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Abstract

Glaucoma is a group of diseases involving the optic nerve and associated structures, which is characterized by
progressive visual field loss and typical changes of the optic nerve head (ONH). The only known treatment of
the disease is reduction of intraocular pressure (IOP), which has been shown to reduce glaucoma progression in
a variety of large-scale clinical trials. Nowadays, a relatively wide array of topical antiglaucoma drugs is
available, including prostaglandin analogues, carbonic anhydrase inhibitors, beta-receptor antagonists, adren-
ergic agonists, and parasympathomimetics. In clinical routine, this allows for individualized treatment taking
risk factors, efficacy, and safety into account. A major challenge is related to adherence to therapy. Sustained
release devices may help minimize this problem but are not yet available for clinical routine use. Another hope
arises from non-IOP-related treatment concepts. In recent years, much knowledge has been gained regarding the
molecular mechanisms that underlie the disease process in glaucoma. This also strengthens the hope that
glaucoma therapy beyond IOP lowering will become available. Implementing this concept with clinical trials
remains, however, a challenge.

Background

Glaucoma refers to a group of multifactorial optical
neuropathies associated with progressive loss of retinal

ganglion cells (RGCs), leading to a characteristic pattern of
visual field loss.1 Although there is general agreement that
increased intraocular pressure (IOP) is the most important
risk factor for onset and progression of the disease, it is, by
far, not the only risk factor.2 IOP reduction remains the
mainstay of glaucoma therapy. The review gives an over-
view of the current status of pharmacotherapy of glaucoma,
a short outlook on future therapies on the horizon and dis-
cusses some of the challenges in translating such strategies
into clinical application.

Physiology of aqueous humor production
and outflow

IOP is regulated through the inflow and outflow of aqueous
humor in the eye. The rate of aqueous humor turnover was
measured to be 2.4 – 0.6mL/min in the adult eye.3 The aqueous
humor is produced by the epithelium of the ciliary body. It
contains electrolytes, proteins, cytokines, organic solutes, and
growth factors to nourish the avascular tissue of the anterior
chamber.4 Most proteins are released through active secre-
tion.5 Na+ is released by epithelial cells of the ciliary body via

membrane Na+ /K+ ATPases, and chloride reaches the aque-
ous humor via Cl- channels.6 Carbonic anhydrase forms bi-
carbonate (HCO3

- ), which is also a major component of the
aqueous humor.5 The resulting osmotic gradient leads to water
transport through aquaporines 1 and 4.5,7

To reach the posterior chamber, aqueous humor has to
traverse the tissue components of the ciliary processes—the
capillary wall, stroma, and epithelial bilayer.5 Aqueous
humor then flows around the lens and through the pupil into
the anterior chamber. Within the anterior chamber, a tem-
perature gradient creates convective flow toward the cor-
nea.8 A schematic illustration of aqueous humor dynamics is
shown in Fig. 1. The major drainage pathway of aqueous
humor out of the eye is via the trabecular meshwork into the
Schlemm’s canal (conventional pathway).9 The trabecular
meshwork consists of laminar beams with a core of col-
lagenous and elastic fibers covered by flat cells.9 It is porous
and acts as a filter that drains aqueous humor passively when
a certain IOP level is reached.9 Aqueous humor then reaches
the Schlemm’s canal, a specialized vessel that may consti-
tute a main source of resistance to flow within its inner
wall.10 Endothelial cells of the inner wall of Schlemm’s
canal are attached to one another through tight junctions,
comparable to blood vessels. In contrast, the epithelial cells
are attached to a discontinuous basement membrane, which
is usually found in lymphatic vessels.10 A unique feature of

1Department of Clinical Pharmacology and 2Center for Medical Physics and Biomedical Engineering, Medical University of Vienna,
Vienna, Austria.

3Department of Ophthalmology, Emergency University Hospital, Bucharest, Romania.

JOURNAL OF OCULAR PHARMACOLOGY AND THERAPEUTICS
Volume 31, Number 2, 2015
ª Mary Ann Liebert, Inc.
DOI: 10.1089/jop.2014.0067

63



the endothelium of the inner wall is the presence of so-
called giant vacuoles, which have been found to be out-
pouchings of the endothelium into Schlemm’s canal.10

These vacuoles show a large opening on the side faced to-
ward the meshwork and in some of them also a distal
opening (pore) into Schlemm’s canal is present. The juxta-
canalicular connective tissue consists of typical matrix
components such as collagens, elastin, laminin, fibronectin,
and glycosaminoglycans and is relatively loose.10 From
Schlemm’s canal, approximately 30 collector channels build
anastomoses with the aqueous veins that finally drain
aqueous humor into the systemic circulatory system.10,11

The main site of outflow resistance is in the juxtacanali-
cular tissue region.12 Whether this resistance is primarily
due to trabecular meshwork cells and their extracellular
matrix or the inner wall of Schlemm’s canal is not fully
established. Endothelial cells lining the inner wall of
Schlemm’s canal share some similarities with vascular and
lymphatic endothelial cells, but the forces experienced by
the Schlemm’s canal endothelial cells through the aqueous
humor flow are rather comparable to those in lymphatic
endothelial cells than those in blood vessels.13 It has been
hypothesized that interactions between Schlemm’s canal
endothelial cells and juxtacanalicular tissue are responsible
for outflow resistance, but experimental evidence for this
hypothesis is currently lacking.13

A small amount of aqueous humor leaves the eye via the
uveoscleral route (unconventional pathway).14 In contrast to
the trabecular pathway, uveoscleral outflow is relatively
independent from IOP levels.14 As shown in Fig. 1, aqueous
humor passes between the ciliary muscle bundles into su-
praciliary and suprachoroidal spaces.15 From there it is
further drained into the sclera from which it is then returned
to systemic circulation via lymphatic vessels outside of the
eye.15 A recent study identified distinct lymphatic channels
in the human ciliary body, which seem to constitute a

uveolymphatic pathway, because fluid and solutes flow, at
least partially, through this system.16 In a sheep model, the
relative contribution of lymphatic drainage was quantified17

and a recent study has shown that this pathway of outflow is
increased by latanoprost.18 In addition, it was shown that
prospero homeobox protein 1, the master control gene for
lymphatic development, is also expressed in Schlemm’s
canal.19

Pathophysiology of glaucoma

Increase in ocular pressure. The most important risk
factor for glaucoma is elevated IOP. Still, not all patients
with increased IOP develop glaucoma (ocular hypertensives,
OHT) and not all patients with glaucoma have high IOP
values (normal tension glaucoma, NTG). Nevertheless, there
is evidence that increased IOP plays an important role in
glaucoma pathogenesis from both clinical trials20 and basic
research.9,12 The latter is related to experiments indicating
trabecular meshwork dysfunction in primary open-angle
glaucoma (POAG). It is nowadays generally accepted that
POAG patients with increased IOP have elevated conven-
tional outflow resistance.

In glaucoma, the trabecular meshwork shows consider-
able changes that are associated with the increase in outflow
resistance. The meshworks from POAG patients show lower
cellularity as compared with healthy controls.21 In both
groups, loss of cells occurs gradually with age by which the
inner tissues are more affected than the outer tissues. In
untreated POAG patients, a variety of disease-related
changes were observed in trabecular meshwork specimens,
including thickened trabeculae, increased amounts of plaque
material deposited within the cribriform layer, and abun-
dance of long spacing collagen.22 These changes appear to
be closely related to the disease process, because there is a
negative correlation between the sheath-derived plaque
material and axon counts.23 The mechanisms that trigger
changes in the trabecular meshwork in glaucoma are not
well described. A molecule that appears to play an important
role in the trabecular meshwork changes in glaucoma is
transforming growth factor-b2, which also may be involved
in some of the glaucomatous processes at the posterior pole
of the eye, including impairment of axonal transport and
neurotrophic supply.24 Another mechanism that is related to
loss of cells, increased accumulation of extracellular matrix
proteins, changes in the cytoskeleton, cellular senescence,
and the process of subclinical inflammation in the trabecular
meshwork is oxidative stress.25 It has also been speculated
that a hypoxic environment in glaucoma may induce aber-
rant epigenetic mechanisms that contribute to extracellular
matrix change in the trabecular meshwork.26

Vascular aspects. Elevated IOP is the most important
risk factor for glaucoma, but evidence has also accumulated
that vascular factors are involved.1 The vascular theory is
based on the assumption that reduced perfusion caused by
either elevated IOP and low ocular perfusion pressure (OPP)
or vascular dysregulation leads to glaucomatous damage.1,27

Vascular factors may contribute to the glaucomatous dam-
age in 2 ways. On the one hand, reduced blood flow at the
postlaminar and laminar structures may contribute at the
primary site of damage. On the other hand, reduced retinal
blood flow and abnormal retinal blood flow regulation in

FIG. 1. Schematic illustration of aqueous humor dynam-
ics. Aqueous humor is produced by the epithelium of the
ciliary body (A) and flows into the anterior chamber through
the pupil. Most of it then leaves the anterior chamber via the
trabecular meshwork into the Schlemm’s canal (B). Some
aqueous humor also leaves the eye through the iris root
(uveoscleral outflow, C).
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the retina may play a role in the processes that lead to RGC
death.1 Several studies have, indeed, shown that glaucoma
comes with compromised ocular blood flow. Choroidal,
retinal, and ONH blood flow have been found to be reduced
in patients with glaucoma compared with healthy con-
trols.28–30 In addition, also autoregulation of ocular blood
flow appears to be disturbed in this group of patients.30–32

Autoregulation is defined as the capability of a vascular bed
to keep its blood flow constant despite changes in OPP.33

Large-scale studies also found low OPP, which can be es-
timated as the difference between mean arterial blood
pressure and IOP, as a risk factor for the onset and pro-
gression of glaucoma.1,33–36 Since the interrelation between
OPP, ocular blood flow, and glaucoma is beyond the scope
of this review, the reader is referred to some recently pub-
lished work on this topic and the involvement in glaucoma
pathogenesis.1,33,37–40

Therapeutic Strategies

IOP lowering

The next chapter will summarize the most important
mechanisms of action of well-established anti-glaucoma drugs.
Figure 2 illustrates the influence of different substances on
aqueous humor dynamics.

Topical therapies

Adrenergic agonists. Adrenergic agonists stimulate alpha
and/or beta receptors and provoke release of norepineph-
rine,41 the principal neurotransmitter of the adrenergic sys-
tem. The history of adrenergic agonists is long dating back to
the early 20th century when epinephrine was introduced to-
ward dipivalyl epinephrine, clonidine, and apraclonidine.42

Nowadays, the selective alpha-2 receptor agonist brimonidine
is the most important representative.43 Activation of alpha-2
receptors leads to vasoconstriction in the ciliary body asso-
ciated with a decrease in aqueous humor production, but this
effect is lost within a treatment period of 1 month.44 After that
period, the effects of brimonidine on uveoscleral outflow
predominate, increasing outflow by contraction of the ciliary
muscle.44 The IOP-lowering potential of brimonidine is

approximately 20%–25% from baseline.45 Although bri-
monidine is better tolerated than previous drugs in this class,
it still exerts side effects, including contact dermatitis, oc-
ular irritation, anterior uveitis, and hyperemia as well as
fatigue, dizziness, and hypotension.43

In addition to the IOP-lowering potential, adrenergic ag-
onists seem to have neuroprotective properties and alpha-2
receptors have been found to be present in RGCs.46 In a rat
model where transient ischemia was induced, brimonidine
significantly reduced RGC loss.47 In another study also
carried out in rats, administration of brimonidine before
inducing ischemia not only decreased RGC death but also
sustained retrograde axonal transport.48 This neuroprotec-
tive effect seems to be independent of the IOP-lowering
effect, as it significantly reduced RGC loss in a rat glaucoma
model after intravitreal administration, even though no
effect on IOP was observed in comparison to topically ad-
ministered latanoprost or control.49 The mechanisms un-
derlying the neuroprotective effects of brimonidine are not
entirely clear, and several hypotheses were formulated.
There is evidence from both in vitro and in vivo models that
neuroprotection by alpha-2 receptor agonists is mediated via
modulation of excitatory amino acid receptors to inhibit
glutamate excitotoxicity.50 In addition, the neuroprotective
actions of brimonidine may be caused by an upregulation of
neurotrophic factors.49

One multi-center study compared the effects of brimo-
nidine with those of timolol in NTG patients (Low-pressure
Glaucoma Treatment Study, LoGTS). The primary outcome
of the trial was visual field progression after a 4 year ob-
servation period. However, more than 40% of the patients
did not complete the follow up with a higher drop-out rate
being found in the brimonidine group compared with the
timolol group. In the remaining patients, treatment with
brimonidine showed less visual field progression than with
timolol although both drugs reduced IOP to a comparable
level.51 The study, however, has several limitations, because
no information on visual field progression in the drop-outs is
available and the rate of visual field loss in the timolol-
treated group is higher than reported in other comparable
studies.52

Beta-receptor antagonists. Beta receptors are expressed
throughout the eye, and their antagonists reduce aqueous
humor production in the ciliary body by decreasing intra-
cellular cAMP concentration.53 Timolol was the first drug
that came into the market and was for many years the most
frequently used anti-glaucoma drug. Later, other beta-
receptor antagonists with slightly different pharmacological
properties such as betaxolol, carteolol, metipranolol, and
levobutaxolol became available.54 The IOP-lowering po-
tential of beta-receptor antagonists has been described to be
between 20% and 25% from the initial values.45

Even though topical beta-receptor antagonists are generally
well tolerated, they can induce severe systemic side effects
caused by the underlying mechanism of beta-receptor
blockade and are, therefore, contraindicated in some diseases.
Nonspecific beta-receptor antagonists must not be prescribed
to patients suffering from asthma bronchiale, decompensated
chronic heart failure, symptomatic bradycardia or heart block,
and history of syncope without diagnosis.55 As such, betax-
olol, which pharmacologically differs from the other repre-
sentatives of this class of drugs, because it exerts higher

FIG. 2. Influence of different substances on aqueous hu-
mor dynamics. Intraocular pressure (IOP) is determined by the
inflow and outflow of aqueous humor in the eye. Glaucoma
medications therefore either reduce aqueous humor pro-
duction or increase trabecular or uveoscleral outflow.
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selectivity for the beta-1 receptor, was developed to be as-
sociated with the hope of equal IOP-lowering efficacy and
improved pulmonary and cardiovascular risk profile.

Beta-receptor antagonists may have some neuroprotective
potential, but the clinical relevance of this effect remains
unclear. Timolol, metipranolol, and betaxolol were able to
attenuate the effects of experimentally induced ischemia/
reperfusion (I/R) injury to the rat retina, with betaxolol
being more potent than the other dugs.56 Timolol also pro-
tected RGCs in an experimental model of glaucoma in rats
in vivo, but in such experiments it is difficult to separate the
IOP-lowering effect of the drug from direct neuroprotective
effects.57 Betaxolol appears to mediate its neuroprotective
effect not via a receptor-mediated mechanism but prevents
excessive influx of Ca2 + and Na + ions into neurons, in
response to different injuries.58 A recent review focused on
the question whether this direct neuroprotective effect of the
drug along with its favorable effect on ocular hemody-
namics could translate into preservation of visual fields in
glaucoma.53 Indeed, the authors cite several smaller-scale
clinical trials that indicate that betaxolol is less potent in
reducing IOP than timolol, but at least as good as timolol in
preserving visual fields. Such analysis may, however, be
hampered by a publication bias and in the absence of any
large-scale trials a clinically relevant neuroprotective effect
of betaxolol cannot be considered as proven.

Carbonic anhydrase inhibitors. As stated earlier, car-
bonic anhydrase is important for aqueous humor production,
as through its formation of Na + and HCO3

- ions water can
enter ciliary epithelial cells. Topical carbonic anhydrase
inhibitors, therefore, reduce aqueous humor formation.59

Brinzolamide and dorzolamide are currently approved for
reducing IOP and provide an efficacy between 15% and
20% from the initial value.45 Topical carbonic anhydrase
inhibitors are sulfonamides and special attention should be
paid to possible hypersensitivities, as allergic reactions can
occur manifesting as urticaria, angioedema, or pruritus.45

Other common side effects are ocular burning, stinging,
bitter taste, superficial punctuate keratitis, blurred vision,
tearing, headache, aesthesia, dizziness, paresthesia, and
transient myopia.45 In patients with low corneal endothelial
cell count, corneal edema can occur.45

Inhibition of carbonic anhydrase exerts potent vasodilator
effects in the brain60–62 and, as such, hemodynamic effects
of topical dorzolamide and brinzolamide have been exten-
sively studied. Brinzolamide as well as dorzolamide have
also been found to increase ONH, choroidal and retinal
blood flow in patients with glaucoma and experimental
animals in several studies.63–67 One study indicated that
treatment with dorzolamide normalizes retinal blood flow
regulation in patients with glaucoma.68 This is in agreement
with data showing that a 6-month treatment with dorzola-
mide normalizes the ocular pressure/flow relationship.69

This effect was, however, also seen with timolol and may be
related to the IOP-lowering effect of the drug.33,69

Evidence for a neuroprotective effect of topical dorzola-
mide has been seen in several animal experiments. A study
carried out in an inherited rat glaucoma model found an
upregulation in high mobility group box 1 (HMGB1) ex-
pression and a downregulation in expression of calmodulin
in the glaucomatous retina.70 Both of these changes were
significantly attenuated by topical administration of dorzo-

lamide twice daily for 4 weeks.70 The authors concluded
that this points toward a neuroprotective effect of this agent
independent of its capacity to lower IOP, as HMGB1 seems
to inhibit glial glutamate transport, leading to an increase in
the extracellular glutamate concentration. Glaucoma pa-
tients treated with topical dorzolamide showed less oxida-
tive activity, significantly higher superoxide dismutase
activity, and reduced total antioxidant status in the aqueous
humor compared with untreated patients.71 Still, oxidative
activity was higher and antioxidative capacity was signifi-
cantly lower in both glaucoma groups compared with pa-
tients suffering only from cataract.71 The antioxidative
effect of dorzolamide might be dependent on the presence of
mitochondria in trabecular meshwork cells, because when
they are exposed to hydrogen peroxide, the antioxidant ef-
fect of dorzolamide is maximized in cell fractions contain-
ing intact mitochondria.72

To which degree these effects of topical carbonic anhy-
drase inhibitors transfer into clinically relevant neuropro-
tection is unclear. One randomized controlled study
compared the effects of a 60 month treatment with either
dorzolamide plus timolol versus brinzolamide plus timolol
in 161 patients with POAG. Although both treatment regi-
mens were equally effective in reducing IOP, only the
dorzolamide/timolol combination group showed an increase
in retrobulbar blood velocities associated with a reduced rate
of visual field loss.73 On the other hand, the European
Glaucoma Prevention Study (EGPS) did not find any evi-
dence for a neuroprotective effect of dorzolamide.74 In this
study, the conversion from OHT to POAG was studied.
After 5 years, the mean IOP reduction was 22% in the
dorzolamide group and 19% in the placebo group. The cu-
mulative risk of converting to POAG was similar in both
groups. Concerns were, however, raised about the inter-
pretation of this trial because of a significant regression to
the mean of IOP levels after 6 months of treatment and the
preferential loss to follow-up in patients with higher IOPs.75

Parasympathomimetics. Parasympathomimetics induce
contraction of smooth muscle cells in the ciliary body,
which leads to an increase in aqueous humor outflow by
widening the trabecular meshwork and Schlemm’s canal.54

Pilocarpine is the best-known representative of this group of
antiglaucoma drugs with an IOP-lowering capacity of 20%–
25%.45 The mechanism in patients with angle-closure glau-
coma differs but is not a part of the present review. Other
parasympathomimetics include acetylcholine, physostigmine,
or carbachol. Since parasympathomimetics induce miosis,
pseudomyopia, and a wide array of systemic side effects, they
are not well tolerated by patients and even contraindicated for
individuals younger than 40 years.45 Other contraindications
include uveitis, cataract, or neovascular glaucoma.45 Re-
ported side effects are intestinal cramps, bronchospasm, ret-
inal detachment, ciliary cramps, increased pupilary block, and
several other topical symptoms.45

An in vitro study in retinal neurons of rats found a neu-
roprotective effect of pilocarpine against glutamate-induced
cell death, as well as the property to maintain calcium ho-
meostasis in these neurons.76 Pilocarpine also reduced retinal
I/R damage caused by elevated IOP in vivo in experimental
rats.77 This neuroprotective effect seems to be mediated via
muscarinic M1 receptors, as activation of these receptors
leads to upregulation of NF-E2-related factor-2 (Nrf2), which
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is the key transcription factor of redox homeostasis resulting
in upregulation of oxidant defense genes.78 Pilocarpine sig-
nificantly increased pulsatile ocular blood flow in patients
with untreated OHT in one study.79 In contrast, studies con-
ducted in patients with glaucoma as well as in healthy vol-
unteers found no effect of pilocarpine on the pulsatile
component of ocular blood flow.80,81 There is no study sup-
porting that parasympathomimetics exert any non-IOP-
related neuroprotective effects in glaucoma patients.

Prostaglandin derivatives. Prostaglandins have been
found to increase uveoscleral outflow via binding to Pros-
taglandin F (FP) receptors, which leads to widening of the
ciliary muscle and decompression of the tissue filled spaces
along the ciliary muscle bundles.82 In addition, a reduction
in extracellular matrix along the uveoscleral outflow path-
way has been observed, which again leads to lower resis-
tance.82 Currently available substances include bimatoprost,
latanoprost, tafluprost, and travoprost. They lower IOP by
20%–35% from baseline values.45 Prostaglandin analogues
are usually well tolerated with almost no systemic side ef-
fects.45,59 Common local side effects include conjunctival
hyperemia, burning, stinging, eyelash changes, increased
periocular skin pigmentation, and increased iris pigmenta-
tion. Therefore, unilateral use should be avoided. A few
cases of cystoid macular edema in aphakic and pseudo-
phakic patients have been reported, as well as reactivation
of herpes keratitis and anterior uveitis.45 Still, prostaglan-
din analogues can be considered first-choice antiglaucoma
medications.45

In rat RGC cultures, prostaglandin analogues showed
neuroprotective effects during glutamate exposure as well as
during hypoxia, as less RGCs died in comparison to un-
treated cultures.83 Latanoprost increased RGC survival in a
rat model of glaucoma.49 In an inherited glaucoma model
in rats, travoprost showed neuroprotective potential by up-
regulation of calmodulin and downregulation of HMGB1.70

An in vitro study found less Ca2 + influx in RGCs when
exposed to glutamate as well as less apoptotic cells when co-
treated with tafluprost.84 Tafluprost also reduced the number
of apoptotic RGCs and increased the number of surviving
RGCs after optic nerve crush in experimental rats.84 The
mechanism behind the potential neuroprotective capacity of
prostaglandins is not fully understood. The neuroprotective
effect of latanoprost seems to be at least partially mediated by
the pro-survival p44/p42 mitogen-activated protein kinase
(MAPK).84,85 In contrast, bimatoprost seems to prevent from
RGC loss via the Akt pathway. Stimulation of the FP receptor
by bimatoprost leads to activation of the PI3K/Akt pathway,
which not only has a prosurvival effect but also initiates the
proapoptotic Raf/MEK/ERK pathway. Activated Akt, how-
ever, inhibits Raf phosphorilation and therefore seems to
interrupt this pathway.86 Unoprostone, a prostanoid and syn-
thetic docosanoid, seems to be neuroprotective via activation
of big potassium channels (BK) which prevents Ca2 + dys-
regulation as induced by glutamate excitotoxicity that can
result in RGC death.87

Prostaglandin analogues have been found to increase
ONH and retinal blood flow in humans as well as in ex-
perimental animals.88–91 In a study in healthy volunteers, 2-
week administration of topical latanoprost also improved
choroidal blood flow regulation during both, an experi-
mental increase and decrease in OPP compared with pla-

cebo, but this effect is most likely related to the ocular
hypotensive effect of the drug.92

Until recently, no clinical outcome data were available
for any of the prostaglandin analogues, because most of the
large-scale clinical outcome trials were started before this
class of antiglaucoma drugs became commercially avail-
able. A recent study, however, the United Kingdom Glau-
coma Treatment Study (UKGTS), tested the hypothesis that
treatment with a topical latanoprost, compared with pla-
cebo, reduces the frequency of visual field deterioration
events in POAG patients over a 2-year period.93 Indeed,
this study showed a significantly reduced visual field pro-
gression in the group treated with latanoprost.94 This effect
can be most likely explained by the significant difference
between the IOP-lowering effect in the 2 groups amounting
to 4.5 mmHg in the latanoprost group and 0.6 mmHg in the
placebo group.

Do topical antiglaucoma drugs offer non-IOP-lowering
effects? As mentioned in the previous sections, a wide
variety of studies focused toward non-IOP-related beneficial
effects of topical antiglaucoma drugs. Animal studies using
topical IOP-lowering drugs have difficulties in differentiat-
ing between IOP-related and non-IOP-related effects. The
same holds true for any study showing increased ocular
perfusion, because it may result from either pharmacological
vasodilatation or the increase in OPP associated with the
decrease in IOP. Although some smaller-scale studies have
indicated that this may translate into visual field preservation,
there is currently no sufficient evidence for a clinically
meaningful neuroprotective effect, a conclusion that has re-
cently also been drawn by a Cochrane Review on this sub-
ject.95 Neuroprotection studies are difficult to perform for
many reasons mentioned later in this review. One additional
concern when comparing IOP-lowering drugs with regard to
their visual field preserving effect arrives from IOP mea-
surement itself, because lowering IOP at a certain time point
does not necessarily result in a comparable 24 h IOP profile.
In addition, one can never exclude that the comparator with
worse visual field preservation has detrimental effects such as
reducing ocular perfusion. In the absence of large-scale head-
to-head clinical trials, there is currently no evidence that one
drug is superior with regard to its neuroprotective potential
while having the same ocular hypotensive effect, but we can
also not exclude that it is the case.96

Systemic therapies

Carbonic anhydrase inhibitors. Systemic carbonic an-
hydrase inhibitors, such as acetazolamide, are among the
most effective IOP-lowering agents currently available.97

Oral acetazolamide lowers IOP by about 30% depending on
the administered dose.97 Still, considering the side effects,
systemic carbonic anhydrase inhibitors are only used when
topical therapy is not effective or feasible and only for a
short period of time.45 Systemic side effects include renal
side effects, anaphylactic reactions to sulphonamides, par-
esthesia, hearing dysfunction, tinnitus, loss of appetite,
gastrointestinal symptoms, depression, metabolic acidosis,
and electrolyte imbalance.45

Systemic administration of acetazolamide seems to in-
crease total choroidal blood flow, although not all studies
found such an effect.62,98 One study in healthy volunteers
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found an increase in ONH blood flow after administration of
acetazolamide.99 While retinal blood flow, in general, seems
to increase, blood flow in the peripapillary region of the
retina appears to be reduced after treatment with acetazol-
amide.99,100

Osmotics. Hyperosmotics such as mannitol or glycerol
are potent ocular hypotensive drugs and are used in patients
with acute IOP increase. They are reserved for emergency
treatment or preoperative situations, as these drugs come
with serious side effects such as fluid and electrolyte im-
balance, metabolic acidosis, gastrointestinal symptoms, pe-
ripheral edema, hypotension, or tachycardia. Patients must
be evaluated for their kidney and heart function before ad-
ministration of these agents.45,59

Impact of other systemic medications on the course of the
disease. Systemic calcium channel blockers have been
suggested by some authors as potential therapies for a
subgroup of glaucoma patients, namely patients with NTG
and a predisposition to vasospastic episodes.101,102 Usually
these drugs are given in low doses that have little or no
effect on blood pressure to prevent detrimental effects on
perfusion pressure while inducing local vasodilatation at the
eye. On the other hand, it has been reported that patients
with systemic hypertension that are either treated with cal-
cium channel blockers or angiotensin-converting enzyme
inhibitors are at an increased risk for glaucoma.103 It needs,
however, to be mentioned that the doses of calcium channel
blockers in these reports were much higher than those
usually suggested for glaucoma patients. In another report,
systemic beta-receptor antagonists and nitrates were asso-
ciated with a lower IOP when effects of blood pressure were
factored out.104 In addition, retrospective analysis of patient
data indicate that intake of statins is protective for glauco-
ma.105 In the absence of randomized large-scale trials, it is,
however, difficult to fully explore the impact of systemic
therapies on glaucoma incidence and progression, because a
disease-modifying effect of the underlying disease can never
be ruled out.

Adherence to medication and alternative routes of
administration. Adherence to prescribed medication has
been identified as a major problem in glaucoma. Although
there are strategies to improve adherence to prescribed anti-
glaucoma medications, including simplification of treatment
regimens, reduction of costs, patient education, frequent
physician visits, and pairing medication administration with
specific activities,106 the rate of persistence to therapy after
1 year is considered to be less than 50%.107

Different available topical drugs differ in their fre-
quency of dosing between once and thrice daily. When
multiple drugs are prescribed, this results in complex
treatment schedules that will further reduce adherence to
medication. Use of fixed combinations may partly re-
duce this problem, because of less frequent instillation and
lower exposure to toxic preservatives, thereby reducing the
problem of ocular surface disease.108,109 Until recently, all
fixed combinations included beta-receptor antagonists with
either parasympathomimetics, prostaglandin analogues or
carbonic anhydrase inhibitors. Recently, however, a fixed
combination between brimonidine and brinzolamide entered
the market.110

Additional problems that arise with topical antiglaucoma
drugs relate to their potential toxicity at the ocular surface
particularly when preservatives are added111 and the poor
bioavailability. As such, there is a long-standing search for al-
ternative sustained delivery approaches, including nanoparticle-
based formulations, drug-eluting contact lenses, punctum
inserts, bioadhesive matrices placed in the conjunctival sac,
periocular injections, and surgically implanted drug reservoirs.
A full description of these technologies is beyond the scope of
this article, but the reader is referred to a recent in-depth review
of this topic.112 Obviously such sustained release methods
may reduce the problem of a patient’s adherence to prescribed
medication, improve bioavailability of the drug, and reduce side
effects at the ocular surface. There are, however, still issues with
sustained release systems, including safety and tolerability re-
lated partially to erratic drug release and final burst release.

IOP-lowering therapies under development. Soluble
and membrane guanylate cyclases are important regulators of
IOP.113 Soluble guanylate cyclases are activated by nitric oxide
and generate the secondary signaling molecule cyclic guano-
sine monophosphate, a pathway that has been extensively
studied for its potential to lower IOP.114 Nitric oxide donors
reduce IOP through cell volume and contractility changes
in the conventional outflow tissues. In addition, nitric oxide
plays a key role in regulating ocular blood flow.115 Currently,
nitric oxide donating analogs of prostaglandins are intensively
studied for their ocular hypotensive effect and are under clin-
ical development. A variety of animal studies indicate that the
pharmacologically modified drugs are more efficacious than
their respective prostaglandin counterparts.116–118 Recently, it
was announced that BOL-303259-X, a nitric oxide-donating
latanoprost analogue was superior to latanoprost in reducing
IOP in patients with glaucoma or OHT.119 Prostaglandin an-
alogues can also be modified to release hydrogen sulfide (H2S),
a gas that has antioxidative properties.120 This molecule was
shown to attenuate retinal ischemia and oxidative stress to
RGCs in culture.121

A new way to target aqueous outflow regulation is via actin
cytoskeleton-modulating signals. Among this pathway, the
rho-associated kinase (ROCK) signaling pathway that is ac-
tivated via secreted bioactive molecules or via integrin acti-
vation after extracellular matrix binding has attracted most
interest.122 ROCK inhibitors reduce IOP by directly affecting
the trabecular meshwork and Schlemm’s canal. In addition,
ROCK inhibitors disrupt tight junctions, result in F-actin de-
polymerization, and modulate intracellular calcium level.122

So far, ROCK inhibitors were tested in several clinical trials,
but did not come to the market due to side effects, including
conjunctival hyperemia and subconjunctival hemorrhages.123

ROCK inhibitors may also exert neuroprotective and anti-
inflammatory properties124 and are currently approved in Ja-
pan for neuroprotection in subarachnoid hemorrhage. Another
related approach is the use of latrunculins, which are macro-
lides from sponges inhibiting actin polymerization. Their
ability to reduce IOP is related to an increase in trabecular
meshwork outflow by disrupting the actin cytoskeleton.125,126

The adenosine pathway is another approach that is cur-
rently under investigation for glaucoma therapy. Adenosine
and its agonists reduce IOP by increasing trabecular mesh-
work outflow127 and increase ocular blood flow.128 The
problem with this type of drugs is, however, that they lose
efficacy over time due to tachyphylaxis.
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Other approaches

A general problem with non-IOP-related strategies to
reduce glaucoma progression relates to the problem of
proving efficacy in clinical trials. Reducing IOP with cur-
rently available topical antiglaucoma drugs appears to be
relatively successful in reducing the rates of visual field loss
over time, particularly when adherence to medication is
high. As such, it is not easy to prove an additional incremental
effect of another agent in a clinical trial. Indeed, the only
large-scale trial that tested a non-IOP-related strategy using
memantine produced negative results and the original data
were never published.129 Nevertheless, it has been argued that
it may be possible to perform such trials with optimized de-
signs possibly also employing new endpoints.130 In that re-
gard, improved outcome of retinal function131 as well as
combined structural and functional outcomes may play a role
in the future.132,133

Vascular approaches. Vascular targets for glaucoma
management have been suggested many decades ago, but
implementation of this concept has been proved to be dif-
ficult. A key problem is that no gold standard technique
exists for the measurement of ocular blood flow,134–136 but
recent advances in Doppler optical coherence tomography
may allow for a truly noninvasive quantification as a sur-
rogate for ocular perfusion.1,37,137 OPP appears to be un-
suitable as a treatment target, because no target value can be
defined. In addition, the current practice of IOP lowering
also increases perfusion pressure.

Evidence has also accumulated that glaucoma is not pri-
marily associated with reduced blood flow but rather with
dysregulated perfusion.33,138 The mechanisms of auto-
regulation in the human eye are, however, complex and not
fully explored.139–148 No strategy is currently available to
normalize autoregulation in disease states associated with
abnormal blood flow regulation in response to changes in
perfusion pressure. In addition, the time course of loss of
RGCs and decline in blood flow is not fully established. In
experimental glaucoma, the onset and progression of mi-
crovessel and RGC loss are concomitant.149 The mechanism
of loss of microvessels in glaucoma is unknown and requires
further study.

Neuroprotection. Since the idea of neuroprotection
came up, a lot of hope was associated with this approach.
While a variety of experiments in animal models showed
promising results, it became clearer that the concept of
neuroprotection cannot easily be transferred into clinical
practice, particularly when the limited knowledge on the
pathophysiology of the disease is considered. This problem
is shared with a variety of neurodegenerative diseases in the
brain such as stroke or Alzheimer’s disease. This review is
not intended to give a full overview of neuroprotective
strategies in glaucoma, but rather provides a short overview
of some of the most interesting targets.

Mechanisms for neuroprotection. Neuroprotection is a
term that originally was used in relation to neurodegenera-
tive diseases of the brain describing direct rescue of dying
neurons. Since almost 20 years, this concept has also been
adapted for glaucomatous optic neuropathy. Definition of
the term neuroprotection in glaucoma is not uniform in lit-

erature and has been used for strategies that directly rescue
RGCs by interfering with cell death, that target glaucoma in
a non-IOP-dependent matter or by strategies aimed at pre-
venting axonal loss.150–152 In any definition of neuropro-
tection, one needs to consider that there is an age-related
loss of nerve fibers and RGCs. The variability of this among
healthy subjects in different age groups is not well de-
scribed. Although significant advances have been made in
our understanding of the pathways that lead to RGC death in
glaucoma, no neuroprotective treatment has been shown to
be clinically successful so far. Partially this may be related
to our lack of understanding regarding the primary insult in
glaucoma.

A complete overview of neuroprotective strategies in
glaucoma is beyond the scope of this article, and the reader
is referred to some extensive recent review articles.153–157 In
animal models and in human glaucoma, RGCs die by apo-
ptosis.158,159 The key elements of apoptotic cell death in-
clude chromatin condensation, shrinkage of the cell,
blebbing of plasma membranes, mitochondrial disruption, as
well as DNA fragmentation. Activation of apoptosis can be
initiated either by extrinsic or by intrinsic mechanisms from
cytochrome c release from mitochondria. This activates
initiator caspases and, in turn, effector caspases that initiate
apoptotic protein cleavage. This includes cytoskeletal and
associated proteins such as kinases, members of the Bcl-2
family of apoptosis-related proteins, presenilins, and amy-
loid precursor protein.160 Inhibition of apoptosis by blocking
specific caspases is one approach toward RGC survival in
glaucoma. A number of inhibitors of apoptosis were iden-
tified that exert their function by binding to pro-caspases to
prevent their activation or to activated caspases to block
their activity.161

Excitotoxicity describes the process by which neurons are
killed in response to excessive stimulation by neurotrans-
mitters such as glutamate. This occurs when glutamate re-
ceptors such as the N-methyl-D-aspartate (NMDA) receptor
and the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptor are over-activated by excess release
of glutamate. As a result, high levels of calcium Ca2 + enter
the cell that is associated with activation of enzymes such
as phospholipases, endonucleases, and proteases damaging
the cytoskeleton, membrane, and DNA. Indeed, the idea of
blocking the NMDA receptor has been suggested as a
therapeutic target in many neurodegenerative disorders and
as mentioned earlier, an NMDA receptor blocker was the
only drug that was studied in a Phase III trial in glaucoma.
NMDA receptor antagonists were also employed in a wide
variety of clinical trials in brain disease, but were often as-
sociated with considerable side effects most likely related to
the important physiological functions of NMDA receptors.162

In the brain, doubts have been raised whether so-called
‘‘single-target, single-action’’ agents to target neuronal cells
directly and protect neurons from injurious insults can be
successful.163

Neurotrophic factor deprivation has been hypothesized
to play a key role in RGC death.156 Neurotrophins are
diffusible molecules that promote neuronal survival by
inhibiting apoptotic pathways. Their family includes nerve
growth factor (NGF), brain-derived neurotrophic factor
(BDNF), ciliary neurotrophic factor (CNTF), neurotrophin-
3, and neurotrophin-4/5. Ganglion cells take up BDNF
from their target neuron in the brain, and the neurotrophin
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is transported retrogradely along the axon to the retina. In
experimental glaucoma, obstructed axonal transport of
BDNF and its receptor tyrosine kinase receptor B was re-
ported.164 As such, exogenous supplementation of BDNF
has attracted much interest and was, indeed, successful in a
wide variety of animal models,165–167 but the effect is
temporary. Attempts to achieve prolonged action of neu-
rotrophic factors are currently under investigation, and
phase 2 trials with CNTF are ongoing.

Another strategy relates to protein misfolding describing
the failure to fold into native structure associated with the
production of proteins that either are inactive or have
modified or toxic function. In many neurodegenerative
diseases, amyloid deposits are the result of such protein
misfolding. In recent years, amyloid deposits have also been
implemented in the pathophysiology of glaucoma.168 In-
deed, strong immunoreactivity of amyloid precursor protein
and amyloid-beta was found in DBA/2J glaucomatous
mouse retinas.169 Both in vitro and in vivo studies have
shown that b-secretase inhibitors reduce the rate of RGC
death in different models.170,171 To which degree, however,
protein misfolding is implemented in human glaucoma is
unclear and methods to image b-amyloidosis172 are required
to elucidate how early in the disease process such changes
can be seen. In a mouse model of Alzheimer’s disease,
impairment of endothelium-dependent regulation of neo-
cortical microcirculation occurs before amyloid-b accumu-
lation,173 a mechanism that has been implemented also in
the pathogenesis of POAG.174

The immune system appears to play an important role in
glaucoma pathophysiology175 and is associated with an
extensive production of T-cells. It has been hypothesized
that RGC survival is critically dependent on a balance be-
tween protective and harmful immunity in glaucoma.176

This is related to an inflammatory response and the release
of pro-inflammatory cytokines such as tumor necrosis factor
(TNF)-a. Hence, anti-inflammatory drugs that target TNF-a
have been proposed for glaucoma treatment. Copolymer-1, a
low-affinity synthetic nonencephalitogenic analogue, has
been approved by the authorities for the treatment of mul-
tiple sclerosis and has been shown to be neuroprotective in a
rat model of glaucoma by increasing the number of T-
lymphocytes.177 Another group of proteins that is consis-
tently upregulated in glaucoma is heat shock proteins,176 a
group of highly conserved proteins that play an important
role in cell survival under many conditions. What remains
unclear is whether autoantibodies as observed in glaucoma
are an epiphenomenon or predispose to RGC loss.178

Oxidative stress, which refers to cellular damage caused
by reactive oxygen species (ROS), has been implicated in
glaucoma as well as in other neurodegenerative diseases.
ROS include free radicals, hydrogen peroxide, and singlet
oxygen, and are often the byproducts of oxygen metabolism.
Physiologically, a balance is maintained between the gen-
eration of free radicals and elimination of these free radicals.
The primary source of ROS in the retina are mitochon-
dria.179,180 Oxidative stress has numerous consequences,
including cytotoxicity, alterations in signaling RGC death,
oxidative protein modifications, and glial dysfunction.
Oxidative stress is also implicated in the glaucomatous
immune response, because ROS stimulate the antigen pre-
senting ability of glial cells.176 Reducing oxidative stress
may be achieved either via reduced production of ROS or

via enhanced anti-oxidative capacity. In contrast to age-
related macular degeneration,181 there is, however, little
evidence that the disease process of glaucoma can be altered
by supplementation with high-dose anti-oxidants.

In recent years, much effort was directed toward the
maintenance of normal mitochondrial function in glauco-
ma.182–186 Mitochondria are membrane-bound organelles
that generate most of the cell’s supply of ATP used as an
energy source. A decrease in mitochondrial membrane po-
tential and an increase in membrane permeability appear to
play an important role in RGC apoptosis.180 During RGC
apoptosis, a number of proteins are released into the cytosol,
including cytochrome c, the second mitochondria-derived
activator of caspases, the apoptosis-inducing factor, endo-
nuclease G, and the high-temperature-requirement protein
A2, but the exact role of these factors in RGC death is not
well defined.156 Several targets for improving mitochondrial
function in glaucoma have been identified. The best char-
acterized is Coenzyme Q10, also known as ubiquinone,
which is an oil-soluble, vitamin-like substance that plays a
role in the electron transport chain and participates in aer-
obic cellular respiration. The molecule exists in a com-
pletely oxidized form and a completely reduced form
explaining its functions in the electron transport chain and as
an antioxidant.

Glial cells appear to be affected early in glaucoma and
their role in optic neuropathy has attracted much interest.
Activated ONH astrocytes play an important role in re-
modeling processes.187 Reactive astrocytes in the lamina
lead to cellular hypertrophy, expression of glial fibrillary
acidic protein, and altered gene expression.49 Astrocytes do
not only play a role in maintaining the ONH environment
but also produce neurotoxic molecules such as nitric oxide,
TNF-a, interleukins, or endothelins, which may promote
RGC death. Endothelins are a family of potent vasocon-
strictor peptides that show direct neurotoxic effects medi-
ated via the ETB receptor.188 The vasoconstrictor actions of
endothelins are primarily mediated via the ETA receptor
and, indeed, administration of an ET receptor antago-
nist leads to an increase in ONH blood flow in glaucoma
patients.189

Glial cells also play a major role in regulating ocular
blood flow and the signaling between neurons and blood
vessels.190,191 They appear to be involved in neurovascular
coupling, and arachidonic acid metabolites produced in as-
trocytes have been proposed to be key mediators of neuro-
vascular coupling.192 Indeed, neurovascular coupling in the
retina appears to be disturbed early in glaucoma.190,193,194 In
principle, restoration of neurovascular coupling may be an
attractive approach for glaucoma, but the mechanisms that
lead to its breakdown are poorly understood.

Translation of neuroprotective strategies into clinical
practice. It is nowadays clear that translation of neuropro-
tective strategies into clinical patient care is difficult. Given
that a clinical phase III trial with the NMDA receptor an-
tagonist memantine showed negative results, it is question-
able whether additional large-scale studies will be performed
in near future. A large variety of barriers were identified in
translating animal research into clinical setting in glaucoma
neuroprotection. A key issue in this regard is the lack of
adequate animal models. Currently, many animal models
use IOP values that are far beyond the level of IOP that is
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typically seen in human POAG. In addition, despite several
attempts an adequate animal model for NTG is lacking.
Most animal models employ young animals only, although
age is a major risk factor for the disease.130 The species used
for glaucoma animal models are of critical importance. Use
of primate models is expensive, but other species commonly
used significantly differ in terms of optic nerve anatomy,
ocular blood supply, and, most likely, biomechanical prop-
erties of the ocular tissues.

Another problem relates to the time course of disease. In
humans it typically takes years to develop visual field loss,
and treatment is typically initiated long after the unknown
start of the disease. In animals, the damage occurs within
weeks and the intervention is most often started before
glaucoma is induced. Hence, any neuroprotective effect that
is seen in an animal model of glaucoma may be much less
pronounced when transferred into the human disease. This
problem is even more severe, because in clinical trials pa-
tients are treated with IOP-lowering drugs for ethical rea-
sons and, hence, the progression rate is slowed down. As
such, it becomes more difficult to detect any additional
non-IOP-related effect in clinical trials.195 Another problem
relates to dosing of drugs. Animal studies often lack dose-
response evaluations.130 Moreover, the bioavailability of the
drug at the site of action is usually unknown.

Alternative study designs aimed at eliminating ineffec-
tive interventions from development may be an attractive
goal for neuroprotection research in patients with glauco-
ma.130 Such futility trials for a neuroprotective agent could
be potentially performed in populations of less than 100
participants with a follow-up period of 2 years.130 These
futility trials may also include endpoints other than visual
field testing, particularly imaging endpoints. This would
also help establish imaging endpoints or combined struc-
ture/function endpoints by comparison with visual field
loss.133,196 With the ongoing advances in imaging, such
endpoints may become more feasible, although at the
current stage imaging of single RGCs in humans is not yet
possible.197

Conclusions

Since the introduction of IOP-lowering medications more
than 100 years ago, our abilities to control IOP in glaucoma
patients have improved significantly. Due to their excellent
efficacy and safety profile, prostaglandin analogues have
become the first-line therapy in patients with POAG. Several
new candidates for topical IOP-lowering drugs are currently
under investigation, but their future potential is difficult to
estimate. A major problem with current therapy is adherence
to medication. This may be improved with fixed combina-
tion therapies reducing the frequency of instillation and
providing more sufficient IOP control. Ultimately, sustained
release formulations may, however, be required to improve
this situation. A large variety of such approaches is currently
under development, but safety issues still need to be fully
addressed with such approaches. The idea that glaucoma can
be targeted via non-IOP-dependent strategies is supported
by in vitro and animal data. Currently, however, there is
insufficient evidence to claim that a specific topical anti-
glaucoma drug has clinically relevant neuroprotective
properties in addition to lowering IOP. Moreover, no neu-
roprotective drug has so far been approved for glau-

coma treatment and the only phase 3 study in the field has
produced negative results. Major barriers in translating such
strategies to clinical practice relate not only to the inade-
quacy of currently available animal models but also to the
problems in performing clinical trials. As such, there is a
need to improve our current models of glaucoma, to better
characterize the potential of candidate drugs, including ef-
ficacy and safety in different animal models, drug response
relationship, and pharmacokinetic data, and to validate new
outcome measures for clinical trials such as combined
structure-function endpoints.
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