
Rodent models of glaucoma

Thomas V. Johnson1,2 and Stanislav I. Tomarev1
1 Molecular Mechanisms of Glaucoma Section, Laboratory of Molecular and Developmental Biology,
National Eye Institute, National Institutes of Health, Bethesda, MD, USA
2 Centre for Brain Repair, Department of Clinical Neuroscience, University of Cambridge,
Cambridge, UK

Abstract
Glaucoma is a progressive, age-related optic neuropathy and a leading cause of irreversible blindness
in the world. Animal models of glaucoma are essential to our continued efforts of elucidating the
natural course of the disease and to developing therapeutic interventions to halt or reverse the
progression of the condition. Over the past 10–15 years, rodents have become a popular model
organism in which to study glaucoma, because of their high degree of availability, relatively low
cost, short life-span, and amenability to experimental and genetic manipulation. In this review, we
examine the numerous in vivo and in vitro rodent models of glaucoma, discuss the methods used to
generate them, summarize some of the major findings obtained in these models, and identify
individual strengths and weaknesses for the various systems.

Introduction
Glaucoma is a neurodegenerative disorder that is characterized by the progressive death of
retinal ganglion cells (RGCs) and degeneration of the optic nerve. It is a leading cause of
irreversible blindness in the world,1 resulting in an initial loss of peripheral vision with central
visual defects occurring much later. Like many clinical diseases, it is difficult to study the
pathophysiology of glaucoma in human patients. As such, researchers rely on animal models
which faithfully replicate important aspects of the condition in order to understand disease
mechanisms and to develop new therapies. Of the animal models of glaucoma available, those
based on rodent systems are highly attractive for numerous reasons including their potential
for experimental (including but not limited to genetic) manipulation, short life span, low cost,
and ocular structure and physiology that is relatively comparable to humans.

A wide variety of rodent models for glaucoma exists. As elevated intraocular pressure (IOP)
is strongly associated with the onset and progression of glaucoma2–4 and the only clinically
approved treatments for glaucoma involve pharmacological or surgical therapy to reduce IOP,
rodent models of glaucoma that involve optic nerve damage mediated through ocular
hypertension are most common. Ocular hypertension occurs naturally in some rodent
strains5, 6 but can also be induced experimentally in wild-type rats and mice by surgical
procedures or by genetic manipulation. Other models used to study death of RGCs have been
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developed and rely on genetic mutations, mechanical trauma to the optic nerve, toxic insult to
retinal neurons, or the induction of retinal ischemia. Although some of these models may not
be accepted as “true” glaucoma models, they allow the comparison of processes leading to
RGC death induced by different types of initial insults, which may help to differentiate between
pathways that are specific to glaucoma versus RGC dysfunctions that are IOP-independent.
Finally, experiments that utilize cell culture or tissue culture derived from rodents reproduce
the complexity of the natural environment only partially, but they provide a highly controllable
system that can reduce the noise of data obtained purely in vivo.

Although no single experimental model is ideal, each of the existing systems have been
successfully used to uncover important aspects of glaucoma pathology and might be used to
develop novel therapies for the disease in the future. This review will describe the rodent
models of glaucoma that have been developed while briefly identifying their individual
strengths and weaknesses.

Measuring intraocular pressure in rodents
It has been demonstrated that the extent and duration of IOP elevation in a wide variety of
glaucoma models is positively correlated with RGC loss, optic nerve damage, and functional
visual deficit. In order to interpret data obtained in models of ocular hypertension, it is important
to be able to accurately and precisely measure IOP in living animals over time. The most direct
method available to measure IOP in rodents is by fluid manometry using a pressure transducer
following cannulation of the anterior chamber with a microneedle.7 While this gold-standard
technique is highly accurate, it is an invasive method that has certain limitations. Healing of
the cornea at the cannulation site must occur between successive measurements. Moreover,
IOP must be measured under general anesthesia, which has been shown to quickly and
substantially reduce IOP in some cases.8, 9 However, effects of anesthetics can be minimized
if appropriate care is taken.5

To overcome the limitations of invasive techniques, non-invasive methods of tonometry have
been applied to rodents. Modifications of the Goldmann tonometer and pneumatonometer have
been used to measure IOP in these animals, but these approaches are somewhat cumbersome.
A fiber-optic signal conditioner equipped with a pressure transducer was successfully used to
measure IOP in anesthetized mice.10–12 The TonoPen has been utilized with some success in
rodents13 but the relatively large tip which was originally designed for human use appears to
produce less reliable results in mice. More recently, an impact-induction tonometer, the
TonoLab, was developed and has shown greater efficacy in measuring IOP in conscious
rodents. In direct comparisons between the TonoPen or TonoLab and microneedle manometry,
the TonoLab appears to produce more accurate measurements.14, 15 However, the accuracy of
the TonoLab has been called into question when measuring relatively low IOPs9, 16 and modest
IOP changes in rats measured by the TonoPen were reportedly not detected using the TonoLab.
16 Both TonoPen and TonoLab require a nontrivial amount of investigator training to obtain
reliable readings, though our experience has shown the TonoLab to be more user friendly.

Genetic rodent models of glaucoma
There are numerous rodent lines in which glaucomatous-like pathology occurs due to genetic
mutations that lead to the disruption of normal physiology in either aqueous humor dynamics
or RGC biology. A main advantage of working with such lines is that animals within a particular
line produce more uniform responses in terms of IOP elevation and damage to the retina and
optic nerve as compared to surgically induced models. Additionally, a large number of animals
may be obtained and no training is needed to produce affected rodents. Perhaps most
importantly, however, is that the production of animals bearing specific mutations that have
been identified in human glaucoma can be used to investigate the molecular mechanisms by
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which particular gene defects lead to the disease. Moreover, novel mutations in rodents that
lead to glaucoma may illuminate yet-unidentified genetic predispositions in human
populations.

Ocular hypertensive models
The DBA/2J mouse strain is a popular model of secondary glaucoma and is one of the best
characterized models of glaucoma in general.17 DBA/2J mice have mutations in two genes,
Tyrp1 and Gpnmb, encoding tyrosinase-related and glycosylated transmembrane proteins,
respectively. These mutations lead to pigment dispersion, iris transillumination, iris atrophy,
and anterior synechia.18 The consequential blockade of aqueous outflow results in ocular
hypertension by the age of 9 months, which is accompanied by the canonical symptoms of
glaucoma—death of the RGCs, optic nerve atrophy and cupping, and visual deficits.17

Although no subclass of the RGCs appears especially vulnerable or resistant to degeneration
in this model, fan-shaped sectors of cell death and survival radiating from the ONH have been
detected.19 It has been suggested that axon damage at the optic nerve head might be a primary
lesion in this model, which coincides with theories regarding the pathophysiology of human
glaucoma.19 Another DBA/2 substrain, DBA/2NNia, also develops elevated IOP and
demonstrates RGC loss and optic nerve degeneration when aged. However, depletion of cells
in the inner and outer nuclear layers and significant damage of the photoreceptor cells in fifteen-
month-old mice have also been observed.20 While DBA/2 animals serve as powerful models
of glaucoma that do not require specialized induction techniques and that are readily available
commercially, the fact that these animals develop glaucoma relatively late in life necessitates
a significant time commitment for experimentation. In DBA/2J mice, susceptibility of RGCs
to artificial IOP elevation increases with age.21 It should be also mentioned that DBA/2J mice
are more resistant to the RGC death after the optic nerve crash than 14 other inbred lines of
mice tested. It was suggested that 2 dominant loci are linked to the resistance phenotype.22

Several important observations with far-reaching implications for the pathogenesis of human
glaucoma have been made using the DBA/2J model. For example, the proapoptotic protein
BAX was identified as being necessary for RGC death but was not involved in RGC axon
degeneration, suggesting that BAX may be a candidate human glaucoma susceptibility gene.
23 Similar to the results obtained with rat and monkey models,24, 25 genes involved in glial
activation and immune response are activated in DBA/2J retina as shown by array
hybridization.26 The complement component C1q is upregulated in the retina in several animal
models of glaucoma as well as human glaucoma with timing that suggests it might play a role
in pathogenesis.25 Recent data suggests that complement proteins opsonize CNS synapses
during a distinct window of postnatal development and that the complement proteins C1q and
C3 are required for synapse elimination in the developing retinogeniculate pathway.27 In DBA/
2J mice, C1q relocalizes to adult retinal synapses at an early stage of glaucoma prior to obvious
neurodegeneration. Taken together, these data indicate that C1q in the adult glaucomatous
retina marks synapses for elimination at early stages of disease suggesting that the complement
cascade mediates synapse loss in glaucoma.27 Novel therapeutic strategies for glaucoma have
also been identified in these mice. For instance, high-dose γ-irradiation accompanied by
syngenic bone marrow transfer protected RGCs in DBA/2J.28 A host of other compounds
appears to be neuroprotective in this model of glaucoma as well.29–32

While the DBA/2J strain represents a model of glaucoma that was discovered retrospectively,
transgenic and knockout approaches have been used to prospectively develop other mouse
models. Several lines of transgenic mice were developed that express mutated mouse
(Tyr423His) or human (Tyr437His) myocilin (MYOC) in the eye drainage structures.11, 33

The myocilin gene encodes a secreted glycoprotein. Tyr437His mutation in MYOC leads to
severe glaucoma cases in humans,34 and the mouse Tyr423His mutation corresponds to this
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human mutation.35 Expression of mutated mouse or human myocilin in the eye drainage
structures of mice led to moderate (about 2 mm Hg diurnal and 4 mm Hg nocturnal) elevation
of IOP in animals that were older than one year.11, 33 This is much less dramatic than IOP
elevation in humans carrying the same mutation in the MYOC gene. Patients with the
Tyr437His mutation were diagnosed at 20 years of age on average and had a mean maximum
IOP of 44 mm Hg versus IOP less than 20 mm Hg in control population.36 Nonetheless, these
mice demonstrate progressive degenerative changes in the peripheral RGC layer and optic
nerve with normal organization of the drainage structures. Large RGCs were affected more
dramatically than the total population of RGCs, showing a dramatic 55% reduction in the
peripheral retina of 18-month-old transgenic mice.33 It has been suggested that mice expressing
mutated mouse or human Myoc in the TM represent a mouse model of primary open angle
glaucoma.11, 33 In a separate study, the expression of mutated Myoc allele (Tyr423His)
specifically in the iridocorneal angle did not lead to IOP elevation and did not produce any
degenerative changes in the retina.37 These differences might be explained by differences in
the levels of mutated Myoc expression as well as differences in genetic background.

Another model of primary open angle glaucoma was developed by expressing a mutated
version of the collagen type-I α1 subunit, which, unlike the wild-type version, cannot be cleaved
by matrix metalloproteinase-1. Transgenic mice expressing this form of collagen develop IOP
that is elevated by almost 5 mm Hg compared to controls at 36 weeks. These mice demonstrated
progressive optic nerve axon loss with normal organization of the drainage structures.38

A transgenic model of acute angle-closure glaucoma was developed by expressing the
calcitonin receptor-like receptor under the control of a smooth muscle α-actin promoter. Over-
expression of this receptor in the papillary sphincter muscle results in enhanced
adrenomedullin-induced sphincter muscle relaxation that causes abrupt, transient rises in IOP
to about 50 mm Hg at between 30 and 70 days of age.39 Although adrenomedullin and
calcitonin gene-related peptide have not been implicated in the pathogenesis of the human
condition, it has been suggested that adrenomedullin and its receptor in the iris sphincter may
present novel targets for the pharmacological treatment of angle-closure glaucoma.39

Ocular normotensive models
While glaucoma is often associated with elevated IOP, glaucomatous changes in the retina and
optic nerve sometimes occur at normal IOP; this is termed normal tension glaucoma (NTG).
The pathophysiological relationship between glaucomas occurring at normal and elevated IOPs
is presently a matter of debate. Accordingly, mice that represent various models of NTG might
be used to investigate the mechanisms of and to develop therapies directed towards IOP-
independent mechanisms of RGC death. For example, mice deficient in the glutamate
transporters GLAST or EAAC1 experience RGC death and typical glaucomatous degeneration
of the optic nerve without elevation of IOP.40 It has been shown that glutathione levels are
decreased in Muller cells of GLAST-deficient mice, while administration of a glutamate
receptor antagonist prevents RGC loss. Moreover, RGCs are more sensitive to oxidative stress
in EAAC1-deficient mice.40 Preliminary reports demonstrate that expression of mutated
optineurin (E50K) in the eyes of transgenic mice under the control of actin promoter leads to
RGC death and degeneration of axons in the optic nerve without IOP elevation.41

Developmental models
Developmental defects in the anterior chamber can lead to developmental glaucomas, although
this is rare, accounting for less than 1% of all human glaucoma cases. Several genes have been
implicated in congenital glaucoma and anterior segment dysgenesis in humans, most of which
are transcription factors (see Table 1 for summary). They include FOXC1, FOXC2, PITX2,
LMX1b, and PAX6.42–44 Knockouts of these genes as a rule are embryonically or neonatally
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lethal. For example, Foxc1−/− mice die at birth, while Foxc1+/− animals are viable but have
defects in the eye drainage structures without IOP changes.45. Similar eye defects are observed
in Foxc2+/− mice. It has been suggested that Foxc1+/− and Foxc2+/− mice are useful models
for studying anterior segment development and anomalies, and they may lead to the
identification of genes that interact with Foxc1 and Foxc2 to produce a phenotype with elevated
IOP and glaucoma.45 Conditional knockouts of transcription factors implicated in congenital
glaucoma may provide a useful tool to study their function in the development of the eye angle
structure and glaucoma. One gene implicated in congenital glaucoma, CYP1B1 (Cytochrome
P450, family 1, subfamily b, polypeptide 1), encodes an enzyme. Although Cyp1b1 knockout
mice do not develop elevated IOP, they have ocular abnormalities similar to defects in humans
with primary congenital glaucoma: small or absent Schlemm’s canal, defects in the trabecular
meshwork (TM) and attachment of the iris to the trabecular meshwork and peripheral cornea.
46

Expression of ODAG (ocular development-associated gene) under the control of the mouse
Crx promoter induced significant elevation of IOP (approximately 50% above controls) which
was not attributed to angle closure.47 The ODAG gene product encodes a putative zinc finger
protein with a length of 266 amino acids that binds Rab6-GAP and Rab6 proteins. Elevated
expression of ODAG led to optic nerve atrophy, and the optic disc of these animals was poorly
formed. Unlike human congenital glaucoma, all the cell layers of the transgenic retina were
poorly developed, irregularly arranged, and contained fewer cells than those of the wild-type
retina.47 However, these results support a previous observation that small GTPases (Rab8)
might be involved in the pathogenesis of human glaucoma.48

Future Genetic Models
It is expected that new genetic mouse models of glaucoma will be developed in the near future.
For example, overexpression of antagonists of Wnt signaling such as sFRP1 in the tissues of
the iridocorneal angle may lead to elevation of IOP and a glaucoma-like phenotype.49 Such
animals were produced in our laboratory and are the subject of ongoing investigations.
Separately, mating transgenic animals expressing mutated Myoc with transgenic or knockout
lines expressing modified versions of other proteins implicated in glaucoma (optineurin,
Cyp1b1) may lead to more pronounced pathology as compared with mutated Myoc alone.
Application of different forms of stress to the TM of mutated Myoc transgenic mice through
genetic manipulations or diet may also induce stronger pathology. Finally, the random
mutagenesis of the mouse or rat genomes may lead to the identification of new genes implicated
in glaucoma and new rodent models of this blinding disease.

Glaucoma models involving the induction of ocular hypertension
The course of glaucomatous pathology in genetic rodent models often is quite long (on the
order of several months) and generally not amendable to experimental manipulation. However,
there are a number of experimental techniques that can be used to chronically raise the
intraocular pressure of rodents on a shorter-term basis and with greater control over the extent
of pathology. These include laser photocoagulation of the TM, injection of hypertonic saline
into the episcleral veins, cauterization of the episcleral veins, and injection of substances into
the anterior chamber to obstruct aqueous outflow. These methods differ according to the
maximal level and kinetics of the pressure rise as well as the amount of control that the
investigator has over these parameters. Additionally, some methods require specialized
equipment and have steeper learning curves than others. As such, investigators should carefully
consider which models best suit a particular experimental scenario.
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Laser-induced ocular hypertension
Aqueous humor drains from the anterior chamber via two routes: through the TM, where
Schlemm’s Canal empties into episcleral and limbal blood vessels, and the uveoscleral
pathway. In most cases, ocular hypertension in humans is associated with impairment in
aqueous humor outflow. One common approach to inducing elevated IOP in animal models is
by experimentally reducing aqueous humor outflow by laser photocoagulating the tissue
involved in drainage. Laser photocoagulation of the trabecular meshwork was shown to
increase IOP in rhesus monkeys in the mid 1970’s,50 but this approach has more recently been
applied to rodent models, with obvious benefits as previously described.

Early attempts to induce ocular hypertension in the rat and mouse involved laser
photocoagulation of the episcleral and limbal blood vessels.51–53 In the first published attempt
at laser cauterizing the TM of rats, Ueda et al.54 utilized injection of India Ink into the anterior
chamber of Wistar rats one week prior to argon laser treatment directed at the TM. The carbon
particles, which by the time of laser treatment had accumulated within the anterior chamber
angle, absorbed laser energy and produced focal heat thereby generating a localized scarring
effect. The authors reported that at least 3 laser treatment spaced 7 days apart were required to
produce an IOP of at least 25 mm Hg and that discontinuation of laser treatments led to a
gradual reduction in IOP. Weekly laser treatments were capable of maintaining IOP at ≥20
mm Hg over the course of 12 weeks and resulted in cupping of the optic nerve head, thinning
of the nerve fibre layer, and degeneration of the optic nerve. In an attempt to optimize the
parameters of the laser application, Levkovitch-Verbin et al.55 translimbally applied a higher
intensity, longer application of argon laser to various drainage sites in the absence of applied
pigment granules. Here, it was reported that photocoagulation of the TM produced elevated
IOPs that reached an average maximum of 34 mm Hg while concurrent treatment to the limbal
vessels augmented the effect to over 40 mm Hg. IOPs after a single treatment remained elevated
for about 3 weeks and significant, progressive RGC loss and optic nerve degeneration was
observed.

Laser-induced ocular hypertension has also been applied to mice. Grozdanic et al.56 used a
diode laser to photocoagulate the TM and episcleral veins of C57/BL6 mice following
intracameral injection of indocyanine green, producing IOP elevation to the mid 30 mm Hg’s
that persisted for at least 30 days. Argon laser treatment of the TM and episcleral vessels in
C57/BL6 mice without intracameral injection of indocyanine green also produced significant
ocular hypertension which lasted for approximately 4 weeks and produced corresponding RGC
loss and optic nerve changes.53, 57 Flattening of the anterior chamber to facilitate argon laser
treatment of the TM has produced elevated IOP for 6 weeks after a single treatment.58

While various approaches have been investigated to induce ocular hypertension in rodents via
laser treatment to the TM and/or episcleral vessels, results have been generally consistent and
demonstrate high utility for this model. Laser photocoagulation of the aqueous outflow
pathways produces a moderate level of ocular hypertension that is correlated with RGC loss
and optic nerve degeneration. While the length of the IOP elevation is relatively transient (2–
6 weeks), it has been shown that the loss of RGCs and their axons is progressive even after
IOP has normalized.55 This mirrors the situation sometimes seen in human patients that
experience persistent (if slower) visual decline even after the pharmacological or surgical
reduction of IOP. The modulation of laser intensity, duration, and spot number provides some
ability to control the duration and extent of IOP elevation. Additionally, the pathophysiology
of neurodegeneration appears to be relatively specific to RGCs.

There are several limitations to the use of laser-induced ocular hypertension in rodents. First,
most of the models discussed utilize an argon laser mounted on a slit lamp and therefore require
significant investment in specialized equipment. Second, the differential presence of pigment
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in the chamber angle dramatically alters the uptake of laser energy and the extent of damage
produced to the TM. Some investigators have used this to their advantage by administering
pigment particles to augment energy uptake. However, this also implies that the parameters of
laser administration must be titrated for each strain of animal investigated. Our own experience
has demonstrated that laser uptake in pigmented rats is extremely high and variable, and
inflammation is exacerbated, resulting in a large variation in subsequent IOP elevation.
Therefore this model may be particularly suited for certain strains of rodents. Third, while it
is possible to lengthen the time of ocular hypertension by repeating laser treatments, each
application results in some level of corneal degeneration so the number of possible repeat
treatments is limited. Our own experience has shown that some animals exhibit significant
corneal edema leading in some instances to ulceration after two laser treatments. Treatment
with a combined topical antibiotic and steroid can be utilized to limit this complication.

Episcleral vein injection of hypertonic saline
Intraocular pressure can be elevated in rats after sclerosing the TM by injecting a hypertonic
saline solution into the episcleral veins using specialized microneedles pulled from borosilicate
glass micropipettes.59 This technique results in a moderate elevation of IOP within 7–10 days,
with a considerable level of variability - between 0–30 mm Hg compared to fellow control
eyes. In some cases, repeat injections are required if IOP fails to elevate after an initial
treatment.60 However, ocular hypertension tends to persist for longer periods of time when
compared to laser-induced ocular hypertension, with documented IOP elevation sometimes
lasting longer than 200 days.59 Notably, this model has been combined with cyclodialysis to
normalize IOP to baseline levels in rat eyes with ocular hypertension.61 Like other forms of
ocular hypertension in rodents, this model has been shown to produce progressive RGC loss
and optic nerve degeneration. Further, RGC-specific changes to the electroretinogram60 and
changes in the gene expression pattern in the retina and optic nerve head have been observed
in rats using this model.24, 62

Compared to other rodent models of glaucoma, injection of hypertonic saline requires less
specialized equipment. Glass microneedles can be fabricated in the laboratory at relatively low
cost. However, the surgical technique of inserting a microneedle into the rat episcleral vein is
difficult and requires significant training. To our knowledge, this technique has so far only
been applied to rats, likely owing to the much smaller size of the mouse ocular vascular and
technical difficulty in tapping those vessels for injection.

Episcleral vein cauterization (EVC)
IOP may be chronically elevated in rats is by cauterizing two or more episcleral veins, thereby
impairing the drainage of aqueous humor from the collecting ducts of Schlemm’s canal.63 In
this model, the number of episcleral veins cauterized correlates with the extent of pressure
elevation. While cauterizing one vein results in no observable IOP increase, two or three veins
elevated IOP into the 20 mm Hg’s while control eyes remained between 10–15 mm Hg.
Cauterizing four veins produced IOPs near 60 mm Hg. In the case of three veins being
cauterized, IOP spiked to over 50 mm Hg before normalizing to between 20–30 mm Hg, where
it remained elevated through a period of at least 2 months. This IOP elevation produces
expected loss of RGCs at a rate of approximately 4% per week,64 and it was demonstrated in
this model that RGC death induced by ocular hypertension takes place, at least in part, through
apoptosis.65 EVC also has been applied to mice. Despite the technical difficulty of the surgery,
Ruiz-Ederra and Verkman66 were able to achieve an IOP increase of around 100% that
persisted for 4 weeks.

It has been suggested by Morrison et al.16, 67 that the pathophysiology of the EVC model differs
from the other two previously discussed ocular hypertension models. As the IOP becomes
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elevated almost immediately following the cauterization procedure, it has been hypothesized
that at least a portion of the ocular hypertension is due to ocular venous congestion.68 This is
unlikely to be the sole mechanism of ocular hypertension, however, as obstructed aqueous
humor outflow was observed in the mouse EVC model.66 Additionally, the pattern of induced
RGC death might be different in this model. While early axonal degeneration in the previous
two models occurs preferentially in the superior region of the optic nerve, EVC appears to
produce general RGC loss throughout the periphery of the retina.16 Morrison also observed
retrospectively that the extent of RGC loss normalized for cumulative IOP exposure in the
EVC model is lower that that seen in the other two models,67 and hypothesized differential
stress forces within the eye as one possible underlying reason.

Injection of substances that induce ocular hypertension
While the previously discussed methods have relied on experimental ablation of aqueous
humor outflow pathways, other techniques aim to block these pathways without inducing overt
degradation. Following injection of a variety of substances into the anterior chamber,
localization within the anterior chamber angle and subsequent IOP elevation has been
observed. Weekly intracameral injections of the extracellular matrix molecule hyaluronic acid
in rats, for instance, produced a sustainable ocular hypertension that was followed for up to 10
weeks.69 Injection of 10 μm latex microspheres with or without the addition of
hydroxypropylmethylcellulose (HPM) also blocked drainage through the trabecular meshwork
and increased intraocular pressure.70 In this case, nine and six weekly repeated injections,
respectively, were necessary before a sustained increase in IOP was achieved, which lasted for
at least 30 weeks in each case. While it is technically simple and relatively inexpensive to
utilize these models, the weekly repeated injections necessary to obtain significant and
persistent ocular hypertension makes them very labor intensive. Additionally, it is possible that
deleterious side effects such as corneal abnormalities and/or inflammation may become evident
over time.

Systemic administration of S-antigen in complete Freund’s adjuvant has been utilized to model
uveitic glaucoma in rodents.71 Following an initial drop in IOP from 2–5 days after S-antigen
delivery, IOP increases to an average of 35mmHg during the following 2 weeks.71 The elevated
IOP was attributed to angle closure along with an increase in aqueous humor production and
possibly concurrent reduction in outflow facility.71 Importantly, marked inflammation in both
the anterior and posterior chambers is a prominent component of the pathogenesis of this model
and interpretation of results obtained using S-antigen delivery must take this fact into account.

Models of experimentally-induced RGC loss not related to ocular
hypertension

In some cases, it may be desirable to induce a relatively specific insult to RGCs in the absence
of increased IOP. Common methods of accomplishing this are through mechanical injury of
the optic nerve, intraocular injection of toxic agents, or by the induction of ischemia followed
by reperfusion. While the mechanism of pathophysiology in these systems does not directly
follow that of human glaucoma, insights into RGC neurodegeneration have been gained
through using these models. In general, the procedures are quick and relatively easy to perform
making them attractive models.

Optic nerve crush or transaction
Induction of a mechanical injury to the axon of a neuron triggers a degenerative response that
flows retrogradely to the soma and is termed Wallerian degeneration. Crush or complete or
partial transection of the optic nerve has been utilized to trigger a relatively specific loss of
RGCs. The procedure is relatively simple to perform in both rats and mice. Following the
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induction of heavy anesthesia and topical anesthetic, a temporal canthotomy is performed and
blunt dissection is used to expose the optic nerve. Care must be taken not to interrupt the orbital
blood supply, which tends to be more difficult to accomplish in mice than in rats. Once exposed,
the optic nerve may be crushed with calibrated cross-action forceps that are designed to deliver
a consistent amount of force. The extent of injury may be altered by modifying the force or
length of time of the crush. Alternatively, the optic nerve may be transected with a diamond
knife, though care must be taken to preserve the integrity of the retinal arterial blood supply.
Following the procedure, it is advisable to examine the retina to confirm that adequate blood
flow is present.

RGC degeneration begins quickly following mechanical optic nerve damage. After a severe
crush injury in the mouse, RGC survival has been shown to drop to 47% and 27% at one and
two weeks post-injury, respectively.72 However, the published literature includes a wide range
of RGC survival rates, some indicating that 90% of RGCs survive to 2 weeks post-injury and
80% survive at 4 weeks.73 This wide range of results likely indicates substantial differences
in the extent of crush administered and attests to the necessity of controlling the severity (force
and duration) of the crush. Complete axotomy results in the near-total loss of RGCs within a
few weeks.73, 74

Importantly, multiple studies have demonstrated that the death of RGCs after optic nerve injury
is progressive and that the pathophysiology includes a component of primary damage followed
by a wave of secondary degeneration. Thus, when injuring the optic nerve, some axons are not
initially damaged by the procedure itself but are susceptible to deleterious downstream factors
in the resultant neurotoxic environment. This phenomenon has been utilized for the study of
neuroprotection, in order to find methods of preventing the death of RGCs which escaped
damage from the primary insult.75, 76 Partial optic nerve transection has been used as a way
to investigate secondary degeneration spatially as opposed to temporally. By creating an
axotomy only affecting the superior one-third of the optic nerve, Blair et al.74 were able to
observe the progressive degeneration of RGCs which were not axotomized. Optic nerve injury
has also been utilized to directly compare the course of neurodegeneration that occurs in RGCs
as a result of direct damage to the axon versus the to that observed in chronic ocular
hypertension.77

The benefits of this model lie in the relatively quick onset of pathology and the ease of
performing the procedure. Importantly, while ocular hypertension does not play a role in the
mechanism underlying RGC loss in this model, it does involve some characteristics that are
similar to human glaucoma. It is thought that a significant portion of the primary injury to
RGCs in glaucoma is axonal, occurring through mechanical forces stressing the axons at the
level of the optic nerve head in the presence of elevated intraocular pressure.78, 79 Additionally,
impairment in retrograde transport of growth factors from the brain to RGC somas via their
axons has been implicated in human glaucoma and likely also occurs following mechanical
optic nerve injury as well.78, 79 Therefore, the optic nerve injury model is of particular benefit
when investigating how axonal injury plays a role in glaucomatous pathology.

Intraocular injection of excitotoxic agents
Excitoxicity can be induced in the rodent retina by intravitreal administration of substances
which over-activate ionotropic glutamate receptors leading to a rise in intracellular calcium
levels and eventual cellular dysfunction and death. There are three major classes of these
ligand-gated ion channels: N-methyl-d-aspartate (NMDA) receptors, α-amino-3-hydroxy-5-
methyl-4-isoxazoleproprionic acid (AMPA) receptors, and kainate receptors. In the retina,
horizontal cells, bipolar cells, amacrine cells, and ganglion cells have been shown to possess
various combinations and subtypes of these receptors and intravitreal administration of
glutamate, NMDA, and kainic acid has been used to achieve targeted neurodegeneration of
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these cells. Studies using these compounds have demonstrated that cell death is confined to
the inner layers of the retina including, but not limited to, RGCs. Importantly, cells inner nuclear
layer also are affected.80 Cells in the outer nuclear layer do not undergo significant degeneration
following excitotoxic challenge, possibly owing to the fact that the photoreceptors do not
express appreciable levels of the corresponding receptors.81

Various forms of administration of excitotoxic compounds are capable of triggering RGC
death. Acute high-dose intravitreal administration (20–200 nmol) of glutamate, NMDA, or
kainic acid is the most common method of triggering RGC death. In acute models,
neurodegeneration is rapid with signs of apoptosis observable just 1h after injection.82 Chronic
low-dose administration of glutamate (2.5 nmol intravitreally every 5 days) triggered the death
of 42% of RGCs over a 3 month period.83 Additionally systemic administration of glutamate
induces excitotoxicity in neonatal rodents, but is unable to cross the blood-brain barrier of adult
animals. The relatively low technical difficulty and cost involved in this technique make it an
attractive experimental model.

The importance of this model is underscored by the fact that excitotoxicity has been, rather
controversially, implicated as a contributing factor in human glaucoma. As we have seen,
experimental administration of glutamate receptor agonists results in RGC death in animal
models. Some studies have reported that vitreal levels of glutamate are elevated in human
glaucoma patients and monkeys with experimental glaucoma,84 but subsequent investigations
have failed to replicate these results in humans,85 monkeys with laser induced ocular
hypertension,86 or rats with laser induced ocular hypertension or optic nerve transection.87

Nevertheless, MK-801, an NMDA receptor antagonist, has been shown to possess
neuroprotective properties in rat ocular hypertension88 and optic nerve crush89 models as well
as the DBA/2J mouse.90 While the precise role of excitotoxicity in human glaucoma is still a
matter of considerable debate, this model will continue to serve as a basis for investigating
neuroprotective strategies aimed at excitotoxic insults to the CNS.

Ischemia/reperfusion
The induction of acute retina ischemia for a period of between 30–120 minutes followed by
reperfusion causes death within a variety of cell types within the retina.91–94 While this model
triggers apoptosis in RGCs, damage occurs throughout the various layers of the retina. As such,
it can be argued that this model represents global retinal degeneration rather than glaucoma
per se. Nonetheless, it has been utilized to investigate RGC death and dysfunction and has been
particularly important in investigating the potential role for vascular insufficiency in glaucoma.
Ischemia can be induced in the retina through a variety of methods. Cannulation of the anterior
chamber of mice and rats with a microneedle allows one to precisely control the intraocular
pressure. By setting IOP above the ocular perfusion pressure (generally to about 110 mm Hg),
blood flow through the retinal and uveal vasculature is suppressed. IOP can be normalized by
reducing the pressure of the perfusion system after the ischemic exposure period is over. While
this method involves extreme acute ocular hypertension, the neurodegenerative effect is
thought to be mediated primarily through the ischemic insult, though it is possible that other
IOP-induced damage to RGCs, similar to that seen in acute glaucoma, may also play a role.

As the central retinal artery feeds the retinal vasculature, transient ligation of the entire optic
nerve with a suture is capable of removing the retinal blood supply causing ischemia.95 In this
case, removal of the suture results in reperfusion after the experimental period. Importantly,
however, ligation of the optic nerve likely results in damage to the RGC axons and therefore
this method may represent a combination of the ischemia/reperfusion model and the optic nerve
crush/damage model. While technically more difficult, it is possible to isolate the central retinal
artery from the rest of the optic nerve to ligate the vessel independently, producing a purer
insult.
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A relatively less invasive method for producing retinal ischemia has also been reported and
involves intravitreal injection of Rose Bengal followed by focal laser stimulation of the dye,
which activates platelets leading to local thrombosis of retinal arteries.96 The thrombosis can
be removed by systemic thrombolytic treatment. While this approach avoids the potential
confounding effects of acute ocular hypertension or mechanical damage to the optic nerve, it
may induce some level of phototoxicity in the retina.

Retinal ischemia followed by reperfusion is a rather specialized insult that, while triggering
the death of RGCs, is not very specific. While there has been some speculation that reduced
blood supply to the retina might play a role in glaucoma, it may be only peripheral and therefore
the applicability of this model to glaucoma in general is questionable. Nonetheless, this model
has been important for investigating the susceptibility of RGCs to vascular insults and
mechanisms of RGC death and neuroprotection in general. As it is a relatively easy method
with which to work and is one that generates reproducible data, it has proven to be a useful
system.

Sustained reductions in retinal blood flow have also been used to model glaucoma in rodents.
Retrobulbar delivery of endothelin-1 using an osmotic minipump in the rat causes decreased
optic nerve blood flow with resultant RGC loss and optic nerve degeneration without obvious
changes to other retinal cell types.97, 98 IOP alterations have not been reported in this model,
though endothelin-1 administration in rabbits has been shown to modestly increase IOP by
about 5 mmHg for 1–2h before significantly reducing IOP for up to 4 days.99 Similar to the
ischemia/reperfusion model, interpretation of results obtained using this model must be made
in light of the fact that the insult is ischemic in nature.

In vitro systems
While in vivo experimentation is necessary to prove that a phenomenon occurs in complex
living organisms, it necessarily involves a milieu of undefined and often uncontrollable factors.
As such, in vitro systems are often useful to conduct highly controlled preliminary
investigations or to prove a principle in a very specific context. There are at least two types of
in vitro systems that are applicable to glaucoma research: RGC culture as carried out on primary
cells isolated from rodents or the RGC-5 cell line and retinal explant organ culture.

Retinal ganglion cell culture
While the culture of RGCs is a minimal system consisting of only the particular cell type that
is targeted for death in glaucoma, it can sometimes be extremely useful for assessing the
response of this cell type to specific conditions in isolation from the rest of the eye. RGCs may
be obtained as a primary culture from freshly isolated rodent retina. Typically, retina is treated
chemically or enzymatically to create a dissociated single cell suspension which is then plated
in culture.100 Over time, RGCs can be distinguished from other cell types present in the culture
by morphology as RGCs will extend neuritic processes. Additionally, immunocytochemical
staining for RGC-specific antigens such as Thy1 can be employed. To obtain a purified
population of RGCs in culture, immunopanning may be utilized. This technique typically
employs a subtraction step in which anti-IgG antibodies are used to remove macrophages and
microglia followed by a purification step in which anti-Thy1 antibodies specifically bind
RGCs, which can be subsequently released and cultured.100–102

An immortalized cell line derived from the rat, termed the RGC-5 cell line, was developed
which is similar to RGCs in that the cells express Thy1, Brn3C, Trk-A, and a variety of
neurotrophic factors.103, 104 However, there are many important differences between this cell
line and true RGCs which must be taken into account when interpreting results involving these
cells. Morphologically, the cells appear glial but do not express glial fibrillary acid protein.
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Electrophysiological investigations suggest that RGC-5 cells do not express the repertoire of
electrophysiological ion channels that are characteristic of RGCs.105 Additionally, while RGCs
are sensitive to apoptosis triggered by the broad-spectrum protein kinase inhibitor
staurosporine, this compound actually induces differentiation of RGC-5 cells into a phenotype
more characteristic of mature RGCs.105 Therefore, while this is a convenient system that has
been used to assess many aspects of RGC biology, pharmacology, and electrophysiology,
results produced with this cell line must be interpreted with caution.

Retinal explant culture
Organotypic retinal explant tissue culture has a long history of being useful for investigations
involving development and electrophysiology.106, 107 Historically, the greatest success in
maintaining mammalian retinal tissue in culture has been attained with embryonic or fetal
animals. Recently, however, strategies have been generated for the relatively long term (greater
than two weeks) culture of the adult mammalian retina.108 As the procedure for explantation
of the retina requires the severing of all axons within the optic nerve followed by the
consequential degeneration of RGCs, retinal explant cultures serve as a model of glaucoma.
This system is especially useful for experiments which require the complex structural context
of multiple retinal cell types but cannot be performed in vivo because of limitations involving
tissue access, control over the microenvironment, or confounding systemic factors. The
development of defined, serum-free media formulations has further enhanced control over this
experimental system.

In this model, retinal tissue with or without the retinal pigment epithelium is obtained from
post-mortem rodent eyes following enucleation, and removal of the anterior segment and lens.
Retinal tissue is generally cultured on organotypic tissue culture filter inserts, which are laid
over a pool of media. Success has been obtained in culturing the whole mounted retina with
either the RGC or photoreceptor side facing the filter. The applications for this sort of system
include studying RGC electrophysiology, gene therapy, and stem cell therapy. The benefits of
this system include its high efficiency and ease to set up, as well as its versatility and high level
of control that the investigator has over the model while still maintaining a complex system of
multiple cell types. Nonetheless, this in vitro system is extremely simplified when compared
to a living eye and experiments obtained in either cell or organ culture must be followed up in
vivo.

Conclusions
Glaucoma is a complex disease with a complicated pathophysiology that is far from being
completely understood. Animal models of glaucoma are essential to our continued efforts of
elucidating the natural course of the disease and developing therapeutic interventions to halt
or reverse the progression of the condition. Rodent models are particularly advantageous
because of their high degree of availability, relatively low cost, short life-span, and amenability
to experimental and genetic manipulation. However, it is obvious that rodent models of
glaucoma are not exact recapitulations of the human condition. Moreover, rodent models of
glaucoma have individual strengths and weaknesses that make them particularly suited to
answer specific research questions (see Table 1). Therefore results obtained in these systems
must be extrapolated only to the extent that a particular model and research question warrants.
Nonetheless, continued development of these models and more in-depth exploration of their
pathology are likely to contribute to great strides in understanding and treating glaucoma in
human patients in the future.
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