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Abstract
Dynamics of the actin cytoskeleton in the trabecular meshwork play a crucial role in the regulation
of trabecular outflow resistance. The actin filament disruptors and Rho kinase inhibitors affect the
dynamics of the actomyosin system by either disrupting the actin filaments or inhibiting the Rho
kinase-activated cellular contractility. Both approaches induce similar morphological changes and
resistance decreases in the trabecular outflow pathway, and thus both have potential as
antiglaucoma medications. Although the drugs might induce detrimental changes in the cornea
following topical administration, lower drug concentrations in larger volumes as used clinically,
but not higher drug concentrations in smaller volumes as used experimentally, could minimize
corneal toxicity. Additionally, developments of trabecular meshwork-specific actin filament
disruptors or Rho kinase inhibitors, prodrugs and new drug-delivery methods might avoid the
drugs’ toxicity to the cornea. Gene therapies with cytoskeleton-modulating proteins may mimic
the effects of the cytoskeleton-modulating agents and have the potential to permanently decrease
trabecular outflow resistance.
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The glaucomas are a group of ophthalmologic disorders responsible for visual impairment.
They are the leading cause of irreversible blindness worldwide. In 2010, there were
approximately 60.5 million people worldwide with glaucoma, of whom approximately 74%
had primary open-angle glaucoma (although ~half of the glaucoma cases in Asian regions
were angle-closure glaucoma), and approximately 14% were blind from the disease. The
glaucoma population could increase to approximately 80 million over the next 10 years [1].
Generally, primary open-angle glaucoma is characterized by progressive optic neuropathy
usually associated with relatively elevated (i.e., higher than the optic nerve can tolerate on a
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chronic basis) intraocular pressure (IOP) consequent to abnormally high flow resistance in
the trabecular outflow pathway. At present, the only effective approach available to treat
glaucoma is to reduce IOP. Although surgical treatments may decrease IOP in glaucomatous
eyes, pharmacological treatments are typically the first choices, since surgeries carry risks
such as infection, cataracts and hypotony, and many surgical patients eventually must
resume topical therapy owing to loss of effectiveness. Medications currently used to reduce
IOP clinically include aqueous humor secretory inhibitors (e.g., β-adrenergic receptor
antagonists, α2-adrenergic agonists and carbonic anhydrase inhibitors), uveoscleral-outflow
enhancers (e.g., prostaglandin analogs), and indirect trabecular-outflow enhancers (e.g.,
cholinergic drugs). However, secretory suppression may affect supplies of oxygen and
nutrients to the nonvascularized tissues, such as the cornea, lens and trabecular meshwork
(TM; the major structure of the trabecular outflow pathway), and prostaglandin analogs do
not substantially improve the trabecular outflow (the main route of aqueous humor outflow
in the human eye and the predominant site of the abnormal outflow resistance in glaucoma).
Although cholinergic drugs indirectly elevate the trabecular outflow by contracting the
ciliary muscle and deforming the TM, their effects on the pupil and accommodation limit
their clinical use. Additionally, epinephrine-like drugs, which work on both the trabecular
and uveoscleral outflow routes, are now seldom used clinically because of their local and
systemic side effects. Thus, there are no TM-selective outflow enhancers in current common
clinical use. Therefore, the development of novel TM-selective outflow enhancers is
important for glaucoma therapy.

Autoregulation of trabecular outflow resistance in the eye may play an important role in the
maintenance of physiological levels of IOP. The basis for this regulation is unknown, but
multiple cellular and associated factors, such as contractility of both the TM cells and ciliary
muscle, pore formation in the inner wall of the Schlemm’s canal (SC), amount and
composition of extracellular matrix (ECM) in the TM, and morphology and volume of TM
cells, may be involved. A variety of endogenous biochemical reactions may modulate these
cellular characteristics and extracellular environments to regulate outflow resistance through
different receptor-mediated signaling pathways. Rearrangement of the actin cytoskeleton
due to changes in IOP-induced TM cell stress may be particularly important [2]. For
instance, the stretch of TM cells induced by differential pressure between the anterior
chamber and the lumen of SC may signal the rearrangement of the actomyosin system in the
cells and induce alterations of cell morphology, contractility and adhesive interactions, and
ECM turnover or synthesis. These alterations may lead to changes in the geometry of the
drainage pathway, and paracellular and transcellular permeability, which could increase or
decrease outflow resistance and, in turn, maintain a certain hydraulic conductivity across the
TM and a corresponding IOP level. Glaucomatous trabecular tissue has shown ‘disordered’
actin architecture [3], which could potentially affect the biomechanical properties of the
outflow pathway tissues and/or the cell’s responses to changes in the biomechanical
properties induced by elevated IOP. Cytoskeleton-modulating agents (e.g., the actin filament
disruptors and Rho kinase inhibitors) may act directly on the TM and decrease trabecular
outflow resistance by regulating dynamics of the actin cytoskeleton or actomyosin
contractility [4,5], which may mimic the normal physiological function and be employed to
therapeutically reduce IOP to levels tolerated by the optic nerve. In this article, we review
and compare changes of the actin cytoskeleton induced by actin filament disruptors and Rho
kinase inhibitors in cultured human TM cells, and decreases of the trabecular outflow
resistance following the two categories of agents in organ-cultured anterior segments of
enucleated animal or postmortem human eyes and living animal eyes. Possibilities of these
agents for future use as antiglaucoma medications are also discussed.

Tian and Kaufman Page 2

Expert Rev Ophthalmol. Author manuscript; available in PMC 2013 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Perturbations of the actomyosin system
The actomyosin system in eukaryotic cells is composed of actin microfilaments and
associated proteins, primarily including focal adhesions, adheren cell–cell junctions and
bundles of microfilaments (stress fibers) [6]. F-actin, formed by the ATP-dependent
assembly of the G-actin monomer, is the major component of microfilaments, but other
actin-associated proteins modulate its organization. Stress fibers are important for many
cellular functions, such as cell morphogenesis, wound healing and cell cycle progression,
and are capable of contractility that is crucial for regulating focal adhesions and remodeling
the ECM [7]. Since stress fibers from neighboring cells are physically connected through
discontinuous adherens junctions, integrity of stress fibers is also important for adheren cell–
cell junctions [8,9]. The polymerization and depolymerization cycle of stress fibers can be
affected by actin filament disruptors or Rho kinase inhibitors.

Effects of actin filament disruptors on the actomyosin system
Since the 1970s, the effects of several actin filament disruptors on the actin cytoskeleton
have been studied in several types of cultured cells, including human TM cells. Fungal
metabolites, the cytochalasins, directly disrupt actin microfilaments by capping the filaments
and preventing their elongation, thereby affecting a wide variety of actin-dependent cellular
events, such as cell morphogenesis, motility and endocytosis [10]. Latrunculins, macrolides
isolated from the marine sponge Negombata (formerly Latrunculia) magnifica, sequester
monomeric G-actin by binding to the monomer and therefore preventing monomer addition
to filament ends, leading to the disassembly of actin microfilaments and morphological
changes in cells [11]. In cultured human TM cells, cytochalasins (e.g., cytochalasin B or D)
and latrunculins (e.g., latrunculin A or B) induce cell retracting and rounding, intercellular
separation, and destruction of stress fibers and associated proteins [12–14]. Swinholides
(e.g., swinholide A), the dimeric macrolides isolated from the marine sponge Theonella
swinhoei, sever actin microfilaments but stabilize actin in a dimeric form, leading to changes
in cell morphology similar to those following latrunculins [15,16]. Although the increase of
G-actin after latrunculin A inhibits actin synthesis, whereas the formation of dimeric actin
after swinholide A reduces G-actin and, in turn, enhances actin synthesis, both similarly
decrease the level of F-actin [16], suggesting that the decrease of F-actin and consequent
depolymerization of stress fibers is the key factor in the drug-induced cellular morphological
changes. The stress fiber depolymerization induced by cytochalasins or latrunculins also
inhibits smooth muscle and nonmuscle cell contractility in vitro and/or in vivo [17–19],
perhaps by affecting the dynamic equilibrium between F-actin and G-actin [20], and/or
disrupting the contractile apparatus in cells (Figure 1).

Effects of Rho kinase inhibitors on the actomyosin system
Conversely, the inhibition of cellular contractility may induce actin microfilament
depolymerization. Smooth muscle and non-muscle cell contractions are primarily regulated
by the increase in the intracellular Ca2+ concentration and subsequent phosphorylation of the
myosin light chain (MLC) by Ca2+-calmodulin-dependent MLC kinase (MLCK). In the
absence of an obligatory change in the concentration of intracellular Ca2+, the contractions
can be enhanced by G-protein-mediated Ca2+ sensitization, in which Rho kinase plays a key
role [21]. Additionally, PKC is also involved in the Ca2+ -independent cellular contraction
[22]. H-7, a nonselective serine–threonine kinase inhibitor, reduces actomyosin-driven
contractility and leads to deterioration of the microfilaments and perturbation of their
membrane anchorage, and loss of stress fibers and focal adhesions [23–25]. Although H-7
inhibits multiple protein kinases including Rho kinase, MLCK and PKC, it may decrease
actomyosin-driven contraction primarily by inhibiting Rho kinase, since the inhibition
constant (Ki) value for H-7 to inhibit Rho kinase (0.45 μM) is much lower than that for it to
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inhibit MLCK (170 μM) or PKC (7.7 μM) [26]. Therefore, H-7 may be considered as a
nonselective Rho kinase inhibitor. The Rho kinase system plays a crucial role in maintaining
sustained contraction in cells [27], which promotes the formation of stress fibers and focal
adhesions [7]. The levels of mRNA for Rho kinase and Rho kinase substrates are higher in
the TM than in the ciliary muscle in both the monkey and human eye [28]. The more
specific Rho kinase inhibitors Y-27632 and Y-39983 relax the phorbol myristate acetate
and/or carbachol-induced contractions in isolated bovine or monkey TM strips [28,29].
Y-27632 and H-1152 (another specific Rho kinase inhibitor) reduce basal MLC
phosphorylation in cultured human TM cells, leading to changes in cell shape,
depolymerization of actin stress fibers and loss of focal adhesions [30–32]. All these support
the idea that Rho kinase is a key regulator in cellular contractility and focal adhesion, and
stress fiber formations in nonmuscle cells including TM cells (Figure 1).

Comparisons of actomyosin changes induced by actin filament disruptors & Rho kinase
inhibitors

Although the actin filament disruptors and the Rho kinase inhibitors affect the actin
cytoskeleton by different mechanisms, they basically induce similar cytoskeletal changes
including depolymerization of stress fibers, separation of adherens cell–cell junctions and
focal adhesions, and changes in cell morphology [13,14,24,25,30,33,34]. These similarities
could be due to a possible crosstalk between the Rho signaling system and the actomyosin
system that allows the inhibition of one system to affect the other [35]. However, there are
also differences in the cytoskeletal changes induced by the two categories of cytoskeletal
agents. In human TM cells, β-catenin-rich intercellular adheren junctions appear more
sensitive to latrunculins, while focal adhesions are more sensitive to H-7 [13,25,33].
Cytochalasin D (25 μM) and latrunculin A (0.25 μM) produce a complete rounding of cells
along with cell–cell separation, cell detachment and almost complete disappearance of stress
fibers in the cultured human TM cells. H-7 (50 μM) and Y-27632 (25 μM) induce cell–cell
separation and a stellate appearance in cells. Although most stress fibers disappear after H-7
or Y-27632, some of them still remain at the peripheral region of the cell body.
Additionally, treatment of human TM cells with cytochalasin D or latrunculin A leads to
significant activation of matrix metalloproteinase (MMP)-2, increases in the expression of
membrane type-1 MMP, and decreases the protein levels of the MMP inhibitors. In contrast,
treatment with Y-27632 or H-7 does not exert significant effects on MMP-2 activation and
membrane type-1 MMP expression [12]. The effects of cytochalasin D and latrunculin A on
MMP-2 suggests a mechanistic connection between actin cytoskeletal organization and
MMP-2 activation in TM cells. Since MMPs play an important role in the turnover of ECM
components, the cytochalasin D- and latrunculin A-induced activation of MMP-2 may
decrease the amount of ECM in the TM. It is not yet clear whether H-7 and Y-27632 may
increase the activation of MMP-2 at concentrations higher than those indicated above.
However, Rho kinase inhibition may affect ECM synthesis, because sustained activation of
Rho GTPase activity increases expression of ECM proteins and cytokines in TM cells
[36,37]. This suggests a potential molecular interplay between acto myosin cytoskeletal
tension and ECM synthesis regulated by the Rho signaling pathway.

Functional & structural changes of the TM
The TM consists of arrays of collagen beams covered by endothelial-like cells, with loose
ECM occupying the spaces between the cells of the adjacent beams. The outermost
juxtacanalicular (JXT) or cribriform region has no collagenous beams, but rather several cell
layers immersed in a loose web of ECM fibrils. The adjacent SC is a continuous
endothelium-lined channel that drains aqueous humor to the general venous circulation.
Although the exact location of the major resistance barrier to trabecular outflow is not clear,
there is no doubt that nearly all the resistance resides in the JXT tissue of the TM and the
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adjacent inner wall of SC [38,39]. Physiologically, cells in the JXT–SC region are in a
contracted state, which is required to maintain the actin filament-related structures in the
outflow pathway and, conversely, can be affected by depolymerization of the actin filaments
[7]. Since the contractility and the actin filament-related structures (e.g., adhesions to
neighboring cells and to the ECM) of TM/SC cells play important roles in the regulation of
trabecular outflow resistance, actin filament disruptors or Rho kinase inhibitors may
decrease the outflow resistance (e.g., decreasing IOP or increasing outflow facility) by
relaxing and expanding the meshwork and/or separating cell–cell and cell–ECM adhesions
in the JXT tissue and the inner wall of the SC [4]. Additionally, a decrease in the amount
and composition of the ECM in the JXT region may also play an important role in the drug-
induced resistance reduction [36,37].

Changes in outflow facility & IOP after actin filament disruptors
Actin filament disruptors cytochalasins B and D, and latrunculin A and B significantly
increase outflow facility in living monkeys [40–43]. Latrunculin A or B administered
intracamerally or topically to monkey eyes, increase outflow facility by up to two- to four-
fold in a dose-dependent manner without generating ciliary muscle contraction [34,42]. In
organ-cultured anterior segments from enucleated porcine eyes or postmortem human eyes,
latrunculin B significantly increases outflow facility by 60–70% [33,44]. Single and/or
multiple topical treatments with latrunculin A or B also significantly decrease IOP in the
normotensive monkey eye. In the experiment with latrunculin B, IOP decreased from 19.3 to
16.4, 18.8 to 15.7, or 17.0 to 13.5 mmHg, after a single topical treatment with either 0.005,
0.01 or 0.02% dose, respectively, with the maximal IOP reduction (adjusted for baseline and
contralateral control eye) being 2.5, 2.7 or 3.1 mmHg, respectively, which was observed at
hours 3–6. After multiple twice-daily treatments with a 0.005% or 0.01% dose, the maximal
IOP reduction (−3.2 or −4.4 mmHg, respectively) occurred at hours 3–4 on day 5, and some
IOP effects might last for 24 h [42,43]. In a recent clinical trial with glaucoma patients, 0.02
or 0.05% topical latrunculin B decreased IOP by 3.8 or 3.9 mmHg from baseline (22.9 or
23.5 mmHg), respectively, after the first instillation. Twice-daily treatments with 0.02%
latrunculin B decreased IOP by 5.4 mmHg from baseline, with a maximal 12-h IOP
reduction of 4 mmHg after adjustment for baseline and contralateral control eye occurring
on day 3 [45].

Changes in outflow facility & IOP after Rho kinase inhibitors
The nonselective Rho kinase inhibitor H-7, administered intracamerally or topically to living
monkey eyes, doubles outflow facility and decreases IOP [24,46]. Similar to the outflow
facility enhancement after latrunculins, the H-7-increased outflow passes through the
trabecular outflow pathway, independent of ciliary muscle contraction [47]. In organ-
cultured anterior segments of porcine, human or monkey eyes, H-7 also significantly
increases outflow facility [33,48,49]. A single or multiple topical treatment of H-7 dose-
dependently decreases IOP by up to 4 mmHg in the normotensive monkey eye (average
baselines: ~12–17 mmHg) and ~6 mmHg in the glaucomatous monkey eye (average
baseline: ~34 mmHg) [46]. More specific Rho kinase inhibitors, such as Y-27632, Y-39983,
HA-1077, H-1152 and INS117548, increase outflow facility and/or decrease IOP in living
rabbits and monkeys and/or enucleated animal eyes, similar to H-7 [30–32,50–53]. In a
Phase I clinical trial, a single instillation of the specific Rho kinase inhibitor SNJ-1656 dose-
dependently decreased IOP in healthy volunteers with a maximal IOP reduction of 3 mmHg
at 4 h after a 0.1% dose, and repeated instillations of the drug induced greater IOP
reductions compared with a single dose [54]. In a Phase II clinical trial, the specific Rho
kinase inhibitor AR-12286 produced significant IOP reductions in a dose-dependent manner
in subjects with elevated IOP, with peak effects occurring 2–4 h after dosing. The largest
IOP reductions were produced by 0.25% AR-12286 after twice-daily dosing (up to −6.8
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mmHg; 28%). The 0.25% concentration had a long duration of effect, with a daily afternoon
dosing producing highly significant IOP reduction throughout the following day −5.4 to
−4.2 mmHg) [55]. Other dosing regimens suggested an even greater IOP reduction, with a
final IOP <10 mmHg in a significant number of ocular normotensive subjects.

Comparisons of TM morphological changes after actin filament disruptors & Rho kinase
inhibitors

Cytoskeletal changes in TM and SC cells induced by actin filament disruptors or Rho kinase
inhibitors cause or contribute to the drug-increased trabecular outflow facility in live
monkey eyes and organ-cultured human/animal anterior segments [24,33,34,44]. Consistent
with cytoskeletal changes in cultured cells, morphological changes in the TM of the live eye
and the organ-cultured anterior segment after the two categories of drugs are also
qualitatively similar.

Electron microscopy of live monkey eyes has revealed massive ‘ballooning’ of the JXT
region following latrunculin B treatment, leading to a substantial expansion of the space
between the inner wall of SC and the trabecular collagen beams without observable
separations between inner wall cells and between the inner wall endothelium and the
subendothelial cell layer. The inner wall cells of SC after latrunculin B are substantially
extended [56]. In postmortem human eyes, the facility increase is accompanied by increased
paracellular pores in the inner wall, with only very modest rarefaction of the JXT tissue and
separation of the inner wall of SC from JXT tissue [44]. Although the magnitude of the
facility increase and morphologic changes are much less in the postmortem human eye than
in the live monkey eye, perhaps owing to differences in species and/or experimental
conditions, the facility increase and the extent of inner wall separation from the JXT region
in the former are both qualitatively similar to that in the latter [44,56].

Similarly, the H-7-induced increase in outflow facility in the live monkey eye is associated
with cellular relaxation and drainage-surface expansion of the TM and SC, accompanied by
loss of ECM. The inner wall cells of SC become highly extended, yet cell–cell junctions are
maintained [57,58]. Gold tracers infused intracamerally in the H-7-treated eye distributes in
a more uniform manner, with tracer labeling along >80% of the inner wall, compared with
the sparse tracer foci occupying 10–20% of the inner wall length in the control eyes [57]. A
recent morphological study with the enucleated bovine eye indicates that the inner wall of
SC and the JXT connective tissue in Y-27632-treated eyes are significantly distended
compared with those in control eyes, with discernible separation between the basal lamina of
the inner wall and the ECM of the JXT connective tissue [59], which is similar to the change
in the live monkey eye after latrunculin B [56]. However, in the enucleated monkey eye
after Y-27632, the expansion of the JXT region is primarily due to separations of cell–cell
and cell–ECM adhesions within the JXT region [60]. In both the enucleated bovine and
monkey eyes, the average percent effective filtration length of the inner wall (filtration
length/total length) is two- to three-fold larger in Y-27632-treated eyes than in controls, with
the distribution of fluorescent microspheres used in the perfusion experiments being more
uniform and extensive in the former than in the latter. A significant positive correlation is
found between the effective filtration length of the inner wall and the separation length of
the inner wall (length exhibiting separations between the JXT connective tissue and the
inner wall) in both species, suggesting that the structural correlate to the increase in outflow
facility after Y-27632 is the meshwork relaxation and/or intercellular space expansion in the
JXT region [59,60].

It has been speculated that the pores of the inner wall may cause a funneling effect in which
aqueous humor flows preferentially through the regions of the JXT tissue near the pores
[61]. This hydrodynamic interaction between the inner wall endothelium and the JXT tissue
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may lead to a resistance greater than that generated by either tissue alone [38]. Therefore,
although no apparent cell–cell separations are seen in the inner wall of SC in the perfused
live monkey eye following both the actin filament disruptors and the Rho kinase inhibitors,
the drug-induced meshwork relaxation and/or the substantial expansion of the space between
the inner wall and the trabecular collagen beams and/or within the JXT region may
significantly decrease outflow resistance by regulating the funneling effect [38]. The
traditional indirect trabecular outflow enhancer pilocarpine does not affect actin
cytoskeleton in the TM. However, it indirectly expands the TM and induces a loose
arrangement of the cribriform region, with many open pathways and empty spaces adjacent
to the inner wall endothelium, by contracting the ciliary muscle [62]. These morphological
changes in overall TM architecture after pilocarpine appear qualitatively similar to the TM
changes induced by actin filament disruptors or Rho kinase inhibitors. Additionally, the
ECM deposited in the spaces of the JXT region may also contribute to trabecular outflow
resistance [63]. The TM expansion by cytoskeleton-modulating agents during perfusion is
often accompanied by loss of ECM, perhaps due to the drug-induced washout. However,
actin filament disruptors and Rho kinase inhibitors themselves may affect the ECM turnover
and/or synthesis [12,36,37], which could also play an important role in the drug-induced
IOP reduction during multiple chronic treatments.

Side effects of the potential antiglaucoma medications
The effects of the actin filament disruptors or Rho kinase inhibitors on the actin cytoskeleton
are reversible in live monkey eyes after a single maximal facility-effective dose or multiple
lower dose treatment(s) with the drug, and in cultured human TM cells incubated with
different doses of the drug for 24 h [13,25,34,58], suggesting that these cytoskeleton-
modulating agents might have no permanent toxic effects to cells and tissues in treatments
for a short period or at low doses. However, although actin filament disruptors and Rho
kinase inhibitors affect the actin cytoskeleton by different mechanisms, they induce similar
disorganization of the actin cytoskeleton system [12,13,25]. Therefore, multiple treatments
with maximal facility-effective doses of both categories of the drugs in the long term might
induce detrimental structural and functional changes in ocular tissues adjacent to the TM,
especially the cornea, which will be exposed to a higher concentration of topical drugs.

Side effects of actin filament disruptors
In addition to inducing transient morphological changes in TM/SC cells, cytochalasin B
administered intracamerally to the monkey eye also induces similar cellular changes in the
anterior ciliary processes, iris pigmented epithelium and corneal endothelium [64]. In the
cultured rabbit cornea, cytochalasin B dose-dependently induces a progressive increase in
both the degree and rate of corneal swelling, accompanied by progressive change in
endothelial cell shape [65]. Latrunculin A administered topically to the monkey eye
transiently alters the corneal endothelial morphology and disturbs anterior segment barrier
functions, which induce temporary increases of corneal endothelial permeability, anterior
chamber protein concentration, aqueous humor formation, and ciliary epithelial and
iridovascular endothelial permeability [42]. However, topical latrunculin B has a milder
effect on corneal endothelial permeability compared with latrunculin A, and has essentially
no effect on aqueous humor formation in the monkey eye [42]. Submaximal concentration
of latrunculin B administered intracamerally to monkey eyes does not change the
morphology of the corneal endothelium [56]. Although a single treatment with 20 μl of
0.02% topical latrunculin B significantly increases central and peripheral corneal thickness
of the monkey eye [42], multiple topical treatments with 20 μl of 0.01% solution of the
drug, which significantly increases outflow facility and decreases IOP, do not change the
central corneal thickness [43]. In the clinical trial indicated above, latrunculin B is generally
well tolerated, although adverse events, such as mild ocular redness, irritation and a
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transient, clinically insignificant increase (≤2.5%) in central corneal thickness at the two
highest doses (0.02 and 0.05%), are noted [45]. Additionally, latrunculin B in outflow
facility-increasing concentrations has no effect on retinal vascular permeability by vitreous
fluorophotometry and fluorescein angiography, or electrophysiology by measurements of
photopic full-field electroretinograms (ffERGs), multifocal electroretinograms (mfERGs)
and scotopic full-field electroretinograms (sERGs) in the live monkey eye [66].

Side effects of Rho kinase inhibitors
Similar to latrunculin B, a single maximal facility-effective topical dose of H-7(~15%; 20
μl) essentially does not change the aqueous humor formation and corneal endothelium
transfer coefficient in the monkey eye, although it transiently increases the protein
concentration in the anterior chamber, the rate of entry of intravenous fluorescein into the
aqueous humor and cornea, and the corneal thickness. A maximal facility-effective
intracameral dose of H-7 (300 μM) does not induce structural changes in the corneal
endothelium or ciliary epithelium by light or electron microscopy [67]. Multiple lower doses
of topical H-7 (5%; 20 μl), which significantly increases outflow facility and decreases IOP,
do not change the corneal thickness [46]. H-7 in the vitreous at 300 μM does not change the
retinal physiology of the monkey eye [66]. Y-39983 (0.003–0.1%) administered topically to
the rabbit eye and monkey eye does not affect the corneal surface, anterior chamber, lens,
vitreous or retina by slit-lamp examination, although it induces conjunctival hyperemia and
punctate subconjunctival hemorrhage following frequent treatments. No significant findings
of toxicity are detected on histologic examinations of these ocular tissues. Analysis of retinal
electrophysiology reveals no abnormalities in the drug-treated eyes of both species [51]. In
clinical trials of the specific Rho kinase inhibitors SNJ-1656 and AR-12286, there are no
significant abnormal findings except conjunctival hyperemia in the drug-treated eyes by slit-
lamp examination [54,55].

Dissociative effects of low doses of actin filament disruptors & Rho kinase inhibitors on
the TM & cornea

Evidence has suggested that low doses of actin filament disruptors and Rho kinase inhibitors
administered intracamerally or topically may increase outflow facility effectively without
meaningfully affecting the cornea and other ocular tissues [43,46,56,67]. Possible
mechanisms for the dissociative effects of low doses of those agents on the TM and cornea
could be due to the different architecture and physiologic milieu of the two tissues. The TM
is a suspended multilayered tissue, in which JXT cells have no real basement membrane.
When the actomyosin system is disorganized by actin filament disruptors or Rho kinase
inhibitors, the TM can be readily distorted and distended by fluid flow down the pressure
gradient between the anterior chamber and SC. However, the corneal endothelium in the live
monkey and human eye is a single cell layer on a well-defined basement membrane and
ECM structure (Descemet’s membrane and stroma) with much less fluid flow across it than
the TM, and thus less easily distended or distorted even when the contractile apparatus, and
consequently, cellular adhesions are weakened by the drugs. Inner wall cells of SC have
only a thin, diaphanous, discontinuous basement membrane, so that the inner wall
endothelium may not be as strong as the corneal endothelium, but stronger than the JXT
cells.

Biomolecular differences between the TM and cornea, and different molecular targets or
mechanisms for different agents may also be involved in the dissociative effects. In a recent
study, Y-27632 has been found to promote proliferation as well as adhesion of monkey
corneal endothelial cells and inhibit their apoptosis, in contrast to the results reported
previously in various other types of cells [68]. This unexpected result may suggest that the
Rho kinase signaling is cell type-dependent [69,70], and that Rho kinase inhibitors might not
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significantly affect the actin cytoskeleton in the corneal endothelium as they do in the TM.
Additionally, decreased Na+/K+ ATPase activity or pump density in the corneal endothelium
induces corneal edema, which often occurs in the cornea of diabetics [71]. PKC inhibitors
might induce corneal hydration via inhibiting insulin’s positive effect on the Na+/K+

ATPase activity and pump function of the corneal endothelium [72], mimicking diabetic
corneas. As we know, the more specific Rho kinase inhibitor Y-27632 seems to have a more
potent outflow-facility effect and less corneal side effects than the non-selective Rho kinase
inhibitor H-7, while the broad-spectrum protein kinase inhibitor staurosporine seems to have
a more potent outflow facility effect than Y-27632 and more severe corneal side effects than
H-7 [24,52,67,73]. Based on Ki or IC50 values, the rank order potency of the inhibitory
effect on Rho kinase for the three drugs is staurosporine » Y-27632 > H-7 [26,74], while
that on PKC is staurosporine » H-7 > Y-27632 [26,75]. Therefore, one may reasonably
hypothesize that the outflow-facility effects of these protein kinase inhibitors might be
primarily related to their Rho kinase inhibition, and the corneal side effects might be
primarily related to their PKC inhibition. Actually, the specificities of the current specific
protein kinase inhibitors are more or less relative. Low doses of the so-called specific Rho
kinase inhibitors may be more specific to Rho kinase than high doses of the drugs, which
may explain the dissociative effects of low doses of these agents on the TM and cornea.

Different actin filament disruptors may also affect the TM and cornea differently.
Latrunculin B has a similar structure and actin-disrupting activity in cultured cells compared
with latrunculin A, but the effect of latrunculin B on the morphology and actin organization
in hamster fibroblasts is less potent than that of latrunculin A [11]. Additionally, latrunculin
B, but not latrunculin A, is slowly inactivated by an as yet unknown serum component, so
that after 48 h of exposure to a maximal latrunculin B dose, cells completely recover,
exhibiting a well-developed system of stress fibers [11]. Interestingly, unlike in the cultured
hamster fibroblasts, latrunculin B is ten-times more potent in reducing outflow resistance
compared with latrunculin A in living monkeys (e.g., 0.2 μM latrunculin B has a similar or
greater effect on outflow facility to or than 2 μM latrunculin A) [34,41]. Clarification of the
differences between the two latrunculins may facilitate development of more TM-selective
and less cornea-affective actin filament disruptors for glaucoma therapy.

Future studies of the TM-selective outflow enhancers & gene therapy
Many studies as described above have confirmed that actin filament disruptors and the Rho
kinase inhibitors may decrease trabecular outflow resistance by affecting dynamics of the
actin cytoskeleton or actomyosin contractility in the TM. Therefore, the two categories of
actin cytoskeletal agents may be good candidates for TM-selective antiglaucoma
medications. However, although lower drug concentrations in larger volumes as used
clinically (e.g., ~50 μl), but not higher drug concentrations in smaller volumes as used
experimentally (e.g., ~20 μl) [42,67], could be a good strategy to minimize corneal toxicity
without significantly sacrificing the effect of the drug on the TM, the potential cornea
toxicity is still an obstacle to the use of higher concentrations of the drugs topically for a
greater outflow-facility increase, especially for older glaucomatous eyes that may be at
greater risk owing to their reduced number of corneal endothelial cells and the cumulative
effects of years of corneal epithelial and endothelial exposure to topical antiglaucoma drugs
and preservatives. In recent clinical trials with the actin filament disruptor latrunculin B and
several Rho kinase inhibitors, although the Rho kinase inhibitor AR-12286 seems to have
promising efficacy and tolerability [55], the balance between efficacy and tolerability in
choices of drug dosages is still a general challenge for developing TM-selective outflow
enhancers with cytoskeleton-modulating agents [5,45]. Therefore, detection of TM-specific
receptors that may respond to specific actin filament disruptors, development of more
selective and more potent Rho kinase inhibitors that may have a stronger outflow effect but
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less corneal toxicity, and development of prodrugs that may have no cytoskeletal effects
until reaching the TM, might be useful measures to avoid the corneal side effect of topical
ophthalmic solutions of these agents. Additionally, since only approximately 1% of the
topically administered drug may enter the anterior chamber [24], a much higher drug
concentration of ophthalmic solution than necessary for increasing outflow facility (if
applied directly to the TM) must be used for topical treatments. Therefore, novel drug-
delivery methods, which have a much higher bioavailability than traditional topical
application and might deliver the drug directly to the target tissues, may reduce the corneal
side effects of cytoskeleton-modulating drugs. For example, long-term controlled drug
delivery with drug-coated/encapsulated biodegradable microneedles and implanted drug-
delivery devices may allow facility-effective-only doses of cytoskeleton-modulating drugs
to slowly enter the TM and SC without going through the cornea or even the anterior
chamber [76]; nanocapsules carrying drugs may reduce the adverse effects of drugs on the
cornea by avoiding direct corneal exposure to the drug during permeation [76,77].

It had been hypothesized that one-time treatment with a cytoskeleton-modulating agent
might change the meshwork cytoskeleton and wash out excess or pathologic resistance-
increasing ECM that had accumulated in the TM of glaucomatous eyes over many years.
This might decrease trabecular outflow resistance for a long time, since reaccumulation of
the pathologic resistance-increasing ECM might also need many years [78]. However, since
the excess or pathologic ECM is not the only factor that increases trabecular outflow
resistance and the cytoskeletal changes induced by cytoskeleton-modulating agents are
reversible, such a ‘pharmacologic trabeculocanalotomy’ may not be achieved by simply
using those agents. Modern molecular genetic technology raises the possibility of
overexpressing or underexpressing cytoskeleton-modulating proteins to ‘set’ the outflow
tissues to a different ‘performance’ level genetically [79–82]. Gene therapies with
cytoskeleton-modulating proteins, such as caldesmon, exoenzyme C3 transferase and
dominant-negative RhoA, have been successfully tested in cultured TM cells and organ-
cultured anterior segments of human or monkey eyes. Caldesmon is a multifunctional
ubiquitous regulator of the actin cytoskeleton that regulates myosin II activity by blocking
its interaction with actin. Exoenzyme C3 transferase may affect actin–myosin interactions
by inhibiting Rho-GTP at the beginning of the Rho activation cascade (Figure 1).
Overexpression of caldesmon or C3 transferase in cultured human TM cells induces cellular
relaxation and consequent microfilament depolymerization, mimicking the effect of Rho
kinase inhibitors on the actomyosin system [83–85]. Expression of dominant-negative RhoA
also results in similar cellular changes as those following substantial inhibition of MLC
phosphorylation by Rho kinase inhibitors [86]. Gene-transfer approaches that may mimic
actin filament disruptors remain to be identified. However, the cytoskeleton-modulating
proteins indicated above all secondarily disrupt stress fibers. As expected, outflow facility in
organ-cultured human or monkey eyes has been dramatically increased following
overexpression of these genes [83,85,86]. All the gene therapy studies described above
suggest that, similar to pharmacological approaches, gene therapy may also disrupt the
actomyosin system in the TM and, in turn, increase trabecular outflow facility by regulating
expressions of cytoskeleton-modulating proteins. The potential long-term or permanent
decrease of outflow resistance by genetic approaches with cytoskeleton-modulating proteins
may mimic the hypothesized ‘pharmacologic trabeculocanalotomy’.

Expert commentary
The trabecular outflow pathway is the main drainage apparatus of the aqueous humor in the
human eye. Elevated IOP in open-angle glaucoma is consequent to abnormally high-flow
resistance in the trabecular outflow pathway. At present, the only effective approach
available to treat glaucoma is to reduce IOP, either surgically or pharmacologically. Since
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surgeries carry risks for complications, pharmacological treatments are typically the first
choices. Currently, there are no medications that directly decrease trabecular outflow
resistance in clinical use. Actin filament disruptors and Rho kinase inhibitors are potential
TM-selective outflow enhancers. Although the two categories of the drugs disorganize the
actin cytoskeleton network in TM/SC cells by different mechanisms (disrupting the actin
filaments or inhibiting Rho kinase), both of them similarly and directly decrease trabecular
outflow resistance. However, further studies are needed to facilitate the transition of the TM-
selective outflow enhancers from laboratory to clinic.

Five-year view
Currently, the actin filament disruptor latrunculin B and some Rho kinase inhibitors are in
clinical trials [45,54,55]. The specific Rho kinase inhibitor AR-12286 appears to have very
promising efficacy and tolerability. It is estimated that more candidates for TM-selective
outflow enhancers will be developed within the next 5 years. However, before any new
drug-delivery system can be used to replace traditional topical eye-drop administration in
glaucoma therapy, identification of less toxic and highly facility-effective cytoskeleton-
modulating agents will still be key in the development of the TM-selective outflow
enhancers.
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Key issues

• Developments of antiglaucoma medications that directly decrease trabecular
outflow resistance are important to current clinical practice.

• The actin filament disruptor latrunculin B, which depolymerizes stress fibers by
sequestering monomeric G-actin, significantly decreases trabecular outflow
resistance, independent of ciliary muscle contraction.

• Rho kinase inhibitors, which disorganize the actomyosin system by inhibiting
Rho-activated cellular contractility, significantly decrease trabecular outflow
resistance similar to latrunculin B.

• Structural changes related to the decrease of outflow resistance induced by the
two categories of drugs similarly include meshwork relaxation and expansion,
cell–cell and cell–extracellular matrix adhesion separations, and extracellular
matrix washout, but no discernible breaks or cell separations in the inner wall
endothelium.

• The cytoskeletal effects of these drugs may have detrimental effects on the
cornea and other ocular tissues adjacent to the trabecular meshwork.

• Developments of trabecular meshwork-specific actin filament disruptors or Rho
kinase inhibitors, prodrugs and new drug-delivery methods might avoid the
toxicity of the drug to the cornea.

• Genetic approaches to over- or under-express cytoskeleton-modulating proteins
may have the potential to permanently decrease trabecular outflow resistance.
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Figure 1. Targets where agents (or proteins) can disrupt the actin cytoskeleton and enhance
outflow facility
Rho kinase inhibitors, including the nonselective Rho kinase inhibitor H-7 and the specific
Rho kinase inhibitor Y-27632 (and other specific Rho kinase inhibitors as indicated in the
article), block the Rho cascade, inhibiting actomyosin contraction and disrupting actin stress
fibers. H-7 also blocks MLCK, which may affect myosin light-chain phosphorylation and, in
turn, interfere with actin–myosin interactions. Actin filament disruptors latrunculins (e.g.,
latrunculins A and B) sequester monomeric G-actin leading to microfilament disassembly.
The cytoskeleton-modulating proteins caldesmon and C3 affect the actin cytoskeleton
similar to the compounds as indicated above. Caldesmon negatively regulates actin–myosin
interactions, and C3 blocks the Rho cascade similar to Rho kinase inhibitors.
Modified with permission from a figure in [87] © Elsevier. The figure was originally created
by Alexander Bershadsky.
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