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Abstract: This review summarizes the characteristics of a rodent toxicologic model of optic
neuropathy induced by the mitochondrial complex I inhibitor rotenone. This model has been
developed to fulfill the demand for a drug-screening tool providing a sound mechanistic con-
text to address the role of mitochondrial dysfunction in the pathogenesis of neurodegenerative
disorders. It features biochemical, structural, and functional retinal deficits that resemble those
of patients with Leber’s hereditary optic neuropathy, a mitochondrial disease characterized by
selective degeneration of retinal ganglion cells, and for which an environmental component is
believed to play a major triggering role. The available data support the efficiency, sensitivity,
and versatility of the model for providing insights into the mechanisms of neurodegeneration,
including mitochondrial dysfunction, oxidative stress and excitotoxicity. Screening work with
this model has provided proof-of-principle that interventions targeting the electron transport
chain, such as USP methylene blue and near-infrared light therapy, are effective at preventing
neurodegeneration induced by mitochondrial dysfunction in vivo. Prospective developments
of this model include the use of neuronal reporter genes for in vivo non-invasive assessment
of retinal degeneration at different time points, and its combination with genetic approaches to
elucidate the synergism of environmental and genetic factors in neurodegeneration.
Keywords: animal model, neuroprotection, mitochondrial dysfunction, visual function,
oxidative stress, cytochrome oxidase

Introduction

The retina has historically constituted an extremely useful window to the brain. Studies
of the retina have helped in developing primordial knowledge about the properties of
the brain, and its structure and function. The great value of the retina for the study of
the brain is best exemplified by the extensive use of retinal examination by clinicians
to assess the status of the intracranial compartment.' Also, studies of the retina were
instrumental in the establishment of the neuron doctrine by Ramon y Cajal,? and visual
deficit studies allowed Hubel and Wiesel to gain insights into the functional organiza-
tion and plasticity of the brain.’

More recently, Howell* has advocated that Leber’s hereditary optic neuropathy
(LHON), a classical retinal neurodegenerative condition described by Thomas Leber
in 1871, could be a model for understanding the role of mitochondrial dysfunction in
neurodegeneration. LHON has a distinct anatomic phenotype and clinical progres-
sion that differs from the slow course typically characteristic of other neurodegen-
erative diseases. In this regard, LHON is unique and has no parallel in the clinical
spectrum of neurodegenerative entities. Nevertheless, understanding the mechanisms
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of neurodegeneration featured by a condition with a clear
mitochondrial pathogenesis such as LHON, could provide
insights into the role of mitochondrial dysfunction as part
of the pathogenesis of major neurodegenerative disorders, a
role that is strongly suggested by recent literature. Howell’s
idea stems from the hypothesis that major late-onset neuro-
degenerative disorders may share a common mitochondrial
pathogenesis with LHON. This common mitochondrial
component would then provide “a point through which (the
neurodegenerative disorders) can be attacked experimen-
tally, theoretically, and—most importantly—therapeutically”.4
Indeed, there is a tremendous need to develop effective thera-
peutic interventions against neurodegenerative disorders.
These conditions impair the quality of life of patients and
their families in a devastating way, and represent a significant
burden to public health systems worldwide.>® Treatment
options currently available for patients with neurodegenera-
tive disorders provide temporary symptomatic relief only
and do not modify the progression of neurodegeneration.”!°
To this day, interventions that effectively slow or prevent
the natural history of neurodegeneration remain a crucial
unmet need.

Mitochondria are central organelles in neuronal physi-
ology. They coherently integrate cell respiration, energy
metabolism, and calcium ion balance to support cell survival.
Mitochondrial dysfunction is a hallmark of mitochondri-
opathies, a group of rare disorders characterized by impair-
ment of the respiratory chain and abnormalities in tissues
with high metabolic demands, such as muscle and brain.
Recently, common sporadic neurodegenerative conditions
such as Alzheimer’s disease (AD), Parkinson’s disease (PD)
and Huntington’s disease (HD) have also been associated
with major mitochondrial functional abnormalities.!'!?
Neurodegenerative disorders are heterogeneous in their
manifestations and most likely in their etiology, but all are
characterized by progressive neuronal loss. Since mitochon-
drial bioenergetics plays a central role in neuronal survival,
it can be hypothesized that the putative heterogeneous etio-
logic factors of neurodegeneration may find in mitochondria
points of vulnerability for neuronal integrity, thus trigger-
ing neuronal death pathways mediated by mitochondrial
dysfunction.

There is now a vast body of evidence showing that
mitochondrial failure is linked to known major pathogenic
aspects of neuronal dysfunction associated with neurode-
generation, including excitotoxicity,'* abnormal protein
aggregation,'® neuroinflammation,'® and oxidative stress.!’
Previously, this evidence appeared somewhat disconnected,

but it can be now unified into a sound theory that highlights
the possible pathogenic contribution of mitochondrial
dysfunction (Figure 1). However, the importance of mito-
chondria in neurodegeneration has not been thoroughly taken
into account in preclinical and clinical protocols aimed at
drug development. Based on the current evidence, targeted
manipulations of mitochondrial function seem to be the
next logical step in attempts to design effective therapeutic
interventions against neurodegeneration.

Leber’s hereditary optic neuropathy
LHON has a number of characteristics that make it attractive
as a model of neurodegeneration. First, LHON resembles
more common neurodegenerative conditions (ie, AD, PD,
HD) in that it manifests with early degeneration of particular
neuronal networks, which highlights their intrinsic vulner-
ability. LHON is characterized by an acute-to-subacute bilat-
eral loss of central vision caused by selective degeneration of
the retinal ganglion cell layer and the optic nerve.'® Second,
LHON was the first neurodegenerative condition for which
a mitochondrial pattern of inheritance was described.!” In
LHON, the risk of retinal ganglion cell degeneration and
vision loss follows a strict maternal inheritance pattern,
regardless of whether or not the mother is visually affected.?
About 96% of families with individuals affected with LHON
carry one of three point mutations in mitochondrial DNA
(mDNA). These mutations occur in nucleotides 3460, 11778,
or 14484, and result in amino acid substitutions in the ND1,
ND4 and ND6 genes, respectively.?! Such genes are three
of seven mitochondrial genes that encode subunits of the
membrane-embedded sector of NADH dehydrogenase
(complex I) of the mitochondrial electron transport chain
(ETC). Finally, LHON is not only a neurodegenerative dis-
order with a predictable inheritance pattern, but is also one
for which a straightforward etiology involving mitochondrial
dysfunction has been widely acknowledged.

There is a substantial body of evidence showing that
mitochondrial mutations in LHON lead to optic nerve
degeneration by impairing normal mitochondrial function,
although the exact mechanism is still controversial. The
primary hypothesis of the pathogenesis of LHON holds
that because LHON mutations are found in mitochondrial
complex I genes, they induce neurodegeneration by impairing
complex I function and energy production.?*?* Complex I is
the initial step in a cascade of inner mitochondrial membrane
reactions that regulate the controlled release of energy from
high-energy electrons. These reactions allow the transforma-
tion of electron energy into an energy currency that is usable
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Figure | Role of mitochondrial dysfunction in the pathogenesis of neurodegeneration. Neurodegeneration is likely to have a heterogeneous set of genetic and environmental
causes that vary between individual cases. Current evidence suggests that genetic and environmental factors induce neurodegeneration through three major neurodegenerative
events, comprising mitochondrial dysfunction, excitotoxicity, and dysfunction of housekeeping mechanisms (ie, proteasome, antioxidant). Two mediators of neurodegeneration,
which constitute immediate consequences of mitochondrial failure, ie, oxidative stress and energy depletion, are responsible for promoting excitotoxic damage and dysfunction
of housekeeping systems. A reciprocal pathophysiological interaction between mitochondrial dysfunction, excitotoxicity, and housekeeping dysfunction is proposed, in which
activation of any of these events not only triggers a vicious cycle that promotes its self-propagation, but leads to the onset and exacerbation of the others.The amplified effects
of this process, in turn, lead to the activation of cell death pathways, when it is severe enough or when it is unopposed by the appropriate homeostatic responses.

by neurons, ie, adenosine triphosphate (ATP). It has been
demonstrated that, although highly variable, the pathogenic
mutations induce complex I inhibition. For example, the 3460
mutation induces a 60%—-80% decrease in complex I activ-
ity and a 30% decrease in cellular respiratory rate, whereas
the 11778 mutation induces decreases in complex I activity
that range from 0% to 30%.>* There is also some evidence
suggesting that LHON mutations induce a major impairment
in ATP synthesis.**"*> Furthermore, the three pathogenic
mutations have been shown to impair the NADH/NAD
balance,* which is not only regulated by energy storage, but
also by levels of oxidative stress. Complex I is known to be
a major mitochondrial source of reactive oxygen species. In
fact, complex I dysfunction increases high-energy electron
leak from the N2 iron-sulfur cluster of complex 1.2¢ Leaking
electrons can thus react with oxygen to form superoxide,
a major reactive oxygen species involved in oxidative
stress. Transfection of mutant ND4 subunits into rat retinal
ganglion cell-like cells via adeno-associated virus vectors

has been shown to elevate reactive oxygen species, disrupt
mitochondrial structure, and induce apoptosis.?” These data
suggest that the expression of mutated complex I subunits
induces improper redox and energy balances that are likely
to trigger retinal neurodegeneration.

Environmental etiologies

One of the most challenging issues concerning the
pathogenesis of LHON is that, despite it being a model
genetic neurodegenerative condition, only 50% of males
and 10% of females who carry the pathogenic mutations
develop the disease.* The incomplete penetrance in LHON
shows that the mutations are necessary but not sufficient for
its clinical expression. In turn, it also strongly suggests that
the clinical expression is modulated by epigenetic or envi-
ronmental factors interacting with the phenotype induced
by the mutations. There is compelling evidence showing
that environmental factors might act synergistically with
the pathogenic LHON mutations to induce mitochondrial
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dysfunction and trigger the expression of the disease. First,
the disease is not congenital, but mainly affects individu-
als in early adulthood. Also, several cases of monozygous
twins discordant for LHON have been described.?®*? In one
case, occupational exposure to smoke was believed to be
the trigger of vision loss in the affected twin. Alcohol and
tobacco use have been associated with the course of LHON
in a number of anecdotal reports.?>?33* Recently, an epide-
miologic analysis of 196 affected and 206 unaffected carriers
from 125 LHON families identified a strong dose-response
association between visual loss and the intensity of smoking,
independent of genotype, gender, and alcohol intake.’> The
effect led to a clinical penetrance of 93% in men who smoked
compared with 66% in non-smoking males. In support of
this finding, the mean platelet complex I activity has been
shown to be reduced by 24% in healthy tobacco smokers,
compared with healthy non-smokers.*® Kirkman et al* also
reported a trend towards increased visual loss with heavy
alcohol intake, and 33% of patients reported occupational or
accidental toxin exposure (ie, exhaust fumes, dry cleaning
solvents, asbestos, lead, scrap metals, or fiberglass) in the
immediate period preceding visual loss.

In fact, a number of toxic optic neuropathies including
tobacco-alcohol amblyopia, Cuban optic neuropathy, and
chloramphenicol optic neuropathy, share the clinical features
of LHON, and are considered part of a common spectrum of
disorders.’”*® Methanol poisoning which causes acute reti-
notoxicity and major photoreceptor degeneration in humans
has also been proposed to be mediated by mitochondrial dys-
function, and has been successfully modeled in rodents.>*#
In addition, the fact that some patients with LHON show
improvements in visual function implies that retinal ganglion
cells may suffer a reversible functional impairment, which
agrees better with a transient exposure to putative neuro-
toxins, than the permanent damage that would be expected
if the expression was solely due to genetic factors. Finally,
occupational pesticide exposure has been associated with the
etiology of PD, a major sporadic neurodegenerative disease
characterized by complex I dysfunction.** In particular,
rotenone, a well-characterized and naturally occurring com-
plex I inhibitor commonly used as an herbicide and pesticide,
has been successfully used to model some of the major
neurodegenerative features of PD in the rat.** Current data
also indicate that pathogenic LHON mutations and rotenone
could have a common mechanism of action. While it has
been proposed that the mutations induce structural changes
that impair the access of the membrane-embedded electron
carrier ubiquinone to its reduction site in complex 1,3® this is

amechanism that is widely documented for class A complex
I inhibitors such as rotenone (Figure 2).* Thus, impaired
reduction of ubiquinone by rotenone and probably also by
the pathogenic LHON mutations facilitates electron leak and
free radical formation at complex I (Figure 3).2645:4¢

Finally, recent evidence highlights the complexity of the
mechanisms mediating neurodegeneration in the retina when
the role of environmental factors is considered. In in vitro
experiments, it has been shown that mitochondria derived
from isolated transformed rat ganglion cells show very low
increases in superoxide production upon exposure to rote-
none, compared with brain-derived mitochondria.*” However,
when exposed to rotenone, primary rat retinal cell cultures
including neuroglia show significant increases in superoxide
production and disruption of glutamate reuptake in a concen-
tration-dependent manner.*® Neuron-glia interactions seem to
be relevant in neurodegeneration. These interactions provide
compelling evidence that the pathobiology of ganglion cells
should be studied within their intact neural circuitry, which
mandates the use of in vivo models. In summary, LHON
seems to be a multifactorial disease, the penetrance of which
is strongly influenced by environmental factors. It is likely
that this etiologic picture is similar to that of the more com-
mon neurodegenerative diseases.

Rodent model induced

by intravitreal rotenone

Zhang and colleagues® were the first to describe the retinotoxic
effects of the mitochondrial complex I inhibitor rotenone on the
microstructure of the mouse retina. Their experiments suggested
that retinal ganglion cells display a particular sensitivity to mito-
chondrial dysfunction and served as a basis to develop a model of
optic neuropathy in vivo with the properties presented below.

Accuracy

The model is unique because it features retinal neurodegenera-
tion selective to the ganglion cells and their processes. After
rotenone infusion, evidence of degeneration is restricted to the
ganglion cell layer (GCL) and retinal nerve fiber layer (RNFL).
These effects highlight the relevance of environmental mito-
chondrial toxicity in neurodegeneration, in particular of that
based on disruption of the ETC at the level of complex I. This
mechanism resembles the primary defect associated with the
presence of pathogenic LHON mutations. In addition, the
model has been further developed to yield data on the func-
tional, structural, and biochemical dimensions, all of which
reveal that the abnormalities elicited by rotenone resemble
those observed in patients with LHON (Table 1).%-
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Figure 2 A similar mechanism of complex | dysfunction induced by pathogenic LHON mutations and rotenone. A) LHON pathogenic mutations occur in mitochondrial genes
encoding for the internal membrane-embedded complex | subunits ND |, ND4 and NDé.These subunits are located in the interface with the peripheral, nuclear-encoded PSST
and 49 kDa subunits that form a ramp that allows the electron carrier ubiquinone (CoQ) to reach the iron-sulfur center N2 at its reduction site within complex |. LHON
mutations are believed to induce a conformational change that prevents CoQ from reaching its reduction site (asterisks). B) Rotenone has been demonstrated to impair
CoQ reduction by blocking its access to the reduction site. High energy electrons (e”) not used in CoQ reduction react with oxygen molecules to form superoxide ions, thus

increasing oxidative stress.
Abbreviations: CoQ, coenzyme Q; LHON, Leber’s hereditary optic neuropathy.

Neurochemical effects

Elucidation of the mechanisms underlying retinal neurode-
generation in LHON has been attempted by studying the
biochemical changes in vitro using respiration or enzymatic
studies.*** These changes have been analyzed in blood cells,
skeletal muscle, fibroblasts, and, very rarely, in nervous tissue.
With these approaches, a direct association between complex I
dysfunction, bioenergetic failure, and neurodegeneration in
LHON has been difficult to establish.>® While clinical studies
are critical for the development of experimental therapeutics,
the use of the rotenone animal model of retinal degeneration
could reveal a path to mechanistic elucidation, but most
importantly could help making progress in development of
therapeutics. A major advantage of the rotenone model is that
traditional biochemical analyses for investigating mitochon-
drial function can be carried out directly on retinal tissue. It
is, for example, a powerful tool to detect retinal changes in

oxidative stress and energy metabolic capacity in sifu,>*> two
aspects that have been poorly characterized in specimens from
LHON patients so far. In this model, the adverse neurochemi-
cal effects of rotenone have been demonstrated in the retina
in situ, where twofold increases in superoxide levels were
observed 24 hours after rotenone injection.> Remarkably,
retinal superoxide levels were significantly increased in the
GCL, but were minimal in outer retinal layers (Figure 4A
and 4B). In addition, rotenone was shown to induce a 2.4-fold
increase in the number of apoptotic cells in the GCL, which
suggests that retinal ganglion cells are particularly susceptible
to the neurotoxic effects of rotenone. Retinal oxidative stress
is difficult to assess directly in humans. However, patients
with LHON have shown signs of increased oxidative damage
in whole blood and leukocytes.**®

Further studies of this model have also provided insights
into the link between oxidative stress, excitotoxicity, and
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Figure 3 Disruption of the electron transport chain by rotenone. A) Normally electron donors (NADH and FADH,) reduce mitochondrial complex I or Il. Electrons (e”) are
sequentially transferred to ubiquinone (CoQ), complex lll, cytochrome ¢ (Cyt c) and complex IV (cytochrome oxidase). As this electron transfer occurs in a tightly regulated
fashion, the energy released from each redox reaction is used to pump protons (H*) into the intermembrane space to generate an electrochemical gradient that activates the
enzyme ATP synthase. B) However, inhibition of complex | by rotenone impairs the entry of electrons into the respiratory chain and not only reduces the potential for energy
formation, but also generates an unregulated electron leakage that promotes the formation of highly neurotoxic reactive oxygen species, in particular, superoxide (O,").

Abbreviations: ATP, adenosine triphosphate; CoQ, coenzyme Q.

neurodegeneration. For example, GCL increases in apoptosis
and oxidative stress have paralleled ganglion cell body and
fiber degeneration, and these effects have been prevented by
the selective blockade of the N-methyl-D-aspartate receptor
(NMDAR)* or antioxidants,’* implicating calcium overload
and oxidative damage as mediators and most probably precur-
sors of neurodegeneration. The fact that NMDAR blockade
with the non-competitive antagonist, memantine, was able to
prevent biochemical and structural retinal damage induced by
amitochondrial toxin in a dose-response manner, suggests tight

coupling between calcium homeostasis and energy metabolism,
as indicated by in vitro studies.® It was hypothesized that
prevention of intracellular calcium overload in pathologically
activated NMDAR could reduce energy expenditure by prevent-
ing uncontrolled depolarization,**! and activation of calcium-
dependent enzymes.*? These effects secondary to NMDAR
blockade would allow the expression of mechanisms to
enhance neuronal survival, including the assembly of functional
respiratory enzymes.” Of note, an early electron microscopy
study of LHON human retinal tissue reported the presence of
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Table | Comparative features of Leber’s hereditary optic neuropathy and the animal model of rotenone-induced optic neuropathy

Leber’s hereditary optic neuropathy

Rotenone-induced optic neuropathy

Course e Acute to subacute onset (weeks to months) e Rapid onset of neurodegeneration (hours to days)
e Permanent damage in the majority of cases e Permanent damage
Etiology o mDNA mutations e Rotenone
Mechanism e Abnormal expression of transmembrane e Blocks entry of ubiquinone into ramp connecting
(NDI,ND4 and NDé6) complex | subunits the transmembrane (ND 1, ND4 and NDé) and
peripheral sectors of complex |
Oxidative stress ¢ Increased blood oxidative stress e Increased superoxide production confined to
¢ Increased leukocyte DNA oxidative damage ganglion cell layer (GCL)
e Increase in oxidative stress-induced
lymphocyte apoptosis
Metabolic impairment e Intracellular calcium inclusions e Early increased metabolic capacity
and excitotoxicity e Swollen mitochondria and ganglion cells o Late decreased metabolic capacity
e Decreased complex | activity and oxidative o Neurodegenerative effects prevented by NMDA
phosphorylation receptor blockade
e Decreased NADH/NAD ratio
Early structural effects e RNFL edema e |PL edema
Late structural effects e Selective and massive degeneration of the e Selective and massive degeneration of the RNFL
RNFL and GCL and GCL
e 95%—100% atrophy of papillomacular bundle e 50% atrophy of peripapillary fibers
e GCL pyknosis e GCL apoptosis
e Optic nerve atrophy, gliosis and demyelination e Optic nerve atrophy and gliosis
e Mild IPL atrophy e |PL atrophy
Functional deficits o Decreased visual acuity, dyschromatopsia o Decreased contrast sensitivity

and contrast sensitivity
e Preserved pupillary light reflex

e Transynaptic structural evidence of retinal

deafferentiation

e Preserved pupillary light reflex

e Transynaptic metabolic evidence of retinal
deafferentiation

e Visual deficits highly correlate with structural
damage

Abbreviations: DNA, deoxyribonucleic acid; IPL, inner plexiform layer; GCL, ganglion cell layer; RNFL, retinal nerve fiber layer.

swollen mitochondria and calcium-containing inclusions,
which also suggest a link between mitochondrial dysfunction
and excitotoxicity-mediated retinal degeneration, but this
association has been poorly characterized in human tissue.
Retinal enzyme histochemistry (eg, complex I or cytochrome
oxidase activity) has allowed clear visualization of regions rich
in mitochondria, like the GCL and RNFL. These methods dif-
ferentiate retinal regions with high mitochondrial content from
those with less mitochondrial density, like the inner and outer
nuclear layers.**3523455 Changes in energy metabolic capacity
after rotenone administration have been characterized in the
animal model by cytochrome oxidase enzyme histochemistry.
Cytochrome oxidase is the terminal enzyme of the respiratory
chain and is a key enzyme in energy metabolism.* Cytochrome
oxidase activity accurately reflects the responses to increased
energetic demands within neurons, and is widely use as a marker
of aerobic metabolic capacity.®®

At 24 hours after intravitreal rotenone administration,
both the inner plexiform layer and the optic nerve displayed
18% and 51% increases in cytochrome oxidase activity,
respectively.® The inner plexiform layer and the optic nerve
contain the dendrites and axons of retinal ganglion cells,
and are known to have a high density of mitochondria.®
These retinal increases in cytochrome oxidase activity
after rotenone exposure could represent adaptations of the
mitochondrial respiratory machinery to increased energetic
demands secondary to excitotoxicity, oxidative stress and
energy depletion. In contrast, the GCL itself shows no
changes in cytochrome oxidase activity after 24 hours, but
it shows a 30%-40% reduction after 15 days.>>> Notori-
ously, retinal decreases in energy metabolism capacity after
rotenone were found to correlate with histologic retinal
damage and with impairments in behaviorally assessed
visual function.”!
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Figure 4 Neurochemical, structural and functional effects of rotenone in the rat retina. Sagittal retinal sections stained with the superoxide probe dihydroethidium show a
massive increase in the free radical signal in rotenone-treated eyes B) compared to vehicle-treated controls A) under epifluorescence microscopy (10 x). After several days,
rotenone-treated retinas D) display a visible decrease in thickness, compared with control C).This change occurs mainly at the expense of the retinal nerve fiber layer (RNFL)
and ganglion cell layer (GCL) and is detectable with a NADH dehydrogenase enzyme histochemistry method. Panels E and F show diagrams of typical swimming patterns in
an apparatus designed to test visual function. The visual ability of subjects treated with intravitreal rotenone is severely impaired. This change is manifested behaviorally with
prolonged, erratic, and hesitant trajectories and incorrect compartment entrances during a task involving the visual localization of an escape platform F). Such swimming pat-

terns contrast with the rapid and straight trajectories of control animals E).

Abbreviations: GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; PR, photoreceptor layer;

RNFL, retinal nerve fiber layer.

Structural effects

The morphologic changes observed in the rotenone model of
retinal degeneration are strikingly similar to those described
in patients with LHON. Just as structural retinal changes in

LHON are time-dependent, rotenone induces a progressive
retinal degeneration in the mouse and rat retina that has been
stereologically characterized. Early LHON features peri-
papillary retinal nerve fiber layer (RNFL) pseudoedema.®’
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In the animal model, this is mimicked by early thickening
of about 11% in the peripapillary inner plexiform layer
only 30 minutes after rotenone injection, without further
changes in other retinal layers.>* Furthermore, in LHON,
optic nerve atrophy progresses over several months until
it is almost universal. Neuropathologic studies of LHON
have consistently demonstrated massive degeneration of
the retinal ganglion cell layer and of the optic nerve without
signs of inflammation in late phases of the disease.®*** The
retina shows peripheral cystic degeneration, with about
95% axonal loss in the optic nerve. The ganglion cell layer
degeneration is more prominent in the papillomacular bundle
region, but is not, by any means, confined to this region.®
Occasional pyknotic nuclei can be detected in the remain-
ing GCL. A mild degree of inner nuclear layer degeneration
has also been reported, but in general, outer retinal layers
are usually spared. The optic nerve shows diffuse atrophic
nerve fiber bundles, with demyelination, gliosis, thickening
of the pial septa, but no signs of inflammation.®® All these
neuropathologic changes have a counterpart in the peripapil-
lary rodent retina. While, a distinct papillomacular bundle is
not readily evident in the rodent retina, severe changes are
found within 200 pm radial to the optic disc after rotenone
injection (Figure 5).454%

First there is an acute-to-subacute onset of degeneration
that takes place between 0.5 and 1 hour after injection, and
evolves over several hours to reach a plateau at 24 hours.
At 1 hour, a 32% decrease in the combined thickness of the
GCL and RNFL compared with the control value is already
observed. The thinning of these two layers progresses to 42%
at 24 hours and reaches 58% on day 17 (Figure 4C and 4D).
The thickness reduction is dose-dependent with half-dose rote-
none (100 pg/kg), inducing a reduction of only 5% at 24 hours.
Also at 24 hours, the thickness reduction for the GCL alone is
18%, but the thickness reduction of the RNFL is 89%, which
highlights the marked vulnerability of nerve fibers to the neu-
rotoxic effects of rotenone. Further histopathologic changes
observed at 24 hours within the peripapillary GCL include a
21% decrease in cell density, with preferential decreases of
neurons with the largest somata, presence of pyknotic cells
denuded of processes, remaining processes with retraction
bulbs and fibers with decreased synaptic spines.”® Evidence
of neurodegeneration in layers containing ganglion cell
processes is also already present at 24 hours. Axon bundles
approaching the optic disc show a 50% decrease, and the
zones of granular lines in the inner plexiform layer disap-
pear. At 72 hours the most striking change is the presence of
severe optic nerve vacuolation and gliosis that replaces nerve

bundles on transverse section, also similar to that observed
in LHON. The number of vacuoles shows a strong negative
correlation with the number of remaining ganglion cells
(—0.89, P < 0.05).” Finally, 17 days after rotenone injection
the combined thickness of the GCL + RNFL shows a 58%
decrease compared with the control value, whereas the GCL
cell density is reduced by almost 30%. At this late time point
a nearly 50% decrease in inner plexiform layer thickness is
also observed.>!*

Functional effects

The structural similarities between LHON and the animal
model of optic neuropathy induced by rotenone also have
a functional counterpart. LHON is usually characterized by
severe and permanent visual impairment. At onset, patients
report painless blurred vision unilaterally, with the second
eye involved within a few weeks or months.*! There is visual
field loss consisting of an enlarged blind spot that progresses
and involves central vision producing a large centrocecal
scotoma, within the first four to six weeks.!® These clinical
deficits are paralleled by early desynchronization, delay,
and amplitude reduction of visual evoked potentials, which
are extinguished in the late atrophic phase. Although visual
acuity changes are the most noticeable ones in LHON, pro-
gressive dyschromatopsia and deficits in illuminance contrast
sensitivity are also major features of the disease.””’* Some
patients report pain in an affected eye or on eye movements,
and a minority experience worsening of visual disturbance
with physical exertion.” Visual dysfunction has been suc-
cessfully modeled using rotenone-induced optic neuropathy
of'the rat.>'2 A protocol has been developed to assess retinal
neurodegenerative changes at the functional level focusing
on behaviorally meaningful parameters. Simple two-choice
discrimination tasks combined with the psychophysical
method of limits can be used to evaluate a number of visual
submodalities including acuity, and spatial and temporal con-
trast sensitivity.”*’® Bias introduced by olfactory and somato-
sensory input can be controlled in apparati that maximize
reliance on visual information, such as water mazes (Figure 4E
and 4F). These sorts of behavioral tests are highly sensitive
to minute changes in visual function in rats treated with intra-
vitreal rotenone.’'? For example, rotenone induces eleva-
tions in the dark-adapted illuminance sensitivity threshold
ranging from 2 to 3.8 Log illuminance units. Such changes
correlate with discrete (eg, percentage of correct choices)
and continuous (eg, latency to solve the task) ancillary mea-
sures of behavioral performance.’ Even more importantly,
functional impairment correlates with structural indexes
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of retinal degeneration (—0.91, P < 0.01) and of retinal
mitochondrial metabolic capacity (—=0.64, P < 0.01). For
example, each one second increase in mean latency to solve
the behavioral task predicts an approximate 4 um-decrease
in GCL + RNFL thickness on an individual basis. Thus, the
model allows structure-function relationships with potential
value for drug screening to be identified.

Two additional functional peculiarities are also common
to both LHON and the animal model of optic neuropathy.
Rotenone-treated mice and rats have no alteration of the
pupillary light reflex,* which is also observed clinically,
even among those LHON patients with the most severe visual
loss.”” In addition, the central visual pathway of patients with
LHON has been reported to show signs of deafferentiation,
including degeneration of the chiasm, optic tracts, lateral
geniculate nucleus, and geniculocalcarine fibers.*® In fact, in
LHON patients, the lateral geniculate nucleus, which is the
main central recipient of retinal fibers, shows cell atrophy,
cell loss, and gliosis in all six layers, with no evidence of
inflammation. These findings support a process of antero-
grade transneuronal degeneration in LHON. Similarly,
functional effects of visual deafferentiation can be found
transynaptically in relay centers of the central visual pathway
in the animal model. Subjects treated with rotenone show not
only decreased metabolic capacity in the retina, but also in
the superior colliculus (the main recipient of retinal fibers in
rodents), the lateral geniculate nucleus, and primary visual
cortex, whereas a compensatory increase in metabolic activ-
ity is observed in the secondary visual cortex compared with
control values.’! These findings are significant because they
suggest that neurodegeneration can be assessed at a systems
level. The induction of retinal damage has functional effects
in distant brain regions which can be studied independently
of a direct effect of the neurotoxin. The ability to study such
expected changes could be also of great relevance to the study
of patterns of neurodegeneration at a network level in AD
and other major neurodegenerative disorders.

Efficiency

Using the retina to study neurodegeneration and neuro-
protection combines the advantages of a relatively isolated
in vitro system with the biologic relevance of an in vivo
system. The eye provides a local system ideal for toxicologic
studies. It provides easy access to the neural tissue in the
retina, and enables physically restriction of the neurotoxic
effects of substances such as rotenone to a part of the central
nervous system with a well-characterized neural circuitry. In
the model of optic neuropathy, the degree of degeneration

induced by local rotenone administration (ie, intravitreal),
has been shown to be dose- and time-dependent, and a single
rotenone injection is able to induce retinal neurodegenera-
tion in a very reduced amount of time. This is in marked
contrast with the repeated systemic injections over several
days or weeks needed to achieve the desired effect in other
in vivo neurotoxicologic models of degeneration induced
by mitochondrial dysfunction.*”® In fact, the rotenone dose
effective at inducing retinal degeneration (100-200 pg/kg)
is at least 10 times lower than doses required for inducing
neurodegeneration in the nigrostriatal system after systemic
administration, which usually range from 2 to 3.5 mg/kg. The
effective rotenone intravitreal dose is instead similar to those
used for local infusion into the nigrostriatal system.” The
use of rotenone to induce mitochondrial dysfunction is not
technically demanding and is relatively inexpensive. Also,
using the visual system for neurotoxicologic studies is highly
efficient because it allows within-subject control designs.
In such studies, one eye can be used to test the experimen-
tal condition while the contralateral eye can be used as an
internal control for biologic variability. Also, the study of
the metabolic properties of the retina (ie, in situ oxidative
stress, ETC activity, cell death) can be achieved in frozen
samples in which case no animal perfusion is necessary.
Finally, because of its relatively small volume, eyeball and
retinal tissues can be dissected and processed more rapidly
than specific brain regions or whole brains.

Sensitivity and versatility

As mentioned earlier, a combination of mitochondrial-related
tissue histochemistry, stereology, and psychophysical testing
has been highly sensitive to the neurodegenerative changes
induced by rotenone. In addition, these methods have dem-
onstrated a high correlation between pathologic changes at
different levels of analysis and they are also sensitive to the
protective effects of candidate therapeutics as detailed below.
The model has also been used in concert with fluorescent
intraneuronal reporter genes to track ultrastructural changes
elicited by rotenone.* Again, due to the accessibility to the
retina, these technologies could provide a means to track
structural neurodegenerative changes over time in vivo, if
further combined with adequate imaging tools such as adap-
tive optics®! or scanning laser opthalmoscopy.® Finally a
major advantage of a model of neurodegeneration based on
administration of an exogenous neurotoxin is that it could be
an important complement to models of neurodegeneration
based on genetic knockouts or manipulations to modify gene
expression,?’#3% which could allow mechanistic studies of
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the pathogenic synergism of environmental neurotoxins and
inherited genetic defects.

Utility in mechanistic elucidation

The rotenone model of optic neuropathy provides an ideal
pathophysiologic context for testing the efficacy of candidate
therapeutic interventions with a mitochondrial mechanism
of action. The major contribution of studies with this model
is the proof-of-principle that agents that modulate the func-
tion of the ETC and interfere with main mediators (oxida-
tive stress, energy depletion) and events (mitochondrial
dysfunction, excitotoxicity) of degeneration are effective at
preventing cell loss and neurologic impairment in vivo. This
mechanistic contribution also suggests novel interventions
with potential benefits that are directly relevant to patients
affected by LHON, for which no effective treatment is avail-
able. As mentioned above, the model of optic neuropathy
has allowed assessment of the interrelation of ETC blockade
with oxidative stress, excitotoxicity, and neurodegeneration.
The fact that memantine, an NMDAR antagonist, decreased
oxidative stress, prevented nerve cell and nerve fiber loss,
and boosted the expression of cytochrome oxidase, supports
the hypothesis that neurodegeneration is mediated by a series
of deleterious events including mitochondrial dysfunction,
oxidative stress, energy metabolism, and calcium-induced
excitotoxicity.” The data generated with this model support
the notion that these events exacerbate each other, leading
to a vicious cycle of neurodegeneration. Specifically, it
was demonstrated that oxidative stress and neural damage
initiated in mitochondria (ie, through complex I inhibition)
can be prevented by blockade of an ion channel permeable
to calcium in the cell membrane (ie, NMDAR). Thus, it is
possible that suppression of one of the deleterious events is
able to reduce the reciprocal influence on others, preventing
the cascade that leads to neurodegeneration. A link between
energy metabolism and NMDAR activity is further supported
by recent evidence of genetic coregulation of NMDAR and
cytochrome oxidase subunits by the same transcription
factor.® These data suggest that NMDAR blockade induces
a series of watershed effects that allow for compensatory
intracellular changes associated with neuronal survival,
including up-regulation of respiratory chain or antioxidant
enzymes. If environmental etiologic factors of neurodegen-
eration (eg, rotenone and other mitochondrial toxins) affect
mitochondrial function, mitochondria represent the most
likely entry point into this cascade of neurodegenerative
events and consequently the target that most likely will pro-
duce endurable neuroprotective effects. The data generated

in the model of optic neuropathy highlight the relevance
of mitochondrial function and bioenergetics for neuronal
survival. The ETC and oxidative phosphorylation seem to
be the most elementary mechanisms supporting neuronal
function. The integrity of these processes is fundamental
for neuronal survival and, because of their role in redox bal-
ance and adequate energy production, both are prerequisites
for intra- and extra-mitochondrial functions that preserve
neuronal homeostasis.

Utility as a screening tool
for new therapies
Methylene blue

The model of optic neuropathy has been successfully used
to demonstrate the efficacy of pharmaceutical grade (USP)
methylene blue [3,7-bis(dimethylamino)-phenazathionium
chloride (C, H ,N,CIS)] (MB) as a mitochondrial neuropro-
tective intervention. MB is an FDA-grandfathered potent
redox diaminophenothiazine with high bioavailability to
mitochondria and has autoxidizable properties that emulate
the action of ubiquinone (Coenzyme Q) in the ETC. MB is
similar to ubiquinone in that it has an oxidation-reduction
potential that is intermediate between that of endogenous
electron donors (eg, NADH, FADH,) and oxygen.”*¥ This
property enables MB to act as an electron shuttle in the ETC.
However, in contrast with ubiquninone, MB readily crosses
the blood-brain barrier concentrating in nervous tissue,
permeating through cell membranes, and localizing to
mitochondria, when given by enteral or parenteral routes.’!
MB localization to mitochondria and its high affinity for
oxidoreductases—a property that has allowed MB use as a
supravital stain—also follows from the unique redox potential
of MB. In addition, imino group-containing molecules, such
as MB, are considered among the most powerful antioxidant
organic compounds.” Several studies have demonstrated that
MB has a propensity to enter living, metabolically active cells,
where it is capable of stimulating mitochondrial oxidative
metabolism, oxygen consumption, and cell respiration.®*=* In
the brain, and at low concentrations, MB not only improves
oxygen consumption but also increases the expression of the
mitochondrial enzyme cytochrome oxidase.’®®” This effect
enhances the metabolic capacity of neurons and contributes
to the maintenance of bioenergetic homeostasis. Thus, it
was hypothesized that MB could exert mitochondrial neuro-
protection in the model of optic neuropathy via its powerful
in situ antioxidant effects and its cell respiration enhanc-
ing properties. Whereas rotenone produced a noticeable
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loss of ganglion cell bodies and optic nerve fibers, MB
co-administration almost totally prevented these changes in
a dose-response manner.”® The neuroprotective effects of
MB were also demonstrated at the functional level, inducing
preservation of visual function, as measured by metabolic and
behavioral parameters.’! The work with MB in the model of
optic neuropathy supports the concept that in the presence
of complex I inhibition, stimulation of the ETC paired with
free radical-scavenging is highly efficacious at preventing the
neurodegenerative effects of mitochondrial dysfunction.

Recently, a great deal of scientific and media attention has
been given to MB, after preliminary data from a Phase I clinical
trial showed that it prevented cognitive deterioration in patients
with AD. Trademarked as Rember®, MB was given at a dose of
60 mg three times a day for 24 months to patients with mild to
moderate AD.”® After 50 weeks, there was an 81% reduction in
the rate of cognitive decline compared with controls. If reproduc-
ible, this would be an effect without precedent in pharmacologic
strategies to combat AD. Although these preliminary data relate
to a study designed to test toxicity and not efficacy, they are
promising and warrant further investigation. Importantly, the
work with the animal model of optic neuropathy demonstrated
that MB is able to prevent neuronal loss in a model of retinal
degeneration not mediated by Tau or B-amyloid deposition.
Thus, it suggests that the mechanism of action of MB could be
related to enhancement of mitochondrial respiration and to its
powerful antioxidant effect in the presence of a mitochondrial
complex I inhibitor. This in turn indicates that prevention of
oxidative stress and enhancement of mitochondrial function
in vivo could be used to design new metabolic drugs against
neurodegenerative disorders affecting the eye and brain. A group
of phenothiazinic derivatives of MB could also share some of
its neurochemical and neuroprotective effects. Derivatives such
as azure A, azure B or thionin vary in structure from MB by
the absence of one, two, or three methyl groups, respectively.”
These compounds also share the imino chemical group present
in MB, which could support similar neuroprotective effects.”
Scarce experimental data are available on these compounds,
and they could also be screened for neuroprotective effects in
the animal model of optic neuropathy.

Near-infrared light therapy

The therapeutic use of near-infrared light (NILT) is based on
the principle that certain molecules in living systems absorb
photons and trigger signaling pathways in response to light.
In biologic tissues, absorption and scattering of light are
maximal at wavelengths below 600 nm and water absorbs
light at wavelengths greater than 1150 nm. Thus there is a

“wavelength window” for biologic stimulation that covers
the red to near-infrared light spectrum (between 600 and
1150 nm).!? Molecules that absorb near-infrared light in
cells were discovered 20 years ago to be components of the
respiratory chain.'”! In particular, the absorption spectra of the
terminal respiratory enzyme cytochrome oxidase in different
oxidation states have been found to parallel the action spectra
(photoresponse as a function of wavelength) of NILT.!?
Thus, cytochrome oxidase is regarded as the primary cell
photoacceptor of light in the red to near-infrared region of
the visible spectrum.'® In neural tissue, cytochrome oxidase
is the most abundant metalloprotein, and wavelength peaks
in its absorption spectrum (670 and 830 nm) correlate well
with its peaks in catalytic activity and with ATP content
in vitro.!* The neuroprotective mechanism of action of NILT
has been shown to involve direct stimulation of the catalytic
activity of cytochrome oxidase and upregulation of genes
involved in homeostasis, including those directly related to
mitochondrial energy metabolism and intrinsic antioxidant
defenses. %1% The neuroprotective effects of NILT via light
emitting diodes have been characterized in the model of optic
neuropathy. Similar to the effects of MB, NILT prevented the
loss of retinal nerve fibers induced by rotenone and prevented
the disruption of visually guided behavior and the metabolic
signs of visual deafferentiation.’ This is evidence that highly
efficient neuroprotection against mitochondrial inhibition
is feasible using this non-invasive and non-pharmacologic
strategy. Notably, the neuroprotective effects of NILT were
observed in a dose-dependent manner in structural and func-
tional dimensions, and were accompanied by global cerebral
increases in cytochrome oxidase and superoxide dismutase
activities. The last finding supports a potential application of
NILT for the non-invasive treatment not only of ophthalmo-
logic but also intracranial neurologic conditions in humans.

Other in vivo models

Besides the rotenone model, animal models of optic neuropa-
thy induced by mitochondrial dysfunction have been devel-
oped by Eells et al'” Guy et al?’#% and Corral-Debrinski
et al'® The key features of these models, in contrast with the
rotenone model discussed here, are presented in Table 2.

Limitations

Although there is a great deal of resemblance between LHON
and the rotenone model, the main goal of the latter is not to
reproduce faithfully LHON but to provide an accessible context
of mitochondrial dysfunction to screen neuroprotective inter-
ventions. Nevertheless, as with any model, the use of rotenone
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for inducing optic neuropathy has a number of limitations. The
most important caveat is that it has been designed based on the
hypothesis that an environmental neurotoxic insult plays a sig-
nificant role in the pathogenesis of neurodegenerative disease,
including LHON. Although in vitro and epidemiologic data
suggest this, the existence of an environmental agent causally
related to LHON remains to be demonstrated. Also, based on
its current stage of development, the model does not contribute
any mechanistic explanation for the variability in the expressiv-
ity and penetrance of the LHON phenotype. The only possible
insight is that these are mediated by dose-response effects of
putative neurotoxins or epigenetic factors. In addition, a point
of major importance is that the pattern of progression that is
observed in the model does not replicate that of some cases
of LHON. Specifically, the 14484 LHON mutation has a bet-
ter prognosis than the 3460 and 11778 mutations, with some
patients showing visual improvement some time after the onset
of symptoms. This clinical course is incompatible with the
massive and irreversible cell loss induced by rotenone in the
animal model. Similarly, the rotenone model does not resemble
the time scale of LHON or other neurodegenerative diseases.
In fact, the progression occurs in hours to days, whereas that
of the LHON takes place in weeks to months. Although major
aspects of the pathogenesis of neurodegeneration cannot be
addressed in a reduce timescale as offered by the rotenone
model, it provides an ideal context to conduct efficient drug
development work.

Conclusion

Supporting and improving mitochondrial function has great
potential as a therapeutic approach to neurodegeneration.
A model of optic neuropathy induced by mitochondrial
dysfunction has been developed to provide an ideal context
for drug screening based on current data supporting the mito-
chondrial pathogenesis of neurodegenerative disorders of the
eye and brain. The model addresses the environmental com-
ponent in the pathogenesis of neurodegeneration and features
biochemical, structural, and functional retinal deficits that
resemble those of Leber’s hereditary optic neuropathy. The
model has been validated as a reliable tool for mechanistic
experiments and provides an efficient standard for screening
candidate neuroprotective interventions with a mitochondrial
mechanism of action.
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