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ABSTRACT The inner lining of blood vessels, the endothelium, is made up of endothelial cells. Vascular endothelial (VE)-cad-
herin protein forms a bond with VE-cadherin from neighboring cells to determine the size of gaps between the cells and thereby
regulate the size of particles that can cross the endothelium. Chemical cues such as thrombin, along with mechanical properties
of the cell and extracellular matrix are known to affect the permeability of endothelial cells. Abnormal permeability is found in
patients suffering from diseases including cardiovascular diseases, cancer, and COVID-19. Even though some of the regulatory
mechanisms affecting endothelial permeability are well studied, details of how several mechanical and chemical stimuli acting
simultaneously affect endothelial permeability are not yet understood. In this article, we present a continuum-level mechanical
modeling framework to study the highly dynamic nature of the VE-cadherin bonds. Taking inspiration from the catch-slip
behavior that VE-cadherin complexes are known to exhibit, we model the VE-cadherin homophilic bond as cohesive contact
with damage following a traction-separation law. We explicitly model the actin cytoskeleton and substrate to study their role
in permeability. Our studies show that mechanochemical coupling is necessary to simulate the influence of the mechanical prop-
erties of the substrate on permeability. Simulations show that shear between cells is responsible for the variation in permeability
between bicellular and tricellular junctions, explaining the phenotypic differences observed in experiments. An increase in the
magnitude of traction force due to disturbed flow that endothelial cells experience results in increased permeability, and it is
found that the effect is higher on stiffer extracellular matrix. Finally, we show that the cylindrical monolayer exhibits higher perme-
ability than the planar monolayer under unconstrained cases. Thus, we present a contact mechanics-based mechanochemical
model to investigate the variation in the permeability of endothelial monolayer due to multiple loads acting simultaneously.
SIGNIFICANCE A novel mechanical modeling framework is introduced to study the role of mechanochemical stimuli in
regulating the gaps between endothelial cells. The model uses the principles of mechanics to simulate the bond formed
between adhesion proteins on neighboring cells, which are responsible for maintaining cell-cell contact. Our simulations
showed that gaps between cells are controlled not only by cell-cell interactions but also by cell-substrate interactions. Our
model predicts that mechanochemical coupling between matrix stiffness and calcium signaling is driving permeability. The
mechanochemical modeling framework provides the right setting to study the effect of mechanical and chemical stimuli
acting simultaneously on endothelial monolayers of varying geometrical and mechanical properties.
INTRODUCTION

The vascular network is responsible for the transport of
blood and other essential nutrients across the body via ar-
teries, veins, and capillaries. Arteries carry the blood away
from the heart, veins bring the blood back to the heart while
capillaries act as a bridge between arteries and veins, and
ensure the delivery of blood, nutrients, and oxygen to the
surrounding tissue. The blood vessels are made up of a
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specialized type of cells called vascular endothelial (VE)
cells. They form a network of cylindrical monolayers,
termed the endothelium, allowing fluid to flow within (1).
In the case of arteries and veins, the endothelium is sur-
rounded by smooth muscle tissues while capillaries are
made up of a single layer of endothelial cells (2). Capillaries
are part of the microcirculation and are the smallest blood
vessels in the human body (3).

In a healthy vascular system, the homeostasis of capil-
laries is implied by a well-regulated bidirectional transport
of material between the endothelium and the surrounding
tissues. The transport can occur via two pathways: transcel-
lular (through the cell) and paracellular (between the cells)
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FIGURE 1 Schematic of proteins involved in

cell-cell junction mechanotransduction. VE-cad-

herins from neighboring cells form a homophilic

bond as part of the adherens junctions. VE-cadher-

ins are attached to the catenin family of proteins,

which, under tension, are connected to the cyto-

skeleton via vinculin. Created with biorender.

com. To see this figure in color, go online.

Mechanics of VE-cadherin junctions
(2). Transcellular transport involves endocytosis (into the
cell) and exocytosis (out of the cell). These processes are
highly selective and it is found that only a few micronu-
trients such as vitamin B12 follow the transcellular pathway
(4). On the other hand, the paracellular pathway is regulated
by several intercellular junctional proteins that regulate the
gap size between the cells. Most of the materials passing the
endothelium follow the paracellular pathway and they have
to overcome the barrier properties of these interjunctional
proteins (2). One of the intercellular junctions is termed
the adherens junction and is commonly found in the vascular
endothelium. VE-cadherin proteins are the major compo-
nent of adherens junctions. They form a homophilic bond
with VE-cadherin proteins on the neighboring cells and
dictate the size of material that can pass the endothelium
(5). It is to be noted that the VE-cadherin-VE-cadherin ho-
mophilic bond is highly dynamic in nature, resulting in the
constant opening and closing of gaps due to changes in
cellular and extracellular properties (6). The number and
size of gaps present decide the amount of material that
can successfully cross the endothelium, which is commonly
termed (vascular) permeability. Thus, an increase in the
amount of material that can overcome the endothelial bar-
rier indicates higher endothelial permeability. Along with
VE-cadherin-based adherens junctions, claudin and occlu-
din proteins form tight junctions regulating vascular perme-
ability. Since tight junctions are mainly found in specialized
microvasculature such as the blood-brain barrier (2), we do
not consider them in this study.

Dysregulation of VE-cadherin homophilic bonds may
lead to either larger gaps or changes in the frequency of
gap formation or gaps not being formed, leading to
abnormal permeability. Some cases of diseased states where
abnormal permeability is found are cancer (7), atheroscle-
rosis (8), asthma (9), and COVID-19 (10). Cancer metas-
tasis, a key characteristic of cancer progression, involves
the spread of cancer cells from their origin to other body
parts via the vascular network. This metastasis is facilitated
by abnormal vascular permeability, which allows for intra-
vasation (entry into blood vessels) and extravasation (exit
from blood vessels) of cancer cells (7). Similarly, abnormal
permeability plays a significant role in atherosclerosis, a
prevalent cardiovascular disease in humans. This condition
is characterized by the infiltration of fat and cholesterol mol-
ecules from the blood through the endothelial layer, subse-
quently accumulating on the surrounding membrane (8).
This accumulation narrows the blood vessels, disrupting
normal blood flow, and, in severe cases, may result in car-
diac arrest (11). Vascular permeability has a major role in
both acute and chronic inflammation since leukocytes
have to cross the endothelial barrier and reach the tissues
(2). VE-cadherin-based cell-cell junctions are also found
to play an important role in angiogenesis and vascular
morphogenesis (12,13). Thus, it becomes prudent to under-
stand the physiology of variation of permeability of the
endothelium. A better knowledge of how VE-cadherin
bonds could be regulated helps us to understand the disease
pathology and develop cures.

VE-cadherins are connected downstream to the actin
cytoskeleton via the catenin and vinculin family of proteins
(14), as shown in Fig. 1. Thus, regulation of the actin cyto-
skeleton is expected to affect the binding properties of the
VE-cadherins also. Experiments have shown how modi-
fying the contractility of actin-myosin stress fibers via
Rho/ROCK pathways affects permeability (15). Chemical
cues such as thrombin increase permeability (16) while
S1P stabilizes the cell-cell junctions and reduces perme-
ability (17). In addition to chemical cues, mechanical cues
are also found to affect cell-cell junctions. Properties of
the microenvironment such as stiffness of the substrate
(18), geometric properties of the substrate (19), and me-
chanical stimuli such as cyclic stretch (20) are all known
to affect permeability. But in vivo, chemical and mechanical
stimuli act simultaneously and there is a coupling between
them. Experiments carried out in vitro usually study either
the effect of chemical or mechanical stimuli individually.
In this regard, mathematical models that can integrate
different mechanochemical features of the cell play an
important role in bridging the understanding between indi-
vidual responses observed experimentally.

Over the past few decades, several mathematical models
have been developed to understand the behavior of endothe-
lial cells in differing mechanical and chemical microenvi-
ronments. A mathematical model consisting of a system
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of reaction-diffusion equations along with reinforced
random walk governing endothelial cell migration predicted
the pattern formation of endothelial cells on biogel surfaces
(21). The model found that steady patterns of hexagonal
endothelial cells could be formed only when the diffusion
of the growth factor was low and its rate of decay was
high. However, this model was unable to incorporate remod-
eling of the pattern of endothelial cells as a response to the
continuously changing microenvironment. To study effects
such as directed motility of endothelial cells, a 2D cellular
Potts-based model was developed with positive feedback
between cell displacement and polarity (22). The model
was used to study the statistical properties of the random
streaming behavior of the endothelial monolayer and pre-
dicted that, in monolayer cultures, both the speed and persis-
tence of cell motion decrease compared with that of single
cells. While the high-level active response of endothelial
monolayers could be studied using such feedback loops,
studying the effect of low-level gene data on high-level
migration was not possible. A dynamic cell-steering multi-
scale model was thus developed that studied the effect of
gene-level data on the migration of endothelial cells (23).
The model provided a mechanistic explanation for the ge-
netic modularity observed during the dynamic reorganiza-
tion of endothelial cells to maintain the integrity of the
monolayer without explicitly considering the mechanical
properties of the microenvironment. Furthermore, many
models focused on the understanding that the behavior of
endothelial monolayer depends on the mechanical proper-
ties of the substrate. Using a linear elastic model of the nu-
cleus, cytoplasm, matrix, and VE-cadherin (24), the authors
showed that, upon aging, the stiffness of the subendothelial
matrix becomes heterogeneous. Recently, models have been
developed by combining such mathematical approaches to
study angiogenesis, describing the process by which new
blood vessels are formed by sprouting from the preexisting
vascular bed in healthy and diseased states (25–27). Noting
that angiogenesis plays a key role in several physiological
and pathological processes, a multiscale model based on
the gene expression patterns of individual endothelial cells
predicted network growth for varying compositions of the
extracellular environment (25). Even though the endothe-
lium expresses abnormal permeability due to the dissocia-
tion of adherens junctions during angiogenesis (28), the
effect of the dynamics of adherens junctions on vascular ho-
meostasis was not considered in the modeling frameworks.

Thus, in recent times, there has been a renewed interest in
developing mathematical models to understand the physi-
ology of the dynamics of adherens junctions. The agent-
based model (29) was one of the first models developed to
study the effect of mechanical properties of cells to study
the dynamics of endothelial permeability. Considering actin
stress fibers as viscoelastic springs and adhesion dynamics
modeled to follow a catch-slip bond law, the model was
able to predict the dynamics of cell-cell junctions. However,
336 Biophysical Journal 123, 334–348, February 6, 2024
the model was limited to 2D cell geometries. A discrete con-
tinuum hybrid model (30) was developed to study the effect
of calcium waves on cell-cell junctions with 3D endothelial
geometries. It was noted that the gaps were higher at the
vertices of cells and thus cancer cells extravasate at these
locations over edges. The model was able to simulate the
opening of gaps but could not simulate the dynamics of
the opening and closing of cell-cell junctions. Recently, a
continuum model was developed to simulate the three-way
feedback between VE-cadherins, RhoA contractility, and
Rac-1-derived actin polymerization (31). The myosin-depen-
dent force generation was balanced by the force due to VE-
cadherins in addition to being coupled to signaling and cell
stress. The role of substrate was not explicitly considered,
and hence the model did not study the interplay between
the cell-extracellular matrix (ECM) and cell-cell junctions.

The endothelium in vivo experiences several mechanical
and chemical stimuli simultaneously. In atherosclerosis,
low-density lipoprotein cholesterol, high-density lipopro-
tein cholesterol, and triglycerides are overexpressed while
elevated levels of blood pressure and stiffer arterial matrix
are observed to simultaneously affect the behavior of endo-
thelial cells (32). Similarly, the transitioning of endothelial
cells to mesenchymal states is found to be affected by the
mechanical properties of the ECM in addition to the chem-
ical stimuli such as TGF-b (11). However, the models devel-
oped so far have not considered the effect of mechanical
stimuli such as traction due to the flow of blood, cell
contractility, and hemodynamic pressure, along with chem-
ical stimuli, acting simultaneously on the endothelium. The
effect of the interplay between the cell-cell junctions and
cell-substrate junctions in regulating endothelial perme-
ability has not been considered either. Thus, the existing
mathematical models are unable to predict the behavior of
adherens junctions due to changing mechanical and chemi-
cal properties of the substrate. In this regard, we have devel-
oped a novel continuum-level contact-mechanics-based
mathematical model that couples VE-cadherin to Ca2þ-
based stress fiber contractility and cell-substrate adhesion.
VE-cadherins are thus considered mechanical entities that
can form and break contact with VE-cadherins from neigh-
boring cells following the principle of a traction-separation
law. We use a strain-rate and Ca2þ concentration-dependent
phenomenological model to compute the contractile stress
in an endothelial cell. Next, we define contact between
endothelial cells in the monolayer and between the mono-
layer and the substrate through the traction-separation
law. We study the effect of different cell-external mechani-
cal stimuli, such as traction forces due to cell-matrix inter-
actions or shear forces due to blood flow, and randomly
varying intercellular normal and shear loads, simulating
the cell-internal mechanical stimuli, on endothelial mono-
layer permeability. Furthermore, for simplicity, we model
the substrate as a linear elastic material and use an ad-hoc
mechanochemical coupling between the substrate stiffness
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FIGURE 2 (a) Schematic of two endothelial

cells seeded on an ECM. They form contact

with each other and with the ECM. Each wall

of the cell coming in contact with the neigh-

boring cell is split into a number of smaller divi-

sions. The ECM is modeled only when we study

the effect of the ECM on the endothelial cells.

Otherwise, the ECM is neglected. (b) Schematic

showing the mechanical connection within the

cell. A mechanical equilibrium is established be-

tween the cytoskeleton, VE-cadherins, and integ-

rins. Cell-cell junctions are formed in the x-y

plane while cell-ECM junctions are formed in

the x-z and y-z planes. (c) Schematic of the trac-

tion-separation law. The traction-separation law

is modeled as the mechanical equivalent of the

catch-slip bond. Damage initiation is assumed

to be linear and evolution can be either linear

or any other user-defined function. In this article,

damage evolution is assumed to be linear. d0 in-

dicates the relative displacement at which the

damage is initiated in each direction, and df the

effective relative displacement at complete dam-

age. (d) Schematic of initial geometry of endo-

thelial monolayer considered for analysis.

Planar and cylindrical monolayers are considered in the study. The number of cells and curvature of the cylinder can be varied. To see this figure in

color, go online.
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and the cytoplasmic Ca2þ concentration (33). Thus, we
study the individual and collective effect of the mechanical
and chemical stimuli on endothelial permeability. In addi-
tion, we also study the effect of the geometry of the endothe-
lial monolayer on permeability. In the following sections,
we introduce the model and show several numerical exam-
ples that demonstrate how different mechanical and chemi-
cal stimuli affect permeability.
MATERIALS AND METHODS

In this article, we introduce a novel mathematical model to study the dy-

namic behavior of endothelial cells forming bonds with the neighboring

cells in the monolayer and the substrate on which they are seeded, as shown

in Fig. 2 a. We simplify the system and assume that there exists a mechan-

ical equilibrium between cell-cell interaction (VE-cadherins), cell-substrate

interaction (integrins), and the cytoskeleton, as shown in Fig. 2 b. Since we

model endothelial cells and substrate as 3D geometries, the top view of

Fig. 2 b (x-y plane) shows cell-cell junctions while the side view (y-z or

x-z planes) shows the cell-substrate junctions. In the current continuum

modeling framework, the cell-cell and cell-substrate bonds are formulated

as contact cohesive surfaces. This allows any two surfaces to lose and form

contacts over time, simulate the catch-slip behavior observed in cell-cell

junctions (34) and cell-ECM junctions (35), and also analyze 3D geome-

tries, unlike earlier models that focused mainly on 2D geometries. The

cell-cell and cell-substrate bonds are modeled to be formed when two sur-

faces come in contact with each other and broken when they lose contact,

determined by the separation distance between them.

The catch-slip bond law that has been used in the literature for simulating

cell-cell adhesion dynamics considers a linear combination of catch and slip

zones exhibited by the cell-cell adhesion (29). Simulations show that, while

stretching the cell-cell junctions, the rate of binding increases up to a partic-

ular limit and then reduces. Recent in vitro experiments performed on a sin-

gle cell-cell junction have shown that the force-displacement curve exhibits a

linear increase up to a point and then drops after reaching a peak (36). In this
regard, we hypothesize the traction-separation law, as shown in Fig. 2 c, as a

mechanical equivalent of the catch-slip bond law (explained in detail in VE-

cadherin model) and use this on top of cohesive surfaces to dictate how sur-

faces should damage (disassembly of bonds). Since we do not model individ-

ual VE-cadherin-VE-cadherin bonds, we simulate the collective average

behavior of many cell-cell junctions over the contact surface through a trac-

tion-separation law. Similarly, we also model the cell-substrate interaction

following the traction-separation law. The model has been implemented in

ABAQUS, which is a commercial finite element solver (37). Files with ge-

ometry, material definitions, and other algorithmic implementations (inp,

UMAT, UAMP) are distributed as open-source and can be downloaded via

the link provided in supporting material, section 1.
Initial geometry and boundary conditions

The geometry of planar and cylindrical endothelial monolayers considered

for analysis is shown in Fig. 2 d. A portion of the planar monolayer can be

seen in Fig. 2 a. The initial geometry of the cell is considered to be a reg-

ular hexagon with sides of 10 mm and a thickness of 0.1 mm (38). The

number of endothelial cells forming the planar and cylindrical monolayers

is considered to be a variable. The walls of the cells present on the bound-

ary of the monolayer are fixed (all degrees of freedom constrained).

Furthermore, each wall of the cell is split uniformly into a number of

smaller divisions, as can be seen in Fig. 2 a. The axis normal to the surface

is n, while the shear axes are indicated by s and t. The initial condition is

assumed to be stress-free, with cells perfectly in contact with the neigh-

boring cells. The distance between the surfaces in contact is taken to be

0 at the stress-free state. A small-sliding contact formulation with cohesive

behavior for surface-surface contact is defined, with any secondary node

experiencing contact taken to be an eligible secondary node for contact.

This allows a given master node to form a cohesive bond with any second-

ary node that comes in contact and satisfies the traction-separation law,

even though those two nodes may not be in contact at the initial state.

Normal contact behavior is defined as ‘‘hard-contact,’’ preventing the

penetration of cells, and allowing separation of surfaces after contact.

Whenever the effect of ECM is considered in the analysis (see
Biophysical Journal 123, 334–348, February 6, 2024 337
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permeability increases with ECM stiffness due to mechanochemical

coupling and permeability increases with the magnitude of disturbed

flow), the ECM is explicitly modeled and cells are assumed to be in con-

tact with the ECM in addition to being in contact with the neighboring

cells, as shown in Fig. 2 a. The ECM is neglected otherwise. Similar to

cell-cell contact, the distance between the cell-ECM surfaces in contact

is taken to be 0 at the stress-free state. The parameter values used in

the analyses are given in supporting material, section 5.
VE-cadherin model

The traction-separation law for the damage of the cell-cell junction could be

split into two zones, one for damage initiation and the other for damage

evolution, as can be seen in Fig. 2 c, which could be compared with the

binding and unbinding zones present in a catch-slip bond law.When the sur-

faces in contact are stretched away up to d0, the bonds stabilize with stretch

and the traction force increases. When the stretch reaches d0, the damage is

said to be initiated and the bond starts to destabilize. Furthermore, stretch of

the bond at which there is complete damage is indicated by df . A linear

constitutive relation between stress and strain in the VE-cadherin bond

before damage initiation is assumed as given in Eq. 1.8<: Tn

Ts

Tt

9=; ¼
24Knn Kns Knt

Ksn Kss Kst

Ktn Kts Ktt

358<: εn

εs

εt

9=; (1)

where T is the traction, K is the stiffness, and ε is the strain given in the ma-

trix notation. Subscript n indicates the normal direction, and s and t indicate
the shear directions. As can be seen from Fig. 2 c, damage could be initiated

either upon reaching a relative displacement of d0 (maximum separation

criteria) or a traction of Tmax (maximum traction criteria). In this article,

we use the maximum separation criteria as given in Eq. 2 for the quantita-

tive analyses,

max
n dn

d0n
;
ds

d0s
;
dt

d0t

o
¼ 1 (2)

where d0n, d
0
s , and d

0
t are the maximum values of separation allowed for dam-

age initiation in normal and shear directions, and dn, ds, and dt are the cur-
rent separation values in their respective directions, but can equivalently be

analyzed using maximum traction criteria. Once the damage is initiated, its

evolution can follow linear, exponential, or any other user-defined response,

as can be seen in Fig. 2 c. In this article, we use a linear evolution law, where

the damage variable D, representing the overall damage in the material

(equivalent to slip zone) follows Eq. 3. The initial value of D is 0, which

increases to a value of 1 upon complete damage.

D ¼ dfm
�
dmaxm � d0m

�
dmaxm

�
dfm � d0m

� (3)

Here, dm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2n þ d2s þ d2t

q
is the effective separation. dfm is the effective

stretch at complete damage, and dmaxm indicates the maximum value of effec-

tive separation attained during the loading history. The effective displace-

ment at the damage initiation (d0m), without loss of generality, assuming

d0s ¼ d0t , can be evaluated, following (39), as

d0m ¼

8>><>>:
d0nd

0
t

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ b2

d02t þ bd02n

s
dn > 0

d0t dn % 0

(4)

where b ¼ dshear
dn

and dshear represents the norm of the vector defining the

tangential relative displacements (ds and dt). Readers are referred to (39)
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for further details on derivation and analysis. The stress components (Tn,

Ts, and Tt) are affected due to damage according to Eq. 5, where (Tn, Ts,

and Tt) are the stress components predicted by elastic traction-separation

law before damage initiation.

Tn ¼
8<: ð1 � DÞTn Tn R 0

Tn otherwise

Ts ¼ ð1 � DÞTs

Tt ¼ ð1 � DÞTt

(5)

Thus, using Eqs. 1, 2, 3, 4, and 5, VE-cadherin-based cell-cell adhesion

has been modeled in this article, and the behavior is similar to the catch-slip

bond observed experimentally. In a catch-slip bond model, by varying the

rate of association and dissociation, with force applied on the bond being

the independent parameter, a spectrum of bond lifetime versus force curves

can be obtained (29). Similarly, by changing the values of separation at

damage initiation (d0) and at complete failure (df ), we can obtain a range

of traction-separation curves. Even though there is no direct correlation be-

tween the lifetime-force curves obtained using the catch-slip bond law and

traction-separation curves obtained via contact mechanics-based traction-

separation law, physics simulated by both of them are equivalent. More de-

tails of parameter variations of the traction-separation law are given in sup-

porting material, section 2. In this article, the value of bond stiffness is

chosen such that the maximum value of contact force is in the same range

as the bond force observed experimentally (40). In addition, it is to be noted

that the lifetime of a bond is non-zero at an initial state where the applied

force is zero, while in the case of traction-separation law the initial condi-

tion is chosen to be with a contact force being zero. In addition to cell-cell

adhesion, it has been observed that cell-substrate adhesion also behaves as a

catch-slip bond (35). Hence, to study the role of cell-substrate contact on

permeability in silico, we model the integrin-based cell-substrate bond us-

ing traction-separation law.
Cytoskeleton model

The VE-cadherins are further connected to the actin cytoskeleton via the

catenin and vinculin family of proteins. To include the effect of the actin

cytoskeleton on VE-cadherin bonds, we assume the total stress in the cell

to comprise two components, active stress (sa) and passive stress (sp)

(Eq. 6). Active stress is generated by the stress fiber contractility while pas-

sive stress is due to other components in the cytoskeleton.

Sij ¼ s
p
ij þ sa

ij (6)

where i; j ¼ 1; 2; 3 are indices, following Einstein summation convention.

In this article, for simplicity, the passive stress growth is assumed to follow
a linear elastic material law, as given in Eq. 7.

s
p
ij ¼ Cijklεkl (7)

where Cijkl is the stiffness tensor, which depends on Young’s modulus E and

Poisson’s ratio n. The active part of the cytoskeleton is assumed to be
composed of stress fibers oriented in discrete angles, and follows a

strain-rate-dependent growth (41), as given in Eq. 8. Readers are referred

to (41–43) for more information on the active stress growth model used.

saðu;4Þ ¼ hðu;4Þsmax

0B@1þ Kt _εðu;4Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðKt _εðu;4ÞÞ2

q
1CA
(8)
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where hðu;4Þ (0 % hðu;4Þ % 1) is a scalar representing the stress fiber

concentration at a particular orientation (u; 4). The angle that the fiber

makes with the x3 axis is given by u, and 4 is the angle of the projection

of fiber on the x1-x2 planewith respect to the x1 axis.Kt is a constant relating

the active stress and strain rate, termed strain rate coefficient. Following

(41), the growth of stress fiber concentration follows an ordinary differential

equation (ODE) (given in Eq. 9)

_hðu;4Þ ¼ ð1 � hðu;4ÞÞbCkf �
�
1

� saðu;4Þ
hðu;4Þsmax

�
hðu;4Þkb (9)

where kf and kb are the rates of association and dissociation, respectively

and bC is the calcium concentration. The maximum stress that the stress fi-
bers can carry is given by smax. Upon evaluating the active stress in a given

stress fiber oriented at a particular orientation (u,4), the active Cauchy

stress tensor can be evaluated (42,44) as given in Eq. 10

sa
ij ¼ 3

4p

Z 2p

0

Z p

0

saðu;4Þmimj sin u du d4 (10)

where, mi and mj denote the i and j components of the generalized unit vec-

tor in the direction of the given stress fiber. Further details on derivation are
given in supporting material, section 3. Upon addition of Eqs. 7 and 10, the

total Cauchy stress (Eq. 6) in the cell can be evaluated. The static mechan-

ical equilibrium equation is then solved using a commercial finite element

solver ABAQUS. Representative finite element simulations of the numeri-

cal examples presented in this article is given in supporting videos S1–S5.
Numerical scheme

The finite element method is used to solve the mechanical equilibrium be-

tween the cytoskeletal stress and the contact stress generated at the cell-cell

and cell-substrate interactions given by

V:Sþ btcc þ btcs ¼ 0: (11)

Here, S is the total stress in the cytoskeleton, as given in Eq. 6, btcc is the

traction force at the cell-cell interface, and btcs is the traction force at the

cell-substrate interface. Thus, any change to total stress is balanced by

the change in cell-cell and cell-substrate traction forces resulting in a

connection between the cytoskeleton, VE-cadherins, and integrins, as

observed in (45). The geometry is discretized with tetrahedral elements

and linear shape functions are used. Numerical integration of Eq. 10 is per-

formed by assuming that the stress fibers are distributed uniformly over the

cell domain in 20 discrete angles. Numerical integration of the stress fiber

growth ODE is performed via the forward Euler method. In the case of

small strain formulation, the consistent Jacobian (C) needed for solving

the mechanical equilibrium can be evaluated as

C ¼ vDS

vDε
(12)

It is to be noted that the Jacobian C is not part of the stress update, and is

required by the solver only to obtain quadratic convergence of the Newton

scheme. Hence, using different methods to evaluate Eq. 12 might only

affect the convergence and does not affect the result. As mentioned earlier,

in this article, the passive stress growth is assumed to be linear elastic, and

small strain finite element analysis is performed. This could easily be re-

placed by hyperelastic materials such as neo-Hookean and finite strain anal-

ysis can be performed. The procedure to be followed to evaluate Jacobian in

the case of finite strain formulation is given in supporting material, section
4. The pseudocode of the solution framework is given in supporting mate-

rial, section 12.
Permeability of the endothelium

The endothelium is said to be permeable to a particular molecule when it is

possible for that molecule to cross the endothelial barrier. As explained

earlier, in this article, we consider only the VE-cadherin-regulated paracel-

lular pathway to study permeability. This is an important measure of a core

function of the endothelium and a key measure of health and disease. Un-

derstanding permeability helps in designing effective drug delivery sys-

tems. In experiments, permeability is usually measured in two ways: 1)

using a dye to measure the amount of tracer molecule that has crossed

the endothelium via cell-cell junctions (46) and 2) by measuring the trans-

endothelial electrical resistance (47).

Experiments, in vitro, performed on human aortic endothelial cells

(HAECs) estimate the permeability of the monolayer by measuring the

amount of FITC-avidin tracer that crosses the monolayer via the paracellu-

lar gaps (46). The subendothelial accumulation of the tracer is quantified

using a fluorimetric plate reader. The higher amount of tracer collected

below the endothelial cell monolayer indicates higher permeability of the

monolayer. The tracer molecules are larger than the intracellular pathways,

resulting in the quantification of paracellular pathways alone. The size of

the tracer molecule used can also indirectly indicate the size of paracellular

gaps, which is not possible to be measured using the transendothelial elec-

trical resistance technique.

Thus, for in in silico experiments, we define permeability (c) as the ratio

of the number of open cell-cell junctions (No) to the total number of cell-

cell junctions (Nt) in the model of a monolayer (Eq. 13). A junction is

said to be open if the normal distance between two such surfaces is greater

than dfm or, equivalently, if the contact force between two surfaces that were

in contact earlier becomes 0. The normal distance between two surfaces can

imply the gap size, and therefore variation of permeability with respect to

gap size can be studied. Cell-cell junctions in a monolayer can be split

into bicellular and tricellular junctions where two and three cells are in con-

tact, respectively, as shown in Fig. 2 b. In the simulations presented in this

article, as we perform linear static analysis where all deformation measures

are evaluated with respect to the initial configuration, bicellular and tricel-

lular junctions are also defined with respect to the initial configuration and

are not updated with deformation.

c ¼ No

Nt

(13)

RESULTS AND DISCUSSION

Permeability increases with contractility

The in vitro experiments performed on planar monolayers
use pro-inflammatory agents such as thrombin to induce
permeability. The addition of thrombin activates the
RhoA/ROCK pathway causing an increase in contractility,
which then leads to an increase in permeability (15). In our
mathematical model, we simulate such a behavior via the
calcium concentration parameter bC, used to evaluate stress
fiber concentration (Eq. 9). Activation of bC (non-zero, but
uniform over the cell domain) results in the growth of
active stress (sað4;uÞ) and cells undergo uniform contrac-
tion. This leads to a uniform strain distribution as shown in
Fig. S8 a. However, observing the dynamic behavior of
endothelial cells in in vitro experiments (29) the location
Biophysical Journal 123, 334–348, February 6, 2024 339
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FIGURE 3 Permeability is defined by the ratio

of the number of open junctions to the total number

of junctions. Error bars indicate mean 5 SD to

highlight variability. (a) Cell walls are split into

10 divisions and random intercellular pressure is

applied to each division. Permeability at a partic-

ular location varies based on the local history of

loading. (b) Variation of permeability over time.

Bicellular junctions exhibit higher permeability

than tricellular junctions when the only mechanical

stimuli that cell-cell junctions experience are the

random intercellular pressure loads (bC ¼ 1, gap

size threshold ¼ 0.15 mm). (c) Steady-state values

of permeability evaluated for changing bC. As bC in-

creases, active stress and intercellular pressure in-

creases, leading to higher permeability (gap size

threshold ¼ 0.15 mm). (d) With an increase in

the gap size threshold, permeability reduces

(bC ¼ 1:0). To see this figure in color, go online.

Keshavanarayana and Spill
of the opening of cell-cell junctions varies in a random
manner. Random thermal fluctuations and other nonequi-
librium cellular processes occur in the cell (48) resulting
in a change of shape and mechanical properties. To under-
stand the role of mechanics on such a random behavior, we
consider a planar monolayer (Fig. 2 d) of hexagonal endo-
thelial cells (Fig. 2 a), subject them to different types of
mechanical stimuli, and compare permeability. Here, the
planar monolayer consists of 32 cells, where each cell is
assumed to be in contact with its neighbors at the start of
the simulation, and ECM is neglected. The number of cells
in the monolayer does not have a significant impact on
permeability as long as the number is sufficiently large.
We tested this, where 19, 24, 32, or 42 cells did not
show much difference in permeability. However, having
only 7 cells in the monolayer resulted in large fluctuations
in the tricellular permeability, as explained further in sup-
porting material, section 11. This was because of the low
number of tricellular junctions available to evaluate the
average permeability. Hence, in all the simulations per-
formed on the planar monolayer, we chose 32 cells.
Furthermore, to be able to replicate the random opening
and closing of cell-cell junctions, we split the walls of
each cell into 10 divisions, and apply intercellular pressure
loading (zp) of random magnitude on each of these divi-
sions, as shown in Fig. 3 a. In our model, the random pres-
sure loading represents the random compressive and tensile
stresses generated in the actin filaments leading to self-
organized contractility (49), which further causes variation
in tension exerted on adherens junctions leading to varia-
tion in permeability (15). Dividing the cell wall into
340 Biophysical Journal 123, 334–348, February 6, 2024
smaller divisions and changing the load randomly allowed
us to induce random spatial and temporal variations in the
cellular stresses. The randomly varying intercellular pres-
sure load (zp) is obtained by multiplying the intercellular
pressure load factor (bzp) by a random number varying uni-
formly between �0.5 and 0.5. Furthermore, since zp repre-
sents the random tensile and compressive stresses
occurring at the cell-cell junctions due to polymerization
and contractility, we use an ad hoc nonlinear relation be-
tween bzp and bC, as shown in Fig. S5. The range of values
of bzp is chosen such that cell-cell junctions exhibit dy-
namic behavior and follow the traction-separation law.
Based on the history of the loading on the individual
node in the finite element mesh, each of them could be
either open or closed, resulting in a behavior similar to
that observed experimentally. With the application of
random pressure loading, we see that the strain distribution
is now more heterogeneous with local regions of high and
low strain present, as shown in Fig. S8 b.

Following the definition given in Eq. 13, we can eval-
uate the permeability for the planar monolayer undergoing
random opening and closing of VE-cadherin bonds. Using
a value of bC ¼ 1 to evaluate the active stress and equiv-
alent intercellular pressure load, we force the cell-cell
junctions to open and close randomly following the trac-
tion-separation law, which reaches a steady state over
time, as seen in Fig. 3 b. Investigating the location of
permeability, we find that permeability is higher for bicel-
lular junctions compared with tricellular junctions. Since
the random pressure loads applied are normal to the sur-
face, the fraction of bicellular junctions that break is
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FIGURE 4 (a) Schematic of intercellular shear

(zs) and pressure (zp) applied on a cell-cell contact

surface. Intercellular shear stress is applied as a

traction force. (b) Due to the application of inter-

cellular shear, the permeability of tricellular junc-

tions is higher than bicellular junctions when the

gap size threshold is 1 mm (bC ¼ 1:0, bzs ¼ 0:01

MPa). (c) Permeability increases with an increase

in the magnitude of intercellular shear. Gap size

threshold considered is 1 mm. We only vary inter-

cellular shear, keeping pressure and bC constant

(bC ¼ 1:0, bzs (1.0) ¼ 0.01 MPa). Error bars indi-

cate mean 5 SD to highlight variability. To see

this figure in color, go online.
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higher than the tricellular junctions resulting in a higher
value of c at bicellular junctions. In vitro experiments
performed on endothelial cells showed that Ca2þ via
RhoA/ROCK activation played a critical role in maintain-
ing barrier integrity (15). To study the effect of contrac-
tility on permeability, we vary the value of bC, and find
that permeability also changes accordingly. Our simula-
tions showed that permeability is around 0.4 for bC ¼
0:01 and increases to 0.55 for bC ¼ 1, matching the
experimental observations qualitatively (15). The values
of permeability presented in Fig. 3 c are evaluated by
calculating the average of the last 100 data points (itera-
tions) of the mean of bicellular and tricellular junction
permeability. Thus, our simulations indicate an intricate
interplay between the Ca2þ signaling, intercellular
stresses acting on adherens junctions, and permeability,
which needs to be studied in detail experimentally.

Furthermore, we study the variation of permeability by
changing the threshold of the normal distance between
cells that defines when a gap is considered open. We hy-
pothesize that this is equivalent to changing the size of
tracer molecules in an in vitro experiment. Our simula-
tions show that, as the criterion for a gap to be considered
open is increased, permeability reduces. We found that
this drop is nonlinear, as can be seen in Fig. 3 d. This
shows that the permeability of an endothelial monolayer
to a 1 mm particle is almost 10 times lower than that of
a 0.15 mm particle and 4 times that of a 0.4 mm particle.
Thus, with this simulation, based on the size of the leuko-
cyte (in vivo) or tracer molecule (in vitro), we can esti-
mate the chance of crossing the endothelial barrier via
the paracellular pathway.
Location of higher permeability varies with
mechanical stimuli

Normal and shear stresses between the cells dictate the di-
rection of motion of individual cells in a monolayer, termed
plithotaxis (22,50). It was observed that leader cells induced
normal strains on the follower cells in the rear and shear
strains to the cells by the side. This resulted in coordinated
traction forces leading to coordinated cell migration (50). In
addition, in vitro experimental studies have also shown that
the difference in permeability between bi- and tricellular
junctions depends on the type of cell, passage number,
and tracer molecule used. It was observed that, while study-
ing permeability with HAECs, bicellular junctions showed
less involvement compared with that with porcine aortic
endothelial cells, and found that during experiments with
HAECs a majority of tracer molecules accumulated below
tricellular junctions (46). We, therefore, hypothesize that
the permeability of the endothelial monolayer depends on
the mechanical forces that individual cells in a monolayer
experience. Hence, to study the effect of mechanical forces
on endothelial permeability, we apply intercellular shear
stress as traction force at cell-cell junctions with randomly
varying magnitudes in addition to random intercellular pres-
sure loading, as shown in Fig. 4 a.

We evaluate intercellular shear stress (zs) as a product of
intercellular shear load factor ( bzs ) and a random number
Biophysical Journal 123, 334–348, February 6, 2024 341
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FIGURE 5 (a) Schematic of an endothelial

monolayer consisting of 32 cells forming a contact

with the ECM below. The traction-separation law

is applied to cell-cell and cell-ECM contacts. (b)

Heatmap of permeability for purely mechanical

(rows), purely chemical (columns), and mechano-

chemical (diagonal) effect. An increase in ECM

stiffness along with an increase in calcium concen-

tration, which induces higher contractility, is

necessary to simulate the effect of ECM stiffness

on permeability observed experimentally. (c)

With an increase in ECM stiffness along with

mechanochemical coupling (diagonal elements),

the monolayer exhibits higher permeability.bC ¼ [0.01, 0.05, 0.2, 0.5, 1.0] for ECM ¼ [1,

1e-3, 1e-6, 10e-6, 100e-6] Pa, respectively. Error

bars indicate mean 5 SD to highlight variability.

To see this figure in color, go online.
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varying uniformly between �0.5 and 0.5. The magnitude ofbzs is chosen such that cells are able to exhibit dynamic open-
ing and closing of cell-cell junctions following the traction-
separation law. Upon applying intercellular shear stress of
random magnitudes at each iteration, and keeping the gap
size threshold to be 1 mm, we find that permeability is higher
at tricellular junctions compared with bicellular junctions.
But when the gap size threshold is reduced to 0.15 mm,
the permeability is higher at bicellular junctions, as seen
in Fig. 4 b, similar to the condition without shear stress dis-
cussed in permeability increases with contractility. It was
further observed that, if the shear between the cells was ab-
sent, the permeability of bicellular junctions was higher than
that of tricellular junctions even when the gap size threshold
was 1 mm. Simulations showed that the shear stress between
cells leads to twisting type behavior of endothelial cells, re-
sulting in the observed differences between bicellular and
tricellular junctions. We also study the effect of the varying
magnitude of shear between cells and find that, as the
magnitude increases, permeability also increases for a given
gap size threshold, as seen in Fig. 4 c. These observations
imply that the chance of transcellular migration occurring
at tricellular junctions or bicellular junctions depends on
the mechanical stimuli. The simulations thus provide an
experimentally testable hypothesis that, when the physi-
ology and functioning of the cells are such that cells experi-
ence intercellular shear stress, larger particles transmigrate
at tricellular junctions while they prefer bicellular junctions
in the absence of intercellular shear stress. The understand-
ing can be further translated to engineer the location of
permeability by manipulating the mechanical stimuli that
the endothelium experiences. This would help in optimizing
342 Biophysical Journal 123, 334–348, February 6, 2024
drug delivery techniques for the many drugs that show
promising results in vitro, but that fail to cross the endothe-
lial barrier and therefore do not reach the desired location of
diseases.
Permeability increases with ECM stiffness due to
mechanochemical coupling

Recent experimental studies indicate that cardiovascular and
many other diseases are associated with variations in the me-
chanical properties of the ECM. Biomechanical tests have
found that atherosclerotic plaques are stiffer than endothelial
basement membranes by several orders of magnitude (51,52).
The mechanical properties of the ECM are also found to be
responsible for endothelial-mesenchymal transition, which
is a characteristic of cancer extravasation occurring via the
endothelium exhibiting abnormal permeability (11). To study
permeability, experiments in vitro involve culturing cells on
a substrate and using pro-inflammatory agents to induce
permeability. Several in vitro experiments have shown the
relation between substrate properties, both mechanical
(18,53) and geometrical (19,54), on permeability. Cells,
when attached to the ECM, form focal adhesions consisting
of integrins, which transfer forces to and from the cell. Down-
stream, focal adhesions are connected to the cytoskeleton ma-
chinery, which is further connected to VE-cadherins. Hence,
VE-cadherin behavior is regulated by integrin behavior and
vice versa. Accordingly, it has been observed that, with an
increase in ECM stiffness, the contractility of the cells in-
creases (55), as does the permeability of the monolayer (18).

In this regard, we consider an ECM below the planar
monolayer, as shown in Fig. 5 a. For simplicity, in this
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article, the ECM is considered to be linear elastic. We model
the cell-ECM interaction using the traction-separation law,
similar to that of cell-cell interaction, with the parameters
used for cell-ECM contact assumed to be the same as those
of cell-cell contact. To begin with, we change the ECM stiff-
ness and keep all other parameters fixed to find that perme-
ability reduces with an increase in stiffness, as shown in
Fig. 5 b. This reduction is due to the higher equivalent stiff-
ness of the cell-ECM bond with higher ECM stiffness. How-
ever, experimental observations showed that contractility
(55) and permeability increase with the stiffness of ECM
(18). Hence, a multiparameter analysis was carried out by
changing bC and ECM stiffness simultaneously. It could be
seen in the heatmap Fig. 5 b that neither a purely mechanical
effect (row-wise comparison) nor a purely chemical effect
(column-wise comparison) simulate the right behavior of
cells. It is to be noted that, even though a purely chemical
effect exhibits increasing permeability, it would be indepen-
dent of ECM stiffness, which we consider here as a mechan-
ical effect. Hence a mechanochemical coupled model is
necessary to simulate the behavior of cells to varying
ECM stiffness (diagonal elements in the heatmap). In
this article, we do not model a detailed signaling network
connecting the mechanosensors at the cell-ECM junction
and the cytoskeleton; however, we choose an ad hoc
nonlinear relation between bC and ECM stiffness, as shown
in Fig. S6. Thus, we find that, with an increase in ECM
stiffness, cells respond by increasing active stress and inter-
cellular pressure due to higher contractility, leading to
elevated levels of permeability, as shown in Fig. 5 c. The
simulations thus highlight the importance of mechanochem-
ical signaling pathways leading to a cross talk between the
cell-cell and cell-ECM junctions through the cytoskeletal
network.
Permeability increases with the magnitude of
disturbed flow

Blood vessels in vivo experience several stimuli simulta-
neously; shear stress, hemodynamic pressure, the tension
on the walls, and other local stresses due to geometric ef-
fects. In a healthy vascular network, the mechanochemical
equilibrium of endothelial cells, under the influence of
such forces, is necessary for its proper functioning. Any
changes to the equilibrium lead to physiological growth
and remodeling to maintain homeostasis (56). The inability
to remodel the tissues results in an undesired stress state and
makes individuals susceptible to cardiovascular diseases
(57). Atherosclerosis is one of the very common cardiovas-
cular diseases and is responsible for the death of millions of
people across the world. Abnormal permeability in the
endothelium results in the deposition of fat molecules and
cholesterol in between the endothelium and surrounding
smooth muscle cells (32). This results in the formation of
atherosclerotic plaques that are very stiff and reduce the
diameter of the vessel causing obstruction to the flow of
blood in the blood vessel. It has been observed in several
in vivo and in vitro experiments that atherosclerotic plaques
are mainly found in the region where blood flow is
disturbed, which is common in branching points of the
vessel (58,59). To this end, to study the impact of disturbed
flow on permeability, we consider a planar monolayer con-
sisting of 32 endothelial cells seeded on a flat substrate and
apply randomly varying traction force on top of the mono-
layer, simulating shear stress due to disturbed blood flow
in the endothelium, as shown in Fig. 6 a. In in vitro or in vivo
models, the distribution of shear stress due to disturbed flow
follows complex patterns (60) and the magnitude usually
varies on the length scale of several endothelial cells (61).
However, for simplicity, we assume that the traction force
is uniaxial and changes its magnitude on the length scale
of a single cell. When applying our model to specific exper-
iments, the exact force distribution due to disturbed flow
patterns can be obtained either using fluid-structure-interac-
tion simulations (62) or through experiments with controlled
disturbed flows (63). Thus, we evaluate the random traction
force due to flow (zf ) as a product of the traction force load
factor (bzf ) and a random number varying uniformly between
�0.5 and 0.5. The range of bzf is chosen such that the defor-
mations are within the limit for cell-cell and cell-ECM con-
tacts to follow the traction-separation law. With this setup,
we study the effect of variation of the magnitude of traction
force acting on the monolayer and the ECM stiffness on
permeability by varying the magnitude of bzf from 0.1 to
10 kPa and ECM stiffness from 1 Pa to 1 MPa. The value
of bC varies with ECM stiffness, as described in Fig. 5 c.
Furthermore, for simplicity, we assume that there is no inter-
cellular shear stress in the monolayer (zs ¼ 0). We found
that permeability increased by the application of random
traction forces on the endothelial monolayer. With an in-
crease in the magnitude of the traction force, permeability
increased further, as seen in Fig. 6 b. In addition, when we
increased the ECM stiffness along with the random traction
force, the effect on permeability was higher. Results suggest
that, as the magnitude of the traction force on the endothe-
lium increases, permeability increases, leading to an
increased plaque formation. The higher stiffness of plaques
further increases permeability, thereby causing a positive
feedback loop. Even though the permeability of the endo-
thelial monolayer increases with the magnitude of traction
force and ECM stiffness, we found that, as the ECM stiff-
ness increases, the difference in permeability between endo-
thelial monolayers experiencing traction (bzf ¼ 10 kPa) and
without traction (bzf ¼ 0) reduces, as shown in Fig. 6 c. Thus,
the simulations suggest that, when the ECM stiffness is low,
permeability is dominated by the magnitude of the traction
that the endothelium experiences, and, as the ECM stiffness
increases, permeability is dominated by the effect of ECM
stiffness. We can also observe that, for constant traction
force, permeability increases with an increase in ECM
Biophysical Journal 123, 334–348, February 6, 2024 343
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FIGURE 6 (a) Schematic of an endothelial

monolayer on an ECM subjected to random uniax-

ial traction force. The magnitude of traction force

is randomly varying over time and is different on

each cell. bC varies with ECM stiffness following

Fig. 5 c. (b) Heatmap of variation of permeability

for changing bzf and ECM stiffness indicates that

permeability increases with traction acting on

the monolayer and ECM stiffness. (c) As the

ECM stiffness increases, the difference in perme-

ability between endothelial monolayers withbzf ¼ 10 kPa and bzf ¼ 0 reduces. Error bars indicate

mean 5 SD to highlight variability. To see this

figure in color, go online.
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stiffness, as shown in Fig. 6 b. This indicates that, as humans
age and the ECM becomes stiffer (64), the susceptibility to
diseases such as atherosclerosis increases. In addition, we
compared the effect of random traction, as presented here,
and uniform traction, where all cells experience the same
traction force, on permeability. Simulations showed
that the application of uniform traction force reduced the
permeability of the monolayer compared with that of the
monolayer experiencing random traction forces. This is pre-
sented in supporting material, section 9.
The cylindrical monolayer exhibits higher
permeability than the planar monolayer

Usually in vitro experiments are performed by seeding
endothelial cells on a petri dish or a glass slide where they
form a planar monolayer. But, in vivo, endothelial cells
form cylindrical-shaped vascular tubes that allow for the
transport of blood. In addition, they are surrounded by the
ECM, which alters the properties and behavior of the endo-
thelium. Hence, to extrapolate experimental observations
from a planar monolayer to a vascular tube, that is, to be
able to predict in vivo behavior based on in vitro experi-
ments, we need to understand the difference in the behavior
of cells due to changing geometrical conditions. Using the
model presented in this article, we study the role of the ge-
ometry of the endothelial monolayer on permeability.

To begin with, we form a cylindrical monolayer with 3D
endothelial cells without any ECM surrounding it, as shown
in Fig. 7 a. The ends of the vessel are fixed to prevent rigid
344 Biophysical Journal 123, 334–348, February 6, 2024
body motion. We study permeability in the cylindrical
monolayers due to calcium-based contractility and its asso-
ciated active stress and intercellular pressure growth, and by
neglecting intercellular shear stress and traction force due to
disturbed flow (bC ¼ 1:0, zs ¼ 0, zf ¼ 0). To study the
effect of curvature (~k) of a cylindrical monolayer on perme-
ability, we consider three monolayers with curvatures (eval-
uated as 1/radius), ~k ¼ 0:06 1=mm, 0:04 1=mm, 0:03 1=mm,
and compare them with a planar monolayer with ~k ¼ 0.
Simulations showed that cylindrical monolayers exhibited
higher permeability than planar monolayers for the same
set of parameters, as can be seen in Fig. 7 b. We also found
that, as the curvature of the cylindrical monolayer increased,
permeability too increased, in line with the theoretical ob-
servations made in the literature (30). Compared with planar
monolayers, cylindrical monolayers took longer to reach the
steady state, and the value reached was higher also. We
observed that higher permeability arises mainly due to the
additional degree of freedom that cells enjoy due to curved
geometry. By restraining this degree of freedom, which is
equivalent to a rigid ECM surrounding the cylindrical
monolayer to which the cells are firmly attached, we saw
that the permeability of the cylindrical monolayer reduced,
and reached a steady state earlier than the case without
radial constraint, as seen in Fig. 7 c. These simulations
show that permeability observed in in vitro experiments per-
formed on a planar monolayer of endothelial cells is not
directly applicable to cylindrical monolayers. The results
from the simulations yield relationships between the perme-
abilities of cylindrical monolayers with different curvatures.
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This can have implications for understanding the correlation
between permeability and the geometry of the blood vessels
in healthy and diseased states. The simulations can also help
in designing experiments of cylindrical monolayers based
on the data available on planar monolayers.
CONCLUSION AND FUTURE WORK

In this article, we have introduced a novel continuum-level
modeling framework for studying the dynamic behavior of
adherens junctions regulated by VE-cadherins. The trac-
tion-separation law as a phenomenologically equivalent
mechanism for catch-slip bond law has been used to model
the opening and closing of cell-cell junctions. The stiffness
of the VE-cadherin bond and the stretch upon which the VE-
cadherin bond dissociation is initiated and completely disso-
ciated are the parameters needed to define the law, which are
directly available in the literature (e.g., (40)). The cytoskel-
eton of endothelial cells is assumed to be made up of linear
elastic passive component and nonlinear strain-rate-depen-
dent active components. The ODE for stress fiber concentra-
tion growth determines the level of active stress in the
cytoskeleton. Through the mechanical equilibrium between
the stress in the cytoskeleton and the force applied by cell-
cell contact and cell-ECM, mechanical feedback between
them can be established.

We define permeability as the ratio of the number of
open junctions to the total number of adherens junctions
present in the monolayer. The model has been able to pre-
dict the variation in permeability due to varying gap sizes
and multiple mechanical stimuli acting simultaneously.
Numerical simulations have been performed to study
how using dyes of different sizes shows varying levels
of permeability. The size of the gap present in the mono-
layer might be smaller than the molecular size of the dye
resulting in reduced extravasation. Thus, the model can be
used to correlate the quantification of VE-cadherin
staining and permeability. Simulations showed that the
intercellular shear stress played a prominent role in regu-
lating VE-cadherin bonds and hence the permeability of
the monolayer. Since mechanical stimuli and mechanical
properties vary with endothelial cell types, the simulations
give an insight into differences observed in in vitro exper-
iments performed with different cell types and passage
numbers. Thus, through the in silico experiments, we are
able to develop testable hypotheses on the mechanochem-
ical conditions that result in higher permeability. Simula-
tions also showed that permeability increases with
calcium concentration-induced contractility. The role of
substrate stiffness on permeability was studied by attach-
ing cells to a linear elastic substrate. It was seen that an
increase in substrate stiffness results in lowering perme-
ability. However, adding an ad hoc mechanochemical
coupling showed that permeability increases with sub-
strate stiffness. Even though the mechanochemical
coupling used in this article is a very simple one, this pro-
vides a perfect platform to further study the role of varying
mechanical and geometric properties of the substrate on
permeability. The linear elastic substrate could be further
replaced by collagen-type fibrous material and a detailed
mechanochemical coupling pathway could be added
easily. In this article, for simplicity, we assumed the pa-
rameters of the traction-separation law for cell-ECM con-
tact to be the same as that of cell-cell contact. In future
applications of our model, a deeper analysis of cell-
ECM contact and the distinction between cell-ECM and
cell-cell contacts will be carried out that takes into account
the specific properties of the ECM and the endothelium
used in specific experiments to be modeled.

It was interesting to note that the geometry of blood ves-
sels determined the probability of the location of atheroscle-
rotic plaques. They were commonly found near the branches
of valves where the blood flow is in a disturbed state (65). In
numerical simulations, we could study the effect of such a
disturbed flow on permeability and its dependence on
ECM stiffness by applying random traction forces on endo-
thelial cells in contact with a substrate. Results showed that
applying random traction forces increases permeability, and
this effect increases with ECM stiffness. Numerical studies
also showed that susceptibility to cardiovascular diseases in-
creases with aging due to increased ECM stiffness and the
associated increase in permeability of the endothelium.
Studies also showed that the cylindrical monolayer, which
is similar to endothelium in vivo, exhibits higher perme-
ability than the planar monolayer when there is no ECM sur-
rounding it and behaves like a planar monolayer when
surrounded by a rigid ECM. In addition, we also found
that permeability increases with the curvature of the cylin-
drical monolayer and we show through these simulations
that the experiments performed in vitro on a planar mono-
layer do not directly correlate to the behavior in vivo, and
the geometry of the endothelium plays a prominent role in
determining permeability. Thus, through the numerical sim-
ulations presented in this article, we have been able to
develop a few experimentally testable hypotheses:

1) The permeability of the cylindrical endothelial mono-
layer increases with curvature.

2) Intercellular shear stress leads to increased levels of
permeability and causes larger gaps at tricellular junc-
tions.

3) Permeability increases with aging due to higher ECM
stiffness and the effect of higher ECM stiffness domi-
nates the effect of disturbed flow on permeability.

The model could be thus used to understand the role of
chemical and mechanical cues and test the conditions result-
ing in extravasation of leukocytes in vivo or a dye in vitro,
and thereby aid in the design of experiments. The modeling
framework can also be used to test under what conditions
drug molecules can extravasate and through either tricellular
Biophysical Journal 123, 334–348, February 6, 2024 345
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FIGURE 7 (a) Cylindrical monolayers with

different curvatures (evaluated as 1/radius) (~k). All

cylindrical monolayers have the same length but

different radii. Hence, they have different numbers

of cells (24,36,48) (bC ¼ 1:0, zs ¼ 0, zf ¼ 0).

(b) As the curvature reduces, the permeability re-

duces as well. The planar monolayer has the least

permeability compared with cylindrical monolayers.

The mean value is obtained by averaging the last 100

data points. Error bars indicate mean5 SD to high-

light variability. (c) The permeability of a cylindrical

monolayer is higher than that of a planar monolayer

due to the availability of additional degrees of

freedom for its deformation. Upon constraining the

radial deformation of cells, permeability is lower

and is similar to that of a planar monolayer (~k ¼
0.06 1/mm). To see this figure in color, go online.

Keshavanarayana and Spill
or bicellular junctions. This can have several important appli-
cations in drug delivery. The model could also be used to
determine the right mechanical properties of the ECM that
can regulate permeability. This could be used as a method
to stop the positive feedback between the ECM and cell
contractility resulting in reduced permeability. While the cur-
rent treatment techniques involve changing the properties of
blood using drugs such as statins or using stents to regulate
the diameter of arteries (32), the model could be particularly
used in finding the right mechanical and chemical environ-
ment necessary for either maintaining dynamic homeostasis
or rectifying the properties of the ECM such that the cells
go back to a healthy state. In addition to atherosclerosis,
this model could be used to bolster the antifibrotic treatment
techniques used in several diseases such as cancer and liver
diseases (66), which helps in regulating the permeability of
the endothelium and thereby maintain vascular homeostasis.
Furthermore, the model could be used to effectively engineer
the vascular network in vitro by studying the role of a hydro-
gel on vascular permeability (67). The model could also in
future be extended to understand the role of aging on vascular
stiffening (68) or the effect of cytoskeletal metabolic memory
(69) on cell-cell junctions and thereby permeability. The
phenomenological model presented in this article is moti-
vated by the mechanical responses observed during in vitro
experiments. The formulation of the model is such that it is
possible to extend it to include detailed mechanochemical
coupling pathways that affect permeability. The traction-sep-
aration law which has displacement as the only factor deter-
346 Biophysical Journal 123, 334–348, February 6, 2024
mining when the bonds dissociate completely can include the
concentration of VE-cadherin or other proteins as the addi-
tional factor that determines the dissociation of VE-cadherin
bonds. Simulations showed that permeability was slightly
higher in the regions experiencing disturbed flow-type trac-
tion forces compared with regions where traction forces are
uniform, as shown in supporting material, section 9. We
believe that the low increase in permeability with disturbed
flow-type conditions is due to the absence of mechanosensors
such as glycocalyx that further regulate the cytoskeleton
downstream and vary permeability (70,71). Thus, the model
presented in this article provides a perfect platform for
several extensions and mechanochemical studies.
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