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Abstract Mitochondria are involved in generating more than 90 percent of cellular energy and are responsible for
many cellular processes such as metabolism, cell signalling, apoptosis and ageing. Currently, there are a number of
different experimental approaches employed to measure mitochondrial health and function. Here, we demonstrate a
novel approach that quantifies substrate induced mitochondrial respiration from Drosophila. This protocol is optimized
for mitochondria isolated from third instar larvae, and can also be used for mitochondria isolated from adult thoraces.
This procedure outlines how to perform high throughput and high resolution mitochondria specific measurements for
state I, state Ill, state IV respiration and residual oxygen consumption.
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BACKGROUND

The primary goal of this study is to develop a simple protocol that
can be used to determine the basic bioenergetics functions of mitochon-
dria isolated from Drosophila flies using the XF analyser (Seahorse
Bioscience). Previous publications have developed protocols for cell
lines [1,2] and mitochondria isolated from mouse muscle [3], mouse
liver [4] and mouse heart [5]. However, no high-throughput method has
been developed to measure the mitochondrial functions in Drosophila,
despite its common use as a disease model and genetic tool. A secondary
goal of this study is to compare the mitochondrial uncoupling agent
carbonyl cyanide-4-phenylhydrazone (FCCP) with (2-fluorophenyl)
{6-[(2-fluorophenyl)amino](1,2,5-oxadiazolo[3,4-¢]pyrazin-5-yl) }amine
(BAM 15). FCCP is the most commonly used uncoupling agent, which
can be cytotoxic in high concentration. In contrast, BAM1S is a new
uncoupling agent that does not depolarize the plasma membrane [6].

To date, two different experimental approaches have been employed
to measure mitochondrial health and function in flies. The traditional
Clark-type oxygen electrode is based on oxygen dissolved in liquid or
gas phase in the sample chamber and signal is detected by polarography
[7]. Clark-type oxygen electrodes have provided a wealth of informa-
tion but are limited in flexibility, sensitivity and throughput. A second
method utilizes the Oxygraph-2k (Oroboros) [8]. The Oxygraph-2K is
an advanced polarimeter that has two chambers for parallel measure-
ments. Its advantage is the oxygen leak from the instrument is reduced
and has increased detection sensitivity. However, throughput is low and
routine calibration of the instrument is required [9,10].

Here, we utilize the XF24 analyzer to measure mitochondrial func-
tion in Drosophila through determination of the oxygen consumption
rate (OCR). The Seahorse XF extracellular flux analyzer is based on
detection of OCR with oxygen-sensing fluorophores and extracellular
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acidification rate (ECAR) with pH sensor simultaneously in the same
population of intact cells or isolated mitochondria [11]. Seahorse XF
has specific strengths when compared to Oxygraph-2k. In comparison,
the Seahorse XF has higher throughput allowing for the simultaneous
assessment of multiple conditions and additional replicates. Addition-
ally, OCR and ECAR can be measured in parallel to determine the
mitochondrial respiration and glycolytic activity [11,12]. There are,
however, also disadvantages to the XF24. Importantly, the XF is less
flexible than the Oroborus where the user can inject sequential additions
of each substrate. Also, the current version of the XF can only operate
at a minimum of 7°C above ambient. To overcome this limitation we
placed the XF analyzer in a temperature-controlled incubator set to
15°C and conducted all assays at 23°C (though this can be modified
according to the user’s needs). A previous advantage of the Oroborus
was that it could assay mitochondrial functions in permeabilized fibers.
However, a recent technical note from Seahorse would appear to have
overcome this issue [13].

Here we outline a protocol optimized for mitochondrial extracts from
Drosophila melanogaster larvae, which can also be used in adults. In this
protocol, we assessed mitochondrial respiration by adding four injection
compounds. The basal respiration (State IT) is monitored before addition
of ADP. Basal respiration is controlled by proton leak and substrate ox-
idation. The respiration of state III was assessed by injection of ADP to
stimulate ATP turnover. State III respiration reflects OXPHOS activity
under saturated substrate, oxygen and ADP levels. State I1I respiration
can be terminated by adding the ATP synthase inhibitor oligomycin,
to obtain a state IVo rate. In the presence of oligomycin, respiration is
highly dependent on proton leak [2]. The injection of the uncoupling
agents BAM15 or FCCP re-establishes proton flux, and gives rise to
maximum capacity of ATP generation or oxygen consumption [6,14].
Finally, the residual oxygen consumption can be measured by injection of
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electron transport system (ETS) inhibitors rotenone/antimycin A. These
inhibitors will stop all respiration/oxygen consumption by preventing
the transfer of protons in the ETS. The mitochondrial respiratory con-
trol ratio (RCR) is calculated as state III/state II or state IIl/state IVo
(State II is used as “pseudo state IV’ measurement when oligomycin
is not injected). A high RCR implies that the mitochondria have a high
capacity for substrate oxidation and ATP turnover.

Table 1. XF instrument protocol for OCR measurement of isolated
mitochondria from Drosophila.

Command Time Port

Calibrate Probes - -

Mix Om 30s
Measure 4m Os
Mix Om 30s
Measure 4m Os
Mix Om 30s
Inject A - ADP
Mix Om 30s
Measure 10m Os
Mix Om 30s
Inject B - Oligomycin
Mix Om 30s
Measure 4m Os
Mix Om 30s
Inject C - BAM 15/ FCCP
Mix Om 30s
Measure 4m Os
Mix Om 30s
Inject D - Antimycin A + Rotenone
Mix Om 30s
Measure 4m Os
MATERIALS
Reagents

v" One-cc syringe filled with 5.0 cm? of cotton
v' Plastic microtube pestle (Dounce)

v Bradford reagent (Sigma B6916)
v" 1 mg/ml protein standard (Sigma P0914)
v' XF24 FluxPak (SeahorseBioscience, MA, USA)

NOTES: The XF24 FluxPak contains 18 XF24 extracellular
flux assay kits. Each assay kit contains one sensor cartridge,
one utility plate (for sensor cartridge calibration), and one lid.
The XF24 FluxPak includes 20 polystyrene XF cell culture
microplates for mitochondria seeding purpose and one bottle
of 500 ml of XF24 calibrant solution (pH7.4).

Recipes

v TIsolation buffer: 154 mM KCI, | mM EDTA, pH 7.4

v' Mitochondrial Assay Solution (MAS): 115 mM KCI (Sigma
P9333), 10 mM KH,PO, (Sigma P9791), 2 mM MgCl, (Sigma
M1028), 3 mM HEPES (Sigma H0887), ImM EGTA (Sigma
E4378), FA-free BSA 0.2% (A7511), adjust solution to pH 7.2
using 5 N KOH.

CAUTIONS: The presence of BSA in the MAS solution preserves
mitochondrial coupling. It is essential to have a concentration
0f 0.2% BSA in the MAS solution.

v Injection compounds: Port A: 2.5-20 mM ADP (Sigma A2754);
Port B: 40 uM Oligomycin (Sigma 04876); Port C: 2.5-320
uM BAM 15 (Tim Tec ST056388)/ 40—160 uM FCCP (Sigma
C2920); Port D: 20 uM Antimycin A (Sigma A8674) and Rote-
none (Sigma R8875).

TIPS: ADP can be prepared as 100 mM stock in MAS solu-
tion and adjusted to pH 7.2. Other injection compounds can be
prepared at 1000 x in DMSO and diluted to 10 x with MAS for
port loading. The final concentration in the well after injection
is 1 X concentration.

v" Complex I Assay Media: 11 mM Pyruvate (Sigma P2256), 11 mM
malate (Sigma M1000), 11 mM L-proline (Sigma P0380), pH 7.2.

TIPS: Pyruvate, malate and L- proline can be prepared as 100 mM
stock in MAS solution and adjusted to pH 7.2. The substrates can
then be diluted to the desired concentration (11 mM) with MAS.

Equipment
v" pH meter
v Eppendorf centrifuge 58 10R pre-cooled to 4°C
v' Plate reader (SpectraMax M3)
v" Non CO, incubator set to 15°C
v

XF24 Extracellular flux Analyzer (SeahorseBioscience, MA,
USA) with the run temperature set as appropriate (we used 23°C).

PROCEDURE

1. Mitochondrial isolation for Drosophila

1.1.  Collect 10 whole wandering third instar larvae and wash them in water and 70% ethanol (for this optimi-
zation we included males and females). Place them in 100 pl of ice-cold mitochondrial isolation buffer in

1.5 ml microcentrifuge tubes.
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1.2.  Gently homogenize the third instar larvae or thoraces with 80 strokes up and down with a plastic microtube
pestle.

CAUTION: Press dounce straight up and down without grinding. If a pellet forms during homogenization, release it
with a spatula or pipette tip and continue the process.
1.3.  Transfer the homogenate into a 1-cc syringe containing 200 pl of isolation buffer.
1.4. Force the homogenate through the cotton filter and collect in a new 1.5 ml microcentrifuge tube.
1.5.  Centrifuge the filtered homogenate at 1500 x g at 4°C for 8 min.
CAUTION: Centrifugation at a higher speed should be avoided as increasing the spin to 5000 x g results in mitochondria
with low respiration rates.
1.6. Remove and discard the cloudy supernatant, be careful not to disturb the pellet.
1.7.  Wash the pellet with 200 pl of mitochondrial isolation buffer and then resuspend in 20 pl of isolation buffer.
1.8.  Perform the Bradford assay according to the manufacturer’s instructions (Sigma B9616).
TIPS: We suggest 2 ul of mitochondrial stock be diluted with 10 pl of mitochondrial isolation buffer (1 to 6 dilutions)
to ensure the readings are within the standard curve range for Bradford assay.

2. Prepare the XF sensor cartridge

2.1.  The day before the assay, hydrate the XF sensor cartridge at 23°C overnight in XF calibration buffer.

NOTES: The assay was performed at 23°C and temperature is subjective to change based on the study design.

2.2.  On the day of assay, load the XF sensor cartridge injections port with injections compounds.
2.3.  Volume of compounds loaded in each port: Port A: 50 pul; Port B: 55 pl; Port C: 60 pul; Port D: 65 pl.
2.4.  Calibrate the sensor cartridge by following the XF instrument protocol (Table 1).

3. Preparation of mitochondrial complex I assay plate

3.1. Dilute the mitochondrial stock solution (obtained from step 1.7) with MAS to yield a final concentration
0f 0.02—-0.4 pg/ul.

TIPS: Due to the high concentration of mitochondria in the suspension, it is recommended that the mitochondria be first
mixed by gently pipetting, and then performing 1 to 6 dilutions with MAS to form a final volume of ~100pul (This addi-
tional step is subject to the mitochondrial stock concentration. E.g. a lower concentration of mitochondria may require 1
to 3 dilutions). This is then added to a larger volume to form the desired concentration.

3.2.  Pipette 50 pl of the diluted mitochondria into each well of XF cell culture microplate. E.g., 50 pl of diluted
mitochondria with 0.1, 0.2 and 0.4 pg/uL concentration will results in 5, 10 and 20 pg of total mitochondria
per well.

3.3.  Transfer 50 pul of MAS into each background correction wells.
3.4. Centrifuge the XF cell culture microplate at 2254 x g at 4°C for 20 min.

3.5. After centrifugation, visualize the mitochondria under the microscope using 20 X magnification. Make note
of any wells that do not have a “monolayer” of mitochondria adhered to the well bottom.

3.6.  Add450 pl of complex I assay media to each well and incubate the cell culture microplate at 23°C for 10 min.

NOTES: The assay was performed at 23°C and temperature is subjective to change based on the study design.

3.7. Subsequently, exchange the calibration plate with the cell culture microplate and follow the instructions
on the instrument controller to continue with XF instrument protocol (Table 1).

NOTES: The waiting step in Table 1 can be modified for a longer period if required.
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ANTICIPATED RESULTS

The typical microscopy image for the mitochondrial “monolayer” is
shown in Figure 1A. A typical graph of oxygen consumption rate for
Seahorse XF24 Extracellular Flux Analyzer is presented in Figure 1B.
The results reveal that mitochondrial states II and III OCR are linear
from 1.25 to 20 pg of mitochondrial protein (Fig. 1C). However, the
optimum RCR values can be obtained using 5 and 10 pg of mitochondria.
We recommend using 10 pg of mitochondria as the state II OCR falls
within the range 50 pmoles.min' < OCR < 200 pmoles.min'. For the
subsequent titration of the injection compounds, 10 pg of mitochondria

was used in all wells.

As shown in Figure 2A, the concentration of ADP is saturated at 1
mM concentration. ADP injection after 1 mM will not stimulate high-
er state III OCR. The optimum final well concentration for BAM 15
was 16 uM and for FCCP was 8 uM (Fig. 2B and C). Increasing the
concentration of BAM 15 above the saturation point had no effects on
maximum respiration. In contrast, an increase in FCCP above 8 pM
reduces the maximum respiration. The results indicate that FCCP is
cytotoxic to the mitochondria (above 8 pM) and higher concentrations
depolarize the mitochondrial membrane [6].

Figure 1. Optimization of mitochondrial concentration for oxygen consumption rate (OCR). A. Isolated mitochondria are visualized under the
microscope before and after experiment. The mitochondria appear as a monolayer at the base of the well. B. Oxygen consumption rate in pmoles.min-'.
The graph shown above is a typical plot obtained using the methods outlined in this protocol. The four injections are reported in blue. C. State Il and Il
respiration rates are linear from 1.25 to 20 pg of mitochondrial protein. The number above each data point represents the RCR value calculated by state
II/11 and state 1ll/IVo (value inside the bracket) for each mitochondrial concentration.

This protocol was originally optimized for mitochondria extracted
from third instar larvae. The optimized protocol for complex I mito-
chondrial respiration consists of 10 pg mitochondrial protein with the
following injection for each port, Port A: 10 mM ADP; Port B: 40 uM
oligomycin; Port C: 160 pM BAM 15 or 80 pM FCCP; Port D: 20 pM
rotenone and antimycin A. Subsequently, we have been successful in
applying this protocol to mitochondria extracted from adult thoraces
after reducing the mitochondrial concentration to 5 pg.

rﬁ
N

Following initial preliminary studies, this final protocol was optimized
in four steps (Mitochondrial concentration, ADP concentration, FCCP
concentration and BAM15 concentration) in four separate plates. Where
possible, we recommend researchers run each experimental treatment
with at least four biological replicates each with three pseudo-replicates.
Finally, to determine robustness of the method we replaced complex
I assay media with 11 mM of succinate (Sigma S2378) and 11 mM of
glycerol-3-phosphate (Sigma G7886). The basic protocol successfully

J Biol Methods | 2016 | Vol. 3(2) | e42

POL SCIENTIFIC



from mitochondria extracted from third instar larvae and complex
IT functions from mitochondria extracted from adult thoraces failed
suggesting a biological basis.

determined complex II functions from mitochondria extracted from third
instar larvae and complex III functions from mitochondria extracted
from adult thoraces, respectively. Intriguingly, complex III functions
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Figure 2. Optimization of injections. A. ADP is saturated at 1 mM concentration. B. BAM 15 is saturated at 16 pM and C. FCCP is saturated at 8 pM.

TROUBLESHOOTING

Table 2. Troubleshooting.

Tips for troubleshooting can be found in Table 2.

Step Problem Possible reason Solution

1.2 Isolated mitochondrial have a » Mitochondrial membrane was * Gently homogenize sample with straight up and down
low RCR value. disrupted during isolation. presses, without grinding.

» Mitochondria pellet not washed + Wash the mitochondria pellet twice.
thoroughly.

1.8 Protein concentration was too * The sample was diluted with « Dilute the sample with mitochondrial isolation buffer.
high in Bradford assay. MAS.

3.1 Low/high mitochondrial state Il » Mitochondria concentration » Adjusted concentration of mitochondria to 5-10 pg.
respiration was too low/high.

3.2 High variation of OCR between + Mitochondria were not properly + Mix the mitochondria solution by gently pipetting before

pseudo-replicate well.

mixed before pipetting.
The mitochondria was not
adhered to the well bottom.

loading into the well.

» Check the mitochondria under microscope and exclude
any wells that do not have a “monolayer” of mitochondria
adhered to the well bottom.

J Biol Methods | 2016 | Vol. 3(2) | e42

E@
N

POL SCIENTIFIC



Acknowledgments

We wish to acknowledge Australian Research Council Discovery
Project DP160102575 for funding. We thank Dr. Kyle Hoehn for his
advice. We also thank the constructive comments from three anony-
mous reviewers.

References

1. Scheibye-Knudsen M, Mitchell SJ, Fang EF, Iyama T, Ward T, et al. (2014) A
high-fat diet and NAD(+) activate Sirtl to rescue premature aging in cockayne
syndrome. Cell Metab 20: 840-855. doi: 10.1016/j.cmet.2014.10.005. PMID:
25440059

2. Brand MD, Nicholls DG (2011) Assessing mitochondrial dysfunction in cells.
Biochem J 435: 297-312. doi: 10.1042/BJ20110162. PMID: 21726199

3. Boutagy NE, Rogers GW, Pyne ES, Ali MM, Hulver MW, et al. (2015) Using
Isolated Mitochondria from Minimal Quantities of Mouse Skeletal Muscle
for High throughput Microplate Respiratory Measurements. J Vis Exp : doi:
10.3791/53216. PMID: 26555567

4.  Rogers GW, Brand MD, Petrosyan S, Ashok D, Elorza AA, et al. (2011) High
throughput microplate respiratory measurements using minimal quantities
of isolated mitochondria. PLoS One 6: 21746-10. doi: 10.1371/journal.
pone.0021746. PMID: 21799747

5. Das KC, Muniyappa H (2013) Age-dependent mitochondrial energy dynamics
in the mice heart: role of superoxide dismutase-2. Exp Gerontol 48: 947-959.
doi: 10.1016/j.exger.2013.06.002. PMID: 23806974

6. Kenwood BM, Weaver JL, Bajwa A, Poon IK, Byrne FL, et al. (2013)
Identification of a novel mitochondrial uncoupler that does not depolarize the
plasma membrane. Mol Metab 3: 114-123. doi: 10.1016/j.molmet.2013.11.005.
PMID: 24634817

O]

POL SCIENTIFIC

12.

Zhang J, Nuebel E, Wisidagama DRR, Setoguchi K, Hong JS, et al. (2012)
Measuring energy metabolism in cultured cells, including human pluripotent
stem cells and differentiated cells. Nat Protoc 7: 1068-1085. doi: 10.1038/
nprot.2012.048. PMID: 22576106

Joseph A, Adhihetty PJ, Buford TW, Wohlgemuth SE, Lees HA, et al. (2012)
The impact of aging on mitochondrial function and biogenesis pathways in
skeletal muscle of sedentary high- and low-functioning elderly individuals. Aging
Cell 11: 801-809. doi: 10.1111/j.1474-9726.2012.00844.x. PMID: 22681576

Kuznetsov AV, Veksler V, Gellerich FN, Saks V, Margreiter R, et al. (2008)
Analysis of mitochondrial function in situ in permeabilized muscle fibers, tissues
and cells. Nat Protoc 3: 965-976. doi: 10.1038/nprot.2008.61. PMID: 18536644

Pesta D, Gnaiger E (2012) High-resolution respirometry: OXPHOS protocols
for human cells and permeabilized fibers from small biopsies of human muscle.
Methods Mol Biol 810: 25-58. doi: 10.1007/978-1-61779-382-0 3. PMID:
22057559

WuM, Neilson A, Swift AL, Moran R, Tamagnine J, et al. (2006) Multiparameter
metabolic analysis reveals a close link between attenuated mitochondrial
bioenergetic function and enhanced glycolysis dependency in human tumor
cells. Am J Physiol Cell Physiol 292: 125-36. doi: 10.1152/ajpcell.00247.2006.
PMID: 16971499

Gerencser AA, Neilson A, Choi SW, Edman U, Yadava N, et al. (2009)
Quantitative microplate-based respirometry with correction for oxygen diffusion.
Anal Chem 81: 6868-6878. doi: 10.1021/ac900881z. PMID: 19555051
Schuh RA, Jackson KC, Khairallah RJ, Ward CW, Spangenburg EE (2011)
Measuring mitochondrial respiration in intact single muscle fibers. Am J Physiol
Regul Integr Comp Physiol 302: 712-9. doi: 10.1152/ajpregu.00229.2011.
PMID: 22160545

Nicholls DG (2006) The physiological regulation of uncoupling proteins.
Biochim Biophys Acta 1757: 459-466. doi: 10.1016/j.bbabio.2006.02.005.
PMID: 16725104

J Biol Methods | 2016 | Vol. 3(2) | e42



	_GoBack

