MECHANISMS OF RETINAL GANGLION SPECIFIC-CELL DEATH IN LEBER HEREDITARY OPTIC
NEUROPATHY

BY Leonard A. Levin MD PhD

ABSTRACT

Purpose: Leber hereditary optic neuropathy (LHON) results from point mutations in mitochondrial DNA (mtDNA) present in all cells
but is only manifested in retinal ganglion cells (RGCs). Given that RGCs use superoxide for intracellular signaling after axotomy, and
that LHON mutations increase superoxide levels in non-RGC transmitochondrial cybrids, | hypothesized that RGCs regulate
superoxide levels differently than other neuronal cells.

Methods: Superoxide production in mitochondria isolated from the RGC-5 cell line, rat brain, or neuroblastoma SK-N-AS cells was
measured and correlated with levels of mitochondrial electron transport chain (METC) complexes.

Results: The rate of superoxide production in brain mitochondria was more than 5 times the rate in RGC-5 cells when complex |
substrates were used. Rotenone significantly increased the rate of superoxide production in brain but not RGC-5 mitochondria.
Succinate-dependent superoxide production was similar in brain and RGC-5 mitochondria, but was increased by the complex Il
inhibitor antimycin A only in brain cells. Neuroblastoma mitochondria demonstrated similar superoxide generation rates as brain cells.
Lower rates of superoxide production probably reflected lower levels of METC components.

Conclusions: These results demonstrate that RGC-5 mitochondria produce superoxide at significantly lower rates than brain
mitochondria. Tighter regulation of superoxide levels in RGCs would prevent aberrant apoptosis signaling. LHON mtDNA mutations
may interfere with superoxide regulation, possibly leading to aberrant RGC death and consequent optic neuropathy.
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INTRODUCTION

HISTORY

In 1871, Theodor Leber of the University of Goéttingen described 55 patients in 16 families with a hereditary optic neuropathy of rapid
onset,* subsequently named Leber hereditary optic neuropathy (LHON). His patients were mostly male, had visual loss beginning in
the late teens or early 20s, and did not recover. Subsequently several pedigrees with similar clinical findings were described, almost all
with a peculiar mode of inheritance from mother to affected son or mother to carrier daughter. Initially considered an X-linked
recessive disorder, the greater-than-expected occurrence in women and much less-than-expected occurrence in maternal grandfathers
of affected males suggested an alternate mechanism for transmission.? In retrospect, many apparent cases of transmission from father
to child were probably other hereditary optic neuropathies. Cytoplasmic transmission via the ovum was suggested in 1936, and the
knowledge that mitochondrial DNA (mtDNA) is maternally inherited* led to the discovery by Wallace and colleagues® that many
cases of LHON are due to a mutation at position 11778 of the mitochondrial genome, which codes for the ND4 component of complex
| in the mitochondrial electron transport chain (METC). Subsequently, mutations at positions 3460° (ND1) and 14484’ (ND6) have
been shown to be associated with LHON in multiple pedigrees. A mutation at position 14459 (ND®6) is associated with LHON and
dystonia.® Many other mtDNA mutations are associated with LHON, but are not always pathogenic (eg, 15257°).

CLINICAL BACKGROUND

Leber hereditary optic neuropathy is the most common hereditary optic nerve disease causing severe visual loss. As mentioned above,
it is a maternally inherited optic neuropathy typically characterized by decreased visual acuity, a visual field defect involving the blind
spot and central fixation (cecocentral scotoma), and a characteristic hyperemic pseudoedema of the optic disc, which does not leak on
fluorescein angiography. Fine telangiectatic vessels are often present at the disc margins. Most commonly one eye is involved, and the
other eye becomes involved from weeks to months later; acute bilateral disease is seen in about one-fourth of patients.’® In some
patients the visual loss may be indolent.* Instead of disc swelling, there may simply be optic atrophy, or even cupping.**® The visual
fields may be atypical, eg, bitemporal hemianopsia.™* The degree of visual loss may be particularly severe, with most patients seeing
20/200 or worse.***® Visual loss is typically rapid, progressing over days to weeks. While LHON is usually painless, some patients
may have discomfort reminiscent of optic neuritis."” Occasional patients may spontaneously recover vision after a variable interval,
especially those with the 14484 mutation.

There is a strong male predominance in patients with LHON, the degree depending on the specific mutation. The age at onset is
usually in the second or third decade but has been reported as early as age 4'° and as late as age 73.'” The age at onset does not differ
significantly between the different mutations.™

UNUSUAL FEATURES OF LHON

From a neuro-ophthalmic point of view, LHON has several peculiarities that are not explained on the basis of a pathogenic
mechanism. First, it is unclear why the disease arises most commonly at a particular age (second and third decades) and in a particular
gender (male). Second, when the disease occurs, it is unclear why both eyes are affected simultaneously or sequentially in all cases.
Third, why is a particular type of visual field defect (cecocentral scotoma) usually seen, unlike the more common central scotoma or
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nerve fiber bundle defects seen with more common optic neuropathies? Fourth, why does spontaneous improvement occur in some
patients, even years after the loss of vision?

But the most peculiar feature of LHON is the relatively selective involvement of retinal ganglion cells (RGCs). Although it is not
uncommon for LHON mutations to be associated with a multiple sclerosis—like illness,"® the primary clinical symptom complex in
LHON is optic neuropathy, a disorder of RGCs. Maternally inherited, LHON results from point mutations in mtDNA. The primary
mutations code for proteins in complex | of the METC, which subserves oxidative phosphorylation-mediated production of ATP
(Figure 1). The fundamental paradox of LHON is that in most cases, although all cells in the body have the same mtDNA mutations,
the disease is almost exclusively manifested in the RGCs, the axons of which make up the optic nerve. The reason for this is unclear,
and is the subject of this thesis. | hypothesize that RGC involvement in LHON is a result of a cell type-specific susceptibility of RGCs
to the effect of the complex | mutations seen in the disease.

THE BIOCHEMICAL EFFECTS OF LHON MUTATIONS

Complex | activity in mitochondria is critical for RGC survival. Seminal work by the laboratory of Guy and colleagues has used
adeno-associated virus to overexpress or knock down (via ribozymes) critical genes in RGCs and produce a LHON phenotype.?:%®
Knockdown of the mitochondrial-specific superoxide dismutase-2 (SOD-2)** or functional interference with complex | activity by
knocking down a nuclear-encoded subunit® both produce an optic neuropathy. However, this important work does not directly address
the role of the LHON mutations. To study the effect of LHON mutations, many groups have produced transmitochondrial cybrids in
human cell lines. Cybrids are cytoplasmic hybrids, ie, cells that have fusions of cytoplasms from two different parental cells.
Transmitochondrial cybrids are fusions where the mitochondria are derived from one type of cell and the nucleus and other organelles
are from a second type of cell. Three steps are required to accomplish this process.

First, cells that contain mitochondria but no nuclei are purified. Platelets are usually used for this purpose. The platelets are usually
obtained from a subject (or animal strain, in the case of nonhuman cells) that has the mtDNA mutation in question. Second,
completely different cells are depleted of mtDNA by culturing them for extended periods in ethidium bromide. These cells are usually
fibroblasts or derived from a cancer cell line. For ethidium bromide to deplete mtDNA, it is necessary that the cells actively divide in
culture, as the drug works by causing mutations in all replicating DNA. Unlike nuclear DNA, which has excellent DNA repair
mechanisms, mtDNA accumulate the ethidium bromide—induced mutations, whereas in most cases the nuclear DNA is relatively
preserved. The product of this procedure is a line of cells called py (pronounced “rho-zero”). In the third step, the mutant mtDNA-
containing cells from the first step are fused with the mtDNA-depleted p, cells from the second step, resulting in a line of dividing
cells that contain the mtDNA mutation.

Studies with LHON cybrids have demonstrated up-regulation of some mtDNA transcripts, most notably that of aldose reductase.?
In addition, LHON cybrids forced to use the METC as their primary energy source, through glucose-deficient galactose media,
experienced apoptotic death and increased cytochrome C release.? It has been suggested that apoptosis in LHON cybrids is caspase-
independent.®® However, other work shows that apoptosis is blocked by the caspase inhibitor zZVAD-fmk (zVal-Ala-Asp-fluoro-
methyl ketone).?’ Common LHON mutations reduce the rate of respiration in LHON cybrids and oxygen consumption.”®? The
production of LHON cybrids has been possible only in cells other than RGCs, because producing the p, state requires a dividing cell,
and RGCs are postmitotic neurons.

Given that METC complexes | and Il are the main sources of basal superoxide production, it is possible that aberrant
production of superoxide from mutated METC components would cause cell death. But why would abnormalities in superoxide anion
production be a mechanism for the relatively specific effect of LHON mtDNA mutations on RGCs? One explanation comes from
research demonstrating that RGCs use superoxide as an intracellular signal for initiating the apoptosis program after axonal injury,*
probably by oxidizing critical sulfhydryls in signaling macromolecules.**** A second line of evidence is that increasing mitochondrial
superoxide levels by knocking down mitochondrial SOD-2 increases RGC death.*

HYPOTHESIS TESTED IN THE PRESENT STUDY

Given that RGCs use superoxide for intracellular signaling, that they are specifically affected in LHON, a disease of specific complex
I mtDNA mutations, and that these mutations lead to elevated superoxide, it is possible that the RGC-specific involvement in LHON
results from RGC-specific features of superoxide regulation within the cell. To study this, my research project tested the following
hypothesis: Superoxide production in isolated RGC mitochondria differs from production in other neuronal mitochondria.

Performing these experiments took advantage of two recent advances. The first is a novel method for differentiating the RGC-5
cell line into RGCs.* Mitochondria cannot be isolated in bulk from RGCs, because it would require hundreds of animals per
experiment. Use of RGC-5 cells in bulk culture obviates this concern. A second advance was the ability to optimize a previously
published microassay for superoxide from isolated mitochondria, using the conversion of superoxide into hydrogen peroxide (H,O,)
by SOD-2.

If mitochondria derived from RGCs were qualitatively different from brain and neuroblastoma-derived mitochondria with respect
to superoxide production in the presence of complex-specific METC substrates and inhibitors, then this tighter regulation of
superoxide levels presumably might prevent aberrant apoptosis signaling.* In accordance with this hypothesis, SOD-2 knockdown in
RGCs also causes their death, a finding observed in vivo by Qi and colleagues.”* Given that superoxide production is disturbed with
LHON mutations,*” its aberrant production in the specifically sensitive RGC could account for the selective RGC death seen in
LHON.

30,31
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METHODS

ANIMALS

Brain mitochondria were obtained from the cerebral cortex of euthanized adult Long-Evans rats. All other experiments were
performed with established cell lines. Animals were used in accordance with federal, state, Association for Research in Vision and
Ophthalmology (ARVO), and institutional guidelines for the use of animals in laboratory research.

MATERIALS

Staurosporine (from Streptomyces staurosporeus; >98% purity; catalog number 380-014) was obtained from Alexis Biochemicals
(San Diego, California). Cell culture reagents, unless noted, were obtained from BioWhittaker (Rockland, Maine). Unless specified,
antibodies and fluorescent dyes were obtained from Molecular Probes (Eugene, Oregon). Rotenone and dimethylsulfoxide (DMSQO)
were obtained from Sigma (St Louis, Missouri). Antimycin A was obtained from Fisher Scientific (Hampton, New Hampshire).

SOLUTIONS

Amplex Red solution consisted of 100 uM Amplex Red reagent, 0.2 U/mL horseradish peroxidase (HRP), and 0.05 M sodium
phosphate. Mannitol, tris-HCI, and potassium chloride (MTP) solution consisted of 110 mM mannitol, 60 mM Tris-HCI, 60 mM KClI,
10 mM KH,PO,4, 0.5 mM EDTA, pH 7.4.

CELL CULTURE AND DIFFERENTIATION

Dr Neeraj Agarwal of the University of North Texas generously provided the RGC-5 cell line. RGC-5 cells were cultured in DMEM
(Mediatech, Inc, Herndon, California) containing 1 gm/L glucose with L-glutamine, supplemented with 10% fetal bovine serum, 100
U/mL penicillin, and 100 pg/mL streptomycin. Cells were incubated at 37°C in humidified 5% CO,. To induce differentiation, RGC-5
cells were treated with staurosporine (316 nM) 24 hours prior to mitochondria isolation. The neuroblastoma SK-N-AS line was
obtained from Dr Arthur Polans of the University of Wisconsin (Madison). Cells were cultured in RPMI 1640, supplemented with
10% fetal bovine serum, 10 mM HEPES, penicillin 100 U/mL, streptomycin 100 pug/mL, and amphotericin B 0.25 pg/mL.

ISOLATION OF RGC-5 AND NEUROBLASTOMA SK-N-AS MITOCHONDRIA

Cells were treated with trypsin-EDTA to allow detachment from growing flasks, centrifuged 7 minutes at 250g at 4°C. Mitochondria
were isolated from the pellet using the Pierce Mitochondria Isolation Kit for Mammalian Cells (Pierce Biotechnology, Rockford,
Illinois; Prod No. 89874) using the Reagent-Based Protocol. Briefly, cells were treated with reagents in the presence of Pierce Halt
Protease Inhibitor Cocktail, EDTA-free (Prod No. 78415) and were subject to a series of graded centrifugations. To maintain the
integrity of the mitochondria, samples were kept on ice during the isolation process. The mitochondrial pellet was suspended in MTP
medium and remained on ice until analysis of mitochondrial activity was performed.

ISOLATION OF BRAIN MITOCHONDRIA

Long-Evans rats were euthanized with CO, gas, and approximately 200 mg of the frontal cortex was removed. The tissue was washed
with ice-cold phosphate-buffered saline (PBS) and a mitochondrial isolation kit for soft tissues (Pierce, Prod No. 89801) was used.
Briefly, the brain tissue was cut into small pieces and added to a cold Dounce homogenizer containing PBS. The tissue was
homogenized using 7 to 10 strokes of the homogenizer. The homogenate was then centrifuged per protocol and the resultant
mitochondrial pellet suspended in MTP and kept on ice until analyzed.

PROTEIN CONTENT OF MITOCHONDRIAL PREPARATIONS

Isolated mitochondria pellets were suspended in MTP, and the protein content of the isolated mitochondria was determined by
Bradford assay, using bovine serum albumin as a standard. For each experiment, protein concentrations were adjusted so that each
mitochondrial sample had the same protein content.

MITOTRACKER GREEN FM QUANTIFICATION OF MITOCHONDRIAL PREPARATIONS

The fluorophore MitoTracker Green FM was used as a secondary method to verify that the mitochondrial content was similar.
MitoTracker Green FM becomes a fluorescent thiol-conjugate (excitation 590 nm/emission 515 nm) after oxidation in the lipid
membrane of mitochondria. Solutions containing mitochondria were treated with MitoTracker Green FM (0.5 uM) in a 1:1 ratio and
were allowed to aggregate fluorescent product for 30 minutes in a 96-well plate. Fluorescence was then compared between cell type
mitochondria using a Wallac Victor® 1420 multilabel counter with appropriate filters (excitation 545 nm/emission 580 nm).

COMPLEX | THROUGH IV AND SOD-2 CONTENT OF MITOCHONDRIAL PREPARATIONS

Mitochondrial enriched and depleted (ie, cytoplasm) samples obtained from the final supernatant of the mitochondria isolation
procedure were stored in NuPage lithium dodecyl sulfate (LDS) sample buffer with reducing agent (Invitrogen, Carlsbad, California).
The protein concentrations of the isolated mitochondria were determined by Bradford assay, and equal amounts of protein for each
mitochondrial preparation were boiled in the presence of 4x LDS sample buffer (Invitrogen) plus 5% 3-mercaptoethanol, resolved on a
Bis-Tris 4% to 12% polyacrylamide gel (NUPAGE; Invitrogen), and transferred overnight at 50 mA to nitrocellulose membrane in a
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transfer apparatus (Mini Protean II; Bio-Rad Laboratories, Hercules, California). After transfer, the membrane was blocked with 5%
nonfat milk in Tris-buffered saline (TBS; pH 8.0) for 60 minutes and then probed with one of the following mouse monoclonal
antibodies, all from Invitrogen except for SOD-2, which was from Upstate Biotechnology (Lake Placid, New York):

Antigen Expected Size Subunit Concentration
(kD) (Hg/mL)
Complex | 42.5 Alpha subcomplex 0.5
Complex 1l 72.7 Flavoprotein 0.1
Complex Il 48.5 Core 1l 0.4
Complex IV 57 COX | 2.0
SOD-2 24 - 0.5

Blots were rinsed 3 times with TBS containing 0.05% Tween-20 (Fisher Scientific), then washed 5 times for 10 minutes each at
room temperature on an orbital shaker. Secondary antibodies used were purified HRP-conjugated goat anti-mouse 1gG or HRP-
conjugated goat anti-rabbit 1gG (1:5000; Jackson ImmunoResearch Laboratories, West Grove, Pennsylvania), with incubations for 1
hour at room temperature, followed by 3 rinses and five 10-minute washes with TBS containing Tween-20 at room temperature on an
orbital shaker. Blots were treated with freshly prepared ECL solution containing 100 mM Tris-HCI (pH 8.5), 1.25 mM luminol, 225
MM p-coumaric acid (Sigma-Aldrich), and 1 mM H,0, (Fisher Scientific) for 1 minute, and excess solution was allowed to drip off.
The blots were then exposed to film (BioMax XAR; Eastman Kodak Company, Rochester, New York) and developed. The films were
scanned at 1600 dpi, and band density was determined by calculating the integrated intensity of the area containing the band of interest
and subtracting the intensity of an equal sized area of background, using NIH ImageJ software. Band density readings are presented
with respect to the density of the band from the control, untreated cell condition.

SUPEROXIDE MEASUREMENTS

Superoxide was indirectly measured by assaying H,0,,%* the product of superoxide dismutation by mitochondrial SOD-2. The
fluorescent product of Amplex Red and H,O, was analyzed in various conditions in duplicate to quadruplicate. All assays were
performed in 96-well plates and read with a Wallac Victor? 1420 multilabel counter using the appropriate filters (excitation 535
nm/emission 580 nm). To each well, Amplex Red solution was added and a time-lapse fluorescent baseline was established in the
absence of mitochondria. Consecutively, equal volumes of brain, RGC-5, or neuroblastoma mitochondria, a substrate
(glutamate/malate or succinate), and an inhibitor of the METC (rotenone or antimycin A) were added to wells containing Amplex
Red. Fluorescence determinations were made after each addition. All figures are expressed in nmol/min/mg protein, assuming full
superoxide dismutation. All experiments were repeated 2 to 4 times.

STATISTICAL ANALYSIS
Comparisons between two groups were by the Student unpaired t test. Significant differences required P < .05.

RESULTS

MITOCHONDRIA CAN BE ISOLATED IN BULK FROM RGC-5 CELLS

Because RGCs are postmitotic and are present in relatively small (10° cells/retina in the rat) numbers, it is impractical to
biochemically study RGC mitochondria in bulk. Instead, the present study used the RGC-5 cell line, which when differentiated has
many morphological similarities to RGCs.** RGC-5 cells were grown in multiple tissue culture flasks, and mitochondria were isolated.
To verify mitochondrial enrichment, mitochondrial-enriched and cytosolic fractions were immunoblotted for the METC complex 1V
protein cytochrome c oxidase (Figure 2A). For each tissue, there was enrichment of mitochondria, but the depletion was not complete,
eg, residual immunostaining of COX in the brain cytoplasmic sample. For the same amount of loaded protein from each tissue, there
was 16 times more cytochrome ¢ oxidase in brain compared to RGC-5 cells, as measured by densitometry, suggesting that cerebral
cortex may have slightly more METC complex IV than RGCs. RGC-5 cells differentiated with staurosporine had 15.2% more
cytochrome c oxidase than undifferentiated RGC-5 cells (Figure 2B).

Mitochondria were also quantitated using the fluorophore MitoTracker Green FM, which reacts with mitochondrial free
sulfhydryls. Mitochondrial samples from RGC-5 cells and brain exhibited similar relative fluorescence values per mg protein (data not
shown).

BRAIN AND RGC-5 CELLS DIFFER IN SUPEROXIDE PRODUCTION AFTER COMPLEX | INHIBITION

Superoxide was indirectly measured by detecting H,O, generated as a result of dismutation of superoxide by mitochondrial SOD-
2.%%% The results of a typical experiment are depicted in Figure 3. The basal level of superoxide production by RGC-5 mitochondria in
the absence of substrate ranged from 0.030 + 0.004 nmol/min/mg protein, approximately one-seventh that measured in brain
mitochondria (0.208 + 0.033; P = .0017). Mitochondria were then incubated with glutamate (10 mM) and malate (5 mM), which
yields NADH and serves as a substrate for complex I. In the presence of glutamate/malate, brain (0.262 = 0.028; P = .0042 compared
to no substrate) and RGC-5 (0.046 + 0.004; P = .0005 compared to no substrate) mitochondria significantly increased superoxide
production. They were then treated with the complex | inhibitor rotenone (6.7 uM). There was an insignificant change in the rate of
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superoxide production after the addition of the complex | inhibitor rotenone in brain (0.279 + 0.035; P = .40 compared to
glutamate/malate alone) and RGC-5 mitochondria (0.048 + 0.004; P = .24). The rates of superoxide production per mg protein in all
conditions were significantly lower in RGC-5 mitochondria than in brain mitochondria (Table 1).

Intermembrane/—»w H+<(—\
Space \

_ —— e _@2 _—
Complex | ’ @ ’ Complex 11 */ Comp|ex v

f

T
Matrix Complex Il
Malate —» NADH ﬁ T
@ FADH, 2H"+
T o T 1'12 02— HZO
Glutamate \ 3
Succinate

FIGURE 1

Mitochondrial electron transport chain (METC) substrates and inhibitors. Oxidative
phosphorylation involves the creation of a concentration gradient of protons (H*) passage of
electrons along complexes located in the inner membrane of the mitochondria. The source of these
electrons at complexes | and Il are NADH and FADH,. Intermediates of the tricarboxylic acid
cycle are responsible for providing the reducing power required for METC function along with the
malate-aspartate shuttle system. Rotenone blocks the passage of electrons from Fe-S clusters to
ubiquinone (Q). Antimycin A blocks electron flow from cytochrome by to a semiquinone
intermediate.

BRAIN AND RGC-5 MITOCHONDRIA DIFFER IN SUPEROXIDE PRODUCTION AFTER COMPLEX 111 INHIBITION

Mitochondria were incubated with succinate (10 mM), which yields FADH, and serves as a substrate for complex Il. The results of a
typical experiment are depicted in Figure 4. In the presence of succinate, brain mitochondria exhibited a significant increase in
superoxide production rate (0.193+ 0.027 to 0.216 = 0.022; P = .04) as did RGC-5 mitochondria (0.028 + 0.005 to 0.031 £ 0.005; P =
.024). Mitochondria were then treated with the complex I1 inhibitor antimycin A (0.5 uM). There was a significant increase in the rate
of superoxide production after the addition of antimycin A in brain (0.540 + 0.116; P = .023 compared to substrate alone), but not
RGC-5 mitochondria (0.024 £ 0.004; P = .278). The rates of superoxide production in all conditions were substantially greater in brain
mitochondria than in RGC-5 mitochondria (Table 2).

DIFFERENTIATION OF RGC-5 CELLS AFFECTS SUPEROXIDE PRODUCTION IN RESPONSE TO COMPLEX 111
BUT NOT COMPLEX I INHIBITION

Basal mitochondrial superoxide production was similar in undifferentiated and differentiated RGC-5 cells (0.030 + 0.004 vs 0.033 +
0.004; P = .60). Mitochondria from undifferentiated and differentiated RGC-5 were incubated with glutamate/malate and subsequently
treated with rotenone. There was no significant difference between differentiated and undifferentiated RGC-5 cells in the production
of superoxide after treatment with glutamate/malate (0.046 + 0.004 vs 0.052 + 0.003; P = .30) or rotenone (0.048 £+ 0.004 vs 0.055 +
0.002; P = .18). Mitochondria from undifferentiated and differentiated RGC-5 did not significantly differ in rates of superoxide
production when incubated with the complex Il substrate succinate (0.031 + 0.005 vs 0.037 £+ 0.001; P = .30). However, addition of
antimycin A resulted in somewhat more superoxide production in differentiated but not undifferentiated RGC-5 cells (0.040 + 0.002
vs 0.024 + 0.004; P = .001). Nonetheless, mitochondria from differentiated RGC-5 cells had much lower superoxide production than
cerebral mitochondria under all treatment conditions.

RGC-5 CELLS GENERATE SIGNIFICANTLY LESS SUPEROXIDE THAN NEUROBLASTOMA SK-N-AS CELLS WITH
COMPLEX I BUT NOT COMPLEX 11 SUBSTRATES

The differences between superoxide generation from RGC-5 and brain mitochondria could theoretically reflect differences in the
source of cells, the former being a cultured cell line and the latter being fresh tissue. To rule out this possibility, superoxide generation
in RGC-5 mitochondria was compared to another neuronal cell line, the SK-N-AS neuroblastoma line. As with cerebral cells, the basal
superoxide production was much lower in RGC-5 cells compared to neuroblastoma cells (0.030 + 0.004 vs 0.318 £ 0.035; P = .0002).
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FIGURE 2

Immunoblotting measurement of cytochrome ¢ oxidase. Isolated mitochondrial samples
standardized for protein content by Bradford assay were compared to corresponding mitochondria-
depleted samples for the presence of the mitochondrial transmembrane complex IV protein
cytochrome c oxidase (COX). Samples were subject to electrophoresis and transferred overnight to
nitrocellulose. Blots were incubated with a mouse anti-COX antibody and then goat anti-mouse
horseradish peroxidase-conjugated antibody. There is considerable purification of mitochondria
compared to the mitochondria-depleted samples for brain, undifferentiated RGC-5 cells, and
undifferentiated RGC-5 cells. There is a greater amount of COX per mg protein present in
mitochondria isolated from brain than that from undifferentiated RGC-5 per unit weight. There is
somewhat more COX present in mitochondria isolated from differentiated RGC-5 cells compared
to undifferentiated RGC-5 cells. For each tissue, there is enrichment of mitochondria in the “Mito”
samples and relative depletion in the “Cyto” samples. The depletion is not complete, as manifested
by residual immunostaining of COX in the brain cytoplasmic sample.
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Superoxide generation from RGC-5 and SK-N-AS cells was measured after the addition of glutamate/malate. There was a much
greater increase in superoxide production after the addition of glutamate/malate to SK-N-AS mitochondria (0.560 + 0.054; P < .0001
compared to no substrate) than RGC-5 mitochondria (0.064 + 0.008 to 0.108 + 0.008; P = .003). After the addition of rotenone, there
was a significant decrease in superoxide production in SK-N-AS cells (0.383 + 0.050; P < .0001 compared to substrate alone) but not
RGC-5 cells. SK-N-AS mitochondria experienced an insignificant decrease in superoxide production after the addition of succinate
(0.348 £ 0.042 to 0.307 + 0.024; P = .08), whereas RGC-5 mitochondria did not undergo a change in superoxide production. The
addition of antimycin A to neuroblastoma mitochondria resulted in a small but significant decrease in superoxide production (0.277 £
0.034; P = .026 compared to substrate alone), similar to RGC-5 mitochondria but different from the increase in superoxide seen in
cerebral mitochondria. In all cases, the rates of superoxide production by neuroblastoma mitochondria were much higher than RGC-5
mitochondria.
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RELATIVE AMOUNTS OF METC COMPONENTS DIFFER BETWEEN RGC-5 CELLS AND BRAIN

Lower rates of superoxide production in RGC-5 mitochondria could reflect either lower superoxide production or greater scavenging
activity. To differentiate these possibilities, equal amounts of mitochondrial proteins from RGC-5 cells and rat cerebral cortex were
immunoblotted for components of complexes I through IV (including cytochrome ¢ oxidase, already performed in the validation of the
mitochondrial preparations) and SOD-2 (Figure 5). Overall, there were lower amounts of all METC components in RGC-5 cells
compared to brain, after loading equivalent amounts of mitochondrial proteins. There was far less complex | and SOD-2 in RGC-5
cells than brain, whereas the levels of complexes 11 and Il were less dissimilar and the level of complex IV was intermediate. Shorter
exposures of the film to the blot in the chemiluminescence reaction demonstrated relatively less discrepancy between samples (data
not shown), but it persisted, suggesting that RGC-5 cells have different relative proportions of METC components compared to brain.
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FIGURE 3

Superoxide production in brain and RGC-5
mitochondria after complex | inhibition.
Mitochondria isolated from brain (BR) and
undifferentiated RGC-5 (uR5) cells were
standardized for protein content, and 50 pL
was added to a well in a 96-well plate
containing 50 uL Amplex Red (AR). Prior to
the addition of solutions containing
mitochondria, a baseline of superoxide
production was established by measuring the
fluorescent product of H,0, and AR, resorufin
at approximately 10-second intervals. In a
similar manner, production of superoxide was
analyzed after the addition of the complex |
substrates glutamate/malate (GLU/MAL) and
the complex | inhibitor rotenone (ROT). The
mitochondrial superoxide production levels
after the addition of glutamate/malate in brain
cells were significantly higher than that of
undifferentiated RGC-5 cells during basal
metabolism, in the presence of
glutamate/malate and after complex |
inhibition with rotenone.

TABLE 1. SUPEROXIDE PRODUCTION IN MITOCHONDRIA FROM BRAIN,
UNDIFFERENTIATED RGC-5 CELLS, AND NEUROBLASTOMA SK-N-AS CELLS IN THE
PRESENCE OF A COMPLEX | SUBSTRATE AND INHIBITOR*

VARIABLE BRAIN UNDIFFERENTIATED SK-N-AS
RGC-5 CELLS NEUROBLASTOMA
CELLS
N=7 N=7
Basal respiration 0.208 + 0.033 0.030 + 0.004 0.318 £ 0.035
Glutamate/malate 0.262 £ 0.028 0.046 £ 0.004 0.560 + 0.054
Glutamate/malate + rotenone 0.279 £ 0.035 0.048 £ 0.004 0.383 £ 0.050

*The rates of superoxide production were determined after the addition of the complex | substrates glutamate
(10 mM) and malate (5 mM) and the complex | inhibitor rotenone (6.7 uM). Superoxide was indirectly
measured using the H,O, probe Amplex Red in the presence of horseradish peroxidase. The values are given in
nmol H,O,/min/mg protein * standard error of the mean, with N being the number of independent samples for

each mitochondria type.
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Superoxide production in brain and RGC-5
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< levels in brain cells were significantly

) 4 higher than that of undifferentiated RGC-5

cells in the presence of succinate and after

suce complex Il inhibition with antimycin A.

,// Both succinate and antimycin A elicited

l e minimal  superoxide  production in

BR v undifferentiated RGC-5 cells, whereas in

l ) brain cells there was a fourfold increase in

/ superoxide production after the addition of
antimycin A.

TABLE 2. SUPEROXIDE PRODUCTION IN MITOCHONDRIA FROM BRAIN,
UNDIFFERENTIATED RGC-5 CELLS, AND NEUROBLASTOMA SK-N-AS CELLS IN THE
PRESENCE OF A COMPLEX Il SUBSTRATE AND A COMPLEX 111 INHIBITOR*

VARIABLE BRAIN UNDIFFERENTIATED SK-N-AS
RGC-5 CELLS NEUROBLASTOMA
CELLS
N=7 N=8 N=7
Basal respiration 0.193 £ 0.027 0.028 £ 0.005 0.348 £ 0.042
Succinate 0.216 + 0.022 0.031 + 0.005 0.307 £ 0.024
Succinate + antimycin A 0.540 £ 0.116 0.024 + 0.004 0.277 £0.034

*The rates of superoxide production were determined after the addition of the complex Il substrate succinate
(10 mM) and the complex Il inhibitor antimycin A (0.5 uM). Superoxide was indirectly measured using the
H,O, probe Amplex Red in the presence of horseradish peroxidase. The values are given in nmol H,O,/min/mg
protein + standard error of the mean, with N being the number of independent samples for each mitochondria

type.
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FIGURE 5

Differential expression of mitochondrial electron transport chain components in brain and RGC-
5 cells. Isolated rat brain and RGC-5 mitochondria-enriched samples standardized for protein
content by Bradford assay were compared to cytoplasmic samples for subunits of mitochondrial
complexes | through IV and superoxide dismutase-2 (SOD-2). Samples were electrophoresed
and transferred overnight to nitrocellulose, then incubated with appropriate primary and
horseradish peroxidase-conjugated secondary antibodies. RGC-5 cells had less complex |
through IV components and SOD-2 than brain, but the difference was greatest with respect to
complex | and SOD-2, and to a lesser extent complex IV.

DISCUSSION

These studies demonstrate that RGC mitochondria can be isolated for metabolic studies using the RGC-like RGC-5 cell line as a
source. When incubated with METC substrates and treated with complex | or Il inhibitors, RGC-5, brain, and neuroblastoma
mitochondria significantly differed in their production of superoxide, suggesting that neuronal mitochondrial bioenergetics differ
based on the cell of origin. To see if differentiation affected reactive oxygen species production, superoxide production was compared
between differentiated and undifferentiated RGC-5 cells. Differentiated and undifferentiated RGC-5 cells produced similar amounts of
superoxide in the presence of complex | substrates and inhibitors but differed in superoxide production after incubation with succinate,
a complex Il substrate, and the complex Il inhibitor antimycin A.

Overall, the rate of superoxide production of RGC-5 cell mitochondria was much less than that of brain mitochondria for a given
amount of mitochondrial protein. Comparing the rates of production in the absence of substrates and inhibitors, basal brain
mitochondria superoxide production was 7 times of that of RGC-5 cells. The most notable difference after METC inhibition was the
increased superoxide production in brain mitochondria in the presence of the complex Il inhibitor antimycin A. After treatment with
antimycin A, brain mitochondria had a greater than twofold increase in superoxide production, compared to a small decrease in
superoxide production rate in RGC-5 mitochondria.

These differences appear to reflect dramatic differences in levels of METC components within RGC-5 mitochondria, compared to
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brain mitochondria. Immunoblotting experiments comparing RGC-5 cells and brain demonstrated lower concentrations of complex
subunits in RGC-5 cells, with the differences being most apparent in complex I, less so in complex IV, and least apparent in
complexes Il and Ill. Furthermore, the difference in SOD-2 expression between RGC-5 cells and brain reflected the differences in
levels of METC components, probably reflecting the fact that superoxide is produced in complex | in the basal state.*

MECHANISMS FOR DIFFERENTIAL SUPEROXIDE PRODUCTION IN RGC MITOCHONDRIA

There are at least 3 mechanisms that would explain the lower superoxide production in mitochondria from RGC-5 cells:
1. Lower rates of transfer via the METC, eg, due to lower density of METC in RGC-5 mitochondria
2. Greater concentrations of the primary mitochondrial enzyme that metabolizes superoxide, ie, SOD-2, in RGC-5 cells
3. Greater concentrations of non-METC proteins in RGC-5 mitochondria preparations, diluting the relative concentration of
METC components

The immunoblotting experiments demonstrated lower concentrations of all METC complex components, based on antibodies
targeted of one subunit per complex. Those results could be consistent with either mechanism 1 or 3, but not mechanism 2.
Furthermore, the finding that the levels of SOD-2 were not increased in RGC-5 mitochondria argues against mechanism 2. The
finding that there were differences in the relative concentrations of some complexes, eg, a more reduced level of complex | vs
complexes Il or 11, argues against mechanism 3. Nonetheless, it is still possible that a greater level of non-METC components in
RGC-5 mitochondria could explain some of the functional (lower superoxide production) and immunoblotting (less METC
components) findings. Examples of such proteins, which number in the hundreds,”® could include those associated with the
tricarboxylic acid cycle, protein synthesis, and lipid metabolism. However, if the differences in superoxide production were simply a
matter of lower concentration of METC components, then this could explain differences in baseline superoxide production, but would
not explain differences in patterns of superoxide production, eg, why there was such a large increase in superoxide production in brain
mitochondria after treatment with antimycin A.

INTERPRETATION OF SUPEROXIDE PRODUCTION EXPERIMENTS

Although the complex | mtDNA mutations of LHON are usually present in all cells (except in cases of extreme heteroplasmy), the
disease usually affects only RGCs, with a small number of patients also having white matter central nervous system (CNS) disease.'®
% The reason for the RGC specificity is unclear. It is not just abnormal sensitivity of the RGC METC, because efficiencies in
mitochondrial electron transport have been linked to a number of diseases affecting the CNS. For example, intoxication with the
METC complex | inhibitors rotenone and 1-methyl-4-pyridinium (MPP®), the metabolic product of N-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), produces characteristics of Parkinson’s disease. Similarly, treatment with the complex Il inhibitor 3-
nitropropionic acid generates symptoms of Huntington’s disease.

One interpretation of the present study is that the decreased RGC levels of superoxide may have a physiological rationale. RGCs
use superoxide as a mitochondrial-derived intracellular messenger for signaling the initiation of apoptosis after axonal injury.® If
RGCs use superoxide to signal cell death, then it is reasonable to presume that they also tightly regulate its intracellular concentration
in relevant compartments. Otherwise, there would be aberrant death of a critical class of neurons, which are postmitotic in mammals.
Aberrant production of superoxide in LHON mtDNA mutations®” may abrogate this protection.

STUDYING THE EFFECT OF LHON MTDNA MUTATIONS IN RETINAL GANGLION CELLS

To understand the biological basis of the RGC-specific nature of the LHON mtDNA mutations, it would be necessary to study RGCs
that have the LHON mutations and compare them to wild-type RGCs. Although it is possible to culture human RGCs postmortem or
after enucleation,* this is impractical for LHON studies. There is no strain of animals that develop spontaneous LHON. The next best
step would be to develop a human RGC line, as with the rat RGC-5 line, and make transmitochondrial cybrids. However, there is no
such human line, and attempts to create animal lines similar to the RGC-5 line have been unsuccessful. Therefore, the development of
transmitochondrial rat cybrids from RGCs, using rat-modified LHON mtDNA mutations, would be a suitable alternative. Ongoing
work in other laboratories has demonstrated the ability to target mtDNA-coded complex | subunits to mitochondria using a
mitochondrial targeting sequence and has been presented at the ARVO Annual Meeting, but has not yet been published. The
methodology is different from that used by Guy and colleagues,”> where the mutant 11778 was rescued with a mitochondrially
targeted wild-type ND4 subunit expressed in the nucleus.

By utilizing mitotic RGC-5 cells in conjunction with long-term EtBr treatment and then differentiating them, a RGC cell line could
be created that lacked functional METC components. This would allow the separation of the effects of complex | (and other
complexes) on superoxide generation and death signaling, compared to other sources of cell superoxide. Functional consequences of
mitochondrial stressors affecteing RGC-5 cells with damaged or partially depleted mtDNA could be studied in the same way. Ideally,
creation of LHON cybrids in RGC-5 cells would elucidate the precise role of the LHON mtDNA mutations in RGC death, but this is
currently impractical because of difficulties in producing xenomitochondrial (ie, rat-human) cybrids.*®

ADVANTAGES AND DISADVANTAGES OF USING RGC-5 CELLS FOR MITOCHONDRIAL STUDIES

Purifying a usable quantity of mitochondria from freshly isolated RGCs is impractical. Thus the use of a differentiable RGC cell line
allows otherwise unfeasible mitochondrial studies. Difficulties in isolation of mitochondria from RGCs include the large numbers of
animals necessary to obtain enough RGCs (there are approximately 10° RGCs per rat retina) and subsequently obtaining mitochondria
from a small number of purified RGCs. RGC-5 cells are transformed retinal neurons that exhibit properties characteristic of RGCs,
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including expression of Thy-1 and Brn-3c, which are not seen in other retinal cells under normal conditions.** Low-dose
staurosporine, a broad-spectrum protein kinase inhibitor, induces RGC-5 cells to differentiate to a phenotype that is similar to a mature
RGC.*

EXPERIMENTAL LIMITATIONS

There are several limitations to this study. Superoxide was not measured directly, but instead indirectly measured by conversion via
SOD-2 into H,O, and using the H,O, probe Amplex Red. Indirect superoxide measurement with a probe specific for H,0, is
commonly performed®*3 because mitochondrial SOD-2 converts superoxide to H,0,, and the latter freely crosses organelle and cell
membranes. Amplex Red reacts with H,O; in the presence of HRP and is converted to the fluorescent product resorufin. In the present
study, changes in the levels of resorufin were detected and used to determine the production rates of superoxide. Nonetheless, the
possibility that abnormally low SOD-2 activity in brain biased the results can be excluded, based on the results of immunoblots
demonstrating higher levels of SOD-2 in brain mitochondria than RGC-5 cell mitochondria.

Superoxide production was measured in mitochondria obtained from the RGC-5 cell line, and not mitochondria from freshly
isolated RGCs. It is possible that some of the differences that were measured in superoxide generation arose because the brain
mitochondria were isolated from whole cerebral tissue and the RGC-5 mitochondria were isolated from a cell line. Brain mitochondria
were isolated from a mixture of cell types, ie, not only neurons but also glial cells, and this could blur differences between the brain
and RGC-5 mitochondria. To ensure that differences between mitochondria from RGC-5 cells and cerebral cortical cells were not due
to differences in the source of the tissue (a cell line vs fresh tissue), mitochondria from the RGC-5 cell line were compared with
mitochondria from a neuroblastoma cell line. Compared to the RGC-5 cells, the overall rate of superoxide production was
significantly greater and slopes differed significantly in all conditions. Unfortunately, it is impractical to do mitochondrial metabolic
experiments from freshly isolated RGCs, as discussed above, and whole retina cannot be used because RGCs make up only a small
fraction of the tissue.

IMPLICATIONS FOR THE PATHOGENESIS OF LEBER HEREDITARY OPTIC NEUROPATHY

There are several theories to explain the mechanism of RGC death in LHON. One theory suggests that RGCs are very energy-
demanding cells, and mutations affecting the METC would result in RGC-specific death because the cell cannot fulfill its energy
demands. However, this theory does not address why there is little neuronal loss in other high-energy-requiring cells, such as
photoreceptors or cardiac muscle (as is seen in some mtDNA deletions), nor does it explain the delayed onset of LHON. Most
important,4t5here is a discrepancy between the degree of ATP deficiency and the severity of the optic neuropathy in cells with LHON
mutations.

Instead, some have speculated that differences in ROS production and sensitivity to oxidative stress among cells types may explain
the timing and the specificity of LHON. There is precedence for cell type—specific differences in mitochondrial superoxide
production.*® Rat brain and liver mitochondria differ in superoxide production in the presence of METC substrates and inhibitors,*’
and LHON cybrids in neuronal-like differentiated NT2 cells have greatly increased superoxide production.*’ It is logical that ROS
would be involved in LHON for several reasons. First, the mutations are in known superoxide production sites.*® Second, inhibition of
these sites dramatically increases superoxide synthesis.®® Third, neuronal cybrids with LHON mutations have increased superoxide
production.?’ Pioneering work by the Guy laboratory demonstrated that knockdown of SOD-2 in RGCs caused an optic neuropathy,?
and overexpression of SOD-2 ameliorated the optic neuropathy induced by knockdown of one of the nuclear encoded complex |
subunits.?2?® In brain mitochondria, complex | produces the majority of superoxide radicals,* and the same may be true for RGCs.* If
RGC mitochondria have mechanisms for reducing levels of superoxide production, particularly in response to METC inhibitors, then
mutations of critical complex | components could theoretically lead to catastrophic superoxide production, producing anomalous
signaling cell death in the absence of axonal damage.*®
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