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Leary, S. C., C. N. Lyons, A. G. Rosenberger, J. S.
Ballantyne, J. Stillman, and C. D. Moyes. Fiber-type
differences in muscle mitochondrial profiles. Am J Physiol
Regul Integr Comp Physiol 285: R817—-R826, 2003; 10.1152/
ajpregu.00058.2003.—Although striated muscles differ in
mitochondrial content, the extent of fiber-type specific mito-
chondrial specializations is not well known. To address this
issue, we compared mitochondrial structural and functional
properties in red muscle (RM), white muscle (WM), and
cardiac muscle of rainbow trout. Overall preservation of the
basic relationships between oxidative phosphorylation com-
plexes among fiber types was confirmed by kinetic analyses,
immunoblotting of native holoproteins, and spectroscopic
measurements of cytochrome content. Fiber-type differences
in mitochondrial properties were apparent when parameters
were expressed per milligram mitochondrial protein. How-
ever, the differences diminished when expressed relative to
cytochrome oxidase (COX), possibly a more meaningful de-
nominator than mitochondrial protein. Expressed relative to
COX, there were no differences in oxidative phosphorylation
enzyme activities, pyruvate-based respiratory rates, HoO2
production, or state 4 proton leak respiration. These data
suggest most mitochondrial qualitative properties are con-
served across fiber types. However, there remained modest
differences (~50%) in stoichiometries of selected enzymes of
the Krebs cycle, B-oxidation, and antioxidant enzymes. There
were clear differences in membrane fluidity (RM > cardiac,
WM) and proton conductance (H"/min/mV/U COX: WM >
RM > cardiac). The pronounced differences in mitochondrial
content between fiber types could be attributed to a combi-
nation of differences in myonuclear domain and modest ef-
fects on the expression of nuclear- and mitochondrially en-
coded respiratory genes. Collectively, these studies suggest
constitutive pathways that transcend fiber types are primar-
ily responsible for determining most quantitative and quali-
tative properties of mitochondria.

skeletal muscle; oxidative phosphorylation; reactive oxygen
species; membrane fluidity; proton leak; energy metabolism

STRIATED MUSCLES GENERALLY rely on mitochondrial me-
tabolism for energy production but there are many
differences in mitochondrial qualitative and quantita-
tive properties among muscles. Mitochondrial abun-
dance can be vastly different among fiber types, phys-
iological state, environmental conditions, and species.
For instance, mitochondrial volume in vertebrate stri-
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ated muscles can range from <1% of cell volume to
>45% of cell volume (see Refs. 30, 40). Muscle mito-
chondrial content is a reflection of the relative impor-
tance of mitochondria to the energy budget of each fiber
type. Although these dramatic differences in mitochon-
drial quantity are well established, muscle mitochon-
drial qualitative properties tend to be more highly
conserved. These qualitative properties include enzy-
matic stoichiometries, respiratory capacity, fuel selec-
tion, proton conductance, reactive oxygen species
(ROS) production, structural relationship (e.g., cristae
surface area-to-volume ratios), and membrane proper-
ties (e.g., phospholipid profiles, fluidity). However,
even subtle qualitative differences in mitochondrial
properties can be important to the tissue. For example,
mitochondrial cristae surface area-to-volume ratios are
in the range of 20—40 m?/ml across vertebrate striated
muscles, but can reach as high as 70 m?/ml in high-
performance species such as hummingbirds (39), ante-
lope (25), and tuna (27).

From one perspective, it is not surprising that many
aspects of mitochondrial biogenesis are tightly coordi-
nated to maintain the integrity of such a complex
organelle. Recent studies have identified many genetic
mechanisms that help coordinate expression of mito-
chondrial genes (2, 4, 21, 23, 24, 30, 36, 45, 46). How-
ever, from another point of view, the process of building
mitochondria is so complex that it should not be sur-
prising that differences in mitochondrial enzymatic
and functional properties can arise in some situations.
Mitochondrial enzyme levels, for example, are most
variable during periods of rapid transition, such as
exercise training, electrical stimulation, environmen-
tal challenges, differentiation, and development. For
example, mitochondrial enzymes increase manifold
during myogenesis (29) and electrical stimulation of
skeletal muscle (13, 14, 34) but individual electron
transport system (ETS) and Krebs cycle enzymes do
not change in parallel. These transitional situations
illustrate that muscles are capable of altering mito-
chondrial properties, but it is less clear whether mus-
cles in steady state actually maintain qualitatively
different mitochondria.
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Insight into the origins and significance of mitochon-
drial specializations can also be gained by comparing
the inherent properties of mitochondria from different
fiber types within an individual. In general, there have
been few studies that have compared muscle mitochon-
dria among striated muscle fibers within individuals
(e.g., Refs. 3, 18, 32, 37, 42). This model is useful for
assessing the basis of differences in mitochondrial con-
tent and the potential for fiber-type specific mitochon-
drial specializations. Muscle fiber types originate dur-
ing embryonic development. Although much is known
about the regulatory basis of distinct contractile phe-
notypes (41, 43), myoglobin levels (47), and contractile
protein isoform profiles (10), fewer studies have ad-
dressed the parallel processes that determine the stri-
ated muscle mitochondrial phenotype during differen-
tiation and development (17, 24, 29).

Fiber-type specific fine tuning of mitochondrial prop-
erties might be expected in the realm of energetics,
ROS production, or proton conductance because of the
role of mitochondria in each muscle. For instance,
trade-offs between capacity and efficiency might be
beneficial. Cardiac muscle mitochondria typically oper-
ate close to their maximal capacity (state 3), whereas
skeletal muscle mitochondria are most often closer to
resting rates (state 4). Mitochondria provide most of
the energy for active oxidative muscle fibers, but gly-
colytic fibers rely upon mitochondria to support basal
and recovery metabolism (28). The patterns of recruit-
ment are also relevant to metabolism of ROS. Mito-
chondrial superoxide production is accelerated at low
respiratory rates when electron transport chain com-
plexes are reduced (19). Thus white muscle mitochon-
dria in vivo would be expected to produce more super-
oxide than those of red or cardiac muscles, based solely
on muscle recruitment patterns. Fiber-type differences
in ROS production in vivo could impinge on both their
cytotoxic and regulatory effects (see Ref. 21). Proton
leak across the mitochondrial membrane can influence
both the efficiency of energy conversion and the pro-
pensity to induce ROS production (see Ref. 38). Al-
though recruitment pattern has a pronounced effect on
mitochondrial function, it is not known if different
muscle types produce specialized mitochondria to ac-
commodate these differences.

In this study, we examined the nature of fiber type
differences in mitochondrial properties in striated
muscle of rainbow trout. Fish are useful models with
which to explore the determinants of mitochondrial
design. Skeletal muscle exists as virtually pure fiber
types, with clear delineation of locomotory recruitment
patterns. Fiber type differences are also much more
extreme in fish. Although white muscle mitochondrial
content is similar to mammalian skeletal muscles, the
mitochondrial content of fish red muscle is ~10-fold
greater, approaching or exceeding that of heart (e.g.,
Ref. 27). In this study, we compared the structural and
functional properties of mitochondria in red, white,
and cardiac muscle to determine the extent to which
mitochondria exhibit fiber type-specific specializations.
We also examined intertissue determinants of mito-
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chondrial content across tissues. Collectively our stud-
ies identify conserved and malleable mitochondrial
properties between fiber types and suggest that even
quantitative differences between fiber types may be
explained largely by constitutive expression.

MATERIALS AND METHODS

Source and maintenance of animals. Adult male and fe-
male rainbow trout (Oncorhynchus mykiss) ranging in size
from 0.8 to 1.2 kg were purchased from Pure Springs Trout
Farm (Belleville, ON, Canada). Fish were held at 15°C in a
single flow-through tank under a 12:12-h light/dark photope-
riod and fed standard trout chow ad libitum. Fish were killed
after anesthetization in MS-222. Tissues were either used
directly for mitochondrial isolation or flash frozen in liquid
nitrogen. Frozen tissues were powdered under liquid nitro-
gen and stored at —80°C.

Mitochondrial isolation and analyses. Mitochondria from
red, white, and cardiac muscle were isolated as previously
described (27). Previous studies have found no biochemical
differences between subsarcolemmal and interfibrillar mito-
chondria from trout red muscle (6). In brief, muscle was
minced on ice and transferred to 10 vol isolation buffer (in
mM: 140 KCl, 5 MgCl,, 20 HEPES, 10 EDTA, pH 7.0),
supplemented with 0.5% BSA. Samples were homogenized
with two passes of a loose-fitting Teflon pestle, followed by
three passes with a tight-fitting pestle. Homogenates were
then centrifuged at 800 g for 5 min at 4°C, and the superna-
tant was filtered through eight layers of cheesecloth and
recentrifuged. The resultant supernatant was centrifuged at
9,000 g for 10 min. The mitochondrial pellets were resus-
pended in 12 ml of isolation buffer (—BSA) and recentrifuged
and resuspended in the same buffer to a final protein con-
centration of 4 mg/ml.

Respiration studies were performed as previously de-
scribed (27). Mitochondria (50 pl) were incubated in 2 ml of
respiration medium (in mM: 140 KCI, 20 HEPES, 5
NagHPO,, and 0.5% BSA, pH 7.3). Oxygen consumption was
monitored polarographically at 15°C using a Clark-type elec-
trode interfaced with Vernier Instruments Data Logger soft-
ware. Respiratory rates were determined in the presence of
succinate (10 mM) or pyruvate (1 mM) with malate (0.1 mM),
both in the absence and presence of ADP. State 3 respiration
was stimulated by the addition of 0.2 mM ADP. Mitochondria
respiring on succinate in state 4 were given rotenone (5.5
pM) and oligomycin (4.5 pg/ml) to determine leak respira-
tion. Respiratory control ratios (RCR), a ratio of the state 3 to
state 4 rates, were determined for each mitochondrial prep-
aration (respiring on pyruvate + malate) as an index of
mitochondrial quality.

Proton leak. Proton leak was measured as described by
Brand (8) using respiration conditions outlined above. Mem-
brane potential across the inner mitochondrial membrane
was measured concurrently with the rate of mitochondrial
respiration, using a triphenylmethylphosphonium (TPMP*)-
selective electrode constructed from a modified Clark-type
oxygen electrode. The TPMP* electrode was calibrated after
the addition of mitochondria to the reaction vessel by the
incremental addition of fixed volumes of TPMP™ to the mix-
ture up to 5.5 uM. Mitochondrial suspensions (0.3—0.6 mg/
ml) were assayed in the presence of rotenone (5.5 pM),
TPMP* (5.5 pM), succinate (4.5 mM), nigercin (0.55 pg/ml),
oligomycin (4.5 pg/ml), ADP (227 uM), and variable amounts
of malonate (0-3.75 mM added incrementally). After the
malonate titration, 45 nM FCCP was added to the suspension
to completely uncouple the mitochondria, thereby dissipating
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the membrane potential and releasing the accumulated
TPMP* from the mitochondrial matrix. This allowed com-
pensation for electrode drift if necessary.

The correction for nonspecific mitochondrial TPMP* bind-
ing used in calculating the mitochondrial membrane poten-
tial was 0.35. This value is the binding correction for rat
skeletal muscle as determined by Rolfe et al. (35) and can be
used for rainbow trout muscle (red, white, and heart) mito-
chondria following the justification presented in Brookes et
al. (9) for rainbow trout liver mitochondria.

Data acquisition was performed using LabVIEW 4.1 soft-
ware (National Instruments, Austin, TX) interfaced with
National Instruments data-acquisition hardware (National
Instruments) and then imported into Logger Pro Version
1.0.2 (Vernier Software, Tufts University) for analysis.

Membrane fluidity. Membrane fluidity was measured us-
ing methods modified by Williams and Somero (44). Aliquots
of frozen mitochondria were thawed on ice and diluted in 2 ml
mitochondrial respiration buffer to an absorbance (364 nm)
of ~0.15. At the onset of the experiment, 1.5 pl of 1,6-
diphenyl 1,3,5-hexatriene in 2 mM N’ ,N'-dimethylformamide
(DPH) was added to samples that were stirred in the dark at
room temperature for 30 min. Fluorescence polarization of
DPH at various temperatures was measured on a Shimadzu
spectrofluorophotometer (RF-5301 PC) equipped with polar-
ization filters and a water-jacketed cell holder. Samples were
stirred with a magnetic stirrer throughout the measurement
period. Excitation of the DPH was at 364 nm, and fluores-
cence was detected at 430 nm. Each preparation was mea-
sured in duplicate or triplicate at each temperature. Fluores-
cence polarization, an index of membrane fluidity, was cal-
culated according to Litman and Barenholz (26).

Enzyme analyses. Tissue extracts and isolated mitochon-
dria were used to determine enzyme activities per gram
tissue and per milligram mitochondrial protein, respectively.
Powdered tissue was weighed and solubilized in 9 vol of
extraction buffer (20 mM HEPES, pH 7.0, 1 mM EDTA, and
0.1% Triton X-100) using a ground glass tissue homogenizer.
Suspensions of isolated mitochondria (4 mg/ml) were diluted
with extraction buffer before kinetic measurements. Enzyme
activities were determined at 25°C using a Molecular Devices
Spectramax 250 spectrophotometer. Assays for citrate syn-
thase (CS; 29), aconitase (11), 2-oxoglutarate dehydrogenase
(OGDH; 29), B-hydroxyacyl-CoA dehydrogenase (HOAD; 29),
catalase (22), SOD (22) and, glutathione peroxidase (GPx; 22)
were as previously described. Isolated mitochondria were
also used to assess catalytic stoichiometries of complex I, II,
II-I11, IV, and V (7).

Mitochondrial H2O»s production. Mitochondria were incu-
bated in a black 96-well plate (10-20 pg per well) in the
presence of 90 pl of mitochondrial respiration medium, con-
taining 10 mM succinate and H2O2 detection system (Molec-
ular Probes) consisting of 50 pM Amplex red and 10 mU
horseradish peroxidase (HRP). HRP catalyzes the oxidation
of Amplex red by H2Oz, which results in the formation of the
fluorescent compound, resorufin (excitation 530, emission
590). The H20, standard curve was established with 10 pl of
freshly prepared H>O stock solutions (0.1-5 pM) in 90 pl
respiration medium. BSA (1 pl of 10 mg/ml stock) was in-
cluded in the wells of the H,O5 standard curve to give a final
protein content equivalent to the mitochondrial preparations
(10 pg/well). Fluorescence of the mitochondrial samples and
H20; standard curve was measured at 0, 15, and 35 min on
a Spectramax Gemini fluorometer (Molecular Devices). Be-
tween measurements, the samples in the plate were main-
tained at 15°C in the dark. The production of HsO2 by
mitochondria was linear with time over at least 35 min.
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Cytochrome spectra. Isolated mitochondria (1.5—4 mg/ml)
were solubilized for 1 h on ice in 50 mM Tris (pH 8.0)
supplemented with 1% Triton X-100. Ultraviolet (UV)-visible
spectra were recorded on an OLIS-refurbished Aminco DW-2
UV/VIS spectrophotometer as previously described (22).
Spectra are presented as reduced-oxidized differences. The
oxidized state is taken as the form of the sample in air and is
unchanged on addition of ferricyanide. The reduced state is
generated by addition of a few grains of solid sodium dithio-
nite to the air-oxidized sample.

Electrophoresis and immunoblotting. Blue native (BN)-
PAGE was performed as previously described (22). Isolated
mitochondria were solubilized (2 mg/ml) on ice for 30 min in
50 pl of 750 mM 6-aminocaproic acid, 50 mM bis-Tris (pH
7.0), 0.5 mM EDTA, and 1% wt/vol lauryl maltoside. Samples
were centrifuged for 20 min at 20,000 g, loading dye was
added to each sample at a 1:4 ratio of Coomassie-lauryl
maltoside, and equal amounts of protein were loaded in each
lane of a 6-15% continuous gradient gel. Conditions used for
electrophoresis, direct immunoblotting, and enhanced chemi-
luminescence detection of immunoreactive proteins were as
previously described (22).

DNA and RNA isolation and analyses. Probes for rainbow
trout cytochrome oxidase I (COX I) (5) and rat CS (20) were
used. The nuclear respiratory factor (NRF)-1 cDNA construct
was a generous gift of Dr. R. C. Scarpulla (Northwestern
University, Chicago, IL). A cDNA for COX VIa was amplified
from a trout red muscle reverse-transcriptase template at
50°C  with 5'-AGGACCTGGAAGATCCTG-3" and 5'-
TGAGGGTTGTGGAAGAG-3' using standard PCR condi-
tions, cloned into pCR 2.1 (Invitrogen), and sequenced. All
radiolabeled probes for Northern blots were prepared by
adding 50 ng ¢cDNA and 50 uCi [*2P]dCTP to Ready-to-Go
labeling beads (Pharmacia).

DNA was purified as previously described, using enzyme
homogenates as starting material (20). RNA was isolated
using acid phenol, as modified for fish muscle (5). Total RNA
(5—20 ng) was electrophoresed on 1.4% formaldehyde aga-
rose gels and transferred overnight to nylon membrane (Du-
ralon, Stratagene) by capillary transfer in 20X SSC. After
transfer, the membrane was rinsed with 2X SSC, air dried,
and UV cross linked.

Membranes were prehybridized, hybridized, and washed
as previously described (20). Blots were phosphorimaged and
relative signal strength was quantified using Imagequant
software (Molecular Dynamics). Differences in loading across
lanes were normalized using a probe for 18-S mRNA.

Statistical analysis. Proton leak kinetics data were ana-
lyzed using Systat 10.2 (Systat Software, Richmond, CA). For
all other mitochondrial parameters, significant differences
(P < 0.05) between fiber types were detected using one-way
analysis of variance on ranks and identified using Tukey’s
test. After statistical analysis, data were scaled relative to
heart to facilitate comparisons.

RESULTS

Mitochondrial enzyme stoichiometries. Mitochondria
from red, white, and cardiac muscle were isolated to
quantify the relative levels of oxidative phosphoryla-
tion (OXPHOS) and Krebs cycle enzymes across fiber
types (Fig. 1A). The activities of all ETS complexes
covaried across tissues. The levels were comparable in
red and white muscle, but were ~50% greater in car-
diac muscle. Complex V activities were much more
similar across tissues. There was also good agreement
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Fig. 1. Biochemical and molecular characterization of oxidative
phosphorylation (OXPHOS) complex stoichiometries in mitochon-
dria isolated from red (RM), white (WM), and cardiac (H) muscle. A:
OXPHOS (complexes I-V), Krebs cycle [2-oxoglutarate dehydroge-
nase (OGDH), aconitase (Acon), citrate synthase (CS)], and fatty acid
oxidation [B-hydroxyacyl-CoA dehydrogenase (HOAD)] enzyme ac-
tivities across fiber types (means = SE, n = 5-9). Representative
traces (B) and content of cytochromes aa3, b, and ¢ obtained from
difference spectra (air oxidized-dithionite reduced) of solubilized
mitochondria from each fiber type (WM, n = 6; RM and H, n = 5) (C).
Immunoblots from first dimension blue native (BN)-PAGE gels of
complex I (anti-ND1) and cytochrome oxidase (COX) (anti-COX I) (D)
and densitometric quantitation of holoenzyme levels across fiber
types (n = 3) (E). For all panels, *significant difference (P < 0.05)
from cardiac muscle, and fsignificant difference between WM and
RM. Rates are expressed per mg mitochondrial protein.

between functional and structural indexes of COX.
Intertissue patterns in COX (Fig. 1A) were mirrored by
cytochrome aas levels (Fig. 1, B and C) and holoenzyme
levels, which were determined by immunoblotting of
BN-PAGE gels (Fig. 1, D and E). The levels of cyto-
chrome ¢ determined spectroscopically were similar
across tissues (Fig. 1C). The activity patterns for com-
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plex I (Fig. 1A) were also reflected by holoenzyme
levels (Fig. 1, D and E). There was less agreement
between complex II/III activity and cytochrome b lev-
els. It must be kept in mind that the enzymatic assay
assesses flux through the complex II/III pair, whereas
the spectroscopic assay assesses complex III (cyto-
chrome b) levels.

The relationship between Krebs cycle enzymes was
somewhat more variable between tissues. Unlike the
more strict stoichiometries between ETS complexes,
the three Krebs cycle enzymes showed nonstoichiomet-
ric relationships (Fig. 1A). Wherease CS activity was
similar across tissues, aconitase was 50% lower in
white muscle. OGDH in red muscle was 20% higher
than heart, and white muscle was 20% lower than
heart. The activity of HOAD, an enzyme involved in
fatty acid oxidation, was similar in heart and white
muscle but 60% higher in red muscle.

Mitochondrial respiration rates and leak kinetics.
Rates of mitochondrial respiration were measured to
address the impact of enzymatic patterns on functional
properties of mitochondria across striated muscle fi-
bers (Fig. 2A). State 3 respiration rates in cardiac
muscle mitochondria were twofold higher than either
red or white muscle. The intertissue pattern in respi-
ration is identical to that for COX, the terminal step of
the ETS (Fig. 14).

The respiratory properties (pyruvate plus malate)
were very similar in mitochondria from each muscle
type. The state 2 rate (before ADP addition) was 5—7%
of the maximal state 3 rates in all tissues (Fig. 2A).
State 4 rates (after ADP phosphorylation) were higher
and more variable than state 2 rates, which we at-
tribute to variable amounts of contaminating ATPases
arising in the different fiber types.

The leak properties of mitochondria were also simi-
lar in all mitochondria. Leak respiration (i.e., succi-
nate-based respiration in the presence of rotenone and
oligomycin) was ~9-12% of the maximal state 3 respi-
ratory rates in mitochondria from all tissues (Fig. 2A).
Leak kinetics were assessed using malonate titrations
in conjunction with TPMP* (Fig. 2B). In Fig. 2B, mem-
brane potential is plotted against respiration rate, ex-
pressed per milligram protein. The overlap in the
curves suggests that the three preparations exhibit the
same proton conductance. The proton conductances
can be estimated from the membrane potential, respi-
ration rate, and H*/O2 for mitochondria, as described
by Nicholls and Ferguson (31) (Table 1). For example,
at 150 mV, each preparation has a similar proton
conductance of ~0.27 nmol H*/min/mV/mg protein
(Table 1). Although proton conductances are usually
estimated expressed relative to milligram mitochon-
drial protein, they should ideally be expressed per unit
surface area of inner mitochondria, the barrier in the
circuit. Studies that express conductance relative to
milligram mitochondrial protein use an implicit as-
sumption that it correlates with inner membrane sur-
face area. We believe that in these mitochondria, COX
is a more realistic index of mitochondrial inner mem-
brane surface area. When we assess proton leak kinet-
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ics using the alternative denominator of COX activity,
apparent differences in proton conductance emerge
(Fig. 2C). At 150 mV, the proton conductance of white
muscle mitochondria is more than twice that of heart
and red is intermediate. This pattern is similar across
the entire ohmic range of the curve. These analyses
lead us to conclude that there are real differences in
proton conductance in mitochondria of red, white, and
cardiac muscles.

Membrane fluidity. The local lipid environment can
affect the structure and function of mitochondrial pro-
teins. As a result, potential differences across fiber
types in mitochondrial membrane fluidity were quan-
tified using DPH anisotropy (Fig. 2D). The tempera-
ture dependence of membrane fluidity (i.e., slope of
anisotropy vs. temperature) was similar across fiber
types (Fig. 2D). However, the membrane fluidity of red
muscle was significantly greater than either cardiac or

Table 1. Proton conductance in isolated mitochondria
respiring on succinate

Proton Conductance,
nmol H*/min/

Membrane Respiration, nmol mV/mg protein
Potential, O2/min/mg
Tissue mV protein nmol H*/min/mV/U COX
High membrane potential
Heart 185 9.32 0.60 0.34
Red muscle 185 7.87 0.51 0.42
White muscle 185 8.58 0.56 0.68
Low membrane potential
Heart 150 3.40 0.27 0.15
Red muscle 150 3.46 0.28 0.23
White muscle 150 3.29 0.26 0.32

Proton conductance assumes an H*/O of 6. Cytochrome oxidase
(COX) activities were 1.78, 1.21, and 0.82 U/mg protein in heart, red
and white muscle, respectively.
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white muscle; the fluidity of red muscle mitochondrial
membranes at 15°C was equivalent to that of cardiac
muscle and white muscle at 20°C.

Mitochondrial ROS production. ROS release by mi-
tochondria into the extramitochondrial space is likely
influenced by many factors affecting its synthesis and
degradation. Functional parameters that could influ-
ence ROS production include differences in enzyme
stoichiometries, respiratory rates, and leak kinetics.
When we assessed H20- release, we found the inter-
tissue pattern resembled that of OXPHOS proteins,
such as COX (Figs. 1A and 3A). The activities of both
mitochondrial MnSOD and GPx also paralleled COX
activities (Figs. 1A and 3B). Collectively, these data
suggest little evidence for interfiber differences in mi-
tochondrial ROS production or protection.

We also assessed the relationship between fiber type
mitochondrial content and antioxidant enzymes. In
general the whole tissue activities of catalase, GPx,
and total cellular SOD were strongly correlated with
COX activities (Fig. 3, C-E).

Differences in COX gene expression across fiber types.
We assessed the relative levels of COX gene transcripts
in relation to COX enzyme content and COX gene
content (Fig. 4). For both mtDNA-encoded COX I and
nuclear-encoded COX VIa, the levels of transcripts
paralleled COX content when expressed per gram tis-
sue (Fig. 4C). Similar differences across fiber types
were also observed for two additional nuclear-encoded
transcripts, CS and NRF-1 (Fig. 4, B and C). We sought
to express these patterns relative to gene levels to take
into account differences in fiber morphology. Total
DNA levels in heart were approximately twofold

MITOCHONDRIAL PROPERTIES OF SALMONID STRIATED MUSCLE

greater than red muscle and sixfold greater than white
muscle (Fig. 4C). When transcript levels were ex-
pressed relative to DNA content, most of the differ-
ences between fiber types were greatly diminished
(Fig. 4D). Similarly, when COX activity (which is rep-
resentative of the activity of other OXPHOS com-
plexes) in individual fiber types was expressed relative
to DNA, only minor differences were observed. Collec-
tively, these data suggest that constitutive pathways
that transcend fiber types are primarily responsible for
determining quantitative and qualitative properties of
mitochondria.

DISCUSSION

Discussion of the relationship between muscle activ-
ity and bioenergetic gene expression is fraught with
contradictions. Because mitochondria are required in
most tissues to maintain energy homeostasis, mito-
chondrial enzymes are often considered to be house-
keeping genes under the control of constitutive path-
ways. Yet different muscle fibers possess a broad range
of mitochondrial contents. Although the developmental
determinants of the contractile phenotypes in different
muscle types are well understood, the origins of the
bioenergetic phenotypes are not. In addition to devel-
opmental plasticity in mitochondrial enzyme content,
mature muscles show considerable capacity to alter
mitochondrial content in relation to activity levels.
Although there is considerable variation in the mito-
chondrial quantities between fiber types, it is not yet
clear if the mitochondria have distinct compositions
and/or functional properties. In this study we have
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attempted to reconcile constraints on mitochondrial
design, with distinct functional responsibilities and the
potential role of mitochondria in mediating retrograde
signaling.

Comparison of mitochondrial properties between tis-
sues demands careful attention to the choice of denom-
inator. Most studies use milligram mitochondrial pro-
tein as a denominator for mitochondrial enzymes and
processes. In any pure mitochondrial preparation,
most of the protein probably exists within the inner
membrane and consists primarily of the proteins of the
electron transport chain and the adenine nucleotide
translocase. Consequently, milligram protein is usu-
ally a good indicator of a unit of mitochondria because
of its tendency to correlate with important structural
(e.g., cristae surface area) and functional (respiratory
rate, proton conductance) parameters. It is important,
however, to recognize that using milligram protein as a
denominator to express mitochondrial parameters in-
volves an implicit assumption that may not always be
valid. For example, exercise in rats causes a 55-60%
increase in mitochondrial protein, whereas COX and
other ETS enzymes increase twofold (see Ref. 16).
Thus, in this study, COX (or any other index of ETS
activity) appears to be a more relevant indicator of the
metabolic potential of mitochondria.

Are mitochondria similar across fiber type? The con-
clusions on the extent of fiber type differences are
entirely dependent on which denominator is chosen.
We found (Fig. 2A4), as have others (e.g., tuna, Ref. 27;
rats, Ref. 12), that the maximal respiratory rate (per
mg protein) of heart mitochondria is greater than that
of skeletal muscle mitochondria. However, we also
found that heart mitochondria have elevated specific
activities of COX, as well as other ETS complexes.
Thus, if we compare the patterns of respiratory rates
with the relationships in COX and OXPHOS com-
plexes, the apparent differences between fiber types
largely disappear. For the most part, our enzymatic
analyses, spectroscopic measurements of cytochrome
content, and immunoblotting of BN-PAGE gels indi-
cate a strong relationship between these complexes in
each tissue.

Not all of the mitochondrial parameters we studied
were similar across tissues. In contrast to the strict
stoichiometries seen with OXPHOS activities, the re-
lationship between other mitochondrial enzymes was
more variable. Although much is known about the
control of expression of OXPHOS genes, very little is
known about the transcriptional control of Krebs cycle
enzymes. The relationships between Krebs cycle en-
zymes are not always rigidly preserved in muscles. For
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example, mitochondria from rat soleus (I) and gracilis
(ITb) have slightly different stoichiometries in malate
dehydrogenase and CS (18). Exercise in rats causes a
twofold increase in CS and isocitrate dehydrogenase,
but OGDH and mitochondrial malate dehydrogenase
increase only ~50% (16). The activity of the fatty acid
oxidizing enzyme HOAD also appeared elevated in red
muscle skeletal muscle mitochondria (Fig. 1A). Meta-
bolically, mitochondria from oxidative fiber types often
exhibit enzymatic or metabolic properties that suggest
a predisposition toward fatty acids as fuel (e.g., rabbit,
Refs. 3, 18; fish, Refs. 29, 27), which is in contrast to
what is observed in response to exercise training or
electrical stimulation (16). There also appeared to be
fiber-type differences in mitochondrial membrane flu-
idity (Fig. 2D). Differences in fluidity of mitochondrial
membranes can be due to many factors including phos-
pholipid profiles (chain length, saturation, cardiolipin
content). Such differences could affect the in vivo ac-
tivity of many membrane bound enzymes, including
ETS complexes (15). Although our assays did not re-
veal differences in maximal activities of OXPHOS com-
plexes, it is possible that fluidity and/or membrane
properties could influence other aspects of ETS Kki-
netics.

The general similarity in mitochondrial design also
extended to other structural and functional features.
Movement of protons across the mitochondrial inner
membrane dissipates AV and allows electron transport
activity. Protons can cross the inner membrane
through the phospholipid bilayer, a process that may
be facilitated either through nonspecific integral mem-
brane proteins or through specific leak pathways such
as uncoupling proteins (38). When we compared proton
leak kinetics in fiber types, our conclusions depended
on the denominator chosen to equalize preparations.
By the traditional calculation (based on mg mitochon-
drial protein), there would appear to be no difference in
proton conductance based on the overlap in the curves
(Fig. 2B) and calculated proton conductances at high
and low membrane potential (Table 1). We have argued
that COX is probably a better indicator of inner mem-
brane surface area and, consequently, a better denom-
inator against which to assess proton conductance (Fig.
2C). This leads us to conclude that proton conductance
decreased in the following order: white muscle > red
muscle > heart (Table 1). Although the exact nature of
the proton leak is not clear, it is intriguing that proton
conductance did not appear to parallel the activities of
the ETS, and presumably inner membrane surface
area. The distribution and content of uncoupling pro-
tein isoforms have not been assessed in fish muscle.

Mitochondrial ROS production depends on the fac-
tors that influence superoxide production and the na-
ture of the antioxidant defenses. Mitochondrial ROS
production arises when molecular oxygen steals elec-
trons from complex I and III to produce superoxide,
which is rapidly scavenged by mitochondrial MnSOD,
releasing H203 into the cytosol. As mentioned, normal
mitochondrial ROS production is significant only when
respiration is inhibited by high membrane potential,
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which would accompany state 4 conditions (19) or dur-
ing hypoxia (33). As with proton conductance, the in-
terpretation of fiber-type differences in mitochondrial
ROS production is influenced by the denominator.
When expressed relative to milligram mitochondrial
protein, heart mitochondria appear to produce two to
three times more H2Os than do the skeletal muscles
(Fig. 3A). Again, this difference largely disappears
when ROS production is expressed relative to COX
activity. Similarly, MnSOD and GPx are generally
higher in heart than either red and white muscle
enzymes, but these differences are reduced when ex-
pressed relative to COX. Despite the similarity of the
rates of HoO2 production and ROS scavenging by iso-
lated mitochondria in vitro, it is likely that recruitment
pattern would influence ROS kinetics in vivo. Because
white muscle mitochondria are typically near state 4 in
vivo (28), ROS production is likely highest in this
tissue. In contrast, heart mitochondria in vivo would
rarely approach state 4 and therefore would be ex-
pected to produce little ROS under most conditions.
Because the antioxidant enzyme activities in mito-
chondria correlate with respiration capacity and ETS
enzymes, there is little indication of fiber-type specific
mitochondrial fine tuning in the context of ROS de-
fense.

Origins of variation in mitochondrial content. Con-
trol of mitochondrial quantitative and qualitative prop-
erties during mitochondrial biogenesis may be gov-
erned by both constitutive and inducible/adaptive
pathways. Recent studies have provided insight into
the role of gene regulation in mediating variation in
mitochondrial content between physiological states
(see Refs. 30, 36). Mitochondrial genes typically lack
TATA boxes but possess CAAT boxes and GC boxes
that may govern constitutive gene expression. Coordi-
nation of adaptive changes in mitochondrial genes may
be mediated by overlapping sensitivities to inducible
transcriptional activators such as nuclear respiratory
factor-1 (NRF-1) and NRF-2 (for OXPHOS genes) and
peroxisome proliferator-activated receptors (PPAR; for
fatty acid B-oxidation genes; 4, 36). Also, the PPAR-y
coactivator-1 (PGC-1) family (PGC-1a, PGC1-related
coactivator and PGC-1B) helps to coordinate expres-
sion of nuclear-encoded mitochondrial genes (2, 24, 36).
Transgenic mouse studies have implicated several pro-
teins as determinants of mitochondrial content, includ-
ing myogenin (17), PGC-1 (23, 45), and its regulators,
such as calmodulin-dependent protein kinase (46).
Changes in PGC-1 activity may be the primary medi-
ator of adaptive changes in mitochondrial properties
with exercise training (2). These studies identify poten-
tial regulators of mitochondrial content within individ-
ual muscles, perhaps suggesting the regulatory basis of
mitochondrial differences between muscle fiber types.

Our data suggest that many enzymatic features of
mitochondrial design are preserved across muscle fiber
types. This maintenance of mitochondrial qualitative
properties (e.g., enzyme stoichiometries) is consistent
with fixed patterns of constitutive expression of respi-
ratory genes. But can a constitutive pattern of gene
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expression be reconciled with the well-established
quantitative differences in mitochondrial content be-
tween fiber types? Do tissues with greater mitochon-
drial content (per g tissue) necessarily require greater
rates of respiratory gene expression? In assessing the
origins of mitochondrial differences between fiber
types, the differences in nuclear content of muscle
fibers must be considered. The myonuclear domain in
muscle (the volume of cytoplasm controlled by an indi-
vidual muscle nucleus) is somewhat plastic during
development and adaptation (1). Mature red muscle
myonuclei appear to have smaller domains, i.e., higher
nuclear content per volume tissue (42). If myonuclei in
red and white muscle demonstrated equal levels of
transcriptional activity, some differences in mitochon-
drial biogenesis could accrue due simply to differences
in nuclear content and fiber morphometry.

We compared the enzyme activities, mRNA and
DNA for COX subunits, to better understand the basis
of intertissue differences in mitochondrial enzyme con-
tent. The mass-specific activities of the mitochondrial
enzymes CS and COX are 5- to 10-fold greater in heart
and red muscle relative to white muscle (Fig. 4C). This
range is similar to that found in comparing fiber types
across other vertebrates. RNA levels for the enzymes
(also expressed per g tissue) for the most part parallel
enzyme levels. A similar relationship is seen with
NRF-1 mRNA, a potential regulator of mitochondrial
genes. These patterns are consistent with transcrip-
tional regulation of mitochondrial enzyme levels.

When these parameters are expressed relative to
DNA content (Fig. 4D), rather than tissue mass (Fig.
4C), much of the intertissue variation in levels is lost.
In other words, the transcript levels for the COX sub-
units depend largely on the nuclear content of the fiber.
White muscle has larger muscle fibers with a lower
nuclear content per gram. However, CS genes within
white muscle generate the same level of CS transcripts
as the CS genes within heart. Superimposed on these
simple relationships are suites of posttranscriptional
and posttranslation processes. But it appears as if
there is no need to invoke differential mitochondrial
gene regulation to explain differences in muscle mito-
chondrial content in striated muscles. Collectively,
these studies suggest constitutive pathways that tran-
scend fiber types are primarily responsible for deter-
mining both quantitative and qualitative properties of
mitochondria.
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