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In response to various pathological stimuli, such as oxidative and energy stress accompanied 
by high Ca2+, mitochondria undergo permeability transition (PT) leading to the opening of 
the non-selective PT pores (PTP) in the inner mitochondrial membrane. Opening of the 
pores at high conductance allows the passage of ions and solutes <1.5 kD across the 
membrane, that increases colloid osmotic pressure in the matrix leading to excessive 
mitochondrial swelling. Calcium retention capacity (CRC) reflects maximum Ca2+ overload 
of mitochondria that occurs just before PTP opening. Quantification of CRC is important 
for elucidating the effects of different pathological stimuli and the efficacy of pharmacological 
agents on the mitochondria. Here, we performed a comparative analysis of CRC in 
mitochondria isolated from H9c2 cardioblasts, and in permeabilized H9c2 cells in situ to 
highlight the strengths and weaknesses of the CRC technique in isolated cell mitochondria 
vs. permeabilized cells. The cells were permeabilized by digitonin or saponin, and the Ca2+-
sensitive fluorescence probe Calcium Green-5 N was used in both preparations. Results 
demonstrated the interference of dye-associated fluorescence signals with saponin and 
the adverse effects of digitonin on mitochondria at high concentrations. Analysis of the CRC 
in permeabilized cells revealed a higher CRC in the saponin-permeabilized cells in comparison 
with the digitonin-permeabilized cells. In addition, the mitochondrial CRC in saponin-
permeabilized cells was higher than in isolated mitochondria. Altogether, these data 
demonstrate that the quantification of the mitochondrial CRC in cultured cells permeabilized 
by saponin has more advantages compared to the isolated mitochondria.

Keywords: permeabilized cells, mitochondria, calcium retention capacity, permeability transition pore, 
mitochondrial swelling

INTRODUCTION

Mitochondria are the cell powerplants that provide over 90% of ATP required for cell metabolism. 
Also, mitochondria play a pivotal role in the maintenance of ion homeostasis, cell growth, 
redox signaling, and cell death. The metabolism and function of mitochondria are regulated 
by changes in the matrix volume associated with ion fluxes, particularly Ca2+, across the inner 
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mitochondrial membrane. At low concentrations, Ca2+ induces 
negligible matrix swelling (Ichas and Mazat, 1998) and stimulates 
mitochondrial bioenergetics through fatty acid oxidation, 
tricarboxylic acid cycle, and oxidative phosphorylation (Halestrap, 
1994; Tarasov et al., 2012). However, high Ca2+ causes excessive 
mitochondrial swelling leading to mitochondrial dysfunction 
and cell death. The main mechanism of mitochondrial swelling 
involves the opening of non-selective channels known as 
permeability transition pores (PTPs) in low-conductance 
(physiological) and high-conductance (pathological) modes in 
the inner mitochondrial membrane (Ichas and Mazat, 1998; 
Kwong and Molkentin, 2015). Mitochondrial swelling is driven 
by a high colloid osmotic pressure in the matrix of mitochondria 
exerted by high Ca2+ and non-diffusible matrix proteins. 
Quantification of the extent of mitochondrial swelling is important 
for the analysis of mitochondrial damage in response to various 
pathological stimuli.

The Ca2+ retention capacity (CRC) is broadly used to 
quantify the extent of PTP opening since CRC indicates the 
maximum Ca2+ uptake that mitochondria reach before PTP 
opening. Therefore, the amount of external Ca2+ that induces 
Ca2+ release through the PTP reflects the CRC of mitochondria 
that corresponds to the maximum mitochondrial swelling. 
The CRC can be  quantified in isolated mitochondria and 
intact cells (without isolation of mitochondria). Although the 
fundamental knowledge on the structural organization, 
metabolism, and function of mitochondria, as well as their 
response to a wide range of diseases, was acquired using 
isolated cell or tissue mitochondria, the use of isolated 
mitochondria has several disadvantages (Kuznetsov et al., 2008; 
Dedkova and Blatter, 2012; Salabei et  al., 2014). First, the 
isolation of mitochondria requires a relatively large quantity 
of cells or tissues since some parts are lost in the isolation 
process (centrifugation and washing). Second, isolated 
mitochondria do not represent all populations of mitochondria 
since mitochondria localized in certain subcellular 
compartments (e.g., intrafibrillar mitochondria) are not isolated 
by homogenization. Third, mitochondria, especially 
dysfunctional (fragile) mitochondria from pathological cells/
tissues are partially damaged or lost during the isolation 
process. Fourth, isolation from the essential intracellular 
environment has severe effects on the morphology, metabolism, 
and function of mitochondria and changes their sensitivity 
to exogenous factors.

In this study, we  evaluated the CRC in intact cells in situ 
permeabilized by two different biological detergents and in 
mitochondria isolated from the cultured cells to clarify the 
advantages and disadvantages of each technique.

MATERIALS AND METHODS

Animals
Adult Sprague Dawley male rats (275–325 g) were purchased 
from Taconic (Hillside, NJ, United  States). All experiments 
were performed according to protocols approved by the UPR 
Medical Sciences Campus Institutional Animal Care and Use 

Committee and conformed to the National Research Council 
Guide for the Care and Use of Laboratory Animals published 
by the US National Institutes of Health (2011, eighth edition).

Cells
H9c2 embryonic rat cardioblastic cells were cultured according 
to the manufacturer’s recommendations (American Type Culture 
Collection, Manassas, VA). Briefly, the cells were cultured in 
DMEM based modified media containing 4 mM L-glutamine, 
4.5 g/L glucose, 1 mM sodium pyruvate, and 1.5 g/L sodium 
bicarbonate supplemented with 10% fetal bovine serum and 
1% antibiotic solution (HyClone) and maintained in 95% air 
and 5% CO2 at 37°C. Cells maintained within 80–90% 
confluence from passages 3–10 were used for experiments.

Isolation of Mitochondria From Rat Hearts
The isolation of mitochondria was adopted and modified from 
previous studies (Chapa-Dubocq et  al., 2020). Briefly, heart 
ventricles were cut and homogenized using a Polytron 
homogenizer in ice-cold sucrose buffer containing (in mM): 
300 sucrose, 20 Tris–HCl, and 2 EGTA, pH 7.2, and supplemented 
with 0.05% BSA. The heart homogenate was centrifuged at 
2000 × g for 3 min to remove cell debris. The supernatant was 
centrifuged at 10,000 × g for 6 min to precipitate mitochondria 
and then washed again under the same conditions in sucrose 
buffer (BSA-free). The final pellet containing mitochondria was 
resuspended in 300 μl of sucrose buffer.

Isolation of Mitochondria From Cells
To isolate mitochondria from cultured cells, H9c2 cells were 
trypsinized and pelleted at 200×g for 7 min (Jang and Javadov, 
2018). Pellet was resuspended in ice-cold sucrose buffer containing 
(in mM): 300 sucrose, 10 Tris–HCl, and 2 EGTA; pH 7.4. 
Cells were centrifuged at 2,500 × g for 5 min at 4°C, the pellet 
was resuspended in the sucrose buffer. To disrupt the plasma 
membrane and expose mitochondria, cells were plunged using 
a 27G needle until all cells were successfully lysed. The cell 
lysate was then centrifuged at 400 ×g for 5 min and the supernatant 
was collected. The mitochondria were concentrated by 
centrifugation at 10,000 ×g for 5 min and finally dissolved with 
sucrose buffer.

Permeabilization of Cells
The basic principles of the cell permeabilization technique 
for analysis of mitochondrial function in situ have been 
described in detail elsewhere (Kuznetsov et al., 2008; Dedkova 
and Blatter, 2012; Salabei et  al., 2014). Cells were freshly 
harvested using trypsin–EDTA then permeabilized in sucrose 
buffer (300 mM sucrose, 10 mM Tris–HCl, 2 mM EGTA, pH 
7.4) containing saponin or digitonin for 10 min on ice. After 
the permeabilization, cells were washed with equilibration 
buffer (100 mM sucrose, 10 mM Tris–HCl, 10 μM EGTA, pH 
7.4), then resuspended in incubation buffer (200 mM sucrose, 
10 mM Tris-MOPS, 5 mM α-ketoglutarate, 2 mM malate, 1 mM 
Pi, 10 μM EGTA-Tris, pH 7.4) containing 100 nM Calcium 
Green-5 N.
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Fluorescence Imaging
To evaluate the effects of permeabilization on mitochondrial 
function, live H9c2 cells grown to 70–80% confluence were 
treated with saponin or digitonin for 10 min. Then, the cells 
were further incubated for 30 min with 300 nM DAPI for 
visualization of the nucleus and 30 nM Mitotracker Red, a 
membrane potential-dependent dye. As a positive control, 0.1% 
Triton X-100 was applied to induce irreversible permeabilization 
of the plasma membrane leading to structural collapse of the 
cells. Cell images were captured by an Olympus IX73 microscope 
with LUCPLFLN10X objective using Cellsense Dimension 
(Olympus) software.

CRC Assay
The CRC was quantified by the Ca2+-sensitive fluorescence dyes 
Oregon Green 488 BAPTA-1, Calcium Green-5N, or Fluo-5N 
that measure extramitochondrial Ca2+ fluorescence in the assay 
buffer. Briefly, freshly isolated mitochondria (0.5 mg/ml) or 
permeabilized fresh cells were incubated at 37°C in 0.1 ml of 
incubation buffer (200 mM sucrose, 10 mM Tris-MOPS, 5 mM 
α-ketoglutarate, 2 mM malate, 1 mM Pi, 10 μM EGTA-Tris, pH 
7.4) containing one of the fluorescence dyes. Calcium was 
added to increase matrix Ca2+ load and the fluorescence intensity 
was recorded by CLARIOStar microplate reader (BMG Labtech).

Mitochondrial PTP Opening
The swelling of mitochondria as an indicator of PTP opening 
in the presence or absence of Ca2+ was determined freshly 
isolated mitochondria (50 μg) by monitoring the decrease in 
light scattering at 525 nm as previously described, with minor 
modifications (Rodríguez-Graciani et  al., 2020). The swelling 
buffer contained (in mM): 125 KCl, 20 MOPS, 10 Tris–HCl, 
0.001 EGTA, and 2 KH2PO4, pH 7.1. The swelling curves were 
normalized to control and presented as an absorbance ratio.

Statistical Analysis
Data values are presented as mean ± SE. Student’s t-test was 
used to compare differences between two groups. p < 0.05 was 
considered as statistically significant. The number of biological 
samples but not technical replicates were used as a sample size.

RESULTS

Analysis of Mitochondrial CRC by Different 
Ca2+-Sensitive Fluorescent Dyes
In the first set of experiments, we  assessed the sensitivity of 
three different fluorescent dyes to Ca2+ in isolated heart 
mitochondria. The CRC was measured in 50 μg of mitochondria 
by using Oregon Green 488 BAPTA-1, Calcium Green-5N or 
Fluo-5N that possess a dissociation constant (Kd for Ca2+) of 
0.17 μM, 15 μM, or 90 μM, respectively (Figure 1). Results exhibited 
a different sensitivity of the dyes to Ca2+. The Oregon Green 
488 BAPTA-1 dye was the most sensitive and CRC reached 
the maximum at ~60 μM Ca2+ (Figure  1A) whereas Calcium 
Green-5N demonstrated the maximum CRC at 200 μM. 

(Figure  1B). The CRC of mitochondria was less sensitive to 
Fluo-5N and could not reach the maximum at 280 μM (Figure 1A). 
Moreover, inhibition of the mitochondrial swelling by sanglifehrin 
A, a PTP blocker that inhibits cyclophilin D activity, affected 
differently the fluorescence intensity of the dyes; inhibition of 
the CRC was more obvious in the presence of Calcium Green-5N 
or Fluo-5N (Figures  1B,C) suggesting that the inhibitory effect 
of sanglifehrin A on mitochondrial swelling depends on the 
sensitivity of the dyes to Ca2+ as well as on the concentration 
of Ca2+. It should be  noted that decreased CRC was associated 
with increased PTP opening in the isolated cardiac mitochondria 
(Figures  1D–F). Ca2+ induces inner membrane expansion and 
outer membrane rupture (Strubbe-Rivera et  al., 2021), leading 
to the swelling of mitochondria. The increase in matrix volume 
is accompanied by a decrease in the intensity of light scattered 
(Tedeschi and Harris, 1955). Thus, these data demonstrate that 
due to differences in Kd for Ca2+, the different Ca2+-sensitive 
fluorescent dyes can be  applied for measurement of the CRC 
at low (Oregon Green 488 BAPTA-1: Kd = 170 nM), medium 
(Calcium Green-5N: Kd = 14 μM), or high (Fluo-5N: Kd = 90 μM) 
concentrations of Ca2+. Moreover, we experimentally demonstrated 
the relationship between mitochondrial swelling and Ca2+ efflux 
in response to Ca2+-induced PTP opening.

The Effects of Permeabilization on 
Mitochondria
Based on the sensitivity to Ca2+ (Figures 1A–C), we used Calcium 
Green-5N to assess the permeabilization capabilities, potential 
effects of digitonin and saponin, and the CRC in H9c2 cardioblasts. 
DAPI, a nuclear staining dye that does not enter non-permeabilized 
cells, was used to estimate the effectiveness of the detergents 
to permeabilize the cells. Analysis of permeabilization capabilities 
demonstrated that both biological detergents at high concentrations 
have toxic effects on mitochondria, inducing loss of membrane 
potential (Figures  2A,C,D). The optimal concentrations of the 
detergents to induce permeabilization of the cells with no effects 
on mitochondrial functional activity were different for saponin 
and digitonin. Quantification of DAPI fluorescence to total cells 
found that saponin levels of 25 μg/ml or higher and all digitonin 
levels used were capable of permeabilizing the cellular membrane 
(Figures  2A–C). Analysis of Mitotracker Red displayed 
mitochondria viability ranging from 5 to 100 μg/ml of saponin 
as well as digitonin levels between 5 and 10 μg/ml. Saponin 
effectively permeabilized the cells at concentrations 25, 50, and 
100 μg/ml (Figure 2A), whereas optimal permeabilization of the 
cells by digitonin was observed at 5 and 10 μg/ml (Figure  2C).

To determine whether the detergents have interference with 
Calcium Green-5 N (Figure 3; Supplementary Figures S2A,B), 
the fluorescence intensity of the dye was measured in the 
assay buffer (no cells) by adding digitonin or saponin at 
concentrations of 50, 100, and 200 μg/ml. Saponin at 200 μg/
ml demonstrated interference with Calcium Green-5N as 
evidenced by saturated fluorescence signal in the absence of 
Ca2+ (Figure 3A; Supplementary Figure S2A) whereas digitonin 
had no interference with the dye at all concentrations (Figure 3B; 
Supplementary Figure S2B).
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FIGURE 1 | CRC analysis in mitochondria isolated from adult Sprague Dawley rat hearts. The CRC was measured using the Ca2+ sensitive fluorescent dyes, 
100 nM Oregon Green 488 BAPTA-1 (A), 100 nM Calcium Green-5N (B), and 500 nM Fluo-5N (C). Mitochondria (50 μg) were exposed to repetitive application of 
20 μM (2 nmol) of Ca2+ every 2 min (arrows) to increase matrix Ca2+ load. The PTP dependence of the CRC was determined by adding 0.5 μM sanglifehrin A (SfA, a 
cyclophilin D inhibitor) to the incubation media. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control (Con). n = 3 per group. (D–F) CRC and mitochondrial swelling analysis in 
mitochondria isolated from adult Sprague Dawley rat hearts. The CRC was measured using the Ca2+ sensitive fluorescent dyes, 500 nM Fluo-5 N. Mitochondria 
(50 μg) were exposed to 100 (D), 200 (E), and 300 (C) μM (10, 20, 30 nmol) of Ca2+ at 5 min (arrows) to increase matrix Ca2+ load. n = 3 per group.
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FIGURE 2 | The effects of permeabilization by saponin and digitonin on mitochondria in live H9c2 cells. The cells were grown to 70–80% confluence and 
incubated with saponin (A) or digitonin (C) at indicated concentrations for 10 min. Then, the cells were incubated for 30 min with DAPI (blue, 300 nM) to visualize 
the nucleus, as a marker of permeabilization, and with Mitotracker Red (red, 30 nM), which is dependent on membrane potential, for visualization of functional 
mitochondria. Triton X-100 (TX100, 0.1%) was used as a positive control to induce the structural collapse of the cells due to irreversible permeabilization. Images 
were captured by an Olympus IX73 microscope with LUCPLFLN10X objective using Cellsense Dimension (Olympus) software and quantified using image J for 
saponin (B) and digitonin (D). Data were divided by total cell count and represented as percent of control from live image count. n = 3, * p < 0.05, ** p < 0.01, *** 
p < 0.001 vs. control (Con).

A B

FIGURE 3 | Analysis of interference between Calcium Green-5 N and saponin or digitonin. The fluorescence intensity of Calcium Green-5 N was measured in the 
cell-free assay buffer in the presence of 50, 100, and 200 μg/ml saponin (A) or digitonin (B). Ca2+ was added every 3 min (arrows) by increments of 2 nmol/injection. 
n = 6 per group. Saponin at 200 μg/ml had interference with Calcium Green-5 N as evidenced by saturated fluorescence signal without added Ca2+ (A) whereas 
digitonin at all concentrations had no interference with the dye (B).
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Analysis of the CRC in Permeabilized H9c2 
Cardiomyocytes and Isolated 
Mitochondria
Next, we  analyzed the CRC in permeabilized cells in situ and 
in isolated mitochondria in vitro to choose the technique which 
can be  used for accurate quantification of mitochondrial CRC 
in cultured cells. First, we  measured the CRC in H9c2 
cardiomyocytes permeabilized by saponin or digitonin 
(Figure 4A; Supplementary Figure S2C). The cells permeabilized 
by digitonin at all concentrations (10, 50, and 100 μg/ml) had 
lower CRC than saponin-permeabilized cells. The cells 
permeabilized with 50 and 100 μg/ml saponin required 
approximately 9 and 10 nmol Ca2+, respectively, to induce a 
massive release of Ca2+ whereas nearly 6, 7, and 8 nmol Ca2+ 
were required to open the PTP/Ca2+ release from mitochondria 
of cells permeabilized by 10, 50, and 100 μg/ml of digitonin, 
respectively.

Considering the negative effects of digitonin on the CRC 
of mitochondria (Figure  4A; Supplementary Figure S2C), in 
the next set of experiments, we  used saponin-permeabilized 
cells for comparison of mitochondrial CRC in the permeabilized 
cells versus isolated mitochondria. An equal number of H9c2 
cells (0.6 × 106) were used for permeabilization of cells and 
isolation of mitochondria. Notably, mitochondrial mass was not 
decreased significantly (<7%, p < 0.974) in isolated mitochondria 
in comparison with the permeabilized cells as evidenced by 
citrate synthase activities in both samples. Results 
demonstrated that the CRC in permeabilized cells was higher 
compared to the isolated mitochondria (Figure  4B; 
Supplementary Figure S2D); 10 nmol Ca2+ was required to 

trigger PTP opening/massive Ca2+ release in the cells permeabilized 
with 50 μg/ml saponin whereas isolated mitochondria started 
swelling at 6 nmol Ca2+ indicating at their lower CRC. 
Thapsigargin, a non-competitive inhibitor of the SERCA, was 
used to estimate the contribution of sarcoplasmic reticulum to 
the CRC of mitochondria. The mitochondrial CRC of saponin-
permeabilized cells was slightly reduced in the presence of 1 μM 
thapsigargin. As expected, it had no effect on the CRC of the 
isolated mitochondria (Figure 4B; Supplementary Figure S2D).

DISCUSSION

In this study, we  attempted to compare two techniques for 
the measurement of the CRC of mitochondria in cultured 
cells. Results showed that mitochondrial CRC measured in 
permeabilized cells is higher than that in isolated mitochondria. 
Also, we  found the optimal concentrations of the biological 
detergents saponin and digitonin required for effective 
permeabilization of the H9c2 cells with no toxic effects on 
mitochondrial function (ΔΨm).

A few techniques have been developed for the quantification 
of mitochondrial PTP/CRC in vivo in cells and tissues. 
2-deoxy[3H] glucose (DOG) entrapment technique can be applied 
to measure PTP opening in isolated perfused hearts in vivo 
(Javadov et  al., 2005; Ciminelli et  al., 2006). In cultured cells, 
mitochondrial PTP/CRC can be  measured directly in intact 
cells by calcein, a cell-permeant fluorescent probe, the intensity 
of which is quenched strongly by metal ions, such as Co2+, 
in the cytosol. Hence, the fluorescence quenching in response 

A B

FIGURE 4 | CRC analysis in permeabilized cells in situ and isolated mitochondria in vitro. (A) CRC in H9c2 cells permeabilized by saponin or digitonin. The cells 
were permeabilized by saponin (50 and 100 μg/ml) or digitonin (10, 50, and 100 μg/ml) for 10 min in sucrose buffer on ice. n = 3–6 per group. (B) Comparative 
analysis of CRC in permeabilized cells vs. isolated mitochondria in the presence or absence of 1 μM thapsigargin (TG). Ca2+ was added every 3 min (arrows) by 
increments of 1 nmol/injection. 0.6 × 106 H9c2 cells were used for each well. Permeabilized cells were washed off the detergents before the analysis. Curves 
represent the averages. n = 6 per group.
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to Ca2+ release from mitochondria through the PTP can allow 
quantifying the extent of pore opening (Petronilli et  al., 1999; 
Hernandez et  al., 2014; Teixeira et  al., 2015). However, the 
technique for analysis of the PTP by calcein has several 
weaknesses. First, Co2+ is a heavy metal and has toxic effects 
on cells. Second, the technique does not allow to specify 
whether calcein quenching occurs due to its release through 
mitochondrial PTPs or results from Co2+ entry into mitochondria. 
For example, incubation of cells with calcein in combination 
with a red-fluorescing potentiometric dye demonstrated that 
cytosolic calcein can be  released from normal mitochondria 
but enters them upon PTP opening (Jones et  al., 2002). Third, 
calcein-AM entering mitochondria is not cleaved in all cell 
types such as hepatocytes (Lemasters et  al., 1998).

Advantages of the technique for quantification of the CRC 
in permeabilized cells in situ compared to isolated mitochondria 
can be  explained with the fact that during permeabilization 
intracellular structural organization of the cells is preserved, 
allowing to analyze all subcellular populations of mitochondria 
(Harisseh et  al., 2019). Analysis of several types of primary 
cells and cell lines revealed that mitochondria within individual 
cells are morphologically heterogeneous with varying sizes, are 
differently distributed, and they may even have distinct functions 
(Collins et  al., 2002). In contrast, analysis of PTP opening, 
mitochondrial swelling, and the CRC in isolated mitochondria 
have certain limitations. Homogenization and centrifugation 
during the isolation procedure damage mitochondria and induce 
their swelling (Morikawa et  al., 2014). In addition, isolated 
mitochondria do not present all populations of mitochondria 
localized in different subcellular compartments.

A large number of studies used permeabilized cells, 
particularly cardiomyocytes, to investigate mitochondrial 
bioenergetics and respiration rates (Eimre et  al., 2008; Xu 
et al., 2014), CRC (Harisseh et al., 2019), membrane potential 
(Keane et  al., 2016), ROS (Pham et  al., 2000; Keane et  al., 
2016), and ions (Na+, Ca2+; Donoso et  al., 1992; Dedkova 
and Blatter, 2009) in situ. Permeabilized cardiomyocytes and 
cardiac muscle fibers have been shown to maintain natural 
structural organization and mitochondrial bioenergetics (Kay 
et  al., 1997; Saks et  al., 1998), which are consistent with 
our findings (Supplementary Figure S1). Likewise, intracellular 
morphology and mitochondrial function of H9c2 cardioblasts 
remained unaffected by permeabilization (Szalai et  al., 2000; 
Medepalli et  al., 2013; Namekata et  al., 2017). Mostly, two 
biological detergents digitonin and saponin were used for 
the permeabilization of cells. Digitonin disrupts the plasma 
membrane bilayers by targeting lipid rafts while saponins 
permeabilize plasma membranes by selectively removing 
cholesterol from the membranes without affecting membrane 
proteins. The intracellular environment including the structural 
and functional integrity of subcellular organelles, and 
interactions between them remain almost intact in 
permeabilized cells. Interestingly, thapsigargin had no 
significant effect on the CRC in permeabilized cells 
(Figure  4B). This can be  explained by the low concentration 
of ATP (due to its dilution in the assay buffer upon 
permeabilization), which is not sufficient to activate SERCA 

and stimulate Ca2+ uptake by sarcoplasmic reticulum. 
Apparently, permeabilization efficacy and toxic effects of 
saponin and digitonin at given concentrations can be  varied 
for different cell types.

In conclusion, this study highlights the advantages of the 
quantification of mitochondrial CRC in permeabilized cells 
compared to isolated mitochondria and establishes optimal 
concentrations of two biological detergents that are widely used 
for the permeabilization of cells. The results of the study can 
be  taken into consideration during the quantification of 
mitochondrial CRC in live cells.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included 
in the article/Supplementary Material, further inquiries can 
be  directed to the corresponding author.

ETHICS STATEMENT

The animal study was reviewed and approved by the UPR 
Medical Sciences Campus Institutional Animal Care and Use 
Committee and conformed by the National Research Council 
Guide for the Care and Use of Laboratory Animals published 
by the US National Institutes of Health (2011, eighth edition).

AUTHOR CONTRIBUTIONS

SJav and SF conceived the study and wrote the manuscript. 
SJan and XC-D performed the experiments and contributed 
the data. All authors contributed to the article and approved 
the submitted version.

FUNDING

This study was supported by the grants from the National Institutes 
of Health (SC1GM128210 and R25GM061838 to SJav; R01NS104127 
and R01AG062572 to SF), the National Science Foundation 
(2006477 to SJav), and the Pennsylvania Department of Heath 
Collaborative Research on Alzheimer’s Disease (PA Cure, to SF).

ACKNOWLEDGMENTS

We thank Jorge Garcia-Baez for assisting the experiments 
and analysis.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fphys.2021.773839/
full#supplementary-material

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://www.frontiersin.org/articles/10.3389/fphys.2021.773839/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2021.773839/full#supplementary-material


Jang et al. Analysis of Mitochondrial CRC in Cells

Frontiers in Physiology | www.frontiersin.org 8 December 2021 | Volume 12 | Article 773839

 

REFERENCES

Chapa-Dubocq, X. R., Rodriguez-Graciani, K. M., Guzman-Hernandez, R. A., 
Jang, S., Brookes, P. S., and Javadov, S. (2020). Cardiac function is not 
susceptible to moderate disassembly of mitochondrial respiratory 
supercomplexes. Int. J. Mol. Sci. 21:1555. doi: 10.3390/ijms21051555

Ciminelli, M., Ascah, A., Bourduas, K., and Burelle, Y. (2006). Short term 
training attenuates opening of the mitochondrial permeability transition 
pore without affecting myocardial function following ischemia-reperfusion. 
Mol. Cell. Biochem. 291, 39–47. doi: 10.1007/s11010-006-9192-9

Collins, T. J., Berridge, M. J., Lipp, P., and Bootman, M. D. (2002). Mitochondria 
are morphologically and functionally heterogeneous within cells. EMBO J. 
21, 1616–1627. doi: 10.1093/emboj/21.7.1616

Dedkova, E. N., and Blatter, L. A. (2009). Characteristics and function of 
cardiac mitochondrial nitric oxide synthase. J. Physiol. 587, 851–872. doi: 
10.1113/jphysiol.2008.165423

Dedkova, E. N., and Blatter, L. A. (2012). Measuring mitochondrial function 
in intact cardiac myocytes. J. Mol. Cell. Cardiol. 52, 48–61. doi: 10.1016/j.
yjmcc.2011.08.030

Donoso, P., Mill, J. G., and O'neill, S.C., and Eisner, D.A.,  (1992). Fluorescence 
measurements of cytoplasmic and mitochondrial sodium concentration in rat 
ventricular myocytes. J. Physiol. 448, 493–509. doi: 10.1113/jphysiol.1992.sp019053

Eimre, M., Paju, K., Pelloux, S., Beraud, N., Roosimaa, M., Kadaja, L., et al. 
(2008). Distinct organization of energy metabolism in HL-1 cardiac cell 
line and cardiomyocytes. Biochim. Biophys. Acta 1777, 514–524. doi: 10.1016/j.
bbabio.2008.03.019

Halestrap, A. P. (1994). Regulation of mitochondrial metabolism through changes 
in matrix volume. Biochem. Soc. Trans. 22, 522–529. doi: 10.1042/bst0220522

Harisseh, R., Abrial, M., Chiari, P., Al-Mawla, R., Villedieu, C., Tessier, N., et al. 
(2019). A modified calcium retention capacity assay clarifies the roles of extra- 
and intracellular calcium pools in mitochondrial permeability transition pore 
opening. J. Biol. Chem. 294, 15282–15292. doi: 10.1074/jbc.RA119.009477

Hernandez, J. S., Barreto-Torres, G., Kuznetsov, A. V., Khuchua, Z., and Javadov, S. 
(2014). Crosstalk between AMPK activation and angiotensin II-induced 
hypertrophy in cardiomyocytes: the role of mitochondria. J. Cell. Mol. Med. 
18, 709–720. doi: 10.1111/jcmm.12220

Ichas, F., and Mazat, J. P. (1998). From calcium signaling to cell death: two 
conformations for the mitochondrial permeability transition pore. Switching 
from low- to high-conductance state. Biochim. Biophys. Acta 1366, 33–50. 
doi: 10.1016/S0005-2728(98)00119-4

Jang, S., and Javadov, S. (2018). Elucidating the contribution of ETC complexes 
I  and II to the respirasome formation in cardiac mitochondria. Sci. Rep. 
8, 17732. doi: 10.1038/s41598-018-36040-9

Javadov, S., Huang, C., Kirshenbaum, L., and Karmazyn, M. (2005). NHE-1 
inhibition improves impaired mitochondrial permeability transition and 
respiratory function during postinfarction remodelling in the rat. J. Mol. 
Cell. Cardiol. 38, 135–143. doi: 10.1016/j.yjmcc.2004.10.007

Jones, R. A., Smail, A., and Wilson, M. R. (2002). Detecting mitochondrial 
permeability transition by confocal imaging of intact cells pinocytically loaded 
with calcein. Eur. J. Biochem. 269, 3990–3997. doi: 10.1046/j.1432-1033.2002.03087.x

Kay, L., Li, Z., Mericskay, M., Olivares, J., Tranqui, L., Fontaine, E., et al. 
(1997). Study of regulation of mitochondrial respiration in  vivo. An analysis 
of influence of ADP diffusion and possible role of cytoskeleton. Biochim. 
Biophys. Acta 1322, 41–59. doi: 10.1016/S0005-2728(97)00071-6

Keane, J., Tajouri, L., and Gray, B. (2016). Recombinant human growth hormone 
and insulin-like growth factor-1 do not affect mitochondrial derived highly 
reactive oxygen species production in peripheral blood mononuclear cells 
under conditions of substrate saturation in-vitro. Nutr. Metab. 13:45. doi: 
10.1186/s12986-016-0105-y

Kuznetsov, A. V., Veksler, V., Gellerich, F. N., Saks, V., Margreiter, R., and 
Kunz, W. S. (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

Kwong, J. Q., and Molkentin, J. D. (2015). Physiological and pathological roles 
of the mitochondrial permeability transition pore in the heart. Cell Metab. 
21, 206–214. doi: 10.1016/j.cmet.2014.12.001

Lemasters, J. J., Nieminen, A. L., Qian, T., Trost, L. C., Elmore, S. P., Nishimura, Y., 
et al. (1998). The mitochondrial permeability transition in cell death: a 

common mechanism in necrosis, apoptosis and autophagy. Biochim. Biophys. 
Acta 1366, 177–196. doi: 10.1016/S0005-2728(98)00112-1

Medepalli, K., Alphenaar, B. W., Keynton, R. S., and Sethu, P. (2013). A new 
technique for reversible permeabilization of live cells for intracellular delivery 
of quantum dots. Nanotechnology 24:205101. doi: 10.1088/0957-4484/24/20/205101

Morikawa, D., Kanematsu, K., Shibata, T., Haseda, K., Umeda, N., and Ohta, Y. 
(2014). Detection of swelling of single isolated mitochondrion with optical 
microscopy. Biomed. Opt. Express 5, 848–857. doi: 10.1364/BOE.5.000848

Namekata, I., Hamaguchi, S., Iida-Tanaka, N., Kusakabe, T., Kato, K., Kawanishi, T., 
et al. (2017). Fluorescence analysis of the mitochondrial effect of a plasmalemmal 
Na+/Ca2+ exchanger inhibitor, SEA0400, in permeabilized H9c2 
cardiomyocytes. Biol. Pharm. Bull. 40, 1551–1555. doi: 10.1248/bpb.b17-00079

Petronilli, V., Miotto, G., Canton, M., Brini, M., Colonna, R., Bernardi, P., 
et al. (1999). Transient and long-lasting openings of the mitochondrial 
permeability transition pore can be  monitored directly in intact cells by 
changes in mitochondrial calcein fluorescence. Biophys. J. 76, 725–734. doi: 
10.1016/S0006-3495(99)77239-5

Pham, N. A., Robinson, B. H., and Hedley, D. W. (2000). Simultaneous detection 
of mitochondrial respiratory chain activity and reactive oxygen in digitonin-
permeabilized cells using flow cytometry. Cytometry 41, 245–251. doi: 
10.1002/1097-0320(20001201)41:4<245::AID-CYTO2>3.0.CO;2-#

Rodríguez-Graciani, K. M., Chapa-Dubocq, X. R., Macmillan-Crow, L. A., and 
Javadov, S. (2020). Association between L-OPA1 cleavage and cardiac 
dysfunction during ischemia-reperfusion injury in rats. Cell. Physiol. Biochem. 
54, 1101–1114. doi: 10.33594/000000303

Saks, V. A., Veksler, V. I., Kuznetsov, A. V., Kay, L., Sikk, P., Tiivel, T., et al. 
(1998). Permeabilized cell and skinned fiber techniques in studies of mitochondrial 
function in vivo. Mol. Cell. Biochem. 184, 81–100. doi: 10.1023/A:1006834912257

Salabei, J. K., Gibb, A. A., and Hill, B. G. (2014). Comprehensive measurement 
of respiratory activity in permeabilized cells using extracellular flux analysis. 
Nat. Protoc. 9, 421–438. doi: 10.1038/nprot.2014.018

Strubbe-Rivera, J. O., Schrad, J. R., Pavlov, E. V., Conway, J. F., Parent, K. N., and 
Bazil, J. N. (2021). The mitochondrial permeability transition phenomenon elucidated 
by cryo-EM reveals the genuine impact of calcium overload on mitochondrial 
structure and function. Sci. Rep. 11:1037. doi: 10.1038/s41598-020-80398-8

Szalai, G., Csordás, G., Hantash, B. M., Thomas, A. P., and Hajnóczky, G. 
(2000). Calcium signal transmission between ryanodine receptors and 
mitochondria. J. Biol. Chem. 275, 15305–15313. doi: 10.1074/jbc.275.20.15305

Tarasov, A. I., Griffiths, E. J., and Rutter, G. A. (2012). Regulation of ATP 
production by mitochondrial Ca(2+). Cell Calcium 52, 28–35. doi: 10.1016/j.
ceca.2012.03.003

Tedeschi, H., and Harris, D. L. (1955). The osmotic behavior and permeability 
to non-electrolytes of mitochondria. Arch. Biochem. Biophys. 58, 52–67. doi: 
10.1016/0003-9861(55)90092-8

Teixeira, G., Chiari, P., Fauconnier, J., Abrial, M., Couture-Lepetit, E., Harisseh, R., 
et al. (2015). Involvement of cyclophilin D and calcium in isoflurane-induced 
preconditioning. Anesthesiology 123, 1374–1384. doi: 10.1097/ALN.0000000000000876

Xu, A., Szczepanek, K., Maceyka, M. W., Ross, T., Bowler, E., Hu, Y., et al. 
(2014). Transient complex I  inhibition at the onset of reperfusion by 
extracellular acidification decreases cardiac injury. Am. J. Physiol. Cell Physiol. 
306, C1142–C1153. doi: 10.1152/ajpcell.00241.2013

Conflict of Interest: The authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could be  construed 
as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product that may 
be evaluated in this article, or claim that may be made by its manufacturer, is 
not guaranteed or endorsed by the publisher.

Copyright © 2021 Jang, Chapa-Dubocq, Fossati and Javadov. This is an open-access 
article distributed under the terms of the Creative Commons Attribution License 
(CC BY). The use, distribution or reproduction in other forums is permitted, provided 
the original author(s) and the copyright owner(s) are credited and that the original 
publication in this journal is cited, in accordance with accepted academic practice. 
No use, distribution or reproduction is permitted which does not comply with these terms.

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.3390/ijms21051555
https://doi.org/10.1007/s11010-006-9192-9
https://doi.org/10.1093/emboj/21.7.1616
https://doi.org/10.1113/jphysiol.2008.165423
https://doi.org/10.1016/j.yjmcc.2011.08.030
https://doi.org/10.1016/j.yjmcc.2011.08.030
https://doi.org/10.1113/jphysiol.1992.sp019053
https://doi.org/10.1016/j.bbabio.2008.03.019
https://doi.org/10.1016/j.bbabio.2008.03.019
https://doi.org/10.1042/bst0220522
https://doi.org/10.1074/jbc.RA119.009477
https://doi.org/10.1111/jcmm.12220
https://doi.org/10.1016/S0005-2728(98)00119-4
https://doi.org/10.1038/s41598-018-36040-9
https://doi.org/10.1016/j.yjmcc.2004.10.007
https://doi.org/10.1046/j.1432-1033.2002.03087.x
https://doi.org/10.1016/S0005-2728(97)00071-6
https://doi.org/10.1186/s12986-016-0105-y
https://doi.org/10.1038/nprot.2008.61
https://doi.org/10.1038/nprot.2008.61
https://doi.org/10.1016/j.cmet.2014.12.001
https://doi.org/10.1016/S0005-2728(98)00112-1
https://doi.org/10.1088/0957-4484/24/20/205101
https://doi.org/10.1364/BOE.5.000848
https://doi.org/10.1248/bpb.b17-00079
https://doi.org/10.1016/S0006-3495(99)77239-5
https://doi.org/10.1002/1097-0320(20001201)41:4<245::AID-CYTO2>3.0.CO;2-#
https://doi.org/10.33594/000000303
https://doi.org/10.1023/A:1006834912257
https://doi.org/10.1038/nprot.2014.018
https://doi.org/10.1038/s41598-020-80398-8
https://doi.org/10.1074/jbc.275.20.15305
https://doi.org/10.1016/j.ceca.2012.03.003
https://doi.org/10.1016/j.ceca.2012.03.003
https://doi.org/10.1016/0003-9861(55)90092-8
https://doi.org/10.1097/ALN.0000000000000876
https://doi.org/10.1152/ajpcell.00241.2013
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Analysis of Mitochondrial Calcium Retention Capacity in Cultured Cells: Permeabilized Cells Versus Isolated Mitochondria
	Introduction
	Materials and Methods
	Animals
	Cells
	Isolation of Mitochondria From Rat Hearts
	Isolation of Mitochondria From Cells
	Permeabilization of Cells
	Fluorescence Imaging
	CRC Assay
	Mitochondrial PTP Opening
	Statistical Analysis

	Results
	Analysis of Mitochondrial CRC by Different Ca 2+ -Sensitive Fluorescent Dyes
	The Effects of Permeabilization on Mitochondria
	Analysis of the CRC in Permeabilized H9c2 Cardiomyocytes and Isolated Mitochondria

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions

	References

