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The Effects of Oxidative Stress on Mitochondrial
Transmembrane Potential in Retinal Ganglion Cells
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ABSTRACT

Retinal ganglion cells (RGCs) are central neurons that undergo apoptosis after axonal injury. As the relation-
ship between mitochondrial and oxidative signaling of apoptosis in neuronal systems is unclear, we sought to
achieve a better understanding of the interplay of these two pathways by investigating the effect of direct ox-
idative stress on mitochondrial membrane potential in cultured RGCs, as measured with the dual-emission
probe JC-1. Treatment with hydrogen peroxide caused RGC mitochondrial depolarization. Several pharma-
cological treatments were used to define the mechanism. Whereas cycloheximide, tris(2-carboxyethyl)phos-
phine, and cyclosporin A were unable to prevent the depolarization, bongkrekic acid significantly reduced the
severity of the depolarization. This suggests that the hydrogen peroxide-induced depolarization may act through
mitochondrial permeability transition pore opening independent of thiol oxidation, and may be preventable
under certain conditions. Antioxid. Redox Signal. 5, 641-646.

INTRODUCTION

IT is now widely accepted that mitochondria play an im-
portant role in the signaling of apoptosis, typically via the
release of cytochrome ¢ and other apoptosis-inducing factors
(17, 34). It has also been proposed that apoptosis is signaled
through the opening of the mitochondrial permeability tran-
sition pore (PTP) (10, 13, 26, 27, 29). Opening of the PTP
causes a loss of the mitochondrial transmembrane potential
(A\I’m) and allows for molecules smaller than 1,500 Da to
pass between the mitochondrial matrix and the intermem-
brane space, and then into the cytoplasm (2, 3, 19, 21). The
importance of PTP opening and its necessity in neuronal
apoptosis are still under debate (13, 22), and it is uncertain
whether mitochondrial depolarization alone is sufficient to in-
duce apoptosis (33) in neurons.

Reactive oxygen species (ROS) have been implicated in a
variety of normal cellular processes (7, 8, 12, 16, 20), and are
also generated from disruptions in the mitochondrial electron

transportsystem (9). In the nervous system, ROS are involved
in the signaling pathways for cell death. This has been demon-
strated in several systems, including sympathetic neurons (18),
hippocampal neurons (5), cerebellar granule cells (30), and
retinal ganglion cells (RGCs) (15).

RGCs are central neurons, undergoing apoptosis after axonal
injury (1, 14, 23, 28). Our previous studies have shown that
RGC apoptosis is critically dependent on oxidative redox state
(15), and that PTP modulation can cause massive RGC death
accompanied by mitochondrial depolarization(31). By imaging
axotomized RGCs in real time, we hoped to clarify the interplay
between oxidative stress and opening of the PTP. We hypothe-
sized that treatment with hydrogen peroxide (H,0,) would lead
to mitochondrialdepolarization,and that modulation of the PTP
would prevent the loss of AW . We found that when the adenine
nucleotide translocase (ANT) was bound by bongkrekic acid
(BA), mitochondrial depolarization was attenuated, suggesting
a specific mechanism by which oxidative stress could cause mi-
tochondrialdepolarizationin central neurons.
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MATERIALS AND METHODS

Animals

All experiments were performed in accordance with the
U.S. Public Health Service Policy on Humane Care and Use
of Laboratory Animals and the National Institutes of Health
Guide for the Care and Use of Laboratory Animals, as well as
the ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research and institutional guidelines regarding animal
research.

Materials

Cell culture reagents and media were obtained from
GIBCO (Grand Island, NY, U.S.A.). The retrograde fluorescent
tracer 4’,6-diamidino-2-phenylindole (DAPI) was obtained
from Molecular Probes (Eugene, OR, U.S.A.) and prepared
as a 5 mM solution in dimethylformamide (Acros, Fair Lawn,
NJ, U.S.A.).5,5,6,6-Tetrachloro-1,1,3,3 -tetraethylbenzimida-
zolylcarbocyanine iodide (JC-1) was obtained from Molecular
Probes and prepared as a 4 mM stock solution in dimethylfor-
mamide. Papain was acquired from Worthington Biochemical
(Freehold, NJ, U.S.A.). Chambered cover glasses for imaging
were acquired from Nalgene-Nunc (Naperville, IL, U.S.A.).
Unless noted, all other reagents were obtained from Sigma
(St. Louis, MO, U.S.A.).

RGC labeling and culture

RGCs were labeled and cultured using previously described
methods (24). In brief, ganglion cells were labeled by stereo-
tactic injection of the fluorescent tracer DAPI (5 mM) into the
superior colliculi of anesthetized postnatal day 4 Long—Evans
rats. DAPI was chosen as the retrograde tracer for these ex-
periments because its excitation and emission spectra do not
overlap with those of JC-1. Over a period of 3—4 days, DAPI
flows via retrograde transport from RGC projection sites in
the superior colliculi to the RGC somas in the retina, where it
binds to nuclear DNA. At postnatal day 7-8, the animals were
killed by decapitation, the eyes enucleated, and the retinas
dissected free in Hanks’ balanced salt solution (HBSS). After
two incubations in HBSS containing papain (12.5 U/ml), each
for 7 min at 37°C, the retinas were gently triturated with a
Pasteur pipette and plated on poly-L-lysine-coated eight-well
chambered cover glass wells at a density of ~2,000 cells/mm?.
The cell cultures incubated (37°C, 5% CO,, 80% H,0) for 24
h in serum-free medium [Neurobasal-A with 0.7% methylcel-
lulose, 5.0 pg/ml gentamicin, and 2% B-27 without antioxi-
dants defined serum-free supplement; GIBCO].

Measurement of AY

The AW  was measured using the voltage-sensitive dye
JC-1 (32), which associates with the mitochondrialinner mem-
brane. JC-1 exists in two forms: monomer and J-aggregate. In
its base state and when A\I’m is low, it associates with the mi-
tochondrial inner membrane as a monomer, and emits green
fluorescence (535 nm) when excited at 480 nm. When A\I’m is
high, the dye forms J-aggregates near areas of high membrane
potential, and emits red fluorescence (580 nm) when excited
at 480 nm. As the total mitochondrial mass will vary from
cell to cell, these absolute fluorescence values will also be
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quite variable. Therefore, the ratio of red to green fluorescence
[F(Ngg0)/F(Ny;5)] is a more accurate method for comparing mi-
tochondrial AW status in different cells. Typically, cells with
a healthy population of mitochondria with a high AW have a
high ratio of F(Ayq))/F(\s;,) fluorescence, whereas cells whose
mitochondria are in the process of losing their AW  (depolar-
ization) have a low F(N\yg)/F(\;;) ratio.

Twenty-four hours after plating, mixed retinal cultures were
treated with JC-1 (1 pg/ml) in Neurobasal-A for 15 min at 37°C,
washed once with plain culture medium, and then imaged in
Neurobasal-A, 2% B-27 without antioxidants, 21 mM HEPES,
and 5 pg/ml gentamicin. RGCs were located in each well using
a DAPI filter set (330 nm excitation, 450 nm emission). Fil-
ters used to detect JC-1 were 480 nm for excitation, 505 nm
dichroic, and dual 535 nm and 580 nm emission filters mounted
in a computer-controlled filter wheel (Sutter Instruments, No-
vato, CA, U.S.A.). A cooled CCD camera (Roper Scientific,
Trenton, NJ, U.S.A.) mounted on a Zeiss Axiovert 135 inverted
microscope collected the images, with image processing per-
formed in real time. Images were acquired using Metafluor
software at a binning of 2, exposure time 100 ms, 2X gain.

Initial measurements of AW  were acquired once every 2.5
min for 10 min to establish baseline fluorescence levels. Phar-
macological treatments were applied immediately after the
10-min baseline period by adding reagents directly to the well.
Background fluorescence was subtracted from the initial (¢ =
2.5 min) fluorescent measurements, and the ratio of fluores-
cence at 580 nm and 535 nm [F(Ay,)/F(Ag,,)] was calculated.
The point of maximal depolarization was chosen as that time
after treatment where the ratio reached a minimum, and was
used for subsequent analyses. Because of changes in fluores-
cence due to photobleaching and dye leakage, the effect of
pharmacological agents on maximal AW  depolarization from
baseline was determined with respect to that of media alone.

Pharmacological treatments

Components of the mitochondrial PTP pore were perturbed
in an attempt to prevent the depolarization caused by oxidative
stress. Tris(2-carboxyethyl)phosphine (TCEP) was used to re-
duce vicinal thiols located within the PTP complex. BA and
cyclosporinA (CsA) were used to maintain the PTP in a closed
state. Valinomycin, a mitochondrial inner membrane-specific
K+ ionophore, was used as a positive control in imaging ex-
periments for baseline depolarization events. Cycloheximide
(CHx) was used to inhibit protein synthesis. All concentra-
tions were chosen based on initial dose-response experiments
and methods established in the literature (4, 22, 25).

Statistical analysis

Means were compared with Student’s unpaired ¢ test.

RESULTS

H,0, causes mitochondrial depolarization in
RGCs in a concentration-dependent manner
We and others have hypothesized that a rise in ROS could

act as a trigger for the apoptotic pathway, in conjunction with
mitochondrial depolarization.To probe the relationship between
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FIG. 1. Mitochondrial depolarization in RGCs treated

with H,0,. Vehicle, H,0, (10 mM), H,0, (2.5 mM), H,0, (2.5
mM) + CHx (100 uM), H,0, (2.5 mM) + TCEP (100 uM),
H,0, (2.5 mM) + CsA (10 pM), or H,0, (2.5 mM) + BA (10
uM) was added to cultures after 10 min of baseline acquisition.
The point of maximal depolarization was determined as where
the fluorescence ratio F(Ayg )/F(Ng,5) was at a minimum, and
compared with the baseline fluorescenceratio. The decrease in
F(Ngg0)/F(Ns35) was significant compared with vehicle for all
conditions. Only treatment with H,O, + BA had a significantly
smaller decrease in ratio compared with treatment with H,0,
alone (p = 0.007).

ROS and mitochondrial depolarization in axotomized RGCs,
mixed retinal cultures containing RGCs retrogradely labeled
with DAPI were incubated for 24 h, and then imaged with the
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dual-emission probe JC-1 after application of several concen-
trations of H,O,. At high concentrations (10 mM), H,0, cre-
ates an oxidative stress in RGCs. This led to a significant de-
crease in A\I'm,, as reflected by a decrease in F(A g ))/F(A;)
to 12.7 + 0.8 % of baseline levels, compared with 68.7 + 8.0%
for vehicle alone (p = 0.0002) (Fig. 1). At this high concentra-
tion of H,0,, there is so much oxidation of cellular constituents
that RGC mitochondrial depolarization proceeded in the pres-
ence of all pharmacological inhibitors tested (TCEP, BA, CsA,
CHx; data not shown). To examine more physiologically rele-
vant oxidative stresses, we progressively decreased the H,0,
dosage until reaching the minimum concentration capable of
producing a reliable loss of AW . Concentrations of H,0,
lower than 2.5 mM showed less consistent and generally later
depolarization (data not shown). Treatment with 2.5 mM H,0,
caused a significant decrease in F(Ay)/F(\;,) to 24.8
3.2% of baseline (p = 0.0005) (Figs. 1 and 2), and was there-
fore chosen as the concentration to evaluate mechanisms of
mitochondrial depolarization from oxidative stress.

The depolarization caused by oxidative stress in
RGCs is not dependent on protein synthesis

To determine the likelihood of a requirement for recently
synthesized protein(s) mediating the decrease in AW _, cul-
tured RGCs were treated with 100 uM CHx during plating and
the 24-h incubation prior to imaging A¥ . RGCs in which
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FIG.2. H,0,-induced mitochondrial depolarization. Cells preincubated with JC-1 were imaged for 10 min to establish base-
line fluorescence, then treated with either vehicle (A, B, C) or 2.5 mM H,0, (D, E, F), and imaged for 50 min. Cells are shown at
the initial point (A1, B1, D1, E1) and at the point of maximum depolarization (A2, B2, D2, E2) as defined by the ratio of fluores-
cence at 580 nm (Al, A2, D1, D2) to the fluorescence at 535 nm (B1, B2, E1, E2). The tracings below each micrograph demon-

strate the change in fluorescenceat A = 580 nm (—

) and A= 535 nm (— — —) over the course of the treatment (C1, F1), and

fluorescent ratio [F(Nsg))/F(Ayy5)] (C2, F2). Arrows on the tracings indicate the time points when the displayed images were

acquired.
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protein synthesis had been inhibited over 24 h demonstrated a
decrease in F(A,)/F(\,;5) after treatment with 2.5 mM H,0,
commensurate with that seen in H,O -treated RGCs with un-
inhibited protein synthesis (27.4 £ 5.7% versus 24.8 + 3.2%;
p =0.40) (Fig. 1). The inability of CHx to block the decrease
in AV suggeststhat the mechanism by which the depolariza-
tion occurs is not mediated by a recently synthesized protein.

The decrease in membrane potential after
oxidative stress is not caused by thiol oxidation

Previous studies in our laboratory have shown that one of
the mechanisms underlying ROS signaling of apoptosis could
be the critical dependence of RGC survival after axotomy on
cellular redox state (15, 24). To determine if the loss in A\I’m
caused by H,0, is due to thiol oxidation by peroxide interme-
diates, mixed retinal cultures were pretreated with TCEP (100
uM) for 24 h beforeimaging the AW . This concentration was
chosen based on previous studies showing that it significantly
prolongs RGC survival after axotomy in the absence of neu-
rotrophic factors or serum. The presence of 100 uM TCEP
prior to, and during, exposure to H,0, (2.5 mM) did not pre-
vent the decrease in A\I’m (24.0 £ 2.9% versus 24.8 + 3.2%;
p = 0.42) (Fig. 1), suggesting that the mechanism of the
H,0,-induced depolarization is independent of thiol oxida-
tion of PTP components.

The depolarization is attenuated by pore
modulation with BA, but not CsA

The ability of CsA to bind to the mitochondrial matrix
protein cyclophilin D and prevent PTP opening and apoptosis
has been demonstrated in other neuronal systems (6). BA has
also been shown to prevent pore opening through binding to
the ANT, thereby blocking apoptosis caused by N-methyl-D-
aspartate excitotoxicity in cerebral cortical neurons (4). To
explore the mechanism by which oxidative stress-induced de-
polarization occurred in our system, we attempted to block
pore opening by pretreating cultures with CsA (10 uM) or BA
(10 uM), followed by incubation with H,0, (2.5 mM). CsA
did not significantly affect the depolarization when compared
with control (29.1 £ 2.8% versus 24.8 + 3.2%; p = 0.16) (Fig.
1). In contrast, BA significantly inhibited the reduction in
AV _, compared with treatment with H,O, alone (33.8 +3.5%
versus 24.8 + 3.2%; p = 0.007) (Fig. 1), or when compared
with CsA (p = 0.034). The reduction in AW _ with BA was
still lower than treatment with vehicle alone, suggesting that
ANT binding reduces the effect of oxidative stress without in-
hibiting it completely.

DISCUSSION

The relation between ROS formation and opening of the
PTP in neurons is not well understood. Our experiments dem-
onstrated that although H,0, caused mitochondrial depolar-
ization in RGCs, the mechanism of depolarization cannot be
entirely explained by PTP opening. H,0, is a potent oxidant,
and in high doses reliably produced mitochondrial depolar-
ization in RGCs. Lower doses also perturbed the AY , but in
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a less dramatic fashion. Whether or not the depolarization is a
result of opening of the PTP alone or multiple factors is un-
clear. We used pharmacological agents affecting protein syn-
thesis (CHx) and PTP components (CsA, BA, and TCEP) to
understand better the mechanism behind the mitochondrial
depolarization after treatment with low doses of H,0,. We
found that the H,0,-induced depolarization was not dependent
on protein synthesis, as evidenced by the nonprotective effect
of CHx.

We pretreated RGC cultures with CsA, BA, and TCEP to
prevent H,0,-induced mitochondrial depolarization via differ-
ent mechanisms. CsA and TCEP did not significantly modify
the mitochondrial depolarization, but pretreatment with BA was
able to significantly attenuate, but not entirely prevent depo-
larization. As BA is known to inhibit the ANT, a component
of the PTP complex, it is likely that it is in fact preventing
pore opening signaled by the rise in H,O,. This is supported
by another study showing that BA prevents H,O,-induced
apoptosis and PTP-mediated mitochondrial depolarization in
other cell types (11). Although BA was able to significantly
alter the depolarization response to H,O, treatment, it did not
entirely preventit. If H,O, simply signaled PTP opening, then
one would expect BA to completely disrupt H,0,-induced de-
polarization. It is therefore likely that H,O, disturbs AW via
one or more other pathways in addition to action on the pore
complex itself. The attenuation of H,0, depolarization by BA
raises the prospect that this or similarly acting agents could
be neuroprotective in RGCs.

The lack of protection from oxidative stress by CsA is not
entirely surprising. Vrabec et al. (31) showed that axotomized
RGCs were not protected by treatments with CsA in culture,
which in fact paradoxically increased the rate of apoptosis
and dramatically increased PTP opening when combined with
a peripheral benzodiazepine antagonist. Combining those ob-
servations with the data presented here, it is likely that CsA
(or its complex with cyclophilin D) does not interact with the
RGC PTP in the same manner as other cell types, and thus
would not have a role in preventing mitochondrial depolariza-
tion in these cells.

We used the non-thiol-containing reducing agent TCEP to
prevent the oxidation of cellular sulfhydryls, including the
PTP-associated sulfhydryls that cause PTP opening when ox-
idized. The fact that 100 uM TCEP was unable to prevent H,0,-
induced mitochondrial depolarization implies that oxidative
stress does not directly cause oxidation of pore-associated
thiols. As we chose the concentration of TCEP based on sur-
vival studies where RGCs were incubated for 24-72 h, it is
possible that the dose used was too low to prevent depolariza-
tion caused by a short-term, high-dose H,O, challenge. However,
the dose of H,0, was within the range we have previously
used to kill RGCs over 24—72-h time periods, suggesting that
the TCEP dose was not too low. Thus, because H202 was able
to cause depolarization independently of sulfthydryl oxidation,
oxidative stress may have a role mediating signaling in RGCs
via another oxidative target. We also cannotdirectly implicate
H,0, as a signaling molecule, as interconversionbetween H,O,
and other intracellularROS (e.g., superoxide and hydroxylrad-
ical) could occur.

In summary, we showed that H,O, can cause mitochondrial
depolarization in axotomized RGCs, presumably via opening
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of the PTP. We found that this depolarization can be attenu-
ated by pretreatment with BA, suggesting that the PTP open-
ing in these RGCs may be reversible and could possibly be pre-
vented under the proper conditions. A better understanding of
the relationship between ROS signaling of apoptosis and PTP
opening may lead to methods for preventing RGC apoptosis
from occurring in diseases of the optic nerve.
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ABBREVIATIONS

ANT, adenine nucleotide translocase; BA, bongkrekic acid;
CHx, cycloheximide; CsA, cyclosporin A; DAPI, 4°,6-di-
amidino-2-phenylindole; HBSS, Hanks’ balanced salt solu-
tion; H,O,, hydrogen peroxide; JC-1, 5,5%,6,6-tetrachloro-
1,1°,3,3-tetraethylbenzimidazolylcarbocyanine iodide; PTP,
permeability transition pore; RGC, retinal ganglion cell;
ROS, reactive oxygen species; TCEP, tris(2-carboxyethyl)plos-

phine; AW . mitochondrial membrane potential.
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