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Abstract

The clinical management of glaucoma and optic neuropathies has traditionally focused on stages
of the diseases at which there are congruent losses of visual function and optic nerve tissue.
Increasing clinical and experimental evidence suggests that the electrical activity of retinal
ganglion cells, as measured by pattern electroretinogram (PERG), may be altered long before
measurable changes in the thickness of the retinal nerve fiber layer. In addition, PERG alterations
in early glaucoma may be either reversed by lowering the intraocular pressure or induced with
head-down body posture. Here we apply the well-known concept of neural plasticity to model the
reversible/inducible changes of retinal ganglion cell electrical activity during a critical period of
dysfunction preceding death. Identification and characterization of this stage of modifiable retinal
ganglion cell function represents both a rationale and a target for treatment to change the natural
history of the disease.

Retinal ganglion cell (RGC) death is the final common pathway that leads to loss of vision
in glaucoma and most optic neuropathies. Lethal insult to RGCs and their axons originates
from stressful changes of the cellular and molecular environment that exceed their survival
capacity. The clinical management of glaucoma and optic neuropathies has traditionally
focused on stages of the diseases at which losses of visual function of optic nerve tissue
become manifest. Relatively less attention has been given to the fundamental issue of
whether visual loss precedes, accompanies, or follows cell death. In the former case, visual
dysfunction can be used as a marker to predict future nerve tissue loss and to initiate
therapeutic strategies to prevent cell death and possibly reverse visual loss. In the latter
cases, the only available therapeutic strategy is to slow down further cell death and visual
loss. While this problem has been dealt with before (1), formal theoretical concepts leading
to a testable model are lacking. In our view, this represents a limitation to progress in the
field of degenerative diseases of the optic nerve. Here we provide a simple framework and a
unified model to aid in understanding glaucoma and optic nerve diseases and for hypothesis
testing. This model is supported by an increasing number of clinical and experimental
results.

CENTRAL HYPOTHESIS

A reasonable hypothesis is that the early stages of optic neuropathies are characterized by
failure of autoregulatory mechanisms to sustain normal RGC function under prolonged
exposure to a stressful environment. Autoregulatory failure sets in motion adaptive
mechanisms to prolong RGC survival. Surviving RGCs have altered function, which may be
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reversible under less stressful conditions. The duration of the stage of RGC dysfunction
preceding death may be relatively long in glaucoma compared with Leber hereditary optic
neuropathy (LHON). In these different diseases, however, RGC may share the same
fundamental stress-dependent adaptive response to use fully the residual intracellular and
extracellular resources and extend the time window during which RGC dysfunction
preceding death may be still reversible under less stressful environmental conditions.
Independent of the mechanisms or RGC/axon insult, an understanding of the time window
of reversible RGC dysfunction would be applicable to most optic neuropathies and would
represent key information to develop therapeutic approaches to prevent RGC death and
restore RGC function.

CONCEPTUAL MODEL

Here we apply the well-known concept of neural plasticity to describe the ability of RGCs to
change their function over time in response to an environmental challenge that exceeds their
autoregulatory capacity. If an intervention is applied during the plastic period, the natural
history of the disease will be substantially modified. While neuroplasticity is known to be
active in the early postnatal period, some degree of plasticity is retained in the adult. This is
particularly evident in acquired brain injury, where plasticity represents the fundamental
issue that supports a scientific basis for treatment (2,3). Synapse elimination is one of the
earliest events in neurodegenerative diseases (4), and this also occurs in RGC dendrites in
early stages of glaucoma in the DBA/2J mouse model through reactivation of developmental
molecular mechanisms (5).

DEFINITIONS

We define RGC plasticity as the ability of RGCs to modify their electrical activity upon an
environmental challenge that exceeds their autoregulatory capacity. We define critical
period as the time during which changes in RGC electrical activity are possible. If RGC
function is modifiable by specific stressors during the critical period of RGC plasticity, then
this represents both a rationale for treatment and a target to change the natural history of the
disease.

MODEL FOR SINGLE RGCS

The model is summarized in Figure 1. After a long period of a normal existence (Stage 1),
the cumulative stress exposure becomes higher than the RGC can tolerate, thus setting the
cell in survival mode (Stage 2). At Stage 2, the RGC is dysfunctional. However, RGC
dysfunction is modifiable with stress modulation: it will worsen after a further increase in
stress (e.g., by increasing intraocular pressure [IOP] in glaucoma) and will improve by
reducing the level of stress. At a level of dysfunction incompatible with survival, the RGC
will start the one-way process of apoptosis (Stage 3) and will be removed from the neuronal
pool (Stage 4). No residual RGC function is expected at Stages 3 and 4, but the RGC body
and axon would still be morphologically visible and quantifiable. This model predicts that
there will be a time lag between loss of function and loss of structure, which represents the
lifespan of a surviving RGC. The transition between Stage 1 and Stage 2 represents the
onset of disease that is crucially important to start a timely treatment to prevent further
dysfunction and neural loss.

MODEL FOR RGC POPULATIONS

In a large population of RGCs, it is expected that cells at different levels of dysfunction
coexist with normal cells. During progression of disease, each RGC will follow structure—
function time courses similar to those depicted in Figure 1 but shifted over time by different
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amounts. This will result in a family of functions whose average represents the time course
of the functional—structural decay of the neuronal ensemble. The profiles of these time
courses will be sigmoidal like those depicted in Figure 2. This figure shows 2 different
conditions simulating different rates of progression of disease. One (Fig. 2A) is relatively
fast as in LHON. The other (Fig. 2B) is relatively slow as in glaucoma. Except for the time
scale, functions A and B are identical. The model is conceived on the assumption that RGC
function/number can be specifically and quantitatively measured in vivo over time. These
requirements are very difficult to achieve under ordinary circumstances. However, there are
available noninvasive tools that have been shown to directly reflect RGC electrical activity,
such as the pattern electroretinogram (PERG) (6-11) and RGC number, such as optical
coherence tomography (OCT) (12). PERG and OCT have received extensive validation and
can be used in both human patients and experimental models. The conceptual model
depicted in Figure 2 is likely to apply using PERG and OCT as approximate measures of
RGC function and number, respectively. Standard automated perimetry (SAP) seems less
specific than PERG as a measure of RGC function, as it integrates functional changes
occurring at RGC level and in the optic nerve, as well as secondary changes occurring in
relay neurons of the lateral geniculate nucleus and primary visual cortex (13-15). Postretinal
functional changes may either exacerbate those occurring at RGC level or even mitigate
them as result of cortical compensatory mechanisms (16).

Predictions of the Model

Disease Onset—Given the sigmoidal nature of the curves, the model anticipates that the
tipping point (disease onset) may be difficult to detect. The earliest discernable functional or
structural loss must have a magnitude that exceeds the confidence intervals of the normal
population (in a cross-sectional study) or the test-retest variability of individual subjects (in
a longitudinal study).

Susceptibility to Provocation—A way to detect the tipping point is to use a provocative
stressful event to exacerbate latent RGC dysfunction. Provocative conditions have
successfully been used to disclose latent RGC dysfunction in glaucoma suspects by means
of head-down (-10°) body posture. Postural change causes intraocular pressure (I0P)
elevation in both normal subjects and patients with suspicion of glaucoma or early
glaucoma. Head-down posture does not cause PERG alterations in normal subjects but
reversibly alters the PERG of a subset of glaucoma patients (17), implying that RGC
function is susceptible to 0P stress in these patients. A similar approach has been used in
the DBA/2J mouse model of glaucoma. DBA/2J mice develop a pigment-liberating iris
disease that causes elevated 10P and glaucoma (18). While RGC axon loss is first detectable
at 8 months of age, the PERG signal can be altered approximately 3 months earlier (19,20).
The time courses of RGC axon loss and PERG signal loss have profiles very similar to the
theoretical model depicted in Figure 2B. In addition, the PERG signal is susceptible in an
age-dependent manner to temporary 10P elevation induced by head-down (60°) body
posture (21). That is, while preglaucomatous young (2- to 4-month-old) DBA/2J mice have
normal PERG and are resistant to posture-induced IOP elevation, the PERG of older mice
(5-6 months old) becomes abnormal during head-down body posture. At 7-8 months of age,
the PERG is severely abnormal, and the loss of signal is exacerbated during head-down
body posture (21).

Reversibility of RGC Dysfunction—The model (Fig. 2) predicts that there will be an
excess of RGC dysfunction compared with that expected from loss of tissue. This has been
shown by comparing PERG and OCT in human glaucoma (22) and LHON (23) and by
comparing PERG and axon counts in DBA/2J glaucomatous mice (19,20). This excess
dysfunction is potentially recoverable. A number of studies show that the losses of PERG
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signal in human and DBA/2J experimental glaucoma are, at least in part, recoverable
(21,24-28).

Critical Period of RGC Plasticity—The model predicts that there will be a time lag
between RGC dysfunction and death. A number of PERG studies in human and
experimental models of glaucoma, multiple sclerosis, and LHON show that RGC
dysfunction may be identifiable before structural loss within the optic nerve is evident with
OCT, magnetic resonance imaging, or histology (19,20,22,23,29-32). This time lag
represents the time window for therapeutic intervention to prevent cell death (33,34). Under
ordinary circumstances, the time lag between dysfunction and death can only be established
a posteriori by comparing the time courses of RGC dysfunction and death. Having an
approximate prediction of the natural history of the disease with or without therapeutic
intervention, one may study how to modify RGC electrical responsiveness under altered
environmental conditions. High susceptibility of the PERG signal to provocative stress (e.g.,
IOP elevation (17,21), increased metabolic challenge (35,36)) would suggest a fast
progressing disease. Reversibility of PERG signal after reduced stress (e.g., IOP lowering)
or drug intake would suggest recovery of RGC function preceding death, and potentially that
the disease can be prevented.

Structure—Function Correlations—The model (Fig. 2) predicts that structure—function
correlations will be poor around the tipping point, whereas they will be relatively good at
later stages, when both function and structure progressively deteriorate. Good
correspondence between structural loss in the optic nerve head (as determined by either
optic disc photos or OCT) and functional deficits in the visual field is a hallmark for
establishing a clinical diagnosis of glaucoma and other optic nerve diseases. Some recent
structure—function models based on the comparison between SAP and estimates of RGC
number show that there is a precise causal relationship between loss of structure and loss of
function in patients with glaucoma (37-41), ischemic optic neuropathy (42), and in
nonhuman primates with experimental glaucoma (43). Other models would suggest that both
RGC death and RGC dysfunction are necessary to account for empiric findings about
relationships between perimetric and structural measures of glaucomatous damage (44). Our
conceptual model includes these deterministic factors, which are based on parallelism
between structure and function at stages of disease characterized by progressive RGC loss
(37,43). Also, the model includes a key factor—the time lag between RGC dysfunction and
death—that provides the window of opportunity to rescue ailing RGCs. The most sought
after hallmark of glaucoma and optic neuropathies—correlation between structure and
function —should be considered typical of a relatively late stage of disease. In contrast, lack
of correlation between structure and function should characterize early potentially reversible
stages of disease.

CONCLUSIONS

The concepts presented here provide a comprehensive unifying model of an identifiable
stage of plasticity of RGC electrical responsiveness preceding death. Identification of this
stage represents both a rationale and a target for treatment. The model does not make
assumptions about mechanisms resulting in RGC dysfunction and death or does it make
assumptions about genetic susceptibility to chronic stress exposure—and about the nature of
stress—in different optic neuropathies. The model allows a set of testable predictions that
are supported by an increasing number of clinical and experimental findings. It may be used
as a framework for better understanding of how glaucoma and optic nerve disorders develop
as well as the appropriate time window for treatment. The model has intrinsic limitations.
First, both PERG and OCT have a limited dynamic range; the magnitudes of both PERG and
OCT signals do not go to zero in advanced stages of optic neuropathy (floor effect)
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(22,40,45), limiting the use of the model to early-to-moderate stages of disease. Second, the
OCT signal may spuriously increase as a result of either inflammation or gliosis of optic
nerve axons (46). These factors need to be considered to reconcile the model with
experimental findings.
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FIG. 1.
Conceptual model of structure—function relationship for 1 retinal ganglion cell undergoing
several stages of progressive dysfunction and death.
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FIG. 2.

Conceptual model of structure—function relationship for a large population of retinal
ganglion cells, in which different levels of cell dysfunction coexist. Condition A
corresponds to a fast-progressing disease, such as Leber hereditary optic neuropathy.
Condition B corresponds to a slow progressing disease such as glaucoma. The curves
representing function and structure have identical form, although shifted by a time lag. Note
that the residual function and structure measurable in advanced stages of the diseases with
pattern electroretinogram or optical coherence tomography has a nonzero value (floor).
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