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Abstract

¢ New drugs are developed rapidly with novel ideas of action

mechanisms for the treatment of glaucoma. The most classic
drugs under development are to lower the intraocular
pressure (IOP). New agents were invented to lower the IOP
through @ induction of metalloproteinases (MMPs), @
contraction of trabecular meshwork cells, @ inhibition of
aqueous humor secretion, and @ activation of CB-1 receptor,
e/c. The second class of drugs under development is intended
to improve the ocular blood flow (OBF), particularly in retina
and optic nerve head (ONH). Drugs that improve the OBF
irrespective of the IOP changes could be quite useful for the
treatment of normal tension or low-tension glaucoma.
Neuroprotection is the latest developed mechanisms of
glaucoma treatment. Although the history of neuroprotection
research is very short, there are many agents under
investigation in this class. They include © blockade of
N-methyl-D-aspartate receptor, @ neurotrophic agents, @
inhibition of inducible nitric oxide synthases (iNOS), @
inhibition of apoptosis, ® protective autoimmunity, ©® stem
cell therapy, and so on. Since all drugs for glaucoma
treatment are used to stabilize the disease rather than to cure
it, it is critical that an ideal drug with high therapeutic index
and low cost price should be invented.
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INTRODUCTION
N umerous novel ideas are evolving lately for the medical
treatment of glaucoma. Despite continued advances in

laser and incisional surgery, pharmacological therapy still
plays the most important role in glaucoma therapy. Although
various agents and mechanisms are under investigation, the
endpoints are still related to the reduction of intraocular
pressure (IOP), improvement of ocular blood flow (OBF),
and/or protection of neuron function.

TO LOWER IOP

IOP is an Important Factor in Glaucoma Elevated
intraocular pressure (IOP) is one of the major risk factors for
glaucoma and reducing the IOP remains the mainstream of
glaucoma therapy. Good evidence from multiple large
randomized trials shows that reducing IOP is effective in
preventing disease progression in ocular hypertension in
primary open angle glaucoma, and even in so called normal
tension glaucoma™.

Current Medical Treatment Medical treatments available
today include sympatholytic agents (timolol,carteolol,
betaxolol, levobunolol, ezc), prostaglandin analogues (latano-
prost, travoprost, bimatoprost), parasympathomimetic drugs
(pilocarpine), drugs
apraclonidine) and carbonic anhydrase inhibitors (topical:

sympathomimetic (brimonidine,
dorzolamide, brinzolamide; oral: acetazolamide) . They
lower IOP mainly by reduction of aqueous production or
increase of aqueous outflow™?.

New Drug Development —to Lower IOP through
Increase of Aqueous Outflow Glaucoma is often
characterized by decreased pressure-sensitive aqueous
outflow through the trabecular meshwork. The impairment in
outflow facility causes the high intraocular pressure and
large IOP fluctuations often found in glaucoma. Thus,
outflow facility is an attractive target for glaucoma treatment
because enhancing outflow facility tends to restore the
self-regulating tendency of IOP™.,

Future intraocular pressure-lowering therapies for glaucoma
may better be directed at enhancing aqueous outflow through
trabecular meshwork. Kiland e 2/ " found that in
cynomolgus monkeys, decreasing aqueous humor formation
with timolol and dorzolamide over a period of time could
lead to reduction in outflow facility, particularly when the
therapy was combined with agents that redirect aqueous
from the trabecular meshwork, such as prostaglandin F2
analogues. That indicated long-term use of drugs that
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suppress aqueous humor formation, or drugs that redirect
aqueous humor outflow from the trabecular meshwork could
cause underperfusion of the trabecular meshwork and a
secondary decrease in outflow facility. Although there was
also evidence suggesting that long-term therapy with
bimatoprost increased both pressure-dependent trabecular
outflow and pressure-independent uveoscleral outflow via
remodeling of extracellular matrix in the trabecular
meshwork and ciliary muscle, respectively! ',

The trabecular meshwork forms most of the resistance to
aqueous humor outflow needed for maintenance of a
pressure gradient between intraocular pressure of
approximately 17mmHg venous pressure of approximately
10mmHg 3" The trabecular meshwork may be considered
the extracellular matrix (ECM) of the trabecular cells. This is
a network of elastic fibers that is embedded in collagenous
tissue forming an intertrabecular space filled by mucous
substances. The large fibrillar collagens provide the basic
structural framework, and the microfibrillar and globular
collagens, with the proteoglycans and glycosaminoglycans,
fill the interstices of the large molecule " Cavallotti e72/""
demonstrated the major age-related changes of the trabecular
meshwork were an increase in extracellular material and
increase in its electron density. The most abundant
extracellular material in young eyes is a fine granular or
fibril material. However, with increasing age, the
fibril-granular material decreases, while an electron-dense
material becomes prominent. In fact, in young subjects, the
glycosaminoglycans are prevalently of low molecular
weight, while in old objects, those are of high molecular
weight. Li ez2/ " reported excessive synthesis of an ECM
component, fibronectin, underlying monolayer of human
trabecular meshwork cells, and reduced monolayer
permeability. Excessive, abnormal accumulations of ECM
materials have been noted in the trabecular meshwork of
eyes obtained from patients with primary open angle

glaucoma 9,

That was supposed to be the reason of
increased resistance of aqueous outflow.

Baseline degradation and synthesis is omnipresent although
ECM appears to be a static component. Many enzymes from
several different classes of molecules are involved in the
process of matrix degradation. And it can be divided into 2
categories: the extracellular secretion of catabolic enzymes
and the internalization of molecules with subsequent
lysosomal degradation. The most important of the secreted
enzymes, which are responsible for the bulk of matrix
degradation, are the matrix metalloproteinases (MMPs).
These proteins have been grouped in the same family on the
basis of extracellular matrix specificity, zinc dependence,
sequence homology, secretion as a proenzyme, and inhibition

by another class of proteins, the tissue inhibitors of
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metalloproteinases (TIMPs). Another common family of
secreted enzymes is the serine proteinases. Examples of
these enzymes are the tissue-type plasminogen activator
(TPA) and the urokinase-type plasminogen activator (UPA).
Several lines of evidence supported the notion that the serine
proteinases were involved with the MMPs in an ECM
degradation cascade and that the serine proteinases were
upstream in this hierarchy™?.

Recent evidence has suggested that MMPs play a role in
numerous modern glaucoma therapies, including topical
prostaglandin analogues, topical steroids, and argon laser
trabeculoplasty. Additionally, direct and indirect regulation
of this system has been shown to increase aqueous humor
outflow facility. It is possible that therapies directing at
modulating specific enzymes represent the next generation of
glaucoma therapy™.

In addition, the aqueous humor pathways through the
subendothelial layer can be influenced by ciliary muscle
contraction and presumably also by contractile elements
recently found both in trabecular meshwork and scleral spur.
Pharmacologically induced disconnection of cribriform cells
and inner wall leads to wash out of extracellular material
through breaks of the endothelial lining of Schlemm's canal
and to increase of outflow facility!.

Possible Development of Drugs

Increase outflow by MMPs inductors Matrix metallo-
proteinases (MMPs) are involved in trabecular meshwork
extracellular matrix metabolism and have been shown to
increase aqueous outflow facility.

Pang ez 2/™ reported his study on 5 human TM cell strains.
All of them produced detectable basal amounts of proMMPs
and TIMPs. Interleukin-1 alpha was most efficacious in
increasing proMMP-3 production with an EC(50) of 0.5ug/L.
The IL-1alpha-induced upregulation of proMMP-3 correlated
well with an increase in MMP-3 activity.

Another report from Pang showed activator protein (AP-1)
stimulators, such as beta-naphthoflavone, 3-methylcholan-
(tBHQ), significantly
upregulated (2-4-fold) trabecular meshwork cell expression
of MMP-3. The stimulatory effect of tBHQ was concentration
dependent, with an EC (50) of approximately 3pmoL/L, and

threne, and tert-butylhydroquinone

was blocked by concomitant treatment with 100nmolL/L
SR11302, which sequesters AP-1. When nonglaucomatous
human eyes were perfused with tBHQ (10pmol/L), both
outflow rates and perfusate proMMP-3 level increased
significantly within the first 24 hours. The outflow effect of
tBHQ was suppressed when SR11302 (100nmoL/L) was
added in the perfusate. The IOP was also lowered with tBHQ
by more than 40% in perfused glaucomatous eyes. So an
AP-1 activator, tBHQ, upregulated the expression of MMP-3
in cultured human trabecular meshwork cells and perfused
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human eyes, and enhanced outflow ex vivo. These effects
were blocked by sequestering AP-1, suggesting that activation
of AP-1 can lead to increased MMP-3 production in the
trabecular meshwork , which in turn improves outflow
facility.

Serial studies of Pang and his colleagues indicated that
(PKC micro),
mitogen-activated protein kinase kinase (MEK), and p38

activation of protein kinase C micro

leading to the activation of AP-1 was critical to the
IL-1alpha-stimulated upregulation of MMP-3 in human
trabecular meshwork cells. Therefore, it was likely that
compounds that activated the AP-1 pathway would
upregulate the production of MMP-3 and improve aqueous
outflow ™. This unique mechanism may provide a novel
therapy for glaucoma.

Increase outflow by H —7 The serine-threonine kinase
inhibitor H-7 (1- [5-isoquinoline sulfonyl]- 2-methyl piper-
azine) inhibits actomyosin-driven contractility, probably by
inhibiting myosin light chain kinase or rho kinase. This leads
to deterioration of the actin microfilament system and
perturbation of its membrane anchorage and to loss of stress
fibers and focal contacts in many types of cultured cells,
including human trabecular cells. H-7 administered
intracamerally or topically to living cynomolgus monkeys
increases outflow facility and decreases IOP by a mechanism
independent of the ciliary muscle, presumably acting directly
on the trabecular meshwork. A morphological study of the
TM in the live monkey eye indicated that H-7 reduced
trabecular meshwork cell contractility, thereby "relaxing" the
trabecular outflow pathway, expanding the draining surface,
and facilitating flow through the meshwork. Because the
effect of H-7 on outflow resistance is pressure dependent, it
is assumed that H-7 may be more effective in the
glaucomatous eye with elevated IOP. Twenty micro liter of
400mmoL/L H-7 (approximately 15% ) decreased IOP in
living monkeys when administered topically, but also
produced transient changes in corneal endothelial cells and
corneal thickness when applied to the central cornea as 4
drops of 5-pL volume. In normotensive eyes, one dose of
5% H-7 maximally decreased IOP by a mean+SEM of 2.5x
1.0mmHg (-16.7%x5.5%) at 3 hours. In glaucomatous eyes,
one dose of 2% H-7 maximally decreased IOP by a meanx
SEM of 5.8 x0.6mmHg (-16.9% x1.6% ) at 2 hours. Five
percent H-7 increased outflow facility and decreased IOP,
but did not affect corneal thickness. Multiple doses of H-7
induced greater reduction of IOP than a single dose. As
assessed by slitlamp biomicroscopy, 5% H-7 was also less
toxic to the corneal epithelium™®!.

Decrease aqueous inflow with A3 receptor antagonists
Aqueous humor is secreted across the ciliary epithelium by
transferring solute, chiefly NaCl, from the stroma to the

posterior chamber of the eye, with water passively following.
The epithelium consists of two layers: the pigmented ciliary
epithelial (PCE) cells abutting the stroma, and the non-
pigmented ciliary epithelial (NPCE) cells facing the aqueous
humor. Gap junctions link adjacent cells within and between
these layers. Secretion proceeds in 3 steps: Duptake of NaCl
from stroma to PCE cells by electroneutral transporters; @)
passage of NaCl from PCE to NPE cells through gap
junctions, and @ release of Na® and Cl through Na,
K*-activated ATPase and CI channels, respectively®!.

Adenosine stimulates CI transport by NPCE cells. Civan and
co-workers studied on all four known adenosine receptor
subtypes, and found immortalized human NPE cells and
rabbit ciliary processes possess A3 receptors. It was by
stimulating these A3 receptors that adenosine can activate CI
channels in NPE cells . In comparison of A3 receptor
knockout mice (A3R-/-) with control mice (A3R+/+), IOP
was significantly lower in A3R knockout mice than in
normal mice. And the selective A3 antagonists MRS1191
lowered IOP in the control mouse 9. Okamura ez 2/ ™"
reported a study on structure-activity relationships of
adenosine A3 receptor ligands. The potent and selective A3
receptor antagonists were identified and evaluated in a
monkey model of intraocular pressure by eye-drop
administration. And compound OT-7999 was found to
significantly decrease IOP in the animal model. These
suggest that reducing Cl-channel activity with A3 antagonists
may provide a novel approach for treating glaucoma.

Activation of CB1 by cannabinoids A 25% -30% IOP
lowering effect of smoking marijuana was reported early in
1971. Since then, numerous studies have been conducted
confirming that different cannabinoids, including cann-
abidiol, cannabigerol, endogenous cannabinoids, and some
IOP when
administered systemically and topically. The mechanism of

synthetic cannabigerols, can reduce the
action of cannabinoids in the human eye was not fully
understood. It was found that both A3 and CBI receptors
activated a PKC-sensitive CI- current in human NPCE cells®.
Pharmacological and histological studies supported the direct
role of ocular CB1 receptors in the IOP reduction induced by
cannabinoids. CB1 receptors were detected in ocular tissues
of the human eye, including the ciliary epithelium, the
trabecular meshwork, Schlemn's canal, ciliary muscle, ciliary
body vessels and retina. And high levels of CB1 mRNA in
the ciliary body were found. The anatomical distribution of
cannabinoids was shown on trabecular and uveoscleral
aqueous humor outflow and on aqueous humor production.
Cannabinoids have the potential of becoming a useful
treatment for glaucoma. However, several challenges need to
be overcome, including unwanted systemic side effects

reduction in systemic blood pressure),
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possible tolerance, and the difficulty in formulating a stable
and effective topical preparation .,

TO IMPROVE OCULAR BLOOD FLOW

It is well known that high IOP is not necessary responsible
for the development of all glaucoma cases and that reducing
IOP is not necessary effective in avoiding the progression of
each and every glaucoma patient. Collaborative Normal-
Tension Glaucoma Study Group found 20% of normal
tension glaucoma patients achieving 30% reduction in IOP
were estimated to progress after 5 years ?. Fourteen percent
of the patients with 100% of IOP measurements below
18mmHg were estimated to progress after 7 years in the
Advanced Glaucoma Interventional Study M. The Early
Manifest Glaucoma Trial randomized patients with early
glaucomatous damage to treatment s no treatment.
Although the standard treatment reduced the risk of
progression by 50%, 45% of the treated patients still showed
progression after a median follow-up period of 6 years®*'.
So IOP reduction is not 100% effective in preventing the
progression of glaucomatous optic nerve damage. Glaucoma
is a multifactorial condition and there are other factors
participating in the pathogenesis of the disease.

Ocular blood flow (OBF) disturbance is one of the possible
factors. A number of systemic vascular disorders have been
associated with glaucoma, including diabetes, hypertension,
peripheral vascular disease, and migraine. Different techniques
demonstrated a reduced ocular perfusion in glaucoma
patients at the optic nerve head (ONH), choroid, retina and
retrobulbar vessels P>, Experimental studies demonstrated
that axonal loss and demyelination of the prelaminar portion
of the optic nerve could be produced in animals by injecting
endothelin-1, a vasoactive substance, with no change in
IOP P*¥1 A number of mechanisms have been suggested to
explain why OBF reduction may lead to glaucoma, including
increased resistivity to flow, reduced perfusion pressure, and
impaired autoregulation. Increased resistivity could be
caused by anatomical variations, vasculitis, arteriosclerosis,
or vasospasm. Reduced perfusion pressure might be
secondary to an increased IOP or decreased blood pressure.
Autoregulation deficits, characterized by the inability to
compensate for changes in IOP or blood pressure in order to
maintain adequate perfusion have been described in the
retina; and ONH circulation in both experimental and
glaucoma patients®>,

It is interesting to note that ample data are available on
effects of antiglaucoma drugs and systemic medications on
the various ocular beds.

Some antiglaucoma medications have the potential to directly
improve ocular blood flow™. Unoprostone appears to have a
reproducible antiendothelin-1 effect. Unoprostone isopropyl

is a derivative of a prostaglandin metabolite. In one
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experiment employing the hydrogen gas clearance
flowmeter, the effect of endothelin-1, applied to the rabbit
eye in order to cause vasoconstriction, was significantly
reduced at 2.5 and 3.5 hours after the intravitreal injection of
10 L of unoprostone 0.06% with no significant reduction in
IOP B9 In a placebo-controlled, randomized and double-
masked study, choroidal blood flow and fundus pulsation
amplitude were decreased after administration of exogenous
ET-1 in 24 healthy individuals. This effect was significantly
blunted when topical unoprostone was coadministered. The
authors demonstrated a functional antagonism between ET-1
and topical unoprostone in the choroidal vasculature ©7.
However, significant improvement of POBF or ocular
hemodynamics was not found in normal volunteers and
normal tension glaucoma patients P* *1. While there were
evidence showing circulation on optic nerve head was
increased™*1.

Betaxolol may exert a calcium-channel blocker action and
improve OBF by avoiding non-selective beta-blocker-
induced vasoconstriction. In experimental studies, topical
betaxolol was found to increase tissue blood flow in rabbits.
Although the acute effects of betaxolol instillation in healthy
humans or glaucoma patients tended to show no significant
change or even reduction in circulation, chronic use of
betaxolol has been shown to improve retinal and ONH blood
flow!™,

Carbonic anhydrase inhibitors seem to accelerate the retinal
circulation. Several investigators have confirmed that
acetazolamide is capable of increasing cerebral blood flow in
a dose-dependent manner, which may, at least in part, be
attributed to extracellular acidification. Evidence from ocular
hypertensive rabbits and healthy volunteers supported the
drug's ability to increase OBF™,

Regarding the systemic drugs, calcium channel blockers
apparently did not evoke a uniform response in glaucoma
patients. Some showed an improvement of OBF, whereas
others either did not show a change or developed
deteriorations of hemodynamic parameters and visual
function . Luksch er 2/ ™ reported single dose of
nimodipine (60mg) could increase ocular blood flow
significantly in NTG patients. Mean ocular fundus pulsation
amplitude, measured with laser interferometry, increased by
14% (SD 14%)(2=0.0008). Optic nerve head blood flow
and choroidal blood flow, assessed with laser Doppler
flowmetry, increased by 18% (SD 16%) (/2=0.0031), and
12% (SD 14%) (2<0.001) separately. Sixteen patients with
NTG and clinical signs of vasospastic hyperreactivity, such
as suffering from extremely cold hands and feet, were
consecutively selected out of the local glaucoma registry in
Michalk's study. Ten healthy age-matched volunteers were

included as controls. Retinal capillary blood flow was
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measured by Scanning Laser Doppler Flowmetry in both
eyes before and 90 +10 minutes after a single oral dose of
30mg nimodipine. Before administration of nimodipine,
retinal capillary blood flow was significantly reduced in
NTG patients compared with controls (262+80 rs487+164
AU, £<0.001). Nimodipine increased retinal capillary blood
flow in NTG patients by 91+73% (2<0.001) to values of
healthy controls (440+113 rs439+123 AU, 2=0.635). In
controls, nimodipine did not show significant effects. In
NTG patients with additional vasospastic symptoms, retinal
capillary blood was significantly reduced in comparison with
healthy controls. Single-dose nimodipine yields to a
normalization of retinal circulation in NTG patients up to
values of healthy controls 90min after drug administration.
However, another investigation did not come to the same
result. Thirty-two healthy subjects (21- 49 years old, mean
age 28 years, 10 male, 22 female) received either nimodipine
30mg twice a day or a placebo according to the same dosage
regimen in a double-blind cross-over study design. Ocular
blood flow and optic nerve head blood flow were increased
slightly but not significantly in the nimodipine group and
remained unchanged or were even lower in the placebo
group ¥
patients with a vasospastic response might get benefit from

. So, maybe the glaucoma patients, especially

administration of nimodipine.

The evidence we have in the treatment of glaucoma does not
support the use of other vasoactive substances, e.g. inhibitors
of the renin-angiotensin system, Ginkgo biloba, magnesium,
and dipyridamole. Longitudinal, prospective, randomized
trials are needed™!.

NEUROPROTECTION

Studies have shown that regardless of the nature of neuronal
injury, damage spreads beyond the directly injured neurons
to affect adjacent neurons that escaped or were only partially
affected by the primary lesion™!. Progressive death of retinal
ganglion cell (RGC) is the main characteristic of glaucomat-
ous optic neuropathy™. Neuroprotection only interferes with
secondary degenerative events, which focuses on minimizing
the progress of glaucomatous neuropathy by interacting with
neuronal processes®.

Many compounds have been implicated as neurotoxic
These
excitatory amino acids (e.g. glutamate), free radicals, nitric

mediators of secondary degeneration. include
oxide, lipid peroxidation products (e.g. PUFAs), eicosanoids,
cations, monoamines (e.g. 5-HT) and opioids. Accordingly,
substances that prevent the formation or antagonize the
action of these compounds have been investigated as
potential neuroprotectants. Hundreds of agents have been
tested in animals, but only a few have reached phase III
clinical trials and only one, riluzole, has achieved FDA
approval for clinical use (in amyotrophic lateral sclerosis)™.

Different models have been used to study RGC damage,
including crush/axotomy model, ischemia/reperfusion model,
excitotoxic damage model, induction of elevated IOP model,
er.™. Among them, acute partial crush lesion of the rat
optic nerve and animal model of glaucoma are most widely
used.

NEUROPROTECTIVE COMPOUNDS
N-methyl-D-aspartate (NMDA)-receptor antagonists
Studies have provided evidence of apoptosis associated with
RGC death in human eyes with glaucoma ™. Glutamate was
shown to induce apoptosis in retinal cells as a mediator of an
ischemic insult through hyperactivation of the NMDA
receptor, and NMDA has shown a similar effect directly™.
MK-801, a potent non-competitive NMDA-receptor blocker
was found to triple the survival rate of neurons after partial
crush injury of the rat optic nerve ™. NMDA-receptor
activity, however, is also essential for normal neuronal
function. This means that potential neuroprotective agents
that block virtually all NMDA-receptor activity will have
unacceptable clinical side effects. Studies have shown that
another antagonist, memantine, blocks only excessive NMDA-
receptor activity without disrupting normal activity ™.
Memantine was shown to protect rat and rabbit retinal cells
after ischemia/reperfusion injury and protect ganglion cells
in a model of chronic elevation in vitreal glutamate. Hare
and coworkers reported that histologic measurements of
RGC survival, as well as recordings of the electroretinogram
(ERG) and the visually-evoked cortical potential (VECP)
showed that systemic treatment with memantine is both safe
and effective to reduce structure changes and functional loss
associated with experimental glaucoma in monkey P!,
Memantine was effective in clinical trials of a variety of
dementia, mainly Alzheimer's disease, without causing the
toxic side effect of MK-801. It is currently the only
compound in phase III clinical trials for glaucoma™.

(2- adrnergic
agonists, apraclonidine and brimonidine, were used in the

Adrnergic agonists and antagonists The

treatment of glaucoma for lowering IOP. Several reports
have linked these and similar agents with a neuroprotective
role. A single injection of brimonidine resulted in a
significantly smaller loss of RGCs and action potential
amplitude after partial crush injury of the rat optic nerve.
Pretreatment with brimonidine had a marked protective role
on RGC loss, as evidenced by histology, cell labeling, and
ERG. The possible mechanism may be attributed to
preventing an increase in the vitreal content of glutamate and
aspartate. Clinical trials are in progress to investigate the
ability of brimonidine to protect human retinal ganglion cells
and the visual field in glaucoma-related diseaset-2.

Betaxolol, a (1-adrenergic receptor blocker protected RGCs

from ischemia/reperfusion insult in rat and rabbit eyes. The
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neuroprotective effect of betaxolol was attributed to the
drug's action as a calcium-channel blocker™,

Calcium —Channel Blockers An increase in intracellular
calcium exerts a neurotoxic effect through the activation of
Ca®-dependent catabolic enzymes, leading to lethal alteration
of the cell's metabolism. Flunarizine, a potent antagonist of
the neuronal voltage-dependent calcium channel, was given
daily to rats after unilateral axotomy of the optic nerve and
found to somewhat enhance RGC survival 14 days after
axotonomy. Both flunarizine and lomerizine were found to
have a protective effect after induction of retinal ischemia in
rats by elevated IOP ™. Tt was found that nimodipine 30mg
twice a day significantly increased in contrast sensitivity
during treatment in healthy subjects, which did not correlate
with an increase in ocular or optic nerve head blood flow™!,
According to the report of Michalk, in NTG patients with
additional vasospastic symptoms, retinal capillary blood was
significantly reduced in comparison with healthy controls.
Single-dose nimodipine yielded to a normalization of retinal
circulation in NTG patients up to values of healthy controls
90 minutes after drug administration®™. A beneficial effect of
treatment with calcium channel blockers was suggested by
one moderate-term clinical analysis of patients with normal
tension glaucoma.

Neurotrophic Factors Brain-derived neurotrophic factor
(BDNF), a member of the nerve growth factor family of
proteins, has been found highly effective in reducing the rate
of RGC death after optic nerve crush in cats. While in
glaucoma, death of RGCs may be partly due to a decrease in
axonal transport of trophic factors ™. Overexpression of the
BDNF gene was achieved by intravitreous injection of a
(AAV) vector capable of
efficient transfection of retinal ganglion cells (RGCs). And it
was found that BDNF could protect RGC as estimated by
axon counts in a rat glaucoma model™,

modified adenoassociated viral

Rudzinski presented molecular, biochemical, and phenotypic
evidence that significant neurotrophic changes occurred in
retina, which correlated temporally with RGC death. After 7
days of ocular hypertension there was a transient
up-regulation of retinal NGF, while its receptor TrkA was
up-regulated in a sustained fashion in retinal neurons. After
28 days of ocular hypertension there was sustained
up-regulation of retinal BDNF, but its receptor TrkB
remained unchanged. Throughout, NT-3 levels remained
unchanged but there was an early and sustained increase of
its receptor TrkC in Miiller cells but not in RGCs. These
newly synthesized glial TrkC receptors were truncated,
kinase-dead isoforms. Expression of retinal p75 also
increased late at 28 days. Asymmetric up-regulation of
neurotrophins and neurotrophin receptors may preclude

efficient neurotrophic rescue of RGCs from apoptosis. A
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possible rationale for therapeutic intervention with Trk
receptor agonists and p75 receptor antagonists was proposed 7.
Inducible Nitric Oxide Synthase Inhibitors Nitric oxide
(NO) is an important biological mediator in the living
organism. However, the overproduction of NO which is
catalyzed by iNOS, a soluble enzyme and active in its
dimeric form, is cytotoxic. Excessive nitric oxide, generated
by inducible NOS-2 in astrocytes and microglia in the ONH
of patients with glaucoma, may contribute to the optic
neuropathy associated with the disease. A rat model of
glaucoma, in which there is chronic, moderately elevated
IOP and slow loss of RGCs, has been established to study
pharmacological agents that have the potential to be
neuroprotective. In this model, the pharmaco-logical use of an
inhibitor of NOS-2, aminoguanidine, significantly prevented
the loss of RGCs. A well-tolerated pharmacological inhibitor
of NOS-2, perhaps orally or locally delivered, is a reasonable
candidate for a neuroprotective agent for treating glaucoma®.
Apoptotic cascade
approach is interference with the final common pathway of

Another possible neuroprotective

apoptosis. RGCs have been shown to die by apoptosis, or
programmed cell death. Central to apoptosis is the activation
of specific proteases, termed caspases. Caspases are activated
in chronic neurodegener- ations such as Alzheimer's disease
(AD) as well as in RGCs after optic nerve transection. In rat
glaucoma models, caspase-3, a major effector of the
apoptotic cascade, was activated in RGCs and cleaved
amyloid precursor protein (APP) to produce neurotoxic
fragments that include amyloid-beta. Caspase-8, which
initiated apoptosis after activation of receptors of the tumor
necrosis factor (TNF) superfamily, was also activated in
RGCs. This suggests a new hypothesis for RGC death in
glaucoma involving chronic amyloid-beta neurotoxicity,
mimicking AD at the molecular level. With loss of the
protective effect of APP and upregulation of toxic APP
fragments, RGCs die from chronic caspase activation, loss of
synaptic
excitotoxicity. The benefits are that treatments for AD could

homeostasis, amyloid-beta cytotoxicity and

be used to treat glaucoma, and strategies developed to treat
glaucoma could treat other neurodegenerations . For
example, R(-)-1-(benzo[b] thiophen-5-yl)-2-[2-(N, N- diethy-
lamino) ethoxyl hydrochloride (T-588) is developed to treat
the dementia associated with AD and is now undergoing
clinical trials. A recent study showed that T-588 had a
neuroprotective effect against RGC death caused by elevated
IOP and optic nerve crush in the rat®,

Ginkgo biloba extract In Germany and France, Ginkgo
biloba extract, obtained from green leaves of the G. biloba
tree, is one of the most commonly prescribed drugs. It has
been reported to prevent ischemic-induced oxidation,
improve cerebral blood flow and antagonize the action of
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platelet-activating factor. In a unilateral chronic moderately
elevated IOP rat model, RGC loss in eyes with elevated IOP
was 29.8%+1.5% at 5 months in untreated animals and
4.6% +4.5% at 5 months in treated animals with Ginkgo
biloba extract EGb 761. That supported that EGb 761 was an
effective neuroprotectant in a rat model of chronic glaucoma®’,
To evaluate the effect of GBE on preexisting visual field
damage in patients with normal tension glaucoma (NTG), 27
patients with bilateral visual field damage resulting from
NTG received 40mg GBE, administered orally, three times
daily for 4 weeks. With GBE treatment, a significant
improvement in visual fields indices was recorded. The
mean deviation (MD) at baseline was 11.40+3.27dB, while it
was reduced to versus 8.78 +2.56dB (#=8.86, 2~=0.0001,
Chi-square test) after GBE treatment. Corrected pattern
standard deviation (CPSD) at baseline treatment was 10.93+
2.12dB, while CPSD after GBE was 8.13+2.12dB  (#=9.89,
£=0.0001, Chi-square test). No significant changes were
found in intraocular pressure, blood pressure, or heart rate
after placebo or ginkgo biloba extract (GBE) treatment.
Ginkgo biloba extract administration appeared to improve
preexisting visual field damage in some patients with NTG,
There are many reasons for the disappointing clinical
performance by neuroprotective compounds. The main one
is that there are too many agents involved in the secondary
degeneration of neuron, and reducing the harmful effects of
one of them is insufficient to produce meaningful clinical
effects. Further more, all of the agents that induce secondary
degeneration are compounds intimately involved with the
normal functioning of the nervous system. Therefore, in
order to achieve clinically relevant neuroprotection, the
activities of some of the agents of secondary degeneration
would have to be blocked to the right extent and with the
appropriate timing™’,

Immunologic Neuroprotection In glaucoma, some fibers
which have already started to degenerate are enough to
trigger a self-propagating chain of events, causing degeneration
of adjacent fibers that were not directly damaged. Findings
in Schwartz's lab suggested that in the case of damage
resulting from an insult that does not involve pathogens, a
protective mechanism operated by evoking an immune
response against self, i.e. protective autoimmunity®!,

It is known that myelin basic protein (MBP) can cause
experimental autoimmune encephalomyelitis. Injured optic
nerves treated by passive transfer of T cells directed against
MBP were found to possess two-to three-fold healthier fibers
than control injured nerves, suggesting that the anti-MBP T
cells have a protective effect on the damaged optic nerve. In
an attempt to boost the immune neuropro-tection without
inducing autoimmune disease, T cells directed against a
cryptic epitope of MBP were used, and similar neuroprotec-

tive efficacy was observed™.

And recently passive T cell transfer was tried to be replaced
by active immunization. A synthetic copolymer, Cop-1, a
FDA-approved drug for multiple sclerosis was chosen as the
antigen. Vaccination of rats and mice with this compound
after CNS insult induced protective immunity without the
side effect of autoimmune disease. The benefit was
manifested by a significantly increased survival rate of
retinal ganglion cells in rat and mouse models of optic nerve
crush injury, glutamate toxicity injected intraocularly, and
chronically increased intraocular pressure'®,

The mechanism of T-cell-mediated neuroprotection is not
yet known. One possible mechanism is that the T cells
provide a source of neurotrophic factors, including nerve
growth factor (NGF), neurotrophin (NT)-3, NT-4, NT-5, and
brain-derived neurotrophic factor (BDNF). Using a benign
protective autoimmunity may become a novel approach for
the protection of neurons from secondary degeneration ™!,
However, glaucoma may be associated with autoimmune
processes. Elevated antiphosphatidylserin antibodies were

found in normal tension glaucoma .

Complex IgG
autoantibody repertoires against optic nerve antigens could
be found in glaucomatous subjects and the NTG group had
the highest variance from controls . Tezel ez 2/ hypot-
hesized that one form of glaucoma may be an autoimmune
neuropathy in which an individual's immune system is not
only inappropriately regulated, but a cytotoxic effect is
rendered by the very system which normally serves to
protect it against stress.

So whether 'protective autoimmunity' can do benefit to
glaucoma patients is not sure.

Stem Cell Therapy Stem cells are undifferentiated cells
able to divide indefinitely yet maintain the ability to
differentiate into specific cell types. They are able to survive
throughout the lifetime of the organism, while maintaining
their number, producing populations of daughter cells (transit
amplifying cells) that can proceed down unique pathways of
differentiation. Stem cells may be obtained from embryonic
tissues, umbilical cord blood, and some differentiated adult
tissues. Although the potential for stem cell based therapies
for a variety of human diseases is promising, numerous
problems remain to be overcome, such as methods for
obtaining, transplanting, inducing differentiation, developing
function, and eliminating immune reactions. Stem cells have
a great potential value in treating eye diseases characterized
by irreversible loss of cells, such as glaucoma®”,

There are at least 3 potential targets for stem cell therapy in
glaucoma: the RGC, the ONH and the trabecular meshwork.
So far, most work has focused on replacing RGCs because
their death is the final common pathway for visual loss in

glaucoma and other optic neuropathies. Because human
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RGCs are mammalian CNS neurons that cannot divide and
differentiate to replace other cells lost from disease,
blindness from glaucoma is irreversible. Finding a way to
differentiate stem cells into RGCs and allow them to connect
to their appropriate targets would be a major step in
repopulating the neurons lost in glaucoma. The main issues
to be resolved are the survival and differentiation of the stem
cells, maintaining the state of the surrounding microen-
vironment, extension of axons into the optic nerve,
establishment of functional connections in the lateral
geniculate nucleus, and appropriate activation of transsyna-
ptically connected cortical targets. The RGC precursor cells
introduced into the retina extend processes into the optic
nerve head. The need to establish a functional network
communicating information to the brain makes the problem
of stem cell replacement of RGCs especially complex.
However, because patients lose a substantial portion of their
RGCs before developing functional deficits, there is hope
that a limited amount of restoration might have a large effect
on visual capability”.

MISCELLANEOUS

Sex Recent literature suggests that sex may be important at
least as it relates to the onset of glaucoma and choice of
therapy™. The Rotterdam Study noted that women who were
postmenopausal before 45 years of age were at a high risk of
developing glaucoma compared with those who were older.
In this study, the authors defined glaucoma as a character-
istic glaucoma field defect and optic nerve finding. So the
authors suggested a protective benefit of endogenous
estrogen . The effect of hormonal influences on ocular
physiology has been stated in the literature. Observations
during pregnancy include an improvement in outflow
facility, ocular hypotension, and a decreased in aqueous
production. Moreover, even among premenopausal women
who are not pregnant, there may be changes related to their
menstrual cycle ™. During 6-month hormone therapy in
postmenopausal women with normal-tension glaucoma,
color Doppler parameters of ophthalmic arteries significantly
improved. It seemed that hormone therapy beneficially affect
the ocular vascularization ™. Finally, in view of the higher
prevalence of coronary artery disease among postmen-
opausal women, it is wise to choose a topical drug that will
not exacerbate this problem!®.

Hypothyroidism In 1920, Hertel reported 2 patients in
whom IOP control was improved with thyroid hormone
replacement. It has been hypothesized that hypothyroidism is
associated with the deposition of mucopolysaccharides in the
trabecular meshwork with evidence from postmortem studies
using human and animal eyes. Recently, in a large cohort of
patients, a significantly greater risk is demonstrated of
subjects with a preexisting diagnosis of hypothyroidism

developing glaucoma, compared with controls™.
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Table 1 Ocular hypotension
Action mechanism Possible development of novel drugs
Induction of MMPs IL-1 @
AP-1 stimulants:
{8 -naphthofla
3-methylcholanthrene
tert-butylhydroquinone

Contraction of TM cells H-7

Inhibition of AH secretion A3R inhibitors
MRS1191
OT-7999

Activation of CB1 Cannabinoids

Table 2 Improvement of ocular blood flow

Action mechanism
Blockade of Ca-channel
Inhibition of endothelin-1

Possible development of new drugs

Nimodipine
Unoprostone

Acceleration of retinal circulation ~ Carbonic anhydrase inhibitors

CONCLUSION

Because of the advancement in research technologies, the
etiology of glaucoma becomes much more complex than
before. As a result, new drugs developed rapidly with novel
ideas of action mechanisms. Although the end results are still
within the current three classes of drug actions, the action
mechanisms are entirely different. The major advantage of
this development is to find better drugs with higher
therapeutic indexes.

The most classic drugs under development are to lower the
IOP in order to reduce the mechanical damage of ONH and
to improve retinal blood flow for preserving the RGC (Table 1).
To achieve these goals numerous agents are invented to
lower the IOP through @ induction of MMPs 22, (2
contraction of TM cells #, 3 inhibition of AH secretion®?7,
and @ activation of CB1 receptor %!, These agents are at
various stages of development both at preclinical and/or
clinical phases. It is highly possible that some of these agents
will be put in the clinic sometime in the future.

The second class of drugs under development are closely
related to the first class as the reduction of IOP is intended to
improve the OBF particularly in retina and ONH. However,
some drugs do improve the ocular blood flow irrespective of
the IOP changes
useful for the treatment of normo- tensive or low-tension

(Table 2). These agents could be quite

glaucoma. Most agents are intended to relax the ocular
vasculature to facilitate the blood flowP>*>!,

Neuroprotection is the latest developed mechanisms of
glaucoma treatment. Although the history of neuroprotection
research is very short, there are a lot of agents under
investigation in this class (Table 3). They include @ blockade
of NMDA receptor !, @ neurotrophic agents ¥ (3)
inhibition of iNOS ), @) inhibition of capases > %, &
protective autoimmunity ), and 6) stem cell therapy ”, to

name a few.
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Table 3 Protection of ocular neurons

Possible development of
neuroprotectors

MK-801

Memantine
Apraclonidine
Brimonidine
Flunarizine

Lomerizine

Nimodipine

BDNF

Trk receptor agonists
P75 receptor antagonists

Action mechanism

Blockade of NMDA receptor
Replenishment of neurotransmitters

Blockade of Ca-channel

Neurotrophic agents

Inhibition of iINOS Aminoguanidine
Inhibition of caspases T-588

Herbal medicine Ginkgo biloba extract
Protective autoimmunity Cop-1

Stem cell therapy Stem cells

Even though there are many antiglaucoma drugs available in
the clinic today, there is much room to be improved @ to
reduce the side effects, @ to treat drug resistant glaucoma,
®) to improve the efficiency of the drugs, ez Since all drugs
for glaucoma treatment are used to stabilize the disease
rather than to cure it, it is critical that an ideal drug with high

therapeutic index and low cost price should be invented™*®.
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