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The aging visual system is marked by a decline in some, but not all, key functions. Some of
this decline is attributed to changes in the optics of the eye, but other aspects must have a
neural basis. Across mammals, with aging there is remarkable persistence of central structures
to which retinal ganglion cell (RGC) axons project with little or no loss of neurons. Similarly,
RGC bodies in the retina are subject to variable age-related loss, with most mammals showing
none over time. In contrast, the RGC axon itself is highly vulnerable. Across species, the rate
of axon loss in the optic nerve is related inversely to the total number of axons at maturity and
lifespan. The result of this scaling is approximately a 40% total decline in axon number.
Evidence suggests that the consistent vulnerability of RGC axons to aging arises from their
high metabolic demand combined with diminishing resources. Thus, therapeutic interven-
tions that conserve bioenergetics may have potential to abate age-related decline in visual
function.
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AGING AND VISION

ge-related loss of sensory activity represents a costly and
socially debilitating aspect of general senescence of the
central nervous system (CNS). For human beings, this loss is felt
most strongly through decline of the visual system, upon which
we depend more than other sensory modalities. Accordingly,
the visual areas represent the lion’s share of cortical represen-
tation of sensory function. As we age, peripheral tissues of the
eye (cornea, lens, vitreous humor, and so forth) undergo myriad
structural changes that influence the efficiency of optical
transmission.! Certainly, age-related degradation in the optics of
the eye contributes to some aspects of declining visual
function.>> Decline in other key functions, such as spatial
contrast sensitivity and motion sensitivity, must have a neural
basis, since optic changes cannot account for the loss.*5 Still,
other functions remain remarkably intact, and this persistence
may inform how well particular visual neural pathways age.®”
Aging also influences the response of early visual structures

to disease-relevant stressors. For glaucoma, the most common
optic neuropathy, age is a prominent risk factor alongside IOP,
central corneal thickness, and other ocular factors.® Thus, age-
related changes in the neural substrates for vision represent a
backdrop for decline in some (but not all) normal functions and
increased vulnerability to degenerative disease. The question at
hand is whether age-related loss of function and increased
susceptibility are related at a mechanistic level, and, if so,
whether a common therapeutic intervention can influence

both.

SuUrRvVIVAL OF CENTRAL STRUCTURES

Structural studies indicate little or no age-related change in
neuronal density or morphology in the primary visual
cortex.>1% This is not to say that the aging cortex is

invulnerable to the ravages of time. Myriad transformations
that affect physiological function occur at the cellular and
subcellular levels.'! However, if age-related decline in visual
function, even if only for a subset of perceptual modalities,
reflects loss of tissue, more likely targets are structures that
form the projection to the cortex.

The mammalian brain is characterized by a highly conserved
projection of the retina into multiple central structures.!? At
the optic chiasm, retinal ganglion cell (RGC) axons from the
two eyes cross in forming the ipsilateral and contralateral optic
tracts to the brain. In rodents, the contralateral projection
dominates, while in other mammals RGC axons are parsed
more evenly. In the human and nonhuman primate brains, the
lateral geniculate nucleus (LGN) of the thalamus receives the
primary RGC relay to the primary visual cortex, while in
rodents this function is served by the more distal superior
colliculus (SC) of the midbrain with a smaller LGN projection to
the cortex. In late stages of glaucoma, relay neurons in the LGN
of nonhuman primates diminish in number, as do those in
postmortem tissue from human patients.!3>"'> This loss lags
substantially behind degeneration of RGC axons in the optic
nerve.'4 Similarly, in the DBA2J mouse model of glaucoma, we
found that SC volume begins to diminish in the oldest animals,
but again well after RGC axonopathy in the optic nerve and
tract has progressed significantly.'®

The story is much different in normal aging. Magnetic
resonance imaging of the human LGN shows approximately a
15% reduction in structural volume between 20 and 70 years of
age.!” Histologic analysis of postmortem tissue indicates a more
dramatic decline (30%).'® Interestingly, in nonhuman primates
and rats, LGN volume increases slightly with age, which can
lead to an apparent decline in neuronal density.'*?° Despite
these changes in tissue volume, the number of neurons in the
LGN—regardless of species—does not change.!®-2° Similarly,
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there is remarkable constancy in the physiological response
properties of individual LGN neurons in monkeys.>

Though the number and response qualities of RGC relay
neurons do not appear to change with age, other aspects of the
RGC projection do. The size and complexity of RGC axonal
arbors in the mouse SC diminish with age.?! In the aging rabbit,
the rate of slow axonal transport along RGC axons to central
targets decreases.?? Similarly age-related shrinkage of the
DBA2J SC follows deficits in RGC axonal transport after a
period of persistence.'® Taken as whole, these observations
suggest that even as aging has little influence on the structure
of cortical projections from RGC central targets, the RGC axon
itself may be more vulnerable.

AGE-RELATED DECLINE IN RGC AXONSs

The RGC axon is distinguished from the axons of other
glutamatergic neurons in the retina by several important
characteristics. Unlike photoreceptor and bipolar cell axons,
which by necessity are completely unmyelinated, only the
shortest segment of the RGC axon is unmyelinated. This
corresponds to the length of axon that courses through the
nerve fiber layer, through which light must pass to reach the
photoreceptors. As the axon penetrates the laminar region of
the optic nerve head it becomes myelinated, remaining so
throughout the nerve proper and into the optic tract. The
number of RGC axons in the optic nerve differs greatly
between species, by a factor of 30 between mouse and human,
as does the total length of the nerve.?’> Even so, across
mammals most RGC axons are very thin (0.2-0.7 pm in
diameter), approximately half as thick the cone photoreceptor
axon despite being 50-fold longer.?¥ While optimized for
minimal firing rate and energy use,?>2¢ the small size of RGC
axons has implications for susceptibility over time to light-
induced damage, metabolic stress, disruption of Ca*" homeo-
stasis, and cytoskeletal degradation.'?2” This susceptibility may
explain why axonal transport from the retina to the brain is
affected early in glaucoma, and why decline in function is
detected first at the distalmost projection sites.!?28 A small
axon, especially one with a bioenergetically inefficient
unmyelinated segment, also is at a disadvantage should
available ATP diminish.?%3° Aging of the CNS includes as one
of its many challenges an overall decline in available neuronal
adenosine-5'-triphosphate (ATP) available for hydrolysis, which
is necessary for the release of stored energy.!! This reduction is
associated with axonal dysfunction in other systems and may
explain increased RGC susceptibility in optic neuropathy.31-33
Available ATP diminishes in the optic nerve of the DBA2J
mouse with age; this is exacerbated by the additional stress of
elevated IOP3 This stress-induced reduction may arise from
focal shortages in ATP along the axon due to reduced
axoplasmic flow.3>

RGC axon loss in animal models of glaucoma is correlated
strongly with accumulated exposure to elevated IOP, regardless
of species or the nature of the insult.!? Similarly axon number
in the optic nerve also declines regularly with age, at least for
those studies documenting regular loss. This is an important
caveat, for whether due to methodologic or strain differences,
or large intrasample variability, some studies simply find little
axon loss with age‘56*57 Even so, most studies indicate a robust
and regular age-related decline in axon number. For example,
human and rhesus monkey nerves lose roughly 4500 axons
annually.38-4 Other studies indicate an even higher rate of
loss, 142 but variability in the total number of axons at maturity
is extremely high.3° This number is an important (and, as it
turns out, interesting) determinant of rate of axon loss over
lifespan. As the number of axons at peak increases, the rate of
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axon loss decreases proportionately (Fig. 1). Thus, from mouse
(50,000 axons) to rat (100,000) to monkey (1 million) to
human (1.5 million), there is a 57-fold decrease in axon loss per
month. This scaling corresponds roughly to the fold-difference
in lifespan in years, so that regardless of mammalian species
the result is approximately a 40% loss in axons over the
lifespan.“3 It is important to note that the rodent data in Figure
1 arose from Fluoro-Gold (Santa Cruz Biotechnology, Inc.,
Dallas, TX) labeling of RGCs following retrograde axonal
transport from the SC.*3 We have shown previously that this
assay better reflects RGC axonal integrity in the optic
projection than cell body survival,'?%4 and it is interpreted as
such here.

The calculation of total axon loss is made simple by
assuming a constant rate over time, as in a linear process (Fig.
2). This seems a reasonable estimation based on the careful
measurements for human nerves in the literature.*>4! The rate
of loss in human postmortem nerves, roughly 0.5% annually,
also is in accordance with in vivo optical coherence
tomography measurements of changes in retinal nerve fiber
layer thickness.®> This suggests that survival of the unmyelin-
ated segment in the retina and nerve head is likely to be
coupled tightly to survival of the distal axon segment in the
nerve itself.

PERSISTENCE OF RGC CEeLL Bopies WiTH AGING

Certain neurons are highly susceptible to age-related loss. For
example, the population of rod photoreceptors in the central
human retina declines by 30% over a lifetime; the number of
cones remains remarkably stable.4® One might assume
prominent loss of RGC axons in the optic nerve as described
across mammalian species must translate ipso facto to a
corresponding decline in RGC bodies in the retina. This is not
so. Whether RGC bodies in the retina also are susceptible to
age-related loss is a far more equivocal question—at least when
it comes to comparing human retina to that of other mammals.

In the rhesus monkey retina, over a near 30-year lifespan the
number of RGC bodies does not change regardless of
eccentricity from the fovea or retinal quadrant.*” The same is
true of the marsupial wallaby retina, where RGC body number
remains constant (approximately 200,000) even for those
animals living the longest in captivity, up to 15 years.®® In
C57BL/6 mouse retina, over a two-year lifespan the number of
RGCs does not change.?! However, the dendritic arbors of at
least some types of mouse RGC shrink by approximately 20%
with a concomitant decrease in the density of inner plexiform
layer synapses.?! Other reports that show agerelated RGC
body loss in C57 retina again used measurements based on
retrograde axonal transport of Fluoro-Gold (Santa Cruz
Biotechnology, Inc.) from the superior colliculus.®® It is not
surprising the noted decrease was similar to axon loss,
approximately 40%.%° Finally, the number of RGC bodies in
the rat retina does not change with age (up to 30 months),
though the retina itself enlarges.> This enlargement can
explain why cell density (cells per unit area), rather than total
number, diminishes significantly.>! Thus, across several mam-
malian species RGC bodies persist over a lifetime.

Accurate cell counts in the human retina are difficult to obtain,
due to varying health (and treatments) between subjects and
differences in postmortem treatment of tissue. Immune-labeling
of RGC:s is difficult for a variety of technical reasons, so counts of
ganglion cell layer neurons generally include RGC bodies and
displaced amacrine cells. This practice is mitigated somewhat by
focusing on changes in the central retina, where the fraction of
displaced amacrine neurons is below 5%.32 Finally, variability even
within tissues of the same age and health is quite high. Whether
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Axon loss in the aging optic nerve. Axon loss in the optic nerve as percent of total population at maturity across progression of lifespan.

Rates of loss and lifespan from the report of Neufeld and Gachie®3; second human set from the study of Jonas et al.“® Range (dashed lines) and
average * SD of total loss indicated. Regardless of species, decline in the number of axons over a lifetime is approximately 40%.

the RGC population is assessed by axon number in the optic nerve
or cell body count in the retina, the possible range can differ 2-fold
between normal donors 3¢:40-52

The human retina, like that of rodents,> expands over a
lifetime, increasing in area by approximately 15%.33 An early study
found that RGC density in the human central retina, where
displaced amacrine cells are fewest, decreases by a similar
amount.>* If so, the result could be explained without actual
RGC dropout. However, subsequent studies found a greater
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Ficure 2. Rate of axon loss depends on axon number. Rate of axon
loss in the optic nerve as percent loss monthly as a function of total
axons at maturity. Rates and axon number from various sourc-
€s.38:40.41,43 [ arger nerves have more axons and slower rate of decline,
corresponding to a longer lifetime.

decline in central retina density ranging from 25% 333> to 43%.%¢
This decrease cannot be attributable entirely to expansion of
retinal area, as total neuron number in the ganglion cell layer also
declines by 30% to 45%.5%5° This decline is faster outside of the
central retina, but a far greater fraction of displaced amacrine cells
there makes estimating actual RGC loss more difficult.>%53 It is
important to note that many postmortem samples from even the
oldest donors demonstrate cell counts in the range for the
youngest donors—and vice versa. Even so, it seems likely that the
human retina, unlike that of nonhuman primates and other
mammals, does in fact demonstrate some RGC body loss over a
lifetime. This is a bit enigmatic, since the rate of RGC axon loss in
other animals is far faster.

THE AGING VisuaL Pataways: KEy NEEDS AND
OPPORTUNITIES

Could loss of visual function in normal aging bear mechanistic
similarities to the most common age-related optic neuropathy,
glaucoma? It seems likely. The critical question then is whether by
abating age-related decline therapeutically we also can reduce
susceptibility to age-related diseases, such as glaucoma. In
glaucoma, progression is marked by early RGC axonal dysfunction
followed by outright degeneration.!? Central targets in the brain
and RGC bodies in the retina persist for a period following
axonopathy that represents a window of therapeutic opportuni-
ty.>” Similarly, the broad survey presented here indicates a special
vulnerability of the RGC axon to age-related decline, with a
consistent loss of approximately 40% of the axons in the optic
projection over a lifetime regardless of species. This decline
occurs even as downstream neurons in central projection sights
and in the primary visual cortex persist. Axon degeneration with
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aging is approximately proportional to the extent of expended
lifespan. Thus, just as rate of progression in glaucoma depends on
the degree of IOP-related stress,'? perhaps progression in normal
aging depends on the actual extent of the lifetime. This could
explain why only the human retina appears to progress to actual
RGC body loss with age.

Most mechanistic models of aging invoke as a substrate for
decline changes in metabolic resources due to diminished
mitochondrial efficiency.!! A correlative result is reduced
mitochondrial capacity to maintain homeostatic balance of
intracellular Ca?", decreased Na'/K'-ATPase activity, and
increased oxidative injury.>® These changes in turn increase
CNS vulnerability to stress or injury.!! Older mice with optic
nerve crush demonstrate an accelerated loss of RGC bodies.?®
Axons are particular vulnerable to the effects of reduced
metabolic capacity, since the generation of action potentials is
a severe strain on available ATP—more so than even synaptic
transmission.>®

It seems likely that the visual pathways, like the rest of the
brain, are susceptible to diminished metabolic resources with
aging. Thus, potential interventions to ameliorate age-related
decline should include strategies either to boost bioenergetics
or counter oxidative injury resulting from mitochondrial stress.
Systemic administration of o-lipoic acid, a natural antioxidant,
increased Na'/K™-ATPase activity and reduced neuronal
lipofuscin in cortical and subcortical brain regions in aging
rats.®* We found that dietary administration of o-lipoic acid
reduced lipid peroxidation, protein nitrosylation, and DNA
oxidation in retina of the aged DBA2J mouse, while improving
overall axon function and survival in the optic nerve.! Along
these lines, systemic delivery of histone deacetylase (HDAC)
inhibitor can reduce the transcriptional down-regulation that
precedes outright RGC degeneration in the DBA2J.°2 HDAC
inhibitors also rescue axonal mitochondria, increase ATP levels
and reduce excitotoxic levels of glutamate in metabolically
challenged optic nerve.®®> Thus, targeting oxidative and
metabolic stress may be promising avenues for ameliorating
the effects of aging on the visual pathways.

The mechanisms through which RGCs age intrinsically,
individually and as a network, must inform the development of
new neuro-enhancing therapies. Like glaucoma, which, after
all, is age-related, normal aging involves a specific challenge to
RGC axons in the optic projection. Part of this challenge
doubtlessly is associated with axonal milieu in the optic nerve
head and associated structures. However, the unmyelinated
segment of the RGC axon, in the retina and optic nerve head,
also forms close contacts with the processes of astrocyte glia.
Since astrocytes are important mediators of neuronal health,
any strategy to combat age-related decline must include a more
systematic understanding of their contribution.
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