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Abstract

A key feature of all inflammatory processes is disruption of the vascular endothelial barrier. Such
disruption is initiated in part through active contraction of the cytoskeleton of the endothelial cell
(EC). Because contractile forces are propagated from cell to cell across a great many cell-cell
junctions, this contractile process is strongly cooperative and highly nonlocal. We show here that
the characteristic length scale of propagation is modulated by agonists and antagonists that impact
permeability of the endothelial barrier. In the presence of agonists including thrombin, histamine,
and H202, force correlation length increases, whereas in the presence of antagonists including
sphingosine-1-phosphate, hepatocyte growth factor, and the rho kinase inhibitor, Y27632, force
correlation length decreases. Intercellular force chains and force clusters are also evident, both of
which are reminiscent of soft glassy materials approaching a glass transition.
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Introduction

A key feature of inflammatory processes is an increase in the transit of fluid, signaling
molecules and white blood cells into the interstitium of injured tissues (rubor, calor, dolor).
A central regulator of this process is the lining of the luminal surface of vessels – the
endothelium. The endothelium is a continuous layer that is only a single-cell thick and
challenged with complex and contradictory mechanical requirements. It must maintain its
barrier function while remaining compliant and resilient in the face of stretch of the vessel,
as occurs routinely with every beat of the heart or inflation of the lung. During inflammatory
states, the endothelium must form local gaps to allow the passage of inflammatory cells but
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at the same time maintain its global integrity. Such mechanical properties are conferred to
the endothelial monolayer largely by its cytoskeleton.

The cytoskeleton of the endothelial cell (EC) is an active material composed of cross-linked
polymers and molecular motors such as myosin, which can contract the fibers. It exists in a
continuous state of remodeling1, metabolizes energy, and is therefore actively displaced
away from thermodynamic equilibrium2. Its ability to contract, deform, and reorganize are
unified by a simple set of empirical principles that are strikingly similar to patterns of
behaviors observed in amorphous solids, in particular in soft glasses3. Recently, the
Wolynes4 group has reported the results of a model in which the cytoskeleton is treated as
an active network of nodes joined by elastic fibers and acted upon by molecular motors. In
so doing, they have called attention to the role of the motor proteins in modulating structural
rearrangements and thus proximity to an underlying glass transition. The degree to which
structural relaxation is promoted or retarded by the motors depends not just on the
magnitude of motor activity but also it’s interaction with the environment (it’s susceptibility
in the Wolynes model)4c. Low susceptibility motors are load resisting – they drive as hard
against an uphill potential from the surrounding thermal environment as they do downhill. A
susceptible motor, on the other hand, slows down when going uphill. Load resisting motors
facilitate structural re-arrangements. In contrast, highly susceptible motors are found to lead
to an enhanced attractive interaction between cytoskeletal elements and result in decreased
re-arrangements. Much of this work4a, 4c, 5 has been explicitly aimed at describing the
behavior of reconstituted actin/myosin gels and/or isolated cells6. The endothelium,
however, behaves not as a simple assembly of many individual and independent cells but
rather as a coordinated cellular collective. Remarkably, such collective behaviors further
deepen the cellular analogy with soft, glassy materials. In a migrating monolayer of
endothelial cells, for example, increasing cellular density has been observed to result in a
slowing of monolayer structural rearrangement and an increase in the four-point
susceptibility similar to that observed in granular materials approaching a jamming
transition7. Compared to the migrating monolayers studied to date, however, a further
complicating feature of the inflamed endothelium is the activation of multiple
mechanotransductive signaling pathways8. Among these are both barrier protective
pathways (which decrease fluid transit across the endothelium) and barrier disruptive
pathways (which increase fluid transit across the endothelium) pathways. Ultimately the
action of both types is at least partially related to modulation of molecular motors and
cytoskeletal contraction9. In order to understand how changes in motor activity alter the
thermodynamic behavior of cellular monolayers, we present here direct experimental
measurements of mechanical changes brought about by barrier-active agents on monolayers
of human pulmonary micro-vascular endothelial cells (HLMVEC), and especially their
nonlocal and cooperative features.

Each cell in the monolayer exerts forces on both its substrate (e.g., via focal adhesion
complexes) and on its neighbors (via vascular endothelium (VE)-cadherin mediated
adherens junctions)9. Because both VE-cadherin complexes and focal adhesions are bound
to the actin cytoskeleton via various linker proteins, these forces ultimately reflect the
contractile state of the cytoskeleton and, by inference, it’s effective temperature. The
effective temperature reflects in part the activity of these molecular motors. Because the
molecular motors act on cytoskeletal members, which are joined throughout the monolayer
by the cell-cell junctions, the state of each cell is ultimately integrated across the monolayer
to determine the global mechanical state. We characterize this global mechanical state using
monolayer stress microscopy7, 10. Our measurements suggest an unexpected unifying
principle: barrier-disruptive pathways are associated with lower effective temperature of the
cytoskeleton and greater proximity to a glass transition. Conversely, barrier-protective
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pathways are associated with a higher effective temperature of the cytoskeleton and thus a
greater distance from an underlying glass transition.

Experimental Methods

Preparation of micropatterned membranes

Repeated patterns of circular islands (diameter = 700 μm, spaced 1.4 mm apart) were
fabricated on PDMS membranes as previously described11.

Preparation of gel substrates

Cell substrates were prepared using polyacrylamide with a physiologically relevant elastic
modulus of 1.2 kPa. The protocols for gel preparation, ligation, and handling were similar to
published protocols12. Briefly, cylindrical gel substrates with a radius of 9 mm and a final
thickness of ~100 μm were polymerized upon glass bottom dishes (Mattek Corporation,
Ashland, MA). Following polymerization, the gel surface was placed in conformal contact
with micropattern membranes and treated with 400 μl of type-1 collagen solution (0.1 mg/
ml; Inamed Biomaterials, Fremont, CA).

Cell culture

Human pulmonary microvascular vascular endothelial cells (HLMVEC, Lonza Inc.) were
plated as a dense drop (1 million cells/ml) upon the micropatterned surface. Cells
preferentially spread within circular micropatterns at an approximately uniform density (Fig.
1b). The spread cells were maintained at 37 °C in humidified air containing 5% CO2 for two
days in EGM-2 cell culture medium (Lonza, Cat#CC-3162) containing 5% Fetal Bovine
Serum. Thirty minutes prior to experimentation, the serum-containing media was replaced
with a Hank Balanced Salt buffer solution (Life Technologies, Carlsbad, CA) containing
1%Human Serum Albumin.

Measurements – monolayer stress microscopy (MSM)

We recorded spatial maps of fluorescent beads that are embedded within the gel substrate
directly underneath the cells. By tracking displacements of the beads and solving the inverse
problem of stresses necessary to induce those displacements13, we quantified the stresses
cells exerted on their substrate, referred to here as tractions. From the tractions, we
computed intercellular stresses as follows: from Newton’s third law, the reversed-sign forces
exerted by the cells on the gel are precisely the forces that the gel exerts on the cells. These
imposed body forces must be balanced by a build up of stress inside the monolayer (Fig. 1a).

The problem of recovering the intercellular stress tensor within the monolayer is then the
problem of determining the two dimensional stress tensor in an elastic layer subject to body
forces, which are the imposed reversed-sign tractions. We solve this problem using a finite
element analysis as previously described.7 To complete the intercellular stress recovery, we
make mild additional assumptions about material properties, boundary conditions, and,
dimensionality. The artifacts associated with these assumptions, both in the recovery of
tractions and intercellular stresses, are negligible10. MSM therefore yields the local stress
tensor everywhere within the monolayer. This 2×2 stress tensor, σ, contains normal stresses
(acting perpendicular to adjoining cell membranes) and shear stresses (acting parallel to
adjoining cell membranes). These shear stresses are not to be confused with any additional
shear stresses associated with fluid flow, which are here assumed to be zero everywhere. We
can rotate the local coordinate system to obtain those special orientations in which the shear
components vanish thus defining two principal stress components, σmax and σmin. We report

intercellular stresses as the average normal stress: .
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Experimental protocol

Each monolayer was equilibrated on the microscope for 20 minutes. Following
equilibration, a pre-treatment baseline measurement was obtained. The monolayer was
subsequently treated with one of the following agonists or antagonists: thrombin (agonist,
final concentration=0.05 unit/ml); histamine (agonist, final concentration=300 μM);
hydrogen peroxide (H202) (agonist, final concentration=1μM); Y-27632 (antagonist, final
concentration=0.1μM); Sphingosine-1 phosphate (S1P) (antagonist, final
concentration=1μM); hepatocyte growth factor (HGF)(antagonist, final
concentration=100ng/ml). Images were recorded for 60 minutes post-treatment. Each of the
above agents exerts a time-dependent effect on endothelial monolayer permeability. As we
wish to focus on contractile modulation so we ignore later time points (which involve
attenuation of agonist/antagonist effects14) and calculate stresses only at baseline and the
time point corresponding to maximum change in contractile state.

Results and Discussion

The barrier-active compounds studied here are listed in Table I.

We take a highly simplified approach to the complex signaling cascades initiated by each.
The three barrier-disruptive agents (thrombin, histamine and hydrogen peroxide) are
agonists that have been shown to increase cytoskeletal contraction and, by extension, cell
substrate traction forces15, 20. The three barrier-protective agents (Y27632, sphingosine-1-
phosphate and hepatocyte growth factor) are antagonists that have been shown to relax
cytoskeletal contraction9, 21.

In Fig. 2 we focus on the barrier disruptive/contractile agonists. In accordance with
Newton’s laws the increase in accumulating cell-substrate tractions must be balanced by an
increase in cell-cell forces. Taking the baseline and the time point of maximal change in
tractions (data not shown), we then computed the cell-cell forces by means of Monolayer
Stress Microscopy7. In keeping with the expected balance of forces, we find an increase in
intercellular force associated with the action of these contractile agonists. Fig. 2 (a–c) shows
the change in the spatial mean (i.e., averaged over the entire monolayer) normal stress. The
increase is greatest with thrombin treatment but is also significant in the presence of
histamine and H2O2.

The local maps of average normal stress with agonist treatment are depicted in Fig. 3 and are
striking in at least two respects. The first feature is heterogeneity – the overall impression is
of peaks and valleys with closely opposed areas of the monolayer bearing vastly different
stresses. Moreover, many peaks represent stresses with a magnitude many times greater than
the mean stress. The second striking feature is the longer apparent length scale – i.e. the
width of the peaks shown in Fig. 3 spans multiple cell diameters (HLMVEC cells in our
preparations having diameters of approximately 20–30 μm).

In Fig. 4, we depict corollary data for the three barrier protective agents (HGF, S1P and
Y27632). Compared to the pre-treatment baseline, treatment with HGF yields a decrease in
mean local average normal stress of over 15 Pa. Treatment with S1P and Y27632 yield
smaller decreases of ~4 Pa and ~8 Pa, respectively. Maps of average local normal stress with
treatment are shown in Fig. 4e–f and display the same heterogeneity observed with barrier
disruptive treatment.

The extent to which monolayer mechanical behavior is determined by local (i.e. nearest
neighbor) or long range forces can be characterized by the spatial autocorrelation function of
the stress7:
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where δσ̄i is the local departure of the average normal stress at position ri⃗ from its spatial
mean <σ̄i>, var(σ̄) is the variance of those departures, and the notation |ri⃗ − rj⃗|= R means
equality within a uniform bin width of 10 microns. These data are shown in Fig. 5.

At baseline, the correlation function decays only slowly with appreciable correlation (0.4)
persisting to 500μm. This represents approximately 20–30 cell diameters. Moreover, the
correlation on average increases with barrier disruptive treatment and decreases with
protective treatment. In this context it is important to note that barrier disruption does not
involve complete separation of neighboring cells. If that were the case, we might expect to
see an opposite result with contractile agonists leading to a less correlated state. However, at
the concentrations studied here (and in the relevant physiologic range) permeability is
increased primarily by the formation of small (nanometer to micrometer22) paracellular gaps
such that even a highly permeable barrier continues to act as a mechanical whole.

In colloidal materials approaching a glass transition, individual particles form chains of
force transmission with a length scale that grows until, at the transition, they may span the
entire length of the sample23. We sought evidence of such force chains in our endothelial
monolayers. To do so, we must modify the calculation of C(R), as the correlation length
alone does not specify the geometry of force correlations. Correlated force vectors may align
end-to-end, as in a chain, or one next to another, as if marching abreast. We call this later
arrangement a force cluster. To assess whether normal stresses are aligned according to
either of these configurations, we decomposed the maximum principal stress correlation into
chain and cluster contributions,

Where ||…|| denotes L2 norm, Fi is the local maximal principal stress considered as a vector
quantity (such that the angle between the maximal and minimal principle stress orientations
is taken modulo π) and θij is the angle between adjacent vector pairs. We present the
decomposed correlations for thrombin and HGF in Fig. 6. The total correlation is composed
of approximately equal contributions from force chains and force clusters.

Taken together, the data depicted in Fig. 2–4 represent the first comprehensive measurement
of intercellular stresses in endothelial monolayers subjected to treatment with barrier-active
agents. The traditional view of the process of barrier disruption focuses on local changes in
the local balance of forces at the disrupted junction.9, 24 The notion has been that cell-
substrate tractions (acting locally from the cell edge towards the center, thus pulling
neighboring cells apart) overwhelming local cell-cell forces (acting to hold neighboring cells
together). We take an alternative view suggested by the collective nature of the endothelium.
In the intact endothelium, focal adhesions bearing cell-substrate forces and adherens
junctions bearing cell-cell forces are both bound to intracellular actin fibers, thus allowing
force transmission from cytoskeleton to cytoskeleton throughout the cell layer. Examination
of the nature of this force transmission leads to the following new physical picture – barrier
disruption is associated with increased intercellular force correlation lengths, non-local
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events, and thus an approach towards a glass transition. Conversely, barrier protection is
associated with decreased intercellular force correlation lengths, and thus movement away
from a glass transition.

Physical Mechanism

Approach to a glass transition has been suggested to be relevant to diverse collective
behaviors ranging from cancer metastasis and wound healing to gastrulation25. The data
described here add to and deepen this insight by demonstrating a correspondence between
endothelial permeability and proximity to a glassy state. The modulation of endothelial
permeability has major clinical relevance. Diseases ranging from the acute respiratory
distress syndrome26 and septic shock27 to autoimmune disorders have as their basis an
increased transit across the endothelial layer. How might the action of barrier-active agents
modulate the proximity to a glass transition? The proximity23 of a colloidal system to a
glassy state is determined, among other things, by particle stiffness, strength of attractive
interaction between the particles, and volume fraction28. In that connection, the compounds
studied here have pleiotropic effects but can be broadly grouped into their effects on
molecular motor proteins and cytoskeletal contraction. Cytoskeletal contraction is the
dominant determinant of cell stiffness29. In addition to their effects on cytoskeletal
contraction some barrier-active compounds can alter the structure of cell-cell junctions by,
for example, internalizing VE-cadherins. Within the analogy to colloidal glassy systems, this
could be seen as altering the attractive potential between particles.

In much the same way, then, that modulation of cytoskeletal contraction and motor activity
are associated with modulation of proximity to an underlying intracellular glass transition4a,
motor protein activity modulates the state of the cellular collective on a continuum from
jammed or glassy to un-jammed. This also raises the possibility of novel therapeutic targets
for pathologic states defined by increased endothelial permeability – broadly speaking,
deceasing motor protein activity should be associated with reversal of increased endothelial
permeability.

Future Directions

The compounds studied here represent a small fraction of those known to modulate
endothelial permeability. Work in our laboratories is ongoing to classify the activity of
additional agents. MSM provides both the full map of cell-substrate tractions (as an
intermediate step) and the local intercellular stress tensor everywhere within the monolayer.
In principle, these tools allow the full local mechanical characterization of gap formation as
well as study of the global events. We focus here on the global mechanical state of the
monolayer, but this choice in no way invalidates the importance of local events. A
particularly important direction of future investigation involves direct measurement of local
forces in the immediate vicinity of a developing paracellular gap. Local force information is
provided by MSM, but measurements of endothelial permeability in the literature have, to
date, largely involved averaged measures such as electrical resistance and bulk transit of
large molecules30. In order to correlate with mechanical measurements a local measure of
gap formation, such as XPERT31, is needed. But it remains to be seen whether XPERT can
be suitably combined with the simultaneous measurements of intercellular forces.

In conclusion, we demonstrate here that intercellular force transmission in the HLMVEC
monolayer is innately collective. We demonstrate further that the characteristic length scale
of force transmission responds to barrier active agents in a way that is highly analogous to
soft glassy materials approaching a glass transition. Thus, a comprehensive physical
understanding of endothelial barrier permeability must include the contribution of
cooperative force transmission and glassy dynamics.
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Figure 1. Measurement of Cell Generated Forces
a. The intercellular stress balances the build up of cell-cell substrate tractions. b. HLMVEC
monolayers are plated on collagen-coated polyacrylamide gels with shear modulus of 1.2
kPa. The gels are prepared with patterned islands of collagen I so that the cells grow to
confluence as a 700um island. c. Example of traction map (generated with Fourier
Transform Traction Microscopy13b from which, d. the map of intercellular stress can be
calculated by MSM.
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Figure 2. Barrier Disruption
Barrier disruption is associated with an increase in cell-cell forces. Cell-cell forces are
measured at baseline and the time point corresponding to maximal increase in contractile
moment following agonist treatment. a HLMVEC monolayers (N=3) were treated with 0.05
U/ml thrombin and cell-cell forces were measured every 10 minutes for 1 hr. A large
increase in average normal stress is demonstrated. b HLMVEC (N=2) monolayers treated
with 300 μM histamine show increased average normal stress. c HLMVEC (N=3)
monolayers treated with 10 μm H202 also show a rapid increase in average normal stress.
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Figure 3. Stress Landscape
There are areas of the monolayer that bear many times the average stress, and neighboring
areas of the monolayer can experience drastically different stresses. The ruggedness of the
landscape is enhanced with agonist treatment. a, baseline HLMVEC monolayer b.
monolayer after thrombin treatment (0.05 U/ml). Note the larger scale on the z-axis
compared to subsequent maps. This is necessary due to the comparatively large stresses that
result form thrombin treatment. c. baseline monolayer and d. monolayer after treatment with
300 μM histamine. e. baseline monolayer and f. monolayer after treatment with 10 μM
H202.
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Figure 4. Mechanics of Barrier Protection
Intercellular normal stress for HLMVEC monolayers before and after treatment with barrier
protective agents 0.1 μM Y27632 (a. N=4), 1 μM S1P (b. N=2) and 100 ng/ml HGF (c.
N=4). In all cases, post-treatment stresses are measured at the time point corresponding to
minimal post-treatment contractile moment. Corresponding maps of local average normal
stress pre and post treatment are shown for Y27632 (d), S1P (e) and HGF (f).
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Figure 5. Effect of Barrier Modulation on Force Autocorrelation Length
For the three barrier disrupting compounds and the three barrier protective agents C(r), the
spatial autocorrelation function of the average normal stress, is calculated at baseline and at
peak effect. The correlation length is increased with barrier disruption (a. Thrombin, c.
Histamine, and e. H202) and decreased with barrier protection (b. HGF, d. S1P, and f.
Y27632).
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Figure 6. Geometry of Force Correlation
The correlation length alone does not reveal the geometry of emerging force structures. For
the examples of thrombin (a–b) and HGF (c–d), the increasingly long distance correlations
are seen to be roughly evenly divided between force chains (a. and c.) and force clusters (b.
and d.).
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Table 1

Barrier Active Compounds and their Mechanism of Action

Compound Effect on Permeability Mechanism of Action

Thrombin15 Increase Formation of stress fibers to subsequently increase cell contraction

Histamine16 Increase Increased intracellular Ca++ and Myosin Light Chain Kinase(MLCK)
induced contraction

Hydrogen Peroxide (H202)17 Increase RhoA activation, MLCK induced contraction

Y276328 Decrease Cytoskeletal relaxation via Rho inhibition

Sphingosine-1phosphate (S1P)18 Decrease Cadherin reorganization and cytoskeletal relaxation.

Hepatocyte Growth Factor (HGF)19 Decrease Rac/Rho mediated cytoskeletal relaxation
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