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Abstract

Measuring mitochondrial respiration in brain tissue is very critical in understanding the physiology and pathology of the
central nervous system. Particularly, measurement of respiration in isolated mitochondria provides the advantage over the
whole cells or tissues as the changes in respiratory function are intrinsic to mitochondrial structures rather than the cellular
signaling that regulates mitochondria. Moreover, a high-throughput technique for measuring mitochondrial respiration
minimizes the experimental time and the sample-to-sample variation. Here, we provide a detailed protocol for measuring
respiration in isolated brain non-synaptosomal mitochondria using Agilent Seahorse XFe24 Analyzer. We optimized the
protocol for the amount of mitochondria and concentrations of ADP, oligomycin, and trifluoromethoxy carbonylcyanide
phenylhydrazone (FCCP) for measuring respiratory parameters for complex I-mediated respiration. In addition, we measured
complex II-mediated respiratory parameters. We observed that 10 pg of mitochondrial protein per well, ADP concentrations
ranging between 2.5 and 10 mmol/L along with 5 pmol/L of oligomycin, and 5 umol/L of FCCP are ideal for measuring the
complex I-mediated respiration in isolated mouse brain mitochondria. Furthermore, we determined that 2.5 pg of mitochon-
drial protein per well is ideal for measuring complex II-mediated respiration. Notably, we provide a discussion of logical
analysis of data and how the assay could be utilized to design mechanistic studies for experimental stroke. In conclusion,
we provide detailed experimental design for measurement of various respiratory parameters in isolated brain mitochondria
utilizing a novel high-throughput technique along with interpretation and analysis of data.
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Introduction

The brain consumes 20% of the whole-body energy although
it weighs 2% of the body weight indicating the high depend-
ence of neurons on energy (Attwell and Laughlin 2001).
Mitochondria generate the majority of ATP required for neu-
rons through oxidative phosphorylation that couples transfer
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of electrons from NADH and FADH2 through the electron
transport chain (ETC) to the phosphorylation of ADP to ATP
(Golpich et al. 2017). Mitochondrial respiratory dysfunction
significantly affects neuronal function and contributes to the
pathology of neurological diseases (Golpich et al. 2017).
Mutations on either mitochondrial or nuclear DNA leading
to deficits in mitochondrial respiratory function have been
reported in various neurological diseases including cerebral
ataxia and epilepsy (Wang et al. 2019).

Mitochondrial dysfunction is reported to contribute to
age-related cognitive impairments and neurodegenerative
diseases like Alzheimer’s, Parkinson’s, amyotrophic lateral
sclerosis, and Huntington’s diseases (Wang et al. 2019).
Thus, evaluating mitochondrial respiratory parameters is a
useful method for the study of pathological states and the
screening of potential therapeutic agents for neurological
disorders. Measuring mitochondrial respiration in intact
and permeabilized cells or isolated mitochondria each have
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merits and drawbacks. Whole cell studies are useful in deter-
mining the cellular mechanisms regulating mitochondrial
respiration. On the other hand, respiratory measurements in
permeabilized cells and isolated mitochondria help to deter-
mine intrinsic mitochondrial defects. However, respiratory
changes in permeabilized cells could be due to changes in
either quality or volume/number of the mitochondria. In
contrast, measuring respiration in isolated mitochondria
by manipulating various substrates helps in detailed func-
tional characterization of mitochondria that is independent
of changes in mitochondrial dynamics.

Compared to the classical electrode-based methods, using
high-throughput techniques for assessing mitochondrial res-
piration in multiple samples within a short time is highly
advantageous. Here, we report a protocol to measure respira-
tion in isolated non-synaptosomal mitochondria from mouse
brain using Agilent Seahorse XFe24 analyzer. The technique
simultaneously measures oxygen consumption rate (OCR)
in 20 samples using a fluorometrical method. This high-
throughput respirometry technique is widely used in neu-
rons (Agostini et al. 2016). Recent studies have adopted this
method to measure mitochondrial respiration from brain sec-
tions, hippocampal slices, and permeabilized neurons (Fried
et al. 2014; Clerc and Polster 2012; Schuh et al. 2011). Very
few studies reported this technique for studying isolated
mitochondria from the brain (Long et al. 2015; Sauerbeck
etal. 2011; Tyrrell et al. 2017; Andersen et al. 2019; Cebak
et al. 2017). Although these methodologies are available for
isolated mitochondria from tissues like skeletal muscle and
heart, since mitochondria from various tissues differ in their
respiratory metabolism, it is ideal to optimize the conditions
for each tissue (Boutagy et al. 2015; Sakamuri et al. 2018).
However, a detailed protocol/methodology for measuring
respiration in isolated brain mitochondria using Agilent Sea-
horse XFe24 Analyzer is long overdue.

Here, we report a comprehensive protocol for measur-
ing respiratory measurements like state II, III, ITIu, and IVo
using complex I (pyruvate/malate) and complex II (succi-
nate/rotenone) substrates in isolated and density-gradient
purified non-synaptosomal mitochondria from mouse brain.
Basal or state II respiration is the OCR after the addition of
substrates without any stimulators or inhibitors of respiration
and provides information about the substrate metabolism
and respiratory chain activity under the physiological con-
ditions. State III respiration is the maximal OCR observed
after the addition of saturating amounts of ADP in the pres-
ence of the substrates. State III respiration is influenced by
the adenine nucleotide metabolism, substrate utilization,
and ETC activity including the oxidative phosphorylation
(OXPHOS) (Brand and Nicholls 2011). State IV respira-
tion is the OCR observed after the inhibition of ATP syn-
thase by oligomycin, and represents the proton leak from the
inner mitochondrial membrane (Brand and Nicholls 2011).
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State IIIu (state III uncoupled) respiration is the maximal
OCR observed after the uncoupling of ETC from OXPHOS
using uncoupler molecules like trifluoromethoxy carbonyl-
cyanide phenylhydrazone (FCCP). State IIIu respiration is
influenced by substrate metabolism and the efficiency of the
ETC. Details of potential impairments of substrate metabo-
lism, efficiency of ETC, and mitochondrial ETC activity
may be found in reviews in the literature (Nicholls 2001,
2002, 2004, 2005; Nicholls and Budd 1998; Nicholls et al.
1999). We have tested various parameters like the quantity of
mitochondria, ADP, oligomycin, and FCCP concentrations
to standardize the optimal conditions which have not been
reported previously.

Experimental Design

Materials

1. Isolation Medium (IM), pH 7.4

Sucrose (225 mmol/L, S3-500, Fisher Scientific, Penn-
sylvania, USA)

Mannitol (70 mmol/L, M4125, Sigma-Aldrich, Missouri,
USA)

HEPES (5 mmol/L, BP310-500, Fisher Scientific, Penn-
sylvania, USA)

EGTA (1 mmol/L, E-4378, Sigma-Aldrich, Missouri,
USA)

Fatty Acid-Free Bovine Serum Albumin, Fraction V
(BSA) (0.5%, A7030, Sigma-Aldrich, Missouri, USA)

2. Mitochondrial Assay Buffer (MAS), pH 7.4

Sucrose (225 mmol/L)

Mannitol (70 mmol/L)

HEPES (2 mmol/L,)

EGTA (1 mmol/L)

Magnesium Chloride (5 mmol/L, M9272, Sigma-Aldrich,
Missouri, USA)

Potassium Dihydrogen Phosphate (10 mmol/L, P5655,
Sigma-Aldrich, Missouri, USA)

Fatty Acid-Free Bovine Serum Albumin (0.2%)

3. Sodium Pyruvate (10 mmol/L, P2256, Sigma-Aldrich,
Missouri, USA)

4. p-Malic Acid (2 mmol/L, 46940-U, Sigma-Aldrich, Mis-
souri, USA)

5. Percoll Solution, pH 7.4
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Percoll (17-0891-01, GE Healthcare, Illinois, USA)
Sucrose (225 mmol/L)

Mannitol (70 mmol/L)

HEPES (5 mmol/L)

EGTA (1 mmol/L)

6. Mito Stress Test Chemicals

Adenosine 5'-diphosphate sodium salt (A2754, Sigma-
Aldrich, Missouri, USA)

Oligomycin (495455 — 10 mg, EMD Millipore, Darm-
stadt, Germany)

FCCP (15218, Cayman Chemicals, Michigan, USA)
Antimycin A (A8674, Sigma-Aldrich, Missouri, USA)
Rotenone (R8875, Sigma-Aldrich, Missouri, USA)

Procedure
Animals

Two-month-old C57BL/6 J male mice (Stock No: 000664,
n=12) were acquired from Jackson Laboratory (Bar Har-
bor, Maine). Animals were housed in the vivarium of the
Department of Comparative Medicine at Tulane University
access to food and water ad libitum. Animal procedures and
protocols were approved by the Institutional Animal Care
and Use Committee of Tulane University and performed in
accordance with the ARRIVE guidelines.

Mitochondria Isolation

The non-synaptosomal mitochondria from mouse brain
were isolated using the method previously reported by us
(Busija et al. 2005). Mice were anesthetized with isoflu-
rane (VETOne, Boise, Idaho). The absence of toe pinch
reflex was used to check consciousness before euthanized
through decapitation. Brain was collected after opening the
skull with an incision through the midline. Mouse brain
was placed in 10 mL of isolation medium (IM) on ice (in
60 mm petri dish) and the cerebellum and brain stem were
removed. It is noted that fresh IM (pH 7.4) was prepared
every week and stored at 4 °C. Two cerebral hemispheres
were transferred to a separate petri dish with fresh IM and
were cut into smaller pieces using fine scissors. Brain tissue
in the IM was transferred to a glass rod homogenizer (15 mL
tissue grinder, cat# 357544, Wheaton, USA) and the tis-
sue was homogenized by 8—10 gentle strokes with a pestle.
Later, the homogenate was transferred to a 50 mL centrifuge
tube. We cautiously made sure that negative pressure was
not created during the homogenization. The homogenate
was centrifuged at 1300xg for 3 min at 4 °C (Eppendorf,

Hamburg, Germany). The supernatant was transferred to a
new separate centrifuge tube, and the pellet was resuspended
in 5 mL IM. Resuspended pellet was centrifuged again at
1300xg for 3 min, and the supernatant was transferred to
the new centrifuge tube. The two supernatants were pooled
and centrifuged at 21,000xg for 10 min at 4 °C (DuPont
Instruments, Delaware, USA). It is noted that fresh 100%
Percoll (pH 7.4) was prepared every week and stored at
4 °C. During this spin, Percoll solutions of 40%, 24%, and
15% were prepared using 100% Percoll solution and IM.
3.5 mL of 24% Percoll was added to a new centrifuge tube.
Beneath the 24% Percoll at the bottom of the centrifuge tube,
4.5 mL of 40% Percoll was added slowly. A visible inter-
face was noticed to be present between the two gradients
layered in the tube. The supernatant was removed from the
centrifuged homogenate. Subsequently, the pellet was dis-
solved in 3.5 mL of 15% Percoll solution and was slowly
layered on top of the Percoll gradient prepared as described
above. The mitochondrial pellets were gently resuspended
at all the steps using appropriate tips that were cut at the
end (to decrease the pressures during mixing). To resuspend
the pellet, 10-20 gentle pipetting was applied. The sample
was centrifuged at 30,000xg for 8 min at 4 °C. A layer of
non-synaptosomal mitochondria was observed between the
40% and 24% Percoll gradient layers. The mitochondrial
layer was collected by a 5 mL BD syringe and spinal needle
(catalogue# 405182) and was transferred to a new centrifuge
tube and 5 mL of IM was added. Notably, the mitochondrial
layer was collected gently with wide gauge spinal needle to
prevent mechanical damage to mitochondria. The solution
was centrifuged at 16,000xg for 10 min at 4 °C. The pellet
generated from this spin was found to be loose in consist-
ency. We used 5 mL, 1 mL, and 200 pL pipettes to remove
the supernatant as much as possible. Later, 0.5 mL of BSA
solution was added (10 mg/mL in IM) to the pellet and the
centrifuge tube was gently tapped to resuspend the mito-
chondrial pellet in the BSA solution. Next, 4.5 mL of IM
was added to the mitochondrial suspension and was mixed
by gently pipetting. The mitochondrial suspension was cen-
trifuged at 7000xg for 10 min at 4 °C. Later, the supernatant
was discarded, and the mitochondrial pellet was resuspended
in 100-200 pL of IM based on the pellet size. The mitochon-
drial suspension was kept on ice until the mito stress test
assay was ready. Importantly, isolation of mitochondria took
2.5-3 h. For optimal results, the isolated mitochondria were
used for analysis within 3—4 h after the isolation. The protein
concentration in the sample was measured using appropri-
ate protein assay kits. It is noted that the sample was diluted
10-20 times for the measurements with similarly diluted
IM as the blank.
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Mito Stress Test Assay

XF Calibration Plate and Cartridge Preparation XF calibra-
tion plate was prepared the day before the assay. 1 mL of
XF calibration buffer was added to the XF sensor cartridge
and incubated overnight at 37 °C in the non-CO, incuba-
tor. On the day of the assay, required amount of the MAS
was prepared either with pyruvate (10 mmol/L) and malate
(2 mmol/L), for complex I assay, or succinate (10 mmol/L)
and rotenone (2 pmol/L) for complex II assay, using 2X
MAS, ultrapure water, and respective stock solutions.
The pH was adjusted to 7.4. Notably, 2X MAS (pH 7.4)
was prepared and store at 4 °C for up to a month. Stocks
of sodium pyruvate (10 mmol/L), succinate (10 mmol/L),
and malate (2 mmol/L) were prepared in MAS and the pH
was adjusted to 7.4. Later, aliquots of stocks were stored at
—20 °C. MAS with appropriate substrates (complex I or II)
was used to prepare the ADP stock solution (50 mmol/L)
and the pH was adjusted to 7.4 using 1 N KOH. ADP stocks
were stored at 4 °C and used within a week. MAS with com-
plex I or complex II substrates was used to dilute the stock
solutions of mito stress compounds, including oligomycin
(50 pmol/L) and FCCP (50 pmol/L). Antimycin A and rote-
none mix (100 pmol/L and 20 pmol/L) were prepared for
complex I assays or just antimycin A (100 pmol/L) for com-
plex II assays. It is noted that 10 mmol/L stock solutions of
oligomycin, FCCP, antimycin, and rotenone were prepared
in 95% ethyl alcohol. Aliquots were prepared and stored at
—20 °C. Calibrated cartridge was loaded with the ADP and
mito stress compounds. Port A: ADP (22 pL); Port B: Oli-
gomycin (24 pL); Port C: FCCP (26 pL); Port D: Antimycin
A and rotenone (28 pL) (for complex I assays & just anti-
mycin A (28 pL) for complex II assays). The final concen-
tration of drugs to which mitochondria were to be exposed
diluted ten times than the second stock solutions: ADP
(5 mmol/L), oligomycin (5 pmol/L), FCCP (5 pmol/M), and
antimycin (10 pmol/L) and rotenone (2 pmol/L). The pro-
tocol design for the Seahorse analyzer used in the study is
shown in Table 1. The cartridge was placed (after taking out
the pink plate) in the analyzer and was calibrated (calibra-
tion took 20-30 min).

Mitochondrial Loading to the Cell Culture Plate Mitochon-
dria were diluted to the desired final concentration (0.2 pg/
pL) using MAS with complex I or complex II substrates. 50
pL of MAS was loaded in the wells A1, C3, B4, and D6, as
blanks. 50 pL of the mitochondrial dilution was loaded into
the remaining wells (10 pg protein per well). Cell culture
microplate was centrifuged at 2000xg for 20 min at 4 °C.
After the centrifugation, 150 pL of MAS was added along
the walls to all the wells slowly and the mitochondria were
incubated in a non-CO, incubator for 10 min. Once the
calibration was completed, calibration plate was exchanged
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Table 1 Seahorse assay protocol

Command Time Compound
Equilibration 12 min
Mix 1 min
Wait 3 min
Measure 3 min
Mix 1 min
Wait 3 min
Measure 3 min
Inject Port A ADP*
Mix 1 min
Measure 6 min
Inject Port B Oligomycin
Mix 1 min
Measure 3 min
Inject Port C FCCP
Mix 1 min
Measure 3 min
Inject Port D Antimycin
A +Rote-
none
Mix 1 min
Measure 6 min

*Measurement time can be decreased to 3 min if using low concentra-
tions of the ADP

with the cell culture microplate containing the mitochondria
and the assay was run with the predesigned protocol. Nota-
bly, mitochondrial solution was mixed gently before loading
the wells in the cell culture plate to achieve homogenous
distribution of mitochondria across the wells.

Data Analysis To view the results of the assay, “Overview”
mode with “standard error of the mean” (Wave 2.3.0) was
selected. Blank well that shows higher OCR value affect-
ing the values of the test samples was deselected. The data
were exported into an excel file and arrangement of the
OCR data of the various measurements were produced
(basal 1, basal 2, ADP, oligomycin, FCCP, antimycin A/
rotenone) in a new sheet as per the various treatments or
the groups. The average of all basal OCR values was taken
for the control group and this value was used to normalize
all the OCR values of the plate (i.e., relative OCR data).
This method was used for processing the data from all the
plates in the experiment. The average of all the technical
replicates was taken for all the relative OCR data for each
plate. The average of “basal 1” and “basal 2” readings
was taken as basal OCR or state II respiration. Values of
ADP, oligomycin, and FCCP were taken as state III, state
IVo, and state IIIu respiration, respectively. The respira-
tory control ratios (RCR) were calculated from point-to-
point graphs. The ratio of highest reading after the ADP
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addition (state III) and lowest point after the oligomycin
addition (state IVo) was designated as RCR value. Five
technical replicates for each treatment or group, and data
from 6 to 10 mice per group provided the power to detect
significant differences between groups, if they exist.

Results
Protein Concentration

Basal, or state II, state III, state IVo, state IITu, and non-
ETC-associated mitochondrial OCRs were increased in a
dose-dependent manner with the mitochondrial protein
concentration and maximal OCRs were observed with
10 pg of protein per well (Figs. 1, 2). It is expected that
the presence of more mitochondria increases the OCR due
to increased substrate utilization.

ADP Concentration

Addition of ADP increased the mitochondrial respiration
(state III) linearly and saturated at specific ADP concentra-
tion. We observed similar state III respiration at the three
different ADP concentrations (2.5 mmol/L, 5.0 mmol/L,
and 10.0 mmol/L) tested, indicating that the concentra-
tions we used were well above the optimal ADP required
to elicit the maximal respiration (Fig. 3).

Oligomycin Concentration

We observed similar state IVo respiration with 1
and 2.5 umol/L concentrations (464.8 +36.7 and
475.9 +62.2 pmol of O,/min, respectively), and it is fur-
ther decreased with 5 and 10 pmol/L (212.5+26.5 and
168.6 +22.9 pmol of O,/min, respectively, Fig. 4).

FCCP Concentration

We observed gradual increase in state IITu respiration with
FCCP concentration and we observed maximal OCR at
5 umol/L concentration (Fig. 5). Interestingly, we observed
a decrease in state IITu at 10 umol/L FCCP, which is
expected as irrecoverable decrease in membrane potential
leads to significant decrease in respiration (Fig. 5).
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Fig. 1 Optimizing protein concentration for complex I respiratory
measurements in isolated mouse brain non-synaptosomal mitochon-
dria using Seahorse XFe24 Analyzer. Isolated mouse (C57BL/6 J)
non-synaptosomal mitochondria at various concentrations (2.5, 5,
and 10 pg protein/well) were treated with ADP (5 mmol/L), oligo-
mycin (5 pmol/L), FCCP (5 pmol/L), and antimycin (10 pmol/L)/
rotenone (2 pmol/L) combination in the presence of complex 1 sub-
strates (pyruvate, 10 mmol/L and malate, 2 mmol/L) and oxygen
consumption rate (OCR) was measured. a Representative plot of mid-
point OCR data. b Representative plot of point-to-point OCR. Data
expressed as mean+SEM (n=5 wells/group)

Complex II-Driven Respiration

Like complex I-driven respiration, complex II-driven
OCRs were increased in a dose-dependent manner with
the protein concentration (Figs. 6, 7). Based on the data,
2.5 pg of mitochondrial protein was optimal for com-
plex II-driven respiratory measurements, as higher doses
appeared to greatly increase state IVo respiration while
state III respiration increased to as much as 1500 pmol of
O,/min (Figs. 6, 7).

RCR Measurements

RCR was calculated from the point-to-point data by taking
the ratio between the highest OCR point after ADP injection
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Fig.2 Optimizing protein concentration for complex I respiratory
measurements in isolated mouse brain non-synaptosomal mitochon-
dria using Seahorse XFe24 Analyzer. Isolated mouse (C57BL/6 J)
non-synaptosomal mitochondria at various concentrations (1, 2.5,
5, and 10 pg protein/well) were treated with ADP (5 mmol/L), oli-
gomycin (5 pmol/L), FCCP (5 pmol/L), and antimycin (10 pmol/L)/
rotenone (2 pmol/L) combination in the presence of complex 1 sub-
strates (pyruvate, 10 mmol/L and malate, 2 mmol/L) and oxygen con-
sumption rate (OCR) was measured. a State II or basal respiration. b
State III respiration. ¢ State IVo respiration. d State IIIu respiration. e
Antimycin/rotenone. f Respiratory control ratio (state III/IVo). Data
expressed as mean+SEM (n=5 wells/group)

and the lowest point after the oligomycin injection (state
III/TVo). RCR values were between 3.5 and 5 for both the
complex assays (Fig. 2, 7).

Discussion

In the present study, we optimized the conditions for meas-
uring respiration in isolated mitochondria from mouse brain
using Seahorse XFe24 analyzer (Fig. 8). We observed OCR
at basal state (state II), followed by an increase in OCR
with ADP addition (state III). At later steps, we noticed a
decrease in OCR with oligomycin (state IVo) followed by an
increase with FCCP addition (state IITu). Finally, OCR was
abolished to the minimum with the addition of antimycin
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Fig.3 Optimizing ADP concentration for measuring state III res-
piration in isolated mouse brain non-synaptosomal mitochondria
using Seahorse XFe24 Analyzer. Isolated mouse (C57BL/6 J) non-
synaptosomal mitochondria (10 pg protein/well) were treated with
various concentrations of ADP (2.5, 5, and 10 mmol/L), oligomycin
(5 pmol/L), FCCP (5 pmol/L), and antimycin (10 pmol/L)/rotenone
(2 pmol/L) combination in the presence of complex 1 substrates
(pyruvate, 10 mmol/L and malate, 2 mmol/L), and oxygen consump-
tion rate (OCR) was measured. a Representative plot of mid-point
OCR data. b State III respiration. Data expressed as mean+SEM
(n=5 wells/group)

A/rotenone. We observed a similar trend in all the experi-
ments suggesting uniformly intact mitochondria prepara-
tions, adequate substrate, and inhibitor concentrations as
well as other critical experimental conditions. Furthermore,
respiratory control ratio (RCR) value, which is a marker of
mitochondrial quality, was found to be between 3.5 and 5
indicating that mitochondrial preparations are functionally
intact and efficient in coupling oxidation to generation of
ATP by phosphorylation.

Optimal mitochondrial concentration is an important
determinant of the measurement of OCR as too little amount
of mitochondria may not consume enough oxygen to be
detected reliably while too many mitochondria may run out
of substrates and ADP for oxidative phosphorylation. We
consider 10 pg is the optimal protein concentration to meas-
ure respiration in isolated murine non-synaptosomal mito-
chondria using Seahorse XFe24 analyzer due to the higher
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Fig.4 Optimizing oligomycin concentration for measuring state IVo
respiration in isolated mouse brain non-synaptosomal mitochon-
dria using Seahorse XFe24 Analyzer. Isolated mouse (C57BL/6 J)
non-synaptosomal mitochondria (10 pg protein/well) were treated
with ADP (10 mmol/L), various doses of oligomycin (1, 2.5, 5, and
10 pmol/L), FCCP (5 pmol/L), and antimycin (10 pmol/L)/rotenone
(2 pmol/L) combination in the presence of complex 1 substrates
(pyruvate, 10 mmol/L and malate, 2 mmol/L), and oxygen consump-
tion rate (OCR) was measured. a Representative plot of mid-point
OCR data. b State IVo respiration. Data expressed as mean+ SEM
(n=>5 wells/group)

state III and state IIIu respiration values obtained. Another
important determinant of optimization is the ADP concen-
tration, we suggest using ADP concentrations between 2.5
and 10 mmol/L for the assays of mitochondrial respiration.
Notably, ADP concentration should always be considered
together with mitochondrial protein concentration.

Oligomycin decreases the OCR (state IVo) by inhibit-
ing ATP synthase in inner mitochondrial membrane, thus
decreasing the flow of protons into the mitochondrial matrix.
Though we observed approximately similar state IVo respi-
ration with 5 and 10 pumol/L oligomycin, we prefer to use
5 umol/L as we observed better FCCP-induced respiration
with this dose compared to the 10 umol/L concentration. We
speculate that a complete blockade of ATP synthase may
promote a robust FCCP-induced enhancement of OCR.
Thus, attention should be paid to the FCCP-induced respi-
ration for each concentration of oligomycin tested during
optimization of mitochondrial respiration.
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Fig.5 Optimizing FCCP (trifluoromethoxy carbonylcyanide phe-
nylhydrazone) concentration for measuring state IIlu (state III
uncoupled) respiration in isolated mouse brain non-synaptosomal
mitochondria using Seahorse XFe24 Analyzer. Isolated mouse
(C57BL/6 J) non-synaptosomal mitochondria (10 pg protein/well)
were treated with ADP (10 mmol/L), oligomycin (10 pmol/L),
various doses of FCCP (1, 2.5, 5, and 10 pmol/L), and antimycin
(10 pmol/L)/rotenone (2 pmol/L) combination in the presence of
complex 1 substrates (pyruvate, 10 mmol/L and malate, 2 mmol/L),
and oxygen consumption rate (OCR) was measured. a Representative
plot of mid-point OCR data. b State IIlu respiration. Data expressed
as mean + SEM (n=35 wells/group)

FCCP is an ionophore that depolarizes the inner mito-
chondrial membrane resulting in stimulation of electron
transport through mitochondrial electron transport chain
thereby OCR to the maximal extent in order to maintain the
proton gradient across the inner mitochondrial membrane.
As explained above, OCR responses to FCCP treatment have
to be considered together with protein and oligomycin con-
centrations for the purpose of optimization of mitochondrial
respiration assays.

Compared to OCRs with complex I substrate-driven res-
piration, OCR following respiration driven by complex II
substrates will be higher at any given concentration. Hence,
we utilized fewer mitochondria when respiration was meas-
ured in the presence of complex II substrates compared to
that of the complex I substrates. It is likely that higher OCRs
could deplete oxygen levels in the wells leading to erro-
neous measurements of respiratory parameters as shown
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Fig.6 Optimizing protein concentration for Complex II respiratory
measurements in isolated mouse brain non-synaptosomal mitochon-
dria using Seahorse XFe24 Analyzer. Isolated mouse (C57BL/6 J)
non-synaptosomal mitochondria at various concentrations (1, 2.5, and
5 pg protein/well) were treated with ADP (5 mmol/L), oligomycin
(5 pmol/L), FCCP (5 pmol/L), and antimycin (10 pmol/L) combina-
tion in the presence of complex 2 substrate succinate (10 mmol/L)
and rotenone (2 pmol/L). Oxygen consumption rates (OCR) were
measured. a Representative plot of mid-point OCR data. b Repre-
sentative plot of point-to-point OCR. Data expressed as mean+SEM
(n=5 wells/group)

previously (Rogers et al. 2011). Furthermore, using 5 ug
of mitochondrial protein per well for complex II-based res-
piration assays may not be suitable in case the compound
being tested increases state III or state IIIu respiration, as it
will completely deplete the oxygen in the wells leading to
erroneous results.

RCR values are often used as indicator of the quality of
mitochondria as increased OCR leading to increased genera-
tion of ATP from ADP reflects the ability of mitochondria
to efficiently use the substrates and carry out the function of
meeting the energy demands of the cell. Typically, RCR val-
ues between 3.5 and 5 are consistent with the values reported
in the literature and indicate functionally intact mitochon-
drial preparations with efficiently coupled oxidative phos-
phorylation (Rogers et al. 2011).
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Fig.7 Optimizing protein concentration for Complex II respiratory
measurements in isolated mouse brain non-synaptosomal mitochon-
dria using Seahorse XFe24 Analyzer. Isolated mouse (C57BL/6 J)
non-synaptosomal mitochondria at various concentrations (1, 2.5, and
5 pg protein/well) were treated with ADP (5 mmol/L), oligomycin
(5 pmol/L), FCCP (5 pmol/L), and antimycin (10 pmol/L) combina-
tion in the presence of complex 2 substrate succinate (10 mmol/L)
and rotenone (2 pmol/L). Oxygen consumption rates (OCRs) were
measured. a State II or basal respiration. b State III respiration. ¢
State IVO respiration. d State IIlu respiration. e Antimycin/rote-
none. f Respiratory control ratio (state III/IVo). Data expressed as
mean + SEM (n=35 wells/group)

Though we provided the protocol for measuring res-
piratory parameters related to complex I and complex II,
researchers can measure the similar parameters for complex
IIT and IV using selective substrates. Glycerol-3-phosphate
(20 mM) or duroquinol (0.6 mM) can be used to measure
complex III activities, whereas tetramethyl-p-phenylenedi-
amine (TMPD, 0.2 mmol/L) can be used for complex IV
activities in the presence of ascorbic acid (10 mM) that is
required to keep TMPD in the reduced state (Barrientos
et al. 2009).

Thus, we optimized the mitochondrial content, ADP
concentration, and other mito stress test pharmacological
agents to measure the respiration in isolated mouse brain
non-synaptosomal mitochondria using Seahorse XFe24 ana-
lyzer, as described in the present detailed protocol for the
assay. In addition to the complex I-mediated respiration, we
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Fig.8 A flow diagram of the
method is provided for the
benefit of easy understanding of
the protocol
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optimized the amount of mitochondria needed to measure
the complex II-mediated respiration.

Implications for Stroke Research

Occlusion of major cerebral artery induces complex cellular
changes. Fall of blood flow in the core or focal tissue fol-
lowing arterial occlusion results in disruption of glucose and
oxygen delivery leading to greatly diminished ATP genera-
tion (Back et al. 2004; Belayev et al. 1997; Memezawa et al.
1992; Zhao et al. 1997). Contributions to perfusion from the
adjacent artery tissues surrounding ischemic core result in
less ischemic ‘penumbral’ or perifocal’ regions comprised
of electrically silent hyperpolarized neurons (Back et al.
2004; Hossmann 1994; Memezawa et al. 1992). The differ-
ences in the severity of ischemia in the core and penumbra
induce diverse mechanisms of cellular injury and cell death.
As oxidative phosphorylation is the major source of ATP
production (92%) in neurons, mitochondria are the critical
players in tissue injury and death during a stroke (Russo
et al. 2018), when ATP production is reduced due to the
forced switch to anaerobic metabolism. Mitochondrial dys-
function mediates stroke-induced neuronal injury and death,
and recent studies have reported the possible therapeutic
potential of healthy mitochondria to minimize stroke injury
(Russo et al. 2018). The majority of studies have proposed
the role of mitochondrial dynamics, ROS production, apop-
tosis, and mitophagy in cerebral ischemia-associated neu-
ronal death, but very few studies addressed the respiratory

defects at the mitochondrial level (Yang et al. 2018; Nakai
et al. 1997; Kuroda et al. 1996; Pandya et al. 2011). Nakai
et al. have reported secondary mitochondrial dysfunction in
the focal region after ischemia—reperfusion as evidenced by
decreased ADP and uncoupler-induced mitochondrial res-
piration (Nakai et al. 1997). Similar changes have also been
reported in the penumbra region (Kuroda et al. 1996). These
studies were performed in rats using crude tissue homogen-
ates and purified mitochondria. Very recent studies reported
similar results in mice, and they compared the mitochon-
drial respiratory between contralateral and ischemic cer-
ebral hemispheres, but not between the focal and penumbra
regions (Novgorodov et al. 2016; Berressem et al. 2016;
Schwarzkopf et al. 2013).

Requirement of higher amounts of isolated mitochondria
(in milligrams) by traditional methods might be one of the
reasons for using the rat model of the stroke instead of mice
for respiratory measurements. Though some studies were
conducted in mice, whole cerebral hemispheres were used
for mitochondrial preparation instead of brain regions vul-
nerable to ischemia and the penumbra that is jeopardized
by ischemia and yet salvageable (Schwarzkopf et al. 2013;
Berressem et al. 2016; Novgorodov et al. 2016). Using high-
throughput techniques like Seahorse XFe24, mitochondrial
respiration can be studied simultaneously in multiple sam-
ples using micrograms of mitochondria. This translates into
characterizing purified mitochondria from various regions
of the mouse brain or comparing mitochondria from various
transgenic animals. Notably, comparison of mitochondrial
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Table 2 Comparison between the various protocols using isolated mitochondria applying different instruments

Parameters Classical clarke oxygen electrode  High-resolution respirometer Seahorse XFe24 analyzer (current
(Moreira et al. 2003) (Oroboros 02 k) (Takahashi et al.  protocol)
2018)

Oxygen detection Polarography based Polarography based Fluorescence based
Mitochondrial quantity used for 800 pg 100-300 pg 1-10 pg

the assay (measured as protein)
Mitochondrial respiration medium 1 mL 2mL 200 uL

volume
Number of samples measured One Two Twenty

Replicates One after the other

Drug injections Manual

Number of injections Multiple

Number of drugs Multiple

Time between the isolation and the Laborious to maintain the constant
assay across the samples time

Additional parameters other than ~ No

OCR

Duplicates at a time Multiple replicates may be used
(n=2-20) based on the experi-

mental design

Manual Automatic

Multiple Maximum of four

Multiple Multiple

Laborious to maintain the constant Constant time can be maintained
time easily

pH, hydrogen peroxide, membrane Extracellular acidification rate
potential, ATP, calcium ions, (ECAR)
and various molecules measured
when coupled with fluorimeter

We compared the published protocols in terms of quantity of the mitochondria used. The present protocol requires significantly lower quantity of
mitochondria for OCR measurements compared to the protocols using Clarke oxygen electrode and high-resolution respirometer

respiration in regions of the brain with varying susceptibil-
ity to ischemic injury could yield mechanistic data helpful
for identifying therapeutic targets for stroke. Reduced ATP
generation following ischemic-injury results in dissipation
of ionic gradients across the plasma membrane leading to
dramatic loss of intracellular potassium and influx of cal-
cium into cells (Doyle et al. 2008; Gido et al. 1997; Kristian
et al. 1998; Sims and Muyderman 2010). Several therapeutic
agents have been proposed to be neuroprotective by activat-
ing mitochondrial ion channels (Busija et al. 2005; Domoki
et al. 2004; Gaspar et al. 2009, 2008; Mayanagi et al. 2007,
Piwonska et al. 2016; Shimizu et al. 2002) and studies in
isolated mitochondria are helpful in high-throughput screen-
ing of potential therapeutic agents against stroke. Further-
more, as previous methods could simultaneously measure
mitochondrial respiration in limited number of samples, it
is laborious to isolate multiple fresh mitochondrial prepa-
rations for the individual measurements requiring multi-
ple mice, introducing higher technical variations into data
acquisition. For better understanding of advantages and the
disadvantages, we compared between the protocols that
measured respiration in isolated brain mitochondria using
various methods including classical Clark oxygen electrode,
high-resolution respirometer, and Seahorse XFe24 analyzer
(Table 2).

Thus, Seahorse XFe24 technology allows mitochon-
drial functional studies from small quantity of mitochon-
dria, sampling of many regions of brain, and yet requiring

@ Springer

limited number of animals. In summary, we described a
novel high-throughput assay to measure respiration in the
isolated brain mitochondria that has the ability to provide
mitochondria-based mechanistic data to study potential
therapies for stroke.
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