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Animal and culture models of glaucoma for
studying neuroprotection

L.A. LEVIN
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PurpoSE. Neuroprotection aims to treat nervous system disease by maintaining the health
and function of neurons. The final proof of the neuroprotective strategy relies on random-
ized, controlled clinical trials, but the choice of which agents to study for these trials de-
pends on studies in the laboratory using culture and animal models. Most culture models
for studying ocular neuroprotection use retinal cells, and a range of mechanisms can be
studied in culture, e.g. axotomy and serum or growth factor deprivation.

MEeTHODS. A variety of animal models are available for studying neuroprotection as possible
therapy for glaucomatous optic neuropathy. Those most closely related to glaucoma are
probably associated with moderate elevation of the intraocular pressure to levels similar to
those seen in patients with untreated glaucomatous optic neuropathy.

ConNcLusioNns. Care should be taken when applying the results of these models to humans,
and there is no single criterion for deciding which culture or animal model is most relevant
to the clinical situation. The most important feature is whether the model’s results corre-
late with clinical results, and this information will only become available over time, as ran-
domized clinical trials are completed. Eur J Ophthalmol 2001; 11 (Suppl 2): S23-S29
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INTRODUCTION

Neuroprotection is an example of a cytoprotective
strategy for preventing neuronal loss seen with dis-
eases of the central and peripheral nervous system.
Neuroprotection is of particular interest with respect
to glaucoma, a progressive optic neuropathy associ-
ated with stereotyped morphological features of the
optic disk (cupping without accompanying pallor of
the neuroretinal rim), loss of retinal ganglion cell (RGC)
axons within the nerve fibre layer, and loss of RGC
bodies of the retina. Glaucomatous optic neuropathy
is also associated with functional changes, particu-
larly visual field defects, which mirror the loss of nerve
fibre bundles within the retina.

Neuroprotection may be useful as a therapy for glau-
coma (1). Glaucoma is a disease previously thought
to be due to increased intraocular pressure (IOP), but
is now recognized to have IOP as the primary risk fac-
tor. For example, some patients do not respond well
or at all to lowering of the IOP. These patients may
presumably benefit from other therapies that address
the optic neuropathy inherent in glaucoma, reflecting
the loss of RGCs. Therefore, neuroprotection, a ther-
apeutic paradigm for prophylaxis of death of neurons
from injury so as to maintain physiological function,
may eventually be proven as a valid strategy for treat-
ment of patients with glaucoma.

One of the main problems in assessing whether neu-
roprotection will be effective as a glaucoma therapy
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is that assessment of this strategy is extremely diffi-
cult, requiring clinical trials that last years and cost
millions of dollars. Therefore, before investing in such
trials, it is important that the pre-clinical studies sup-
porting the neuroprotective strategy be valid. This ar-
ticle discusses and analyses culture and animal mod-
els for studying neuroprotection in the laboratory, and
provides a framework for evaluating these models.

Differences between pre-clinical studies and
clinical trials

There is a long history of failure in neuroprotection
clinical trials, despite multiple pre-clinical studies us-
ing animal models (2). For example, several studies
described the use of N-methyl-D aspartate (NMDA)
antagonists showing improved outcome in experimental
cerebral ischaemia. However, Phase Ill trials of NM-
DA antagonists failed (3). The same has been true for
several studies of free radical scavengers and other
neuroprotective agents.

There are many reasons why animal models might
not predict the results of clinical trials.

1. There may be no good model for a specific type of
disease. For example, there is no agreed upon an-
imal model for normal tension glaucoma.

2. Sometimes animal models used in pre-clinical
studies are not correctly chosen for the disease.
For example, studies of photic injury may not be
good models for looking at the possible neuropro-
tective effects of a pharmacological agent on
RGCs.

3. There are many differences between animals and
humans in the anatomy of the optic nerve and lam-
ina cribrosa, types of RGCs and pathophysiology
of disease.

4. An animal model may be somagenic, i.e. involve
damage to the neuronal cell body, while the human
disease may be axogenic, i.e. mediated by axonal
damage (4). Since the rate of cell death after an ax-
onal injury is usually much slower than when the
cell body is injured, an agent which might work for
axonally mediated disease might not work for a neu-
ronally mediated disease.

Other differences that may explain why animal mod-
els do not reflect the course of clinical trials relate to
the timing of the cell death cascade:
1.In human disease, the treatment is usually given

after the onset of the disease, while in animal mod-
els, the treatment is often given before or at the
time of injury.

2. Human disease can be chronic, while animal mod-
els are sometimes acute. When human diseases are
acute, they often ‘stutter’, meaning that the dis-
ease can intermittently worsen over the short term.

3. In animal models, the onset is usually all or none.

4. Human patients do not often realize that the dis-
ease has started until the symptoms begin, and there-
fore do not enter a trial early enough. With an ani-
mal model, the experimenter knows exactly when
the disease was induced, and thus the treatment
is always given at the same time with respect to
the onset of pathology.

Types of neuroprotective models

Neuroprotection was initially studied in diseases of
the central nervous system (CNS) that affect the brain
and spinal cord, e.g. stroke, traumatic injury and de-
generative diseases. Early models reflected this em-
phasis, and many are still applicable to pre-clinical
work in glaucoma (Tab. 1). The culture models of neu-
rological diseases are usually based on the culturing
of cerebral cortical neurons, cerebellar granule cells
or other CNS cells. A variety of mechanisms can be
used in culture to induce cell death, e.g. hypoxia, chem-
ical hypoxia with metabolic inhibitors, hypogly-
caemia, induction of apoptosis (e.g. with the agent
staurosporine or similar agents), and serum or growth
factor deprivation. Similarly, there are many animal
models of neurological disease. Cerebral ischaemia
can be produced by transient or permanent occlusion
of the carotid and/or vertebral arteries (5), and simi-

TABLE | - CULTURE MODELS RELATED TO GLAUCOMA

l. Retinal ganglion cells (RGCs)

A. Purified RGCs

B. Identified RGCs in mixed or explant cultures
Il.  Mixed retinal cells
IIl.  Transformed retinal cells

IV.  Neurons from nervous system tissue other than retina

V. Neuronal-like cell lines

S24



Levin

lar techniques can be used with the spinal cord. Trau-
ma to the brain (6) or spinal cord (7) can be produced
mechanically. Chemical agents can induce specific
disease states, e.g. MPTP (8) or rotenone (9) toxici-
ty for Parkinson’s disease. Transgenic animals that
simulate disease states, e.g. the Cu, Zn-superoxide
dismutase mutations (10) that mimic familial amyotrophic
lateral sclerosis, are also amenable to neuroprotec-
tive strategies.

Culture models

Other models are more applicable to the study of
glaucomatous optic neuropathy from the standpoint
of the visual scientist. Some of these are listed in Table
Il. The best cell culture models for studying neuro-
protection are derived from the retina. Mixed retinal
cultures, in which the retina is dissociated and cell
death of individual retinal neurons studied, are used
in many laboratories. The disadvantage of studying
mixed retinal cultures without identification of indi-
vidual neurons as to their type is that it is not clear
whether a neuroprotective strategy is helping pho-
toreceptors, bipolar cells, Miller cells, RGCs or any
other specific cell type. Since RGCs are predominantly
the only cells that die in glaucoma, a mixed retinal
cell culture is not always representative of the cell
death that occursin the disease itself. Similar attribu-
tes exist for retinal explant cultures, in which entire
pieces of retina are cultured.

Instead, RGCs can be studied in vitro, by either iden-
tifying them in the culture or by making pure RGC cul-
tures. One technique for identifying RGCs is to label
the RGCs by injecting a tracer, e.g. the fluorescent
dyes, Dil or FluoroGold (11), into target areas of the
RGC axons (usually the superior colliculus and/or dor-
sal lateral geniculate nucleus). A second technique
for identifying RGCs in culture is to stain them with
an antibody to Thy-1, a cell-surface molecule, which
is predominantly seen on RGCs within the retina (12).

A pure RGC culture can be produced by using a
panning technique (13), in which dissociated retinal
cells are passed over Petri dishes coated with anti-
bodies to surface Thy-1. Only the RGCs will adhere
to the Petri dish, and they then can be dissociated
from the plastic and studied further. A similar tech-
nique using antibodies linked to magnetic beads has
been described (14).

Some researchers use neuronal-like cell lines de-
rived from the retina (15). These are not completely
physiological, since post-natal neurons are usually non-
mitotic. However, cell lines do have the advantage of
providing a simple method for propagating and main-
taining the cultures over time. Alternatively, primary
cultures or cell lines derived from neurons not of reti-
nal origin can be used, but may not necessarily dis-
play the biological behaviour of retinal neurons.

Once a culture model is established, multiple mech-
anisms can be used to simulate injury and study the
effectiveness of neuroprotective therapies. As with
neuronal cultures, ischaemia can be simulated by ei-
ther hypoxia, chemical hypoxia or hypoglycaemia (16).
Apoptosis and growth factor deprivation can also be
induced in culture. The procedure of making a dis-
sociated culture injures the axon of the RGC, since
taking the retina out of the eye transects those ax-
ons from the rest of the optic nerve, and thus is also
an axotomy model.

TABLE Il - ANIMAL MODELS RELATED TO GLAUCOMA

Elevated intraocular pressure (IOP)
A. Monkey trabecular meshwork injury
B. Rat outflow blockade
1. Hypertonic saline sclerosis
2. Heat cauterization
3. Laser cauterization
C. Inherited glaucoma

Il.  Optic nerve injury
A. Optic nerve crush
B. Optic nerve transection

Il.  Excitotoxicity
A. N-methyl-D aspartate injection
B. Glutamate injection

IV. Retinal ischaemia
A. Acute IOP elevation

B. Central retinal and/or ophthalmic artery occlusion

V. Outer retinal damage

A. Experimental retinal detachment
B. Phototoxicity
C. Retinal degeneration
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Animal models

A variety of models using animals for retinal and op-
tic nerve disease have been described. Exposure to
constant light produces retinal phototoxicity (17). Reti-
nal degeneration can be studied in transgenic animals,
most notably in Drosophila (18,19) and rodents, e.g.
the retinal degenerative mouse (20). Experimental reti-
nal detachment can be produced by injecting fluid be-
tween the neural retina and retinal pigment epitheli-

m (21). All of these models suffer from the drawback
that the injury primarily affects photoreceptors, with
relatively little contribution to RGC death. Therefore,
they do not possess the predominant pathological find-
ing seen in glaucoma, namely RGC loss over time.

A more suitable group of animal models are those
associated with optic nerve injury or inner retinal in-
jury. Any injury to the optic nerve will cause RGC death.
Therefore, transecting or crushing (either completely
(22,23) or partially (24)) the optic nerve accomplishes
this, as does chronic ischaemiato the optic nerve head,
achieved by infusing endothelin-1 into the subarach-
noid space around the nerve itself (25,26). By caus-
ing axonal injury, these models all result in RGC death.

Another group of models depends on injuring the RGCs
directly. Acutely raising the IOP higher than the systolic
blood pressure will decrease the perfusion pressure suf-
ficient to cause inner retinal ischaemia (27). Since the
RGC layer is the innermost cellular layer of the retina,
this retinal ischaemia will affect RGCs, and therefore
will indirectly cause an optic neuropathy. Injection of
excitotoxic agents, such as glutamate or NMDA, will
predominantly injure RGCs (28-31), and thus also sim-
ulate the pathological findings seen in glaucoma (32).

Spontaneous elevation of IOP in inbred animals shares
features with human glaucoma, and has the advan-
tage that no experimental manipulation is necessary.
A wide variety of animals have been used, including
the DBA/2 mouse (33,34), the buphthalmic rabbit (35)
and the beagle (36). The animal models most close-
ly related to glaucoma are those associated with mod-
erate elevation of the IOP to levels similar to that seen
in patients with untreated glaucomatous optic neu-
ropathy. Most commonly, these models are performed
by raising the IOP by decreasing the aqueous out-
flow. In rats, the episcleral veins can be occluded with
cautery (37), the aqueous veins sclerosed with hy-
pertonic saline (38) or the limbal and episcleral veins

occluded with laser (39). These all increase the IOP,
and result in an optic neuropathy. In the non-human
primate, the trabecular meshwork can be injured with
argon laser (40,41), also resulting in raised IOP. This
latter method is the most commonly used primate tech-
nique for studying experimental glaucoma.

Applicability of animal models

Given the variety of cell culture and animal models
available to the researcher, what is the relative value
of each for studying glaucomatous optic neuropathy
in patients? To answer this, several measures can be
used. If one looks at how closely the technique of the
model simulates the disease itself, then it is easy to
be misled. For example, raising the IOP on a chron-
ic basis in the rat or primate causes the same mor-
phological changes as seen in humans, namely loss
of RGCs and their axons. One might therefore think
that elevation of the IOP is a good model system for
pre-clinical studies. However, studies where the IOP
is raised acutely to very high levels, so as to exceed
or approach the systolic blood pressure and make the
retina ischaemic, cause a very different pattern of dis-
ease. Although RGCs are also lost in this disease,
there are two major differences between this and the
effects of moderate IOP elevation on the optic nerve.
First, other parts of the inner retina are affected when
the retina becomes ischaemic. Second, the time course
over which RGC injury occurs is quite different from
that seen in glaucoma. The injury initially occurs at
the cell body in models of retinal ischaemia, while in
glaucoma it appears that the injury initially occurs at
the axon (42). Therefore, the very fact that the IOP is
raised is not enough to make this model directly ap-
plicable to studying neuroprotection in glaucoma.

One could consider whether the results of the mod-
el reflect that seen in glaucoma. For example, we know
that glaucoma causes death of neurons within the reti-
na. One could therefore make the assumption that a
model where neuronal retinal loss occurs, e.g. a pho-
totoxicity or retinal degeneration model, are good mod-
els for studying neuroprotection in glaucoma. The same
is true for models in which retinal neurons are cul-
tured without specific identification of RGCs. How-
ever, it is the loss of the RGCs in particular that is
specific to glaucoma, and not the loss of retinal neu-
rons in general.
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Finally, one could assume that the pathological mech-
anism of the model is most important. However, one
of the difficulties is that even now the exact patho-
genesis of the glaucomas has not been completely
clarified, and might differ depending upon the spe-
cific type of glaucoma an individual has. For exam-
ple, models in which RGC death is induced by exci-
totoxicity, which takes place at the cell body, might
reflect what occurs in glaucoma if a patient has an
excitotoxic mechanism. However, it is possible that
this might not be true for all patients. Other patients
might have primarily axonal disease and relatively lit-
tle contribution from excitotoxicity, and thus a mod-
el produced by axonal injury, e.g. optic nerve crush,
might be more applicable.

CONCLUSIONS

There is thus no specific single criterion for decid-
ing which culture or animal model is best for study-
ing neuroprotection. Neither the technique, the
pathological results or the pathogenesis of the dis-
ease within the model are by themselves sufficient to
make the model applicable to human disease. In the
end, the most important feature is whether the results
of the model correlate with the results of clinical
trials of a neuroprotective agent in human disease. In
other words, whether a model is a good model for
studying a neuroprotective agent can only be shown
if the model’s results with the neuroprotective agent
are similar to the clinical results. Unfortunately, this

operational definition is not one that can be predict-
ed in advance. Only over time will we be able to de-
termine which models are optimal for studying neu-
roprotection.

In summary, a wide variety of animal models are
possible for studying neuroprotection as possible ther-
apy for glaucomatous optic neuropathy. These ani-
mal models differ widely in their applicability to the
human disease. The likely probability that a neuro-
protective strategy will actually be useful for clinical
glaucoma will rely heavily on the careful choice of which
animal model(s) are chosen for pre-clinical studies of
these neuroprotective agents.

ACKNOWLEDGEMENTS

Supported by the Retina Research Foundation, the Glau-
coma Foundation, NIH EY12492 and an unrestricted departmental
grant from Research to Prevent Blindness, Inc. LAL is a Re-
search to Prevent Blindness Dolly Green scholar.

Reprint requests to:

Leonard A. Levin, MD, PhD

Department of Ophthalmology and Visual Sciences
University of Wisconsin Medical School

600 Highland Avenue

Madison, WI 53792

USA

REFERENCES

1. Weinreb RN, Levin LA. Is neuroprotection a viable
therapy for glaucoma? Arch Ophthalmol 1999; 117:
1540-4.

2. Hickenbottom SL, Grotta J. Neuroprotective therapy.
Semin Neurol 1998; 18: 485-92.

3. Muir KW, Grosset DG. Neuroprotection for acute stroke:
making clinical trials work. Stroke 1999; 30: 180-2.

4. Schwartz M, Yoles E, Levin LA. 'Axogenic' and 'so-
magenic' neurodegenerative diseases: definitions
and therapeutic implications. Mol Med Today 1999;
5: 470-3.

5. McBean DE, Kelly PA. Rodent models of global cere-
bral ischemia: a comparison of two-vessel occlusion
and four-vessel occlusion. Gen Pharmacol 1998; 30:
431-4.

6. Laurer HL, Mclntosh TK. Experimental models of brain
trauma. Curr Opin Neurol 1999; 12: 715-21.

7. Anderson TE, Stokes BT. Experimental models for spinal
cord injury research: physical and physiological con-
siderations. J Neurotrauma 1992; 9(Suppl): S135-42.

8. Snyder SH, D'Amato RJ. MPTP: a neurotoxin relevant
to the pathophysiology of Parkinson's disease. The
1985 George C. Cotzias lecture. Neurology 1986; 36:
250-8.

S27



Neuroprotection models

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

. Betarbet R, Sherer TB, MacKenzie G, Garcia-Osuna

M, Panov AV, Greenamyre JT. Chronic systemic pes-
ticide exposure reproduces features of Parkinson's
disease. Nat Neurosci 2000; 3: 1301-6.

Gurney ME, Pu H, Chiu AY, et al. Motor neuron de-
generation in mice that express a human Cu,Zn su-
peroxide dismutase mutation. Science 1994; 264:
1772-5.

Leifer D, Lipton SA, Barnstable CJ, et al. Monoclon-
al antibody to Thy-1 enhances regeneration of
processes by rat retinal ganglion cells in culture. Sci-
ence 1984; 224: 303-6.

Barnstable CJ, Drager UC. Thy-1 antigen: a ganglion
cell specific marker in rodent retina. Neuroscience
1984; 11: 847-55.

Barres BA, Silverstein BE, Corey DP, Chun LL. Im-
munological, morphological, and electrophysiologi-
cal variation among retinal ganglion cells purified by
panning. Neuron 1988; 1: 791-8083.

Tezel G, Wax MB. Increased production of tumor necro-
sis factor-alpha by glial cells exposed to simulated
ischemia or elevated hydrostatic pressure induces apop-
tosis in cocultured retinal ganglion cells. J Neurosci
2000; 20: 8693-700.

Seigel GM. Establishment of an E1A-immortalized reti-
nal cell culture. In vitro Cell Dev Biol Anim 1996; 32:
66-8.

Kortuem K, Geiger LK, Levin LA. Differential suscep-
tibility of retinal ganglion cells to reactive oxygen species.
Invest Ophthalmol Vis Sci 2000; 41: 3176-82.
Rosner M, Lam TT, Fu J, Tso MOM. Methylprednisolone
ameliorates retinal photic injury in rats. Arch Oph-
thalmol 1992; 110: 857-61.

Hotta Y, Benzer S. Abnormal electroretinograms in vi-
sual mutants of Drosophila. Nature 1969; 222: 354-6.
Hotta Y, Benzer S. Genetic dissection of the Drosophi-
lanervous system by means of mosaics. Proc Natl Acad
Sci USA 1970; 67: 1156-63.

Blanks JC, Adinolfi AM, Lolley RN. Photoreceptor de-
generation and synaptogenesis in retinal-degenera-
tive (rd) mice. J Comp Neurol 1974; 156: 95-106.
Anderson DH, Guerin CJ, Erickson PA, Stern WH, Fish-
er SK. Morphological recovery in the reattached reti-
na. Invest Ophthalmol Vis Sci 1986; 27: 168-83.
Allcutt D, Berry M, Sievers J. A qualitative compari-
son of the reactions of retinal ganglion cell axons to
optic nerve crush in neonatal and adult mice. Brain
Res 1984; 318: 231-40.

Allcutt D, Berry M, Sievers J. A quantitative compar-
ison of the reactions of retinal ganglion cells to op-
tic nerve crush in neonatal and adult mice. Brain Res
1984; 318: 219-30.

Yoles E, Muller S, Schwartz M. NMDA-receptor an-
tagonist protects neurons from secondary degener-

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

ation after partial optic nerve crush. J Neurotrauma
1997; 14: 665-75.

Cioffi GA, Orgul S, Onda E, Bacon DR, Van Buskirk
EM. Anin vivo model of chronic optic nerve ischemia:
the dose-dependent effects of endothelin-1 on the
optic nerve microvasculature. Curr Eye Res 1995; 14:
1147-53.

Orgul S, Cioffi GA, Bacon DR, Van Buskirk EM. An
endothelin-1-induced model of chronic optic nerve
ischemia in rhesus monkeys. J Glaucoma 1996; 5:
135-8.

Yoon YH, Marmor MF. Dextromethorphan protects reti-
na against ischemic injury in vivo. Arch Ophthalmol
1989; 107: 409-11.

Li Y, Schlamp CL, Nickells RW. Experimental induc-
tion of retinal ganglion cell death in adult mice. In-
vest Ophthalmol Vis Sci 1999; 40: 1004-8.

Sisk DR, Kuwabara T. Histologic changes in the in-
ner retina of albino rats following intravitreal injec-
tion of monosodium L-glutamate. Graefes Arch Clin
Exp Ophthalmol 1985; 223: 250-8.

Seress L, Lazar G, Kosaras B, Robertson RT. Regional
effect of monosodium-L-glutamate on the superficial
layers of superior colliculus in rat. Cell Tissue Res
1984; 235: 453-7.

Siliprandi R, Canella R, Carmignoto G, et al. N-methyl-
D-aspartate-induced neurotoxicity in the adult rat reti-
na. Vis Neurosci 1992; 8: 567-73.

Dreyer EB. A proposed role for excitotoxicity in glau-
coma. J Glaucoma 1998; 7: 62-7.

John SW, Smith RS, Savinova OV, et al. Essential iris
atrophy, pigment dispersion, and glaucoma in
DBA/2J mice. Invest Ophthalmol Vis Sci 1998; 39: 951-
62.

Chang B, Smith RS, Hawes NL, et al. Interacting loci
cause severe iris atrophy and glaucoma in DBA/2J
mice. Nat Genet 1999; 21: 405-9.

Bunt-Milam AH, Dennis MB Jr, Bensinger RE. Optic
nerve head axonal transport in rabbits with heredi-
tary glaucoma. Exp Eye Res 1987; 44: 537-51.
Gelatt KN, Peiffer RL Jr, Gwin RM, Gum GG,
Williams LW. Clinical manifestations of inherited glau-
comain the beagle. Invest Ophthalmol Vis Sci 1977;
16: 1135-42.

Garcia-Valenzuela E, Shareef S, Walsh J, Sharma SC.
Programmed cell death of retinal ganglion cells dur-
ing experimental glaucoma. Exp Eye Res 1995; 61:
33-44.

Morrison JC, Moore CG, Deppmeier LM, Gold BG,
Meshul CK, Johnson EC. A rat model of chronic pres-
sure-induced optic nerve damage. Exp Eye Res 1997;
64: 85-96.

Schori H, Kipnis J, Yoles E, et al. Vaccination for pro-
tection of retinal ganglion cells against death from

S28



Levin

40.

glutamate cytotoxicity and ocular hypertension: Im-

plications for glaucoma. Proc Natl Acad Sci USA 2001; 41.

98: 3398-403.
Gaasterland D, Tanishima T, Kuwabara T. Axoplas-
mic flow during chronic experimental glaucoma. 1.

Light and electron microscopic studies of the mon- 42.

key optic nerve head during development of glau-
comatous cupping. Invest Ophthalmol Vis Sci 1978;

17: 838-46.

Lee PY, Podos SM, Howard-Williams JR, Severin CH,
Rose AD, Siegel MJ. Pharmacological testing in the
laser-induced monkey glaucoma model. Curr Eye Res
1985; 4: 775-81.

Levin LA. Relevance of the site of injury of glaucoma
to neuroprotective strategies. Surv Ophthalmol 2001;
45 (Suppl): S243-9.

S29



