environment induced by disease conditions (such as atherosclerosis) can be achieved using this device
and applied to cultured ECs, to investigate the role of changed mechanical stress/ strain in cardiovascular

disease initiation and development.

53



3.6 Limitations

The shearing-stretching device has the following limitations.

1. Device setup does not allow for in-situ imaging.
Monitoring the cell morphological and functional response over time would help further
understand the cell’s response to stimuli; however, given our device setup, this would not be

possible.

2. Imaging upon mechanical stimulation can be challenging when using large numerical aperture
(NA) objectives.
The working distance of large NA objective is limited, and therefore in order to visualize cells
with large NA objectives, the flexible membrane needs to be cut out the 6-well plate, which

could potentially introduce more variability in the experimental design.

3. The device’s capability to accurately reproduce the desired cyclic strain waveform depends on
the vacuum’s system response time.
Since the cyclic strain being imposed to the cells is vacuum driven, the vacuum’s response time,
or the time needed for the vacuum to reach a specific pressure, determines the system’s ability to

accurately impose desired cyclic strain waveforms to cells.

4. Previous studies have demonstrated ECs are sensitive to differences in phase angles, or time lag
between the application of one mechanical stimuli waveform and the other.
In order to precisely control this, both the systems should be programmed through the same

interface.
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Chapter IV

EFFECT OF CONCURRENT FLUID SHEAR STRESS AND CYCLIC STRETCH
ON ENDOTHELIAL CELL ACTIVATION

Manuscript in preparation:

Daphne Meza, Elisabeth Steadman, Bryan Musmacker, Thomas Stransky, David A. Rubenstein,
Wei Yin, 2017, "Effect of concurrent fluid shear stress and cyclic stretch on endothelial cell

activation,"
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4.1 Abstract

Vascular wall endothelial cells (EC) are continuously exposed to complex mechanical loading
conditions. Blood flow induced shear stress and blood vessel wall tensile/compressive strain may
significantly alter EC morphology and function. The goal of this study was to investigate the effects of
concurrent fluid shear stress and tensile strain on EC activation and morphology.

Using a custom designed shearing-stretching device, physiologically relevant shear stress and/or
tensile strain waveforms were applied to endothelial cells. Three mechanical loading conditions were
used: 1) Pulsatile shear stress at 1 Pa with 7% cyclic strain, simulating stress/strain conditions within a
healthy coronary artery; 2) pulsatile shear stress at 3.7 Pa with 3% cyclic strain, simulating stress/strain
conditions at the stenosis throat of a diseased artery; and 3) pulsatile shear stress at 0.7 Pa with 5% cyclic
strain, simulating stress/strain conditions with the recirculation region downstream of a 70% stenosis.

EC morphology was evaluated by quantifying cell area and elongation. EC inflammatory
responses were evaluated by characterizing EC activation, i.e., cell surface ICAM-1 expression, PECAM-
1 tyrosine phosphorylation, mechanotransduction pathway (MAPK) activation, and associated
transcription factor NF-«kB activation.

Under all conditions, cells that were exposed to combined shear stress and tensile strain were much
larger compared to untreated cells or cells that were exposed to either shear stress or tensile strain alone.
Specifically, combined shear stress and tensile strain induced the greatest increase in cell area compared
to normal or recirculation conditions. In contrast, cell elongation decreased significantly under combined
shear stress and tensile strain, with the lowest values observed under recirculation conditions.

PECAM-1 phosphorylation was more responsive to tensile strain than shear stress. Low strain
(3%), alone or combined with shear stress, caused lower PECAM phosphorylation compared to that under
normal (7%) and recirculation conditions (5%). No significant changes were seen in ERK1/2 activation.

However, combined shear stress and tensile strain under stenosis conditions caused a significant increase
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in NF-<B activation. In terms of ICAM-1 expression, combined mechanical stimuli had a synergistic

effect under pathological conditions (recirculation and stenosis), but not under physiological conditions
(normal). Low recirculation shear (0.7 Pa) as well as low stenotic stretch (3%) significantly increased
ICAM-1 expression compared to normal shear (1 Pa) and stretch (7%) conditions alone.

The results demonstrated that the simultaneous stimulation from shear stress and cyclic strain
induced significant changes in endothelial cell activation and morphology compared to when cells were
exposed to either shear stress or cyclic strain alone. These findings demonstrated the complex interplay
between flow-induced shear stress and tensile strain. To better understand EC mechanotransduction and

its effect on atherosclerosis formation, both fluid shear stress and cyclic strain should be considered.
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4.2 Introduction

Endothelial cells along the vasculature display a distinct morphology and have a different function
dependent on the mechanical environment they are subject to. Under physiological conditions, along one-
dimensional flow regions where flow is laminar, cells align and elongate with flow direction which
reduces their resistance to flow [152]. Under pathological conditions, in regions proximal and distal to
atherosclerotic plaque (stenosis), where flow recirculation develops, cells present a cobblestone
morphology with no definite alignment [31]. Moreover, on areas with high cyclic strain, cell remodeling
diminishes, resulting in an increase in cell stiffness [153]. ECs respond to mechanical forces by adjusting
their cytoskeleton, cell-junctions, and cell-matrix interactions to maintain hemostasis.

Apart from triggering structural modifications, mechanical forces also set off complex signal
transduction cascades leading to functional changes within the cell. It is generally accepted that
pathological stress/strain conditions can cause the activation of EC mechanotransducers such as PECAM-
1, which can activate MAPK pathway via the phosphorylation of ERK1/2, and result in the activation of
transcriptional factors (such as NF-«xB) [25, 26] (See Figure 23). This would follow with an increase of
EC surface inflammatory proteins (such as ICAM-1) [26, 27], which would enhance leukocyte
transmigration, other inflammatory responses [28, 29], and can lead to atherosclerosis development.

The effect of altered shear stress or tensile strain on the MAPK pathway and ICAM-1 activation
has been studied extensively[154]. However, the effect of simultaneous stimulation of shear stress and
tensile strain on EC morphology, PECAM-1 activation, EC mechanotransduction and associated
inflammatory responses is under investigated. Studies have previously reported that the combined effect
of mechanical stresses on EC is not merely additive[155] [145] [156] [55] and have later shone light on
the importance of the magnitudes and frequencies of the stresses when in combination[157].

Physiologically relevant shear stress and tensile strain waveforms need to be used when studying

mechanotransduction induced inflammatory EC responses. This study utilizes physiologically relevant
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shear stress and tensile strain values obtained from a patient-specific fluid-structure interaction model,
developed in the first aim (Chapter 2). The shear stress and tensile strain value combinations utilized
mimic the mechanical environment of a coronary artery under normal and diseased conditions. ECs were
subjected to three mechanical stress combinations which simulated: 1) Normal conditions (1 Pa shear
stress and 7% cyclic strain), 2) Recirculation region, downstream of 70% stenosis (0.7 Pa and 5% cyclic
strain) and 3) Stenosis throat (3.7 Pa and 3% cyclic strain). EC morphology and inflammatory responses
were evaluated through cell area, cell elongation, tyrosine phosphorylated surface PECAM expression,
ERK1/2, NF-«B activation and resultant ICAM-1 surface protein expression.

A better understanding of the relationship between the combined effect of physiologically relevant
fluid shear stress and tensile strain on EC response can lead to targeted preventive therapy for
atherosclerosis, by helping to identify mechanical and intracellular transduction factors responsible for

EC inflammatory responses and dysfunction.
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Figure 23. PECAM-1 on EC is believed to sense mechanical stimulation (shear stress / cyclic

strain), phosphorylate and then pass the mechanical signal on by activating MAPK pathway
and NF-«B, resulting in transcriptional changes and differential expression of proteins, such

as ICAM-1.
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4.3 Materials and Methods

4.3.4 Endothelial Cell Culture

Human coronary artery ECs (HCAEC) were purchased from ScienCell Research Laboratories
(Carlsbad, CA) and were used between passages 2 and 7. HCAEC were maintained in endothelial cell
medium supplemented with 5% fetal bovine serum, endothelial cell growth factors, and 1%
penicillin/streptomycin (all cell culture reagents were purchased from ScienCell Research Laboratories).
HCAEC were grown to confluence in 6-well Flexcell culture plates (Flexcell International Corporation)

pre-coated (2-3 hours at 37°C) with 5 pg/mL fibronectin (Sigma-Aldrich, St Louis, MO).

Fibronectin was carefully added only in the center area of the well (approximately 25 mm in
diameter, while the well diameter was 36.5 mm), in order to prevent cells from adhering to the peripheral
area of the elastic membrane. Since the stretching is vacuum-driven, the peripheral area of the elastic
membrane can experience up to 10-fold increase in tensile strain when being stretched [66](Refer to Aim
2 for a diagram of the shearing-stretching device setup). Figure 24 shows cells adhere only on the

fibronectin coated side of the elastic membrane.

Figure 24. Wide-field 20X image of an elastic
membrane area seeded with EC. Red arrows
indicate the cell adhesion boundary. Cells only
adhere to the fibronectin coated area.

Scale bar indicates 100 um.

61



4.3.5 Applying Concurrent Shear Stress and Cyclic Strain to ECs

Based on the fluid structure interaction model described in Chapter 2, physiological and
pathological shear stress-tensile strain waveforms (Figure 25) were applied to EC monolayer using a
custom-designed shearing-stretching device [66]. The piston vacuum pump from the original setup was
replaced by a vacuum controller (Pressure Regulator, Part #QB3TANKKZN100KPG, ProportionAir,
McCordsville IN), to enhance performance. Details of its characterization can be found in the

Supplemental Information.

As depicted in Figure 25, three shear stress-tensile strain waveforms were used: 1) pulsatile shear
stress varying between 0 - 1 Pa and cyclic tensile strain varying between 0 - 7%, mimicking normal
mechanical loading conditions in a healthy coronary artery; 2) pulsatile shear stress varying between 0 -
3.7 Pa and cyclic tensile strain between 0 - 3%, mimicking pathological shear stress/strain conditions
occurring at the stenosis throat (70%) in a diseased coronary artery; 3) pulsatile shear stress varying
between 0 - 0.7 Pa and cyclic tensile strain between 0 - 5%, mimicking pathological shear stress/strain
conditions in the recirculation zones developed downstream of a stenosis. One cardiac cycle lasted for 0.9
sec. Two shear stress peaks occurred in one cardiac cycle. The first peak was due to the increased blood
flow rate during diastole, and the second peak was due to myocardial contraction during systole. The

frequency of the cyclic tensile strain was approximately 1 Hz.

EC were exposed to concurrent shear stress and/or tensile strain for 1 hour at 37°C. Cells that were

not treated (resting cells) were used as experimental control.
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Figure 25. Shear stress and tensile strain waveforms applied to EC.
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4.3.6 Immunofluorescent Microscopy

Following mechanical stimulation, HCAECs were washed twice with PBS, fixed in 0.5%
glutaraldehyde and neutralized with 100 mM glycine-BSA. ECs were stained with Alexa Fluor 488
conjugated Phalloidin for F-actin elements (Ambion, Life Technologies, Carlsbad, CA). EC nuclei were
stained with 4',6-diamidino-2-phenylindole (DAPI) (Life Technologies, Carlsbad, CA). Cell images were

visualized using a Nikon Ti inverted microscope.

4.3.7 Cell Morphology Characterization — Cell Area and Elongation

EC area and elongation following shear stress and/or tensile stretch treatment were evaluated using
ImageJ software (NIH). Cell elongation was quantified by the ratio of the long axis over the short axis of
a cell, automatically determined by the software. Multiple cells were randomly chosen for each condition
and the average of all the sampled cells were used as the elongation induced by that particular condition

(untreated, shear, stretch, or combined).

4.3.8 Cell Functional Characterization

4.3.8.1 EC surface ICAM-1 expression

Following fluid shear stress and/or tensile strain treatment, HCAEC monolayer were washed and
cell surface ICAM-1 expression was measured using a solid phase ELISA approach. A murine monoclonal
anti-human ICAM-1 antibody (Abcam, Cambridge, MA) was used to detect endothelial cell surface

ICAM-1 expression. Primary antibody binding was detected using an alkaline phosphatase conjugated
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goat anti-mouse secondary antibody (Sigma-Aldrich, St. Louis, MO) and a P-nitrophenyl phosphate
substrate. Absorbance was read at 405 nm using a SpectraMax i3 microplate reader (Molecular Devices,

LLC, Sunnyvale, CA).

4.3.8.2 EC surface PECAM-1 phosphorylation

In a similar manner, following mechanical stimulation, EC surface PECAM-1 activation
(phosphorylation) was also measured using solid phase ELISA. The primary antibody used was a

polyclonal rabbit anti human phosphorylated PECAM-1 antibody (ABCAM).

4.3.8.3 ERK 1/2 (Extracellular signal-regulated kinases 1/2) Expression

Following mechanical treatment, HCAEC were washed and trypsinized. Collected cells were
centrifuged at 1000 x g for 5 min. Cell pellet was then re-suspended in lysis buffer containing Triton X-
100, protease and phosphatase inhibitors (Life Technologies, Carlsbad, CA), and incubated at 4 °C for

1h.

Total protein concentration of the lysate was quantified using a standard BCA (bicinchoninic acid)
assay (Thermo Scientific, Waltham, MA). EC ERK 1/2 activation was measured by Western Blot, using
a monoclonal rabbit anti human phosphor-p44/42(ERK1/2) antibody (Cell Signaling Technology Inc.,
Danvers, Massachusetts). Primary antibody binding was detected using an EU-conjugated goat anti-rabbit
secondary antibody (Molecular Devices). Expressed protein bands were visualized and quantified using

the SpectraMax®i3 ScanLater™ Western blot detection system (Molecular Devices).
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4.3.7.2 NF-xB activation

To determine if transcriptional changes would occur in shear stress- and/or tensile strain- treated
EC, NF-kB activation was measured using a NF-kB pathway activation ELISA kit (eBioscience). It
measured kB proteins (phosphor-IkBa, IKKa and NFkBa) present in the cell lysate, using a sandwich
approach. When NF-xB is inactive, 1kB proteins bind to NF-xB transcription factor complex; upon
extracellular stimulation such as mechanical stress/strain, 1kB phosphorylates and dissociates from the

complex, resulting in NF-xB activation and translocation to the nucleus.

4.3.7.4 Statistical analysis

Results are shown as mean + standard deviation. Statistical analysis was conducted using two-way
ANOVA. If significant difference (P < 0.05) was detected, Tukey post-hoc test was used to conduct
further comparisons between different treatment groups. All statistical analysis was conducted using

GraphPad Prism (v.6.01, San Diego, CA).

4.3 Results

4.3.4 Cell Morphology

Following shear stress/tensile strain treatment, EC cytoskeleton F-actin filaments were detected
by FITC-conjugated phalloidin using fluorescence microscopy. Figure 26 (magnification 40x) depicts
representative EC morphology under various stress/strain conditions. Untreated EC (control) appeared

relatively small and randomly oriented, without distinct cell boundaries. EC that were exposed to

66



pathological low (0.7 Pa) or high (3.7 Pa) shear stress, alone or combined with pathological tensile strain,

looked enlarged, elongated, with highlighted cell boundaries and/or stress fibers.

7% stretch 1 Pa shear stress 7% stretch + 1 Pa shear | Untreated - control

Normal = | NOrmal = | Normal
3% stretch 3.7 Pa shear stré‘ss 3% stretch + 3.7 Pa shear

Stenosis — | Stenosis — | Stenosis

5% stretch 0.7 Pa shear stress 5% stretch + 0.7 Pa shear

»
P

Recirculation ———— | Recirculation ———— | Recirculation

Figure 26. Representative images of EC morphology following mechanical stimulation. Pathological
shear stress and/or tensile strain affected EC morphology greatly compared to physiological shear stress
and/or tensile strain. Untreated EC were used as the experimental control. Scale bars represent 50 um.
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4.3.4.1 Cell Area

Changes in EC area induced by shear stress and/or tensile strain were quantified using the Image

J software, and depicted in Figure 27. Two-way ANOVA indicated that both physiological/pathological

conditions (i.e., normal, stenosis, or recirculation) and mechanical stimulation (i.e., fluid shear stress,

cyclic tensile strain, or combined) had significant effects (P<0.001) on EC area. The comparisons between

different treatment groups are summarized in Table 3.

240000,

2000004
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Area (Pixels?)
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Figure 27. EC cell area after subjection to single or combined mechanical stimuli under physiological
and pathological conditions. Combined stimuli significantly increased cell area compared to single
stimulation. Data is presented as mean + standard deviation. * denotes significant difference from
stenosis combined treatment; o, significantly different from shear stenosis treatment. (Two-way
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<0.0001

<0.0001

Table 3- Two-way ANOVA indicate treatment (i.e., fluid shear stress, cyclic tensile strain, or
combined) and condition (i.e., normal, stenosis, or recirculation effects), both had significant effects on
EC area. Data is presented as mean + standard deviation. Adjusted P values accounting for multiple
comparison are presented. P<0.05 is considered significant.

0.3015
<.0001 <.0001
[ | [ \
Normal Stenosis Recirculation
o Control 66321.823 nh=79 | 113199.794 n=68 |29008.427 n=60
g +37110.3206 + 76808.3980 +19702.6608
g i: Shear 59644.716 n=81 ]99095.081 n=221|76630.775 n=120
= § +30059.1125 +61809.9342 +39329.9670
73 | Tensile Stretch 61163.696 n=92 | 68879.720 n=118 | 64503.286 n=49
§ . +32943.5352 +27294.1006 +40990.2216
B % Combined 91133.333 n=84 | 129308.258 n =128 | 90588.803 n=49

+43286.1277

+75257.1909

+49122.5379

Elevated shear stress (3.7 Pa) significantly increased cell area as compared to normal (1 Pa) and

low (0.7 Pa) pathological shear stress. On the contrary, tensile strain at 3%, 5% and 7% did not cause any

significant change in cell area.
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0.1290
<0.0001

4.3.4.2 Cell Elongation

Similarly to cell area, two-way ANOVA indicated that both physiological/pathological conditions

(i.e., normal, stenosis, or recirculation) and mechanical stimulation (i.e., fluid shear stress, cyclic tensile

strain, or combined) had significant effects (P<0.001) on EC elongation. The comparisons between

different treatment groups are summarized in Table 4.

Table 4- Two-way ANOVA results indicate treatment (i.e., fluid shear stress, cyclic tensile strain, or
combined) and condition (i.e., normal, stenosis, or recirculation effects), both had significant effects on
EC elongation. Data is presented as mean + standard deviation. Adjusted P values accounting for
multiple comparison are presented. P<0.05 is considered significant.

| <.0001
! 0.0362 0.0017 !
[ | |
Normal Stenosis Recirculation
B Control 1.9441 n=133| 1.9466 n=68 |1.6878 n =60
S + 0.5804 +0.5809 +0.3943
[~]
E V: Shear 2.2298 n=97 | 2.0650 n=221|2.0648 n=120
2 +0.8121 +0.7632 +0.6824
Q
S| | Stretch 2.0036 n=66 |1.9262 n=118 | 1.8023 n =65
% +0.7466 +0.6069 +0.5172
(@]
S | Combined 1.9849 n=38 | 1.8053 n=128 | 1.5608 n=>55
- +0.0915 +0.6185 +0.2993

As shown in Figure 28, shear stress appears to have a dominant effect on cell elongation. Biaxial

tensile strain alone caused no significant change in cell elongation. However, under combined tensile

strain and shear stress, cell elongation reduced, compared to shear-alone conditions.

Under recirculation conditions, combined shear stress and tensile strain resulted in the least cellular

elongation.
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Figure 28. EC cell elongation upon subjection to single or combined mechanical stimuli under
physiological and pathological conditions. Combined stimuli significantly decreased cell elongation as
compared to single stimulation. Data is presented as mean + standard deviation. o, denotes significant

difference from recirculation combined treatment (Two-way ANOVA, Tukey, P<0.05)
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<0.0001

0.0068

4.3.4 EC Activation

Following mechanical stimulation, EC responses were evaluated by characterizing EC PECAM-1
tyrosine phosphorylation, mechanotransduction pathway (MAPK) activation, transcription factor NF-xB

activation, and cell surface ICAM-1 expression.

4.3.4.1 Phospho-PECAM

Two-way ANOVA indicated that both physiological/pathological conditions (i.e., normal,
stenosis, or recirculation) and mechanical stimulation (i.e., fluid shear stress, cyclic tensile strain, or
combined) had significant effects (P<0.001) on phospho-PECAM expression. The comparisons between

different treatment groups are summarized in Table 5.

Table 5- Two-way ANOVA results indicate treatment (i.e., fluid shear stress, cyclic tensile strain, or
combined) and condition (i.e., normal, stenosis, or recirculation effects), both had significant effects on
phospho-PECAM expression. Data is presented as mean + standard deviation. Adjusted P values
accounting for multiple comparison are presented. P<0.05 is considered significant.

0.4350
| <0.0001 | | 0.0007 .
| | |
Normal Stenosis Recirculation
_ Control 1.1303 n=21 |1.1303 n=21 |1.1303 n=21
E +0.2239 +0.2239 +0.2239
7_'§ S | shear 1.2535 n==6 1.2064 n=6 1.1279 n=>5
S & +0.1572 +0.3654 +0.1160
(Np]
© | Stretch 1.6017 n=6 0.7661 n==6 1.6344 n==6
% +0.4579 +0.1233 +0.5803
[#)]
S | Combined 2.0956 n=6 0.7968 n=6 1.7953 n=4
- +0.2828 +0.0772 +0.6843
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Figure 29. EC phospho-PECAM expression following single or combined mechanical stimulation under
physiological and pathological conditions. When exposed to stretch magnitudes of 5% or higher,
combined stimuli has an additive effect on EC phospho-PECAM expression. Data is presented as mean
+ standard deviation. *, denotes significant difference from stenosis combined treatment; ¢,
significantly different from stenosis low stretch (3%) treatment (Two-way ANOVA, Tukey, P<0.05).

As depicted in Figure 29, tensile stretch seemed to have a bigger effect on phospho-PECAM
expression compared to shear stress. Phospho-PECAM expression under shear stress was similar under
all conditions, while larger tensile stretch induced greater phospho-PECAM expression.

Shear stress and tensile strain seemed to have additive synergistic effect on PECAM phosphorylation,

especially when to the strain was greater than 5%.
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4342 ERK 1/2

To check whether the MAPK pathway was activated due to mechanical stimulation,

phosphorylated ERK 1/2 expression was measured. Two-way ANOVA indicated that neither

physiological/pathological conditions (i.e., normal, stenosis, or recirculation) nor mechanical stimulation

(i.e., fluid shear stress, cyclic tensile strain, or combined) had significant effects (P>0.12) on ERK 1/2

expression. The comparisons between different treatment groups are summarized in Table 6.

Table 6- Two-way ANOVA results indicate neither treatment (i.e., fluid shear stress, cyclic tensile

strain, or combined) nor condition (i.e., normal, stenosis, or recirculation effects) have significant effects
on phosphorylated ERK 1/2 expression. Data is presented as mean + standard deviation. Adjusted P
values accounting for multiple comparison are presented. P<0.05 is considered significant.

0.8404

0.9903

0.1165
0.7618 0.7553

0.4197

0.6146
0.9978 0.6841
Normal Stenosis Recirculation
Control 0.1358 n=11 | 0.1358 n=11 |0.1358 n=11
+ (0.1594 +0.1594 +0.1594
Shear 0.2859 nh=3 0.0176 n=4 0.1228 h=5
+0.0350 +0.0051 + 0.0945
Stretch 0.2060 n==6 0.0225 n==6 0.0694 n=_8
+ 0.0849 +0.0131 +0.1015
Combined 0.3149 n==6 0.0343 n=>5 0.0712 n=10
+0.1938 +0.0084 +0.1107
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Figure 30. EC phosphorylated ERK 1/2 expression following mechanical stimulation, mimicking

normal, recirculation and stenosis conditions. No significant differences (two-way ANOVA, P>0.05) in

ERK1/2 expression were observed across treatments nor conditions. Data is presented as mean +
standard deviation.

Phosphorylated ERK 1/2 expression in shear stress/tensile strain treated EC is shown in Figure

30. No significant difference was detected between different treatment groups or conditions. This could

be due to the transient nature of ERK1/2 phosphorylation [158, 159].
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0.2560

4.3.4.3 NF-kB

Two-way ANOVA indicated that mechanical stimulation (i.e., fluid shear stress, cyclic tensile
strain, or combined) but not physiological/pathological conditions (i.e., normal, stenosis, or
recirculation) had significant effects on EC NF-kB activation. The comparisons between different

treatment groups are summarized in Table 7.

Table 7- Two-way ANOVA results indicate treatment (i.e., fluid shear stress, cyclic tensile strain, or
combined) as opposed to condition (i.e., normal, stenosis, or recirculation effects) had significant effects
on EC NF-xB activation. Data is presented as mean * standard deviation. Adjusted P values accounting
for multiple comparison are presented. p<0.05 is considered significant.

0.0503
0.2453 0.6944
Normal Stenosis Recirculation
. Control 1.1252 n=11 |[1.1252 n=11 |[1.1252 h=11
S +0.4014 +0.4014 +0.4014
o
= L | Shear 1.1451 n==6 1.0935 n==6 1.4168 n=4
3 q +0.3506 +0.3466 +0.2221
oM o
E © | Tensile Stretch 0.8587 n=6 1.0702 n=>5 1.3727 n=3
S« +0.2995 +0.0919 +0.2522
= | Combined 0.9670 n=>5 1.6671 n=4 1.4021 n=>5
+0.1747 +0.1999 +0.1891
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Figure 31. EC NF-kB expression following single or mechanical stimulation under physiological and
pathological conditions. Combined shear stress and tensile strain stenosis conditions caused a significant
increase in NF-kB expression as compared to combined normal conditions. Data is presented as mean +
standard deviation. *, denotes significant difference from stenosis combined treatment (Two-way
ANOVA, Tukey, P<0.05)

As shown in Figure 31, the greatest increase in NF-xB activation occurred under stenosis conditions
when shear stress and tensile strain were applied simultaneously. Compared to untreated EC, combined
shear stress and tensile strain also caused a significant increase in NF-kB activation under recirculation

conditions.
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4.3.44 1ICAM-1

Two-way ANOVA indicated that both physiological/pathological conditions (i.e., normal,

stenosis, or recirculation) and mechanical stimulation (i.e., fluid shear stress, cyclic tensile strain, or

combined) had significant effects (P<0.001) on ICAM-1 expression. The comparisons between different

treatment groups are summarized in Table 8.

Table 8- Two-way ANOVA results indicate treatment (i.e., fluid shear stress, cyclic tensile strain, or

combined) and condition (i.e., normal, stenosis, or recirculation effects), both had significant effects on
ICAM-1 expression. Data is presented as mean + standard deviation. Adjusted P values accounting for
multiple comparison are presented. P<0.05 is considered significant.

. <.0001
‘ <.0001 0.3762
r w
Normal Stenosis Recirculation
_ Control 0.4851 n=17 |0.4851 n=17 |0.4851 n=17
8 +0.1210 +0.1210 +0.1210
2 | | Shear 0.4043 n=6 |0.5421 n=5 |0.5846 n=6
¥ S +0.1317 +0.0500 +0.1553
S Py S | Tensile Stretch 0.2902 n=7 0.7167 n=6 0.5919 n=6
N +0.0230 +0.0710 +0.0739
g Combined 0.3643 n==6 0.7766 n=>5 0.6431 n=>5
- +0.0915 +0.0694 +0.0678
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Figure 32. EC ICAM-1 surface protein expression following mechanical stimulation, mimicking
normal, recirculation and stenosis conditions. ICAM-1 expression was significantly lower under normal
physiological conditions than under diseased pathological conditions (recirculation and stenosis). Data is
presented as mean + standard deviation. *, denotes significant difference from normal combined
treatment; ¢, significantly different from normal stretch treatment; o, significantly different from
recirculation low shear treatment. (Two-way ANOVA, Tukey, P<0.05)

Pathological low shear stress (recirculation shear) and reduced tensile stain (3% under stenosis
conditions and 5% under recirculation conditions) induced significant increase in ICAM-1 expression.
Overall, ICAM-1 expression was significantly lower under physiological conditions compared to that
under pathological conditions (recirculation and stenosis). Moreover, shear stress and tensile strain
seemed to have a synergistic effect on ICAM-1 expression, especially under pathological (stenosis and

recirculation) conditions.
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4.3 Discussion

ECs are sensitive to their mechanical environment. They can adjust their cytoskeleton, junctional
proteins and cell-matrix interactions to maintain hemostasis when subject to mechanical loads. These
structural responses are often accompanied by functional changes. In this chapter, EC response to
physiological and pathological mechanical conditions, i.e., shear stress and tensile strain, was studied.
The mechanical conditions used here mimicked that within coronary arteries under physiological and
pathological conditions, as estimated by the FSI model developed in Chapter 2.

EC area and elongation in response to single and combined mechanical stimulation were
characterized. Cell area significantly increased in response to combined shear stress and tensile strain
compared to each single stimulation, suggesting cell area may respond to fluid shear stress and tensile
strain in an additive manner. This observation agrees with a study reported by Zhao et al, in which fluid
shear stress and cyclic circumferential strain had a synergistic effect on EC morphology[145]. Moreover,
they suggested cyclic strain might increase EC sensitivity to shear stress, causing cell structural
deformation at a lower shear stress. Our study demonstrated that elevated shear stress (3.7 Pa) significantly
increased cell area compared to untreated cells, which was further increased (by 33%, P<0.05) when a 3%
tensile strain was applied at the same time.

It’s well established that EC can elongate in response to fluid shear stress [30] to decrease
resistance to flow. When biaxial tensile strain was applied simultaneously with shear stress, the effect of
shear on EC elongation was reduced. This somewhat differed from a previous report in which fluid shear
stress and hoop stretch had synergistic effect on EC elongation. However, the stretch model used in that
study was uniaxial, different from the biaxial strain used here. The opposing effect of shear stress and
cyclic strain on EC elongation was also observed in Chapter 3 studies [66]. Under recirculation shear

stress (0.7 Pa) and tensile strain (5%) conditions, equi-biaxial tensile strain significantly decreased cell
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elongation compared to untreated cells, causing cells to look round. Such cobblestone morphology along
recirculation regions has been reported by many studies [31].

PECAM-1, highly localized at EC junctions, plays important roles in endothelial cell
mechanotransduction and many inflammatory responses [160]. PECAM-1 phosphorylates upon
mechanical stimulation [161]. Our results suggested EC were more sensitive to tensile stretch than shear
stress. Moreover, the synergistic effect of shear stress and tensile strain on EC PECAM-1 phosphorylation
seemed to be dependent on the tensile strain magnitude. This could be explained by the fact that PECAM-
1 is highly localized at cell junctions, and is directly pulled by forces resulted from tensile stretch. On the
other hand, the effect from fluid shear stress on PECAM-1 phosphorylation might not be as strong, since
shear stress is parallel to the cell surface. It has been reported that morphological responses of ECs induced
by stretch were transmitted through intercellular junctions [141, 162]. Our results are in agreement with
this conclusion. Tensile strain at 3, 5 and 7 % all caused higher phosphorylated PECAM-1 expression
compared to fluid shear stress (0.7, 1 and 3.7 Pa). Furthermore, higher tensile strain, i.e., 5% and 7%, led
to greater phosphorylated PECAM-1 expression compared to 3% strain.

This PECAM phosphorylation was hypothesized to lead the activation of the mitogen-activated
protein kinase (MAPK) pathway [23, 24]. The MAPK cascade is a chain of serine/threonine protein
kinases, which together act as an intracellular signal transduction pathway that responds to various
extracellular stimuli such as physical and oxidative stress.

This cascade transduces the signal from a receptor on the surface of the cell to the DNA in the
nucleus of the cell, causing transcriptional changes and differential expression of proteins, which
determine cell function. MAPKSs are known to regulate fundamental cellular processes including growth,
proliferation, differentiation, motility, survival, apoptosis, stress response and inflammation [163]. The
members of the mitogen-activated protein kinase (MAPK) family, including extracellular signal-regulated
kinase (ERK1/2), N-terminal Jun kinase (JNK1/2) and p38 MAPK, have been shown to be involved in

shear and cyclic stress induced EC inflammation [164-168]. Mechanical stress can induce the activation
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of MAPKK kinases (Raf) via receptor-dependent and independent mechanisms which transduce the signal
to small GTP-binding proteins (Ras, Rapl). MAPKKKSs then phosphorylate and activate a downstream
MAPK kinase, which in turn phosphorylates and activates MAPKSs (ERK 1/2) [163].

However, no significant change in MAPK-ERK 1/2 expression was observed in our study
following mechanical treatment (untreated, shear, stretch, combined) under physiological or pathological
conditions (normal, recirculation, stenosis). This might be due to the time and force dependency of ERK
1/2 activation [158, 159]. Previous literature has shown disturbed flow enhances cell proliferation, an
indicator of vascular dysfunction, via a sustained ERK activation; while laminar flow results in a low cell
proliferation rate and a transient ERK activation [169]. ERK activation peaks at 10 and 15 min under 20%
and 30 % cyclic stretch [170, 171] respectively, and at 30 min under shear stress[34]. In the present study,
ERK1/2 activation was measured 1 hour following shear stress/tensile strain treatment, at which point,
ECs might have adapted to the mechanical stimulation. In other words, we might have missed the transient
change in ERK1/2 activation by conducting the measurements at 1 hour. In order to capture the transient
changes in ERK1/2 activation, measured time-response may be needed. Furthermore, even though no
significant difference in ERK 1/2 activation was observed, significant changes in the downstream
transcription factor NF-«kB activation occurred.

Activated ERK 1/2 can regulate targets in the cytosol and translocate to the nucleus where they
phosphorylate pro-inflammatory transcription factors such as NF-kB, which regulate inflammatory gene
and protein expression. NF-kB activation in endothelial cells mediates the expression of cytokines,
chemokines and adhesion molecules, which recruit circulating leukocytes into the inflamed tissue.

Our study shows NF-kB activation significantly increased under stenosis conditions, when shear
stress and tensile strain were applied to EC simultaneously (compared to single stimulation or untreated
cells). However, neither shear stress nor tensile strain alone caused any significant change in NF-xB
activation compared to untreated cells. Many previous studies have shown that varying levels of shear

stress or cyclic strain can cause marked changes in NF-kB activation[172]; and physiological levels of
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single stimulation could result in less NF-kB activation, compared to that at pathological levels. In the
present study, no significant change in NF-kB activation was observed following shear stress (alone) or
tensile strain (alone) stimulation. This could be due to the relatively short duration of mechanical
stimulation (1 hr compared to 8, 12 or 24 hours). Interestingly, when shear stress and tensile strain were
applied concurrently, a significant NF-kB increase was observed under pathological conditions
(recirculation and stenosis) compared to normal conditions. These results agree with in vivo observations,
where NF-«B signal transduction pathway in coronary artery endothelial cells is primed for activation in
regions predisposed to atherosclerotic lesion formation[173]. These results also highlight the effect of
concurrent stimulation from shear stress and tensile strain on NF-xB activation. Endothelium restricted
inhibition of NF-xB activation has resulted in strongly reduced atherosclerotic plague formation in mice
[174]. Therefore, both shear stress and tensile strain need to be considered while investigating mechanical
stress-induced atherosclerosis development.

NF-kB activation has been shown to induce cytokine and adhesion molecule expression, including
ICAM-1[175]. ICAM-1, also known as CD54, is an immunoglobulin (Ig)-like cell adhesion molecule
expressed on endothelial cells at low levels, yet upregulated following exposure to pro-inflammatory
stimuli (low-shear stress for example). Our study shows low recirculation shear stress (0.7 Pa) as well as
low stenotic (3%) and recirculation (5%) stretch significantly increased ICAM-1 expression compared to
normal shear and stretch conditions alone. This agrees with previous literature, which shows altered shear
stress or tensile strain alone stimulates the upregulation of ICAM-1 compared to physiological
stress/strain [176] [177]. The combined effect of shear stress and tensile strain (pathological and
physiological) on ICAM-1 expression was also studied by Liam T Breen et al.[156] They reported cyclic
strain (4, 8, and 12%) downregulated ICAM-1 expression caused by physiological pulsatile fluid shear
stress (4 Pa). However, under pathological oscillatory fluid shear stress (£0.5 Pa), cyclic strain upregulated
ICAM-1 expression. Our study does not show a significant upregulation of ICAM-1 under fluid shear

stress (0.7, 1, and 3.7 Pa) following 1 hr stimulation. The disagreement in results is probably due to the
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the difference in mechanical stimulation duration (their study applied stimuli for 12 h). Overall, ICAM-1
expression was significantly lower under physiological conditions compared to that under pathological
conditions (recirculation and stenosis). Moreover, combined stimulation had an additive effect in ICAM-
1 expression under pathological conditions, but not under normal conditions.

Interestingly, enhanced phosphorylated PECAM-1 expression did not result in higher ICAM-1
expression, as commonly suggested [178, 179]. On the contrary, our results suggest an increase in
phosphorylated PECAM-1 expression might help modulate and decrease inflammatory responses.
Phosphorylated PECAM-1 expression was significantly lower under stenosis conditions compared to
normal conditions. Yet, downstream NF-kB activation and ICAM-1 expression were significantly higher
under stenosis conditions compared to normal conditions. This suggests that the EC MAPK pathway
activation observed here may not have resulted from PECAM-1 phosphorylation. It is likely that other EC
mechanoreceptors are involved in EC response to shear stress and/or cyclic strain signals[24].

Overall, our results demonstrated that EC respond to combined shear stress and tensile strain
differently than to each single simulation. The study also showed that EC responded to varying mechanical
combinations differently. Physiological conditions (1 Pa shear stress with 7% cyclic strain) resulted in
less inflammatory protein production than pathological conditions (stenosis: 3.7 Pa with 3% cyclic strain;

recirculation region: 0.7 Pa with 5% cyclic strain).
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4.4 Limitations

The shearing-stretching experiments to study the effect of both fluid shear stress and tensile strain on EC

activation had the following limitations:

1. The MAPK-ERK 1/2 expression has been reported to be transient in nature. Therefore, to be able
to better monitor any changes in this pathway, measurements will need to done at various time
points, as opposed to one sole 1-hour measurement.

2. The Young’s modulus of the flexible-membrane substrate on which cells were grown is much
lower than typical glass substrates. Hence, previous literature data on fluid shear stress impact on
EC activation cannot be directly compared to our results, since the substrate property may have

an additional effect on EC’s response[38].
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Chapter V

DISCUSSION, CONCLUSIONS AND FUTURE DIRECTIONS

5.1 Discussion

The FSI model was validated to some extent by the results obtain in the experimental section of
the dissertation. (last aim) The pathological waveforms generated elevated levels of inflammatory
responses, ie. ICAM-1, compared to the physiological waveforms, in both single and combined
mechanical stimuli combinations.

These results also support our hypothesis. Altered shear stress and tensile strain lead to significant
changes in EC morphology and function, accelerating local inflammatory responses.

Unexpectedly, phosphorylated PECAM-1’s role in activating the MAPK pathway towards an
increased inflammatory or atherogenic response was not seen. On the contrary, based on the results, it can
be speculated phosphorylated PECAM-1 may be responsible for activating or mediating atheroprotective
responses. A higher PECAM-1 phosphorylation in response to shear stress alone was not produced. This
was contrary to other in vitro studies, which have seen an increase in phosphorylated PECAM in response
to mechanical stimuli[161]. This difference might have arose as an effect of the substrates used. Chiu et
al [161], utilized glass substrates in their studies, which have a much higher Young’s Modulus (YM)
compared to the flexible silicon substrate used in ours. (102 difference). The flexible substrate has a much
similar YM to the human coronary artery, which increases the physiological relevance of the in vitro setup.

Tensile strain, on the other hand, did cause a noticeable increase in PECAM-1 phosphorylation in

our studies. Results suggested tensile strain might have a dominant effect on PECAM-1 phosphorylation
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as compared to shear stress in vivo. As tensile strain is increased, atheroprotective effects are improved
(for 3%, 5% and 7% tensile strain magnitudes)

The increase in cell inflammatory response is speculated to be possibly correlated with cell
increase in cell area. The highest cell area (resulting from the combined stenosis conditions), produced the
lowest levels of PECAM phosphorylation, yet the highest levels of NF-kB activation and ICAM-1. More
experiments need to be done to increase power.

Overall, a deeper understanding on EC mechanotransduction was gained, along with a delineation
between normal and pathological mimicking waveforms. The normal and pathological waveforms

obtained can be used in more in vitro studies to further investigate EC mechanotransductory responses.
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5.1 Conclusions

A fluid-structure interaction (FSI) model of the left anterior descending (LAD) coronary artery
was developed under physiological and pathological conditions. The model estimated the dynamic fluid
shear stress and cyclic tensile strain distribution/history on the moving coronary artery wall. Patient-
specific geometry, transient blood flow, blood vessel wall viscoelasticity, blood vessel cyclic bending,
and myocardium contraction were incorporated into the FSI model to increase its physiological relevance.
This is the first large LAD FSI simulation model (>3mm) that included the effect of myocardium
contraction. The results indicated that along with LAD cyclic stretching and bending motion, myocardial
contraction exerted a substantial mechanical stress/strain on the artery and had a significant effect on
coronary hemodynamics/mechanics. Values estimated using this model agreed well with that reported in
literature (numerical simulation or in vivo measurement), validating the improved physiological relevance

and accuracy of the model.

A programmable shearing-stretching device that is capable of applying physiologically relevant
dynamic fluid shear stress (FSS) and cyclic tensile strain (CS) simultaneously to endothelial cells (EC)
was designed, fabricated, characterized and validated. The system integrated a programmable vacuum-
driven strain device with a programmable cone-and-plate shearing device, to allow concurrent application
of pulsatile shear stress and cyclic strain to cultured ECs. Its main advantage over previous systems was
its ease of use and precise control of shear stress and strain. The device allows for equal-biaxial, uni-axial
and other combinations of biaxial strain by modifying the supporting plate. By adjusting the motor speed
and the cyclic vacuum pressure, this shearing-stretching device can generate various combinations of fluid
shear stress and tensile strain, providing an easy solution to establish physiologically relevant mechanical
environment. Stress/strain conditions generated by the device were validated experimentally, and the
effectiveness of the device was evaluated through EC morphology changes under various mechanical

loading conditions.
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Physiological and pathological shear stress and/or tensile strain (derived from the FSI model) were
applied to cultured human coronary artery endothelial cells (HCAEC), using the shearing-stretching
device developed. EC morphological and functional responses to single and combined stimulation were
characterized. Changes in cell morphology were evaluated by cell area and elongation. Changes in EC
inflammatory responses were evaluated by characterizing EC activation, i.e., cell surface ICAM-1
expression, PECAM-1 tyrosine phosphorylation, associated mechanotransduction pathway activation, i.e.

MAPK (ERK1/2) pathway and associated transcription factor NF-xB activation.

Results obtained from these experiments support our hypothesis that combined stimulation from
altered shear stress and tensile strain (stenosis and recirculation conditions) can lead to significant changes

in EC morphology and function, which may accelerate local inflammatory responses.

The results obtained from this study help us better understand how different mechanical
stress/strain conditions interact to regulate EC function and disease initiation. New insight in EC
mechanotransduction under physiological and pathological mechanical conditions help to identify factors
that are responsible for EC dysfunction, and lead to preventive and therapeutic solutions for cardiovascular

diseases .
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5.2 Future Directions

1. More in depth studies altering fluid shear stress and tensile strain magnitudes and frequencies,
resulting in more condition combinations, can help us better understand the complex interplay
among mechanical forces, and possibly identify mechanical forces which dominate different

inflammatory protein responses.

2. Moreover, studying the impact of an additional mechanical force — uniaxial strain, might lead us
to even more physiologically relevant EC characterization due to different mechanical

environments.

3. Furthermore, the development of a more discrete characterization of fluid shear stress and tensile
strain will allow us to better estimate the actual shear stress and strain values ECs are undergoing.
To do this, a micrometer area of the macroscopic coronary artery can be modeled. This improved
FSI model would use as input the output of the FSI model developed in this dissertation. From

thereon, the mesh resolution will be decreased to 10um to approach EC size.

4. The addition of relevant cell layers, through a co-culture cells, or the addition of platelets into the
shearing solution, will allow us to study EC response when together with smooth muscle cells for
example, or in the presence of platelets. Both situations will further improve the physiological
relevance for experimentation. Recent lab data shows platelet modulate endothelial cell response
to EC activation[180], so it would be interesting to see how platelets modulate this response, in a

more physiologically relevant mechanical environment.
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Supplementary Information

Device characterization using vacuum controller

Figure 33. Shearing-stretching device setup using a vacuum controller instead of the piston pump from
Chapter 3 to regulate vacuum pressures.

An Ashcroft pressure gauge, code # 25D1005PS02L60# - BL was used to measure vacuum output by

pressure controller. The average strain or deformation applied to the Flexcell elastic membrane was
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computed by tracking marker motion on the elastic membrane through a MATLAB code attached in the

section below.

The average strain produced at different vacuum pressures was calculated and recorded. The calibration Figure
34 shows the linear relationship between voltage and strain produced using the vacuum controller. The vacuum
controller was regulated through an Arduino. The Arduino code input used for strain was a square wave (attached

below), and the output, due to the delay in response time, imposed in the elastic membrane was a sinusoidal wave.

Vacuum Controller - Calibration

12 -

y = 2.8053x + 1.1862
R?=0.9481

(<)} [+-]
1 1

Average Strain (%)

=y
L

0 L] L L L L L L
0 0.5 1 15 2 2.5 3 3.5 4

Voltage (V)

Figure 34. Vacuum controller calibration depicting a linear relationship between input voltage and
average elastic membrane strain produced.
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Code for Marker Tracking

Once a video has been recorded of the elastic membrane (with the markers) in motion, processing

follows:

1. Convert video file into the desired frame/second. The higher the frame/second, the better the

time resolution you would have as output.

An open source algorithm was used for this purpose[168]:

function imgs = getVideoFrames (vid, startt, endt, step, savetodir)

o° Ad° A ° A A A A A A A A A A A A A OO A° A° A o o°

oo

extracts frames from a video and saves them as image files in a given folder.

create: 5/9/2014 (earliest known)
modified: 12/10/2014 [fix a bug for output directory]
author (s) : Dongxi Zheng

description:
This function generates a series of images corresponding to specified
frames of a given video file. Users can specify the time in second of
the starting frame and the time in second of the ending frame as well
as the time lap in second between two successive frames. Users can also
specify in which folder to store these images.

inputs:
vid - a VideoReader object or a path to a video file
from - the starting second of the extracted frames (default 0)
to - the ending second of the extracted frames (default end time of video)
step - the interval in seconds between frames (default 5)
savetodir - (optional) the output directory (default a
"tmp-extracted-frames" subfolder of the video file's
directory or of the current execution directory)
outputs:
imgs - heigth X width X colors X frames arrays representing the
extracted frames.
% limit input from 0 to 5 arguments
narginchk (0, 5);
% constants for default values
DEFAULTSTARTT = 0; % default start time = 1 seconds
DEFAULTSTEP = 5; % default step = 5 seconds
MINSTEP = 107 (-9); % minimum step = 1 nanosecond

DEFAUTOUTDIRNAME 'tmp-extracted-frames'; % default output dir name
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% read the video file and its properties
if nargin < 1

[fl’l, fp/ N] =
uigetfile('*', 'Please choose the video file to be processed.');
vid = [fp, fn];

end
if isa(vid, 'VideoReader')

vidObj = wvid;
else

vidObj = VideoReader (vid) ;
end
frameRate = vidObj.FrameRate;
duration = vidObj.Duration;
nFrames = vidObj.NumberOfFrames;
nrow, ncol, nclr] = size(read(vidObj, 1));
vidHeight = xyloObj.Height;
% vidWwidth = xyloObj.Width;

0% — oo

% set default values to the rest arguments when no specified
% set default start frame time
if nargin < 2

startt = DEFAULTSTARTT;

userinput = input(['Type in the time in seconds of the starting ',
'frame, \nor simply enter to accept ',
'default (', num2str(startt), ' seconds): '],'s');

tmpstartt = str2double (userinput) ;
if (~isnan (tmpstartt))
startt = min(max (0, tmpstartt),duration);
end
end

% set default end frame time
if nargin < 3

endt = duration;

userinput = input(['Type in the time in seconds of the stopping',
'frame, \nor simply enter to accept ',
'default (', num2str(endt), ' seconds): '],'s');

tmpendt = str2double (userinput) ;
if (~isnan (tmpendt))
endt = min (max (startt, tmpendt),duration);

end
end
% set default frame interval (step)
if nargin < 4

step = DEFAULTSTEP;

userinput = input(['Type in the time in seconds between two ',
'extracted frames, \nor simply enter to accept ',
'default (', num2str(step), ' seconds): '],'s');

tmpstep = str2double (userinput) ;
if (~isnan (tmpstep))
step = min (max (MINSTEP, tmpstep) ,endt-startt);
end
end

% set default savetodir value
if nargin < 5

videopath = './';
if (isa(vid, 'char'))
[videopath,~,~] = fileparts(vid);

end



end

savetodir = fullfile(videopath, DEFAUTOUTDIRNAME) ;

userinput = input(['Do you want to set the output directory?\n’',
' (The default is: "', strrep(savetodir,'\','/"),
"™\n', "(y/n): '1,'s");

if strcmp (userinput, 'y')
savetodir = uigetdir;
end
end

% calculate the start and end frame indices and the number of frames to
% skip each time

startF = round(frameRate*startt)+1;
endF = round(frameRate*endt) ;
stepF = round(frameRate*step)+1;
disp(['Extracting frames from ',vidObj.Name])
disp(['starting at frame no.', num2str(startF),
' (at second ', num2str(startt), '),']l);
disp(['stopping at frame no.', num2str (endF),
' (at second ', num2str(endt), '),']l);
disp(['and by every other ', num2str(stepF), ' frames (',
num2str (step), ' seconds).']);
disp (['Output folder: "', savetodir, '"']l);

o)

% allocate the memory for storing the frames
imgs = uint8(zeros(nrow, ncol, nclr, floor((endF-startF)/stepF)+1));

[

% read one frame at a time.

count = 0;
for k = startF:stepF:endF

count = count+l;

imgs(:,:, :,count) = read(vidObj, k);
end

% write images to files
if exist ('savetodir', 'var')
if (~exist(savetodir,'dir'))
mkdir (savetodir) ;
end
count = 0;
padding = power (10,size (num2str (max (startF, endF)),2));
for k = startF:stepF:endF
count = count+1l;
padded k = num2str (padding+k) ;
img = imgs(:,:, :,count);

imwrite (img, [savetodir, '\frame',padded k(2:end),'.jpg']l, 'JPG');

end
end
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2. Find the markers in one frame. To do that, first convert the frames to grayscale, then threshold
the image to only see the markers. To set the threshold, the code utilizes an open-source code
which needs to be attached to file for it to run [169].

Threshold code:

function [level,bw] = thresh tool (im,cmap,defaultLevel) %mainfunction
$THRESH TOOL Interactively select intensity level for image thresholding.
THRESH TOOL launches a GUI (graphical user interface) for thresholding
an intensity input image, IM. IM is displayed in the top left corner. A
colorbar and IM's histogram are displayed on the bottom. A line on the
histogram indicates the current threshold level. A binary image is
displayed in the top right based on the selected level. To change the
level, click and drag the line. The output image updates automatically.

o° 0 o o° o° o o°

o

There are two ways to use this tool.

o

%$Mode 1 - nonblocking behavior:
% THRESH TOOL (IM) launches GUI tool. You can continue using the MATLAB
% Desktop. Since no results are needed, the function does not block

o

execution of other commands.

o

o

THRESH TOOL (IM,CMAP) allows the user to specify the colormap, CMAP. If
not specified, the default colormap is used.

o oo

oe

THRESH TOOL (IM,CMAP, DEFAULTLEVEL) allows the user to specify the
default threshold level. If not specified, DEFAULTLEVEL is determined
by GRAYTHRESH. Valid values for DEFAULTLEVEL must be consistent with
the data type of IM for integer intensity images: uint8 [0,255], uintlé6
[0,65535], intl6 [-32768,32767].

o° od° o o°

oe

% Example
% x = imread('rice.png');
% thresh tool (x) %no return value, so MATLAB keeps running

oe

o

Mode 2 - blocking behavior:
LEVEL = THRESH TOOL(...) returns the user selected level, LEVEL, and
MATLAB waits for the result before proceeding. This blocking behavior
mode allows the tool to be inserted into an image processing algorithm
to support an automated workflow.

o° o° o o° oe

oe

[LEVEL,BW] = THRESH TOOL(...) also returns the thresholded binary
output image, BW.

oo

oo

% Example
% x = imread('rice.png');
% lev = thresh tool (x) $MATLAB waits for GUI tool to finish

oo

%See also COLORMAP, GRAYTHRESH, IM2BW.

$defensive programming
error (nargchk (1, 3,nargin))
error (nargoutchk (0, 2, nargout))
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%validate defaultLevel within range
if nargin>2 %uer specified DEFAULTLEVEL
dataType = class (im);
switch dataType
case 'uint8','uintlé', 'intle'

if defaultlevel<intmin (dataType) | defaultlevel>intmax (dataType)
error (['Specified DEFAULTLEVEL outside class range for ' dataTypel)
elseif defaultlLevel<min(im(:)) | defaultLevel>max (im(:))
error ('Specified DEFAULTLEVEL outside data range for IM')
end

case 'double', 'single'
%okay, do nothing
otherwise
error ([ 'Unsupport image type ' dataType])
end %switch
end

max_ colors=1000; %practical limit

%calculate bins centers
color range = double(limits(im));
if isa(im, 'uint8"') %$special case [0 255]

color range = [0 255];
num_colors = 256;
di = 1;

elseif isinteger (im)
%try direct indices first

num colors = diff (color range)+1;
if num colors<max colors %okay
di = 1; %inherent bins
else %too many levels
num colors = max colors; Spractical limit
di = diff(color range)/ (num colors-1);
end

else %noninteger
$try infering discrete resolution first (intensities often quantized)
di = min(diff (sort (unique (im(:)))));
num_colors = round(diff (color range)/di)+1;
if num colors>max colors %too many levels
num colors = max colors; %practical limit
di = diff(color range)/(num colors-1);
end
end
bin ctrs = [color range(l):di:color range(2)];
FmtSpec = ['%.' num2str(ceil(-loglO(di))) 'f']l;
snew figure - interactive GUI tool for level segmenting
h fig = figure;
set (h _fig, 'ToolBar', 'Figure')
if nargin>1 && isstr(cmap) && strmatch(lower (cmap), 'gray')
full map = gray(num colors);

elseif nargin>1 && isnumeric(cmap) && length(size(cmap))==2 && size (cmap,2)==3
full map = cmap;

else
full map = jet (num colors);

end

setappdata(h fig, 'im', im)
setappdata (h_fig, 'FmtSpec', FmtSpec)



top left - input image
h axl = axes('unit', 'norm', 'pos', [0.05 0.35 0.4 0.60]);
rgb = im2rgb (im, full map);
function rgb = im2rgb (im, full map); %nested
%coerce intensities into gray range [0,1]
gray = imadjust(im, [], [0 1]);
%generate indexed image
num colors = size(full map,1);
ind = gray2ind(gray,num_colors);
Sconvert indexed image to RGB
rgb = ind2rgb(ind, full map);
end %im2rgb

image (rgb), axis image
%$subimage (im, full map)
axis off, title('Input Image')

$top right - segmented (eventually)

h ax2 = axes('unit', 'norm', 'pos', [0.55 0.35 0.4 0.60]);
axis off

setappdata (h_fig, 'h ax2',h ax2)

%next to bottom - intensity distribution
h hist = axes('unit', 'norm', 'pos',[0.05 0.1 0.9 0.2]);

n = hist(double(im(:)),bin ctrs);
bar (bin ctrs,n)
axis([color range limits(n(2:end-1))]) %ignore saturated end scaling

set (h_hist, 'xtick', [], 'ytick"', [])
title('Intensity Distribution')

%very bottom - colorbar

h cbar = axes('unit', 'norm', 'pos',[0.05 0.05 0.9 0.05], 'tag', '"thresh tool cbar');
subimage (color range, [0.5 1.5],1:num colors, full map)

set (h_cbar, 'ytick', [], 'xlim',color range)

axis normal

v=version;
if str2num(v(1:3))>=7
%$1link top axes (pan & zoom)
linkaxes ([h_axl h ax2])
%$1link bottom axes (X only - pan & zoom)
linkaxes ([h _hist h cbar], 'x")
end

%$colorbar tick locations
set (h_cbar, 'xtick',color range)

$threshold level - initial guess (graythresh)
if nargin>2 %Suser specified default level

my level = defaultLevel;
else %graythresh default

lo = double(color range(l));

hi = double (color range(2));

norm_im = (double(im)-1o0)/ (hi-1lo);

norm_ level = graythresh(norm im); %GRAYTHRESH assumes DOUBLE range [0,1]
my level = norm level* (hi-lo)+lo;

end



%display level as vertical line

axes (h_hist)

h lev = vline(my level,'-");

set (h _lev, 'LineWidth', 2, 'color',0.5*[1 1 1], 'UserData',my level)
setappdata(h _fig, 'h lev',h lev)

%attach draggable behavior for user to change level
move vline(h lev,@update plot);

axes (h_cbar)
y lim = get (h cbar,'ylim');

% PLACE TEXT LOCATION ON COLORBAR (Laurens)

%h text = text(my level,mean(y lim),numZ2str (round(my level)));
h text = text(my level,mean(y lim), 'dummy', 'HorizontalAlignment', 'Center');

if nargin<2
text color
else
text color = 'm';
end
set (h_text, 'FontWeight', 'Bold', 'color', text color, 'Tag', 'cbar text')
movex text(h text,my level)

290 290 o

0.5*[1 1 11];

S 9 o

$segmented image

bw = im>my level;

axes (h_ax2)

hold on

subimage (bw), axis off, axis 1ij
hold off

title ('Segmented')
update plot

%add reset button (resort to initial guess)
h reset = uicontrol('unit', 'norm', 'pos', [0.0 0.95 .1 .05]);
set (h_reset, 'string', 'Reset', 'callback', @ResetOriginalLevel)

if nargout>0 %$return result(s)
h done = uicontrol ('unit', 'norm', 'pos',[0.9 0.95 0.1 0.05]);
set (h_done, 'string', 'Done', 'callback', 'delete(gcbo) ') S3better
%inspect (h_fig)
set (h fig, 'WindowStyle', 'modal')
waitfor (h done)
if ishandle(h fiqg)
h lev = getappdata(gcf,'h lev');
level = mean(get(h lev, 'xdata'));
if nargout>1l

h im2 findobj (h_ax2, 'type', "image');
bw = logical (rgb2gray(get (h_im2, 'cdata')));
end
delete(h fig)
else
warning (' THRESHTOOL:UserAborted', 'User Aborted - no return value')
level = [];
end
end
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end Sthresh tool (mainfunction)

function ResetOriginallLevel (hObject,varargin) $%subfunction
h lev = getappdata(gcf,'h lev');

init level = get(h lev, 'UserData');

set (h lev, 'XData',init level*[1 1])

text obj = findobj ('Type', 'Text','Tag’', 'cbar text');

movex text (text obj,init level)

update plot

end %ResetOriginallevel (subfunction)

function update plot %subfunction

im = getappdata (gcf, 'im');

h lev = getappdata(gcf,'h lev');

my level = mean(get(h lev, 'xdata'));

h ax2 = getappdata(gcf,'h ax2');

h im2 = findobj (h ax2, 'type', 'image');
$segmented image

bw = (im>my level);

rgb _version = repmat (double(bw), [1 1 3]);
set (h_im2, 'cdata', rgb_version)

end %update plot (subfunction)

%$function rgbsubimage (im,map), error ('DISABLED')

function move vline (handle,DoneFcn) %subfunction
$MOVE VLINE implements horizontal movement of line.

o o

oe

Example:
plot(sin(0:0.1:p1i))
h=vline (1) ;
move vline (h)

o° P o oe

o©

Note: This tools strictly requires MOVEX TEXT, and isn't much good
without VLINE by Brandon Kuczenski, available at MATLAB Central.

oe

$<http://www.mathworks.com/matlabcentral/fileexchange/loadFile.do?objectId=1039&0b]j

ectType=file>
% This seems to lock the axes position
set (gcf, "Nextplot', '"Replace')
set (gcf, 'DoubleBuffer', 'on')

h ax=get (handle, 'parent');

h fig=get (h_ax, 'parent');
setappdata(h fig, 'h vline',6handle)
if nargin<2, DoneFcn=[]; end
setappdata (h_fig, 'DoneFcn', DoneFcn)
set (handle, 'ButtonDownFcn', @DownFcn)

function DownFcn (hObject,eventdata,varargin) $%Nested--%
set (gcf, '"WindowButtonMotionFcn', @MoveFcn)

o\°
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set (gcf, 'WindowButtonUpFcn', @UpFcn) %

end %DownFcn----—--—--—-—-—-—-—-———————————————————————— %
function UpFcn (hObject,eventdata,varargin) %Nested----%
set (gcf, 'WindowButtonMotionFen', []) %
DoneFcn=getappdata (hObject, 'DoneFcn') ; %
if isstr (DoneFcn) %
eval (DoneFcn) %
elseif isa(DoneFcn, 'function handle') %
feval (DoneFcn) %
end o
end $UpFcn--—--—-——-—-—-—-———————————————————————————————— %
function MoveFcn (hObject,eventdata,varargin) %Nested------ %
h vline=getappdata (hObject, 'h vline'); %
h ax=get (h _vline, 'parent'); %
cp = get(h ax, 'CurrentPoint'); %
xpos = cp(l); %
x range=get (h ax, 'xlim'"); %
if xpos<x range(l), xpos=x range(l); end %
if xpos>x range(2), xpos=x _range(2); end %
XData = get(h vline, 'XData'); %
XData (:)=xpos; %
set (h _vline, 'xdata',XData) %
Supdate text %
text obj = findobj ('Type', 'Text', 'Tag’', 'cbar text'); %
movex text (text obj,xpos) %
end %$MoveFcn--————--———————"——"—"—"—"—"—\—"—"—\—(—~—~\—~\—~(—(—(—(—(—— %

end %move vline (subfunction)

function [x,y] = limits(a) %$subfunction
LIMITS returns min & max values of matrix; else scalar value.

o oP

o

[lo,hi]=LIMITS (a) returns LOw and HIgh values respectively.

o

oe

1im=LIMITS (a) returns 1x2 result, where lim = [lo hi] wvalues

if nargin~=1 | nargout>2 $%bogus syntax
error ('usage: [lo,hi]l=limits(a)"')
end

siz=size(a);

if prod(siz)==1 %scalar
result=a;
else %matrix
result=[min(a(:)) max(a(:))]1;
end

oe

value

o\°

limits

if nargout==1 %composite result
x=result; % 1x2 vector
elseif nargout==2 S%separate results
x=result (1) ; % two scalars
y=result (2);
else %no result
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ans=result % display answer
end

end %$limits (subfunction)

function movex text (h txt,x pos) %subfunction
FmtSpec=getappdata (get (get (h_txt, 'parent'), 'parent'), 'FmtSpec') ;
msg=sprintf (FmtSpec, x_pos) ;

pos=get (h_txt, 'position');

pos (1)=x pos;

set (h_txt, 'Position',pos, 'String',msq)

end smovex text

function hhh=vline (x,inl, in2) %subfunction
function h=vline(x, linetype, label)

o

% Draws a vertical line on the current axes at the location specified by 'x'.
Optional arguments are

% 'linetype' (default is
near the line. The

% label appears in the same color as the line.

r:') and 'label', which applies a text label to the graph

o

o

The line is held on the current axes, and after plotting the line, the function
returns the axes to
its prior hold state.

o oP

o\

The HandleVisibility property of the line object is set to "off", so not only
does it not appear on

% legends, but it is not findable by using findobj. Specifying an output argument
causes the function to

% return a handle to the line, so it can be manipulated or deleted. Also, the
HandleVisibility can be

overridden by setting the root's ShowHiddenHandles property to on.

o oo

oe

h = vline(42,"'g','The Answer')

oe

o

returns a handle to a green vertical line on the current axes at x=42, and
creates a text object on
the current axes, close to the line, which reads "The Answer".

o oP

oe

vline also supports vector inputs to draw multiple lines at once. For example,

oo

oo

vliine([4 8 12]1,{'g','r','b"},{'11', "1lab2"', '"LABELC"'})

oe

oe

draws three lines with the appropriate labels and colors.

oe

oo

By Brandon Kuczenski for Kensington Labs.
brandon kuczenski@kensingtonlabs.com
8 November 2001

oo

oe

oo

Downloaded 8/7/03 from MATLAB Central

oe

http://www.mathworks.com/matlabcentral/fileexchange/loadFile.do?objectId=1039&0objec
tType=file
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if length(x)>1 % vector input
for I=1:length (x)
switch nargin
case 1
linetype='r:"';
label="";
case 2
if ~iscell (inl)
inl={inl};
end
if I>length(inl)
linetype=inl{end};

else
linetype=inl{I};
end
label="";
case 3

if ~iscell (inl)
inl={inl};
end
if ~iscell (in2)
in2={in2};
end
if I>length(inl)
linetype=inl{end};
else
linetype=inl{I};
end
if I>length(in2)
label=in2{end};
else
label=in2{1};
end
end
h(I)=vline(x(I),linetype, label);
end
else
switch nargin
case 1
linetype='r:"';
label="";
case 2
linetype=inl;
label="";
case 3
linetype=inl;
label=in2;
end

g=ishold(gca) ;
hold on

y=get (gca, 'ylim'");
h=plot([x x],y,linetype);
if length(label)
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xx=get (gca, 'x1im') ;
xrange=xx (2) -xx (1) ;
xunit=(x-xx (1)) /xrange;
if xunit<0.8
text (x+0.01l*xrange,y(1)+0.1*(y(2)-y (1)), label, 'color',get (h, 'color'))
else
text (x-.05*xrange,y(1)+0.1*(y(2)-y (1)), label, 'color',get (h, 'color"'))
end
end

if g==

hold off

end

set (h, 'tag', 'vline', 'handlevisibility', 'off'")

o)

end % else
if nargout
hhh=h;

end

end %vline (subfunction)
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Actual step code:

$readimages%converttotiff%converttograyscale%cropdesireareSthreshold/convertobw$

in dir = 'C:\Users\Student\Documents\Lab 2014\Matlab Codes\images2\images\images"';
out dir = 'C:\Users\Student\Documents\Lab 2014\Matlab Codes\images2\images\images';
for px = 1: 1; %change this number second time, do first time with one only

fname = sprintf ('frame (%d).Jjpg', px); %reads jpg, can modify%change name of

file here accordingly %d is for numbr, the other is read as string
fname2 = sprintf ('thresholdedandcroppedframed44sd.tiff', px);

Sread file
I = imread(fullfile(out dir, fname)):;
%rgb to grayscale
out image = rgb2gray(I);
%crop image
imshow (out image) ;
h = imrect(gca, [50 50 900 900]);
setResizable (h,0)
position = wait (h);
I cropped = imcrop (out image,position);
figure () ;
imshow (I _cropped) ;
[I_cropped rect] = imcrop (out image);
$threshold image
level=thresh tool (I cropped);
level2= level/255;
%apply threshold to image
BW=im2bw (I cropped, level2) ;
BW2=imcomplement (BW)
BW3=bwareaopen (BW, 30); %this can be changed
%$save image
imwrite (BW3, fullfile(out dir, fname2));
L=bwlabel (BW3) ;
STATS = regionprops (L,
'Centroid', '"MajorAxisLength', 'MinorAxisLength', 'Orientation', 'PixelIdxList"');
centroids = cat(l, STATS.Centroid);
imshow (BW3)
hold on
plot (centroids(:,1), centroids(:,2), 'b*'")
hold off
end
First, make an image with a light gray background instead
of a black background, so that the numbers will be visible
on top of it.
I3 = im2uint8 (BW3) ;
I3(~BW3) = 100;
I3(BW3) = 240;
imshow (I3, 'InitialMagnification', 'fit"')

o° oo

oe

oo

Now plot the number of each sorted object at the corresponding
% centroid:
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hold on
for k = 1l:numel (STATS)
centroid = STATS (k) .Centroid;
text (centroid (1), centroid(2), sprintf('%sd', k)):;
end
hold off

3. Once the threshold has been set, run the program through all the frames available. The program
stores the centroid information for each marker over all the frames.

$readimages%converttotiffS$converttograyscale%cropdesireare$threshold/convertobw$
in dir = 'C:\Users\Student\Documents\Lab 2014\Matlab Codes\images2\images\images"';
out dir = 'C:\Users\Student\Documents\Lab 2014\Matlab Codes\images2\images\images';

M= zeros (1300,1300); %prealloction

for px = 1: 540; %change this number second time, do first time with one only

fname = sprintf('frame (%d).Jjpg', px); S%reads jpg, can modify%change name of
file here accordingly %d is for numbr, the other is read as string
fname2 = sprintf ('thresholdedandcroppedframe44sd.tiff', px);
$read file
I = imread(fullfile(out dir, fname));
%$rgb to grayscale
out image = rgb2gray(I);
%crop image
I cropped2 = imcrop (out image, rect);
%apply threshold to image
BW=im2bw (I cropped2, level2) ;
BW2=imcomplement (BW)
BW3=bwareaopen (BW2,30); %this can be changed
%$save image
imwrite (BW3, fullfile(out dir, fname2));

L=bwlabel (BW3) ;
s = regionprops (L, 'Centroid');
STATS = regionprops (L, 'centroid');
STATS2 = struct2cell (STATS) ;
STATS3 = cell2mat (STATS2)
size (M)

size (STATS3)

size (px)

M(px,l:size (STATS3,2)) = STATS3;

%M (px, :)= STATS3;

end
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fname3=sprintf ('centroid distances 0.2 atm.xls');

$x1lswrite (fname3, M);
xlswrite(fullfile(out dir, fname3), M);

sworks for plotting

Sfigure;

$for ii = 1:2

% subplot(l,2,1ii)
%$hold on

Splot (M(:,1ii));

%caption = sprintf ('This is plot #%d',

%title (caption, 'FontSize', 12);
%end

ii);

%$change this
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MATLAB codes for morphology characterization

Cell Elongation

Cell elongation was guantified through the Nikon Image Analysis Software, where a user would draw an ellipse

around 4 cells/image. The software would then measure the ratio of long/short axis.

Nucleus Elongation

1. Code opens the image, converts it to grayscale, then user manually thresholds it and selects
various nuclei. Program then ouputs nuclei area, orientation, and major/minor axis length
(elongation)

$readimages%converttotiff%converttograyscale%cropdesireare$threshold/convertobw$

in dir = 'C:\Users\Daphne\Documents\Lab 2014\Fluorescence Images PECAM, VECAD,
phalloidin, CD41\10-06-14-Flexcell stretch and shear\dapi fixed';
out dir = 'C:\Users\Daphne\Documents\Lab 2014\Fluorescence Images PECAM, VECAD,

phalloidin, CD41\10-06-14-Flexcell stretch and shear\dapi fixed';

$M= zeros (20,20)
for px = 1: 1; %change this number second time, do first time with one only

fname = sprintf('10 06 14 30085.jpg', px); S%reads jpg, can modify%change
name of file here accordingly %d is for numbr, the other is read as string
fname2 = sprintf ('thresholdedandcroppedframesd.tiff', px);
Sread file
I = imread(fullfile(out dir, fname)):;
%rgb to grayscale
out image = rgb2gray(I);
%crop image
imshow (out image);
h = imrect(gca, [75 68 2000 2000]);
setResizable (h,0)
position = wait (h);
I cropped = imcrop (out image,position);
figure () ;
imshow (I _cropped) ;
%[I_cropped rect] = imcrop (out image);
%$threshold image
level=thresh tool (I cropped);
level2= level/255;
%apply threshold to image
BW=im2bw (I cropped, level2);
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$BW2=imcomplement (BW)
BW3=bwareaopen (BW, 30); %this can be changed
%$save image
imwrite (BW3, fullfile(out dir, fname2));
L=bwlabel (BW3) ;
D=bwselect (L) ;
STATS = regionprops (D,
'Centroid', '"MajorAxisLength', 'MinorAxisLength', 'Orientation', 'PixelIdxList');

centroids = cat(l, STATS.Centroid);

imshow (BW3)

hold on

plot (centroids(:,1), centroids(:,2), 'b*'")
hold off

end

First, make an image with a light gray background instead
of a black background, so that the numbers will be visible
on top of it.

I3 = im2uint8 (BW3) ;

I3(~BW3) = 100;

I3(BW3) = 240;

imshow (I3, 'InitialMagnification', 'fit"')

o° o

o

o

Now plot the number of each sorted object at the corresponding
% centroid:

hold on
for k = l:numel (STATS)
centroid = STATS (k) .Centroid;
text (centroid(l), centroid(2), sprintf('sd', k));
end
hold off

Cell Junctional Actin Accumulation

1. Read images, convert to grayscale, and draw multiple lines from the inside to the outside of the
cell (direction is important, over the junctional actin accumulation)

%$readimages%converttotiff%converttograyscale%
clear('all');
in dir = 'E:\Lab 2014\Fluorescence Images\Flexcell\091914 - Flexcell\Actin';

in dir points = 'E:\Lab 2014\Fluorescence Images\Flexcell\091914 -
Flexcell\Actin points';

all file names = dir(in_dir points);
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in dir = 'E:\Lab 2014\Fluorescence Images\Flexcell\091914 - Flexcelll\Actin';
out dir = 'E:\Lab 2014\Fluorescence Images\Flexcell\091914 - Flexcell\Actin';

results name = 'E:\Lab 2014\Fluorescence Images\Flexcell\091914 -
Flexcell\output.txt';

diary off
diary(results name);

diary on

$for px = 1: 1; %change this number second time, do first time with one only
points ignored = 0;
for index = l:size(all file names,1),

if all file names(index) .isdir

continue;

end
current name = all file names (index) .name;
fname = sprintf (current name); %reads jpg, can modify%change name of file here

accordingly %$d is for numbr, the other is read as string

%$read file

I = imread(fullfile(out dir, fname));
out image = rgb2gray(I);

%read los puntos

points = csvread (fullfile(in dir points, fname));

average = 0;
p_points = 0;

for index point = l:size(points,1)

temp = points(index point,:);
xf = temp(1l);
yf = temp (2);
xi = temp(3);

yi = temp(4);

n = max (abs(yf - yi), abs(xf - xi));

dx = (xf - xi) / n;
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dy = (yf - yi) / n;

vx = xXi:dx:xf;
vy = yi:dy:yf;
if xi == xf,

vx = ones (size(vy)) * xi;
end
if yi == yf,

vy = ones(size(vx)) * yi;
end

data profile=improfile (out image,vx,vy);

$plot (data profile)
$[xi, vi, xf, yf]
%pause

% size(data profile)

% data profile (1:5,1)

shist (data profile);

[maximum, index max] = max (data profile);

m= mean (data profile);

sd= std (data profile);

i = find(data profile <(m+0*sd));

i final = i(i > index max);

% index max
% m+0*sd

minimum = mean (data profile (i final));
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ratio = maximum / minimum;
5[xf, yf, xi, yi]
$plot (data profile)

%pause

if isnan(ratio),

index;

points ignored = points ignored + 1;

continue
m
index max

i final

size (i _final)

end
average = average + ratio;

p_points = p points + 1;

end

average = average / p points;
if isnan(average)

p_points

pause
end

%disp (sprintf ('For filename %s,
average)) ;

disp (sprintf ('$s\t%d\t%f', current name, p points,

%points

o)

% imwrite (BW3, fullfile(out dir,

end

fname2)) ;

line # %d: %f', current name,

average)) ;

p_points,

112



o°

L=bwlabel (BW3) ;

% s = regionprops (L, 'Centroid');

o

STATS = regionprops (L, 'Centroid') ;

3 end

diary off

2. Archive all data

clear('all');

in dir = 'C:\Users\Student\Documents\Lab 2014\Fluorescence Images\Flexcell\091914 -
Flexcell\Actin';

in dir points = 'C:\Users\Student\Documents\Lab 2014\Fluorescence
Images\Flexcell\091914 - Flexcell\Actin points';
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in dir figures = 'C:\Users\Student\Documents\Lab 2014\Fluorescence
Images\Flexcell\091914 - Flexcell\Actin figures';

all file names = dir(in_dir);

in dir = 'C:\Users\Student\Documents\Lab 2014\Fluorescence Images\Flexcell\091914 -
Flexcell\Actin';

out _dir = 'C:\Users\Student\Documents\Lab 2014\Fluorescence Images\Flexcell\091914 -
Flexcell\Actin';

$for px = 1: 1; %change this number second time, do first time with one only

for index = l:size(all file names,1),

if all file names (index) .isdir

continue;

end

fname = all file names (index) .name

if exist(fullfile(in dir figures, fname), 'file') == 2,
continue

end

$read file

I = imread(fullfile(out dir, fname));

cursor_info = zeros(1l,1);

h = figure;

imshow (I);

pause;

saveas (h, fullfile (in dir figures, fname));

close (h);
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n_points = size(cursor_ info, 2)
if n_points <= 1,

continue

end
points = zeros(n points/2,4);
index point = 1;
for j = 1: n _points,
if mod(j,2) == 1,
points (index point,1:2) = cursor_info (J).Position;
else
points(index point,3:4) = cursor_info (J).Position;
index point = index point + 1;
end
end

csvwrite (fullfile(in dir points, fname),points);

end

EC-platelet interaction manuscript

Thrombosis Research 150 (2017) 44-50
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GPIb/Ma [16]. Proteins that are essential for platelet adhesion include
P-selectin, von Willebrand factor (vWF), and ICAM-1. P-selectin medi-
ates platelet rolling on EC[17], vWF is required for platelet adhesion
through GPIbo, and ICAM-1 has been reported to mediate GPIHb/1a-
dependent bridging mechanism through fibrinogen [15]. Rosenblum
et al. suggested that EC surface PECAM-1 may also contribute to platelet
adhesion and aggregation at injury sites [18]. However, the role of
PECAM-1 in platelet adhesion to EC has not been thoroughly investigat-
ed. We recently reported that platelet-EC interaction could greatly affect
platelet activation state and platelet surface adhesion protein (GPIb and
GPIIb) expression under shear flow [19]. However, how platelets affect
EC responses to physiological or pathological flow remains unclear.

In thepresent study, human coronary artery EC were exposed tovar-
ious physioclogically relevant dynamic shear stress waveforms in a pro-
grammable cone and plate shearing device, in the presence of platelets.
Platelet adhesion to EC monolayer was quantified, the effect of platelets
on EC surface ICAM-1 expression was measured, and the role of PECAM-
1 in platelet-EC interaction was evaluated.

2. Materials and methods
2.1. Endothelial cell culture

Human coronary artery endothelial cells (HCAEC) were purchased

expression, followed by an alkaline phosphatase conjugated goat anti-
mouse secondary antibody (Sigma-Aldrich, St Louis, MO). Antibody
binding was detected using a P-nitrophenyl phosphate substrate
{ pMPP at 1 mg/mL, from Life Technologies, Carlsbad, CA) at405 nm. Un-
treated EC (no shear, no platelets) were used as the negative experi-
mental control,

EC total ICAM-1 expression was measured using Western blot. Fol-
lowing shear exposure (37 °C, 1 h), EC were washed and trypsinized.
Collected cells were centrifuged at 1000 = g for 5 min, Cell pellet was
then re-suspended in lysis buffer containing Triton X-100, protease in-
hibitors and phosphatase inhibitors (Life Technologies ), and incubated
at 4°C for 1 h. After standard Westem blot procedures, EC total ICANM-
1 expression was analyzed using a C-digit blot scanner (LI-COR Biotech-
nology, Lincoln, ME), EC j3-actin wasused as a protein loading control.

Shearstress induced changes in ICAM-1 mRNA expression was mea-
sured using RT-PCR. Following shear exposure (60 min, 37 °C), ECwere
washed and collected in Trizol reagent {Invitrogen), RNA was isolated
and then reverse transcribed using the cDNA synthesis kit from Quanta
Biosciences (Gaithersburg, MD), following the manufacturer's instruc-
tion, The forward and reverse primers for ICAM-1 were designed
using the Primer Express Software (Applied Biosystems), The forward
primer for ICAM-1 was 5"-AGACAGTGACCATCTACAGCTTTCC-3", and
the reverse primer was 5'-CACCTCCGTCCCTTCTGAGA-3", [3-actin was
used as the housekeeping gene control, The forward and reverse primer
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serum or antibiotics, PECAM-1 siRMA was then introduced and incubat-
ed with EC monolayer for 6 h. Following transfection, EC were allowed
to grow in normal culture medivum for an additional 18-24 h before
shear stress exposure with platelets. Western blot was performed tode-
termine trans fection efficiency in total cellular PECAM-1. The numberof
platelets adhered to transfected EC was quantified as described before,

2.9, Statistics

Statistical analysis of the data obtained from all experiments was
carried out using ANOVA (ICAM-1 expression with or without siRNA
treatment, MO release, platelet adhesion to EC, EC surface PECAM-1 ex-
pression/phosphorylation) or student's t-test (EC PECAM-1 expression
following siRMA treatment). If significant difference (P< 0.05) was de-
tected by ANOVA, Student-Newman-Keuls post-hoe test was used to
conduct further comparisons between different treatment groups, All
statistical analysis wasconducted using Microsoft Excel or SAS 9.3.

3. Results
3.1. Endothelial cell ICAM-1 expression

EC were exposed to normal or low pulsatile shear stress in the pres-
enceor absence of platelets, Followine shear exposure, EC were washed
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Fig. 2. Normalized NO release in ECculture medium following shearstress treatment, with
or without the presence of platelets, Data is presented as mean + standard error, All
significant diflerences (P < 0.05) are marked.

large number of plazelets adhered to EC junctions, co-localized with
highly expressed PECAM-1.

The number of platelets adhered to EC monolayer following shear
stress exposure was qualified using an in-house MATLAB program (re-
sults from the program were confirmed by different individuals'
counting by eyes). As shown in Table 1 (row 1), the number of adhered
platelets increased significantly under low pulsatile shear stress
(P< 005, n = 4, ANOVA), compared to normal pulsatile shear stress
orstatic (no shear) conditions.

34. ECsurface PECAM-1 expression and phosphorylation

EC surface PECAM- 1 expression and PECAM-1 phosphorylation was
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3.5. PECAM-1 SiRNA transfection

To determine if PECAM-1 mediated platelet adhesion to ECand con-
tributed to the above observed EC responses, EC surface PECAM-1
expression was suppressed using siRNA. Results obtained from Westerm
blot experiments indicated that siRNA transfection significantly
(P<0.05, student's t-test) reduced HCAEC PECAM-1 expression (Sup-
plementary Fig. 1).

Following successful transfection, EC were exposed to normalor low
pulsatile shear stress as described before in a cone and plate shearing
device, in the presence of platelets. Platelet adhesion to EC was visual-
ized using immunofluorescence microscopy. The numbers of platelets
adhered to EC monolayers after EC were treated with a control non-
specific siRNA and PECAM-1 siRNA were summarized in Table 1 (row
2 and 3). The results demonstrated that the absence of PECAM-1 affect-
ed platelet adhesion significantly (P< 0.05, ANOVA). When EC surface
PECAM-1 was mostly diminished, shear stress-induced platelet adhe-
sion to EC surface was significantly reduced, regardless of the shear
stress magnitude (P < 0.05 for both normal and low shear stress,
when control-siRNA- and PECAM-siRNA-treated EC were compared).

In parallel, after PECAM siRNA-transfected EC were exposed to nor-
maland low pulsatile shear stress in the presence of platelets, EC surface
ICAM-1 expression was measured using ELISA. The results (Fig, 5) dem-
onstrated that when PECAM-1 was absent, EC did not respond to path-
ological low shear stress by enhancing cell surface ICAM-1 expression
(ie., cell activation), and the presence of platelets did not reduce EC sur-
face ICAM-1 expression.

4. Discussion

Shear stress plays important roles in endothelial cell and platelet
Bemanttamen ' Ten's
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Table1
Mumber of adbered platelets to EC following shear stress exposune.
Mo shear Mormal shear Lo shear
Untreated FC and 1876 £ 445 6302 + 3087 13643 4 40490
plakelets
EC were treated with TIL0 £ 2390 1B26E £ 1928
nor-specific sikNA
EC were treated with 1737 & 1158 2583 + 1423
PECAM-1 siRMA
Platelets were treated 530 4 G4 2IEE 4 19652

with PECAM-1 antibody

It is wellestablished that endothelial cells and platelets interact with
each cther. However, how such interaction affects each cell type's re-
sponse toaltered shear stress is under investigated, Recently, we report-
ed that endothelial cells can enhance platelet sensitivity (i.e., activity,
aggregation and adhesion potential, etc.) to dynamic shear stress [19]
In the present study, the effect of platelets on EC response to shear
flow was investigated. The nitric oxide measurement indicated that EC
MO release increased significantly following shear exposure, but was
notaffected by the presence of platelets (Fig, 2). These results suggested
that platelets did not affect EC normal response to flow. It was rather
surprising that the presence of platelets counteracted the effects of
pathological low shear stress, and inhibited EC ICAM-1 expression at
both protein and mRMA levels, Many proteins released from platelet
a-granules and dense bodies are known to promote platelet activation,
aggregation (such as ADF, platelet factor 4 and P-selectin), and EC in-
flammatory responses (such as CD40L) [26,27], Only a handful of
platelet-released proteins (such as oe2-plasmin inhibitor, tissue factor
pathway inhibitor, ce1-protease inhibitor, C1-inhibitor and plasminogen
activator inhibitor-1) hawe inhibitory functions [28]. But none of those

mrnkatme Beten Baan marnertad fo Airactly ramrilata ECEAR 1 anr mrmace i m

monolayer under shear stress decreased dramatically, and the presence
of platelets did not affect EC surface ICAM-1 expression at all (Fig. 5).

Ithas been reported that the onset of shear stress can activate NF-+B,
an impartant ranscription factor for many inflammatory proteins in-
cluding 1CAM-1. However, this response is usually transient. Under
physiological conditions, as EC adapt to their mechanical environment,
NF-kB activation would decrease, leading to reduced EC activation.
Some studies reported that EC could adapt to flow rather quickly with
significant changes in NF-xB activation/deactivation occurring within
1 b [30-33], while others have shown that this process could take 15-
20 h [34). Tzima et al. demonstrated that under pathological fow,
shear, PECAM-1 knoc kout mice failed to activate NF-xB and upregulate
associated inflammatory gene expression, suggesting PECAM-1
mechanotransduction pathway was required during atherogenesis
[35]. In the present study, EC were exposed to shear stress for 1 h, it is
possible that platelets affected EC adaptation towards the changed
shear stress environment by blocking PECAM-1, thus affecting NF+B
activation and subsequent ICAM-1 expression, To elucidate how plate-
lets interfere with EC mechanotransduction under shear stress, and
how PECAM-1 is involved, the transient activation state of NF-xB
needs to be investigated,

PECAM-1 has been studied extensively as a vascular barrier and
mechanotransducer [36-38], but its role in platelet-EC interaction and
adhesion has not been well characterized. The well-studied GPIboe and
GPIIb/Mla are abundant on platelet surface, and our previous study has
shown that the presence of platelets did not affect EC surface vWWF ex-
pression under pathological low shear stress [19], Therefore, the ob-
served changes in platelet adhesion to EC monolayer are not likely
mediated only by GPlbo, GPItb and for vWF. Many studies have demon-
strated homophilic interactions of PECAM-1 can form between leuko-
cytes and EC [39,40], but there is no direct evidence showing that
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Fig. 5 Mormalized 1CAM-1 expressionon PECAM siRNA treated HCAEC surface, measumd
by ELISA The presence of platelets did not affect ICAM-1 expression, Data is presented as
mean < standard error. All significant differences (P< 005) are marked

decreased, it was still sufficient to hlock EC surface PECAM-1
mechanosensing and mechanotransduction, and thus inhibiting EC
ICAM-1 expression; 2) through a different mechanism, platelets
inhibited EC surface ICAM-1 upregulation under low shear stress, and
PECAM-1 was not the major mediator, Better blocking experiments
will be needed to completely block platelet adhesion to EC, to elucidate
how platelet-EC physical contact affects EC activation under pathologi-
cal shear stress, Antibodies against GPIb and GPHD will be needed, How-
ever, it could be extremely challenging to completely block platelet
adhesion to EC under shear stress,

Our results here demonstrated that PECAM-1 plays an important
role in platelet adhesion to EC under pathological flow. Our results
also indicated that EC responded to pathological low shear stress by
PECAM-1 phosphorylation, but not by the amount of PECAM-1
expressed (Fig. 4). In the present study, an antibody specific to
PECAM-1 tyrosine 713 phosphorylation was used todetermine the acti-
vation state of EC surface PECAM-1, as tyrosine 713 phosphorylation can
occur following EC exposure to shear stress, and lead to downstream
mechanotransduction pathway (such as MAPK pathway) activation
[41,42], However, upon shear stress stimulation, other tyrosine sites of
PECAM-1 could also get phosphorylated. For example, tyrosine site
GBG plays critical roles in PECAM-Src interaction [43], as well as o fy-
mediated platelet aggregation [44]. To fully understand the phosphory-
lation state of PECAM-1 under shear flow, various phosphorylation sites
within PECAM-1 may need to be further examined. It is possible that
platelets interfered with EC response to pathological flow by binding
to PECAM-1, which prevented EC surface PECAM-1 phosphorylation
and the subsequent EC activation.

Overall, this study explored the mole of PECAM-1 in platelet-EC inter-
action and adhesion under pathological shear stress, Our results sug-
gested that PECAM-1 could mediate platelet adhesion to EC at cell
junctions, which could result in dampened mechanical signal and
inhibited EC activation under pathological flow conditions. Therefore,
in addition to anti-platelet activation therapy, preventing EC from
reacting to altered pathological flow by inhibiting PECAM-1 activation
may be an effective way to impede atherosclerosis initiation and
progression,

Supplementary data to this article can be found online at http:/ fdx.
doiorg/10.10M Gf.thromres. 2016.12.003,
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