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Abstract

Objective: Endothelial cells form vascular beds in all organs and are exposed to a range of
mechanical forces that regulate cellular phenotype. We sought to determine the role of endothelial
luminal surface stiffness in tissue-specific mechanotransduction of laminar shear stress in
microvascular mouse cells and the role of arachidonic acid in mediating this response.

Methods: Microvascular mouse endothelial cells were subjected to laminar shear stress at 4
dynes/cm? for 12 hours in parallel plate flow chambers that enabled real- time optical microscopy
and atomic force microscopy measurements of cell stiffness.

Results: Lung endothelial cells aligned parallel to flow, while cardiac endothelial cells did not.
This rapid alignment was accompanied by increased cell stiffness. The addition of arachidonic
acid to cardiac endothelial cells increased alignment and stiffness in response to shear stress.
Inhibition of arachidonic acid in lung endothelial cells and embryonic stem cell-derived
endothelial cells prevented cellular alignment and decreased cell stiffness.

Conclusions: Our findings suggest that increased endothelial luminal surface stiffness in
microvascular cells may facilitate mechanotransduction and alignment in response to laminar
shear stress. Furthermore, the arachidonic acid pathway may mediate this tissue-specific process.
An improved understanding of this response will aid in the treatment of organ-specific vascular
disease.
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INTRODUCTION

ECs from different organs are exposed to a wide range of extracellular biomechanical forces
in vivo, such as shear stress, that regulate cellular phenotype.1~# Furthermore, differential
expression of integrins in tissue-specific ECs regulates vascular mechanotransduction.®6 For
example, the heart is a highly contractile organ with several endothelial compartments,
including coronary arteries, endocardium, and capillaries. In contrast, ECs of the lung are
exposed to a dual circulation of the pulmonary vasculature and the bronchial circulation.”
This cellular heterogeneity can lead to unique mechanical properties for each cell type. The
differences between tissue-specific ECs have been reported in vivo; however, this study
aimed to determine how shear stress modulates tissue-specific changes in cell stiffness and
the effect this has on cell alignment.

The mechanical properties of ECs identify four separate compartments: glycocalyx, cell
cortex, cytoplasm, and nucleus.® ELS, which is comprised of the glycocalyx and cell cortex,
is responsible for transmitting biomechanical forces and has been shown to remodel with
application of shear forces.® The role of endothelial glycocalyx as a mechanotransducer of
fluid shear stress has been studied recently.10:11 Glycocalyx has been shown to facilitate EC
response to flow and glycocalyx itself is modulated by shear stress.12 Recently, we have
demonstrated that stiffness of the cell cortex transmits these nanoscale forces and varies as a
result of cell alignment. This cortical stiffness is determined by the arrangement of actin
microfilaments, which are anchored to the plasma membrane and tethered to the
extracellular matrix, enabling them to transmit these forces.

In addition to cellular remodeling, mechanotransduction of shear stress forces converts
biophysical signals to chemical signals. One model of flow induced-signal transduction
indicates that arachidonic acid is produced by shear stress, causing stimulation of pro-
hematopoietic target genes, resulting in the synthesis and release of prostaglandin E; 13
Indeed, the addition of arachidonic acid to ECs has been shown to alter cell phenotype and
regulate proliferation, inflammation, and migration.14 To investigate the effects of
arachidonic acid on tissue-specific mechanotransduction, hydrocortisone was used to inhibit
arachidonic acid, as previously reported.1®

Various studies have shown that shear stress modulates human EC gene expression,16:17
induces human EC elongation and alignment with the direction of flow,18 and alters the
mechanical properties of human ECs.1® However, there has been relatively little information
on the effects of prolonged laminar shear stress on tissue-specific microvascular mouse ECs.

In this study, we show that mouse adult cardiac ECs, adult lung ECs, and ESC-ECs exhibit
tissue-specific changes in the ELS stiffness in response to laminar shear stresses in vitro,
which regulate cellular alignment. Our findings also suggest that arachidonic acid plays an
important role in regulating this response.

Microcirculation. Author manuscript; available in PMC 2019 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Merna et al. Page 3

2| MATERIALS AND METHODS

2.1| Cell culture

ECs were isolated from different vascular beds and then transfected with the EAORF1 of the
Ad E4 gene complex to support long-term EC survival. The EAORF1 of the Ad E4 gene
complex was previously shown to support long-term EC survival in the absence of serum
and cytokines without cellular transformation.20 Sustained phosphorylation of Akt is critical
for the survival of functional primary ECs that carry AdE4ORF137 vectors. Primary
microvascular mouse E4 ECs derived from heart and lung as well as ESC-ECs were
obtained from Angiocrine Bioscience (San Diego, CA) and used between passages 8 and 10.
The procedure for obtaining ESC-ECs was reported previously.2! These cells were double
stained with both VVE-cadherin and isolectin gs-ib4 from simplicifolia. This form of isolectin
has been shown to be specific to microvascular ECs when compared to arterial and venous
ECs. Cells were thawed and grown in 0.1% gelatin (EMD Millipore, Billerica, MA) coated
polystyrene flasks (Corning Life Sciences, Tewksbury, MA). Cells were then expanded in a
humidified Heracell 150i incubator (Thermo Scientific, Waltham, MA) with 5% CO», 5%
05 in Iscove’s DMEM/Ham’s F12 (Corning) supplemented with 20% heat inactivated fetal
bovine serum (Hyclone, Logan, Utah), endothelial mitogen (Alfa Aesar, Tewksbury, MA),
heparin (Sigma-Aldrich, St. Louis, MO), HEPES buffer (Gibco, Grand Island, NY), MEM
nonessential amino acids (Corning Life Sciences), and an antibiotic/antimycotic (Mediatech,
Manassas, VA). About 5% O has been reported to provide more physiological conditions
for mouse and human ECs from various tissues.21:22

2.2 | Treatment with arachidonic acid and hydrocortisone

For select experiments, cardiac ECs were placed in media for 3 hours after cell attachment
and then stimulated with 50 umol/L arachidonic acid (Sigma-Aldrich). Lung ECs and ESC-
ECs were placed in media for 3 hours after cell attachment and then inhibited with 200
nmol/L hydrocortisone (Sigma-Aldrich) for the duration of the experiment.

2.3| Flow cytometry

Monoclonal antibodies recognizing CD31 (PE-Cy7-conjugated) and CD144 (APC-
conjugated) were used for flow cytometric analysis (data not shown). All antibodies were
purchased from BD Biosciences. Analysis was performed using a BD FACSVerse flow
cytometer (BD Biosciences, San Jose, CA).

2.4 | Shear stress experiments

Mouse ECs derived from heart and lung, as well as ESC-ECs, were subjected to laminar
stress of 4 dynes/cm? for 12 hours, as approximated using numerical models in vivo. The
magnitude of shear stress was calculated using a derivation of the Navier-Stokes equations,
fluid flow rate, and chamber dimensions (Table 1), and by estimating the local velocity
gradient along a cross-sectional area of a vessel.23 Higher shear stresses were attempted (8—
20 dynes/cm?), but this resulted in cell detachment and subsequently cell death.

ECs were subjected to fluid shear stress using two different parallel plate flow systems: a
Bioflux 200 (Fluxion Biosciences, San Francisco, CA) and a custom parallel plate flow
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chamber.24 Confocal images from the Bioflux 200 were used to assess cell orientation.
Immunofluorescence images and AFM measurements were taken of cells in the custom
parallel plate flow chamber. Fluid shear stress for these systems was calculated as a function
of volumetric flow rate Q, fluid, viscosity, |, the width of the chamber, 4, and the height of
the channel, 4, as previously described.24 The values used for each parallel plate flow system
are listed in Table 1. The channels were designed with a high aspect ratio (width to height)
to ensure a low Reynolds number at maximum flow rate and therefore laminar flow.

The inlet of the custom parallel plate flow chamber was connected to a 10 mL syringe
reservoir filled with 5 mL of media. A peristaltic pump (CorSolutions, Ithaca, NY) was then
attached to the chamber such that the inlet of the pump was connected to the outlet of the
chamber (Figure 1). The parallel plate flow chamber and the Bioflux 200 systems were
maintained at 5% CO», 5% O and the channels were coated with 0.5% fibronectin (BD
Biosciences, Bedford, MA). Cells were seeded at a density of 500 000 cells/ mL and
cultured in endothelial growth medium supplemented with 20% FBS. The Bioflux 200
system was fixed onto a microscope stage maintained at 37° C, and cells were imaged by
phase contrast microscopy with a 10 x objective lens at 3-minute intervals during application
of shear stress (N = 3). Afterward, cells were stained for VE-cadherin (goat 1gG mouse VE-
cadherin primary, anti-goat NL637 secondary, R&D Systems, Minneapolis, MN) and actin
(conjugated phalloidin fluorescein isothiocyanate, Sigma-Aldrich). ECs seeded on
polystyrene slides were also subjected to similar fluid shear stresses using the custom
parallel plate flow chamber (N = 3), which allowed direct contact with the cells for atomic
force microscopy measurements (N = 3). Following shear application, cells were fixed with
4% paraformaldehyde (Sigma-Aldrich) for 10 minutes at room temperature, which modified
cellular stiffness in a fashion that maintained the relative stiffness between samples (data not
shown). As a control, ECs were also cultured under static conditions in all systems.

Actin and cell orientation

The actin orientation was evaluated for every pixel of 63 x magnification actin images (N =
5) using the imageJ plugin OrientationJ (Daniel Sage, Biomedical Image Group,
Switzerland).2> The cell orientation was also measured for every pixel of 10 x magnification
phase contrast images (N = 5) using OrientationJ. A histogram of orientations was built by
taking into account the pixel coherency and energy.

Cell size and aspect ratio

Phase contrast images and immunofluorescence images of VE-cadherin were used to
manually measure the area and aspect ratio of each cell type using imageJ (N = 10 cells).
Cell outline masks were generated by hand using immunofluorescence images of VE-
cadherin, and the presence of each cell was confirmed with DAPI nuclei counterstaining.
Aspect ratio was calculated as the longest dimension of the cell (length) divided by the cell
width.

Atomic force microscopy

A MFP-3D-Bio AFM (Asylum Research, Santa Barbara) was used for all AFM
measurements. Changes were made to our previously described protocol,?4 to optimize
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measurements of the ELS in mouse ECs. For all AFM measurements, each force curve
indented a distance of 250 nm after contact at a rate of 4 um/s. Separate force curves on a 32
x 32 grid spanning 90 x 90 um over several cells were collected to a 200pN trigger point,
and the Hertz model was applied to the first 100 nm of indentation through the Asylum
Research software. Given that all three cell types were similar in height, a single AFM
protocol was used. Curves were manually inspected for goodness of fit and contact point
was adjusted as needed. Bad fits were discarded from the analysis. Stiffness measurements
were taken with a TR400PB, silicon nitride tip, with a height of 3 um and a semi-included
angle of 35° (k = 0.02 N/m). The comparison of live and fixed ECs was performed on BD
Falcon Petri dishes (BD Biosciences, San Jose, CA).

Statistical analysis

To determine significance in changes in cell stiffness when ECs were exposed to shear
stress, a Dunn’s test and a Wilcoxon Rank Sum test were used to determine if stiffness
changes between two populations (control and subjected to shear stress) for a given
experiment. It is important to note that nonparametric statistical analysis methods are
necessary as all populations for all experiments are not Gaussian (Pearson’s chi-squared test,
a =.05, P<.05). R-squared (/2) values were calculated between cell stiffness, orientation,
and actin structure for all three cell types. This helped determine what fraction of the
changes in cell stiffness were due to changes in orientation and what fraction were due to
actin structure. All other statistical analysis was performed using a paired #test (o = .05).

RESULTS

Maintenance of endothelial phenotype

Upon isolation from their respective vascular bed, our primary microvascular mouse ECs
were authenticated using immunostaining and flow cytometry. Cell populations remained
99% positive for mouse CD31 and VE-cadherin when expanded in vitro up to passage 12.
When exposed to shear stress, tissue-specific ECs and ESC-ECs both remained at least 93%
positive for CD31 (data not shown). Cardiac and lung ECs displayed a spindly morphology
when cultured in static conditions. In contrast, ESC-ECs were much more elongated (Figure
2A). Interestingly, all ECs exhibited modest amounts of heterogeneity in morphology within
each cell type.

Effects of shear stress on EC orientation

Application of fluid shear stress in the Bioflux 200 had a noticeable impact on the overall
morphology of each cell type. Sheared lung ECs and ESC-EC aligned in the direction of
fluid flow, but sheared cardiac ECs did not change in orientation (Figure 2C).

Time-lapse images of ECs exposed to shear stress illustrated moderate temporal
heterogeneity between cell types. Cardiac ECs showed almost no change in orientation at
each 3-hour time point during application of shear. Lung ECs and ESC-ECs gradually
aligned in the direction of fluid flow over time, yet each cell type exhibited a unique
orientation profile (Figure 4B). Lung ECs had a much broader distribution of orientations in
the direction of fluid flow than ESC-ECs.
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The addition of arachidonic acid to cardiac ECs during application of shear stress (Figureure
3C) resulted in increased cell alignment (Figure 4D). Conversely, treatment of lung ECs and
ESC-ECs with hydrocortisone resulted in significantly decreased cell alignment in response
to shear stress, a 30.7% and 43.1% increase in cell area.

Effects of shear stress on actin structure

Exposure of mouse ECs to shear stress in the custom parallel plate flow chamber had a
significant effect on the actin cytoskeleton of each cell type. Actin did not always align
because of cell alignment (Figure 2B,D). Actin analysis shows an even distribution of actin
in all directions for all three cell types when cultured in static conditions. Actin filaments in
lung ECs were oriented perpendicular to the direction of fluid flow (90 degrees), while actin
filaments in cardiac ECs and ESC-ECs did not respond to shear stress (Figure 4A).
Furthermore, actin analysis showed a similar distribution of actin orientation for all three
cell types treated with either arachidonic acid or hydrocortisone with and without
application of fluid flow (Figure 4C).

Effects of shear stress on cell size and aspect ratio

Phase contrast microscopy confirmed that all three cell types were similar in size (Figure 5),
ranging between 1000 and 1400 pm2. When exposed to shear stress, lung ECs showed no
significant changes in cell size. However, cardiac ECs decreased in size by 14% and ESC
ECs increased in size by 20% (Figure 5A). ECs cultured under static conditions had aspect
ratios ranging from 1.8 to 13.8 (Figure 5B). When exposed to shear stress, lung ECs and
ESC-ECs significantly increased in aspect ratio by 235% and 115%, respectively. In
contrast, cardiac ECs showed no significant change in aspect ratio after exposure to shear
stress. The addition of arachidonic acid to cardiac ECs during application of shear stress
(Figure 3C,D) resulted in a 77.8% increase in cell area and a 105.1% increase in aspect ratio
(Figure 5C,D). Conversely, treatment of lung ECs and ESC-ECs with hydrocortisone
resulted in a 30.7% and 43.1% increase in cell area, and a 5.9% decrease and 30.2% increase
in aspect ratio, respectively.

Effects of shear stress on EC mechanical properties

AFM measurements also revealed significant differences in median cell stiffness between
tissue-specific and ESC-ECs (Figure 6A,B). Cell stiffness changes were analyzed for all
three cell types in question (N = 3) using the statistical analysis methods described in the
methods section. Generally, cardiac ECs showed no statistically significant changes in cell
stiffness in response to application of shear stress (P> .05). Lung EC experiments yielded a
statistically significant increase of 34.68% (~ < .001) with application of shear stress.
Conversely, ESC-ECs responded to shear stress application with a statistically significant
decrease of 60.19% (P < .001).

Application of shear stress to cardiac ECs treated with arachidonic acid yielded a
statistically significant increase in cell stiffness of 67.61% (Figure 6B). Application of shear
stress to lung ECs treated with hydrocortisone showed no statistically significant change in
cell stiffness (P> .05). Application of shear stress to ESC-ECs treated with hydrocortisone
significantly decreased cell stiffness by 51.59% (P < .001).
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It is important to note that cardiac ECs treated with arachidonic acid (Figure 3A,B) showed
an overall increase of median cell stiffness (Figure 6A,B) when compared to untreated ECs
(14.0 vs 9.6 kPa). Meanwhile, treated lung ECs and ESC-ECs showed an overall decrease in
cell stiffness when compared to untreated ECs (5.5 vs 7.3 kPa and 16.4 vs. 21.1 kPa,
respectively).

A direct comparison of live and fixed cardiac ECs revealed an increase in stiffness with 4%
paraformaldehyde fixation from 1.8 kPa to 4.8 kPa. Fixation of lung ECs also resulted in an
increase in stiffness compared to live cells (0.9 kPa vs 4.0 kPa). In addition, AFM
measurements of average cell height showed that cardiac ECs ranged between 4.0 and 4.8
pum, lung ECs between 3.8 and 5.5 um, and ESC-ECs between 4.0 and 5.9 pm. There was no
significant correlation between cell height, application of shear stress, and treatment with
either arachidonic acid or hydrocortisone.

DISCUSSION

There has been relatively little information on the effects of prolonged laminar shear stress
on microvascular mouse ECs. Groups have previously reported applying shear stress to
mouse ECs ranging from 0.7 to 7.1 dynes/cm? for 6 hours to study the regulation of
VCAM-1.26:27 Our group initially exposed mouse ECs to laminar shear stresses ranging
from 4 to 20 dynes/cm? for 12 hours using a parallel plate flow chamber. Others have
reported that many shear stress-responsive genes in human ECs return to basal levels after a
7-day exposure to flow and that this regulation by flow is cell type specific.28 When we
exposed mouse ECs to shear stress for up to 48 hours, we observed no additional changes in
cell phenotypes. Additionally, exposure of mouse ECs to shear stresses higher than 4
dynes/cm? resulted in cell detachment within a few minutes and subsequently cell death.
Human ECs are typically exposed to shear stresses greater than 4 dynes/cm?, but there is
little evidence supporting that microvascular mouse ECs can survive those conditions in
vitro. This may be a result of in vitro conditions that do not provide sufficiently strong cell
adhesion through integrin receptor-ligand binding seen in vivo.2

We report that rapid tissue-specific mouse EC alignment in response to fluid shear stress is
mediated by ELS stiffness. When exposed to shear stress, adult lung ECs were the only cell
type that experienced an increase in stiffness and aligned in the direction of fluid flow.
Changes in lung EC stiffness correlated strongly with changes in cell orientation (/2 = 0.92)
and poorly with actin structure (/2 = 0.03). In contrast, adult cardiac ECs showed no change
in cell stiffness or cell alignment in response to fluid flow. Human brain microvascular ECs
have also previously been shown to resist elongation and alignment after 36 and 72-hour
exposure to shear stress ranging from 0 to 16 dynes/cm?2.30 Interestingly, cardiac ECs
increased in stiffness in response to fluid flow in the presence of arachidonic acid. This
change in stiffness correlated poorly with changes in cell orientation (/2 = 0.06) and
strongly with changes in actin structure (/2 = 0.90). This suggests that remodeling of the EC
may be a mechanotransductory response to fluid shear stress. In addition, ESC-ECs actually
decreased in stiffness, possibly because these embryonic-derived cells have never
experienced the same mechanical cues as adult ECs in vivo. It is unclear if this change in
stiffness was due to changes in cell orientation or actin structure as it correlated poorly with
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both (/%2 = 0.18 and A2 = 0.25, respectively). These differences in microenvironments, such
as the presence of blood flow, may guide structural and chemical changes in the cell in
response to shear stress in vitro. It is important to note that our reported mouse
paraformaldehyde fixed EC stiffness ranged between 2 and 22 kPa. In contrast, other
literature had previously reported live human ECs with significantly lower stiffness, in the
range of 1-3 kPa.3!

Many groups have stressed the importance of making AFM measurements of live cells;
however, fixation can improve the reliability of AFM measurements. Although our cell
stiffness measurements are increased by paraformaldehyde, the changes we report are
relative values. Literature reports a nonlinear increase in cell stiffness shortly after fixation
with increasing concentrations of glutaralde-hyde.32-33 Qur findings indicate that fixation
with 4% paraformaldehyde also increases the stiffness of cardiac and lung ECs. It is also
important to note that the Hertz indentation model is only valid for very small deformations
of purely elastic materials. Our three cell types were similar in height and sufficiently tall
such that the 100 nm indentation is considered a very small deformation, thus allowing the
Hertz indentation model to be valid (Figure 6E). Given that cells and their cytoskeleton are
viscoelastic, with stiffness that depends on the time scale of measurements, the time scale of
AFM indentation was kept constant using the same indentation velocity for all force curves.

The glycocalyx facilitates the EC response to flow and shear stress modulates the structure
of glycocalyx itself.12 Removal of the glycocalyx prevents cell alignment under flow and in
turn, flow can lead to redistribution of the glycocalyx. Furthermore, mechanical stiffhess of
the glycocalyx structure may reduce shear gradients to which the cell is exposed.12 Multiple
models describe the loading of core EC proteins when subjected to fluid shear stress,34:35
These models propose that the bush-like structure of the glycocalyx communicates these
forces and deformations to the underlying cortical skeleton, resulting in cytoskeletal actin
reorganization (Figure 6C,D). In this study, shear stress appears to alter the mechanical
properties of the ELS, which can alter how these forces are communicated to each cell type.

Actin is a major determinant of the mechanical properties of the cell cortex, which stabilizes
the cell and helps transmit extracellular forces. Actin structures in lung ECs appear to
remodel in response to fluid flow and cellular alignment. However, actin structures in
cardiac ECs and ESC-ECs did not change significantly when exposed to shear stress. This
actin alignment in lung ECs may result from the biomechanical differences between organ
microenvironments and contribute to lung ECs’ ability to align with shear stress. Tissue
stiffness varies with each organ and dictates development and homeostasis.3® In turn, this
may require different cellular actin structures to transmit biomechanical forces in each
vascular bed, resulting in differences in cell stiffness.

Arachidonic acid modulates endothelial luminal surface stiffness

One model of flow induced-signal transduction indicates that arachidonic acid is produced
by wall shear stress stimulation of pro-hematopoietic target genes.13 The addition of
arachidonic acid to ECs has previously been shown to alter cell phenotypel4 and hydro-
cortisone has been reported to inhibit arachidonic acid.1® We found that the addition of
arachidonic acid significantly increased cellular stiffness and promoted cardiac EC
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alignment. Meanwhile, inhibition with hydrocortisone drastically reduced lung EC and ESC-
EC cell stiffness and alignment after shear stress (Figure 4).

The addition of arachidonic acid to cardiac ECs resulted in a significant increase in cell
stiffness in response to shear stress, as well as an overall increase in stiffness when
compared to untreated cells. It also resulted in significant cell alignment in the direction of
fluid flow. Inhibition of arachidonic acid with hydrocortisone reduced lung EC and ESC-EC
cell stiffness compared to untreated cells and prevented cellular alignment in response to
shear stress. This suggests that arachidonic acid helps regulate cell stiffness and
subsequently its ability to mediate cellular alignment in response to fluid flow.

The addition of arachidonic acid or hydrocortisone does not appear to influence actin
remodeling during fluid flow. Actin structures remained unchanged when treated cells were
exposed to shear stress. However, the addition of hydrocortisone did appear to have a
significant effect on the cell morphology of lung ECs and ESC-ECs. Lung ECs had a
noticeably smaller size and aspect ratio. ESC-ECs appeared less elongated and more spindly.
Numerous studies have shown that hydrocortisone reduces cell migration, cell growth, and
the secretion of pro-inflammatory cytokines and stabilizes the glycocalyx.3738 These effects
may be responsible for our observed changes in cell morphology. It is too early to predict
which specific cell compartment is responsible for the observed changes in endothelial
luminal surface stiffness in different tissue vascular beds. Our study highlights the
importance of tissue-specific changes to cell stiffness and alignment in response to shear
stress hence improving our quantitative understanding of mechanotransduction.

PERSPECTIVE

In this study, increases in the luminal surface stiffness of adult microvascular ECs appear to
enable cellular alignment in response to shear stress. Furthermore, the arachidonic acid
pathway appears to mediate this tissue-specific response in cardiac ECs, lung ECs, and ESC-
ECs. This suggests that tissue-specific changes in the mechanical properties of the
glycocalyx and/or cell cortex enable mechanotransduction of fluid flow forces.
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ESC-EC embryonic stem cell-derived endothelial cells
FBS fetal bovine serum
MEM minimum essential medium
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FIGURE 1.
Schematic of the overall setup for the custom parallel plate flow system. Components

include a 2-piece metal parallel plate chamber containing a polystyrene slide seeded with a
monolayer of ECs, a gravity fed syringe media reservoir, and a peristaltic pump. Arrows
indicate the direction of fluid flow. Figure not drawn to scale
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FIGURE 2.
Role of laminar shear stress on cell morphology and actin structure. A, Representative phase

contrast images at 10 x magnification of cardiac ECs, lung ECs, and ESC-ECs cultured in
static conditions. B, Representative fluorescent images illustrating VE-cadherin (green),
actin (red), and DAPI counterstain (blue) at 63 x magnification for ECs cultured in static
conditions. C, Representative phase contrast images at 10 x magnification of cardiac, lung,
and ESC-ECs exposed to shear stress. D, Representative fluorescent images of ECs exposed
to shear stress, with VVE-cadherin, actin, and DAPI counterstain at 63 x magnification. White
arrows indicate the direction of flow
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FIGURE 3.
Role of arachidonic acid pathway in mediating cell response to laminar shear stress.

Representative phase contrast images at 10 x magnification of ECs cultured in (A) static
conditions and (C) with shear stress. Representative fluorescent images illustrating VE-
cadherin (green), actin (red), and DAPI counterstain (blue) at 63 x magnification for ECs
cultured in (B) static conditions and (D) with shear stress. Cardiac ECs were treated with
arachidonic acid, whereas lung ECs and ESC-ECs were treated with hydrocortisone.
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FIGURE 4.

Cell and actin alignment in reponses to laminar shear stress. Distribution of (A) actin
orientation and (B) cell alignment at multiple time points in cardiac ECs, lung ECs, and
ESC-ECs. Distribution of (C) actin orientation and (D) cell alignment in cardiac ECs treated
with arachidonic acid, and lung ECs and ESC-ECs treated with hydrocortisone. 0 degrees

denotes orientation parallel to fluid flow
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Cardiac EC
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Quantification of cell size and aspect ratio. (A) Cell size and (B) aspect ratio were measured
in ECs exposed to laminar shear stress. (C) Cell size and (D) aspect ratio for cardiac ECs
treated with arachidonic acid, and lung ECs and ESC-ECs treated with hydrocortisone, with
and without application of shear stress. Error bars represent SD. * Indicates statistically

significant difference (P < .05)
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Laminar shear stress regulates endothelial cell stiffness. A, Boxplot of AFM cell stiffness
measurements of cardiac ECs, lung ECs, and ESC-ECs with and without application of
shear stress. B, Boxplot of AFM cell stiffness measurements of cardiac ECs treated with
arachidonic acid, and lung ECs and ESC-ECs treated with hydrocortisone, with and without
application of shear stress. Error bars represent SD.* Indicates statistically significant
difference (P< .001). C, Schematic diagram indicating the glycocalyx and cytoskeletal
layers detectable by atomic force microscopy. D, AFM force curve indicating the different
stiffness values corresponding with the glycocalyx and cytoskeletal layers. E, Representative
AFM image of mouse ECs exposed to shear stress
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