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Adaptive reorientation of endothelial collectives
in response to strain†
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Mature epithelial monolayers share the ability to coherently respond to external mechanical stimuli.

Tissue remodeling requires cell shape changes and coordinated movements. Human endothelia provide

an exquisite example of such emerging collective activities. As part of their function in maintaining body

homeostasis under variable hemodynamic loadings, endothelial ensembles must dynamically adapt to

wall shear stress and cyclic deformation. While the alignment of several types of cells, including

fibroblasts, osteoblasts and epithelial tissues, in response to various flow conditions or wall shear stress

levels has been described in detail, less is known about collective endothelial remodeling under pure

wall deformation. Here, using a custom-developed bioreactor, we exposed mature human endothelia to

two distinct physiological levels of cyclic loading, generating overlapping gradients of strain. Endothelial

cells remodeled depending on the level of imposed strain yielding local variations of cell density. In

particular, a collective cell orientation orthogonal to the main direction of strain was observed at low

levels of wall deformation, while cells reoriented parallel to the main direction of strain at high levels of

wall deformation. The tissue adaptation depended on the establishment of mature adherens junctions,

which were reinforced by the polarized recruitment of the adaptor protein vinculin. The pivotal role of

cell-to-cell junctions was confirmed by the biochemical inhibition of vascular endothelial cadherin

homotypic contacts, which impaired the collective remodeling. Together, our data establish wall

deformation as an independent determinant of endothelial architecture with direct implications in

vascular physiopathology.

Insight, innovation, integration
Hemodynamic loads affect endothelial functions through not completely elucidated mechanisms. Wall shear stress and cyclic wall deformation contribute
overlapping mechanical stimuli to which individual cells in a connected monolayer respond collectively. Shape change and migration are coordinated to
preserve the tissue integrity. This complex response subtends to an adaptive tissue remodeling having important implications in vascular development and
disease. The use of a custom developed bioreactor allows quantifying the response of mature human endothelial to well-defined gradients of strain. The
emerging variations of cell density, proliferation, shape and orientation define the tissue adaption to the imposed load. Biochemical interference in this process
reveals the central role of vascular-endothelial cadherin in the coordination of tissue remodeling aimed at the polarized reinforcement of cell-to-cell junctions.

Introduction

Human endothelial cells (ECs) form endothelia, connected
tissue monolayers that line blood vessels. These unique interfaces

regulate mass transfer and maintain body homeostasis.1

Endothelial architecture requires cells to completely cover the
available surface and establish cell-to-substrate adhesions and
cell-to-cell junctions with their neighbors.2 These biological and
mechanical cell connections enable collective activities that
support multicellular responses and allow functional tissue
adaptation to the local environment.3,4

The role of molecular signals from circulating moieties has
been thoroughly investigated in relation to both endothelial
health and disease.5,6 Less explored is the biomechanical effect
of the hemodynamic stresses generated by blood flow. Several
works have clearly shown how ECs preferentially orient along
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the direction of flow, in a collective response that can be reproduced
in vitro using flow bioreactors.7,8 Cells in the monolayer acquire a
coherent polarity yielding cell-to-cell junctions that elongate along
the direction of flow.9 Importantly, when this directional signal is
compromised, as in regions of flow recirculation or stenosis,
EC orientation and polarization are impaired.10–13 Besides
directionality, flow-generated wall shear stress (WSS) controls
the dynamic stability of cell-to-cell junctions acting on vascular
endothelial cadherin (VEC3). Specifically, VEC-mediated junctions
(the adherens junctions, AJs) contribute a range of signals that
shape endothelial heterogeneity, yielding characteristic finger-
prints of venous and arterial tissues through the recruitment of
adaptor proteins, such as vinculin, mediating the interaction with
the actin cytoskeleton.2,4,14,15 This response is intrinsically
dynamic, as upon variation of hemodynamic loads the healthy
tissue is able to adapt, like during development, workout, or
pregnancy.16–19 On the contrary, maladaptive responses to
pathological signals, like those supported by hypertension, lead
to endothelial dysfunction and substrate denudation.20,21

Cyclic deformation of vessel walls contributes an overlapping
mechanical signal (i.e. the wall deformation, WD) that acquires
particular relevance in arteries.22,23 Here, loss of wall elasticity
accompanies endothelial dysfunction and precedes tissue
denudation and atherosclerosis.24,25 Despite the clear importance,
the role of local strain in determining the functional adaptation of
ECs and the reorientation of cell-to-cell junctions remains elusive.
Some information exists on the individual response of isolated
ECs to increasing levels of strain.26 In the absence of mature
junctions, cells reorient along the direction of minimal sub-
strate deformation.26,27 Specifically, alignment at 701 and 901 is
characteristic upon elongation with and without lateral contraction,
respectively.28 In addition, actin stress fibers arrange in parallel
bundles oriented perpendicularly to the maximum strain
direction.29 Equi-biaxial strain yields instead a random orientation
of isolated ECs.28 In all these conditions, the degree of reorientation
is largely dependent on the deformation magnitude.26 The
deformation rate proves instead less relevant.28,30 The collective
rearrangement of connected monolayers has not been explored
to the same extent and single cell analysis is not representative
of the in vivo situation. The responses of human endothelia to
WSS and WD must therefore be decoupled in vitro using
custom-developed devices capable of applying controlled loads
in the physiological and supra-physiological range, for prolonged
periods of times, and with full control of the resulting loading
maps.31

To assess the individual role of mechanical strain on vascular
cell structure and function, in the work here presented, mono-
layers of ECs have been exposed to different levels of cyclic WD,
and their response in terms of change in alignment, density and
morphology has been analyzed. The in vivo deformation of
human arteries of healthy adults is variable among the body:
strains of about 1–2% have been reported in carotid arteries,
15–20% in human aorta and 2–15% in human femoral
arteries.23,32–34 Based on the range of these values, using a
custom-developed bioreactor, we applied to endothelial monolayers
two different levels of wall deformation: low (B5% apex strain) and

high (B13% apex strain). The here-reported study indicates that
ECs in a connected monolayer behave as a multicellular unit and
respond to mechanical deformations through the coordinated
rearrangement of their cell body orientation. This collective behavior
depends on the level and type of imposed mechanical loading and
is enabled by functional cell-to-cell junctions.

Results and discussion
Experimental settings

Endothelial monolayers were generated seeding endothelial
cells (ECs) at high density on a deformable PDMS membrane
(E modulus B 1 MPa) previously coated with cross-linked gelatin.35

After three days in static culture, cells generated a continuous layer
featuring homogenous density and well-formed cell-to-cell
junctions, as revealed by nuclear and vascular endothelial
cadherin (VEC) staining (Fig. 1A, left panel). Specifically, a
connectivity index measurement8 was used to assess the level
of AJs maturity (Fig. 1A, right panel). At this stage, ECs in the
monolayer did not show any preferential orientation and displayed
a circular shape (Table 1), thus indicating fully isotropic culturing
conditions.

The PDMS membranes supporting mature monolayers were
placed in the bioreactor and exposed to two different loading
conditions. The two levels of mechanical loading were selected
to reproduce values reported in human arteries or at the luminal
surface of pulsatile blood pumping devices, respectively.36

Specifically, the inflation cylinder was actuated at a physiological
frequency of 2 Hz to reach a maximal pressure of 90 or 540 mbar,
leading to an equibiaxial strain at the apex of approximately 5% or
13%, in the fully inflated state. The cells were subjected to cyclic
loading for a total of 18 h. This time is sufficient for the full
adaptation of endothelial monolayers to hemodynamic loadings.37

The cyclic membrane actuation generated radial and circum-
ferential gradients of strains on the cell monolayer. Fig. S2A
(ESI†) displays a strain–radius plot obtained from the finite
element model described in ref. 31. Circumferential and radial
strains are reported for both conditions. Specifically, the two
strains are equal at the membrane center (up to a distance of
B0.5 mm). Further away from the center they both decrease
(Fig. S2A and B, ESI†). However, while the circumferential strain
decreases in a monotonic way until the boundary where it tapers
to zero, the radial one turns to zero at a radius of B2 mm from
the membrane center. It becomes negative in more peripheral
regions, indicating that at the boundary the radial strain is of
compression. In summary, the circumferential strain is every-
where greater or equal to the radial one. In the following, the
two different loading conditions will be referred to as 5% and
13% (Fig. S2B, ESI†), although the described cellular response
involves regions far from the center, which are exposed to strain
amplitudes different from the one at the apex.

Collective adaptation of endothelial monolayers

Endpoint analysis of cell density and orientation was per-
formed after 18 h of loading. Five radial regions of interests
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Fig. 1 (A) Representative immunofluorescence analysis of VEC staining (green) in HUVECs cultured in static conditions on different regions of the
membrane (left panel) and corresponding quantification of the connectivity index (right panel), n = 3 independent experiments. Connectivity index values
close to 1 indicate a monolayer with preserved cell-to-cell junctions while values close to zero indicate a diffuse VEC signal in the cytoplasm, typical of
ECs with disassembled or immature cell-to-cell junctions. A functional threshold defining differentiated endothelia is measured in recently confluent
endothelial monolayer as is identified by as horizontal orange bar. Scale bar: 50 mm. (B) Analysis of cell density in the different regions of the membranes
exposed to 5% (left) and 13% (right) strain, n = 5 independent experiments, p o 0.05. The horizontal bar represent the control values. (C) Quantification
of EdU-positive ECs for the proliferation assay in the different regions of the membranes exposed to 5% (left) and 13% (right) strain, n = 3 independent
experiments. The horizontal bar represents the control values. (D) Quantification of EdU-positive ECs for the proliferation assay in the different regions
of the membranes in static condition at the beginning (T = 72 h) and at the end (T = 72 + 18 h) of the experiments. n = 3 independent experiments,
p o 0.05.
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(ROIs) were defined on the circular membrane (Fig. S2C, ESI†)
encompassing areas exposed to different strain cycles.31 The
cell density was measured counting the number of nuclei in
each ROI (see Materials and methods). In all tested conditions
the lowest value was measured close to the membrane boundary
(ctrl: 615 � 250, 5% strain: 318 � 150, 13% strain: 362 � 103
cells per mm2; ROI 1), and increased moving inward, reaching a
maximum in the central ROI where the cell density was equiva-
lent to the one measured on control samples (ctrl: 509 � 200, 5%
strain: 474 � 187, 13% strain: 520 � 166 cells per mm2; ROI 5.
Fig. 1B). Specifically, for samples actuated with 5% apex strain
(90 mbar), a significant difference in cell density was recorded
between ROIs 1–2 and 3–4–5, whereas for the monolayers
actuated with 13% apex strain (540 mbar) ROI 1 was statistically
different from all others. This data indicates that the applied
mechanical loadings impinge in the internal arrangement of
endothelial monolayers.

Mechanical strain, detected by mechanoreceptors on the cell
surface, induces the activation of intracellular signaling path-
ways affecting, among other functions, the rate of proliferation,
apoptosis, cell structure and morphology.38 Based on these
considerations, the specific effect of mechanical loadings was
next analyzed. 18 h of cyclic loading did not affect the rate of
proliferation as verified by the DNA incorporation of 5-ethynyl-
20-deoxyuridine (EdU), which directly measures S-phase synthesis
of the cell cycle (Fig. 1C). Indeed, no significant differences were
detected among different ROIs on membrane actuated at 5% or
at 13% apex strain as compared to the static control (Fig. 1C).
Same results were obtained measuring the cell proliferation rate at
the beginning (t = 0 h) and at the end of the experiments (t = 18 h;
Fig. 1D). Comparable proliferation was measured in all ROIs.
These results significantly differ from what previously reported
in endothelial monolayers exposed to static loads.39 A static strain
of 10%, which reflects the physiological stretch in microvessels,
induces cell-cycle re-entry and promotes angiogenic activation and
capillary-like endothelial sprouting in confluent and growth
arrested endothelial monolayers.39 Cyclic loading, which represents
the physiological stretch in larger vessels, does not affect
proliferation (Fig. 1C). Therefore, centripetal migration may
contribute to the measured local variations of cell density.

In addition, area measurements were obtained from the
distribution of cell-to-cell junction and revealed that cells in
ROIs 1 and 2 (close to the boundary) were significantly bigger
than cells in ROIs 3–4–5 (towards the center) for both actuating
pressures applied (Fig. 2A). The spatial variations in cell surface well
correlate with the corresponding values of cell density (Fig. 1B).

There is evidence in literature that equi-biaxial strain induces cell
shrinkage and reduction of surface area. These data therefore
corroborate the finding of increased density under similar loading.
These results indicate an inverse correlation between the local cell
confluency and the compressive forces generated by neighboring
cells, which can restrict movements in jammed monolayers.40

Cell morphology is an important descriptor of multicellular
activities in monolayers.41 Elongated cell shapes correlate to
unjamming transitions leading to collective cell movements.42

The shape index (SI, perimeter over surface) of cells,43 was
therefore measured. Values of SI in endothelial monolayers
describe the cellular response to shear stress.43 In all ROIs cells
were significantly more elongated as compared to the control
(Table 1 and Fig. 2B). In additions, cyclic deformation yielded
some variation in the cell shape depending on the distance
from the center. Specifically, monolayers actuated with 90 mbar
displayed more elongated cells in ROI 1 than in ROI 4 and
5 (Fig. 2B). Corresponding monolayers actuated with 540 mbar
featured cells significantly more elongated in ROI 1 and 2
(Table 1) than in the other ROIs (3 to 5). Overall, these results
show that ECs subjected to mechanical deformations actively
change their morphology. An increased elongation may imply a

Table 1 Shape index values, the data are means � standard deviation;
n = 5 independent experiments

5% apex strain
(90 mbar)

13% apex strain
(540 mbar) Control

Region 1 0.61 � 0.15 0.58 � 0.14 0.75 � 0.11
Region 2 0.62 � 0.15 0.60 � 0.15 0.75 � 0.11
Region 3 0.60 � 0.15 0.61 � 0.14 0.76 � 0.09
Region 4 0.63 � 0.16 0.61 � 0.14 0.75 � 0.10
Region 5 0.60 � 0.16 0.64 � 0.15 0.75 � 0.10

Fig. 2 (A) Analysis of the cell area (mm2) in the different regions of the
membrane exposed to 5% (left) and 13% (right) strain, n = 5 independent
experiments, p o 0.05. *: statistical significance among the regions of the
same test, #: statistical significance between the control and the tested
sample for the same region. The horizontal bar represents the control
values. (B) Analysis of the shape index (perimeter over surface) in the
different regions of the membrane exposed to 5% (left) and 13% (right)
strain, n = 5 independent experiments, p o 0.05. *: statistical significance
among the regions of the same test, #: statistical significance between the
control and the tested sample for the same region. The horizontal bar
represents the control values.
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collective transition in the monolayer, requiring active migra-
tion and topological rearrangements.40

ECs are elongated in the direction of blood flow in human
blood vessels, in response to the local hemodynamic loads.9

The effect of cyclic deformation on collective cell reorientation
was therefore measured in our experimental settings to decouple
the cell response to pure strain. As shown in Fig. 3 monolayers
actuated with 5% and 13% of WD (90 and 540 mbar pressure,
respectively) share common features at the boundary and in the
center. At the membrane boundary, cells aligned circumferentially
in both conditions of strain, meaning perpendicular to the
compressive radial strain, which is in magnitude higher
than the circumferential one (zero at the boundary). At the
membrane center, cells randomly oriented and were less elongated,
as expected since here the circumferential and radial strains are
equal. Interestingly, the transition zone (ROIs 3–4) displayed
characteristic differences between the two loading conditions.
Upon actuation with 5% strain (90 mbar), cells aligned radially,
thus perpendicular to the main direction of strain. With
13% strain (540 mbar) cells in the same ROI aligned instead
circumferentially, thus parallel to the direction of larger strain.
These distributions are rendered by colors in Fig. 4A where
rectangular sections of the membranes are reported. Due to the
radial symmetry of the sample, these slices are representative of
the entire monolayers. In the color-coded maps of cell orientation,
warm colors indicate radial orientation, while cold colors
the circumferential one. The rose plots in Fig. 4B represent a
quantitative description of the same data.

When exposed to low levels of WD (5% apex strain, 90 mbar),
cells reoriented orthogonally to the main direction of strain, a
response that was also reported for isolated cells.26,27 Under
higher levels of WD (13% apex strain, 540 mbar), endothelial
collectives produced a different alignment, parallel to the main
orientation of strain. Instead, isolated ECs and subconfluent
(i.e. disconnected) endothelial monolayers reorient perpendicular to
the main direction of strain28 when exposed to large deformations.
In all, these results suggest that, under high level of strain, a unique
coordinated response emerges in cell collectives, which may be
functional to preserve the monolayer integrity.

Tissue morphogenesis, homeostasis, and regeneration require
coordinated cellular rearrangements. Collective cell behaviors
depend on the organization of cell-to-cell junctions ensuring
cohesion, and enabling the barrier function performed by epithelia
and endothelia.1,2,44 AJs may therefore enable collective cell
adaptation under high level of cyclic deformation. To verify this
hypothesis, the clustering of VEC, the major endothelial-specific
transmembrane adhesion protein at AJs,45 was blocked using a
biochemical approach. A specific antibody directed to human
VEC ectodomain (clone BV646) was used to inhibit VEC clustering
at AJs in monolayers exposed to high loading (540 mbar). As
shown in Fig. 4A, BV6 treatments induced VEC removal from cell-
to-cell junctions, thus indicating that the correct formation of AJs
was impaired. This treatment completely ablated the collective
response leading to circumferential alignment in the transition
zone (Fig. 4B, Regions 3 and 4). In the treated sample, a random
cell alignment was detected. In all, these results suggest that
AJs are central regulators of the collective cell orientation in
monolayers exposed to high level of strain since that the correct
orientation is reached when VEC is correctly clustered at cell-to-
cell contacts.

Cell surface receptors integrate mechanical cues to regulate
a wide range of biological processes.47 Among them, the
cadherin complex functions as mechanosensory at cell-to-cell
junctions.48,49 In a connected monolayer the mechanical load is
transmitted to neighboring cells. Force imbalance at cell-to-cell
contacts induces essential morphogenetic processes such as
junction remodeling and orientation. However, how cells
respond and adapt to the mechanical properties of neighboring
cells and transmit forces remain as open questions. To further
evaluate the mechanisms driving cell reorientation under high
strain, vinculin localization at AJs was analyzed. Intercellular
forces coincide with vinculin accumulation at cadherin adhesions,
where the protein potentiates cadherin mechanosensory response.14

In addition, in endothelial monolayers, junction remodeling occurs
only in a subset of VEC adhesions, which experience significant
tension, and are therefore revealed by the accumulation of the
mechanosensory protein vinculin.

Fig. 5 reports the immunofluorescence (Fig. 5A) and relative
quantification (Fig. 5B) of vinculin distribution at VEC junction
sites. Co-localization was more pronounced at the cell-to-cell
junctions of monolayers exposed for 18 h to low level of
deformation (radially oriented), than in monolayers exposed to
the high level of deformation (circumferentially oriented). This
result supports the hypothesis that, in case of larger deformations,

Fig. 3 Representative immunofluorescence of whole membranes exposed
to 5% (top, left) and 13% (top, right) loadings at 2 Hz for 18 h and static control
(bottom) stained for VEC (green). Cell orientation is clearly visible and the
different collective adaptation in the two loading conditions compared to the
random static is evident. Scale bar: 1 mm.
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ECs reorient parallel to the main direction of strain to minimize the
tension at the AJs thus contributing to maintain monolayer integrity.

When endothelial monolayers were exposed to high strain for a
shorter period of time (1 h) an intermediate reorientation state

Fig. 4 (A) Representative sections of the membranes stained with VEC (green, left) and color plots of the cell orientation (right). Scale bar: 100 mm.
Bottom panels: magnifications of part of Region 3, scale bar: 20 mm. (B) Rose plot of the orientation angles. The orientation has been analyzed in the 5 regions
of the membrane; n = 5 independent experiments for 5% and 13% strain, n = 3 independent experiments for control and 13% strain +BV6 treatment.

Paper Integrative Biology



This journal is©The Royal Society of Chemistry 2018 Integr. Biol., 2018, 10, 527--538 | 533

was captured. Here cells in the monolayer started to reorient
along the circumferential direction. The fraction of vinculin-
positive AJs was higher to that measured at 18 h. This subset of
junctions undergoing remodeling was higher at the beginning
of the loading, but was reduced upon complete cell reorientation,
further corroborating the hypothesis that under high cyclic strain
ECs adapt their orientation to minimize the tension at the junctions.

Conclusion

This work studies the behavior of mature and connected
endothelial monolayers exposed to different levels of cyclic
deformation using a custom-developed bioreactor. Two main
novel observations are reported. First, the mechanical loading

affects the overall cell density in the monolayer. This is mainly
achieved thought the remodeling of endothelial cell morphology.
Second, endothelial collectives adaptively respond to mechanical
deformations and reorient depending on the level of imposed
strain. The correct establishment of AJs drives this coordinated
response. VEC is the mechanosensory receptor triggering this
adaptation, which proceeds through the recruitment of vinculin
at the junctional complex.

Few studies have investigated the response of endothelial
collectives to cyclic deformation.50–52 More information exists
on the cellular response to wall shear stress.3,7,8,15,37,53,54

Despite the differences in the specific experimental settings, it
is worth noting that cells in monolayers exposed to high shear
reorient perpendicular to the flow, whereas a parallel alignment
is typical under low wall shear stress loadings.8 Interestingly, for

Fig. 5 (A) Representative immunofluorescence analysis of VEC (green) and vinculin (gray scale) on membranes (Region 3) exposed to 5% and 13% strain
for 18 h and to 13% strain for 1 h. The corresponding binarized images of VEC and the vinculin-positive AJs are reported. (B) Quantification of the fraction
of vinculin-positive AJs; n = 2 independent experiments, 16 images for each condition have been analyzed. *: statistical significance among the regions of
the same test, #: statistical significance between the control and the tested sample for the same region. The horizontal bar represents the control values.
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both shear stress and deformation, connected endothelial
ensembles show two alternative states of collective reorientation,
which are preferentially adopted depending on the loading values.
When a threshold of the stimulus is overtaken, the cells reorient in
the opposite direction. While the mechanisms behind this behavior
are still elusive, the multicellular response to both the mechanical
loadings may share common features.

Strain-induced cell reorientation is a broad phenomenon,
which goes beyond the reported effect on endothelial tissues.
Cyclic substrate stretching is physiologically sustained by
breathing, heart beating and blood vessel pulsation. When
subjected to periodic loading, several type of cells, including
fibroblasts and osteoclasts, align nearly perpendicular to
the primary stretch direction. In particular, the extent of cell
reorientation correlates with the stretch magnitude.28,55–60 A
striking example of collective reorientation is represented by
developing epithelial tissues. Epithelial morphogenesis depends
on internally-generated forces which collectively affect tissue
architecture.61 Individual cells in the monolayer exert forces on
their neighbors and on the substrate, through specialized
junctional complexes.42 The overall force balance defines the
transition to collective jamming which appears upon cell
density increase62 and can be reverted upon wound healing or
pathological insults.40 Previous reports provide much information
on how epithelial tissues remodel when exposed to substrate
stretching for long periods. Uniaxial stretch induces a collective
reorientation of cells in the monolayer along the direction of
deformation.63 Other physiologically-relevant loading conditions,
such as biaxial cyclic stretches64 induced instead tissue rupture
and cell death proportional to the level of stretch applied.64,65 These
differences between epithelial and endothelial collective behavior
highlight a remarkable higher degree of plasticity of endothelium.

Although further studies are needed to fully clarify the
precise nature of the biochemical and mechanical mechanisms
and processes leading to the described coordinated response,
the results here reported provide means for investigating cell
behavior under a range of specific hemodynamic condition.
Moreover, they make clear that cyclic deformation is an important
determinant of vascular wall biology, possibly controlling the correct
homeostasis and standing at the origins of maladaptive endothelial
responses such as those leading to atherosclerosis or implicated in
the development of aneurism.

Materials and methods
Sample preparation

PDMS membranes of 390 � 10 mm thickness were fabricated as
previously reported.31,66 Before usage, membranes were treated
with plasma (100 W for 30 s, 1 � 0.2 mbar)31 to increase
hydrophilicity and then coated with 1.5% gelatin (104070, Merck
Millipore, USA) to promote cell adhesion as previously described.37

Cell culture and treatments

Primary Human Umbilical Vein Endothelial Cells (HUVECs;
Invitrogen, USA) were grown in medium 200PRF supplemented

with fetal bovine serum 2% v/v, hydrocortisone 1 mg ml�1,
human epidermal factor 10 ng ml�1, basic fibroblast growth
factor 3 ng ml�1 and heparin 10 mg ml�1 (all reagents from
Invitrogen, USA) and were maintained at 37 1C and 5% CO2.
Experiments were performed using cells from 2 to 6 passages
in vitro. To obtain a confluent monolayer, 5 � 104 cells per cm2

were seeded on membranes and cultured for three days.37 To
investigate the role of AJs in the orientation of the cells,
endothelial monolayers were pre-incubated for 30 min with a
blocking antibody against VE-cadherin (anti-VE-cadherin, clone
BV6, EMD Millipore Corporation, Temecula, CA, USA46) at a
concentration of 8 mg ml�1.

Finite element model

A finite element model of the inflation system was created
using ABAQUS (Abaqus 6.9-1, Dassault Systèmes). The model was
2D axial symmetric (x–y plane, x being the radial axis and y being
the vertical axis). 8-Node biquadratic axisymmetric quadrilateral,
hybrid, linear pressure, reduced integration elements were
selected for all computations. The constitutive model applied
for the PDMS membrane was the one determined in our previous
investigations on the multiaxial large strain mechanical behavior
of the material.67 The membrane edge was constrained in the
vertical and radial direction, to simulate the boundary conditions
applied in the real system. The pressure loading was applied on
the bottom surface of the membrane.

Proliferation assay

The DNA synthesis – based cell proliferation assay was performed
using a commercially-available Click-iT EdU Imaging Kits Protocol
(Thermo Fisher Scientific) and following the manufacturer recom-
mendations. After three days in culture, endothelial monolayers
were incubated for 1 h with 10 mM 5-ethynyl-20-deoxyuridine (EdU)
labeling solution and then, some samples were fixed and others,
after replacement with full media, were incubated for 18 h in
static conditions or subjected to 18 h of mechanical loading
experiments. At the end of the experiments, cells were fixed with
4% formaldehyde, permeabilized with 0.5% Triton X-100 in
PBS, processed and immediately imaged using a fluorescence
microscope.

Mechanical loading experiments

A custom-developed dynamic bioreactor31 was exploited to decouple
the effect of pulsatile wall deformation (WD) on endothelial mono-
layers. Briefly, the bioreactor comprises two components: a medium
chamber and an inflation cylinder (Fig. S1A, ESI†). The chamber
housing the cells under analysis is filled with warm medium and
connected to a medium reservoir by two Tygon tubes of 0.8 cm in
diameter. In particular, the reservoir consists of a sterile glass bottle
with ventilated cap containing 50 ml of complete medium. The
entire system is maintained in an incubated environment (37 1C,
95% humidity, and 5% CO2) for the full duration of the loading
experiments, therefore ensuring full metabolic supply to the cells.

The inflation system actuates cyclic stretch on a deformable
membrane covered by ECs. The membrane is comprised of a
PDMS-based elastomer, which faces the medium chamber and
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supports the endothelial monolayer at its luminal surface. The
membrane inflation system is composed of a cylinder of 15 mm
outer diameter and 5 mm inner diameter fixed to the flow
chamber by 4 screws (Fig. S1B, ESI†). Sealing was obtained with
an O-ring interposed between the membrane and the cylinder.
The volume of liquid (i.e. PBS) inside the cylinder is controlled
with a syringe pump (PSD/4 HAMILTON, Bonaduz, equipped
with a 5 ml glass syringe) receiving on-line feedback from a
pressure sensor (MPX 4250 AP, Freescale). The luminal end
of the cylinder extends towards the medium chamber and is
separated from it by the interfacing deformable membrane.
Therefore, the hydrostatic pressure in the cylinder actuates the
cyclic inflation of the membrane during the experiment. During
the stretching loop, the deformable PDMS membrane cycles
between two states: the flat state (Fig. S1C (ESI†), left panel)
during which the substrate is in its reference configuration (i.e.
no WD), and the inflated state (Fig. S1C (ESI†), right panel)
during which the maximal imposed stretch is reached (i.e.
maximal WD). The whole system is placed inside a cell incubator
in a humidified atmosphere of 5% CO2 at 37 1C for the entire
duration of the experiments.

In preparation to the cell experiments, the bioreactor,31 flow
tubes and connecting tubes were cleaned by immersion in 70%
ethanol followed by extensive washing in PBS, and the reservoir
was autoclaved. The system was mounted under a biological
hood in sterile condition. After it was filled with warm medium,
membranes covered with endothelial monolayers were sited
inside the system.

The bioreactor was then placed into the incubator and all
the connectors were fastened. Once the inflation circuit was
filled with PBS (for details see ref. 31), the test was started.

Three different conditions of experiments were tested. In the
first set, tests were performed at a pressure of 90 mbar and
540 mbar, corresponding to B5% (low value) and B13% (high
value) apex strain, respectively. The selected values are within
the physiological range.36 The cycle frequency was set to 2 Hz
and the total duration of each test was 18 h, according to
ref. 31. In the second set, membranes were exposed to 540 mbar
pressure at a frequency of 2 Hz for 18 h and cells were incubated
with a specific antibody directed to human VEC ectodomain
(clone BV6) to inhibit VEC clustering at AJs; while in the third
were exposed to 540 mbar at a frequency of 2 Hz for 1 h.

Antibodies

The following primary antibodies were used: goat anti-VE-
cadherin (1:200, Santa Cruz Biotechnology Inc., USA; #6458),
mouse anti-vinculin (1:400, Sigma Aldrich, USA, #V9131) TRITC-
phalloidin (Sigma Aldrich, USA, #P1951). The secondary anti-
bodies (1:400) were donkey anti-goat Alexa 488 (Invitrogen, USA)
and chicken anti-mouse-Alexa 647 (Invitrogen, USA) For staining
of nuclei, Hoechst was added at 10 mg ml�1.

Immunostaining and imaging

HUVECs were fixed with 3% paraformaldehyde (PFA) for 20 min
and permeabilized and 0.1% Triton-X100 in PBS for 10 min at
room temperature (RT). After washing the samples three times

for 5 min with PBS, they were incubated with 5% bovine serum
albumin (BSA) in PBS for 2 h at RT. Samples were incubated
with primary antibody overnight at 4 1C. Subsequently, the
samples were rinsed four times for 1 h each with 5% BSA in PBS
and then incubated with TRITC-phalloidin (Sigma, USA) and
secondary antibodies for 45 min at RT. Finally, samples were
washed three times in PBS, post-fixed for 2 min in 3% PFA,
briefly washed again with PBS, mounted with mounting medium
and immediately imaged. Imaging of the whole membrane was
obtained by stitching several images acquired with an inverted
Nikon-Ti spinning disk confocal microscope (Nikon, Japan)
equipped with a 20� air objective, 0.75 NA. High magnification
images were obtained using a 60� oil objective, 1.4 NA.

Data analysis

A custom-made code was created for the image analysis of cell
density, shape index and orientation.

The image of the membrane was divided in to 9 � 9 squares
of B0.55 mm length each (Fig. S1A, ESI†). The nuclei channel
(wavelength 395 nm) was used for the cell density calculation.
The Fiji function ‘‘Analyse Particle’’68,69 and a script written in
commercial software package (MATLAB 2015b, The MathWorks
Inc., Natick, MA, 2000) were used to count the cells inside each
square and create density maps. For each membrane, the
number of nuclei of each square was normalized by the number
of nuclei of the square containing the highest of them. The
VE-cadherin channel (wave length 470) was used for cell
segmentation via manual tracking of the cell boundary of
B50 cells per square of 5 squares (indicated in Fig. S1A, ESI†).
Due to the axial symmetry, these squares are representative of
the whole membrane. An ellipse was then fitted to each cell,
and its major axis was used to extract the cell direction.
Orientation color plots were created using the ImageJ plugin
‘‘OrientationJ’’.70–72 Furthermore, cell area, perimeter and
shape index were calculated from the fitted ellipse parameters.
Shape index is calculated as SI = 4pA/P2, being A the cell area
and P the cell perimeter, respectively. A SI of 1 indicates a
perfect circle, whereas a SI of 0 a straight line.43

To calculate the fraction of vinculin positive junctions, a
method similar to the one presented in ref. 14 was developed in
Fiji. Briefly, VE-cadherin and the vinculin images were back-
ground subtracted using the ‘‘Subtract Background’’ function
of Fiji (‘‘rolling = 5’’), then a user defined value was subtracted
from the image (‘‘Subtract’’ function, ‘‘value = 5’’). After the
images were converted to 32-bit and then made binary. The two
resulting images were multiplied (‘‘Image Calculator, Multiply’’
function). The final image contains the overlapping areas, were
both VE-cadherin and vinculin signals are present. The number
of white pixels (containing the signal) of the overlapping image
was divided by the number of the white pixels of the VEC binary
image. This ratio gives the fraction of vinculin positive junctions.

To evaluate the monolayer integrity a connectivity index (CI)
measurement was performed to reveal the distribution of VEC
at the cell membrane.8 CI values close to 1 are indicative of
a monolayer with a fully retained network of cell-to-cell
junctions, while values close to 0 report of a diffuse VEC signal
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in the cytoplasm, typical of cells with disassembled or immature
junctions. A threshold value is set at 0.6, corresponding to
the transition between a recently confluent and a mature
endothelium.73

Statistical analysis

Variations between the tests were identified using a non-parametric
Mann–Whitney, p o 0.05. Boxes in all box plots span from 1st to
3rd quartile, outliers were removed from the plot. Black lines
indicate the medians. Whiskers extend to 1.5� IQR (inter-quantile
range). Where present, asterisks indicate a significant difference
among regions of the same type of test, while number signs indicate
a significant difference between the control and the tested sample
for the same region.
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