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Abstract
Mitochondrial dysfunction is implicated in the etiology and pathogenesis of numerous human
disorders involving tissues with high energy demand. Murine models are widely used to elucidate
genetic determinants of phenotypes relevant to human disease, with recent studies of C57BL/6J
(B6), DBA/2J (D2) and B6xD2 populations implicating naturally occurring genetic variation in
mitochondrial function/dysfunction. Using blue native polyacrylamide gel electrophoresis,
immunoblots, and in-gel activity analyses of complexes I, II, IV and V, our studies are the first to
assess abundance, organization, and catalytic activity of mitochondrial respiratory complexes and
supercomplexes in mouse brain. Remarkable strain differences in supercomplex assembly and
associated activity are evident, without differences in individual complexes I, II, III, or IV.
Supercomplexes I1III2IV2-3 exhibit robust complex III immunoreactivity and complex I and IV
activities in D2, but with little detected in B6 for I1III2IV2, and I1III2IV3 is not detected in B6.
I1III2IV1 and I1III2 are abundant and catalytically active in both strains, but significantly more so
in B6. Furthermore, while supercomplex III2IV1 is abundant in D2, none is detected in B6. In
aggregate, these results indicate a shift toward more highly assembled supercomplexes in D2.
Respiratory supercomplexes are thought to increase electron flow efficiency and individual
complex stability, and to reduce electron leak and generation of reactive oxygen species. Our
results provide a framework to begin assessing the role of respiratory complex suprastructure in
genetic vulnerability and treatment for a wide variety of mitochondrial-related disorders.
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INTRODUCTION
Mitochondria play a vital role in energy production, Ca+2 buffering, apoptotic events, and
production of reactive oxygen species (ROS) (Sayer, 2002; Schapira, 1996; Smith et al.,
2000; Wallace, 1999). Given these essential functions, it is not surprising that mitochondrial
dysfunction is implicated in the etiology and pathogenesis of a variety of disorders (Coskun
et al., 2012; Finsterer, 2006; Orth & Schapira, 2002; Zeviani & Carelli, 2003), with brain
pathologies as common clinical phenotypes (Lessing & Bonini, 2009). Considering the
relevance to human disease, understanding the mechanisms that impact mitochondrial
function/dysfunction is of critical importance.

Correspondence to: Kari Buck, VA Medical Center and Oregon Health & Science Univ., 3181 SW Sam Jackson Park Rd, L470,
Portland, OR 97239; buckk@ohsu.edu, 503-220-8262 x56659, fax 503-220-3411.

NIH Public Access
Author Manuscript
Genes Brain Behav. Author manuscript; available in PMC 2015 February 01.

Published in final edited form as:
Genes Brain Behav. 2014 February ; 13(2): 135–143. doi:10.1111/gbb.12101.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The bulk of cellular energy is derived through oxidative phosphorylation mediated by multi-
protein oxidoreductase complexes I (NADH dehydrogenase), II (succinate dehydrogenase),
III (cytochrome c reductase/cytochrome bc1 complex), and IV (cytochrome c oxidase).
Electron transfer down the chain creates an electrochemical proton gradient across the
mitochondrial inner membrane, which is subsequently used by complex V (ATPase) to
generate ATP. These complexes can be isolated individually (monomers), or as assembled
dimers, oligomers, and high molecular weight suprastructures containing multiple
complexes e.g., supercomplexes (Cruciat et al., 2000; Lenaz & Genova, 2009).
Supercomplex architecture is readily apparent after separation by blue native
polyacrylamide gel electrophoresis (BN-PAGE) and in-gel catalytic activity assays or
immunoblotting (Schagger & Pfeiffer, 2000), and single-particle image analysis (Althoff et
al., 2011; Dudkina et al., 2011). In yeast, where complex I is lacking, supercomplexes
contain, among other proteins, both complexes III and IV, and perhaps complex II under
some conditions (Stuart, 2008). In mammals, where NADH is the most important electron
donor, supercomplex formation is imperative to complex I function (Acin-Perez et al., 2008;
Moreno-Lastres et al., 2012; Schagger et al., 2004; Wittig & Schagger, 2009). Although the
precise function has yet to be demonstrated, supercomplex formation is postulated to
regulate respiration, enabling more efficient electron flow between complexes and
promoting complex stability (Suthammarak et al., 2010), thereby discouraging electron loss
and ROS generation (Genova et al., 2008; reviewed in Lenaz & Genova, 2012).

Despite the importance of mitochondrial dysfunction to human disease, there is a dearth of
information on the phenotypic impact of genetic variation on respiratory complex
organization and function. Murine models, including the C57BL/6J (B6) and DBA/2J (D2)
strains and B6D2-derived populations, have been instrumental in elucidating genetic
determinants of a variety of phenotypes relevant to human physiology and pathology.
Interestingly, a growing body of evidence implicates naturally occurring variation in
mitochondrial oxidative phosphorylation and/or ROS generation in genetically influenced
differences among B6, D2 and B6D2 populations, disproportionately affecting tissues with
high energy demand, particularly brain (Bhave et al., 2006; Denmark & Buck, 2008; Huang
et al., 2006; Lynn et al., 2005; Misra et al., 2007; Rebrin et al., 2007; Rebrin et al., 2011).
Here, using BN-PAGE analyses of isolated B6 and D2 brain mitochondria, we
simultaneously assess respiratory complexes and supercomplexes with parallel enzymatic
activity and immunoblot analyses. These are the first analyses of respiratory complex
abundance, organization, and catalytic activity in mouse brain.

MATERIALS AND METHODS
Animals

Seven week-old C57BL/6J and DBA/2J (JAX order numbers 000664 and 000671,
respectively) male mice were purchased from the Jackson Laboratory (Bar Harbor, ME,
USA) and group housed (3-4 per cage) by strain in our colony at the Portland VA Medical
Center for two weeks. Mouse chow (Purina #5001) and water were provided ad libitum in a
room maintained at 22±1°C, with lights on from 6:00 to 18:00. All animals were sacrificed
at 13:00 by cervical dislocation on the same day (at age 9 weeks), the brain rapidly removed,
cut in half, flash frozen in liquid nitrogen, and stored at −80°C. All procedures were
approved by the VAMC and OHSU Care and Use Committees in accordance with USDA
and USPHS guidelines.

Reagents
Colloidal Blue, XCell SureLock® Mini-Cell, 4-16% native gels (Life Technologies, Grand
Island, NY, USA); Digitonin (EMD Millipore, Billerica, MA, USA); 1-Step TMB-Blotting
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Solution and bioinchoninic acid assay (BCA; Pierce Protein Research, Rockford, IL, USA);
anti-ubiquinol-cytochrome c reductase core protein 1 (Santa Cruz Biotechnology, Dallas,
TX, USA); anti-fluorescein alkaline phosphatase (Vector Laboratories, Burlingame, CA,
USA); ECF™ substrate (GE Healthcare Bio-Sciences, Pittsburgh, PA, USA); Coomassie
Brilliant Blue G-250 (SERVA, Heidelberg, Germany), Immun-Blot PVDF Membrane
(BioRad, Hercules, CA, USA). All other reagents are from Sigma-Aldrich (St. Louis, MO,
USA).

Sample preparation
Naïve half brain samples from individual B6 (n=10) and D2 (n=10) were flash frozen in
liquid N2 (Grazina, 2012; Spinazzi et al., 2011) and then prepared in parallel by the method
of Wittig et al. (2005). Additionally, in a separate experiment, brains from naïve B6 (n=2)
and D2 (n=2) were cut in half, with one half flash frozen, and then each half prepared in
parallel. Individual half-brains were homogenized for five pulses (OMNI International TH
homogenizer, Kennesaw, GA, USA) in 3.5 ml ice-cold sucrose buffer (440 mM sucrose, 1
mM ethylenediaminetetraacetic acid [EDTA], 20 mM 3-(N-morpholino)-propanesulfonic
acid, 2 nM butylated hydroxytoluene, pH 7.3) and frozen (−80°C) overnight. An aliquot
(200 μl) was centrifuged (22,000 × g, 10 min, 4°C), and the pellet resuspended in 140 μl
solubilization buffer (50 mM NaCl, 50 mM imidazole hydrogen chloride, 2 mM 6-
aminohexanoic acid, 1 mM EDTA, pH 7.0). 10 μl was used for protein quantitation by
BCA, and the remainder frozen (−80°C) overnight. 440 μg protein (diluted in solubilization
buffer to 160 μl total volume) was solubilized with digitonin at 8g/g detergent to protein as
in previous work (Schagger & Pfeiffer, 2001) on ice for 10 min, centrifuged (100,000 × g,
15 min, 4°C), and the supernatant retained for BN-PAGE. 10 μl was removed and used for
final protein quantitation by BCA.

Blue Native Polyacrylamide Gel Electrophoresis
BN-PAGE was performed as described by Wittig et al. (2006) with some modifications
(Leary, 2012). Each sample was prepared as 5:1 v/v sample:dye (1:1, 90% glycerol, 5%
Coomassie blue), loaded on 4-16% native gels and electrophoresed (125 V, 4°C) in cathode
buffer B/10 buffer (50 mM Tricine, 7.5 mM imidazole, 0.002% Coomassie blue, pH 7.0)
and anode buffer (25 mM imidazole, pH 7.0). In order to mitigate the potential confound of
residual Coomassie staining on in-gel activity assays (Leary, 2012; Wittig & Schagger,
2005), cathode buffer was replaced after 20 min with buffer B/0 (50 mM Tricine, 7.5 mM
imidazole, pH 7.0) and run for another 4 h or 18 h (for improved resolution). Gels were
soaked immediately in deionized water (10 min), incubated with Colloidal Blue (18 h,
25°C), and destained in water (24 h, 25°C) before imaging and densitometry.

Catalytic activity
Established in-gel assays of complex I, II, IV (Jung et al., 2000), V (Diaz et al., 2009; Wittig
et al., 2007), and III (Smet et al., 2011) specific activities were used. For quantitative
activity determinations of complexes I, II, and IV, parameters were based initially on
previous results (Jung et al., 2000), and validated empirically for mouse brain (data not
shown). The conditions used for linear (quantitative) in-gel activity analyses were as
follows: complex I (40 min, 25°C), II (40 min, 25°C), and IV (120 min, 25°C). We also
assessed activity of complexes I, II, IV and V under conditions thought to saturate the
enzymatic reactions as follows: complex I (24 h, 25°C), II (24 h, 25°C), IV (24 h, 25°C),
and V (24 h, 37°C). Complex I, II, and IV reactions were quenched using 45% methanol/
10% acetic acid (10 min, 25°C), complex V reactions were stopped with 50% methanol, and
all were transferred to deionized water until imaging.
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Immunoblot analyses
BN-PAGE gels were transferred to polyvinylidene difluoride membrane (20V, 4°C, 20 h).
TBST buffer (20 mM Tris, 1.37 M NaCl, 0.05% Tween20, pH 7.6) was used for all rinses,
antibody dilutions and incubations, with 1% nonfat dry milk and 1% bovine plasma albumin
included for blocking steps. After rinsing and blocking, membranes were incubated
overnight (4°C) with primary antibody to ubiquinol-cytochrome c reductase core protein 1
(UQCRC1) (1:500). After rinsing, the membranes were incubated (1 h, 25°C) with
fluorescein anti-mouse IgG (1:770), rinsed, and incubated (1 h, 25°C) with anti-fluorescein
alkaline phosphatase (1:2500). After a final rinse, 1 ml ECF substrate was applied for
visualization and densitometry. Data for III2IV1 and III2 were empirically validated as
quantitative (data not shown), while signal for larger supercomplexes is qualitative only.

Densitometry and quantitation
Densitometric quantitation of bands visualized by BN-PAGE and Coomassie staining were
performed. Parallel gels were used for quantitation of catalytic activity and western blot. For
reliable quantitation, each set of gels was scanned under the same settings for Coomassie
and in-gel activity stains (CanonScan 9000F) and western blots (Ultra Lum Imaging, 600
nm), and densitometric analyses performed using UltraQuant 6.0 (Ultra Lum, Inc.,
Claremont, CA, USA) and Quantity One 4.6.5 (BioRad, Hercules, CA, USA) to determine
the absolute Integrated Optical Density (IOD) and Trace Quantity (TQ) values, respectively,
for each band. These values were then corrected to μg protein loaded for each sample. For
further validation, band IOD values were also normalized within samples using three
additional approaches as in previous work, i.e., to total within-lane Coomassie signal
(Gadicherla et al., 2012), complex II1 catalytic activity (Smet et al., 2011; Yang et al.,
2011), and complex V1 Coomassie signal (Suthammarak et al., 2010; Wittig & Schagger,
2007). As all four normalization methods yielded the same conclusions, only IOD or TQ
values normalized to μg protein loaded are given.

Statistical analyses
B6 and D2 comparison data were not normally distributed based upon a significant Shapiro-
Wilks test; thus, a non-parametric t-test was performed to generate Mann-Whitney U
statistics and corresponding p values. All data were analyzed using Prism5 statistical
software (GraphPad Software, Inc., San Diego, CA, USA) and are given as the mean ±
S.E.M. For all statistical comparisons, the significance level was set at p < 0.05 (two-tailed).

RESULTS
Detection and quantitation of mitochondrial respiratory complexes and supercomplexes
and enzymatic activities

Solubilization with the mild detergent digitonin followed by BN-PAGE allows simultaneous
evaluation of respiratory complex monomers and higher order organization, including
supercomplexes (Schagger & Pfeiffer, 2000; Wittig et al., 2006). Identification was based
on our empirical data (below and Supplemental Figure 1) and previous results, including
one- and two-dimensional BN-PAGE analyses (Acin-Perez et al., 2008; Reifschneider et al.,
2006; Schagger et al., 2004; Schagger & Pfeiffer, 2001). Results for our complex I, II, IV,
and V specific activity assays, complex III UQCRC1 immunoblot analyses, and Coomassie
staining for 10 representative samples from individual animals (5 B6 and 5 D2) are given in
Figure 1. Ten additional, independent samples (from different animals) were analyzed on
separate gels (Supplemental Figure 2). Quality control analyses indicate that results using
flash frozen or fresh brain are comparable for studies assessing supercomplex organization
and in-gel catalytic activities (Supplemental Figure 3). Importantly, protein yields before

Buck et al. Page 4

Genes Brain Behav. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and after solubilization did not differ between the D2 and B6 samples (p>0.70, NS), nor did
the amount of sample protein loaded (mean ± SEM [range] = 15.1 ± 0.98 [8.8-19.7] and
15.6 ± 0.9 [12.0-22.5] μg protein/lane, respectively). Furthermore, the amount of sample
protein loaded was within the linear (quantitative) range for Coomassie staining and in-gel
activity assays for complexes I, II and IV based on previous work (Jung et al., 2000; Sabar
et al., 2005) and our empirical results for mouse brain (not shown). Our empirical data also
validate that immunoblot results for complex III core protein 1 (UQCRC1) are quantitative
for III2IV1 and III2 and qualitative for other complex III-containing supercomplexes. Results
for complex V activity and abundance are qualitative only. The quantitative densitometric
analyses, based on 20 individual mice tested (n=10 per strain), are summarized in Figure 2.

Additionally, because detection of some respiratory complexes and supercomplexes was
modest or absent in one or both strains, we also assessed activity of complexes I, II, IV and
V under saturating conditions. With the exception of detecting activity for individual (V1)
and dimeric (V2) complex V, and complex IV activity in I1III2IV4, these results did not
change any of the conclusions. These qualitative data are reported, but only the quantitative
data wereincluded in our statistical analyses.

Complex I
The vast majority of complex I activity was associated with high molecular weight
supercomplexes, five of which were readily apparent in D2 (I1III2IV1-4 and I1III2). Two of
these showed little or no complex I activity in B6 (I1III2IV2 and I1III2IV3, respectively).
Conversely, I1III2 and I1III2IV1 had 55% (U18=18, p=0.01) and 81% (U18=13, p=0.004),
respectively, higher complex I activity in B6 than D2. No strain difference was detected for
the monomer, which accounted for only 6±0.8% of total complex I activity in both strains.
Nor was a strain difference detected for supercomplex I1III2IV4 (U18=39, p=0.44, NS).
Where strain differences in supercomplex-associated complex I activity existed, differential
Coomassie staining was also apparent, suggesting that divergent catalytic activities were
due, in large part at least, to differences in abundance. However, allelic variation (Keane et
al., 2011) affecting the structure and function of complex I core protein constituents (e.g.,
Ndufs2, Denmark & Buck, 2008) may also contribute to B6/D2 differences.

Complex II
Detection of complex II and quantitation of associated catalytic activity was limited to the
monomer, consistent with most results (reviewed in Winge, 2012 but see Acin-Perez et al.,
2008 for exception). Activity did not differ between strains (U18=47, p=0.85, NS),
suggesting that genetic variation in mitochondrial respiratory complexes may exclude
complex II among B6, D2 and B6D2-derived mice, at least in experimentally naïve animals.

Complex III
No complex III catalytic activity was detected, potentially due to incompatibility with
digitonin solubilization. However, complex III was readily evident by immunoblot for core
protein 1 UQCRC1. In D2, robust UQCRC1 immunoreactivity was evident in five high
molecular weight supercomplexes that also exhibited complex I activity (I1III2, I1III2IV1-4).
In B6, however, UQCRC1 signal was detected in only the two smallest of these (I1III2 and
I1III2IV1), consistent with diminished or absent Coomassie staining for the three larger
supercomplexes (I1III2IV2-4) compared to D2. UQCRC1 immunoreactivity was also readily
apparent in two lower molecular weight species (III2IV1 and III2) in D2, but in only one of
these bands (III2) in B6, which we conclude lacks III2IV1. A trend (U18=26, p=0.07) was
detected for more III2 (47%) in B6 than D2. Not surprisingly, Coomassie staining reflected
the immunoblot data, except where comigration (i.e., III2IV1 and IVn in D2) precluded
accurate quantitation of individual entities.
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Complex IV
As in previous studies (Schagger, 2001), catalytic activity was predominantly associated
with complex IV monomer, accounting for 70% of total complex IV activity, with no strain
difference (U18=36, p=0.32, NS). In D2, activity was apparent in three high molecular
weight supercomplexes (I1III2IV1-3), all of which also demonstrated complex I activity and
complex III immunoreactivity. In B6, complex IV activity was not detected for I1III2IV3 and
was detected for I1III2IV2, but is significantly lower than in D2 (48%, U18=0, p<0.0001).
However, complex IV activity for I1III2IV1 was greater in B6 than D2 (131%, U18=1,
p<0.0001). Trace complex IV activity was detected in I1III2IV4 (as identified in previous
work, Reifschneider et al., 2006) under saturating conditions in D2, but was not detected in
B6. Complex IV activity was also apparent in two lower molecular weight bands. Not
surprisingly, the larger exhibited more (75%) activity in D2 (U18=0, p<0.0001), due at least
in part to comigration of III2IV1 and IVn; while III2IV1 is lacking in B6, so signal was from
IVn only. The smaller band (IV2) had somewhat more (21%) activity in B6 than D2
(U18=12, p=0.006), while. Where strain differences in supercomplex-associated complex IV
activity were found, differential Coomassie staining was also apparent, suggesting that
differential catalytic activities were due, in large part at least, to differences in supercomplex
abundance between B6 and D2. However, allelic variation affecting the structure and
function of complex IV constituents (e.g., Cox 11) might also play a role (Chen et al., 2012).

Complex V
Detection of catalytic activity was limited to the monomer and dimer, and only under
saturating conditions, so activity was assessed qualitatively only. Consequently, its potential
contribution to genetic variation among B6, D2 and B6D2-derived animals remains to be
elucidated.

DISCUSSION
The present studies are the first analyses of mouse brain mitochondrial respiratory complex
suprastructure and associated catalytic activity. Additionally, our studies compare two of the
most extensively studied genetic animal models, the B6 and D2 mouse strains. Considering
that supercomplex associations are apparently tightly regulated (Chen et al., 2012; Ramirez-
Aguilar et al., 2011), involve multiple non-respiratory accessory proteins (Hatle et al., 2013;
Lapuente-Brun et al., 2013; reviewed in Winge, 2012 and Lenaz & Genova 2012), and are
altered in some pathological situations (Mckenzie et al., 2006; Rosca et al., 2008) including
aging (Frenzel et al., 2010; Gomez et al., 2009), the remarkable strain differences
(qualitative and quantitative) in organization and activity we observed may have profound
implications for brain mitochondrial function in a number of contexts. Additionally, our
results indicate that B6, D2, and B6D2-derived populations will be valuable genetic models
with which to assess the potential role of naturally occurring genetic variation in
supercomplex formation and/or stability in a wide variety of phenotypes (e.g., GeneNetwork
[genenetwork.org]) and Mouse Phenome Database at The Jackson Laboratory
[phenome.jax.org]).

Large supercomplex I1III2IV2-3 assemblies are readily apparent in D2 brain, but little or
none is detected in B6, indicating a shift in D2 toward more highly ordered suprastructure,
i.e., with greater incorporation of complex IV. These deficits may be compensated in B6, at
least in part, by higher abundance and catalytic activity for different supercomplexes (i.e.,
I1III2IV1) and IV dimer. Neither the physiological importance of specific supercomplexes
nor increased incorporation of complex IV has been precisely defined, though several lines
of evidence point to kinetic advantages in facilitating integrated electron transfer and
improving flow efficiency (Rosca et al., 2008; Van Raam et al., 2008). Seminal work by
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Acin-Perez and colleagues (2008) demonstrated that some supercomplexes with a I+III+IV
core also contain the mobile electron carriers ubiquinone (CoQ) and cytochrome c, and
transfer electrons from NADH to oxygen, i.e., are true functional “respirasomes.”
Importantly, this group recently showed through genetic modulation in mouse fibroblasts
that formation of supercomplexes determines electron flux by segmenting complex IV into
pools receiving electrons from different sources (NADH, FAD, or both), allowing
optimization of respiration to substrate availability (Lapuente-Brun et al., 2013).
Furthermore, segmentation was genotype-dependent and associated with an assembly factor
isoform, whereby C57BL/6 (Harlan and Charles River) alleles were associated with less
supercomplex formation in fibroblasts. Our strain comparison data parallel these results, and
are thus likely relevant to further elucidation of specific supercomplex function, particularly
for the critical substrate requirements of brain tissue.

As the terminal respiratory chain enzyme, complex IV transfers electrons from cytochrome c
to rapidly convert molecular oxygen to water. In the process, four protons are translocated
across the inner mitochondrial membrane, thereby contributing to the electrochemical proton
gradient used by complex V to synthesize ATP. Thus, genetic differences in supercomplex-
associated complex IV abundance and catalytic activity could markedly impact respiratory
chain efficiency and ATP synthesis. In the aforementioned studies, assembly factor isoform
and associated formation of large (I+III+IV) and small (III+IV) supercomplexes affected
respiration rates and maximal ATP production in mouse liver mitochondria, and varied by
substrate, demonstrating that complex IV incorporation is advantageous in minimizing
inhibitory competition and promoting optimal oxidation of multiple substrates (Lapuente-
Brun et al., 2013). Similar to data for larger complex IV-containing supercomplexes, we
also observed abundant III2IV1 in D2 and absence in B6, which may thus reflect comparable
genotype-dependent partitioning in brain mitochondria that could significantly impact
respiration and energy production. A direct conformational advantage of complex IV
incorporation has also been suggested (Schafer et al., 2006), as well as alternative roles for
mammalian small supercomplexes as adjoining modules linking chains of multiple
respirasomes (Wittig & Schagger, 2009) or pre-assembled intermediates (Acin-Perez et al.,
2004).

Supercomplex formation strongly depends on membrane phospholipid composition,
particularly cardiolipin, which is also an integral component of individual complexes (Bazan
et al., 2013 and references therein). Cardiolipin is the signature mitochondrial phospholipid,
constituting ~20% of the inner mitochondrial membrane total lipid composition
(Mileykovskaya & Dowhan, 2009). In most animal tissues, the four cardiolipin side chains
are predominantly 18-carbon fatty acids with two unsaturated bonds on each, suggesting that
the 18:2 acyl chain configuration is an important structural requirement of its high affinity
for inner membrane proteins in mammalian mitochondria (Schlame et al., 1990).
Interestingly, D2 and B6 brain may differ in fatty acid composition, with higher linoleic
(18:2) content detected and representing more of total synaptosomal phospholipids in D2
over B6 (0.94% and 0.66%, respectively) (La Droitte et al., 1984), suggesting that genetic
variation may be an important influence on fatty acid composition in these strains.
Furthermore, some differences appear region-specific and independent of diet (Mcnamara et
al., 2009). It is therefore tempting to speculate that more 18:2 linoleic acid in D2 brain
reflects higher cardiolipin content in the inner mitochondria membrane that would facilitate
supercomplex formation and/or stabilization, thus contributing to the observed shift toward
more highly assembled supercomplexes compared to B6. Considering the vast molecular
diversity exclusive to brain cardiolipin (Cheng et al., 2008; Ji et al., 2012), future strain
comparisons assessing content characteristics (e.g., using gas chromatography), and the
spatial limitations of supercomplex organization (e.g., synaptic and/or nonsynaptic, discrete
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brain regions), will provide important insights to understanding the role of cardiolipin in
genetic variation of mitochondrial respiratory complexes.

A clear functional consequence of supercomplex I1III2 disruption is a 2-4 fold increase in
ROS generation by complex I, with comparable observations in cellular and animal models
linking dissociation and increased ROS production (see Maranzana et al., 2013 and
references therein). In addition to acting as direct damaging agents, ROS also modulate
some intracellular signaling pathways, depending on the amounts produced (Anilkumar et
al., 2009; Ide et al., 2000; Ray et al., 2012). Several observations support the idea that
supercomplex association affords enhanced complex I stability and activity, including the
detrimental effects of complex III and IV mutations on complex I structural and functional
integrity (Acin-Perez et al., 2004; D’aurelio et al., 2006; Diaz et al., 2006; Schagger et al.,
2004; Stroh et al., 2004), and the necessity of respirasome assembly for full complex I
activity (Moreno-Lastres et al., 2012). Furthermore, ROS levels appear to directly affect
complex I and supercomplex stability (Diaz et al., 2012). The markedly reduced NADH-
ubiquinone oxidoreductase activity observed in cell models lacking supercomplexes (Acin-
Perez et al., 2004; D’aurelio et al., 2006; Diaz et al., 2006; Schagger et al., 2004; Stroh et
al., 2004) is supportive of a critical role in mammalian complex I-driven respiration and
emphasizes the value of future studies exploring the impact of naturally occurring complex I
variation.

MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) is a neurotoxin precursor to MPP+,
which interferes with complex I leading to the buildup of free radicals and cell death (Fonck
& Baudry, 2003; Obata, 2002). The degree to which MPTP impacts neuron survival in mice
is strain-dependent; B6 is particularly sensitive to MPTP-induced cell loss in the substantia
nigra pars compacta, while D2 shows intermediate cell loss compared to more resistant
strains (Hamre et al., 1999), suggesting the presence of both protective and risk alleles. B6
are also highly susceptible to MPTP-induced reduction in striatal dopamine concentrations
and midbrain dopaminergic cells (German et al., 1996). This high MPTP susceptibility is
autosomal dominant for an anonymous B6 allele (Hamre et al., 1999), recapitulates the
regional neuronal degeneration underlying Parkinson’s disease in humans, and is most likely
not explained by greater MPTP uptake, since striatal dopamine transporter levels are
actually lower than in D2 (Janowsky et al., 2001). Thus, it is plausible that our observations
may be related to genetic differences in MPTP susceptibility through variation in complex I-
related supercomplex organization, abundance, and/or activity. Future strain comparisons of
complex I-associated ROS and consequent lipid and protein modifications (e.g.,
isoprostanes, 4-hydroxynonenal [HNE]) will be important in elucidating the extent to which
genetic respiratory chain differences contribute to vulnerability to MPTP, and potentially
other complex I toxins.

In summary, these are the first studies of mitochondrial respiratory complex suprastructure
and associated activity in mouse brain. Importantly, our comparisons of the widely used B6
and D2 strains suggest that natural variation in supercomplex formation and/or stability may
influence a broad array of mitochondrial- and oxidative stress-related phenotypes, including
response to global mitochondrial superoxide dismutase deficiency (Huang et al., 2006; Lynn
et al., 2005), brain antioxidative capacity (Rebrin et al., 2007), susceptibility to age-
dependent pathology (Misra et al., 2007; Rebrin et al., 2011), and susceptibility to severe
alcohol withdrawal (Denmark & Buck, 2008). Furthermore, these results indicate that
B6D2-derived populations will be highly valuable genetic models with which to further
characterize this potential relationship and provide a basis from which to explore the extent
to which differences in mitochondrial function/dysfunction are innate, developmentally
regulated, a consequence of disease and its progression, and amenable to intervention prior
to disease and/or various treatments (e.g., pharmacological and diet adjunct therapies). Our
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studies contribute significantly to the field, but there are some limitations. First, our analyses
are based on whole brain that, while an important first step, will need to be expanded in
future studies assessing discrete brain regions and/or cell populations. Regional variation in
respiratory supercomplex characteristics likely exist and may contribute to the striking
region-specific mitochondrial and functional vulnerability associated with many
neuropathological conditions (Dubinsky, 2009). Additionally, our analyses are based on
total mitochondria, and will be expanded in future studies assessing specific cellular
compartments (e.g., synaptic or nonsynaptic mitochondria). Finally, we used samples from
flash frozen tissue. Although not necessarily typical for BN-PAGE analyses, this is
sometimes necessary (e.g., to process large numbers of samples for quantitative analyses, as
in the present studies; or when using biopsied tissue, as in clinical analyses). While this does
not compromise the results reported here, including the respiratory complex enzymatic
activity analyses, it did not allow for more direct measurements of mitochondrial function
(e.g., membrane potential and pH gradients, and oxygen consumption), all of which will be
important to assess in future work. As more information becomes available, the role of
respiratory supercomplexes in mitochondrial energetics and the etiology and pathogenesis of
a variety of disorders will become apparent.
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Figure 1.
Respiratory complex organization and band identification in naïve B6 and D2 mouse brain
after BN-PAGE and quantitative assessment of activities for complex I (purple), II (indigo),
IV (brown), and V (white), immunoblots for complex III core protein UQCRC1 (III2IV1 and
III2; others are qualitative), and Coomassie staining. Half of the samples assessed are shown
here; the other half are shown in Supplemental Figure 2.
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Figure 2.
Quantitative assessment of activities for complex I, II, and IV, immunoblots for complex III
core protein UQCRC1 (III2IV1 and III2), and Coomassie staining. Densitometry and
quantitation based on results for all 20 individual mice (n=10 B6, n=10 D2). Integrated
optical density (IOD) values were normalized to μg protein loaded for each sample. *p <
0.05, **p < 0.0001.

Buck et al. Page 15

Genes Brain Behav. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


