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Biological aspects of axonal damage in glaucoma: a brief review
1

Ernst R. Tamm2,*, C. Ross Ethier3,*, and The Lasker/IRRF Initiative on Astrocytes and
Glaucomatous Neurodegeneration Participants1
1This

Author Manuscript

article summarizes the results of the first part of a combined targeted session covering this
topic at the March 2015 conference Astrocytes and Glaucomatous Neurodegeneration. For a
summary of the first part see (Stowell et al., In preparation). This meeting was a follow-up to the
2010 meeting on the same topic, both of which were conducted as part of The Lasker/IRRF
Initiative for Innovation in Vision Science. For more information about this conference, its
participants and other review articles that originated from it see (Tamm and Dowling, 2017). A list
of the other participants of the targeted session is provided at the end of this article.
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Abstract
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Intraocular pressure (IOP) is a critical risk factor in glaucoma, and the available evidence derived
from experimental studies in primates and rodents strongly indicates that the site of IOP-induced
axonal damage in glaucoma is at the optic nerve head (ONH). However, the mechanisms that
cause IOP-induced damage at the ONH are far from understood. A possible sequence of events
could originate with IOP-induced stress in the ONH connective tissue elements (peripapillary
sclera, scleral canal and lamina cribrosa) that leads to an increase in biomechanical strain. In
consequence, molecular signaling cascades might be activated that result in extracellular matrix
turnover of the peripapillary sclera, changing its biomechanical properties. Peripapillary sclera
strain might induce reactive changes in ONH astrocytes and cause astrogliosis. The biological
changes that are associated with ONH astrocyte reactivity could lead to withdrawal of trophic or
metabolic support for optic nerve axons and cause their degeneration. Alternatively, the expression
of neurotoxic molecules might be induced. Unfortunately, direct experimental in vivo evidence for
these or other scenarios is currently lacking. The pathogenic processes that cause axonal
degeneration at the ONH in glaucoma need to be identified before any regenerative therapy is
likely to succeed. Several topics and emerging techniques should be pursued to enhance our
understanding of the mechanisms that are behind axonal degeneration. Among them are:
Advanced imaging techniques, the development of in vivo markers to identify axonal injury, the
generation of molecular approaches for in vivo detection of mechanosensitivity and for molecular
manipulation of the ONH, a more complete characterization of retinal ganglion cells, the use of
organ cultures, 3D-bioprinting, and the engineering of microdevices that can measure pressure.
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Questions that need to be answered relate to the specific roles of astrogliosis, neuroinflammation,
blood flow and intracranial pressure in axonal degeneration at the ONH.

1.

Introduction

Author Manuscript

Intraocular pressure (IOP) is a critical causative risk factor that leads to damage of retinal
ganglion cell (RGC) axons in glaucoma (CollaborativeNormalTensionGlaucomaStudyGroup, 1998a, b; Kass et al., 2002; Leske et al., 2003;
TheAGISInvestigators, 2000). Results from decades-old studies in monkeys, in which IOP
was experimentally elevated, indicate that IOP-induced structural and functional alterations
of RGC axons occur first within the optic nerve head (ONH) and precede changes in the
retina and the RGC somata (Gaasterland et al., 1978; Quigley and Addicks, 1980; Quigley et
al., 1981). More recent data from rat (Johnson et al., 2000; Johnson et al., 1996) and mouse
(Danias et al., 2003; Howell et al., 2007; Schlamp et al., 2006) models with high IOP and
glaucoma confirm the findings seen first in monkeys. Further compelling results come from
a recent report using the DBA/2J model of hereditary mouse glaucoma (John et al., 1998):
when DBA/2J mice were crossed with mutant mice that were deficient in Bax, a
proapoptotic gene, the RGC somata and their proximal axons in the retina survived while
RGC axons continued to degenerate at the ONH (Howell et al., 2007). Furthermore, DBA/2J
mice were generated that harbored the Wallerian degeneration-Slow (WldS) allele, which is
known to protect axons against injury (Lunn et al., 1989; Perry et al., 1991). The WldS
mutation in DBA/2J mice had a strong protective effect on the survival of RGC axons
(Howell et al., 2007). Overall, there is consensus that the ONH is the most likely site for
initial RGC axonal damage in glaucoma, both in rodents and in primates. Nonetheless, the
mechanism(s) that cause IOP-induced damage of RGC axons at the ONH are far from
understood.

Author Manuscript

2.

Intraocular pressure-induced changes at the optic nerve head

Author Manuscript

Quite intriguingly, both the mouse (Howell et al., 2007; Sun et al., 2009) and the rat ONH
(Dai et al., 2012; Johansson, 1987; Pazos et al., 2015b) show distinct structural differences
when compared with ONHs in primates, such as humans and monkeys. Specifically, in the
primate eye, RCG axons pass through a meshwork of astrocyte-covered, capillary
containing, connective tissue beams known as the Lamina cribrosa (LC) (Anderson, 1969;
Burgoyne et al., 2005; Morrison et al., 1989; Quigley et al., 1990). The beams of the LC
insert into the surrounding peripapillary sclera. In the rat and mouse eye, the scleral canal is
surrounded by peripapillary sclera, but contains no connective tissue beams (Howell et al.,
2007; Johansson, 1987; May and Lütjen-Drecoll, 2002; Sun et al., 2009). Just posterior to
the peripapillary sclera, astrocytes form an enmeshing network termed the “glial lamina”
through which the RGC axons pass (Dai et al., 2012; Howell et al., 2007; Sun et al., 2009).
Within the glial lamina, astrocyte processes compartmentalize ganglion cell axons into
bundles forming “glial tubes,” thereby giving the glial architecture of the ONH a
honeycomb-like appearance in transverse section (Fig. 1), not unlike that seen in species
with a connective tissue LC (Dai et al., 2012; Sun et al., 2009). Clearly, the fact that the
same causative factor, increased IOP, induces ONH axonal degeneration both in rodents and
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primates despite their differences in ONH architecture indicates the involvement of common
mechanism(s). Moreover, such mechanisms do not necessarily depend on the presence of a
LC with connective tissue beams such as in the primate eye.
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A possible candidate for the common mechanism might be an IOP-induced strain in the
extracellular matrix components of the peripapillary sclera, a scenario which has been
predicted and analyzed in both primates (Downs et al., 2008; Norman et al., 2011; Sigal and
Ethier, 2009; Sigal et al., 2005) and mouse models (Cone-Kimball et al., 2013; Nguyen et
al., 2013) with high IOP and glaucoma. The peripapillary sclera forms the boundary of the
ONH neural canal and transmits biomechanical strain directly to the tissues and cells that
connect with it at the scleral canal wall. In primates, this would be the astrocyte-covered
connective tissue beams of the LC and in rodents it would be the endfeet of the glial lamina
astrocytes. An increase in strain should lead to an enlargement of the canal and the ON
within it. Indeed, such an enlargement has been indirectly (Chauhan et al., 2002; Guo et al.,
2005) or directly (Pazos et al., 2015a) observed in rat experimental glaucoma. ON
enlargement is expected to induce biomechanical stress and strain in the processes of the
superficial ON astrocytes whose end feet are embedded in the collagenous extracellular
matrix of the pial sheath that covers the ON. Indeed, a separation of those astrocyte end feet
from the pial sheath in the superior quadrant of the ONH (just under its dorsal
circumferential margin and opposite to the ophthalmic artery) has been reported in rats one
week after an acute elevation in IOP (Dai et al., 2012; Li et al., 2015). John Morrison
(Oregon Health and Science University, Portland, OR), in as yet unpublished work, reported
quite comparable, albeit not identical, findings at the meeting. His laboratory used
transmission electron microscopy to study the ONHs of rats with early experimental
glaucoma and very mild optic nerve axon loss. A consistent finding within the superior ONH
starting at Bruch’s membrane opening was empty spaces between apparent processes of
astrocytes and the axons, and in many places the presence of axons with no association with
cellular components. The spaces were polygonal, as if the astrocytes’ cellular processes had
pulled away from the axons, and quite often a dying axon was observed in the middle of the
space. The regional effect was strikingly consistent in that it was almost exclusively within
the superior part of the nerve. The mechanisms underlying this superior susceptibility
remain to be determined.
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The forces that are transmitted to the ONH by the peripapillary sclera strain should depend
on both the molecular structure and anatomic features (e.g. thickness) of the peripapillary
sclera, which together define its stiffness. Following up on this thought, Harry Quigley’s
laboratory has been studying the relationship between peripapillary scleral extracellular
matrix stiffness and the susceptibility of RGC axons to experimental glaucoma damage in
the mouse eye. To this end, glaucoma was induced by bead injection in the eyes of mice with
CD1 or B6 genetic backgrounds. In general, CD1 mice are more susceptible to RGC death
than B6 mice in this type of experimental glaucoma (Cone et al., 2010; Cone et al., 2012).
While the peripapillary sclera became thinner in both mouse types with glaucoma, the
remainder of the sclera uniformly thinned in CD1, but thickened in B6 (Nguyen et al., 2013)
mice. Longer eyes, greater scleral strain in some directions at baseline, and generalized
scleral thinning after glaucoma were characteristic of CD1 mice (Nguyen et al., 2013). In
another set of experiments, the sclera of CD1 mice was cross-linked by subconjunctival
Exp Eye Res. Author manuscript; available in PMC 2019 June 03.
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injections of glyceraldehyde, a procedure that increased its stiffness (Kimball et al., 2014).
When elevated IOP was experimentally induced, glyceraldehyde-treated eyes had greater
RGC axon loss from elevated IOP than controls. However, in a pilot study in rats, using a
different glaucoma model and scleral stiffening approach, opposite results have been
reported (Gonzalez P, et al. IOVS 2015; 56: ARVO E-Abstract 2006).

3.

The role of transforming growth factor-β signaling
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Transforming growth factor-β (TGF-β) is secreted in noncovalent association with its
latency-associated propeptide (LAP). This small latent complex covalently binds to latent
transforming growth factor-β binding proteins (LTBPs) that are components of the
extracellular matrix (ECM), which store and present TGF-β for subsequent activation (Hinz,
2015; Robertson et al., 2015). A major mechanism to activate latent TGF-β from ECM
stores is the contraction of the resident ECM cells that is transmitted by integrins to the
surrounding ECM (Buscemi et al., 2011; Klingberg et al., 2014). An increase in ECM strain
and stiffening, just as observed in the peripapillary sclera in glaucoma, should further lower
the threshold for TGF-β activation (Hinz, 2015). Higher amounts of active TGF-β may
further contribute to ECM turnover and increase its stiffness. Supporting a role for TGF-β in
the pathogenesis of structural ONH changes in glaucoma are observations of a substantial
increase of active TGF-β2 in cadaveric ONH tissues from humans with glaucoma (Pena et
al., 1999; Zode et al., 2011). Microarray studies profiling the ONH transcriptome of rat
experimental glaucoma did not find evidence for an increase in transcription of TGF-β
isoforms or of molecules obviously involved in TGF-β signaling processes (Johnson et al.,
2007). Still, a posttranslational mechanism that involves an increase in TGF-β activation
may well enhance TGF-β signaling without any requirements for an increase in
transcription. Quite intriguingly, TGF-βs are potent signaling molecules that induce an
astrogliotic reaction in brain astrocytes and may well do so in the glaucomatous glial lamina
(Gris et al., 2007; Schachtrup et al., 2010; Sofroniew, 2009). Such a scenario might imply
that active TGF-β induces or amplifies the reactive changes in ONH astrocytes that are
triggered by an increase in ECM peripapillary sclera/LC stiffness. Taken together, a possible
scenario of events could take its origin from an IOP-induced strain in the peripapillary
sclera, which in turn causes the release of active TGF-β from extracellular matrix stores.
TGF-β might then chronically act on extracellular matrix turnover in the peripapillary sclera
and contribute to its increase in stiffness. Peripapillary sclera stiffening along with activated
TGF-β would then induce reactive changes in ONH astrocytes and astrogliosis (Figure 2).
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Recent data from Harry Quigley’s laboratory support an involvement of TGF-β signaling in
axonal damage in glaucoma (Quigley et al., 2015). When mice with experimentally induced
glaucoma or RGC degeneration following optic nerve crush were treated with losartan, RGC
loss was significantly reduced in mice with glaucoma, but not in those with crush. Losartan
altered the biomechanical response of the glaucomatous sclera by maintaining its creep rate
in the normal range and reduced axonal transport blockade, both findings that indicate that
glaucomatous damage was prevented through effects on the sclera and/or on astrocytes of
the ONH. Losartan, an angiotensin II receptor antagonist used mainly to treat high blood
pressure, is known to suppress TGF-β signaling overall (Habashi et al., 2006; Lavoie et al.,
2005; Lim et al., 2001). Since losartan is widely prescribed, an obvious but difficult
Exp Eye Res. Author manuscript; available in PMC 2019 June 03.
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epidemiologic question to pursue is whether patients who are on losartan have a lower
prevalence of glaucoma when controlled for age and untreated IOP. A second question is
whether glaucoma patients on losartan have a lower rate of progression when controlled for
age, treated IOP and the severity of glaucomatous damage.

4.

The biological mechanisms that underlie axonal degeneration
The question of why axons degenerate at the ONH is complex and the attribution of a single
specific causative insult (e.g. vascular or mechanical) in a given eye is unlikely. Instead, it is
reasonable to assume that there are multiple contributing mechanisms, potentially present at
all levels of IOP, which contribute to withdrawal of trophic or metabolic (nutrient) support
and/or to the generation of molecules that are neurotoxic. Such a process might very well be
influenced or driven by reactive changes in ONH astrocytes.
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It is important to emphasize that at the present time it is not clear if and/or to what extent the
reactive changes of glaucomatous ONH astrocytes contribute to axonal damage. While it has
often been assumed that such reactive changes are detrimental for the health of ONH axons,
clear evidence for this assumption is missing. Reactive astrogliosis, a process whereby
astrocytes undergo varying molecular and morphological changes, is an ubiquitous, but
poorly understood hallmark of central nervous system pathologies (Burda and Sofroniew,
2014; Sofroniew, 2009; Sofroniew and Vinters, 2010). Recent studies provide compelling
evidence that various signaling mechanisms trigger different molecular, morphological and
functional changes in reactive astrocytes in a manner that reflects the typical graduated
responses of reactive astrogliosis. More specifically, STAT3 appears to be a critical regulator
of certain aspects of reactive astrogliosis. Mice with a conditional deficiency of STAT3
signaling in astrocytes do not develop characteristic signs of astrocyte reactivity. Instead,
they show an attenuation of GFAP upregulation, no astrocyte hypertrophy, and a pronounced
disruption of astroglial scar formation after spinal cord injury. The lack of astrocyte
reactivity in this system is not associated with beneficial effects, but is rather detrimental as
it is correlates with an increased spread of inflammation and lesion volume, and partially
attenuated motor recovery (Herrmann et al., 2008). Comparable studies would be extremely
helpful to understand the role of ONH astrogliosis in ON axonal damage and to define if
reactive changes are beneficial or detrimental for the health of optic nerve axons.

Author Manuscript

One possible scenario of how OHN astrocytes could contribute to axonal damage is a
glaucoma-related defect in their syncytial network maintained by gap junctions. The
astrocyte syncytium is thought to be very important for neuronal homeostasis as it enables
astrocytes to rapidly dissipate small molecules such as potassium and glutamate and to
prevent their potentially detrimental accumulation (Seifert et al., 2006). There is published
evidence that gap junction intercellular communication in human ONH astrocytes is likely to
be compromised when cells are exposed to an increase of hydrostatic pressure in vitro
(Malone et al., 2007). However, newer data strongly indicate that the biological changes
observed in this model are not caused by hydrostatic pressure, but rather by low gas tension,
a parameter of no obvious relevance for glaucoma (Lei et al., 2011). Thus, as of now, it is
not clear if astrocyte connectivity within the astrocyte network is changed in glaucoma.
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Another open question is whether reactive ONH astrocytes in glaucoma are retracting their
processes from optic nerve axons within their bundles and/or whether they withdraw their
processes from the adjacent capillaries. In this regard, it is important to mention that it is
currently not known if ONH astrocytes extend processes to the laminar beam capillary
endothelial cells and/or pericytes. LC capillaries are unique among the capillaries in the
central nervous system, inasmuch as they are surrounded by a compact sheath of fibrillar
ECM (Anderson, 1969; Kuhnt, 1879). The laminar beam astrocytes may also be unique
among astrocytes in the central nervous system, if they do not send processes through the
laminar beam ECM to contact the laminar beam capillary, endothelial cell or pericyte.

Author Manuscript

If laminar beam and axon bundle astrocyte process withdrawal is happening, affected
astrocytes may be executing a self-survival program that inadvertently results in inadequate
support of axonal energetic, trophic and phagocytic requirements. In addition to determining
if astrocytes retract their processes in glaucoma, it would also be important to clarify if they
migrate away from the beams and/or if they proliferate. To answer all those questions, cellspecific markers for ONH astrocytes would be very helpful. In addition, the available means
of measuring how axon/astrocyte interactions directly affect axonal physiology are currently
limited. In a recent report, a quite intriguing example of ONH axon/astrocyte interaction was
discovered. Davis and colleagues demonstrated that a surprisingly large proportion of RGC
axonal mitochondria are normally degraded by the astrocytes of the ONH, a process that was
termed transmitophagy and that might well be altered in glaucoma (Davis et al., 2014).

5.

How relevant/feasible is axonal regeneration in glaucoma?
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There is no doubt that degenerated ON axons can only be replaced by regenerated new ones.
However, in glaucoma, such regeneration has to occur through the profoundly deformed and
remodeled LC environment, which may well be “toxic” to axonal regrowth as well as
presenting a significant physical barrier to axonal extension. In other words, if factors persist
at the LC that originally caused or contributed to axonal degeneration, axonal regeneration is
extremely unlikely to succeed. Despite the importance of this problem to axonal
regeneration in glaucoma, thoughts about identifying and repairing the underlying causative
problem in the LC do not appear to figure prominently in current conversations about axonal
recovery in models of glaucoma. The most commonly used model in axonal repair research
is optic nerve crush, a severe and acute form of compression that results in profound acute
axonal damage. This is very different from the kind of injury that occurs in glaucoma. In
clinical experience, damage in glaucoma more closely resembles ON damage following
chronic ON compression seen in tumors and trauma where axons are known to recover
robustly. However, while there are documented reports of visual field recovery following
glaucoma surgery to lower intraocular pressure, this phenomenon is unusual in everyday
clinical practice. Without doubt, the mechanisms of axonal damage in glaucoma must be
understood before it will be possible to determine how to alter the ONH environment in a
way that will allow ON axonal regeneration. Nevertheless, studies of regeneration in the
crush model should be encouraged as a means of optimizing regrowth to necessary visual
system targets such as the lateral geniculate nucleus. These strategies could then be further
developed in unilateral chronic IOP elevation models of experimental glaucoma.
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Emerging techniques
There are several key developments and/or emerging techniques that could be exploited in
more depth to further our understanding of the biological mechanisms behind glaucomatous
damage.

Advanced imaging techniques.

Author Manuscript

Such techniques may increase the ability to study retinal ganglion cell (RGC) axonal
damage in animal models of glaucoma and in human patients, and are being used and
developed by a number of groups. A promising approach is the use of confocal microscopy
to image the retinal nerve fiber layer and to quantify its reflectance in order to obtain
information about axonal activity changes in glaucoma. The method has already been used
successfully in rat retinal explants (Huang et al., 2016; Huang et al., 2013; Huang et al.,
2012). Further, adaptive optics and polarization-sensitive optical coherence tomography have
also been used to image vessels or photoreceptors of human retinas in vivo (Felberer et al.,
2014; Felberer et al., 2015). Such techniques may be improved to visualize RGC and their
axons in the retinae of human patients.
Signal recording.
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In the United States, The Brain Research through Advancing Innovative
Neurotechnologies® (BRAIN) Initiative (http://www.braininitiative.nih.gov) is part of a US
Presidential focus aimed at revolutionizing our understanding of the human brain. There are
several key questions from the BRAIN Initiative with potential overlap with glaucoma: 1)
how does one record, over long periods of time, very high density signals from as many cell
types in the brain (or eye) as possible; and 2) how does one engineer new microdevices that
can measure pressure? Relevant measurement techniques should include non-electrode
based approaches. For example, measuring calcium signaling in the retina with in vivo
imaging has been made possible through the generation of mutant mice that express
fluorescent calcium indicator proteins, such as GCaMP3, in genetically defined neuronal
populations (Dana et al., 2014; Zariwala et al., 2012). This method allows imaging of lightevoked responses in retinal ganglion cells (Zariwala et al., 2012). The optical properties of
retinal tissues in multiple species and the potential of using adaptive optics to non-invasively
image single ganglion cells has been discussed recently (Prasse et al., 2013).
3D Bioprinting.
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To study the effects of biomechanics on ONH astrocytes, advances in 3D bioprinting could
be harnessed to print a scaffold that mimics the architecture of the LC connective tissue
beams. The scaffold could be used to grow cells in more realistic 3D cell culture conditions,
thus allowing the imposition of realistic biomechanical insults and other physical cues. In
this cell culture-based approach, stimuli could be better controlled, albeit at the cost of less
in vivo fidelity. Possible limitations include the ability to construct a high enough resolution
scaffold using current printing technology, and determining the correct substrate to use so
that beams within the scaffold would have appropriate physiological and biophysical
properties. Another limitation is our lack of knowledge on the exact 3D in vivo configuration
of the LC. There is the possibility that this problem will be solved by further progress in the
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technology of optical coherence tomography (OCT) and/or scanning laser ophthalmoscopy
(SLO). Still, the challenge of overcoming blood vessel shadowing in these imaging
modalities is expected to remain.

7.

Questions and topics that should be addressed within the next five

years
Several questions and topics should be addressed with high priority in the next five years, as
putative answers and developments have the distinct potential to give new and novel insights
into the mechanisms that are behind axonal damage in glaucoma.
How relevant is neuroinflammation?

Author Manuscript

Recent studies show that radiation treatment of DBA/2J mice with hereditary glaucoma
inhibits monocyte entry into the ONH and simultaneously prevents IOP-induced neuronal
damage (Howell et al., 2012). Also other data from the same group indicate a
neuroinflammatory involvement in the pathogenesis of this type of glaucoma (Howell et al.,
2014; Howell et al., 2013). However, protective effects of radiation on IOP-induced axonal
damage are not observed in rats with experimentally induced unilateral early glaucoma
(hypertonic saline injection model) (Johnson et al., 2015). The mechanisms underlying both
findings need to be clarified, preferentially by repeating them in other animal models,
including models with both inducible and hereditary forms of glaucoma.
RGC characterization.
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Although much progress has been made during the past decades, there remains a need for a
better understanding of the basic circuitry, synaptic function and anatomical types of human
RGCs. A major advance in the field would be for researchers and clinicians to gain the
ability to image RGC health/function in real time in situ. Potentially, fluorescent markers
could be developed for this purpose, with the critical cell population to image being
composed of RGCs on the path to cell death. Such an approach would help to identify
thresholds for intervention with a neuroprotective therapy, and provide means of assessing
the outcome of that therapy. Limitations exist in developing neuroprotective therapies
because the disease process generally occurs over a long period of time; thus, by the time
changes become apparent in the RGC population, disease progression may be too far
advanced for intervention to be successful. Development of tools for non-invasive, reliable
measurement of one (or more) early functional RGC changes would be greatly welcomed.
There are some rudimentary functional tests, but these are presently not very reliable. Using
high-frequency AO/OCT, Don Miller’s group is imaging the nerve fiber bundles in healthy
eyes in ways that may lead to the detection of sick ganglion cell axons without the need for a
contrast agent to assess transport (Kocaoglu et al., 2011).
How relevant is intracranial pressure?
Recent evidence indicates a potential role for intracranial pressure in the pathogenesis of at
least some forms of glaucoma (Berdahl et al., 2008a; Berdahl et al., 2008b). Better
understanding of this important issue requires the development of a non-invasive way to
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accurately measure intracranial pressure. Current techniques are either highly invasive or do
not have the 1-2 mmHg accuracy that will be required for true translational impact.
How relevant is blood flow?
Blood flow remains a poorly understood aspect of glaucoma pathogenesis. There is need for
better ways to measure local blood flow, especially within the short posterior ciliary arteries
as they pass through the peripapillary sclera, and within the vessels in the laminar beams of
the ONH.
Are there in vivo markers to identify axonal injury?

Author Manuscript

There is a need to develop reliable in vivo markers that can identify axonal injury within the
nerve head. A fundamental problem with existing animal models of glaucoma is that the
metrics used to assess injury in the ONH do not allow identification of specific areas of
damage. The identification of areas with specific abnormalities or functional deficits would
be an extremely important breakthrough, since this would allow researchers to focus on the
very earliest changes in the most susceptible axons, not on those that occur after several
weeks of elevated pressure.
In vivo detection of mechanosensitivity.

Author Manuscript

While it appears that virtually every cell type is mechanosensitive, very little is known about
mechanotransduction and mechanosensitivity in the ONH. The creation of cell type-specific,
biological mechanosensors connected to a suitable reporter system would greatly advance
this area of research, and in fact would have impact far beyond the field of glaucoma. The
mechanosensors could consist of fluorescent indicator proteins expressed in cells that are
under high biomechanical strain in genetically modified mice.
To this end, the coding sequences of appropriate reporter proteins such as green fluorescent
protein could be placed under control of promoter elements that are recognized by
mechanosensitive transcription factors (Wang et al., 2015). This approach would be
essentially comparable to that (mentioned above) in mutant mice, which express fluorescent
calcium indicator proteins. The expression of such proteins could be targeted to specific cell
populations such as astrocytes.
Molecular manipulation of the ONH.
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We must understand how to specifically manipulate the biology of the ONH in animal
models in vivo. To this end, methods need to be identified that allow direct targeting of ONH
cells such as astrocytes or peripapillary fibroblasts in mutant mice. For example, are there
ONH cell-specific promoters that drive transgenic expression of Cre-recombinase or other
molecules that are used to target gene expression in mutant mice? This could provide an
important tool for answering critical questions about ONH biology.
Organ cultures.
The field should seek to develop tissue/organ culture preparations for the ONH, peripapillary
retina, and peripheral orbital optic nerve that parallel anterior chamber tissue culture models
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(Johnson and Tschumper, 1987), which are now widely used to study aqueous humor
dynamics and/or trabecular meshwork function in porcine, monkey and human preparations.
Widespread access of adaptive optics (AO)-OCT.
Making AO-OCT more widely accessible for imaging the ONH would allow a more
localized detection of change in animal models of glaucoma and in patients. Imaging of the
ONH in humans is underway, but very few centers currently have this capability and only a
very small number are employing it in animal models.
Databases.
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With ongoing improvements in our ability to collect massive amounts of data, it is
increasingly important to have a glaucoma-specific database (or multiple databases) that are
easily accessible for centralized information storage and retrieval. The National Center for
Microscopy and Imaging Research (NCMIR, Director Mark Ellisman) supports the Cell
Image Library (http://cellimagelibrary.org/), which is currently the only database that
handles massive cell image datasets. This database, or one similar to it, would be a way of
sharing “gold standard” archival datasets. In this scenario, groups could store information in
the database that would be accessible from a web interface after release, e.g., after
publication of the relevant paper(s).

8.

Experiments and questions beyond five years
Some of the questions or ideas that were generated will probably take more than five years
to address.

Author Manuscript

RGC labeling in vivo.
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While mutant mice are available, in which RGC somata synthetize a fluorescent reporter
protein, it would be desirable to have a method for labeling only a small population of RGCs
and their axons, in which the entire cell was labelled all the way to its termination in the
brain, i.e., a system comparable to the “Brainbow” mouse (Weissman and Pan, 2015).
Current work by several laboratories is in this direction (El-Danaf and Huberman, 2015;
Qiao and Sanes, 2015). There should in principle be ways to do this in mice using the Thy-1
promoter because it is usually is active only in a few RGCs. There may also be genetic
solutions, e.g., to express the coding sequences of a reporter gene under control of a
ubiquitous promoter in a transgenic mouse strain. Animals from that strain could then be
bred with transgenic mice in which Cre recombinase is under control of a tamoxifeninducible promoter. A small amount of tamoxifen might be then appropriate to generate the
mosaic induction of CRE.
Implantable IOP sensors and IOP control.
The development of implantable IOP sensors for long term monitoring and control of IOP
would allow informed correlation studies of IOP, blood flow, ONH glial, scleral fibroblast
and RGC axon and RGC somal responses (Downs et al., 2011). We know remarkably little
about the actual magnitude and fluctuation of IOP in individual eyes and how it interacts
with other components of ONH susceptibility in individual animals and patients. An
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implantable IOP sensor that would gather data at sufficiently high frequency and sensitivity,
and was not subject to significant long-term drift, would allow a better understanding of how
IOP affects disease progression. One of the issues with trying to compartmentalize the
disease into various susceptibility phenotypes is that, because we cannot effectively control
for IOP, which has been shown to be an important risk factor at all levels of IOP, we cannot
isolate and study non-IOP risk factors. A powerful approach to telemetric IOP measurement
would ideally incorporate both IOP characterization and IOP control. Experiments could
then be designed to assess the effects of pressure - sustained, transient, spikes, prolonged,
etc. - on RGC axons, ONH glia, scleral fibroblasts and other constituent cells. In parallel
experiments, the magnitude and character of IOP insult could be controlled (i.e. kept
consistent across all groups) while other determinants of ONH physiology such as blood
pressure, CSF pressure and/or the presence and character of inflammatory mediators could
then be varied. This point is also discussed in (Stowell et al., In preparation).

Author Manuscript

The role of ageing.
Age is an important risk factor for both the prevalence and progression of glaucoma at all
stages of the neuropathy. The effects of aging on all components of the visual system,
including the biomechanical properties of relevant ocular tissues, need to be determined.
Recruitment of scientists.
If the field fails to continuously attract new scientists, the open questions will not be
answered, nor will the appropriate techniques be developed. It is important to identify ways
to increase overall scientific interest in glaucoma and to ensure that funds for glaucoma
research are effectively raised.
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Figure 1. The glial lamina in the mouse eye.
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Oblique cross section through the glial lamina shows that astrocytes (labeled in green)
compartmentalize ganglion cell axons (labeled in red) into bundles forming glial tubes. The
black area in the lower quadrant marks the position of the ophthalmic artery.
Immunohistochemical staining for GFAP (green) and for neurofilament (red). Nuclei are
labeled with DAPI (blue). Kindly provided by Rudolf Fuchshofer (University of
Regensburg, Regensburg, Germany).
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Figure 2. The mouse optic nerve head and its putative changes in glaucoma.

Author Manuscript

IOP-induced biomechanical strain in the peripapillary sclera is likely to induce the release of
active TGF-β from extracellular matrix stores. TGF-β might then chronically act on
extracellular matrix turnover in the peripapillary sclera and contribute to its increase in
stiffness. Peripapillary sclera stiffening along with mechanical load and activated TGF-β
may induces reactive changes in ONH astrocytes and astrogliosis. Drawing by Antje Zenker
(University of Regensburg, Regensburg, Germany).
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