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Real estate of monolayer permeability:
location location location
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n understanding real estate, as we all know,
the preeminent notion is location. Location is
foremost mainly because real estate can be so
heterogeneous spatially. From one city to the
next or from one neighborhood to the next,
as well as from one street to the next or even from
one house to the next, the desirability and the
price of real estate can vary rather dramatically.
Broad-brush generalizations such as average house
values might be useful and remain valid while
missing altogether a degree of heterogeneity and
particularity that can belie any average. For ex-
ample, who among us would buy a house—sight
unseen—based only upon the neighborhood?
If it is to be your house, the details matter.
The immediate neighbors matter.

Just so, in understanding permeability of the
endothelial or epithelial monolayer, we have sus-
pected for some time that paracellular gaps might
be distributed in a fashion that is spatially het-
erogeneous,1 and that details matter. For a
homogeneous cell population and a given measure
of average monolayer permeability, not all gaps are
necessarily created equal. Indeed, one wonders if a
small fraction of gaps might account for most of
the leak. And what is the scale of the gaps? Do gaps
arise in clusters in a cooperative fashion or on the
contrary, do they inhibit one another? Regarding
the characterization of the morphology and
physiology of these paracellular gaps, however, our
abilities in the laboratory have been more
aspirational than real, and as such we have settled
for average measures that necessarily blur the
details over rather large scales of space and time.
For example, progressive increases in lung weight
or in wet weight/dry weight ratio provide
unequivocal evidence of pulmonary vascular leak,
but these are organ-scale metrics, and slow ones at
that.” Changes of electrical resistance are

tremendously faster and somewhat more localized,
as are measurements of fluxes of certain molecular
tracers.” However to resolve and quantify
monolayer permeability at a subcellular scale
comparable to the dimensions of the gap itself, no
methods have been available and, as such, we have
been navigating largely in the dark.

What is needed, of course, is an assay that is
high-resolution. Being fast and high throughput
would be a bonus. Using such an assay, we could
turn on the lights, as it were, and thus visualize for
the first time, the gaps between living cells even if
only in a model culture system. In this issue,
Dubrovskyi et al* describe an elegantly simple
technical approach that does just that, and opens
the door to high throughput measurements as
well. In brief, they have grown endothelial cell
monolayers on glass coverslips coated with biotin-
labeled substrates (collagen or gelatin). When they
subsequently treat the monolayers with FITC-
labeled avidin, the cellular layer acts as a mask that
permits FITC-avidin binding only in those areas
where the substrate is exposed by the formation of
a paracellular gap. The resulting fluorescent signal
correlates well with events at the cell junction as
revealed by actin and VE-cadherin staining. Far
more importantly, the fluorescent image com-
prises a detailed map of local paracellular gaps.
Using this approach, paracellular gap formation is
visualized and its heterogeneity quantified on the
subcellular scale. However, if gap formation is
spatially heterogeneous, the next logical questions
are, ‘Why do gaps form?, ‘Why are the gaps so
heterogeneous?’, ‘How does local cytoskeletal re-
modeling relate to local leakiness?” and, ultimately,
‘What is the basic mechanism of gap formation?’

Empirically, we know that certain agonists like
thrombin promote endothelial gap formation,® as
do stretch events associated with mechanical
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Figure 1 Heterogenity of forces and gaps. In panel (a), the phase contrast image of a cellular monolayer appears relatively
homogeneous, yet overlay of the gap image reveals great spatial heterogeneity in the degree of gap formation. Panel

(b) depicts a similar monolayer with an overlay of intercellular forces.'? The striking force heterogeneity is known to arise
from the highly collective nature of intercellular stress transmission, but does this also explain the heterogeneity exhibited

in panel (a).

ventilation,>® actomyosin contractility’ and
stiffening of the cellular substrate.® Taken together,
such empirical observations lead to the reasonable
suspicion that the mechanism of gap formation
involves physical forces.” It is reasonable to
imagine, further, that if a gap forms between
adjacent cells of the monolayer, then unseen but
highly localized physical forces must be at work
within each cell either to create each gap or to
respond to its formation. These forces might
include transmission of adhesive forces between
the cell base and the cell substrate across focal
adhesions and integrins, transmission of adhesive
forces between the cell and its immediate
neighbors, as through adherens junctions or tight
junctions, and transmission of contractile forces
along stress fibers.!” The notion, then, is that
intercellular junctions are maintained by some
balance of contractile forces and adhesive forces,
and that gap formation arises when contractile
forces become too large or adhesive forces become
too small.” However, if an imbalance between
contractile versus adhesive forces might explain
why gaps might form, such an imbalance fails to
explain why gap formation is innately
heterogeneous, as revealed in the current study.
Like the gaps themselves, the physical forces
expressed across the cell-cell junction had been
virtually invisible. However, with the advance of
Dubrovskyi et al. and others,''"!% both the gaps
and the intercellular force landscape that creates
them are visible. Rather than being smooth and
homogeneous, the intercellular force landscape is
rugged and heterogeneous. Force heterogeneity
arises from the collective and cooperative action
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amongst clusters of roughly 10-30 cells.'>"'> Can
such a physical picture explain the heterogeneity
of gap formation? That is to say, can the peaks of
the intercellular force landscape define the
vulnerable loci of gaps with agonist challenge or
stretch? If true, this would imply that
measurements of central tendency, whether mean
or median, no matter how detailed, would not
suffice to explain the large-scale cooperative
physical events that induce gaps. Moreover, at any
particular instant, gaps would not be tied to any
particular position or any particular cell. It would
be a consequence of a global ‘tug-of-war’ amongst
clusters of cells (Figure 1).

To rigorously test this picture, it remains to be
seen whether the approach of Dubrovskyi et al.
can be combined with the simultaneous assess-
ment of intercellular force in the same prepara-
tion. Nevertheless, this work makes amenable
a radical new frame of thought and with it,
an unanticipated mechanistic perspective.
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