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The production of ATP by oxidative phosphorylation is the primary function of mitochondria. Mitochondria in higher eukaryotes also participate in
cytosolic ca® buffering, and the ATP production in mitochondrial can be mediated by intramitochondrial free Ca?* concentration. Ca®" retention
capacity can be regarded as the capability of mitochondria to retain calcium in the mitochondrial matrix. Accumulated intracellular Ca?" leads to
the permeability of the inner mitochondrial membrane, termed the opening of mitochondrial permeability transition pore (mPTP), which leads to
the leakage of molecules with a molecular weight less than 1.5 kDa. Ca2+-triggered mitochondria swelling is used to indicate the mPTP opening.
Here, we describe two assays to examine the Ca?" retention capacity and Ca”-triggered mitochondrial swelling in isolated mitochondria. After
certain amounts of Ca®* are added, all steps can be completed in one day and recorded by a microplate reader. Thus, these two simple and
effective assays can be adopted to assess the Ca?*-related mitochondrial functions.

Video Link

The video component of this article can be found at https://www.jove.com/video/56236/

Introduction

Mitochondria are the main cellular organs to produce nearly 95% of the ATP used in the mammalian cells by oxidative phosphorylation. It is
reported that the sequestered micromolar concentration of ca® by mitochondria, the presence of ADP, and inorganic phosphate can be used to
phosphorylate ADP to synthesis ATP'. When the concentration of cytosolic ca® goes above a threshold, mitochondria can uptake ca® rapidly
and efflux it slowly. Thus, the functioning mitochondria can influx the increased cytosolic Ca?". Irrelevant to the participation in the oxidative
phosphorylation, the mitochondrial Ca®" also take part in the cytosolic calcium signals and activate the mitochondrial apoptotic mechanism by
inducing the opening of the mPTP in the inner mitochondrial membrane?. It has been widely recognized that abnormal elevation of intracellular
Ca?" can induce mitochondrial massive swelling by opening the mPTP. Thus, this protocol aims to assess the mitochondrial function by
quantifying the mitochondrial Ca®" retention capacity and Ca2+-trigged mitochondrial swelling.

Ca?" retention capacity is the measurement of the ability of mitochondria to uptake cytosolic calcium. Mitochondria can buffer the cgtosolic
free calcium and regulate calcium-dependent cellular processes by calcium uptake in the form of inactive precipitates. Impaired Ca*" retention
capacity occurs in stress phenomena associated with energy limitation and even neurodegenerative diseases*”. Isolated mitochondria or
digitonin-permeabilized cells can be used to identify the Ca®" retention capacity, and the elevated ability to accumulate ca® by isolated
mitochondria with the additonal glutamate and malate is not effected by the mitochondrial isolation proceduree. A titrated amount of digitonin
should be used to permeabilize the plasma membranes of different cell types. The hexapotassium salt of Ca2+-binding green fluorescent dye,
a Ca®*-sensitive cell-impermeant visible light-excitable indicator, has been widely used’. Ca2+-binding green fluorescent dye is a low-affinity
indicator and used to show that intracellular free Ca®* concentrations continue to rise during prolonged (5 min) stimulations®. This method was
less sensitive than the radioactive filter technique but was greatly simplified. The additional Ca** elevates calcium green fluorescence and the
ca® uptake by mitochondria returns the fluorescence to baseline. Sequential additions of Ca?* were made until the mitochondria failed to uptake
extramitochondrial Ca?* °. A fluorescence microplate reader can be used to continuously report the calcium green fluorescence.

After Ca®* accumulation, mitochondria depolarized, released Ca? into the medium, and began to swell. Ca2+-triggered mitochondria swelling2

is used to indicate the mPTP opening. Electron microscopy and the decrease in light absorbance at 540 nm can be used to measure the Ca“'-
triggered mitochondrial swellingm'“. Mitochondria volume can be directly determined by forward angle light scattering12, where decreases in the
absorbance reflect passive swelling of the mitochondrial matrix.
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Here, we illustrate the methodology to examine the mitochondrial Ca*" retention capacity and Ca2+-triggered mitochondrial swelling in isolated
mitochondria from SH-SY5Y cells.

1. Isolation of Mitochondria

NOTE: All solutions and equipment should be precooled to 0 - 4 °C and kept on ice.

1. Seed about 3 x 10° SH-SY5Y cells per 10 cm cell culture dish. Culture cells in high-glucose Dulbecco's modified Eagle medium with 10% fetal
bovine serum, penicillin (100 U/mL)-streptomycin (100 pg/mL). Maintain at 37 °C in an incubator containing 5% CO, overnight.
NOTE: At least 1 - 2 x 10" SH-SY5Y cells are needed for each isolation assay.

2. Remove the medium and wash the cells with about 1 mL of ice cold PBS in a 10 cm cell culture dish 3 times.

3. Add new 1 mL of ice cold PBS into 10 cm cell culture dish and scrape the adherent cells into a new 1.5 mL tube. Centrifuge at 800 x g for 10
min at 4 °C.

4. During the centrifugation, prepare 5 mL mitochondrial isolation buffer (250 mM sucrose, 10 mM HEPES(4-(2-hydroxyethyl)-1-

piperazine ethanesulfonic acid), 10 mM KCI, 1.5 mM MgCl,, 1 mM EDTA) supplemented with 50 L of protease inhibitors stock solution

(100x concentration; 1 EDTA-free tablet dissolved in 500 yL of ddH,0).

Remove the supernatant and resuspend the pellet with 1 mL of mitochondrial isolation buffer. Incubate the 1.5 mL tube on ice for 30 min.

Lyse the suspended cells with a glass homogenizer (15 - 25 strokes) up and down manually on ice.

NOTE: Make sure there are no bubbles when cells are homogenized. Count the intact cells and bared nuclei by microscope visually and

confirm that >90% cell breakage has occurred.

7. Transfer the homogenate into a 1.5 mL tube and centrifuge at 1,000 x g for 5 min at 4 °C to remove the debris (nuclei and remaining intact
cells).

8. Transfer the supernatant into a new 1.5 mL tube and centrifuge at 1,000 x g for 5 min 4 °C.

9. Transfer the supernatant to a new tube and centrifuge at 14,000 x g for 15 min 4 °C.

10. Remove the supernatant and resuspend the pellet containing mitochondria with 1 mL of mitochondrial isolation buffer.

11. Centrifuge the solution for 15 min at 14,000 x g 4 °C to precipitate the mitochondria.

12. The resulting mitochondria pellet must be kept on ice and resuspended in 50 - 100 pL KCI media (125 mM KCI, 2 mM K,HPO,4, 1 mM MgCl,,
20 mM HEPES, 5 mM glutamate, 5 mM malate, and 2 uM rotenone, pH 7.4) according to the pellet volume before any assay.

13. Use 5 uL of{gitochondrial solution to measure the mitochondrial protein concentration by standard BCA assay, measuring OD562 using a
plate reader °.

o o

2. Determination of Mitochondrial Ca®** Retention Capacity

Prepare the KCl media and add the Ca2+-binding green fluorescent dye to a final concentration of 0.5 uM before the experiment.

Transfer 1 mL of isolated mitochondria (0.4 mg/mL) in KCI media containing 0.5 uM CaZ+-binding green fluorescent dye into each 6-well plate

well.

3. Incubate the mitochondria and the Ca2+—binding green fluorescent dye in the 6-well plate at room temperature protected from ambient light
for 1 min. Add 4 pL aliquots of a 20 mM CacCl, solution (20 mM CaCl,, 127 mM KCI, 1 mM MgCl,, 20 mM HEPES, 5 mM glutamate, 5 mM
malate, pH 7.4) to each 6-well plate well using the automatic dispense setting to introduce 200 nmol Ca2+/mg mitochondrial protein.

4. Use a fluorescence spectrometer to monitor the fluorescence changes every 3 s for 2 min with an excitation wavelength of 506 nm and an
emission wavelength of 531 nm. The plate is equipped with shaking at 600 rpm for 3 s between readings controlled by software (Figure 1).

5. Add an additional 4 pL aliquot of 20 mM CacCl, solution to each well and monitor the fluorescence changes every 3 s for 2 min. Repeat this
step until the fluorescence increases with time.

NOTE: Mitochondria are challenged with the added Ca? indicated by the increased recording fluorescence. When the mPTP opens, the
fluorescence increases with time.

6. Interpret the total amount of Ca?* added until the mPTP opens as the Ca?* retention capacity.

N =

3. Determination of Ca **-induced Mitochondrial Swelling

1. Prepare the KCI media before the experiment.
1. Transfer 1 mL of isolated mitochondria (0.4 mg/mL) in KCI media into each 6-well plate well.

2. Add 10 pL of 20 mM CaCl, aqueous solution (500 nmol/mg mitochondrial protein) into mitochondrial protein to trigger mitochondrial swelling.
3. Record the decrease in absorbance at 540 nm every 3 s on a microplate reader controlled by software for 10 min (Figure 2). The
fluorescence changes are caused by an influx of solutes across the mitochondrial inner membrane.
NOTE: The decreased absorbance at 540 nm corresponds to the swollen mitochondria. If the reader does not observe a decrease in
absorbance, a longer reading interval or reading time can be adopted.
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Representative Results

Representative Results of Ca?* Retention Capacity:

Results were expressed as fluorescence values. With the additional pulses of ca? * (200 nmols/mg mitochondrial protein), the fluorescence
increased by double above baseline W|th the mPTP opening. 5 yM Bongkrekate (BKA), an inhibitor of Ca*"-induced mPTP opening, or 1uM
atractyloside (ATR), an activator of Ca*"-induced mPTP opening, were added in isolated mltochondrla The amount of total added Ca®" until
mPTP opening indicated by a double increase above the baseline fluorescence was interpreted as Ca*" retention capacity. Our data showed
that the mitochondrial Ca** retentlon capacity in BKA treatment was much higher than that in ATR group. These data confirmed the suitable
measurement of mitochondrial Ca®" retention capacity (Figure 3).

Representative Results of Ca*"-induced Mitochondrial Swelling:

Results were expressed as percentage changes in absorbance at 540 nm versus initial absorbance during a period of 10 min after the addition
of CaCl,. Triggered by the addition of ca? * (500 nmol/mg mitochondrial protein), the decreased absorbance monitored at 540 nm indicated

the mitochondrial swellings. With the treatment of BKA or ATR, the calibration curve showed a slight or sharp decrease compared to initial
absorbance, indicating that BKA can inhibit mPTP opening while ATR can facilitate the mPTP opening (Figure 4).
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Figl;e-1: The software settings for mitochondrial Ca”' retention capacity assay. Please click here to view a larger version of this figure.
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Figufe 2: The software settings for mitochondrial Ca2+-triggered mitochondrial swelling assay. Please click here to view a larger version

of this figure.
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Figure 3: The measurement of Ca®' retention capacity. Extra-mitochondrial Ca*" in isolated mitochondria was measured fluorometrically with
the CaZ+-binding green fluorescent dye in the presence of 5 uM bongkrekate (BKA), 1 uM atractyloside (ATR), or blank control (CON). Traces
of Ca?* retention by isolated mitochondria with BKA, ATR, and CON were measured at 506 nm (Ex) and 531 nm (Em) on a microplate reader.
Please click here to view a larger version of this figure.
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Figure 4: The measurement of Ca**-induced mitochondrial swelling. Ca*"-induced mitochondrial swelling of SH-SY5Y in the presence of

5 uM bongkrekate (BKA), 1 uM atractyloside (ATR), or blank control (CON) was expressed as a percentage decreased calibration curve of the
initial absorbance at 540 nm. Please click here to view a larger version of this figure.

Here, we described a simple and effective protocol for the mitochondrial Ca®" retention capacity assay and Ca2+-triggered mitochondrial swelling
assay.

For the mitochondrial isolation, make sure that all the materials and tubes are on ice, especially when homogenizing the cells. 0.25% trypsin-
EDTA can also be used to detach cells from the dish for 5 min at 37 °C. After 15 - 25 strokes, it is necessary to observe the intact cell membrane
under the microscope and avoid the breakage of the mitochondria membrane. However, the isolated mitochondria that we obtained are crude

Copyright © 2018 Journal of Visualized Experiments May 2018 | 135 | €56236 | Page 6 of 7


https://www.jove.com
https://www.jove.com
https://www.jove.com
https://cloudflare.jove.com/files/ftp_upload/56236/56236fig3large.jpg
https://cloudflare.jove.com/files/ftp_upload/56236/56236fig4large.jpg

lee Journal of Visualized Experiments www.jove.com

mitochondria and purified mitochondria can be obtained through 1.0 M/1.5M discontinuous sucrose gradient. The biological characteristics of
mitochondria in living cells are more like those in vivo than in isolated mltochondrla because of the concentrations of the medium components
that surround the mitochondria. The mitochondrial Ca®* retention capacity or Ca? *_triggered mitochondrial swelling assay was determined
under energized condltlons For determination of functioning mitochondria, 5 mM succinate can be added as respiratory substrates instead of
glutamate and malate®.

Ca® *_binding green fluorescent dye (binds Ca * with an affinity of 4.29 + 0. 67 mM), is more suitable to measure micromolar concentrations of
Ca?* than higher affinity dyes such as fura-2 ’. After the addition of the Ca® *_binding green fluorescent dye, the incubation must be less than 240
s. Successive additions of Ca® * (varying from 25 - 200 nmol) were injected at 1 - 3 min intervals. The callbratlon curves show the concentrations
of Ca?* that the mitochondria are unable to sequester, indicating the mitochondrial uptake of pulses of Ca?* . Otherwise, the Ca? *_binding green
fluorescent dye was also used in calcium signaling mvestlgatlons such as intracellular free Ca* concentration measurement, following ca®
influx and release, and multiphoton excitation imaging of ca®in living tissues.

For determination of Ca®" -induced mitochondrial swelling, swelling can also be induced with the addition of 200 mM ATR and CaCl,. As a
control, mitochondria could be incubated with 1 mM CsA for 5 min before the measurement, which |nh|b|ted the mPTP opening. Previous
research showed calibration curves of absorbance as a function of the percentage of swollen mitochondria'. It was reported that 1 mM CsA,
0.1 mM ruthenium red, and an equal volume of fresh mitochondria (0.5 mg/mL) can be added in the reaction when swelling was complete.
Because CsA and ruthenium red can inhibit the mPTP opening in the freshly added mitochondria, the calibration curves indicate both the
swollen mitochondria and non-swollen mitochondria'®. The protocol of mitochondrial swelling upon Ca?" overload is also an effective and direct
measurement of Ca?*-induced mPTP opening.

Since the discovery of transport of ca* by mitochondria from mammals and other higher vertebrates more than 50 ) years ago, there has been
much research on the mechanisms and functions of mitochondrial calcium efflux and influx. The mitochondrial Ca* uptake mechanisms contain
the mitochondrial Ca®* uniporter, the rapid mode or RaM, and the ryanodine receptor (mRyR) . The assays we described above can evaluate
Ca?*-related mitochondrial function simply and effectively.

X. Sun supervised the experiments. Wei Li performed the experiments. Chen Zhang and X. Sun wrote the paper.
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