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Abstract
Understanding mechanisms of glaucomatous optic nerve damage is essential for developing
effective therapies to augment conventional pressure-lowering treatments. This requires that we
understand not only the physical forces in play, but the cellular responses that translate these
forces into axonal injury. The former are best understood by using primate models, in which a
well-developed lamina cribrosa, peripapillary sclera and blood supply are most like that of the
human optic nerve head. However, determining cellular responses to elevated intraocular pressure
(IOP) and relating their contribution to axonal injury requires cell biology techniques, using
animals in numbers sufficient to perform reliable statistical analyses and draw meaningful
conclusions. Over the years, models of chronically elevated IOP in laboratory rats and mice have
proven increasingly useful for these purposes. While lacking a distinct collagenous lamina
cribrosa, the rodent optic nerve head (ONH) possesses a cellular arrangement of astrocytes, or
glial lamina, that ultrastructurally closely resembles that of the primate. Using these tools, major
insights have been gained into ONH and the retinal cellular responses to elevated IOP that, in
time, can be applied to the primate model and, ultimately, human glaucoma.
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1. Introduction
Clinically, glaucomatous optic nerve damage is recognized by enlargement and deepening
of the optic cup, accompanied by thinning of the neural rim. In a majority of these cases, the
thinning appears regional, with a predilection for the superior and inferior portions of the
optic nerve head (ONH), and progresses to result in expansion of the nerve tissue underneath
the scleral rim, or undermining of the disc margin. This is accompanied by corresponding
thinning and absence of the nerve fiber layer in these regions. It is the loss of axons in the
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nerve fiber layer that leads to loss of vision, with characteristic patterns of visual field loss
that correspond to the above regional damage.

Although these characteristics are well known, the cellular mechanisms involved are poorly
understood. Understanding these processes will lead to new methods of preventing chronic
glaucomatous vision loss when conventional IOP-lowering treatments either fail to prevent
progression or adequate target pressures cannot be achieved due to ineffectiveness or poor
tolerance to medication, or failure of conventional filtering surgery. Because studies
designed to understand the cellular mechanisms of this process are not appropriate in
humans, development of appropriate animal models of this disease is critical to gaining this
knowledge.

2. Anatomy of the rodent optic nerve head
The ONH is generally considered the primary site of injury in glaucoma. This is supported
by histologic evaluation of the ONH in human glaucoma, and the observation that
experimental elevation of intraocular pressure (IOP) produces obstruction of orthograde and
retrograde axonal transport at the level of the ONH.(Quigley & Addicks 1980; Quigley
1981) Because this obstruction has been localized ultrastructurally to coincide with the
collagenous beams of the lamina cribrosa, and because the pattern of axonal damage and
subsequent visual field loss in human glaucoma corresponds best to its structure, the lamina
has received significant attention in our thinking about mechanisms of glaucomatous optic
nerve damage. It is therefore important to understand the anatomy of the rodent ONH if we
are to fully appreciate what rodent models of glaucoma can teach us about human glaucoma.

The rodent ONH possesses several similarities to that of the primate eye, in addition to some
important differences. (Morrison 1995) When viewed in a vertical longitudinal section, the
neural component of the nerve head, which consists primarily of unmyelinated optic nerve
fiber bundles, astrocytes and capillaries, is narrow at the level of the sclera, and then
expands gradually to form the fully myelinated retrobulbar optic nerve, which begins well
posterior to the sclera. (Figure 1)

Scattered patches of connective tissue are seen throughout the transition zone, many of
which contain capillaries and may represent a rudimentary lamina, with a collagenous
composition similar to that of the lamina cribrosa of the primate.(Morrison et al. 1989;
Morrison 1995) Although the rodent ONH has a poorly developed collagenous lamina
cribrosa,(Morrison 1995; May & Lutjen-Drecoll 2002; May 2003) it does possess astrocytes
that are oriented transversely and arranged in columns that border the axon bundles,
analogous to glial columns of the primate ONH. (Figure 2A) Ultrastructurally, these
astrocytes extend their fine processes into the axonal bundles.(Figure 2B) Anatomic studies
of transgenic mice that express green fluorescent protein in many, but not all astrocytes,
indicate that their processes reach well into the ONH, often overlapping as they ensheath
axonal bundles.(Sun et al. 2009) Because these extensions intimately contact axons
throughout the ONH, including the bordering connective tissues, the astrocytes may provide
a direct link between the axons, sclera and blood vessels of the ONH by which physical
forces and the physiologic effects of changing perfusion from fluctuating IOP produce
axonal injury.

Scanning electron microscopy of microvascular corrosion castings demonstrates that the
blood supply to the rat ONH originates in the ophthalmic artery, which lies inferior to the
optic nerve in the optic nerve sheath, and then trifurcates immediately posterior to the globe
into the central retinal artery and two long posterior ciliary arteries.(Morrison et al. 1999;
Sugiyama et al. 1999; Morrison et al. 2005) In the rat, the central retinal artery enters the eye
inferior to, rather than in the center, of the neural ONH.(Figure 1) As with the primate,
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(Cioffi & Van Buskirk 1994) the nerve fiber layer of the ONH and retina is perfused by the
central retinal artery, while the majority of blood supply to the deeper, “laminar” layers
appears to be centripetal, from branches of the posterior ciliary arteries that produce an
incomplete, “Zinn-Haller”-like circle.

At all levels of the rat ONH, venous blood drains into the central retinal vein, which lies
between the neural optic nerve and central retinal artery. Originating from the major retinal
veins, this vein also joins a broad sinus which is derived, in part, from the choroidal system.
(Morrison et al. 1999; Eida et al. 2001) Posteriorly, the central retinal vein travels in the
optic nerve sheath along with other large veins that are connected to the choroidal
vasculature.

Similar studies of the mouse ONH demonstrate that the central retinal artery and vein also
lie mostly inferior to the neural portion of the ONH.(May & Lutjen-Drecoll 2002) However,
the unmyelinated portion of the mouse ONH appears to receive its capillary supply from
scattered, posteriorly directed vessels that originate from the central retinal artery in the
inner retina, rather than from posterior ciliary arteries. This fundamental difference in ONH
vasculature may be important when comparing results between mouse and rat glaucoma
models.

3. Animal models for studying glaucomatous optic neuropathy
Animal models developed for studying the cellular events of glaucomatous optic neuropathy
can be broadly separated into those that are independent of IOP and those that rely on
elevation of IOP. The former are generally based on specific hypotheses of the mechanism
of glaucomatous retinal ganglion cell death. These have been thoroughly presented in
several published reviews and will not be discussed here. (Lindsey & Weinreb 2005; Pang &
Clark 2007; Johnson & Tomarev 2009) The latter all rely on elevation of IOP to reproduce a
major risk factor for glaucoma and its effects on the visual system. These will be presented
briefly as they are the primary sources for the data to be reviewed here. More detailed
discussions of each can be found in the above-mentioned reviews, as well as others.
(Morrison et al. 2005; Morrison et al. 2008; McKinnon et al. 2009)

3.1. “Pressure-dependent” models of glaucomatous optic neuropathy
Elevated IOP is a widely recognized and well-documented glaucoma risk factor.(Sommer
1989; Klein et al. 1992) In addition, several large multicenter trials have demonstrated that
lowering IOP has a beneficial effect on either preventing or at least slowing the rate of
progression of vision loss in patients with normal tension glaucoma, ocular hypertension,
early glaucoma and advanced glaucoma.(Drance 1999; AGIS-Investigators 2000; Heijl et al.
2002; Kass et al. 2002) Thus, models of elevated IOP should provide useful insights into
many, if not all, forms of glaucoma.

Rodent models of elevated IOP can either occur spontaneously or be produced
experimentally. Spontaneous models of elevated IOP in mice have the advantage of
producing a gradual, moderate pressure rise, similar to that which occurs in chronic, primary
open angle glaucoma. These models, when combined with mouse genetics to manipulate
specific cellular pathways, represent a powerful tool for understanding the importance of
specific pathways in the production of optic nerve damage. The disadvantage of these
models is that pressure elevation is generally bilateral, and, because it is not possible to
perform continuous IOP monitoring, the exact level and duration of pressure elevation is
unknown.
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The DBA/2J mouse line, first described by John, and his colleagues, is the most well-
characterized of the spontaneous rodent glaucoma models.(John et al. 1998; John 2005;
Libby et al. 2005b) In this model, mutations of 2 genes results in iris stroma atrophy and
pigment dispersion in the anterior segment and the trabecular meshwork, which results in
reduced aqueous humor outflow. In most animals, IOP elevation occurs at about 7 to 8
months of age, although its extent varies among animals of the same age, and between the
two eyes of a single animal.(Schlamp et al. 2006) The resulting IOP elevation produces loss
of retinal ganglion cells (RGC's) as well as damage to the optic nerve.(John et al. 1998;
Moon et al. 2005; Schlamp et al. 2006) Several other spontaneous mouse glaucoma models
have also been described and are discussed in specific reviews. (Lindsey & Weinreb 2005;
Pang & Clark 2007; Johnson & Tomarev 2009)

Other “pressure-dependent” rodent models rely on experimental production of elevated IOP.
With this approach, the experimenter knows when the pressure-inducing insult is applied,
making it easier to determine the timing of cellular responses to elevated IOP. Because the
animals are, generally, otherwise normal, the effects of pressure alone can be better isolated,
and since pressure elevation is unilateral, the fellow eye provides an excellent internal
control. However, the exact onset of pressure elevation may still be uncertain, and the level
of IOP attained can be hard to control.

The most relevant rodent models of experimental glaucomatous optic neuropathy are those
that obstruct aqueous humor outflow. In rats, this can be accomplished by retrograde
injections of hypertonic saline into the aqueous humor outflow pathways via episcleral
veins(Morrison et al. 1997) or using external laser to the anterior chamber angle.(Ueda et al.
1998; WoldeMussie et al. 2001; Levkovitch-Verbin et al. 2002) (Figure 3) Although these
two approaches have their individual strengths and weaknesses, both result in a combination
of trabecular meshwork scarring and anterior chamber angle closure, and produce a similar
extent and pattern of optic nerve damage.(Morrison et al. 2005) Additional methods of
elevating IOP and obstructing aqueous outflow include intracameral injections of foreign
substances, including hyaluronic acid and latex microspheres.(Urcola et al. 2006;
Sappington et al. 2009) In mice, hypertonic saline injection, external laser and injection of
microspheres have all been adapted to produce IOP elevation.(Aihara et al. 2003;
Sappington et al. 2009; Walsh et al. 2009) Specific features and comparisons of these
models have all been discussed elsewhere. (Lindsey & Weinreb 2005; Morrison et al. 2005;
Pang & Clark 2007; Morrison et al. 2008; Johnson & Tomarev 2009; McKinnon et al. 2009)

Another model, using cautery of one or more large external veins located posterior to the
rectus muscles, produces immediate pressure elevation, followed by a gradual return to
normal after one or more months. (Shareef et al. 1995; Neufeld et al. 1999; Sawada &
Neufeld 1999; Mittag et al. 2000; Ahmed et al. 2001; Neufeld et al. 2002; Grozdanic et al.
2003) Although initially proposed to result from increased aqueous outflow resistance due to
elevated episcleral venous pressure, an ultrasound study has shown no effects on anterior
chamber depth, unlike models with true aqueous outflow obstruction.(Nissirios et al. 2008)
It is now felt that the pressure rise with this model results from congestion of the intraocular
vasculature.(Grozdanic et al. 2003; Pang & Clark 2007) Because of this, and because the
extent and pattern of its optic nerve and retina injury differs fundamentally from that of the
hypertonic saline and laser models,(Morrison et al. 2005) this review will not include results
from studies using the cautery model.

4. Cellular mechanisms of glaucomatous damage
Rodent models of pressure-induced damage have provided important insights into cellular
mechanisms by which IOP elevation contributes to glaucomatous optic nerve damage. They
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provide broad support for the concept that initial injury in glaucomatous nerve damage
occurs within the ONH. Following this, ongoing damage in the ONH and retina most likely
occur simultaneously. Experimentally, these phenomena are generally evaluated separately
and we will consider the contribution of rodent models to our understanding of the cellular
mechanisms of these phenomena in this manner.

4.1 The ONH as the site of initial glaucomatous optic nerve damage
Many lines of evidence point to the ONH as the site of initial damage due to elevated IOP.
Among these is the observation that axonal transport obstruction occurs within the ONH, at
the level of the lamina cribrosa.(Anderson & Hendrickson 1974; Quigley & Addicks 1980;
Quigley 1981) In addition, in most cases of human glaucoma, the greatest degree of cupping
appears at the superior and inferior poles of the ONH, with corresponding nerve fiber layer
injury and visual field loss.(Quigley & Green 1979; Sommer et al. 1991; Tuulonen 1991) In
humans, the density and size of the lamina cribrosa beams is most sparse, and conversely the
size of the laminar pores between the beams is greatest, in the superior and inferior ONH.
(Quigley & Addicks 1981) These observations have led to the concept that, not only is the
ONH the site of initial injury in glaucoma, but the lamina cribrosa plays a pivotal role in this
process. Rodent models of chronic pressure elevation support this concept to a degree, but
also shed new light on the role of the lamina cribrosa.

Obstructed orthograde and retrograde transport, primarily localized within the ONH, has
also been observed in rats with elevated IOP, as well as primates.(Pease et al. 2000; Quigley
et al. 2000) In addition, since pressure-dependent models in both rats and mice, discussed
above, unequivocally produce axonal degeneration and RGC loss, and neither of these
species possesses a collagenous lamina, it appears that the presence of such a structure is not
required for chronic IOP elevation to cause either axonal transport obstruction or optic nerve
damage.

The ONH still appears to be the site of early pressure-induced optic nerve injury in rodents.
In our initial description of a chronic pressure model in rats, we demonstrated axonal
degeneration within the ONH.(Morrison et al. 1997) Several groups, working separately
with the DBA/2J model, have observed atrophy of discrete nerve fiber bundles, radiating out
from the ONH, a pattern that is most consistent with injury within the nerve head.(Jakobs et
al. 2005; Schlamp et al. 2006; Howell et al. 2007; Buckingham et al. 2008) Some localized
early injury to axons in the astrocyte column region of the ONH (Howell et al. 2007) while
others used retrograde tracers to confirm that axonal damage precedes loss of the RGC
soma.(Buckingham et al. 2008) This interpretation is further supported by experiments
performed in DBA/2J mice crossed with a strain deficient in Bax, which is required for
apoptosis of RGC.(Li et al. 2000; Libby et al. 2005a; Howell et al. 2007) Animals with
elevated IOP developed focal axonal damage within the glial lamina, but were observed to
retain their RGC, along with their proximal axon segments up to, but not posterior to, the
ONH. Further experiments, crossing DBA/2J mice with a strain possessing the Wlds allele,
which protects axons from insults, resulted in preservation of optic nerve axons along with
some protection of RGC soma, further supporting the concept that the initial injury in this
model is to axons within the ONH. A subsequent experiment, using laser-induced glaucoma
in Wlds transgenic rats, showed that this gene successfully delayed axonal degeneration,
although it did not prevent RGC degeneration or loss of dendritic arborization.(Beirowski et
al. 2008)

It is also interesting that early injury in rats with experimental aqueous outflow obstruction
occurs to a greater degree within the superior region of the ONH. (Figure 4) This results in
greater early axonal degeneration in the superior portions of the retrobulbar optic
nerve(Morrison et al. 1997) and greater RGC and nerve fiber layer loss in the superior
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retina.(WoldeMussie et al. 2001;Huang & Knighton 2009) Although the explanation for this
injury pattern does not rely on a collagenous lamina cribrosa, we have noted that the retinal
artery and vein enter the rat eye inferior to, rather than within, the neural portion of the
ONH.(Morrison et al. 1999) (Figure 1) Because of this, only the superior portion of the
nerve appears to actually be in contact with the sclera. These observations suggest that
peripapillary scleral stresses and strains induced by elevated IOP might be transmitted to the
adjacent optic nerve. Although the mechanism by which these forces are transmitted and
how they result in axonal injury is currently unknown, this model offers unique
opportunities to understand these processes at the cellular level, which are likely to be
relevant to regional optic nerve injury in human glaucoma.

While experimental pressure elevation in mice has also demonstrated a predilection for
superior RGC injury,(Mabuchi et al. 2004; Salinas-Navarro et al. 2009) studies of early
injury in the DBA/2J mouse model do not support any specific regional pattern.(Jakobs et al.
2005; May & Mittag 2006; Schlamp et al. 2006; Howell et al. 2007) Currently, it is not clear
whether this is due to the more gradual pressure elevation in these models, strain
differences, or to the smaller mouse ONH, which does not appear to present the same
regional anatomic relationship between superior optic nerve and the adjacent sclera, and
possible differences in vascular supply.(May & Lutjen-Drecoll 2002)

4.2 ONH mechanisms of glaucomatous damage
Rodent models have also demonstrated that ONH damage from elevated IOP is
accompanied by numerous cellular responses. The gradual cupping that is characteristic of
glaucomatous optic nerve damage is now known to involve remodeling of the ONH, well
beyond simple loss of axons and posterior bowing of the lamina cribrosa.(Hernandez 2000;
Morrison 2006) This was initially demonstrated in non-human primates with experimental
glaucoma, where deposits of collagen and other extracellular matrix (ECM) materials were
found within laminar pores.(Morrison et al. 1990) Similar deposits were later described in
rat eyes with chronic experimental IOP elevation,(Johnson et al. 1996; Johnson et al. 2000)
and also in the DBA/2J mouse model.(May & Mittag 2006) A gene microarray study of the
ONH in the hypertonic saline model has found over 2000 genes that were significantly
regulated.(Johnson et al. 2007) Of these genes, 225 had a 2-fold or greater change,
representing gene classes involving cell proliferation, immune response, ECM, and the
cytoskeleton. In addition, specific genes involved in cell proliferation, the ECM, and
astrocyte water channels were found to demonstrate their maximal change in eyes with
minimal injury, suggesting the possibility that a similar study of eyes with early injury might
uncover gene changes responsible for initial axonal injury. Currently, the source of these
extensive gene changes is unknown. However, astrocytes of the glial lamina have attracted
increasing attention in recent years.(Hernandez 2000; Morgan 2000; Johnson & Morrison
2009) Immunohistochemistry of ONH with antibodies to the cell cycle regulator
proliferating cell nuclear antigen (PCNA) shortly after IOP elevation has demonstrated
extensive labeling of nuclei in these glial columns.(Johnson et al. 2000) It is likely that it is
astrocytes that are proliferating, and they may be the predominant source for many of the
gene changes involved.

It has been proposed that astrocytes may become “activated” in glaucomatous nerve
damage--a state in which the cells hypertrophy, become hyperplastic and increase their
expression of GFAP. One theory suggests that these activated cells may produce substances
that are directly injurious to axons. An example of this is the production of inducible nitric
oxide synthase (iNOS) that may encourage the production of excess nitric oxide and free
radical formation, which leads to axonal injury. This view received initial support from
positive immunohistochemical labeling of glial cells in glaucomatous human ONH with
antibodies to iNOS,(Neufeld et al. 1997) along with a demonstration that iNOS inhibitors
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could significantly reduce RGC loss in the rat cautery model.(Neufeld et al. 1999) However,
subsequent work failed to document upregulation of iNOS in glaucomatous human ONH
and in either the hypertonic saline rat model or the DBA/2J mouse model. In addition, iNOS
inhibition was not found to be neuroprotective in either model.(Pang et al. 2005; Libby et al.
2007)

Using the hypertonic saline model, we did not find immunohistochemical evidence for
increased expression of GFAP in the ONH shortly after IOP elevation.(Johnson et al. 2000)
In addition, early ONH gene regulation for GFAP appears to be, if anything, downregulated,
along with aquaporin 4, the principal water channel protein of astrocytes, and the gap
junctional protein Cx43.(Johnson et al. 2007). This leaves open the possibility that, instead
of actively contributing to axonal injury in glaucoma, astrocytes may simply lose their more
specialized axonal support functions, and this increases the vulnerability of axons to IOP-
induced stress. Along these lines, elevated IOP and optic nerve damage in the DBA/2J
model has been associated with evidence of axonal mitochondrial fission and cristae
depletion.(Ju et al. 2008)

4.3 Retinal mechanisms of glaucomatous damage
Breakthroughs in understanding mechanisms of vision loss in glaucoma initially centered on
the loss of RGC, when it was determined that this occurred by apoptosis, or programmed
cell death.(Quigley et al. 1995) Although originally identified in primate glaucoma, this has
now been confirmed in both experimental rat(Johnson et al. 2000; Hanninen et al. 2002;
Guo et al. 2005) and mouse glaucoma models.(Gross et al. 2003; Ji et al. 2005; Reichstein et
al. 2007) This process may occur by two interrelated pathways and involves a complex
series of molecular events that leads to activation of proteases. These pathways, and
evidence for their involvement in rodent glaucoma models, are thoroughly described in
another article in this issue. (Grosskreutz—EER) Unfortunately, simply preventing RGC
death in glaucoma does not always prevent optic nerve degeneration. This is illustrated by
the previously mentioned experiment in which Bax-deficient DBA/2J mice demonstrate
degeneration of nearly all axons posterior to the globe despite survival of RGCs. (Howell et
al. 2007) This suggests that it is also important to understand the mechanisms by which
elevated IOP leads to the axonal injury that ultimately initiates RGC apoptotic pathways.

One of the most widely recognized theories for how this occurs is that of neurotrophin (NT)
deprivation due to axonal transport obstruction. As with all neuronal cells, RGCs depend on
a steady supply of NT for survival and function, and intravitreal injection of brain derived
neurotrophic factor (BDNF), one of several members of the nerve growth factor family of
NT, has been shown to prolong RGC survival following optic nerve trauma. (Di Polo et al.
1998; Chen & Weber 2001) In order to exert their effects on the RGC, the NT, produced in
the superior colliculus, complex with their tyrosine-related kinase (Trk) receptors and are
then transported in retrograde fashion to the RGC soma. Recently, injection of BDNF into
the cortex as well as the vitreous has been shown to provide additional RGC survival,
suggesting that intracellular supply of NT, which must depend on retrograde axonal
transport, is critical to achieving their trophic effects. (Weber et al. 2009) Because the Trk
receptors themselves originate in the RGC, and must first be transported to the superior
colliculus, obstruction of both orthograde and retrograde axonal transport by elevated
IOP(Pease et al. 2000; Quigley et al. 2000) could result in critical deficits and apoptotic
RGC death.

Several in vivo studies have been performed in rodent glaucoma models to determine the
effect of supplementing these deficits. Martin et al, using a viral vector to increase retinal
BDNF levels in the rat laser model, demonstrated significantly less axon loss than in optic
nerves of model eyes without gene therapy.(Martin et al. 2003) Others have directly
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evaluated the effect of supplementation with other trophic factors. These include intravitreal
delivery of bioerodable microspheres containing glial cell line-derived neurotrophic factor
(GDNF), which provides significant RGC layer neuronal survival in the hypertonic saline
model.(Jiang et al. 2007) Another study, using intravitreal injection of ciliary neurotrophic
factor (CNTF) in the laser model, found significantly less RGC loss as compared to lasered
eyes that did not receive CNTF.(Ji et al. 2004) Recently, virally-mediated overexpression of
CNTF in the same model has also been shown to reduce optic nerve axon loss by 15%.
(Pease et al. 2009) Another group used a similar approach to increase retinal expression of
MEK1, an immediate upstream kinase, to increase levels of ERK1/2, which is activated by
many trophic factors, to promote RGC survival.(Cheng et al. 2002) They found that animals
with increased expression of MEK1 had greater RGC and axon survival than control animals
with comparable pressure elevation.(Zhou et al. 2005) This suggests a potential
neuroprotective role for activation of the ERK1/2 pathway, independent of neurotrophic
input.

In spite of these results, experimental support for the NT theory remains limited. This is due,
in part, to the complexity of the NT system itself.(Guo et al. 2009; Johnson et al. 2009) An
immunohistochemical study in rat eyes with experimental IOP elevation and different
degrees of optic nerve damage has demonstrated that, even though RGC label for BDNF
was initially reduced, positive label was seen in eyes with prolonged IOP elevation and
extensive optic nerve damage.(Johnson et al. 2000) More recently, in a systematic analysis
of the simultaneous retinal responses of the major components of the NT pathways and their
interacting proteins to elevated IOP we found no significant changes in mRNA levels for
BDNF or other NTs. Although message for TrkB was decreased, there were no changes in
protein levels of either TrkB or its phosphorylated form. The lack of change in retinal NT or
message for TrkB suggests that retinal sources, demonstrated by other investigators,
(Rudzinski et al. 2004; Kim et al. 2006) are capable of producing and maintaining NT levels
in the face of elevated IOP and obstructed transport. Interestingly, retinal message for
p75NTR receptor was significantly upregulated.(Guo et al. 2009) Although binding of this
receptor to NT in association with specific adaptor proteins does promote apoptosis, these
proteins were downregulated, suggesting that RGC death may not be the main outcome of
p75NTR receptor upregulation. Alternatively, the p75NTR receptor can have pro-survival
effects in association with NF-kB, which we did find to be upregulated. We also found an
upregulation of retinal Jun and increased immunolabeling of RGC with antibodies to
phosphorylated Jun, in agreement with other studies.(Levkovitch-Verbin et al. 2005)
Although this could be consistent with p75NTR-mediated cell death via the JNK-p53-Bax
pathway, we also uncovered a marked upregulation of the immediate early response gene
activating transcription factor 3 (Atf3), which, in addition to promoting apoptosis, may have
survival effects when dimerized with Jun.(Takeda et al. 2000) This analysis illustrates the
complexity of the NT system,(Johnson et al. 2009) and suggests that the response of many
components of the NT system may favor survival over apoptosis, and that simple deficit
replacement therapy alone may not provide long term benefits to patients with glaucoma

The discovery of elevated levels of several forms of heat shock proteins in the retinas of
experimental glaucoma models brings up the possibility of endogenous protective pathways
for glaucoma.(Park et al. 2001; Sakai et al. 2003; Kwong et al. 2006; Huang et al. 2007;
Kalesnykas et al. 2007) High molecular weight forms of heat shock proteins, which function
as chaperone proteins, were first reported elevated in the laser rat model of glaucoma(Park et
al. 2001) and in monkeys with laser-induced IOP elevation,(Sakai et al. 2003) along with a
demonstration that their induction could be protective in the former.(Park et al. 2001;
Kwong et al. 2003) Subsequent work has shown that retinal levels of low molecular weight
heat shock proteins, most notably Hsp27, are also increased in several experimental
glaucoma models,(Sakai et al. 2003; Huang et al. 2007) This protein, which is induced in the
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CNS by a variety of stimuli, was found to be expressed by RGCs and glial cells in eyes with
elevated IOP. (Huang et al. 2007; Kalesnykas et al. 2007) In addition, Huang et al, working
with both rats and the DBA/2J mouse model, noted increased retinal expression of
phosphorylated Hsp27, a post-translational modification that may have an effect on its
ability to protect against apoptosis.(Huang et al. 2007)

Additional insights into mechanisms of RGC death from elevated IOP have resulted from
applying gene microarray methods to retinas from models of elevated IOP. Studies of
monkey retinas, as well as the rat and the DBA/2J model, have shown that elevated IOP
alters regulation of many specific genes and gene categories, including upregulation of
genes involved in neuroinflammation, apoptosis, glial activation and tissue remodeling, and
downregulation of crystallins and cytoskeleton-related genes. (Miyahara et al. 2003; Ahmed
et al. 2004; Steele et al. 2006; Yang et al. 2007)

While these observations do support some specific theories of mechanisms involved in RGC
death,(Wax & Tezel 2009) they are based on material from whole retina samples and may
have overlooked changes specific to the RGC, due to dilution from the highly cellular outer
layers of the retina. A recent gene array study comparing results in whole retina to those
found in the RGC layer (RGCL) of the retina, isolated by laser capture microdissection, has
shown that this may indeed be the case.(Guo et al. 2010) By enriching the sample with
RGCs and their associated cells of the RGC layer, we found a 5-fold increase in the number
of regulated genes, many with a greater extent of change, as compared to identically
analyzed whole retina samples from eyes with comparable IOP exposure and optic nerve
injury. This analysis also yielded a much greater number of distinct, upregulated cellular
processes, as compared to the whole retina analysis. Interestingly, immune process was not
the most likely gene category to be upregulated in response to pressure. It was instead
overshadowed by increases in protein biosynthesis and metabolism, as well as stress
responsive genes, such as Atf3. Concentrating on the RGCL revealed a much greater
number of downregulated genes in response to elevated IOP than seen in the whole retina.
These included downregulation of several metabolic processes, protein folding and
nucleotide biosynthesis, and reduction in genes involved in axon extension and dendrite
morphogenesis. QPCR analysis of specific RGC markers demonstrated a uniform
downregulation of transcription factors Brn3a, Brn3b and Brn3c as well as the Thy1 cell
surface antigen and the axonal neurofilament proteins Nefl and Nefh. These findings support
results in non-human primate and rodent glaucoma models that, although RGCs appear to
survive for a period of time in the face of elevated IOP, they undergo specific changes of
somal shrinkage, axonal atrophy and dendrite remodeling.(Weber et al. 1998; Schlamp et al.
2001; Weber & Harman 2005; Schlamp et al. 2006; Buckingham et al. 2008) These
observations suggest that there may be a window of opportunity in which treatments to
reverse these changes might be applied to prolong RGC and axon survival.

5. What is the future of rodent models in understanding glaucomatous
optic neuropathy?

Rodent glaucoma models have dramatically improved our appreciation of the cellular
mechanisms of glaucomatous optic nerve damage. In spite of the lack of a collagenous
lamina cribrosa, elevated IOP in all of the rodent models discussed here still produces optic
nerve damage primarily situated at the ONH. To us, this suggests that the lamina is not
necessary for elevated IOP to cause axonal injury. Instead, it is likely that a robust
collagenous lamina, required in larger eyes to protect optic nerve fibers from ONH stresses
and strains caused by fluctuations in IOP, modifies the distribution of these forces through
regional variations in its structure. We also believe that these stresses and strains are
responsible for the ONH cellular responses we now associate with elevated IOP, many of
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which are likely to be responsible for axonal injury. The rodent ONH, with its ultrastructural
similarities to the primate, can be considered equivalent to axon bundles in a single primate
laminar pore. In this way, rodent models offer an excellent opportunity to determine the
source of these responses and understand how they injure axons in glaucoma.

The rodent eye offers many advantages for this research. Among these are the ready
availability and cost-effectiveness of the animals, which allow enough specimens to be used
for statistical analyses adequate to overcome the confounding influence of individual
variability. From the above, it is clear that these models allow detailed study with numerous,
sophisticated cell biology techniques. An additional advantage, with the increased
availability of spontaneous and experimental mouse models of elevated IOP, is the growing
use of powerful genetic tools that can be used to visualize specific cell types and responses,
as well as test the contribution of specific genes to the events of axonal injury and
susceptibility. With all these tools, specific risk factors, such as aging and previous injury,
can now be addressed with these models.

However, there are specific limitations in rodent models that we must continue to address.
One of the most important of these is that, regardless of the model and mode of pressure
elevation, the level of IOP to which the ONH is exposed must be accurately determined in
order to have the best understanding of the relationship between pressure and the resulting
cellular responses. This is particularly true if these models are to be used to test the
effectiveness of neuroprotective interventions in preventing optic nerve damage.
Unfortunately, experimental glaucoma models that rely on aqueous humor outflow
obstruction and current spontaneous glaucoma models all demonstrate at least some degree
of unpredictable pressure fluctuations. For this reason, and because IOP cannot be
adequately controlled, frequent, noninvasive pressure measurements are still required. While
continuous telemetric monitoring of IOP in unrestrained animals represents the most
promising solution to this challenge,(McLaren et al. 1996; Li & Liu 2008) widespread use of
this technology in rodents remains a future goal. We continue to advocate frequent
tonometry, with animals in the awake state,(Jia et al. 2000b) and a continued awareness that,
when animals are housed in a light:dark environment, wide natural fluctuations in IOP do
occur during the dark phase(McLaren et al. 1996; Moore et al. 1996) and that these can be
markedly accentuated in eyes with obstructed aqueous humor outflow.(Jia et al. 2000a)
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Figure 1.
Anatomy of the rat ONH. (A) Vertical longitudinal section shows relationships of the
unmyelinated optic nerve (ON) to the superior (S) and inferior (I) sclera and to the central
retinal artery (A) and vein (V). The optic nerve becomes fully myelinated approximated 1
mm posterior to the sclera. Cross section (B) demonstrates these same relationships,
although inferior sclera is beyond the central retinal artery, outside of the frame of this
image.
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Figure 2.
Cellular anatomy of the rat ONH. (A) Immunofluorescent staining of the anterior ONH with
antibodies to GFAP showing arrangement of astrocytes (red) in glial columns, with
attachment of their processes to the connective tissue borders of the optic nerve. Blue,
DAPI- stained nuclei; S, superior sclera; V, retinal vein. (B) Transmission electron
micrograph cross section of axon bundle in the rat ONH. Relatively dark astrocyte (A)
processes are seen throughout the axon bundle to form intimate contact with nearly all of the
lighter axons, cut in cross section.
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Figure 3.
Histologic section through the limbus of a rat eye, showing sites of experimental aqueous
humor outflow obstruction. This section fortuitously demonstrates an aqueous collector
channel (CC) traversing the limbal sclera and connecting Schlemm's canal with the limbal
blood vessels (*). This clearly shows how a retrograde injection of the limbal vasculature
with hypertonic saline can result in scarring of the trabecular meshwork and anterior
chamber angle. Similarly, external laser treatment to sclerose the limbal vasculature will
also affect the underlying anterior chamber angle. S, sclera; C, cornea.
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Figure 4.
Transmission electron micrograph of the superior portion of a rat ONH with early optic
nerve damage from chronic IOP elevation. Note lucent spaces (*) between astrocyte foot
processes. The space at the right of the photomicrograph appears to contain debris from a
degenerating axon. ‡ indicates abnormal, swollen axon containing numerous vesicles.
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