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Abstract

Mitochondria play a major role in cellular function, not only as a major site of ATP production, but

also by regulating energy expenditure, apoptosis signaling, and production of reactive oxygen
species. Altered mitochondrial function is reported to be a key underlying mechanism of many
pathological states and in the aging process. Measurements conducted using intact mitochondria
isolated from fresh tissue provides distinct information regarding the function of these organelles
that complements conventional mitochondrial assays using previously frozen tissue as well as in

vivo assessment using techniques such as magnetic resonance spectroscopy. This chapter describes

the process by which mitochondria are isolated from small amounts of human skeletal muscle

obtained by needle biopsy and two approaches used to assess mitochondrial oxidative capacity and
other key components of mitochondrial physiology. We first describe a bioluminescent approach for

measuring the rates of mitochondrial ATP production. Firefly luciferase catalyzes a light-emitting

reaction whereby the substrate luciferin is oxidized in an ATP-dependent manner. A luminometer is
used to quantify the light signal which is proportional to ATP concentration. We also review a method

involving polarographic measurement of oxygen consumption. Measurements of oxygen
consumption, which previously required large amounts of tissue, are now feasible with very small

amounts of sample obtained by needle biopsy due to recent advances in the field of high-resolution
respirometry. We illustrate how careful attention to substrate combinations and inhibitors allows an

abundance of unique functional information to be obtained from isolated mitochondria, including

function at various energetic states, oxidative capacity with electron flow through distinct complexes,
coupling of oxygen consumption to ATP production, and membrane integrity. These measurements,
together with studies of mitochondrial DNA abundance, mRNA and protein expression, and synthesis
rates of mitochondrial proteins provide insightful mechanistic information about mitochondria in a

variety of tissue types.

Introduction

Mitochondria are believed to have originated in eukaryotic cells by endosymbiosis

approximately 2 billion years ago (Gray et al., 1999). Although most mitochondrial proteins
are encoded by nuclear DNA and imported into the organelle, mitochondria contain ribosomes
and between 2 and 10 copies of circular DNA containing 13 protein-encoding regions and 22

tRNA-encoding genes. Mitochondria are an essential part of normal cellular function,

particularly in their role in oxidizing carbon substrates to generate energy currency for the cell.
As illustrated in Figure 1, mitochondrial ATP synthesis is driven by a proton gradient across

the inner mitochondrial membrane as a result of oxidation of carbon substrates in the

tricarboxylic acid cycle. These organelles not only produce chemical energy in the form of
ATP, but also liberate energy through thermogenic uncoupling, regulate apoptosis, and are a
major source of reactive oxygen species (ROS). While ROS production plays an important role
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in cell signaling, increased ROS levels can result in oxidative damage to mitochondrial DNA,
particularly when ROS production exceeds the capacity of antioxidant defense systems
(glutathione peroxidase, catalase, and superoxide dismutase) and DNA repair. Indeed,
accumulated oxidative damage has been proposed as a mechanism by which the aging process
is accelerated (Harman, 1956). The importance of mitochondria in cellular function and energy
balance has spawned much interest in their role in the aging process and metabolic diseases
such as type 2 diabetes. Accurate, precise assessment of tissue mitochondrial function is
necessary to understand the aging process and the underlying mechanisms of many diseases.
Various tools, each with distinct advantages and caveats, have been used to probe
mitochondrial properties in vitro and in vivo. For example, magnetic resonance spectroscopy
permits non-invasive assessment of muscle oxidative capacity (Argov et al., 1987;Kent-Braun
and Ng, 2000;Lanza et al., 2007), steady-state mitochondrial ATP synthesis rate (Lebon et
al., 2001;Petersen et al., 2003;Befroy et al., 2008), and tricarboxylic acid cycle flux (Lebon
et al., 2001;Petersen et al., 2004;Befroy et al., 2008). The ability to assess mitochondrial
function under conditions where circulatory and regulatory systems are intact is a strength of
these techniques. Experiments performed ex vivo permit a reductionist approach to probe
mitochondrial function at specific molecular and cellular levels; information which is crucial
to understanding mechanisms by which mitochondrial function is altered with aging and
disease and pathways by which exercise and pharmacological interventions exert beneficial
effects. Moreover, the ability to quantify mitochondrial DNA copy numbers (Short et al.,
2005;Asmann et al., 2006;Chow et al., 2007), expression (MRNA and protein) of various
mitochondrial proteins (Short et al., 2005;Lanza et al., 2008), mitochondrial enzyme activities
(Rooyackersetal., 1996;Short etal., 2003), and post-translational protein modifications (Jaleel
et al., 2005) allows an enormous amount of complementary data to be obtained from the same
biopsy sample that is used for measurements of mitochondrial function. In addition, we have
recently described a novel methodology to measure synthesis rates of individual skeletal
muscle mitochondrial proteins that offers an opportunity to determine the translational
efficiency of gene transcripts (Jaleel et al., 2008). Together, these methods permit
comprehensive investigation of mitochondrial function and various molecular and cellular
mechanisms that underlie mitochondrial changes with aging, disease, and physical activity.

Historically, the maximal activities of key mitochondrial enzymes have been widely used as
indices of mitochondrial oxidative capacity (Wicks and Hood, 1991;Rooyackers et al.,
1996;Houmard et al., 1998). Citrate synthase is a common matrix enzyme marker, while
succinate dehydrogenase and cytochrome ¢ oxidase are frequently measured as representative
enzymes from the inner mitochondrial membrane. Since only small amounts of previously
frozen tissue are required, spectrophotometric-based enzyme activity assays are well-suited
for human studies where tissue quantities are limited. Although it is not unreasonable to relate
maximal activities of these marker enzymes to mitochondrial oxidative capacity, it is unlikely
that a single enzyme can accurately reflect the collective function of an organelle as complex
as the mitochondrion. Thus, there is a critical need to implement more direct functional
measurements of mitochondrial function and oxidative capacity. Measurement of oxygen
consumption in isolated mitochondria, pioneered by Britton Chance over 50 years ago (Chance
and Williams, 1956), has long been used to assess function of freshly isolated mitochondria.
Accurate respiration measurements using conventional respirometers necessitated large
quantities of tissue, limiting its practicality for routine human studies. However, recent
technological advances in the field of high-resolution respirometry allow these types of
measurements using very small amounts of sample (Haller et al., 1994;Gnaiger, 2001),
permitting investigators to obtain a wealth of information regarding mitochondrial function
from small amounts of human biopsy tissue. In addition to respiration-based measurements, it
is also possible to assess mitochondrial function by measuring synthesis of ATP, the ultimate
end-product of oxidative phosphorylation. The ability to measure ATP production in freshly
isolated intact mitochondria offers an alternative approach for assessing mitochondrial function
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that provides distinct, complementary information to traditional measurements of oxygen
consumption. By exploiting a photon-emitting reaction involving ATP, luciferin, and firefly
luciferase, it is possible to quantify the rates of ATP production under various conditions.

For many years luciferase-based measurements of skeletal muscle mitochondrial ATP
production rates (MAPR) have become an integral part of studies in our laboratory. We have
applied this method to demonstrate an age-related decline in mitochondrial oxidative capacity
(Shortetal., 2005) and the absence of this trend in individuals who engage in chronic endurance
exercise (Lanza et al., 2008). Using this technique, we have observed paradoxically elevated
MAPR in Asian Indian individuals in spite of stark insulin resistance compared to people of
northern European descent (Nair et al., 2008). To help elucidate the controversial relationship
between insulin resistance and mitochondrial function, we have demonstrated that insulin
stimulates MAPR in healthy controls but not in insulin resistant individuals (Stump et al.,
2003). These studies point to insulin as a key regulator of mitochondrial function and impaired
insulin signaling as a potential mechanism by which mitochondrial dysfunction manifests in
insulin resistant people (Asmann et al., 2006). This chapter describes methodology for
assessing the function of mitochondria isolated from skeletal muscle, with particular attention
to the procedures for isolating mitochondria from skeletal muscle samples, a luciferase-based
bioluminescent measurement of mitochondrial ATP production, and mitochondrial oxygen
consumption measurements using high-resolution respirometry. Although we describe the
detailed procedures for functional measurements in isolated mitochondria from skeletal
muscle, similar approaches with relatively minor modifications could be applied to investigate
other tissues such as liver, adipose, kidney, heart, brain, permeabilized fibers, and cell culture.

Mitochondrial isolation procedures

Skeletal muscle contains two distinct populations of mitochondria (Cogswell et al., 1993).
Subsarcolemmal mitochondria (~20% of total mitochondrial content) are defined as those
within 2 micron from the sarcolemma, often densely clustered in the proximity of nuclei and
easily liberated by gentle, mechanical homogenization (Elander et al., 1985). Intermyofibrillar
mitochondria (~80% of total mitochondria) are imbedded amongst the contractile machinery
and are best liberated by softening the tissue with proteolytic enzymes prior to homogenization
(Elander et al., 1985). Improper use of proteolytic enzymes may potentially damage
mitochondria, however careful restriction of proteolytic action prevents damage to the
organelles while effectively liberating the organelles from contractile machinery. The two
populations appear to supply ATP exclusively to their respective subcellular regions with
subsacolemmal mitochondria supplying ATP to the membrane ion and substrate transporters
and intramyofibrillar mitochondria supplying ATP primarily to myosin ATPases (Hood,
2001). Furthermore, subsarcolemmal mitochondria have been shown to be more sensitive to
changes induced by exercise and disuse (Hood, 2001) and more susceptible to the detrimental
effects of aging, type 2 diabetes and obesity (Ritov et al., 2005;Menshikova et al., 2005). The
possibility that distinct mitochondrial populations may be affected in different ways by aging
and physical activity has prompted some groups to develop methods for isolating distinct
mitochondrial fractions (Krieger et al., 1980;Ritov et al., 2005;Menshikova et al., 2006).
Muscle tissue is crudely homogenized and to liberate subsarcolemmal mitochondria, which
are separated by centrifugation. The remaining intermyofibrillar components are liberated by
amore aggressive procedure involving protease or a potassium chloride buffer, which partially
dissolves myosin. This approach is complicated by uncertain purity of each isolated fraction
and the potential for compromised integrity of the mitochondria. Since our group is interested
in characterizing the entire population of skeletal muscle mitochondria regardless of cellular
location, we employ an isolation procedure to maximize the yield of both subsarcolemmal and
intramyofibrillar mitochondria. A high fractional yield typically requires harsh
homogenization methods that often damage the organelles. In contrast, gentle homogenizing
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procedures preserves the integrity of the outer membrane at the expense of lower yield. To
optimize both yield and integrity, our isolation methods are largely based on the careful work
of Rasmussen and colleagues (Rasmussen et al., 1997a;Rasmussen and Rasmussen, 1997b)
who have extensively published on this topic.

Tissue homogenization

Human muscle tissue is obtained from the vastus lateralis muscle using a modified Bergstrom
needle under suction (Edwards et al., 1980;Nair et al., 1988). 50-100 mg of muscle tissue is
immediately transferred to gauze soaked in ice-cold saline for the short transport (<3 min) from
the patient room to the laboratory. An illustration of the homogenization procedure is shown
in figure 2 to accompany the following description. The tissue is trimmed of any obvious fat
and connective tissue, blotted with gauze, and weighed before transfer to an ice-cold glass Petri
dish with 1-2 ml of cold homogenization buffer. The homogenization buffer (buffer A) contains
100 mM KCI, 50 mM tris, 5 mM MgCl,, 1.8 mM ATP, and 1 mM EDTA, which is mixed in
large batches, adjusted to pH 7.2, and frozen in 10 ml aliquots. Muscle tissue is cut into small
pieces (~1 mm3) using a scalpel and sharp forceps. A glass Pasteur pipette is used to carefully
draw off buffer, and the minced tissue is incubated for 2 minutes in 1 ml of protease medium
(1 ml buffer A +5.66 mg protease from Bacillus licheniformis, 10.6 U/mg) to effectively disrupt
the muscle cells with negligible damage to mitochondria (Rasmussen et al., 1997a). Following
the protease treatment, the tissue is immediately washed twice with 3 ml of buffer A to dilute
and rinse away the protease to avoid excessive tissue breakdown and damage to mitochondria.
Any excess buffer is drawn off before transferring tissue to an ice-cold 5 ml homogenizing
vessel with 4 ml of buffer A. Custom-made glass Potter-Elvehjem tissue grinders (Kimble /
Kontes, Vineland, NJ) with 0.3 mm clearance between the outer diameter of the pestle and
inner diameter of the vessel are ideal for gentle yet effective liberation of both subsarcolemmal
and intramyofibrillar mitochondria (Rasmussen et al., 1997a). Although various custom-built
motor-driven homogenizer units have been described in the literature, we favor a commercially
available homogenizer (Potter S, Sartorius AG, Goettingen, Germany) that is well-suited for
mitochondrial isolation. Precise alignment between the plunger and homogenizer vessel
minimizes grinding. An integrated cooling vessel allows chilled water to circulate without
losing the ability to visually monitor the tissue. Variable rotation speed and careful manual
control of the vertical action of the plunger allows the homogenization procedure to be carefully
controlled. As extensively discussed (Rasmussen et al., 1997a), these are all key factors that
are essential to successful isolation of mitochondria with high yield and integrity. The tissue
is homogenized at 150 rpm for 10 minutes with slow vertical plunger movements (~5 cm in
30 seconds) to minimize the annular flow shear forces that are known to damage the
mitochondrial membranes (Rasmussen etal., 1997a). The tissue is carefully monitored through
the clear walls of the cooling vessel during the intitial 30-60 seconds of homogenizing where
short pestle strokes are used to fragment the bulk of the tissue. Thereafter, the pestle is only
momentarily paused at the bottom of the vessel with each vertical plunge to break up any
remaining pieces of tissue that settle to the bottom.

Separation of mitochondria by differential centrifugation

The small size of mitochondria compared to other components of the muscle homogenate allow
separation by differential centrifugation. Myofibrillar components form a pellet at low speed
centrifugation, whereas sedemintation of mitochondria requires greater centrifugal force. The
homogenate is transferred from the homogenizer vessel into 1.5 ml microcentrifuge tubes that
have been chilled in an ice bath. Conical, tapered tubes are preferable as they are well-suited
to forming pellets that are easily separated from the supernatant. All centrifugation steps are

performed at 3-4°C using a microcentrifuge (Eppendorf 5417, Westbury, NY). In the absence
of atemperature-controlled environment for the centrifuge, Rasmussen and colleagues describe
a clever method for centrifugation of “tip-tubes” in individual ice baths (Rasmussen et al.,
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1997a). The tubes are centrifuged at low speed (720 g) for 5 minutes to pellet the myofibrillar
components, which are frozen for later analysis to determine the homogenization efficiency
(described below). The supernatant containing the mitochondrial fraction is transferred to
clean, chilled microcentrifuge tubes and centrifuged at 10,0009 for 5 minutes to pellet
mitochondria. The supernatant is carefully drawn away using a glass Pasteur pipette to avoid
disturbing the mitochondrial pellet. The pellets from each tube are combined and resuspended
in 1 ml of buffer A by gentle stirring and pipetting. A second high-speed centrifugation is
performed at 9,000 g for 5 minutes. The supernatant is discarded and the pellet is gently
resuspended in a buffer containing 225 mM sucrose, 44 mM KH,PO,4, 12.5 mM Mg acetate,
and 6 mM EDTA (buffer B) (Wibom and Hultman, 1990) at a volume of 4 ul of buffer per
milligram of muscle tissue, which can be stored on ice for up to 1 hour without any noticeable
loss of function. For longer-term storage, mitochondria are suspended in a buffer containing
0.5 mM EGTA, 3mM MgCl,*6H,0, 60 mM potassium lactobionate, 20 mM taurine, 10 mM
KH,POy4, 20 mM HEPES, 110 mM Sucrose, 1 g/l fatty acid free BSA, 20 mM histidine, 20
uM vitamin E succinate, 3 mM glutathione, 1 uM leupeptine, 2 mM glutamate, 2 mM malate,
and 2mM Mg-ATP (MiPO2, Oroboros, Innsbruck, Austria). Experiments in our lab have found
that the function of isolated mitochondria remains unchanged up to 18 hours following
homogenization when stored in this buffer at 4°C.

Mitochondrial yield and integrity

The fractional yield (i.e., efficiency) of the homogenization procedure is determined by
measuring the mitochondrial marker enzyme citrate synthase remaining in the myofibrillar
fraction following the homogenization procedure (Rasmussen et al., 1997a). The previously
frozen myofibrillar pellet from the initial low-speed centrifugation is thawed and vigorously
homogenized using a tight-fitting tissue grinder to liberate any mitochondria that were not
released during the initial homogenization. Homogenization is performed in a buffer containing
20 mM HEPES, 1 mM EDTA, 250 mM sucrose, and 0.1% Triton X-100 to liberate enzymes.
Citrate synthase activity is measured spectrophotometrically based on the absorption at 412
nm by the product thionitrobenzoic acid (TNB), which, in the presence of saturating
concentrations of substrates acetyl-CoA, oxaloacetate, and dithionitrobenzoic acid (DNTB),
is a function of the activity of citrate synthase according to the following 2 step reaction (Sere,
1969):

Acetyl-CoA + oxaloacetate + H,O — citrate + COA
CoA + DTNB — TNB + CoA-TNB

The homogenization yield is determined by expressing citrate synthase measured in the
mitochondrial fraction as a percentage of the total homogenate (myofibrillar fraction +
mitochondrial fraction) (Rasmussen et al., 1997a). This homogenization method results in
yields of 40-50% (Rasmussen et al., 1997a;Rasmussen et al., 1997b).

Mitochondrial integrity is an important consideration when assessing the function of isolated
mitochondria. The outer membrane is easily damaged during homogenization procedures, in
which case cytochrome ¢ would exit into the buffer and become rate limiting to oxygen
consumption and ATP synthesis. We have confirmed the integrity and function of our
mitochondrial preparations in two ways. First a polarographic oxygen electrode (Oxygraph
2K, Oroboros Instruments, Innsbruck, Austria) is often used to measure respiration with serial
additions of 10 mM glutamate and 2 mM malate (state 2), 2.5 mM ADP (state 3), and 10 uM
cytochrome c, as shown in Figure 3. Respiratory control ratios (state 3:state 4) greater than 8
have been routinely observed, characteristic of high mitochondrial integrity. Furthermore,
exogenous cytochrome ¢ does not enhance mitochondrial respiration in these preparations,
indicating minimal damage to the outer mitochondrial membrane during isolation procedures.
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A typical example of a preparation with compromised mitochondrial integrity, reflected by
enhanced respiration with exogenous cytochrome c is shown in Panel A of Figure 3. Panel B
illustrates the absence of cytochrome c-stimulated respiration in a mitochondrial preparation
with high integrity. The inner mitochondrial membrane is impermeable to NADH, allowing
inner membrane integrity to be assessed from the increment in the rate of oxygen consumption
in the presense of 2.8 mM NADH (Puchowicz et al., 2004). Alternatively, mitochondrial
integrity may be assessed by measuring citrate synthase activity in isolated mitochondria before
and after membrane disruption by freeze-thaw cycles and extraction of enzyme by Triton
X-100. Citrate synthase activity is measured using standard spectrophotometric techniques, as
described above. Consistent with the polarographic-based cytochrome c test, we typically find
that mitochondrial preparations are 90-95% intact (Asmann et al., 2006).

Mitochondrial ATP production

Principles of the bioluminescent approach

Luciferase from the firefly Photinus pyralis catalyzes a 2-step reaction that oxidizes luciferin
in an ATP-dependent reaction that generates a light signal in proportion to ATP concentration
(DeLuca and McElroy, 1974):

luciferin + ATP — luciferyl adenylate + PPi
luciferyl adenylate + O, — oxyluciferin + AMP + light

In nature, these insects use bioluminescence to attract mates. In the laboratory, recombinant
luciferase is a powerful analytical tool that can be used to quantify ATP using a luminometer,
provided that ATP is the limiting substrate in the reaction (Lundin and Thore, 1975). Since
isolated mitochondria respire and generate ATP when provided with appropriate substrates in
vitro, it is possible to use a luciferase-based bioluminescent approach to measure the rates of
ATP synthesis. Our technique is built on the pioneering methods of Wibom and colleagues
who first demonstrated that mitochondrial ATP production could be measured in small amounts
of human muscle biopsy tissue (Wibom et al., 1990).

A microplate luminimeter (Veritas, Turner Biosystems) with a highly sensitive photon-
counting photomultiplier tube is used to measure bioluminescence from samples in a 96-well
plate format (Costar 3912, Corning Life Sciences). A 50 mg muscle sample will yield 200yl
of mitochondrial suspension with protein concentrations ranging from 2-5 ug/ul, depending
on species and muscle phenotype. A working dilution of 40 pl mitochondrial suspension to
1000 pl buffer B is used for measuring ATP production rates. Since reliable measurements can
be achieved with very small amounts of mitochondrial protein (<4ug), it is possible to perform
measurements under a variety of conditions in triplicate to take full advantage of the 96-well
plate format. Different combinations of substrates and inhibitors permit assessment of the
capacity of distinct respiratory chain complexes and different pathways that generate electron
flow into the mitochondrial electron transport system, as illustrated in figure 1. The substrate
combination of glutamate and malate (GM) provides carbon sources for dehydrogenase
reactions in the tricarboxylic acid cycle that generate NADH which is subsequently oxidized
by complex | (NADH dehydrogenase). Furthermore, since malate is in equilibrium with
fumarate, high malate concentrations will result in product-inhibition of the succinate
dehydrogenase reaction, which would otherwise provide direct electron flow into the quinone
pool through FADH,. Thus addition of high concentrations of glutamate and malate provides
an opportunity to assess the capacity for ATP production with electron flow exclusively
through complex I. Similarly, it is possible to assess complex Il (succinate dehydrogenase)
function in the presence of the substrate succinate and rotenone (SR). By selectively inhibiting
complex I, rotenone induces a redox shift that effectively inhibits all of the NADH-linked
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dehydrogenases in the TCA cycle. Thus, in the presence of rotenone, succinate selectively
stimulates electron flow through complex I1. ATP production as a result of fatty acid p-
oxidation can be assessed using the substrates palmitoyl carnitine and malate (PCM), which
provide electron flow through electron-transferring flavoprotein. Finally, a combination of
pyruvate, palmitoyl-I-carnitine, a-ketoglutarate and malate (PPKM) provides an index of the
additive effects of convergent electron flow from multiple sites along the electron transport
system. ADP is a potent regulator of mitochondrial ATP synthesis, both as a substrate and
through allosteric enzyme regulation. When ADP is added in saturating concentrations in
combination with other substrates, it becomes possible to assess oxidative capacity (state 3)
through distinct complexes that shuttle electrons into the Q junction.

Preparation of substrates and ADP

Stock solutions of substrate/inhibitor combinations of GM, SR, PCM, and PPKM are prepared
in advance and stored at -20° in small aliquots. With the exception of rotenone, which is
dissolved in 50% ethanol, all substrate solutions are made using ultra pure water (Milli-Q,
Millipore). The final volume of each well containing substrates (25 ul), ADP (25 ul), sample
(25 pl), and luciferin-luciferase reagent (175 pl) is 250 pl. Final concentrations of substrates
in each well are as follows:

GM: 10mM glutamate + 5 mM malate

SR: 20 mM succinate + 0.1 mM rotenone

PCM: 0.05 mM palmitoyl-L-carnitine + 2 mM malate
PPKM: 1 mM pyruvate + 0.05 mM palmitoyl-L-carnitine
+ 10 mM a-ketoglutarate + 1 mM malate

A 10mM stock solution of ADP gives a final concentration of 1mM in each well. Since the
ADP concentration required to elicit half-maximal respiration (Ky,) is 10-30 uM in isolated
mitochondria (Slater and Holton, 1953;Chance and Williams, 1955), 1 mM ADP is sufficiently
high to induce state 3 in the presence of substrates and oxygen. Commercially available ADP
is approximately 95% pure with up to 3% contamination with ATP. Even this small ATP
contamination substantially increases the background bioluminescence signal and confounds
the measurement of mitochondrial ATP levels that are orders of magnitude lower. Therefore,
ADP stock solutions must be depleted of ATP, which can be done using high-performance
liquid chromatography or enzymatically. The hexokinase reaction can be exploited to
enzymatically deplete ATP from ADP stock (Mahaut-Smith et al., 2000) according to the
following reaction:

hexokinase

glucose+ATP ———— glucose—6—phosphate+ADP

A 10 mM solution of ADP in tris acetate buffer (20 mM tris acetate, 0.2 mM Mg acetate) is
incubated for 1 hour at 37°C with 22 mM glucose and 3 U/ml hexokinase. By phosphorylating
glucose at the expense of ATP, this reaction effectively depletes ATP from the solution. The
solution is then heated to 99°C for 3 minutes to deactivate hexokinase. Lyophilized firefly
luciferin-luciferase reagent is commercially available (BioThema 11-501-M) and reconstituted
according to the manufacturer's instructions.

Running the experiment and quantitation of ATP

Substrates and sample are added to the wells in triplicate, and the plate is loaded into the
luminometer. Luciferase reagent and ADP are added to the wells using programmable injectors
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that are integrated into the luminometer system. A basic macro controls the volume, timing,
and which wells receive the injections. Immediately following the injections, a light reading
is taken from each well with a 2 s integration time. Measurements are repeated 7 times on each
well with 6 minutes between subsequent readings. Light units are converted to ATP
concentration using second-order polynomial equations derived from a series of ATP standard
curves that are run on the same plate (Figure 4). Eight ATP standards ranging from 0.1 to 50
uM are measured in duplicate for each combination of substrates. It is necessary to generate
an independent standard curve for each substrate condition as some substrate combinations
may interfere with the activity of luciferase or block a portion of the bioluminescence signal
from being detected by the luminometer. Since the standard curves are being measured under
conditions identical to wells containing functional mitochondria, there is no need to account
for background signal.

ATP synthesis rates are calculated for each substrate combination using values obtained over
the seven measurement cycles. ATP concentration is plotted as a function of time and the
overall rate of ATP synthesis is determined as the linear slope through all seven data points
(Figure 5). The ATP synthesis rates are commonly normalized using a denominator that allows
direct comparison across groups or conditions. For example expressing rates per tissue wet
weight is ideal if an investigator wishes to assess oxidative capacity per unit muscle mass,
regardless of potential differences in mitochondrial content. Normalizing to citrate synthase
activity, mitochondrial protein content, or mitochondrial DNA copy number accounts for
differences in mitochondrial content and provides an index of the inherent mitochondrial
properties, independent of differences in tissue mitochondrial content.

Mitochondrial DNA abundance is measured using real-time quantitative PCR using primer-
probe sequences for two marker genes in mitochondrial DNA. A QlAamp DNA mini kit
(QIAGEN, Chatworth, CA) is used to extract DNA from frozen muscle samples. The
abundance of two marker genes NADH dehydrogenase subunits 1 and 4 are measured using a
PCR system (PE Biosystems, Foster City, CA). Samples are run in duplicate and normalized
to 28S ribosomal DNA (Short et al., 2005;Lanza et al., 2008). Mitochondrial protein
concentration is measured using a colorometric assay (Bio-Rad DC Protein Assay) using a
microplate spectrophotometer. There are numerous other measurements that can be performed
using frozen tissue that will complement the information obtained from freshly isolated
mitochondria. These methods include, but are certainly not limited to, histological analysis,
maximal enzyme activities, mMRNA expression of nuclear-encoded mitochondrial proteins,
protein expression of both nuclear and mitochondrial-encoded proteins, and electron
microscopy-based mitochondrial determinations. When combined with functional assessment
of freshly isolated mitochondria described below, these methods provide a wealth of
complementary mechanistic information.

Mitochondrial respiration

Overview

Oxygen in solution can be measured polarographically with a Clark-type oxygen electrode.
Clark electrodes have gold or platinum cathodes and silver or silver/silver chloride anodes,
which are connected by a salt bridge and covered by an oxygen-permeable membrane. As
oxygen diffuses across the membrane, it is reduced by a fixed voltage between the cathode and
anode which generates current in proportion to the concentration of oxygen in solution. By
calibrating the voltage with known oxygen concentrations, it is possible to measure the rate of
oxygen consumption in a medium containing actively respiring mitochondria. Since reduction
of oxygen is acritical step in the process of mitochondrial electron transport and ATP synthesis,
measurement of mitochondrial oxygen consumption provides a convenient way to assess
mitochondrial function. Although numerous Clark electrode systems are commercially
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available, our group favors the system manufactured by Oroboros Instruments (Innsbruck,
Austria). The combination of twin-2 ml chambers with large (2 mm diameter) cathodes results
in high signal-to-noise and very low signal drift. Furthermore, careful choice of inert materials
for the chambers, stoppers, and stir bars results in residual oxygen diffusion of less than 2 pmol/
s/ml at a PO, of zero. The sample chambers are housed in an insulated copper block with
precise temperature control by Peltier themopiles. This system enables high-resolution
measurements of oxygen consumption with very small amounts of tissue (1 mg permeabilized
muscle fibers, 0.01mg mitochondrial protein) with a limit of detection of 0.5 pmol/s/ml at
steady-state over 5 minutes (Gnaiger, 2001).

An oxygraph protocol for mitochondrial assessment

A 2 ml oxygraph (Oxygraph-2k; Oroboros) chamber is washed with 70% ethanol, rinsed 3
times with distilled water, then filled with respiration medium containing 0.5 mM EGTA, 3
mM MgCl,*6H,0, 60 mM potassium lactobionate, 20 mM taurine, 10 mM KH,POy, 20 mM
HEPES, 110 mM Sucrose, and 1 g/l fatty acid free BSA. (MiR05; Oroboros, Innsbruck,
Austria). The chamber is allowed to equilibrate with an ambient gas phase at 37°C with a stirrer
speed of 750 rpm for >30 minutes to allow air saturation of the respiration medium.
Mitochondria are isolated as described above, a 90 pl aliquot of the mitochondrial suspension
containing approximately 300 ug mitochondrial protein is added to the chamber. The
polyvinylidene fluoride stopper is inserted to generate a closed system with a final volume of
2 ml. Oxygen concentration is recorded at 0.5hz and converted from voltage to oxygen
concentration using a two-point calibration. Respiration rates (O, flux) are calculated as the
negative time derivative of oxygen concentration (Datlab Version 4.2.1.50, Oroboros
Instruments). The O, flux values are corrected for the small amount of back-diffusion of oxygen
from materials within the chamber, any leak of oxygen from outside of the vessel, and oxygen
consumed by the polarographic electrode. Detailed description of standardized instrumental
and chemical calibrations is beyond the scope of this chapter and is discussed in detail
elsewhere (Gnaiger, 2001). A protocol involving serial additions of various substrates,
inhibitors, and uncouplers allows comprehensive assessment of mitochondrial function as
shown in Figure 6 and the corresponding stepwise description below:

1. Equilibration with ambient oxygen. Oxygen concentration is measured while in
equilibration with a gas phase for air saturation

2. Baseline respiration. An aliquot of mitochondrial suspension is added to the chamber,
the stopper is closed, and respiration is measured in the absence of exogenous
substrates.

3. State 2 respiration. Glutamate (10 mM) and malate (2 mM) are injected through a
small capillary tube in the chamber stopper using Hamilton syringes. In the absence
of adanylates, oxygen consumption with GM reflects state 2 respiration specific to
complex I.

4. ADP pulse titration. Small pulses of ADP below saturation levels (15 uM) are used
to transiently stimulate respiration above state 2. Integration of oxygen flux over the
duration of the peak allows quantitation of oxygen consumed per unit of ADP
phosphorylated (i.e., ATP/O flux ratio). This approach for measuring mitochondrial
phosphorylation efficiency, as well as the use of ADP-injection respirometry is
described in detail by Gnaiger and colleagues (Gnaiger et al., 2000).

5. State 3 respiration (complex ). ADP is added at a saturating level (2.5 mM) to
maximally stimulate respiration in the presence of glutamate and malate.

6. Outer mitochondrial membrane integrity. Mitochondrial integrity may become
compromised during isolation procedures, resulting in damage to the outer membrane
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and release of cytochrome c, which then becomes a limiting factor in mitochondrial
respiration. Since cytochrome c cannot penetrate an intact outer mitochondrial
membrane, addition of exogenous cytochrome c is a convenient qualitative
confirmation of mitochondrial integrity as a quality control measure (Gnaiger and
Kuznetsov, 2002;Puchowicz et al., 2004). The absence of a stimulatory effect of
cytochrome ¢ on O» flux rates is indicative of a high quality preparation.

7. State 3 respiration (complex | + 1I). The addition of 10 mM succinate stimulates
respiration above GM-stimulated state 3 since succinate provides additional electron
flow through complex II.

8. State 3 respiration (complex I1). Subsequent addition of 0.5 uM rotenone inhibits
complex I. Under these conditions, electron input to complex | is eliminated,
providing an index of state 3 respiration through complex 11 exclusively.

9. State 4 respiration. The addition of oligomycin (2 pg/pl) inhibits the Fo unit of ATP
synthase and induces state 4 respiration by blocking the proton channel and effectively
eliminating ATP synthesis. The residual oxygen consumption in the absence of ADP
phosphorylation is attributable to proton leak across the inner mitochondrial
membrane. Thus, oligomycin inhibited respiration serves as an indicator of the degree
of uncoupled respiration or proton leak under these conditions.

10. Uncoupled respiration. Stepwise titration of the protonophore carbonylcyanide-4-
(trifluoromethoxy)-phenylhydrazone (FCCP; 0.05 mM titrations) induces an
uncoupled state by dissipating the proton gradient across the inner mitochondrial
membrane. Under these conditions, mitochondrial oxidative capacity through
complex Il can be determined in the absence of the potential control exerted by ATP
synthase, adenine nucleotide translocase, or phosphate transporters. Increments in
O, flux above state 3 respiration with rotenone is indicative of a limitation in
respiratory capacity by ATP synthase, adenine nucleotide translocases, or phosphate
transporters.

11. Non-mitochondrial respiration. Antimycin A is added at a concentration of 2.5 uM
to inhibit cytochrome bcy complex (complex I11). By inhibiting the reduction of
cytochrome c, antimycin A allows non-mitochondrial respiration to be measured.

Respiration rates are measured for each condition by an average value of the oxygen flux within
a region of stable, consistent oxygen consumption (Figure 5, bottom panel). Respiration rates
are then normalized to the amount of mitochondrial protein to allow comparison across groups
or conditions without the confounding influence of differences in the amount of mitochondria
loaded into the chamber. A standardized, step-wise protocol such as this allows an enormous
amount of information to be obtained from a relatively small sample. Although this chapter is
focused on measurements using isolated mitochondria, there are numerous excellent references
that describe the application of high-resolution respirometry to cultured cells and permeabilized
muscle fibers (Kay et al., 2000;Stadlmann et al., 2006;Boushel et al., 2007).

The function and capacity of intact mitochondria isolated from small amounts of tissue can be
objectively determined using polarographic-based measurements of oxygen consumption and
luciferase-based bioluminescent measurements of ATP synthesis. Careful selection of
substrate combinations and inhibitors enable quantitative measurement of mitochondrial
function in various energetic states, oxidative capacity with electron flow through distinct
complexes, coupling of oxygen consumption to ATP production, and membrane integrity.
These methods provide direct assessment of the function of the organelle in its entirety, as
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opposed to inferences made from maximal activities of single enzymes. These techniques have
wide applicability in both human and animal research and cell culture experiments.

A limitation of the described bioluminescent and polarographic-based measures of
mitochondrial function is that the isolated mitochondria are typically exposed to non-
physiological conditions. First, isolated mitochondria in vitro are exposed to oxygen
concentrations that are much higher than what is present in the cellular microenvironment in
vivo. Furthermore, respiration and ATP synthesis rates are measured in response to substrate
and ADP concentrations that are saturating and dramatically exceed levels that are endogenous
to the cell. Thus, a strength of measuring mitochondrial function in intact muscle fibers or from
organisms in vivo is that all circulatory and regulatory systems are intact. Notwithstanding, in
vitro measurements from isolated mitochondria permit detailed assessment of the capacity and
function of mitochondria, independent of the influence of external variables such as blood flow,
oxygen or substrate delivery, or mitochondrial volume density. Furthermore, measurements
conducted in isolated mitochondria have the distinct advantage of providing information
relevant to the function of distinct components of the electron transport system. Ideally, both
in vitro and in vivo methodologies would be used in concert to assess mitochondrial function
at the level of the intact organism as well as the individual constituents of the mitochondrial
machinery responsible for generating ATP
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Figure 1. Overview of mitochondrial oxidative phosphorylation. P

hosphorylation of ADP to ATP at complex V (ATP synthase) is driven by a proton gradient
across the inner mitochondrial membrane. Oxidation of carbon substrates in the tricarboxylic
acid (TCA) cycle generates reducing equivalents that subsequently provide electron flow to
the electron transport system. Electrons are transferred from NADH through complex | (NADH
dehydrogenase) and oxidation of succinate by complex Il (succinate dehydrogenase). Electron
flow from other sources such as electron transferring flavoprotein is not shown.

Methods Enzymol. Author manuscript; available in PMC 2009 November 25.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnue\ Joyiny Vd-HIN

Lanza and Nair Page 15

Forceps and Draw off
scalpel 4 liquid, wash ol
= Protease
' (2 min)
f ) I'-f —
= @ =% Decant ’ )
omogenize
ST g
] T
e
éii
Transfer
homogenate
) 0 e
3 —
Draw off
supernatant
4
Spin at Myafibrillar fraction,
10,000 freeze for cs assay
Discard Combine pellets Spin at Discard Fi
. nal resuspension
supernatant and resuspend 9.000g supernatant of mitochondria
R R S R

Figure 2. Tissue homogenization and isolation of mitochondria

40-100 mg of muscle tissue is placed on an ice-cooled Petri dish and finely minced with forceps
and scalpel. A 2-minute protease incubation is used to soften the tissue to help liberate
mitochondria that are tightly bound to the contractile filaments. The protease is removed by
diluting and washing with buffer. An all glass Potter-Elvehjem tissue grinder (0.3 mm
clearance) is used to gently homogenize the tissue in an ice bath. The mitochondria are isolated
by differential centrifugation. A low speed spin first removed the myofibrillar portion. A series
of two high speed spins generates a mitochondrial pellet, which is resuspended in buffer for
functional measurements.
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Figure 3. Testing the integrity of the outer mitochondrial membrane

Oxygen concentration (grey line) and respiration rate (black line) measured using a
polarographic oxygen electrode. Respiration is stimulated by the addition of substrates
glutamate and malate (GM) and ADP to stimulate state 3 respiration. 10 uM cytochrome c is
added to assess outer membrane integrity. An increment in respiration with exogenous
cytochrome c is apparent if the outer mitochondrial membrane is damaged (panel A). Panel B
illustrates a preparation where membrane integrity is high.
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Figure 4. ATP standard curves

A series of known ATP standards from 0.1 to 50 uM are used to quantify of ATP synthesis
rates in isolated mitochondria. Individual standard curves for each substrate combination (GM:
mlutamate + malate, SR: succinate + rotenone, PCM: palmitoyl carnitine + malate, PPKM:
pyruvate + palmitoyl carnitine + a-ketoglutarate + malate) are generated by measuring light
production (relative light units) following the addition of the luciferin-luciferase reagent.
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Figure 5. ATP synthesis rates

Light units are measured at 7 time points for each substrate combination. Standard curves are
used to convert light units into ATP concentration. ATP concentration is plotted as a function
of time, of which the linear slope represents the rate of ATP production.

Methods Enzymol. Author manuscript; available in PMC 2009 November 25.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lanza and Nair

Page 19

E 200
°
£ 150
6
= 100
o
€
g 50
c
8
% 0
o
300 -
T 250 :
2 200 - :
o M
E 150 - :
% 100 -
~ 50 :
1) : L
0 ——————i— ‘ 1 ‘
0 20 40 60 80 100
Time (min)
300 -
T 250 -
2
g 200 1 - -
e
[0]
© 150 -
[y
S
E 100 -
&
g 50_
n'd
0 _ -
& N\ N N\ T v~
& ¢ @ X \Q;\ ® &
P L K L ¢ & ¢ &
e \O 006\ \OCY Q\ 0& 06 X
\eq' ij\ O & e;rb\ QQ’e> v
> @ N S
& ¥ %\q‘,@ &® 0(\00

Figure 6. High-resolution respirometry

Representative plots of oxygen concentration (top panel) and oxygen flux rate (bottom panel)
during a stepwise protocol designed for functional assessment of isolated mitochondria. 1) gas
phase equilibration, 2) baseline mitochondrial respiration, 3) substrates glutamate and malate
(state 2, complex 1), 4) submaximal ADP pulse for assessment of P:O, 5) saturating ADP (state
3, complex 1), 6) cytochrome ¢ (membrane integrity), 7) succinate (state 3 complex | + 11), 8)
rotenone (state 3 complex 1), 9) oligomycin (state 4), 10) FCCP (uncoupled respiration), 11)
antimycin A (background). Average rates of oxygen consumption for each condition are shown
in the bottom panel.
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