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Abstract

We tested the effect of an anti-oxidant mixture on respiration in isolated rat brain mitochondria. Mitochondria were isolated

in mannitol/sucrose/EGTA/BSA ^ SCAVEGRe anti-oxidants (SOD, catalase, vitamin E, vitamin E acetate, and glutathione

reduced). TBARS were reduced by greater than 40% with SCAVEGR. Respiration driven by ADP showed a two-fold higher

Vmax and a 15% higher respiratory control ratio when mitochondria were prepared with SCAVEGR. SCAVEGR also stabilized

the octameric state of mitochondrial creatine kinase and thus improved creatine-stimulated respiration. These results suggest

that significant improvements in brain mitochondrial function are obtained by isolation in the presence of an anti-oxidants

mixture.
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1. Introduction

Mitochondria are often isolated from tissue to

study their structure and function. However, a major

obstacle is preserving structural and functional

integrity of the mitochondrial preparation during the

purification procedure and thus to avoid in situ

artifacts. Isolated mitochondria are detached from

the cytoskeleton, diluted into an aqueous solution, and

their molecular components may be damaged.

Different improvements of standard isolation

protocols have been proposed to avoid such problems,

e.g. addition of osmotically active compounds

(Gellerich et al., 1996), but no critical analysis of

anti-oxidants is available so far.

In vivo, mitochondria are notorious generators of

reactive oxygen (ROS) and nitrogen (RNS) species.

Therefore, oxidation of lipids and proteins may

constitute a problem during isolation of mitochondria,

especially since certain anti-oxidative compounds

may be lost or inactivated during this process. ROS

originate directly or indirectly from leaks in the

respiratory chain that yield reactive superoxide.

This species can dismutate to form hydrogen peroxide

which can further react to the hydroxyl radical,

a potent reactive species. Alternatively, mitochondrial
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superoxide may react with nitric oxide to form the

very potent oxidant peroxynitrite. It is now well

established that NO is synthesized inside

mitochondria by a mitochondrial isoenzyme of nitric

oxide synthase (Ghafourifar and Richter, 1997;

Elfering et al., 2002). ROS and RNS species

potentially interfere with a large number of proteins

and important processes in mitochondria. Certain

components however, appear more sensitive. For

example, nitric oxide preferentially modifies

SH-groups in complexes II and IV of the respiratory

chain (Lizasoain et al., 1996). With peroxynitrite,

mitochondrial creatine kinase (MtCK) has been

identified as a prime target that is damaged even

before the respiratory chain is affected (Stachowiak

et al., 1998b). MtCK is situated in the mitochondrial

intermembrane space, where it binds to the inner

membrane and has direct access to ATP exported by

the adenine nucleotide translocator (Stachowiak et al.,

1998a). A detailed analysis has shown that

peroxynitrite modifies specific MtCK residues that

are crucial for enzymatic activity and the proper

octameric state of the enzyme (Dolder et al., 2002,

2003; Wendt et al., 2003). Mitochondrial membranes

are more vulnerable if they contain more unsaturated

lipids that are more susceptible to degradation by

ROS. Since brain mitochondria contain higher levels

of C22 poly-unsaturated lipids as compared to more

commonly studied liver and heart mitochondria

(Barzanti et al., 1994), they may be especially

sensitive to ROS. In fact, it is known that isolated

brain mitochondria, in contrast to those from heart or

liver, remain well-coupled for a much shorter period

of time.

Despite these issues, methods for isolation of brain

mitochondria generally follow those for liver and

heart without use of anti-oxidants. Based on the

requirement for anti-oxidants during the radical-

generating procedure of isolating primary neurons

from the brain (Brewer et al., 1993), we have tested

here whether anti-oxidants can improve structural and

functional parameters of isolated rat brain

mitochondria. Lipid soluble anti-oxidants such as

vitamin E (alpha-tocopherol) and its acetate conjugate

with increased bioavailability (Kamal-Eldin and

Appelqvist, 1996) may be needed to prevent

generation of proton-conducting fatty acids as well

as aldehyde by-products. Superoxide dismutase

would detoxify the superoxide anion, while

glutathione peroxidase with its substrate glutathione,

together with catalase, would detoxify hydrogen

peroxide. Since each of these five anti-oxidants was

essential for high survival of embryonic neurons

during isolation (Brewer et al., 1993), all of them were

included in the cocktail during the isolation of brain

mitochondria (SCAVEGR-mixture: SOD, catalase,

vitamin E, vitamin E acetate, and glutathione

reduced). Analysis of lipid peroxidation, overall

organelle morphology, succinate-driven respiration,

and MtCK-dependent creatine-stimulated respiration

revealed that, except ultrastructure, all parameters

were improved by addition of anti-oxidants to the

isolation medium.

2. Materials and methods

2.1. Isolation of brain mitochondria

and synaptosomes

Chemicals were obtained from Sigma unless stated

otherwise. Mitochondria and synaptosomes were

isolated from cortices of adult Fisher rat brains

(Rehncrona et al., 1979). The cortices were removed

and each half placed into a separate dish in either

ice-cold (A) 1 mg/ml bovine serum albumin fatty acid

free in homogenization buffer (225 mM mannitol,

75 mM sucrose, 0.1 mM EGTA, 10 mM HEPES,

pH 7.4) or (B) SCAVEGRe anti-oxidants in

homogenization buffer. SCAVEGR (available at

www.BrainBitsLLC.com) contains superoxide

dismutase (2.5 mg/ml), catalase (5 mg/ml), vitamin E

(1 mg/ml), vitamin E acetate (1 mg/ml) and gluta-

thione reduced (1 mg/ml) with albumin (1 mg/ml).

The hemispheres were minced into 2 mm3 pieces.

After discarding the wash solution, the tissue was

incubated with subtilisin A (0.67 mg/ml) in 7.5 ml

buffer A or B (with SCAVEGR) on ice for 1 min.

Next, the mixtures were diluted with 10 ml

homologous buffer and homogenized with 10 strokes

in separate 30 ml glass tubes with Teflon pestles

(Fisher Scientific) at 4 8C. The homogenates were

poured into centrifuge tubes along with a rinse of

3.5 ml buffer. Homogenates were centrifuged for

3 min at 4500 rpm (2500 £ g). The supernatants were

saved while the pellets were resuspended in 10 ml
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homologous buffers and recentrifuged. The

supernatants were combined and centrifuged for

8 min at 10,000 rpm (12,000 £ g). The pellets were

resuspended in 20 ml homologous buffers, combined

with 5 ml Percoll (Amersham Biosciences,

Piscataway, NJ), mannitol (40 mg/ml) and sucrose

(25 mg/ml). These mixtures were centrifuged for

35 min at 38,000 rpm (100,000 £ g). The white

synaptosome layer was recovered from the top into

30 ml PBS (osmolarity adjusted to 351 mOsm for

TBAR assays) or buffer A without albumin

(respiration assays). The lower brown mitochondria

layer was similarly recovered. Synaptosomes and

mitochondria were centrifuged for 10 min at

9000 rpm (10,000 £ g) to remove the Percoll. Each

pellet was resuspended into 0.6 ml PBS (for TBAR)

or buffer A without albumin (for respiration). Protein

content was determined using the Bradford reagents

(Biorad, Hercules, CA) in a uQuant spectropho-

tometer (Bio-Tek Instruments, Winooski, VT).

2.2. Thiobartituric acid reactive (TBAR)

lipids (Lauderback et al., 2001)

Triplicate 200 ml blank samples of PBS or aliquots

of each sample were precipitated with 0.4 ml

trichloroacetic acid and 1 mM butylated hydroxyto-

luene to inhibit additional oxidation. The samples

were centrifuged at 6000 rpm for 5 min 0.4 ml of the

supernatant was incubated with 0.2 ml thiobarbituric

acid (0.335% in 50% glacial acetic acid) for 1 h at

100 8C in plastic Eppendorf tubes with a needle

puncture hole in the cap. Following incubation, the

samples were cooled to room temperature. 0.4 ml

butanol was added to each tube, vortexed, and then

centrifuged for 30 s. Triplicate aliquots of 100 ml

were removed from the top organic phase of each tube

and placed in a 96-well plate. The fluorescence was

measured on a Gemini SpectraMax plate reader

(Molecular Devices, Sunnyvale, CA) with excitation

at 518 nm and emission at 588 nm.

2.3. Respiration

Mitochondria were diluted to 0.2 mg/ml in 2 ml

respiration buffer containing 225 mM mannitol,

75 mM sucrose, 10 mM Hepes (pH 7.4), 5 mM

MgCl2, 10 mM NaH2PO4, 5 mM rotenone to inhibit

complex 1, 5 IU/ml hexokinase with 10 mM glucose

to maintain constant ADP concentrations, and 5 mM

succinate to supply electrons into complex 2 of the

respiratory chain. Creatine (20 mM) was added as

indicated from solid. Respiration was measured

at 25 8C in parallel compartments of a high resolution

Oroboros respirometer (Innsbruck, Austria) stirred at

500 rpm. The rate of oxygen consumption before

addition of mitochondria was subtracted from all

measurements. Respiration in state 4 was determined

before addition of ADP. Titration of ADP in four

concentration increments of 2.5 mM, followed by

three increments of 5 mM and one of 50 mM was used

to determine the apparent Km and Vmax of ADP for

respiration by double reciprocal plots (rate of

respiration vs. ADP concentration). Respiratory

control ratios were calculated as the ratio of

respiration in the presence of succinate with saturating

ADP (maximal ATP synthesis) divided by that in the

absence of ADP (no ATP synthesis).

2.4. Native gel electrophoresis for oligomers

of creatine kinase

Samples from several preparations of mitochondria

were frozen. Blue native gel electrophoresis was

conducted according to Schagger et al. (1994).

Briefly, mitochondrial suspensions were thawed and

incubated for 1 h at 4 8C with an equal volume of

200 mM Na2HPO4 (pH 9.0) to extract the brain

isoform of mitochondrial creatine kinase, uMtCK.

The samples were centrifuged for 10 min at

14,000 £ g, saving the supernatant. The pellet was

resuspended in the same buffer, incubated again and

recentrifuged. Twenty micrograms of protein from the

combined supernatants were applied to a 6–16%

gradient polyacrylamide gel and electrophoresed at

4 8C. Proteins in the gel were electrotransferred in a

semidry transfer unit (Biorad) to an Immobilon filter,

blocked for 1 h with 4% non-fat dry milk in

Tris-buffered saline (TBS) and incubated for 1 h at

room temperature with a 1:1000 dilution of rabbit

anti-uMtCK in TBS-milk (Schlattner et al., 2002).

After rinsing four times for 5 min in TBS-milk,

the filter was incubated for 1 h with a 1:5000 dilution

of goat anti-rabbit IgG conjugated to peroxidase

(Calbiochem). After rinsing four times for 5 min in

milk, the creatine kinase dimer and octamer bands
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were detected by chemiluminescence with

Renaissance reagent (Amersham) and X-ray film.

Films were scanned and analyzed for density of bands

with Image-Pro þ software (Media Cybernetics,

Silver Spring, MD).

2.5. Electron microscopy

Samples of mitochondria and synaptosomes pre-

pared with or without anti-oxidants were centrifuged

for 30 s at 13,000 rpm, fixed for 45 min in 2.5%

glutaraldehyde, postfixed with 2% OsO4, dehydrated,

embedded in Epon/Araldite and sectioned. Sections of

mitochondria were stained with uranyl acetate and

lead citrate and examined in a Joel 100CX electron

microscope at 80 kV accelerating voltage and film

magnification of 13,000.

3. Results

To evaluate the effect of an anti-oxidant medium

during the homogenization and isolation of brain

mitochondria, mitochondria were isolated with and

without SCAVEGR anti-oxidants into a common

medium without anti-oxidants. The effect of

SCAVEGR on lipid oxidation products that are

reactive with thiobarbituric acid (TBARS) were

determined for Percoll gradient-purified mitochon-

dria, as well as for the fraction of synaptosomes

that also contain mitochondria from the same

purification step (Fig. 1). Both the isolated

mitochondria and synaptosomes were reduced in

their TBAR levels by over 40% by including

SCAVEGR anti-oxidants during the isolation

procedure. The yield of mitochondria was 17%

larger with SCAVEGR in the isolation, but this

difference was not statistically significant for an n

of only three preparations (Table 1). The yield is

subject to considerable variability in the choice of

how much material is removed from the gradient,

especially since the boundary of the lighter

synaptosomes and the brown mitochondria is

indefinite.

The functional consequence of less oxidized

mitochondrial lipids was evaluated by respirometry.

Fig. 2 shows the analysis of the rate of oxygen

consumption as a function of ADP concentration.

Table 1

Summary of yield and respiratory characteristics from

three preparations of mitochondria with and without SCAVEGR

anti-oxidants (n ¼ 3 preparations)

Control þSCAVEGR Ratio

SCAVEGR/

control

Yield of mitochondria

(mg protein/brain)

5.3 ^ 0.4 6.2 ^ 0.6 1.17

Respiration Km

for ADP (mM)

2 Cr 29 ^ 7 62 ^ 11 2.1

ðP ¼ 0:05Þ

þ Cr 29 ^ 3 20 ^ 3 0.7

Ratio (þCr/2Cr) 1.0 0.3 ðP ¼ 0:02Þ

Vmax(nmolO2/min mg) 125 ^ 62 262 ^ 45 2.1

ðP ¼ 0:05Þ

Respiratory control

ratio

4.7 ^ 0.3 5.4 ^ 0.5 1.15

ðP ¼ 0:04Þ

Fig. 1. SCAVEGR anti-oxidants reduce membrane lipid

peroxidation. Lipid oxidation was measured as thiobarituric acid

reactive material (TBAR) in mitochondria and synaptosomes

isolated with (solid) and without (open) SCAVEGR anti-oxidants.

To reduce inter-animal variability, values were normalized to

readings from mitochondria minus SCAVEGR of each preparation.

The absolute averages for the three preparations minus SCAVEGR

were 0.368 fluorescence units/mg protein for mitochondria and

0.139 fluorescence units/mg protein for synaptosomes.
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From the extrapolated intercept with the y-axis, the

Vmax was two-fold higher for mitochondria isolated

with SCAVEGR, compared to those without (Table 1).

The intercept on the x-axis shows that the apparent Km

(ADP) in the absence of creatine was modestly

increased by SCAVEGR treatment (Fig. 2), with an

average two-fold increase for three experiments to

62 mM, in the absence of creatine (Table 1). In the

presence of creatine, the apparent Km (ADP) remained

unchanged at 29 mM for mitochondria isolated

without SCAVEGR, while it was significantly

reduced from 62 to 20 mM when using SCAVEGR

(Table 1). The respiratory control ratio in the presence

of saturating ADP (maximal ATP synthesis) divided

by that in the absence of ADP (no ATP synthesis)

was significantly increased by 15% for mitochondria

isolated in the presence of SCAVEGR reaching levels

of 4.8–6.3 (Table 1).

Electron microscopy of mitochondrial preparations

prepared with SCAVEGR and without revealed no

major differences in morphology (Fig. 3). In both

cases, cristae were condensed and abundant with

intact outer membranes. There was significant

contamination of these brain mitochondrial prep-

arations with synaptosomes containing mitochondria

and numerous 30–40 nm diameter electron-lucent

vesicles. In the synaptosome fraction, electron

microscopy also revealed no ultrastructural

differences between samples prepared with and

without anti-oxidants.

Fig. 2. SCAVEGR anti-oxidants reduce respiratory Km for ADP.

SCAVEGR anti-oxidants (solid circles) causes about a two-fold

increase in Vmax of respiration compared to without SCAVEGR

(open circles). Measurements were done with brain mitochondria

energized with succinate and stimulated with 2.5–75 mM

ADP. Results are representative of three experiments averaged

in Table 1.

Fig. 3. SCAVEGR anti-oxidants do not affect mitochondrial

ultrastructure. Electron micrographs of mitochondria isolated

(A) with SCAVEGR and (B) without SCAVEGR from one

preparation.
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Nitrogen radicals produced by mitochondria are

known to cause disassembly of the active octamer of

mitochondrial creatine kinase (uMtCK) into dimers

(Stachowiak et al., 1998a,b). To analyze the effect of

SCAVEGR on uMtCK, the isoform of MtCK found in

brain, we performed native gel electrophoresis that

resolves octamers and dimers of uMtCK, followed by

blotting and immunodetection with anti-uMtCK

antibodies. Fig. 4 shows that higher levels of the

active uMtCK octamer remained after mitochondrial

isolation in the presence of SCAVEGR. Mitochondria

from three preparations showed an average 8.7-fold

densitometric ratio of octamer to dimer for

isolations with SCAVEGR and a ratio of 2.9 without

ðP , 0:05Þ:

4. Discussion

A 40% reduction in oxidized lipids measured as

TBARs was achieved by homogenization and

isolation of brain mitochondria in a mixture of five

anti-oxidants and albumin. Functionally, these

mitochondria isolated with SCAVEGR have a two-

fold higher Vmax and a 15% improvement in

respiratory control ratio, compared to mitochondria

isolated with albumin without anti-oxidants. Furuno

et al. (2001) found that the addition of albumin to

isolated rat liver mitochondria suppressed the

permeability transition and prevented respiratory run

down during storage on ice, probably by adsorption of

free fatty acids and aldehydes released from damaged

mitochondria in the process of isolation and from

ceramides (Siskind et al., 2002). Free fatty acids are

known to act as uncouplers that would reduce the

respiratory control ratio (Arslan et al., 1984). Both our

anti-oxidant cocktail and control treatments contained

albumin, indicating an additional benefit from the five

anti-oxidants. Gnaiger et al. (2000) reported use of a

preservation medium for rat heart mitochondria

consisting of 16 ingredients, including anti-oxidants

20 mM vitamin E and 3 mM glutathione, 10 and 1000

times higher than our SCAVEGR preparation.

No comparisons were made to common respiratory

characteristics without anti-oxidants. Friberg et al.

(1999) added 2 mM glutathione during isolation of

brain mitochondrial without effect on their swelling

assay. Together, these anti-oxidants could inhibit

damage from reactive oxygen species produced by

mitochondria or by damage to other organelles during

the isolation process. Since mitochondrial electron

transport should be low at 4 8C and in the absence of

substrates, other sources of reactive oxygen species

such as disrupted lysosomes and peroxisomes should

be considered for inhibition by SCAVEGR.

The apparent Michaelis–Menten rate constant, Km;

for ADP of respiration in brain mitochondria that we

measured was 29 mM in the absence of SCAVEGR

and 62 mM for isolations in the presence of

SCAVEGR. These values are similar to those reported

by Costa et al. (1997) of 30 mM for liver and 52 mM

for heart mitochondria under similar assay conditions

without SCAVEGR. In mitochondria containing

MtCK, addition of creatine to the respiration buffer

generally lowers Km (ADP) due to additional,

Fig. 4. SCAVEGR anti-oxidants preserve the octamer active state of

ubiquitous mitochondrial creatine kinase (uMtCK) in isolated

mitochondria. uMtCK octamers and dimers were visualized by

native gel electrophoresis and immunoblot detection with anti-

uMtCK antibodies. Lanes 1 and 2, two preparations of mitochondria

isolated without SCAVEGR; lanes 3 and 4, two preparations of

mitochondria isolated with SCAVEGR; lane 5, dimer form of

purified recombinant mitochondrial creatine kinase. Representative

of a total of five preparations. Note also the higher recovery of

immunodetectable uMtCK with SCAVEGR (lanes 3 and 4), as well

as the dissociation of recombinant marker uMtCK into dimers due

to dilution (Schlattner and Wallimann, 2000).
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intramitochondrial regeneration of ADP by creatine

kinase. However, under our standard isolation con-

ditions lacking anti-oxidants, apparent Km for ADP of

brain mitochondria appears independent of creatine. In

contrast, for mitochondria isolated with anti-oxidants,

the Km for ADP decreases over three-fold to 20 mM

upon addition of creatine. Thus, SCAVEGR

maintains creatine-stimulated respiration, while this

stimulation seems to be lost quite rapidly in

mitochondria isolated with the standard procedure.

This suggests that either mitochondrial creatine kinase

or its coupling to adenine nucleotide transporter is

affected by oxidation in the standard isolation

medium. This conclusion, i.e. protection of MtCK

from oxidation by SCAVEGR, is supported by the

enhanced octamer form that we observe for

mitochondria isolated with anti-oxidants. In contrast

to dimers of MtCK, the octamer strongly binds to the

mitochondrial porin (Schlattner et al., 2001) and

membranes (Stachowiak et al., 1998b), and is

functionally associated with adenine nucleotide

translocator (Khuchua et al., 1998). Octameric

MtCK is therefore considered as the physiologically

active oligomeric form. It is known as a prime target

for inactivation by free radicals (Koufen et al., 1999)

and peroxynitrite (Stachowiak et al., 1998b), causing

dimerization by oxidation of tryptophan residues at

the dimer–dimer interface (Wendt et al., 2003).

Brookes et al. (1998) added increasing amounts of

peroxynitrite to rat brain mitochondria. Small

additions stimulated non-phosphorylative state 4

respiration due to increased proton leak, which

could be inhibited by a vitamin E analogue that

inhibits oxidation of mitochondrial membrane lipids.

Larger amounts of peroxynitrite inhibited respiration.

An internal source of peroxynitrite could be generated

by activation of the mitochondrial nitric oxide

synthase (Bates et al., 1995; Ghafourifar and Richter,

1997). Richter et al. (1997) reported the effects of

inhibition of cytochrome oxidase by nitric oxide

and its normoxic by-product, peroxynitrite, to

stimulate calcium release from mitochondria

(reviewed further by Richter, 1997). Other

mitochondrial enzymes commonly known to be

more sensitive to oxidative inhibition include

aconitase (Bulteau et al., 2003) and complex I

NADH-ubiquinone oxido-reductase (Murray et al.,

2003; Paradies et al., 2002).

The increased Vmax with anti-oxidants may be

partially attributed to the reduced glutathione present

in SCAVEGR. McStay et al. (2002) reported that the

adenine nucleotide transporter (ANT) has critical thiol

groups that control the mitochondrial permeability

transition. Reduced thiols allow protection of the

permeability transition by ADP above 10 mM,

but after treatment with 500 mM N-ethylmaleimide,

required ADP above 200 mM to inhibit. Depletion of

glutathione increases oxyradicals and stimulates the

permeability transition (Armstrong and Jones, 2002).

Another anti-oxidant link comes from studies of the

lipid aldehyde, 4-hydroxy-2-nonenal (HNE) that

would be measured in our TBARS assay. HNE

inhibits rat brain mitochondria at complexes I, II

and most significantly at complex III (Picklo et al.,

1999). In another study of anti-oxidants, mice given

oral vitamin E showed in their mitochondria reduced

generation of the superoxide anion radical (Lass and

Sohal, 2000). Lipid peroxidation was lower and

reduced glutathione levels increased in guinea

pig heart after supplementation with vitamin E

(Rojas et al., 1996). Thus, there is abundant support

in the literature for the need for anti-oxidants for

normal mitochondrial function.

We have isolated mitochondria in the presence of

Cu/Zn-superoxide dismutase to replace the normal

cytoplasmic enzyme that converts the superoxide

anion to the less toxic hydrogen peroxide. However, a

recent report presents evidence for a mitochondrial

localization of Cu/Zn SOD, in addition to the Mn-SOD

in the mitochondrial matrix (Okado-Matsumoto and

Fridovich, 2001). Our anti-oxidant mixture also

contains catalase to degrade hydrogen peroxide.

Catalase has recently been shown to reduce the

permeability transition in brain mitochondria (Maciel

et al., 2001).

In summary, mitochondria prepared with

SCAVEGR anti-oxidants display a 40% reduction

in oxidized lipids, and a two-fold higher respiratory

Vmax: Although differences were not seen by

electron microscopy, the anti-oxidants protected

creatine-stimulated respiration and the octamer

native form of mitochondrial creatine kinase, a

sensitive measure for oxidative damage. Together,

these results suggest that brain mitochondria are

sensitive to reactive oxygen species, but significant

improvements in mitochondrial function are
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obtained by isolation in the presence of a mixture

of anti-oxidants that also promotes neuron survival

in culture. Since mitochondria from other sources

also contain considerably more unsaturated

lipids than other membranes, their isolation in

anti-oxidants may also be beneficial.

Acknowledgements

We thank Else Zanolla for assistance with electron

microscopy and Dr Max Dolder for methodological

advice. This work was supported in part by Swiss

Natl. Science Foundation (31-62024.00) to T.W.

and U.S., Novartis Foundation for Biomedical

Research to U.S., and NIH AG13435 to G.B.

References

Armstrong, J.S., Jones, D.P., 2002. Glutathione depletion enforces

the mitochondrial permeability transition and causes cell death

in HL60 cells that overexpress Bcl-2. Fed. Am. Soc. Exp. Biol.

J. 16, 1263–1265.

Arslan, P., Corps, A.N., Hesketh, T.R., Metcalfe, J.C., Pozzan, T.,

1984. cis-Unsaturated fatty acids uncouple mitochondria and

stimulate glycolysis in intact lymphocytes. Biochem. J. 217,

419–425.

Barzanti, V., Battino, M., Baracca, A., Cavazzoni, M., Cocchi, M.,

Noble, R., et al., 1994. The effect of dietary lipid changes on the

fatty acid composition and function of liver, heart and brain

mitochondria in the rat at different ages. Br. J. Nutr. 71,

193–202.

Bates, T.E., Loesch, A., Burnstock, G., Clark, J.B., 1995.

Immunocytochemical evidence for a mitochondrially located

nitric oxide synthase in brain and liver. Biochem. Biophys. Res.

Commun. 213, 896–900.

Brewer, G.J., Torricelli, J.R., Evege, E.K., Price, P.J., 1993.

Optimized survival of hippocampal neurons in B27-sup-

plemented Neurobasal, a new serum-free medium combination.

J. Neurosci. Res. 35, 567–576.

Brookes, P.S., Land, J.M., Clark, J.B., Heales, S.J., 1998.

Peroxynitrite and brain mitochondria: evidence for increased

proton leak. J. Neurochem. 70, 2195–2202.

Bulteau, A.L., Ikeda-Saito, M., Szweda, L.I., 2003. Redox-

dependent modulation of aconitase activity in intact mitochon-

dria. Biochemistry 42, 14846–14855.

Costa, L.E., Mendez, G., Boveris, A., 1997. Oxygen dependence of

mitochondrial function measured by high-resolution respirome-

try in long-term hypoxic rats. Am. Physiol. Soc. 273,

C852–C858.

Dolder, M., Wendt, S., Wallimann, T., 2002. Mitochondrial creatine

kinase in contact sites: interaction with porin and adenine

nucleotide translocase, role in permeability transition and

sensitivity to oxidative damage. Biol. Signals Recept. 10,

97–111.

Dolder, M., Walzel, B., Speer, O., Schlattner, U., Wallimann, T.,

2003. Inhibition of the mitochondrial permeability transition by

creatine kinase substrates: requirement for microcompartmenta-

tion. J. Biol. Chem. 278, 17760–17766.

Elfering, S.L., Sarkela, T.M., Giulivi, C., 2002. Biochemistry of

mitochondrial nitric-oxide synthase. J. Biol. Chem. 277,

38079–38086.

Friberg, H., Connern, C., Halestrap, A.P., Wieloch, T., 1999.

Differences in the activation of the mitochondrial permeability

transition among brain regions in the rat correlate with selective

vulnerability. J. Neurochem. 72, 2488–2497.

Furuno, T., Kanno, T., Arita, K., Asami, M., Utsumi, T., Doi, Y.,

et al., 2001. Roles of long chain fatty acids and carnitine in

mitochondrial membrane permeability transition. Biochem.

Pharmacol. 62, 1037–1046.

Gellerich, F.N., Laterveer, F.D., Korzeniewski, B., Zierz, S.,

Nicolay, K., 1996. Dextran strongly increases the Michaelis

constants of oxidative phosphorylation and of mitochondrial

creatine kinase in heart mitochondria. Eur. J. Biochem. 254,

172–180.

Ghafourifar, P., Richter, C., 1997. Nitric oxide synthase activity in

mitochondria. Fed. Eur. Biochem. Soc. Lett. 418, 291–296.

Gnaiger, E., Kuznetsov, A.V., Schneeberger, S., Seiler, R.,

Brandacher, G., Steurer, W., Margreiter, R., 2000. Mitochondria

in the cold. In: Heildmaier, G., Klingenspor, M. (Eds.), Life in

the Cold. Springer, Berlin, pp. 431–442.

Kamal-Eldin, A., Appelqvist, L.A., 1996. The chemistry and

antioxidant properties of tocopherols and tocotrienols. Lipids

31, 671–701.

Khuchua, Z.A., Qin, W., Boero, J., Cheng, J., Payne, R.M., Saks,

V.A., Strauss, A.W., 1998. Octamer formation and coupling of

cardiac sarcomeric mitochondrial creatine kinase are mediated

by charged N-terminal residues. J. Biol. Chem. 273,

22990–22996.

Koufen, P., Rück, A., Brdiczka, D., Wendt, S., Wallimann, T.,

Stark, G., 1999. Free radical-induced inactivation of creatine

kinase: influence on the octameric and dimeric states of the

mitochondrial enzyme (Mib-CK). Biochem. J. 344, 413–417.

Lass, A., Sohal, R.S., 2000. Effect of coenzyme Q(10) and alpha-

tocopherol content of mitochondria on the production of

superoxide anion radicals. Fed. Am. Soc. Exp. Biol. J. 14,

87–94.

Lauderback, C.M., Hackett, J.M., Huang, F.F., Keller, J.N., Szweda,

L.I., Markesbery, W.R., Butterfield, D.A., 2001. The glial

glutamate transporter, GLT-1, is oxidatively modified by

4-hydroxy-2-nonenal in the Alzheimer’s disease brain: the

role of Abeta1-42. J. Neurochem. 78, 413–416.

Lizasoain, I., Moro, M.A., Knowles, R.G., Darley-Usmar, V.,

Moncada, S., 1996. Nitric oxide and peroxynitrite exert distinct

effects on mitochondrial respiration which are differentially

blocked by glutathione or glucose. Biochem. J. 314, 877–880.

Maciel, E.N., Vercesi, A.E., Castilho, R.F., 2001. Oxidative stress

in Ca(2 þ )-induced membrane permeability transition in brain

mitochondria. J. Neurochem. 79, 1237–1245.

G.J. Brewer et al. / Mitochondrion 4 (2004) 49–5756



McStay, G.P., Clarke, S.J., Halestrap, A.P., 2002. The role of

critical thiol groups on the matrix surface of the adenine

nucleotide translocase in the mechanism of the mitochondrial

permeability transition pore. Biochem. J. 367, 541–548.

Murray, J., Taylor, S.W., Zhang, B., Ghosh, S.S., Capaldi, R.A.,

2003. Oxidative damage to mitochondrial complex I due to

peroxynitrite: identification of reactive tyrosines by mass

spectrometry. J. Biol. Chem. 278, 37223–37230.

Okado-Matsumoto, A., Fridovich, I., 2001. Subcellular distribution

of superoxide dismutases (SOD) in rat liver, Cu,Zn-SOD in

mitochondria. J. Biol. Chem. 276, 38388–38393.

Paradies, G., Petrosillo, G., Pistolese, M., Ruggiero, F.M., 2002.

Reactive oxygen species affect mitochondrial electron transport

complex I activity through oxidative cardiolipin damage. Gene

286, 135–141.

Picklo, M.J., Amarnath, V., McIntyre, J.O., Graham, D.G., Montine,

T.J., 1999. 4-Hydroxy-2(E)-nonenal inhibits CNS mitochon-

drial respiration at multiple sites. J. Neurochem. 72,

1617–1624.

Rehncrona, S., Mela, L.M., Siesjo, B.K., 1979. Recovery of brain

mitochondrial function in the rat after complete and incomplete

cerebral ischemia. Stroke 10, 437–446.

Richter, C., 1997. Reactive oxygen and nitrogen species regulate

mitochondrial Ca2 þ homeostasis and respiration. Biosci. Rep.

17, 53–66.

Richter, C., Ghafourifar, P., Schweizer, M., Laffranchi, R., 1997.

Nitric oxide and mitochondrial Ca2 þ . Biochem. Soc. Trans.

25, 996–1000.

Rojas, C., Cadenas, S., Lopez-Torres, M., Perez-Campo, R., Barja,

G., 1996. Increase in heart glutathione redox ratio and total

antioxidant capacity and decrease in lipid peroxidation after

vitamin E dietary supplementation in guinea pigs. Free Radic.

Biol. Med. 21, 907–915.

Schagger, H., Cramer, W.A., von Jagow, G., 1994. Analysis of

molecular masses and oligomeric states of protein complexes by

blue native electrophoresis and isolation of membrane protein

complexes by two-dimensional native electrophoresis. Anal.

Biochem. 217, 220–230.

Schlattner, U., Wallimann, T., 2000. Octamers of mitochondrial

creatine kinase isoenzymes differ in stability and membrane

binding. J. Biol. Chem. 275, 17314–17320.

Schlattner, U., Dolder, M., Wallimann, T., Tokarska-Schlattner, M.,

2001. Mitochondrial creatine kinase and mitochondrial outer

membrane porin show a direct interaction that is modulated by

calcium. J. Biol. Chem. 276, 48027–48030.

Schlattner, U., Mockli, N., Speer, O., Werner, S., Wallimann, T.,

2002. Creatine kinase and creatine transporter in normal,

wounded, and diseased skin. J. Invest. Dermatol. 118, 416–423.

Siskind, L.J., Kolesnick, R.N., Colombini, M., 2002. Ceramide

channels increase the permeability of the mitochondrial outer

membrane to small proteins. J. Biol. Chem. 277, 26796–26803.

Stachowiak, O., Schlattner, U., Dolder, M., Wallimann, T., 1998a.

Oligomeric state and membrane binding behaviour of creatine

kinase isoenzymes: implications for cellular function and

mitochondrial structure. Mol. Cell. Biochem. 184, 141–151.

Stachowiak, O., Dolder, M., Wallimann, T., Richter, C., 1998b.

Mitochondrial creatine kinase is a prime target of peroxynitrite-

induced modification and inactivation. J. Biol. Chem. 273,

16694–16699.

Wendt, S., Schlattner, U., Wallimann, T., 2003. Differential effects

of peroxynitrite on human mitochondrial creatine kinase

isoenzymes. Inactivation, octamer destabilization, and identifi-

cation of involved residues. J. Biol. Chem. 278, 1125–1130.

G.J. Brewer et al. / Mitochondrion 4 (2004) 49–57 57


	Higher respiratory rates and improved creatine stimulation in brain mitochondria isolated with anti-oxidants
	Introduction
	Materials and methods
	Isolation of brain mitochondria and synaptosomes
	Thiobartituric acid reactive (TBAR) lipids
	Respiration
	Native gel electrophoresis for oligomers of creatine kinase
	Electron microscopy

	Results
	Discussion
	Acknowledgements
	References


