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Abstract
Apoptosis-inducing factor (AIF)-deficient harlequin (Hq) mice undergo neurodegeneration
associated with a 40–50% reduction in complex I level and activity. We tested the hypothesis that
AIF and complex I regulate reactive oxygen species (ROS) production by brain mitochondria.
Isolated Hq brain mitochondria oxidizing complex I substrates displayed no difference compared to
wild type (WT) in basal ROS production, H2O2 removal, or ROS production stimulated by complex
I inhibitors rotenone or 1-methyl-4-phenylpyridinium. In contrast, ROS production caused by reverse
electron transfer to complex I was attenuated by ~50% in Hq mitochondria oxidizing the complex II
substrate succinate. Basal and rotenone-stimulated rates of H2O2 release from in situ mitochondria
did not differ between Hq and WT synaptosomes metabolizing glucose, nor did the level of in vivo
oxidative protein carbonyl modifications detected in synaptosomes, brain mitochondria, or
homogenates. Our results suggest that AIF does not directly modulate ROS release from brain
mitochondria. In addition, they demonstrate that in contrast to ROS produced by mitochondria
oxidizing succinate, ROS release from in situ synaptosomal mitochondria or from isolated brain
mitochondria oxidizing complex I substrates is not proportional to the amount of complex I. These
findings raise the important possibility that complex I contributes less to physiological ROS
production by brain mitochondria than previously suggested.
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Introduction
Whether oxidative stress is a cause or consequence of neurodegeneration is heavily debated
and likely depends on the mechanism of injury [1]. Although animal models that display age
onset-dependent chronic neurodegeneration are rare, one example is the harlequin (Hq) mutant
mouse that harbors a retroviral insertion in intron 1 of the pcd8 gene encoding apoptosis-
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inducing factor (AIF). This mutation results in an AIF hypomorph, with an 80–90% global
impairment in AIF expression [23]. These AIF deficient mice undergo progressive
degeneration in several brain regions including the cerebellum, cortex, striatum, and thalamus
[16,23].

Oxidative stress associated with AIF deficiency led to the suggestion that the flavin-binding
AIF protein functions as a mitochondrial anti-oxidant [23,24,33,57,58,63]. The crystal
structure of AIF, however, does not resemble an anti-oxidant enzyme [34,62]. Furthermore,
recombinant AIF functions as a superoxide-generating NAD(P)H oxidase in vitro [35] or forms
a relatively stable NAD(P)H-bound dimer [12], depending on whether it is purified using an
N-terminal or C-terminal tag, respectively. Genetic and RNA interference knockdown models
of AIF deficiency have failed to provide a consistent picture of the role of AIF in regulating
mitochondrial and/or cellular ROS, with reports suggesting that ROS increases [3], decreases
[55], or does not change [41,56] when mitochondrial AIF is reduced. AIF is released from
mitochondria in a calpain-dependent fashion in neural cells treated with the complex I
inhibitors rotenone or 1-methyl-4-phenylpyridinium (MPP+) [11,31,32,40]. Whether this event
influences net mitochondrial ROS generation is unknown.

Recent evidence that AIF deficiency results in a decrease in assembled complex I [3,5,8,22,
41,55,56] raises the possibility that changes in ROS attributed to AIF are instead a downstream
consequence of alterations in electron transport chain function. Complex I is generally
considered to be the primary physiological source of mitochondrial ROS [2,4,7,19,28,47,59],
although support for this hypothesis comes predominantly from pharmacological rather than
genetic studies. Inhibition of complex I oxidation by rotenone or MPP+ exacerbates ROS
production by brain mitochondria incubated with complex I substrates [2,17,27,38,59], while
rotenone inhibits ROS production by brain mitochondria oxidizing succinate [13,27,51,54,
59]. Systemic administration of rotenone or MPTP recapitulates the neuropathology of
Parkinson’s disease in rodents and primates [6,9], with arguments both for and against
oxidative stress as the chief cause of neuronal demise [45,60].

In this study we employed the harlequin genetic model of AIF and complex I deficiency to
assess whether AIF and complex I depletion influence ROS production by isolated or in situ
brain mitochondria from mice prior to the onset of neurodegeneration. The use of isolated
mitochondria enabled us to directly test the contribution of AIF and complex I to ROS
production in the presence of defined substrates and compare results to the behavior of in
situ mitochondria within glucose-metabolizing intact nerve terminals (synaptosomes). An
increase in rotenone or MPP+-stimulated ROS production from AIF-depleted Hq mitochondria
or synaptosomes was predicted if AIF serves an anti-oxidant role while an attenuation was
expected if the primary influence of AIF on ROS was via down-regulation of assembled
complex I. Our surprising results suggest that brain mitochondria oxidizing complex I
substrates under physiologically relevant conditions are able to tolerate large decreases in both
AIF (~90%) and complex I (>40%) without overt effects on mitochondrial ROS production.

Experimental Procedures
Materials

Amplex® UltraRed was obtained from Invitrogen (Carlsbad, CA). Antimycin A was purchased
from MP Biochemicals (Solon, OH). Percoll™ was from GE Healthcare (Piscataway, NJ). The
complex I immunocapture monoclonal antibody (MS101c) was from MitoSciences (Eugene,
OR). The OxyBlot Protein Oxidation Detection Kit was obtained from Chemicon (Temecula,
CA). Mouse monoclonal antibody to AIF (clone E-1) was from Santa Cruz Biotechnology
(Santa Cruz, CA). Mouse monoclonal antibody to cytochrome c (clone 7H8.2C12) was from
BD Biosciences (San Jose, CA). Rabbit polyclonal antibody to MnSOD was from Novus
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Biologicals (Littleton, CO). Mouse monoclonal antibody to catalase (clone CAT-505) or β-
actin (clone AC-74) was from Sigma-Aldrich (St. Louis, MO). Rabbit polyclonal antibody to
MWFE was generated as described [61]. All other reagents were purchased from Sigma unless
otherwise noted.

Animals
Male mice hemizygous for the harlequin (Hq) mutation in the pcd8 gene encoding AIF (Strain
name B6CBACa Aw-J/A-Aifm1Hq/J) and age-matched male wild type (WT) controls on the
same background were obtained from The Jackson Laboratory (Bar Harbor, ME). Mice were
housed according to standard animal care protocols, fed ad libitum, and kept on a 12 hour light/
dark cycle until sacrifice. All protocols were approved by the Institutional Animal Care and
Use Committee (IACUC) and were in accordance with the NIH Guide for the Care and Use
of Laboratory Animals.

Preparation of Isolated Mitochondria and Intact Synaptosomes
Non-synaptosomal brain mitochondria were isolated from 2–3 Hq male mice and from 2–3
male wild type littermates in parallel and purified on a Percoll™ density gradient as previously
described [25,46]. Synaptosomes were isolated from the same preparations at the interface of
15% and 23% Percoll™, washed in ‘HBM medium’ consisting of 140 mM NaCl, 5 mM KCl,
5 mM NaHCO3, 1 mM MgCl2, 1.2 mM Na2HPO4, 10 mM glucose, 20 mM HEPES, pH 7.4,
centrifuged at 16,600 × g for 10 min at 4° C, and finally resuspended to a concentration of 10–
20 mg/ml in HBM medium. Liver mitochondria were isolated by standard differential
centrifugation [30]. Mitochondrial and synaptosomal protein concentrations were determined
by the Bio-Rad (Hercules, CA) Bradford method. Mitochondria and synaptosomes were stored
on ice and utilized for oxygen consumption and H2O2 measurements on the day of isolation.
Aliquots of samples were frozen at −80° C for the later determination of citrate synthase activity
or protein levels by immunoblot.

Citrate Synthase Assay
Citrate synthase activity was measured in brain mitochondria according to published procedure
[44,48]. Briefly, 100 μg of mitochondrial protein dissolved in 10 μl of 0.1% Triton X-100 in
0.1 M Tris-Hcl, pH 8.0 was added to assay medium consisting of 0.1 M Tris-Hcl, pH 8.0, 0.1
mM 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB), 0.36 mM acetyl-CoA, and 0.5 mM
oxalacetate at 25° C. The conversion of DTNB to 5-thio-2-nitrobenzoic acid was monitored
in a Varian Cary 100 Bio spectrophotometer (Walnut Creek, CA) by measuring absorbance at
412 nm.

Oxygen Consumption Measurements
Mitochondrial oxygen consumption was measured using a MIP-730 Dip-type O2
microelectrode (Microelectrodes, Inc., Bedford, NH) in a microcuvette (Hellma Cells, Inc.
Plainview, NY) with a custom-built gastight lid at 30° C. WT or Hq mitochondria (0.25 mg
protein/ml) were incubated in ‘KCl medium’ consisting of 125 mM KCl, 2 mM K2HPO4, 20
mM HEPES, pH 7.0. The medium was supplemented with 5 mM malate, 5 mM glutamate, 4
mM MgCl2, 3 mM ATP, 10 μM CaCl2, 1 μM ruthenium red, and 10 μM tetraphenylboron
anion (TPB−) to mimic the conditions chosen for investigation of ROS (see below). Respiratory
control ratios were calculated as the ratio of the rate of oxygen consumption in the presence
of 1 mM ADP (state 3) to the rate of O2 consumption following the addition of 3 μg/ml
oligomycin (state 4).
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H2O2 detection using Amplex® UltraRed
H2O2 release from WT and Hq brain mitochondria was measured in parallel using two Hellma
quartz microcuvettes in a Perkin-Elmer LS50 spectrofluorometer. Amplex® UltraRed was
excited at 560 nm, and emission was collected at 585 nm using 10 nm excitation and emission
slit widths and a cuvette cycle time of 5 sec. Most experiments were conducted in KCl medium
additionally containing 5 mM malate, 5 mM glutamate, 4 mM MgCl2, 3 mM ATP, 10 μM
CaCl2, 1 μM ruthenium red, 10 μM TPB−, 40 U/ml bovine liver Cu/Zn superoxide dismutase
(SOD1), 5 μM Amplex® UltraRed, and 10 U/ml horseradish peroxidase. In experiments
examining ROS production mediated by reverse electron flow, 5 mM malate and 5 mM
glutamate were replaced by 5 mM succinate. H2O2 release from synaptosomes (0.5 mg/ml)
was also measured by coupling 5 μM Amplex® UltraRed and 10 U/ml horseradish peroxidase,
but in HBM medium additionally containing 1.3 mM CaCl2. Amplex® UltraRed signals were
sensitive to added catalase (Sigma, 15,000 U/ml), confirming that the fluorescent resorufin
product measured was due to the oxidation of Amplex® UltraRed by H2O2. In control
experiments, it was confirmed that ruthenium red does not interfere with the Amplex®
UltraRed assay. Traces were calibrated in pmol H2O2 for each experiment as described using
freshly prepared H2O2 stocks serially diluted from a stabilized 30% H2O2 solution [59].

We chose to investigate ROS in State 4 with a physiologically realistic concentration of ATP
for two reasons. First, ROS production is membrane potential sensitive [49,59] and ROS
produced by ADP-stimulated mitochondria in state 3 is below the threshold for reliable
detection. Second, the presence of ATP is known to stabilize brain mitochondria against
artifactual induction of the permeability transition (38, 39) TPB− was included because it is
known to potentiate the uptake and consequent toxicity of MPP+ [36]. Results without TPB-
were qualitatively similar but required a 25-fold increase in the concentration of MPP+ (data
not shown).

Immunoblotting
Mitochondria (0.1 mg/ml in 0.75 ml) were pelleted by centrifugation at 13,400 × g for 5 min
at 4° C at the conclusion of Amplex® UltraRed assays for H2O2 detection. Supernatants were
saved for analysis of released proteins and pellets were resuspended to 0.1 or 0.2 mg/ml in KCl
medium containing 1% Triton X-100 and 1x Protease Inhibitor Cocktail III (EMD
Biosciences). Twenty to 30μl of mitochondrial supernatant or pellet fractions or 20 μg of
synaptosomal protein were subjected to SDS-PAGE on 4–20% Tris-HEPES gradient gels and
protein was transferred to polyvinylidene difluoride membranes. Immunodetection was carried
out by standard procedures using the following dilutions of primary antibodies: AIF, 1:500,
β-actin, 1:5000, catalase, 1:1000, cytochrome c, 1:1000, MnSOD, 1:2000, MWFE, 1:1000,
NDUFA9, 1:1000. Protein quantification was performed from linear exposures of X-ray film
using the Bio-Rad GS-710 Calibrated Imaging Densitometer (Hercules, CA) and Quantity-
One software.

Immunocapture and Detection of Complex I Subunits
WT or Hq mitochondria (0.5 mg protein) were washed with 20 mM Tris-HCl, 1 mM EDTA,
pH 7.5, and resuspended in the same buffer containing protease inhibitor cocktail. This
suspension was solubilized by adding n-dodecyl-β-D-maltoside to a final concentration of 1%
at a 5 mg/ml protein concentration and incubated for 30 min on ice. A very minor fraction of
insoluble material from this suspension that did not differ between WT and Hq was removed
by centrifugation at 55,000 × g for 30 min at 4°C and soluble supernatant was taken for semi-
quantative immunoprecipitation of mitochondrial complex I using the MS101 Complex I
Immunocapture kit from MitoSciences (Eugene, OR) [42]. Briefly, 10μl of MitoSciences
immunocapture antibody coupled to agarose beads was incubated with the solubilized
mitochondrial supernatant for at least 3 hours at room temperature. Following incubation, the
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beads were collected by gentle centrifugation at 3,200 × g in a microcentrifuge and washed six
times with PBS supplemented with 0.05% n-dodecyl-β-D-maltoside. Immunocaptured NADH
dehydrogenase was eluted with 10 μl of 0.1 M glycine, pH 2.5, supplemented with 0.05% n-
dodecyl-β-D-maltoside. The samples were run on 10% SDS-PAGE gels following elution and
then stained with SYPRO® Ruby protein gel stain (Bio-Rad) to visualize complex I subunits.

Detection of Protein Carbonyl Modifications in Mitochondria, Synaptosomes, or Brain
Homogenates

Oxidative protein carbonyl modifications were detected in mitochondria, synaptosomes, or
brain homogenates (20 μg protein) using The OxyBlot Protein Oxidation Detection Kit
(Chemicon) according to the instructions of the manufacturer. The brain homogenates were
prepared by sonicating cerebellum, cortex, or striatum in RIPA lysis buffer (150 mM NaCl,
50 mM Tris, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1%
sodium dodecylsulfate, and Protease Inhibitor Cocktail Set III, pH 7.4) in three 5 sec bursts
using a 550 Sonic dismembrator (Fisher Scientific, Pittsburgh, PA) set at 3. Densiometric DNP
quantification was performed from entire lanes using ImageJ software (National Institutes of
Health, Bethesda, MD).

Statistics
Protein levels, DNP staining, respiratory control ratios, citrate synthase activity, and H2O2
rates were compared by paired T-test using SigmaStat 3.5 and values were expressed as mean
± standard error. P<0.05 was considered significant.

Results
Non-synaptosomal forebrain mitochondria were isolated in parallel from male AIF-deficient
Hq mice and age-matched WT littermates at 4–14 weeks of age. Hq mice at this stage are
considered pre-symptomatic and do not display overt signs of neurodegeneration in the
forebrain [16,23]. The amount of citrate synthase activity per milligram protein did not differ
significantly between WT and Hq brain mitochondria (Fig. 1A, p=0.50, n=3). Additionally,
the cytosolic and peroxisomal enzyme catalase could not be detected in Percoll™ gradient-
purified WT or Hq brain mitochondria in contrast to liver mitochondria isolated by standard
differential centrifugation (Fig. 1B). Thus differences in mitochondrial purity or contamination
by non-mitochondrial anti-oxidant enzymes were unlikely to confound the results of
subsequent assays.

WT and Hq rates of ADP-stimulated state 3 respiration or resting state 4 respiration were not
significantly different for mitochondria oxidizing the complex I-linked substrates malate and
glutamate under our experimental conditions (Fig. 1C, Table 1). Respiratory control ratios
(RCR) calculated as the state 3 ADP-stimulated rate divided by the state 4 resting rate
(measured in the presence of the ATP synthase inhibitor oligomycin) were also equivalent
between the two types of mitochondria. However Hq mitochondria respiring on complex I-
linked substrates displayed increased sensitivity to respiratory inhibition with rotenone (Fig.
1D), consistent with the reported deficit in assembled complex I level and activity [5,56]. This
deficit was confirmed by immunodetection for complex I subunits NDUFA9 and MWFE (Fig.
2A–C) and by semi-quantitative complex I immunocapture and protein stain (Fig. 2D). The
level of NDUFA9 reduction was consistent with the amount of complex I depletion detected
in Hq brain mitochondria by blue native polyacrylamide gel electrophoresis or biochemical
activity [56].

We next investigated the influence of the AIF and complex I deficiencies on ROS regulation
by brain mitochondria using the Amplex® UltraRed-horseradish peroxidase assay. Superoxide
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produced by the mitochondrial electron transport chain in the matrix is converted to membrane-
permeable hydrogen peroxide by endogenous MnSOD (SOD2). The addition of exogenous
bovine liver Cu/Zn SOD (SOD1) converts any superoxide generated in the intermembrane
space to H2O2. Therefore the oxidation of the Amplex® UltraRed dye by hydrogen peroxide
is expected to reveal any difference in net superoxide or H2O2 generation in the matrix or
intermembrane space by Hq mitochondria compared to WT.

We found that the low basal rate of ROS release captured by our assay was unaltered in AIF-
and complex I-deficient brain mitochondria compared to WT (Fig. 3A, p=0.92, n=4). However
it is known that mitochondria have a very efficient endogenous system for ROS removal [2,
64]. To determine whether Hq mitochondria compensate for a defect in ROS generation with
a change in the rate of ROS detoxification, we employed the enzymatic xanthine/xanthine
oxidase (X/XO) superoxide generating system coupled to Cu/Zn SOD to assess rates of
H2O2 removal by the mitochondria. Xanthine oxidase (1.33 milliunits/ml) generated a linear
rate of H2O2 production in the presence of 100 μM xanthine and 40 units/ml SOD1 that was
impaired by the addition of 0.2 mg/ml isolated brain mitochondria (Fig. 3B). This finding is
consistent with the reported ability of brain mitochondria to scavenge hydrogen peroxide
[64]. The capacity of Hq mitochondria to inhibit the rate of X/XO/SOD1-mediated H2O2
production was the same as that of WT (54.1 ± 2.4% inhibition for Hq compared to 51.0 ±
4.5% for WT, p=0.38, n=3), arguing against the possibility that an alteration in H2O2 removal
compensated for a difference in basal ROS release by Hq mitochondria. MnSOD protein was
also equivalent in Hq and WT brain mitochondria (Fig 2A–C), consistent with previous reports
[5,23]. Therefore it is unlikely that we failed to detect a difference in superoxide production
in the two populations of mitochondria due to impaired conversion to H2O2.

Mitochondrial complex I inhibitors recapitulate aspects of the pathogenesis of Parkinson’s
disease in animals and exacerbate ROS production by isolated brain mitochondria oxidizing
complex I substrates [6,38,39]. The addition of a rotenone concentration that results in ~50%
inhibition of oxygen consumption in wild type (4 nM) and Hq (3 nM) brain mitochondria with
the complex I-linked substrates malate and glutamate led to a ~5 fold stimulation in net ROS
production that was similar between the two mitochondrial populations (Fig. 4A). The
subsequent addition of 20 nM rotenone, a concentration sufficient to inhibit respiration by
>90% in both types of mitochondria (Fig. 1D), led to a robust (>10 fold) enhancement in ROS
production to rates that did not differ significantly between WT and Hq mitochondria (Fig 4A,
p=0.13, n=4). Similar results were observed with maximal complex I inhibition using the
parkinsonian toxin MPP+ (Fig. 4B). The deficit in complex I was confirmed by immunoblot
in the same samples analyzed for ROS production (Fig. 2A–C and Fig 4C). Because MPP+

and rotenone are known to promote calpain activation and AIF redistribution in cells, assays
were conducted in the presence of 10 μM CaCl2 to allow detection of any influence of calpain-
cleaved AIF on mitochondrial ROS release. The calcium uniport inhibitor ruthenium red was
included to prevent mitochondrial damage due to calcium uptake. Complex I inhibition alone
did not lead to AIF cleavage in isolated brain mitochondria (Fig. 4C), and rotenone-stimulated
ROS generation was similar in both types of mitochondria in the absence of calcium (data not
shown).

In contrast to the low basal rate of ROS production when electron transfer is initiated through
complex I (Fig. 3A), mitochondria produce relatively high amounts of superoxide when
electrons are donated to complex II via succinate oxidation (Fig. 5A). This ROS was
hypothesized to originate from complex I following reverse electron transfer from coenzyme
Q [13,20,27,29,54,59] and was inhibited by rotenone in both types of mitochondria (Fig. 5A).
ROS production by Hq mitochondria in the presence of succinate was approximately half (51
± 4.5%) of the WT rate (Fig. 5A, p<0.05, n=4), consistent with a complex I origin for superoxide
under these experimental conditions. The rates of H2O2 release when electrons were donated
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by succinate in the presence of rotenone and when complex III was inhibited by antimycin A
did not differ between WT and Hq brain mitochondria (Fig. 5B). These results suggest that
AIF deficiency does not alter ROS production by the electron transport chain at sites that lie
downstream of complex I.

To examine how our findings obtained with isolated brain mitochondria oxidizing defined
substrates translate to in situ mitochondria, H2O2 release was compared in intact nerve
terminals (synaptosomes) isolated from pre-symptomatic WT and Hq mice. In situ
mitochondria within synaptosomes reside in an intracellular milieu similar to the intact cell.
Consequently, their function can be evaluated in the presence of endogenous substrates
downstream of externally supplied glucose [37,47,53]. We found no difference in the basal
H2O2 release rates between WT and Hq synaptosomes (Fig. 6A, p=0.26, n=4), consistent with
our findings using isolated brain mitochondria oxidizing complex I substrates (Fig. 3A) and
in contrast to results obtained with brain mitochondria oxidizing succinate (Fig. 5A). Similar
to the situation with isolated brain mitochondria in the presence of complex I substrates (Fig.
4A), complete inhibition of complex I oxidation by rotenone significantly increased the rate
of H2O2 release by synaptosomes (Fig. 6A). The rate of H2O2 release by WT synaptosomes
in the presence of 1 μM rotenone was 218 ± 3% of the basal rate, consistent with previous
reports [47,53]. H2O2 release by Hq synaptosomes was stimulated to 220 ± 21% of the basal
rate by rotenone, an amount not significantly different from WT (p=0.93, n=4). The complex
I deficit in Hq synaptosomes was confirmed by immunoblot for NDUFA9 (Fig. 6A inset, 6B
and C). The amount of MnSOD or cytochrome c per mg synaptosomal protein was not
significantly different between Hq and WT synaptosomes. This finding suggests that Hq and
WT synaptosomes contain the same number of mitochondria (Fig. 6B and C, n=3).

To further address the possibility that the AIF or complex I deficiency contributes to
mitochondrial oxidative stress in vivo in pre-symptomatic Hq mice, oxidative protein carbonyl
modifications in freshly isolated brain mitochondria were examined. We found that the pattern
and intensity of protein carbonyl staining in mitochondria from Hq animals was similar to WT
(Fig. 7A, Hq=103.0 ± 10.9% of WT, p=0.95, n=3). The deficit in AIF and complex I in these
samples was confirmed by immunoblot with cytochrome c as a loading control (Fig 7A). No
immunostaining was detected when mitochondria were incubated with a control derivatization
solution rather than 2,4 dinitrophenylhydrazine (DNPH), demonstrating the specificity of the
2,4 dinitrophenylhydrazone (DNP) immunodetection for derivatized protein carbonyl
modifications.

It is possible that we failed to detect a difference in protein carbonyl staining between Hq and
WT mitochondria because a subset of oxidatively damaged mitochondria was excluded during
isolation or because oxidative damage was restricted to unrepresented synaptosomal
mitochondria. However, as with isolated non-synaptosomal mitochondria, the pattern and
intensity of protein carbonyl staining was similar in synaptosomes isolated from WT or Hq
forebrain (Fig. 7B, Hq=88.9 ± 13.0% of WT, p=0.52, n=3).

To control for the possibility that oxidative protein modifications during the isolation of
mitochondria or synaptosomes masked any endogenous differences in WT vs. Hq mouse
forebrain, we also assessed the level of oxidative damage to proteins in acutely prepared
homogenates. Similar to the results with isolated mitochondria or synaptosomes, there was no
difference in the pattern or intensity of protein carbonyl staining in homogenates of the
cerebellum (Hq=99.9 ± 3.4% of WT, p=0.95, n=3), cortex (Hq=105.2 ± 3.8% of WT, p=0.29,
n=3), or striatum (Hq=99.9 ± 3.5% of WT, p=0.94, n=3) derived from pre-symptomatic Hq
mice compared to WT controls (Fig. 7C). A triplet of bands migrating between 10–15 kD that
was present in the non-derivatized control sample (Fig. 7C, asterisk) was not specific for protein
carbonyls and was excluded from the densiometric analysis. Immunodetection for MnSOD
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and β-actin confirmed equal loading (Fig. 7C). Taken together, our measurements of protein
carbonyl staining indicate that there is no global difference in oxidative damage to proteins
between WT and AIF- and complex I-depleted Hq mouse brains prior to the onset of
neurodegeneration.

Discussion
AIF plays a well-established role in mediating apoptotic nuclear changes once it is released
from mitochondria [24,26]. However its essential mitochondrial function(s) remain enigmatic.
Because AIF is a flavoprotein that shares significant homology with prokaryotic oxido-
reductases [34,62], many of the recent efforts to uncover the mitochondrial function of AIF
have focused on the putative ability of AIF to regulate ROS. Nevertheless, despite several
investigations in this arena, to date the role of AIF in mitochondrial ROS regulation has been
ambiguous, with indications for stimulation [55] and inhibition [3,23,57,58] in various studies.

The accompanying down-regulation in complex I as well as non-mitochondrial mechanisms
of ROS regulation have contributed to the difficulty in defining the putative modulation of
mitochondrial ROS by AIF in cellular models of AIF deficiency [3,5,8,41,55,56]. Here we
exploited isolated brain mitochondria from harlequin mice as a model system for assessing the
effects of both AIF and complex I on ROS production in the presence of defined mitochondrial
substrates and inhibitors. Conclusions from studies with isolated mitochondria were supported
by measurements of ROS release from synaptosomes containing in situ mitochondria and by
analysis of in vivo protein oxidation in brain mitochondria, synaptosomes, and homogenates.

Because coupling influences mitochondrial ROS production [7], we initially compared the
respiratory characteristics of WT and Hq mitochondria. AIF-deficient non-synaptosomal Hq
brain mitochondria were well-coupled and respiratory control ratios and purity did not differ
significantly from WT (Fig. 1,Table 1). A threshold of 72% complex I inhibition before
respiratory impairment becomes detectable in non-synaptosomal brain mitochondria was
previously reported [14], possibly accounting for our failure to detect a difference in complex
I-linked state 3 respiration. However, we were able to distinguish WT and Hq brain
mitochondria polarographically by measuring their sensitivity to respiratory inhibition by the
complex I inhibitor rotenone (Fig. 1D).

Although WT and Hq brain mitochondria were coupled to the same extent, H2O2 release in
the presence of the complex II-linked substrate succinate was significantly attenuated in Hq
brain mitochondria (Fig. 5A). The amount of H2O2 production was proportional to the level
of the complex I subunit NDUFA9 rather than AIF and was blocked in both WT and Hq
mitochondria by the complex I inhibitor rotenone (Fig. 5). Thus we were able to demonstrate
that the complex I deficit in Hq brain mitochondria was sufficient to significantly impair ROS
production under conditions where complex I is established to be the major source of
superoxide [13,20,27,29,54,59].

In contrast to mitochondria oxidizing succinate, surprisingly the basal rate of ROS release by
mitochondria oxidizing complex I substrates was not proportional to the level of complex I
(Fig. 3). Respiration by synaptosomal mitochondria is reportedly more sensitive to complex I
inhibition compared to non-synaptosomal mitochondria that are derived from the cell bodies
of both neurons and glia [14,15]. However, we also found no difference in basal ROS release
rates from WT or Hq synaptosomes metabolizing glucose (Fig. 6). Thus, both non-
synaptosomal Hq brain mitochondria oxidizing complex I-linked substrates and in situ
synaptosomal Hq mitochondria oxidizing endogenous substrates exhibited WT levels of ROS
production despite a ~90% reduction in AIF and a level of complex I deficiency that inhibited
succinate-linked reverse electron transfer-mediated ROS production by ~50%.
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To further evaluate the role of AIF and complex I in mitochondrial ROS production, WT and
Hq mitochondria were treated with rotenone or MPP+ in the presence of complex I-linked
substrates. Net ROS generation was stimulated >10 fold by complete complex I inhibition in
both WT and Hq brain mitochondria (Fig. 4A and B). No AIF release was observed under these
conditions. Rates of rotenone-stimulated ROS production were not significantly different even
though Hq mitochondria contained approximately half the WT amount of complex I and
presumably half the number of sites within complex I available for ROS production. The
finding that rotenone-stimulated ROS production rates are the same between WT and Hq brain
mitochondria oxidizing complex I substrates was substantiated by measuring H2O2 release
from intact synaptosomes containing in situ mitochondria (Fig. 6). One interpretation of these
results is that complex I is normally present in excess and mitochondrial ROS production rates
are limited by the entry of electrons from substrates into the complex. An alternative
explanation is that the major site of basal and rotenone-stimulated superoxide production by
brain mitochondria lies outside complex I.

It is increasingly recognized that there are mitochondrial matrix enzymes influenced by the
NAD(P)H/NAD(P)+ ratio that are capable of producing ROS. A prime source is the common
E3 component of the α-ketoglutarate and pyruvate dehydrogenase complexes,
dihydrolipoamide dehydrogenase (Dld) [2,18,50,52]. This enzyme generates the most ROS in
the presence of a high NADH/NAD+ ratio [18,52], a condition met by complex I inhibition.
Using Dld-depleted non-synaptosomal brain mitochondria isolated from mice heterozygous
for a Dld null mutation (Dld+/−), Starkov and colleagues demonstrated a reduction in both
basal State 4 ROS production and rotenone-stimulated ROS production with α-ketoglutarate
as substrate [50]. Since the partial complex I deficiency of Hq brain mitochondria did not have
a significant influence on rotenone or MPP+-stimulated ROS generation, we hypothesize that
the Dld component of the α-ketoglutarate dehydrogenase complex was a major source of the
ROS measured in our experiments. The role of complex I in physiological and pathological
ROS generation should become clearer as additional genetic models of complex I deficiency
become available. Basal mitochondrial ROS levels were also unaffected in Ndufs4-deficient
neurons lacking complex I activity [10]. This finding, while requiring additional
characterization, provides additional support for the hypothesis that complex I is not the
principle source of physiological ROS produced by brain mitochondria.

It has been debated whether succinate oxidation can contribute to mitochondrial ROS
production from complex I in vivo. A recent article reported that succinate promotes H2O2
release from brain mitochondria even in the presence of complex I substrates [65]. However,
ROS production mediated by reverse electron transfer is inhibited by physiological
concentrations of ADP or endogenous fatty acids that produce a depolarization on the order of
10 mV in isolated mitochondria [54,59]. The finding that ROS production by in situ
mitochondria within synaptosomes [53] or cerebellar granule neurons [21] is not sensitive to
“mild uncoupling” suggests that mitochondria within neurons do not have a sufficient
protonmotive force to favor the thermodynamics of reverse electron transfer. We now add
genetic evidence to support this conclusion. The finding that reverse-electron transfer mediated
ROS production by complex I-depleted isolated mitochondria was inhibited by ~50% (Fig.
5A) while ROS release from synaptosomes was unaffected (Fig. 6A) suggests that reverse
electron transfer does not contribute to physiological ROS production by brain mitochondria
under normal (glucose replete) conditions.

The observation that AIF-deficient Hq cerebellar granule neurons are more sensitive to
H2O2-induced cell death formed part of the basis for the original hypothesis that AIF serves
an anti-oxidant role [23]. However, WT and Hq brain mitochondria scavenged exogenous
H2O2 with a similar efficiency (Fig. 3B) and we did not detect a difference in oxidative protein
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carbonyl modifications at a stage prior to the onset of neurodegeneration in several brain
regions including the cerebellum (Fig. 7).

Nevertheless, while our data are consistent with the hypothesis that complex I and AIF have a
limited direct role in regulating ROS production by brain mitochondria, it is possible that these
factors modulate ROS in vivo under conditions that remain to be tested. For example, decreased
complex I activity is expected to result in increased NADH that can then be converted into
NADPH. Thus it is possible that the inability to detect signs of elevated ROS in the AIF-
deficient Hq brain can be explained by more efficient H2O2 detoxification by the NADPH-
linked glutathione peroxidase/reductase system. Because elevated lipid hydroperoxides were
detected in Hq brains [23] and AIF was implicated in 12/15-lipoxygenase-dependent cell death
[43], we also do not exclude the important possibility that AIF specifically regulates lipid
oxidation or the removal of cells with damaged lipids.

Collectively, our results favor the hypothesis that oxidative stress is a consequence rather than
a cause of in vivo mitochondrial dysfunction in the AIF-depleted Hq brain. However, further
investigation is clearly needed to understand the precise biochemical functions of AIF and
identify the proximal causes of neurodegeneration in the harlequin mouse. It will also be
important to examine the extent to which our observations made with brain mitochondria can
be extrapolated to the mitochondria of other tissues, as well as to determine whether calpain
processing alters the biochemical function of AIF.

In summary, we reached three important conclusions from our study of AIF- and complex I-
depleted Hq brain mitochondria. First, AIF itself does not appear to directly regulate ROS
production by brain mitochondria. Second, reverse electron transfer-mediated ROS production
is unlikely to contribute to physiological ROS production by brain mitochondria in situ. Third,
basal and rotenone or MPP+-stimulated rates of ROS production by mitochondria oxidizing
complex I substrates are not proportional to the amount of complex I. This final conclusion
raises the important possibility that some or all of these ROS do not originate from complex
I. The development of additional genetic models with specific electron transport chain
deficiencies should yield further insight into both the origin and role of ROS in
neurodegenerative pathology.
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Fig. 1.
The purity and respiratory characteristics of WT and AIF-deficient Hq brain mitochondria. (A)
Citrate synthase (CS) activity was measured as described in Experimental Procedures. Mean
± standard error are expressed in international units (IU)/mg mitochondrial protein where one
IU is equal to the formation of one μmol of citrate/min (n=3). (B) Immunodetection for catalase
(~60 kD) and cytochrome c (cyt c, ~13 kD) in brain and liver mitochondria was performed
using identical film exposure times for 20 μg of protein loaded on the same gel. (C) Oxygen
consumption was monitored for WT and Hq brain mitochondria (0.25 mg/ml) incubated in
KCl medium containing 5 mM malate, 5 mM glutamate, 4 mM MgCl2, 3 mM ATP, 10 μM
CaCl2, 1 μM ruthenium red, and 10 μM TPB− at 30° C. ADP (1 mM) and oligomycin (3 μg/
ml) were added when indicated by arrows. Numbers represent oxygen consumption rates in
nmol O2/min/mg mitochondrial protein. (D) Oxygen consumption for WT and Hq
mitochondria (0.25 mg/ml) was monitored as described in (C) in the presence of 1 mM ADP.
Rotenone additions of 2 nM are indicated by filled arrowheads. Numbers following each
rotenone addition represent percentage of the initial O2 consumption rate (0 nM rotenone).
Results are representative of 3 independent experiments.
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Fig. 2.
AIF-deficient Hq brain mitochondria exhibit a significant reduction in complex I subunits but
not MnSOD. AIF, MnSOD, VDAC, and the MWFE and NDUFA9 subunits of complex I were
detected by immunoblot in WT vs. Hq brain mitochondria in A, then quantified by densitometry
in B (WT, closed bars, Hq, open bars, n=3). Results in B are normalized to VDAC to control
for equal loading and optical density (OD) arbitrary units (A.U.) are adjusted to scale. Asterisks
indicate a significant difference from WT (p<0.05). (C) Proteins in Hq mitochondria expressed
as a percentage of WT levels after values were normalized to VDAC as a loading control. (D)
Complex I was isolated from WT or Hq brain mitochondria by semi-quantitative
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immunoprecipitation and subjected to SDS-PAGE. Complex I subunits were visualized using
SYPRO® Ruby protein gel stain.
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Fig. 3.
WT and AIF-deficient Hq brain mitochondria do not differ in basal ROS release or H2O2
removal. (A) WT and Hq mitochondria (0.1 mg/ml) were incubated in parallel as described in
Experimental Procedures and basal H2O2 release with malate and glutamate as substrates was
measured using Amplex® UltraRed. Numbers represent H2O2 release rates in pmol H2O2/min/
mg mitochondrial protein. Results are representative of 4 independent experiments. (B)
Amplex® UltraRed oxidation was measured under the conditions described in Experimental
Procedures with the added presence of xanthine oxidase (1.33 milliunits/ml), xanthine (100
μM) and SOD1 (40 units/ml) to generate a linear rate of H2O2 production in the absence of
mitochondria. WT or Hq brain mitochondria (0.2 mg/ml) were added at the arrow. Numbers
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represent rates in pmol H2O2/min and numbers in parenthesis indicate percent inhibition by
mitochondria of the initial rate [100−(rate initial/rate final*100)]. Results are representative of
3 independent experiments.
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Fig. 4.
Rotenone or MPP+ stimulates ROS production to the same extent in WT and Hq brain
mitochondria. (A,B) Representative traces of H2O2 release by WT and Hq brain mitochondria
(0.1 mg/ml) incubated in parallel under the malate/glutamate conditions described in
Experimental Procedures. In (A), 4 nM rotenone was added to WT mitochondria and 3 nM
rotenone was added to Hq mitochondria after 10 min (arrows). An arrow denotes the addition
of 20 nM rotenone to both types of mitochondria after an additional 10 min. In (B), 20 μM
MPP+ was added to both WT and Hq brain mitochondria after 10 min (arrow). Numbers
indicate rates in pmol H2O2/min/mg mitochondrial protein. Because mitochondrial MPP+

uptake and complex I inhibition are slow compared to rotenone, traces are non-linear. Therefore
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MPP+ rates were calculated at both 10 and 18 min. after MPP+ addition. (C) Levels of AIF
(~62 kD), NDUFA9 (~39 kD), and cytochrome c (cyt c, ~13 kD) retained in mitochondria
following a 20 min treatment with MPP+ (5 or 20 μM, Fig. 4B), vehicle (Fig. 3A), or 2 μM
rotenone and 2 μM antimycin A in the presence of succinate (R+A, Fig. 5B). Cytochrome c,
AIF, and NDUFA9 were not detected in the supernatant, indicating that none of these proteins
were released from mitochondria under the various treatment conditions.
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Fig. 5.
Succinate-linked ROS production is impaired in Hq brain mitochondria in the absence but not
in the presence of rotenone. (A) Representative traces of H2O2 release by WT and Hq brain
mitochondria (0.1 mg/ml) incubated in parallel under the succinate conditions described in
Experimental Procedures. Rotenone (2 μM) was added to both WT and Hq mitochondria after
10 min to inhibit reverse electron transfer to complex I. (B) Representative traces of H2O2
release as in A, but in the added presence of rotenone (2 μM). Antimycin A (2 μM) was added
after 10 min to stimulate ROS production from complex III. Results are representative of 4
independent experiments.
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Fig. 6.
Basal and rotenone-stimulated rates of ROS release do not differ between WT and Hq
synaptosomes that contain the same number of mitochondria. (A) WT and Hq synaptosomes
(0.5 mg/ml) were incubated in parallel as described in Experimental Procedures and H2O2
release was measured using Amplex® UltraRed. Rotenone (1 μM) was added to both WT and
Hq synaptosomes when indicated. Numbers represent H2O2 release rates in pmol H2O2/min/
mg synaptosomal protein. Results are representative of 4 independent experiments. The inset
is an immunoblot for NDUFA9 from the same experiment depicted, with MnSOD and
cytochrome c (cyt c) loading controls. (B) NDUFA9, MnSOD, and cytochrome c were detected
by immunoblot in WT (closed bars) vs. Hq mitochondria (open bars), then quantified by
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densitometry (n=3). The asterisk indicates a significant difference from WT (p<0.05). (C)
Proteins in Hq mitochondria expressed as a percentage of WT levels after values were
normalized to cytochrome c as a loading control.
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Fig. 7.
Oxidative protein carbonyl modifications are similar in WT and Hq brain mitochondria (A),
synaptosomes (B), and brain homogenates (C). Using the Oxyblot Kit (Chemicon), protein
carbonyl groups were derivatized with DNPH (20 μg protein) and detected using an antibody
to DNP. Membranes in (A) were reprobed for AIF and NDUFA9 to confirm the AIF and
complex I deficit in Hq mitochondria. Immunodetection for cytochrome c (cyt c) controlled
for protein loading. Membranes in (B) were reprobed for MnSOD or cytochrome c (see Fig.
6) to confirm that WT and Hq synaptosomes contained equal numbers of mitochondria.
Membranes in (C) were reprobed for MnSOD and β-actin to control for loading. Bands present
in the lane marked by the asterisk in (C) are non-specific since this sample was incubated with
the control derivatization solution in place of DNPH. All results are representative of 3
independent experiments.
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Table 1

Mean oxygen consumption rates (nmol O2/min/mg mitochondrial protein) and respiratory control ratios (RCR)
of WT and Hq brain mitochondria isolated in parallel (n=3).

Rate Mitochondria Mean Std Error

State 3a WT 148.3 ± 23.7
Hq 153.0 ± 19.1
Hq (% WT)b 104.4% ± 5.3%

State 4a WT 27.5 ± 4.8
Hq 27.8 ± 3.3
Hq (% WT) 103.6% ± 10.9%

RCRa WT 5.4 ± 0.4
Hq 5.5 ± 0.07
Hq (% WT) 101.9% ± 5.9%

a
No significant difference between WT and Hq (p>0.05).

b
Numbers in shaded rows represent the mean ± standard error when Hq data are expressed as a percentage of WT values for each isolation.
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