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What Is the Present Pathogenetic Concept
of Glaucomatous Optic Neuropathy?
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Abstract. Glaucomatous optic neuropathy implies loss of neural tissue, activation of glial cells, tissue
remodeling, and change of blood flow. The blood flow reduction is not only secondary but has
a primary component. Activation of astrocytes leads to an altered microenvironment. An unstable
ocular perfusion, either due to IOP fluctuation or a disturbed autoregulation (due to primary vascular
dysregulation syndrome) leads to a mild reperfusion injury. The superoxide (Og) anion produced in
the mitochondria of the axons, fuses with the nitric oxide (NO) diffusing from the astrocytes, leading
to the damaging peroxynitrite (ONOO™). It is possible that the diffusion of endothelin and
metalloproteinases to the surrounding of the optic nerve head leads to a local vasoconstriction and
thereby increases the risk for venous occlusion and weakens the blood-brain barrier, which in extreme
situations results in splinter hemorrhages. Activated retinal astrocytes can be visualized clinically. The
involvement of primary vascular dysregulation in the pathogenesis of glaucomatous optic neuropathy

may explain why women, as well as Japanese, suffer more often from normal-tension glaucoma. (Surv
Ophthalmol 52:S162-S173, 2007. © 2007 Elsevier Inc. All rights reserved.)
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This review intends to summarize the present
knowledge of the pathogenesis of glaucomatous
damage and tries to build the different pieces of
information into a concept.

Why do we need a pathogenetic concept? A
pathogenetic concept links the known pheneome-
nology of a disease with its risk factors in order to
understand how these different aspects may work
together. There is a dialectic interaction between
facts and concepts: On the one hand a concept has
to integrate all the different facts published, and on
the other hand it is the basis for the formulation of
new hypothesis that in the future will be corrobo-
rated or rejected. In addition, a pathogenetic
concept is also a didactic tool supporting our
memory of the different aspects of a disease.

Glaucomatous Optic Neuropathy

Glaucomatous optic neuropathy (GON) com-
prises of the following mutually dependant basic

reperfusion damage e vascular dysregulation e

oxidative stress

components: loss of neural tissue, activation of glial
cells, tissue remodeling, change of blood flow.

LOSS OF NEURAL TISSUE

Glaucomatous optic neuropathy implies a loss of
retinal ganglion cells and their axons, but also a loss
of neural cells in the lateral geniculate nucleus and
to some extent even of the visual cortex.”’ It is not
known whether the retinal ganglion cell loss is due
to a primary insult on the cell body or on the axons.
The fact that the glaucomatous damage is often
bundleshaped indicates that the primary lesion
might be in the optic nerve head. In addition, the
upregulation of neural thread proteins in the
lymphocytes of glaucoma patients,” indicates that
axonal lesion is primary of nature.'® It is also
possible, however, that at least at an early stage,
the different compartments of the cell might be
damaged independently.

Experimental studies indicate a reduction of
dendritic complexity before the cells die.'* Such
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an alteration also occurs in the central nervous
55 . 189
system 2 and as a result of aging process. 2

ACTIVATION OF GLIAL CELLS

Activation of glial cells is a nonspecific response to
stress. This can be brought about either through
mechanical or ischemic stress or any other type of
injury. Such an activation implies on the one hand
a change in gene expression such as the upregula-
tion of NOS-2, COX-2, TNF-o,* and on the other
hand, a change in morphology and to some extent
also cell division and migration.

In the optic nerve head the most important glial
cells are astrocytes. In experimental animals as well
as in humans, astrocytes of the optic nerve head are
activated in glaucoma 12112812

In the retina, the important glial cells are the
astrocytes, lying in the inner layer of the retina and
the Miiller cells extending from the inner surface of
the retina (inner limiting membrane) up to the
photoreceptor layer. Histological and histochemical
studies reveal an activation of both astrocytes and
Miller cells in the retina of glaucoma patients
(Fig. 1). As a consequence of activation the
extentions of astrocytes in the retina are less regular
and denser and thereby increase light scatter."'? We
have recently demonstrated that this can also be
visualized clinically (Fig. 2).**

TISSUE REMODELING

A loss of neural tissue (e.g., due to a central
retinal artery occlusion or anterior ischemic optic
neuropathy [AION]), by itself, leads to a pale and
atrophic optic nerve head (ONH) but not really to
an excavation of the ONH. It is the ONH
excavation, however, which is specific to glaucoma,
or the other way around if the ONH is excavated, by
definition, we call this corresponding disease
glaucoma. Excavation implies on the one hand
a loss of tissue elements such as axons, glial cells,
and blood Vessels,m]’]22 and on the other hand
a tissue remodeling leading to bowing and com-
pression of the lamina cribrosa. Enzymes important
for tissue remodeling, such as metalloproteinases
(MMPs), are indeed upregulated both locally in the
ONH? and systemically in the circulating lympho-
cytes.”® Excavation is therefore not just simply the
result of mechanical forces but rather the effect of
an active biological process.

CHANGE OF OCULAR BLOOD FLOW

There is no doubt that ocular blood flow (OBF) is
reduced in glaucomatous eyes.26 There is, however,
some debate about the cause of this reduction and
whether it is causal for GON. If a tissue atrophies,
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Fig. 1.

Activated astrocytes and Muiller cells in the retina
of a healthy patient (¢op) and a glaucoma patient (bottom)
(GFAP staining). Courtesy of Peter Meyer, MD.

blood vessels degenerate secondarily.” Secondary
reduction of ocular blood flow can also be observed
in glaucoma. In addition, blood flow is reduced if
reduction of perfusion pressure (PP) exceeds the
capacity of autoregulation. If autoregulation is
disturbed already a mild reduction of PP reduces
OBF. Interestingly, however, there is a component of
OBF reduction that is independent of the damage
(often precedes the dalmage),87 and independent of
IOP (it is even more pronounced in normal-tension
glaucoma [NTG] than high-tension glaucoma
[HTG]),63 and that is not confined to the eye (it
can even be observed in the nailfold capillaries).®!
In other words, OBF change can have a structural
component, a component related to low PP, and
additionally, a primary, quite generalized compo-
nent. Several independent studies demonstrated
that OBF reduction allows a prediction of future
progression of damag630’75’105 and is therefore of
major clinical relevance. In addition, signs of
ischemia, such as the upregulation of the hypoxia
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Fig. 2. Activated astrocytes lead to increased light-
scattering as demonstrated in a red-free fundus-photo
(see Grieshaber et al*®).

inducible factor 1-a, can be observed in the retina
and the ONH of glaucoma patients.''® In summary,
OBF in glaucoma is reduced, leading to subtle
ischemic signs. The reduction of OBF is, on the one
hand, secondary of nature, either due to low PP or
due to structural damage, and on the other hand,
primary of nature. This primary component will be
discussed.

Risk Factors for Glaucoma

Factors associated with an increase of IOP are not
the same as factors associated with the development
of GON. Furthermore, factors related to either IOP
increase or to damage may not automatically be
causal.

RISK FACTORS FOR IOP INCREASE

All factors known to be risk factors for arthero-
sclerosis are also risk factors for an increase in IOP
(age, smoking, dislipidemia, diabetes mellitus,
systemic hypertension, male sex, obesity, etc).*
The association between IOP increase and these
factors is relatively weak but nevertheless signifi-
cant. 513! Furthemore, treatment of these risk
factors (such as physical exercise, weight loss, and
treatment of dislipidemia)70 reduces IOP slightly. It
is still a debate why these risk factors are associated
with an increase in IOP. On the one hand, ischemia
can damage the outflow system, in particular the
trabecular meshwork (TM), and thereby increase
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IOP.** On the other hand, changes brought about at
the molecular level in the TM of glaucoma patients
have similarities to changes in the vessel walls of
artherosclerotic patients, for example, the expres-
sion of ELAM-1."*" This signifies that the two
pathologies (of the TM and of the arterial wall)
may have common causes and similar pathomechan-
isms.

RISK FACTORS FOR GON

The best known risk factor for GON is an increase
in IOP. But by far not all subjects with an increase in
IOP will acquire damage, and a significant number
of glaucoma patients never have an increase in IOP.
The correlation between IOP level and progression
is very weak.'** Interestingly, some patients acquire
damage before they suffer from an increase in
IOP.'”” IOP-decreasing therapy, on the average,
improves the prognosis in all types of glaucoma
patients. The benefit of IOP-lowering treatment,
however, is different in the different groups. It is
excellent in patients with angle-closure glaucoma,”
it is good in primary open-angle glaucoma
(POAG),” and relatively modest in NTG patients.”

Furthermore, there is overwhelming evidence
that systemic arterial hypotension is a relevant risk
factor for GON.®*®! This has been described for
decades.' 131628117 Tike an elevated IOP, a low
blood pressure does not lead to GON in all subjects.
This can be explained by a more or less potent OBF
autoregulation (see subsequent discussion).

When considering risk factors we have to keep in
mind with which kind of patient we are dealing.
NTG patients who acquired the damage despite
a normal IOP obviously have a very different risk
profile than the so-called “ocular hypertensives,”
who, when entering a study, have not yet acquired
damage despite a high IOP. Risk factors for NTG are
female sex,”’ race (it occurs more often in Japan
than in European or American countries),'"'
primary vascular dysregulation (PVD),** and low
blood pressure.®”®! Whether corneal thickness plays
a role is at the moment open to debate.'*>'* Risk
factors for conversion from OHT to POAG are,
besides an increased IOP, a thin cormea,9 age, and
a pre-existing alteration of the ONH or visual field;
diabetes, on the other hand, seems to be a significant
protective factor.*”

Ocular Blood Flow and Glaucomatous
Optic Neuropathy

Whether OBF plays a role in the pathogenesis of
GON has often been discussed in the past. For
decades the literature remained controversial.
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Fig. 3. The higher the intraocular pressure, the higher
the chance of progression. Likewise, the lower the ocular
blood flow, the higher the chance of progression.
(Satilmis M et al.'%%)

IS OBF LINKED TO GON?

We already mentioned that in glaucoma patients,
on the average, OBF is reduced in all parts of the
eye, including the iris, retina, choroid, ONH, and
retroocular vessels.”® It is also clear from several
studies that OBF has a predictive value (Fig. 3). But
does a reduced OBF indeed lead to GON? Re-
duction of OBF in experimental animals, for
example by a local application of endothelin, leads
to an atrophic optic nerve head but only mild
excavation. OBF is also reduced in conditions other
than glaucoma. In multiple sclerosis, for example,
the high level of circulating endothelin®” leads to
a marked reduction of OBFE.’* These patients,
however, either have a normal or pale optic nerve
head but do not excavate more often than healthy
controls. Even patients with a carotid artery occlu-
sion do not develop NTG significantly more often
than healthy controls.”®

We are therefore faced with the seemingly
contradictory situation that, whereas in glaucoma
blood flow is reduced and this reduction has
a relative strong predictive power, the OBF re-
duction (as shown in experimental studies and in
other clinical conditions), although leading to some
atrophy, does not lead to glaucomatous damage. To
explain this paradox we formulated the working
hypothesis that the link between glaucoma and OBF
is not so much the blood flow reduction but rather
the instability of OBF leading to a repeated mild
reperfusion injury (RI)."?

THE INSTABILITY OF OBF

Before we discuss why an unstable oxygen supply
may contribute to the development of GON, we
shall discuss the clinical conditions leading to an
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unstable OBF. OBF is unstable if either IOP
fluctuates at such a high level or blood pressure
fluctuates at such a low level that it exceeds the
capacity of a normal autoregulation. The same OBF
instability occurs if IOP fluctuates in a normal or
mildly increased range or if blood pressure fluctu-
ates in a normal or mildly decreased range (if
autoregulation is disturbed). Indeed, IOP fluctua-
tion, blood pressure dips, and disturbed autoregu-
lation have all clearly been linked to progression of
damage.

Incidentally, it has been known for decades that
IOP fluctuation is a stronger risk factor than a stable
increase in IOP, both for the progression of
scotomas,88 as well as for the diffuse reduction of
differential light sensitivity in OHT patients.** This
has been confirmed in recent studies.’ Likewise,
blood pressure fluctuation (for example nocturnal
dips) is a more relevant risk factor than a stable low
blood pressure.*! Again, in terms of circulation, the
effect of IOP fluctuating on a high level in subjects
with a normal autoregulation is similar to the effect
of IOP fluctuating in the normal range in a patient
with disturbed autoregulation. Indeed, it has been
demonstrated in several studies that the majority of
patients that progress despite a normal or normal-
ized IOP have an autoregulation that is, on the
average, weaker than in normals or in glaucoma
patients stabilized after IOP reduction.”

The main cause for the disturbed autoregulation
of OBF is the PVD syndrome.”* We will discuss this
syndrome in this context briefly, but a detailed
description is given by Grieshaber et al in this

. =4
issue.*®

THE REGULATION OF OBF

Blood flow in our body is highly regulated in
order to adapt to the local needs. The overall
perfusion is determined by the cardiac output. The
distribution of this cardiac output to the different
organs and parts of the organs is regulated by the
relative resistance to flow—in other words, by the
regulation of the size of the vessels. The size of the
vessels, in turn, is regulated by many different
systems like autonomic innervation, circulating
hormones, and vasoactive factors released by endo-
thelial cells.

Different vascular beds in the eye are regulated
differently. The retinal vessels behave similarly to
brain vessels with the exception that they do not
have any automonic innervation.” The size of the
retinal vessels is regulated by the endothelial cells
compensating, for example, the variation in perfu-
sion pressure (autoregulation), and by the neural
retinal tissue providing adaption to retinal activity
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(the so-called neural vascular coupling). In contrast,
choroidal vessels are regulated by a dense auto-
nomic innervation.*”® Besides providing oxygen to
the deeper layers of the retina, one of the additional
tasks of choroidal blood flow regulation is to keep
temperature in the back of the eye constant.

The circulation in the ONH is somewhat similar
to the circulation in the retina with some anatomical
and physiological particularities: whereas the arte-
rial supply is provided through the ciliary circula-
tion, the venous drainage occurs through the retinal
veins. The prelaminar area has only a few arterioles
and venules, but instead many long capillaries. The
size of the vessels in the ONH, and to some extent
also, the vessels around the ONH, are highly
influenced by circulating hormones diffusing from
the fenestrated choriocapillaries into the ONH and
its surroundings.'*®'%?

Considering this very extended and sophisticated
regulation, it is not surprising that under certain
conditions this regulation may be disturbed. To
describe this situation we introduced the term
vascular dysregulation.®* As mentioned before, blood
flow is regulated to adapt to the blood supply
according to the local needs. These needs include
oxygen supply, detoxification of waste products, but
also adaptation of temperature and volume, and so
forth. Circulatory problems occur if the vessels
themselves are diseased, for example, by inflamma-
tion, artherosclerosis, or thrombosis. But even
anatomically healthy vessels cause problems if given
incorrect information (e.g., from endothelial cells).
This is known as vascular dysregulation.

THE VASCULAR DYSREGULATION SYNDROME

We differentiate between a primary vascular
dysregulation (PVD) and a secondary vascular
dysregulation (SVD).?” Whereas PVD is an inborn
predisposition to respond differently to various
stimuli, an SVD is a local or systemic dysregulation
as a consequence of an underlying disease. A
number of diseases, including autoimmune diseases
such as multiple sclerosis®”?* or rheumatoid arthri-
tis,”* lead to a marked increase of circulating
endothelin. Increased levels of endothelin, in turn,
reduce OBF, but do not interfere with autoregula-
tion. Therefore, SVD reduces baseline OBF without
having a major impact on autoregulation.’* In
contrast, PVD, although only mildly influencing
baseline OBF, has a major impact on autoregulation.
Therefore fluctuating perfusion pressure leads to
a fluctuation of OBF in patients with PVD but less so
in patients with SVD. This explains why PVD is
a major risk factor for GON whereas SVD remains
a minor risk factor.?’
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PVD has an inherited component. Subjects often
indicate that their parents, in particular their
mothers, also suffered from cold hands and other
symptoms. It typically manifests itself first during
puberty and declines with age. In females the
symptoms often mitigate after menopause but can
increase again when patients are treated with
estrogen-replacement therapy.?!

There is no gold standard for the diagnosis of
PVD although cold provocation in nailfold capillar-
omicroscopy is the most often used diagnostic
test.!®* There are, however, many clinical signs that
points towards PVD: these subjects often have cold
extremities like cold hands or feet,”® they tend to
have normal or low body mass index,* the feeling of
thirst is often reduced (they drink because they
know they have to drink and not so much because
they are thirsty),114 they tend to have low blood
pressure especially when they are young,”® and they
more often suffer from migraines than non-PVD
subjects®® (although PVD and migraine are two
distinct entities). PVD subjects have often an altered
drug sensitivity due to differential expression of
ABC transporter proteins.'>’ The sensitivity for
certain groups of drugs such as calcium channel
blockers and systemic beta-blockers is increased.
This means that they require lower doses of these
drugs to achieve the same effects and to avoid side
effects. Sensitivity is normal or rather decreased for
certain other drugs such as painkillers. PVD patients
have a good sense of smell. They have, on average,
a longer sleep-onset time, especially when they are
cold.”” They often have a meticulous personality
and are successful in their professions.*'

In terms of circulation, they respond more strongly
with vasoconstriction to mechanical stress (e.g.,
whiplash trauma), psychological stress, or cold.?”
Unlike others, in PVD patients OBF is correlated with
peripheral circulation, for example, in the ﬁngers.56
In terms of retinal circulation, PVD subjects respond
less to flickering light (neurovascular coupling),48
they have increased spatial irregularities,’” and the
have fast pulse waves, indicating higher stiffness.*
Especially relevant in this context is the fact that in
healthy PVD patients autoregulation is disturbed,** as
is the case in glaucoma patients progressing despite
a normalized IOP.*

We like to emphasize that most people with PVD
are healthy. They do, however, have a higher chance
for certain diseases. This includes the risk of
AION,62 vein occlusions,77 central serous chorior-
etinopathy,'”” Susac syndrome,? and glaucoma.**?!

Why does PVD occur more often in women than
men? The fact that the symptom manifests in
puberty and decreases with age indicates that
hormones, in particular estrogens, play a role. This
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explains why the syndrome can aggravate when
estrogen is substituted after menopause.”' Men with
PVD tend to more often suffer from serous
chorioretinopathy. Most probably testosterone plays
a role for this manifestation.**

THE LINK BETWEEN PVD AND OTHER RISK
FACTORS FOR GON

Considering PVD as a risk factor for GON
explains why women suffer more often from NTG
than men”! (women are more likely to be disposed
to PVD); why migraine is a risk factor for GON?’
(patients suffering from PVD also suffer more often
from migrainessQ); why Japanese or Koreans more
often suffer from NTG,'""" (Japanese and Koreans
suffer significantly more often from PVD7’79).

The observation that PVD is also a main cause for
splinter hemorrhages*® at the border of the ONH
explains why ONH hemorrhages occur more often
in NTG than in HTG patients,66 and more often in
women than in men. The role of PVD also explains
why certain patients with a low blood pressure
acquire damage whereas others do not.*” If systemic
hypotension is due to a failure of the autonomic
nervous system (for example in patients with Shy-
Drager syndrome or in patients with diabetic
polyneuropathy), the autoregulation is still func-
tioning and therefore compensates for low perfu-
sion pressure. If, however, low BP is due to PVD, the
same subjects also suffer from a disturbed autor-
egulation rendering them sensitive to a drop in
perfusion pressure. The main cause of low blood
pressure in PVD subjects is an increased loss of salt
in the proximal tubuli of the kidney due to a mild
stimulation of the endothelin B-receptors.”

Considering PVD as a risk factor for GON, we can
also explain why glaucoma patients(in particular,
NTG patients) suffer more often from silent myocar-
dial ischemia than healthy controls.''® PVD is,
namely, also a cause for silent myocardial ischemia.

In summary, the hypothesis of PVD being a risk
factor for GON explains why and how a number of
other risk factors play a role.

REPERFUSION DAMAGE

A marked reduction of blood supply to an organ
leads to an infarction. This can also occur in the eye
(including the ONH), as in any other organ. This can
be due to an inflammation of blood vessels, or due to
artherosclerosis. If blood flow reduction is less
extensive and reversible a so-called reperfusion injury
(RI) occurs. RIrefers to damage to tissues caused when
blood supply returns to the tissue after a period of
ischemia. The absence of oxygen and nutrients from
tissue creates a condition in which the restoration of
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circulation results in inflammation and oxidative
damage rather than restoration of normal function.
In a major RI (as it can occur, for example, in organ
transplantation), a major inflammatory response and
tissue damage occurs. White blood cells carried to the
area by the newly returning blood release numerous
inflammatory factors including interleukins or free
radicals in response to tissue damage. The restored
blood flow re-introducing oxygen thereby damages
proteins, lipids, and the plasma membrane. The
damage to the cells, in turn, causes the release of
more free radicals. In prolonged ischemia hypoxan-
thin is formed as a result of the breakdown of ATP and
the enzyme xanthine dehydrogenase is converted to
xanthine oxidase. This also results in molecular
oxygen being converted to the highly reactive super-
oxide and hydroxyl radicals.”>%*

Unlike these major events, the RI in glaucoma
patients and especially in the ONH is very mild but
occurs repeatedly.'” In addition, the CNS lacks
xanthine oxidase. The major source of the oxidative
stress in reperfusion, therefore, stems from the
mitochondondria, which are very crowded in the
ONH due to high energy consumption in these
nerve fibers lacking myelin sheaths.” The assump-
tion of RI being involved in the pathogenesis also
explains why sleep apnea,® or reversible shock-like
states,“’ can lead to GON.

In summary, the instability of OBF leads to a mild,
but repeated, RI increasing the oxidative stress,
particularly in the ONH with consequences
described subsequently.

THE ROLE OF OXIDATIVE STRESS

The production of reactive oxygen species (ROS)
higher than the capacity to cope with them leads to
a so-called oxidative stress. Oxidative stress is involved
in both inflammatory and degenerative diseases in-
cluding glaucoma. The corresponding knowledge,''”
as well as the potential therapeutic consequences,
have recently been reviewed. We therefore focus on the
question whether the effect of oxidative stress can be
demonstrated and measured in glaucoma patients.

We cannot separate the physiology or the patho-
physiology of an organ such as the eye from the rest
of the body.”” Glaucoma therefore can be consid-
ered as a sick eye in a more or less sick body. It is
therefore feasible to also observe changes in the
blood of glaucoma patients®”'*® that might
ultimately be used as biomarkers.”

83
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LYMPHOCYTES AS BIOMARKERS

To test our hypothesis of an oxidative stress due to
RI we analyzed the gene expression of lymphocytes
of glaucoma patients.
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Why lymphocytes?

It has been shown that lymphocytes change gene
expression in brain injury,'® or in neurodegenera-
tive diseases such as Alzheimer disease.’” In addi-
tion, astrocytes of glaucoma patients express MHC-II
complexes, indicating that there might be some
communication between astrocytes and the immune
system.'® In addition, during reperfusion the
communication between lymphocytes and the cor-
responding endothelial cells is intensified.”®

As a proof of principle we analyzed the expression
of the neural thread protein (NTP) genes. The NTP
is produced during embryology to guide the growth
of axons. It is therefore only minimally expressed in
adults. If however, in experimental animals axons in
the CNS are cut, the lymphocytes produce NTP.
Interestingly, this is also the case in glaucoma
patients.” Based on this observation we used
lymphocytes to test whether the pattern of changes
of gene expression confirms the assumption of an
oxidative stress. If oxidative stress does occur (due
to RI) we would expect increased number of DNA
breaks, an upregulation of ET-1, an upregulation of
MMP-9, and increased activity of proteosomes. This
is indeed the case.

DNA breaks can be measured with comet assay
analysis. This analysis revealed an increase in DNA
breaks in glaucoma patients.®”

The oxidative stress also leads to an unspecific
increase in ET-1. Indeed several (but not all)®®
studies have demonstrated an increase in ET,
especially in patients that progress despite normal-
ized IOP."

MMP-2 and MMP-9 are upregulated in the ONH
of glaucoma patients.” We have demonstrated an
upregulation of MMP-9 even in circulating lympho-
cytes.”® The upregulation of MMP-9 not only fits the
hypothesis of RI, but is also explains important parts
of the pathogenetic process.

In oxidative stress all kinds of macromolecules are
attacked, including proteins. Unlike damaged DNA,
damaged proteins cannot be repaired. Nature has
developed sophisticated methods to eliminate dam-
aged intracellular proteins. These proteins are first
marked by ubiquitin and then pulled electrostati-
cally into the proteosomes where they are cut in
pieces, which are then recycled. The activity of the
proteosomes gives an indirect measure of proteins
damaged. Indeed, the expression of 20S proteo-
some alpha subunit is upregulated in glaucoma,'*°
further supporting the hypothesis of an oxidative
stress.

In summary, the changes observed in lymphocytes
of glaucoma patients clearly support the hypothesis
of an increased oxidative stress most likely due to
a mild repeated RI.
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THE ROLE OF METALLOPROTEINASES

Metalloproteinases (MMPs) are enzymes that
digest extracellular matrix. Because they contain
a metal atom (mostly zinc) in their active center,
they are called MMPs. Extracellular matrix is
subjected to a permanent turn-over. Such a turn-
over is markedly increased during embryology but
also in many physiological and pathophysiological
conditions. MMP-2 and MMP-9 are upregulated in
the astrocytes of the ONH of glaucoma patients and,
as described previously, MMP-9 is produced by
lymphocytes of glaucoma patients. MMPs, in partic-
ular MMP-9, are involved in many processes relevant
for glaucoma.

MMP-9 is a prerequisite for apoptosis of retinal
ganglion cells.”” In MMP-9 knock-out mice,'” as well
as in animals in which MMP-9 is pharmacologically
inhibited, the retinal ganglion cells do not die by
apoptosis.74 Furthermore, MMP-9 is involved in
tissue remodeling of the ONH and thereby contrib-
utes to the change of the shape of the lamina
cribrosa.”” MMP-9 is also involved in the breakdown
of the blood-brain barrier of the ONH that in
extreme cases may lead to splinter hemorrhages.*

As described previously, the cause of MMP-9
upregulation most probably is the oxidative stress
due to RI. The fact that MMP-9 is also increased in
patients with sleep apnea,''® which may also be
a risk factor for GON, supports this hypothesis.
Interestingly, MMP-9 is also increased in patients
with floppy eyelid syndrome, which, in turn, can be
a consequence of sleep apnea.”>'’® Floppy eyelid
syndrome has been described as a risk factor for
NTG and occurs more often in patients with sleep
apnea.l Efficient treatment of sleep apnea reduces
MMP-9 and leads to some reversibility of floppy
eyelid syndrome.

MMPs potentially also influence corneal thick-
ness. Thin cornea seems to be a risk factor for
GON.® Interestingly, it has been reported that
glaucoma patients with thin cornea have signifi-
cantly more vascular risk factors than patients with
a thick cornea.'*

The Pathogenetic Concept of GON

Among others, there are two major pathogenetic
components: damage to the axons and the activa-
tion of the astrocytes (Fig. 4).

Mechanical stress (e.g., by an increase in IOP)
activates astrocytes by stimulating the epidermal
growth factor receptor (EGFR)."! Astrocytes, how-
ever, are also activated by endothelin, which is
upregulated as a consequence of cell stress—for
example, by RI
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Pathogenetic concept of GON
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vascular
dysregulation BPI~ IOPA~ /|0PI /\/\
disturbed ‘ unstable activation of
autoregulation OBF astrocytes
sleep apnoea —— reperfusion NOS-21
0, NO“t
ET-11 ONOO™ MMP's {
| apoptosis | | tissue remodeling ‘

Fig. 4. Simplified pathogenetic concept of glaucomatous
optic neuropathy. Unstable ocular perfusion leads to
a reperfusion damage in the axons. In parallel the glial
cells are activated leading to an altered micro-environ-
ment.

The major insult to the axons is brought about by
RI, which is the consequence of an unstable oxygen
supply (due to unstable ocular perfusion). The
ocular perfusion is unstable if either the IOP
fluctuates at a high level (HTG) or even due to
IOP fluctuating in the normal range in cases with
a disturbed autoregulation. The main cause for
a disturbed autoregulation is a systemic PVD. Blood
pressure fluctuation can also lead to unstable ocular
perfusion, especially when combined with disturbed
autoregulation. This is the case when low blood
pressure is due to PVD.

The activation of the astrocytes alters the local
microenvironment in the ONH and its surround-
ings. This also includes a high level of endothelin,
which not only can further reduce circulation but
also interferes with axonal transport.''® The upre-
gulation of NOS-2 leads to an increase in NO
concentration. NO is a small free radical that can

IONOO' diffuses within the axons|

Fig. 5. The simultaneous increase of NO and Oy™ leads to
the formation of peroxynitrite.* This may diffuse both
into the retina and into the lateral geniculate nucleus.
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easily diffuse to neighboring cells. Nevertheless due
to the very short halflife the effect is limited to
neighboring cells. NO itself is not damaging. If,
however, NO also reaches the axons where there is
a high concentration of superoxide radicals (Oy™)
as a result of RI, it leads to the formation of
peroxynitirte (ONOO™).%>®® Both superoxide and
peroxynitrite are trapped within the axons, and they
can, however, diffuse along the axons both towards
the retina and towards the lateral gniculate nucleus
inducing apoptosis of neural cells (Fig. 5). The
nitrosylation of SH-groups, even in the lateral
geniculate nucleus indicates, that indeed, peroxyni-
trite plays a role.”

In parallel to the loss of retinal ganglion cells and
their axons, tissue remodeling takes place, which is
not only a consequence of mechanical forces, but
also of an active biological process including the
effect of MMPs.

The diffusion of endothelin and MMP-9 (which
both occur in increased concentration in the circu-
lating blood), diffuses from the choroid into the
surrounding of the ONH leading to both vasocon-
striction'?? and weakening of the blood-brain barrier,
which in extreme situations even leads to small
splinter hemorrhages.*® A peripapillary atrophy
facilitates the diffusion of ET and MMP, explaining
the correlation with the frequency of hemorrhages.' '’

Mechanical stress,l?’?’ but even more the RI,99
leads to activation of astrocytes and Miiller cells also
in the retina, a phenomenon that can be seen
clinically.*?

Risk factors such as PVD are often present
decades before GON develops. How can this be
explained? An unstable OBF leads to an increased
production of ROS. Young people, however, can
cope with this well. If ROS production exceeds this
capacity, however, oxidative stress damages different
molecules. As long as nature is capable of repairing
damaged molecules (e.g., DNA) or eliminating
damaged molecules (proteins via proteosomes) no
major structural damage occurs. But if oxidative
stress exceeds the capacity of repair mechanisms,
structural damage sums up and leads, finally, to
a clinically relevant damage that we call a disease,
such as glaucoma.

Understanding these different pathophysiological
components may lead to new additional therapeut-
ical options, which are discussed by Mozaffarieh et al
in this issue.®

Method of Literature Search

A systematic search of the Medline database using
the PubMed Web site for the years 1966 through
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January 2007 was conducted using the following key

words:

POAG, pathogenesis, glaucoma, vasospasm,

vascular dysregulation, autoregulation, ischemia, endothe-
lin, glaucomatous optic neuropathy, glial cells, tissue
remodeling, ocular blood flow, risk factors, trabecular
meshwork, primary vascular dysregulation, mnitric oxide
synthase, secondary vascular dysregulation, reperfusion
damage, oxidative stress, free radicals, migraines, perfu-
sion pressure, metalloproteinase. All articles read were in
English and German, and when articles in other
languages were of relevance, their abstracts in
English were read. The Old Medline was searched
for articles published between 1953 and 1965 using
the same keywords.
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