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Therapeutically Targeting
Disease in Glaucoma

New findings of glaucomatous changes in Schlemm canal cells point to the possibility of

directing treatment to restore the function of diseased outflow tissue.

BY MARK JOHNSON, PuD, AND W. DANIEL STAMER, PuD

urrent treatments for the elevated IOP that is a

hallmark of most forms of glaucoma focus either

on lowering the rate of aqueous humor inflow or

increasing the flow of aqueous humor through
the secondary, unconventional outflow pathway. Because
the pathology responsible for ocular hypertension (OHT)
is located in the primary, conventional outflow pathway, it
would be preferable to identify treatments that target this
diseased tissue, but where in the aqueous outflow system is
the locus of increased resistance to flow in glaucoma?

The primary resistance to the flow of aqueous humor
through the conventional outflow pathway is thought to be
generated in the trabecular meshwork—specifically in the
extracellular matrix filling the open space of the juxtacana-
licular connective tissue (JCT). After the aqueous humor
traverses the JCT, it passes through pores in the endothelial
lining of the inner wall of Schlemm canal (SC) that abuts the

Figure 1. Dynamic biomechanical responses of SC endothelia
to a pressure gradient: 1-SC lumen; 2-red blood cell;
3-intercellular tight junction; 4-elastin fiber; 5-JCT-trabecular
meshwork cell; 6-discontinuous basement membrane;
7-cellular outpouching known as a “giant vacuole” in an

SC cell; 8-flow through intracellular pore; 9-flow through
paracellular pore. Black arrows indicate the direction of flow.
Abbreviations: OW, outer wall; IW, inner wall; EVP, episcleral
venous pressure.
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JCT. Although flow resistance through these pores is negli-
gible, they have a hydrodynamic interaction with the JCT—
called the funneling effect—in which pore density modulates
the effective flow resistance of the JCT."?

Because of this hydrodynamic interaction, either a
decreased permeability of the extracellular matrix in the JCT
or a reduced density of pores in the inner-wall endothelium
could cause the increased flow resistance characteristic of
glaucoma. An optimal strategy for treating OHT therefore
needs to be directed at one or both of these possibili-
ties. Although accumulations of abnormal components
of extracellular matrix have been reported in glaucoma,
they do not appear to account for the increased resistance
to outflow.>* Decreased pore density, however, has been
described in glaucomatous eyes.>® Moreover, several recent
findings regarding the mechanobiology of SC cells have now
elucidated the mechanism by which altered cytoskeletal
mechanics can lead to decreased pore formation, OHT, and
glaucoma.

UNIQUE MECHANICAL ENVIRONMENT
OF SC CELLS

The inner wall of SC has two critical responsibilities in a
mechanically demanding environment that, on the surface,
appear to be in opposition. SC cells of the inner wall need to
maintain ocular immune privilege by preserving the blood-
aqueous barrier. At the same time, they help regulate resis-
tance to fluid flow out of the eye, thus sustaining a reliable
IOP. Several unique features have evolved to accomplish
these tasks.

Distinctively, fluid flow across the inner wall of SC is in
the basal-to-apical direction (Figure 1), the opposite of
other blood microvascular endothelial beds but similar
to terminal lymphatics that make relatively leaky junc-
tions.2 Uniquely, SC is a blood-lymphatic hybrid, expressing
selective protein markers of each.”® Such an arrangement
facilitates the “one-way—-valve” behavior of SC and pressure-
driven flow of aqueous humor into the systemic venous
circulation, while preventing blood products from accessing



the interior of the eye during daily elevations of episcleral
venous pressure.

To properly function in this challenging mechanical envi-

ronment (Figure 1), SC

- is impressively contractile’

- isanchored to underlying tissues via a discontinuous
basement membrane and attachments to an elastin
network

+dynamically forms balloon-like “outpouchings” into the
canal lumen

« develops micron-sized paracellular and transcellular
openings that serve as “release valves” (called pores) to
prevent cell detachment

All of these unique adaptations provide opportunities for

selective therapeutic targeting in people with glaucoma.

IMPORTANCE OF CYTOSKELETAL
MECHANICS TO AQUEOUS OUTFLOW

Zhou et al examined the effect of a number of agents
known to affect outflow resistance on the biomechani-
cal behavior of SC cells” Remarkably, agents that decrease
outflow resistance (and thereby IOP) uniformly decrease
the stiffness of SC cells, whereas drugs that increase outflow
resistance do the contrary (Table). SC cells also possess an
extraordinary dynamic contractile range, which appears
adaptive for functioning in their challenging biomechanical
environment and is comparable to that of smooth muscle
cells in the lung (Figure 2).

Recently, Overby et al studied how the biomechanical
behavior of SC cells might be altered in glaucomatous cell
strains.'® The investigators found that glaucomatous SC cells
are stiffer than normal and that this characteristic negatively
correlated with their pore-forming capability (Figure 3).
These data strongly support the hypothesis that altered cell
stiffness in glaucoma decreases pore formation and increas-
es outflow resistance.

Overby et al considered what might cause the greater
stiffness of SC cells and found that glaucomatous SC cells
are particularly sensitive to substrate stiffness. In other
words, glaucomatous SC cells more dramatically increase
their stiffness when placed on stiff substrates as compared
with a smaller effect in healthy SC cells. These findings
are particularly relevant, because in glaucomatous eyes, it
appears that the underlying trabecular meshwork is much
stiffer than normal.” Furthermore, Overby et al found that,
when grown on substrates simulating the stiffer trabecular
meshwork found in glaucoma, SC cells from glaucomatous
eyes greatly increase their expression of connective tissue
growth factor, a protein already associated with OHT and
outflow obstruction (Figure 4)."

These findings have significant implications with respect
to drugs currently in clinical trials for IOP reduction such as
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TABLE. RELATIONSHIP BETWEEN CELL
STIFFNESS AND AQUEOUS HUMOR OUTFLOW

RESISTANCE?

Agent Outflow Stiffness
Resistance®
PGE1 J \”
Colchicine J J
Cytochalasin D \) \)
Dibutyryl-cAMP \) \)
Forskolin - J
Isoproterenol - \”
Latrunculin J J
Y-27632 J J
Butanedione monoxime J J
Bradykinin T 0
Histamine 0 T
Thrombin T T
Lysophosphatidic acid T T
Sphingosine 1-phosphate T T
Dexamethasone 0 0
Triamcinolone acetonide 0 T

“Modified from Zhou et al’

POutflow resistance is the inverse of outflow facility.

Red arrows are measurements made on outflow pathway
cells/tissues, blue arrows are measurements on vascular endo-
thelial cells, and black arrows are measurements on other cell
types. A dash indicates no effect.

Abbreviation: PGE1, prostaglandin E1.

Rho kinase inhibitors,™ actin depolymerizers,' adenosine
A1 agonists,” and nitric oxide donors'™ that all act to relax
SC cells and consequently improve conventional outflow.
Importantly, these drugs work additively with existing drugs
and are expected to restore function to the diseased, pres-
sure-dependent, conventional outflow cells/tissue respon-
sible for OHT in glaucoma. Clinical outcomes for glaucoma
patients are therefore expected to be measurably improved
compared with currently available medical therapy.

Although promising, three of the four classes of drugs
currently in clinical trials interact with proteins that are
widely expressed, so the agents carry the potential for unde-
sirable side effects. It will be interesting to see the results
from clinical trials.”>'* New classes of ocular hypotensive
drugs that specifically target SC cells are therefore needed,
because they offer the promise of fewer off-target effects.
Although the precise mechanism of action is unknown,
recent studies have demonstrated that drugs can be devel-
oped that target SC and not trabecular meshwork cells.””
Identifying compounds that interact specifically with SC
cells and decrease outflow resistance will also provide
important insight into the cellular control of outflow resis-
tance and enhance understanding of its dysfunction in glau-
coma. The targeted delivery of agents that relax SC cells can
thus be expected to optimize the treatment of the diseased
tissue in glaucoma.
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Figure 2. Changes in the
contractile state of SC cells
(G/G,) after application of a
relaxing agent (latrunculin) or
contractile agonist (thrombin).
The contractile range was quite
large.®

Figure 3. Correlation (dark line) between
pore density and cell stiffness, as measured
by atomic force microscopy in two normal
SC cell strains (SC52, SC67) and three
glaucomatous SC cell strains (SC50g, SC62g,
SC64g). Bars represent standard error of the
mean of pore density and modulus. Light
curves represent 95% confidence intervals.'

Figure 4. Increases in substrate stiffness
differentially modulated connective
tissue growth factor (CTGF) expression
between normal SC cell strains (blue) and
glaucomatous SC cell strains (red). All
expression levels were normalized to that
on the softest gel. Mean +SEM.™®

EXPLOITING SC CELLS’ UNIQUE FEATURES
FOR SELECTIVE THERAPEUTIC TARGETING

Genetic and functional high-throughput screens are
in development to facilitate the discovery of SC-selective
drugs. These assays attempt to take advantage of unique
features and behaviors of SC. High-throughput assays have
been developed based on a technique called traction force
microscopy that monitors the contractile state of a cell.
These assays efficiently measure drug effects on SC's dynam-
ic range of contractility.” Fluorescence-based assays were
designed to detect drugs that increase pore formation in SC
monolayers.’ Hydraulic conductivity assays using novel pat-
terned scaffolds monitor drug effects on basal-to-apical fluid
flow across SC monolayers.2

In addition, recent studies have demonstrated quantifi-
able differences between SC cells isolated from healthy and
glaucomatous donor eyes,' variations that likely have a
genetic or epigenetic basis. Expression profiling and char-
acterization of DNA open reading frames and methylation
patterns from these cells is therefore underway, and they
hold promise for the identification of signaling network
“nodes” or expression changes that may underlie aber-
rant behavior. Such vulnerabilities in glaucomatous SC
cells represent opportunities for drug targeting or gene
therapy to restore the function of diseased outflow tissue in
patients. B
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