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Summary

Values of the calcium retention capacity (CRC) of rat liver mitochondria are highly dependent
on the experimental conditions used. When increasing amounts of added calcium chloride are
used (1.25-10 nmol), the values of the CRC increase 3-fold. When calcium is added in 75 s
intervals, the CRC values increase by 30 % compared with 150 s interval additions. CRC
values are not dependent on the calcium/protein ratio in the measured sample in our
experimental design. We also show that a more detailed evaluation of the fluorescence curves
can provide new information about mitochondrial permeability transition pore opening after

calcium is added.
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Introduction

The mitochondrial permeability transition pore (MPTP) activated by calcium ions
plays an important role in the development of necrotic and apoptotic processes (Smith et al.
2012). This pore was discovered sixty-seven years ago (Raaflaub 1953) as a nonspecific pore
in the inner mitochondrial membrane that enables penetration of molecules with molecular
weights less than 1.5 kD. Its opening results in dissipation of the mitochondrial membrane
potential and inhibition of ATP generation. Many studies have confirmed the existence of
MPTP and described its properties and functions, e.g., its activation by calcium, phosphate,
fatty acids and prooxidants; its inhibition by Mg ions and ADP; and the role of cyclophilin D
and cyclosporine in calcium-dependent pore opening (Halestrap et al. 1997, Carafoli et al.
2001, Halestrap 2009). However, the molecular structure of the pore has not yet been
elucidated. Many mitochondrial proteins have been proposed as components of its structure
(Halestrap 2009, Bernardi 2013, Alavian et al. 2014), but none have been confirmed by
molecular genetic studies (He et al. 2017).

All basic information about MPTP function, regulation, tissue-specificity (Panov et al.
2007, Endlicher et al. 2009), age-specificity (Drahota et al. 2012b) and sex-specificity
(Milerova et al. 2016) and its participation in the pathogenesis of many diseases was obtained
through the assessments with spectrophotometric measurements of mitochondrial swelling
induced by calcium ions. We have improved this graphical method using derivation of the
swelling curves. After swelling curve derivation, two further parameters, in addition to the
extent of swelling, can be acquired in a numeric form: the maximum swelling rate and the
time at which the maximum swelling rate was reached after calcium addition (Drahota et al.
2012a).

More recently, a new approach based on a different principle has been used to evaluate

the function and regulation of the MPTP in various mitochondrial preparations. The rationale



of the method is based on the determination of the calcium retention capacity (CRC) value
using the membrane impermeable fluorophore Calcium Green-5N (Ichas et al. 1997, Fontaine
et al. 1998a). Calcium retention capacity indicates the number of calcium ions that must
accumulate in mitochondria to induce pore opening. By this procedure, all information
obtained from swelling measurements was confirmed. In addition, new data about pore
regulation and function in various tissues and various pathological processes were obtained.
However, this method of measuring CRC values has not yet been well standardized; therefore,
the data obtained by various laboratories cannot be easily compared. According to our
measurements, the CRC values are highly dependent on the composition of the incubation
medium (Endlicher et al. 2019). In this communication, we describe that the CRC values are
also dependent on the experimental protocol used. The main factors that affect the detection
of CRC values are the calcium amount used for titration, and time interval between calcium
additions. We also demonstrate that additional information about the process of pore opening

during titration with calcium may be obtained from the resultant fluorometric curves.

Methods

Chemicals
All chemicals, unless otherwise stated, were of analytical grade and obtained from
Sigma-Aldrich (Darmstadt, Germany). Calcium Green-5N was obtained from Thermo Fisher

Scientific Inc. (Waltham, MA, USA).

Animals
Male Wistar rats (215+15 g) were obtained from Velaz (Lysa nad Labem, Czech

Republic). The rats were housed at 23+1°C and 55+10 % humidity, with air exchange 12-14



times/h and a 12 h light-dark cycle period. The animals had free access to a standard
laboratory diet (ST-1, Velaz, Czech Republic) and tap water. All animals received care
according to the guidelines set by the Animal-Welfare Body of Charles University, Czech
Republic, and the EU Directive 2010/63/EU for animal experiments. Protocols complied with
ARRIVE guidelines. The animals were sacrificed during deep general inhalation anaesthesia
by exsanguination from the aortic bifurcation. The livers were removed, washed in the cold

isolation medium described below, and cut into small pieces.

Isolation of mitochondria

Liver mitochondria were isolated as previously described (Bustamante et al. 1977).
The washed and cut 3 g liver tissue was homogenized at 0°C by a Teflon-glass homogenizer
in an isolation medium containing 220 mM D-mannitol, 70 mM sucrose, 2 mM HEPES, 0.2
mM EGTA, and 0.5 g of fatty acid-free bovine serum albumin (BSA) per litre at pH 7.2. The
10 % homogenate was centrifuged for 4 min at 830 g, and the resulting supernatant was
centrifuged for 15 min at 5,200 g. The mitochondrial sediment was washed during two 10 min
centrifugations (at 11,200 and at 13,000 g) in isolation medium lacking EGTA and
resuspended in the same medium to a final volume of 3 ml. Isolated mitochondria were stored

at 0°C. The calcium retention capacity was measured immediately after isolation.

Determination of mitochondrial proteins

The mitochondrial protein concentration was determined using the Bradford method
with bovine serum albumin as a standard (Bradford 1976).
Measurement of calcium retention capacity

The mitochondrial retention capacity for calcium was evaluated using the membrane-

impermeable fluorescent probe Calcium Green-5N on an AMINCO-Bowman Series 2



spectrofluorometer (Thermo Electron Corporation) at an excitation wavelength of 506 nm and
emission wavelength of 592 nm. Measurements were performed at room temperature. A total
of 1 ml of medium (125 mM sucrose, 65 mM KCIl, and 10 mM HEPES at pH 7.2), 1 uM
Calcium Green-5N, 10 mM succinate, 0.5 uM rotenone and mitochondria (adjusted to a
protein concentration of 0.4 g protein/l) were added. Then, calcium chloride (CaCl) was
added at the amounts described in the figure captions at an interval of 75 or 150 s. The probe
reversibly binds to calcium ions. After each calcium addition, the fluorescence of the probe
increased, and then it decreased when the added calcium had accumulated. When the
accumulated calcium reached the critical intramitochondrial concentration required for pore
opening, it was released, and the fluorescence rose dramatically (Ichas et al. 1997, Fontaine et

al. 1998a).

Statistical analysis

The experiments were performed at least five times; representative results are shown.
Values are depicted as the means + SD; p<0.05 was set as the threshold for statistical
significance. Statistical evaluation was performed using GraphPad Prism 6.01 software (La
Jolla, CA, USA). The data were first tested for normality by means of the Kolmogorov-
Smirnov test. None of the data followed a Gaussian distribution and thus were all analysed by
nonparametric tests. For the evaluation of the effects of different amounts of added calcium
during the same interval, we used the Kruskal-Wallis test followed by Dunn’s multiple
comparisons test. For the comparison of changes between different time intervals and for
evaluation of changes in the calcium/protein ratio, an unpaired two-tailed Mann-Whitney test

was used.

Results



In this communication, we claim that CRC values are dependent on the experimental
conditions used, namely on the amount of calcium added in various portions required for the
pore opening, and on the intervals between calcium additions.

When 1.25, 2.5, 5 and 10 nmol CaCl, were added in 150 s intervals, the CRC values
increased at 2.5 nmol Ca by 147.8 %, at 5 nmol Ca by 226 %, and at 10 nmol Ca by 303.5 %
compared with those from 1.25 nmol Ca additions (Fig. 1A, Fig. 2AB, Fig. 3AB).

When different amounts of calcium were added in 75 s intervals (Fig. 2AB, Fig. 3AB),
CRC values were significantly increased to 130-140 % at all Ca doses (1.25-10 nmol)
compared with those from doses added in 150 s intervals (Table 1).

When the protein concentration in the incubation medium differed, the values of CRC
did not change (Fig. 4).

All these data show that the novel method of determining CRC value must be
standardized for obtaining reproducible and generally comparable CRC data from different
laboratories. This standardization is needed because the CRC values are modified not only by
the composition of the incubation medium but also by the experimental protocol used.

We also present data demonstrating that additional information may be acquired from
classic CRC curves. When the fluorescence curves from Fig. 1A are evaluated at greater
detail, we can see that after the first calcium addition with all calcium amounts used (1.25 - 10
nmol), the increased fluorescence values obtained after calcium addition return quickly back
to the basal values (Fig. 1B). This finding indicates that, after all the added calcium had been
accumulated in the mitochondria, the pore remained closed (Fig. 1B). The same picture was
obtained after the second calcium addition. However, after the third calcium addition (Fig.
1C), there was a decrease in fluorescence to basal values only after lower amounts of calcium
were added (1.25, 2.5 and 5 nmol). After the highest amount of 10 nmol was added, there was

only a small fluorescence decrease over a short period of time, followed by a period of large



increase, which indicates opening of the pore and release of the accumulated calcium from the
intramitochondrial space.

Moreover, another interesting detail can be inferred from Fig. 1A. It is obvious that,
after the 8™ and 6" additions of the two lowest calcium amounts (1.25 and 2.5 nmol), the
calcium had accumulated, and the pore remained closed. However, after a short period of
time, the pore was completely opened. At the two highest calcium amounts (5 and 10 nmol),
we also observed two possible rates of pore opening. This finding suggests that, after those
particular additions, some duration of calcium action was required for complete pore opening
by the calcium accumulated in mitochondria (Fig. 1A).

To confirm this time-dependent effect of accumulated calcium in further experiments,
we present other data indicating that opening of the pore may have transpired over several
phases (Fig. 5). For this experiment, we added increasing calcium amounts (5 - 200 nmol
CacCl,) only once, and we followed the fluorescence changes for a longer period of time. At
the lowest doses of calcium added (5 and 10 nmol), we observed a small increase in
fluorescence due to the added calcium and a decrease in the fluorescence due to accumulation
in the mitochondria. Fluorescence values returned to baseline and remained without change,
which indicated that the pore was closed. However, after a long time period (900 to 1200 s),
the fluorescence increased, indicating complete pore opening. These data show that even very
low concentrations of accumulated calcium considered ineffective during initial pore opening
may be effective after a longer period of action. Our data document that the time period
required for pore opening after calcium accumulation in mitochondria was shorter when
increased calcium concentrations were added (Fig. 5). Curves obtained after the addition of
15, 25 and 50 nmol of calcium reveal two different pore opening rates. Curves with 100 and
200 nmol of calcium show only a small fluorescence decrease followed by an increase in

fluorescence, indicating that the pore had fully opened. This figure also demonstrates that our



experiments are performed at the calcium concentration range when Calcium Green is not yet
fully saturated by calcium.

As shown in Fig. 5, the MPTP opens by the lowest calcium amount if it can act over a
longer period. Additionally, even with higher calcium amounts added, it is obvious that some
time passes before the accumulated calcium activates complete pore opening. Therefore, we
may conclude that a dose-dependent time period is required before calcium accumulation in
the matrix activates complete pore opening. Our data also show that the pore opening may
transpire over several phases that are dependent on the amount of calcium in the

mitochondrial matrix and on the duration of its action.

Discussion

Data presented in this communication add support to our previous findings indicating
that the measurement of CRC values had not been well defined because CRC values depend
on more factors than the medium composition used (Endlicher et al. 2019). We have shown in
this communication that CRC also depends on the calcium amounts used to trigger MPTP
opening and on the intervals between calcium additions but not on the calcium/protein ratio in
measured preparations. Therefore, for comparability of CRC values described in the literature,
it is necessary to provide and consider the factors mentioned above and standardize reporting
the experimental conditions in more detail. Obviously, many other factors remain that might
affect CRC measurements. The main problem in studies of the MPTP is that this pore has a
very important role in the pathogenesis of many diseases, and although we know much about
its function and regulation, our knowledge about its molecular structure is still insufficient.

Therefore, in this communication, we focused on elucidating the factors that can
modify the CRC values, and we also showed that more data about the mechanism of the

MPTP opening may be acquired from fluorescence curves because the fluorescence method is



much more sensitive than the swelling method. We have shown that not only the medium
composition but also the experimental protocol used may considerably affect the values of
calcium retention capacity (Endlicher et al. 2019). Here, we describe two factors that should
be taken into account when data from different laboratories are compared. The first factor
described is the amount of calcium added to induce pore opening. Some authors prefer high
peaks caused by the adding greater amounts of calcium ions, which open the pore more
quickly (Fontaine et al. 1998b). Some prefer low peaks caused by lower amounts of calcium,
which take more time to reach complete pore opening (Pardo et al. 2015). The next important
factor that must be controlled for is the interval between sequential additions of calcium. We
observed that changes in both above-mentioned parameters resulted in very different CRC
values. Therefore, it is important to obtain consensus on the experimental protocol for the
measurement of CRC values.

However, even more important is the fact that 67 years after MPTP discovery, we still
do not know its molecular structure. Discussions regarding whether MPTP is a pore or just an
unspecific hole in the mitochondrial membrane continue (Szabo and Zoratti 2014). The titles
of many recent reviews point out words such as “fixing a hole” (Di Lisa and Bernardi 2006),
“MPTP: a mystery solved?” (Bernardi 2013), “MPTP: Where the known meets unknown”
(Juhaszova et al. 2008), and “Enjoy the trip: Calcium in Mitochondria Back and Forth” (De
Stefani et al. 2016).

These reviews demonstrate almost 50 years of unsuccessful work to resolve the
problem of the molecular structure of the MPTP. Certainly new strategies and new methods
are required. However, before new ideas and methods are accessible, there is still a chance to
address remaining problems related to pore function, regulation and specificity, as well as its
involvement in multiple pathologies, e.g., cardiovascular diseases (Weiss et al. 2003), cancer

(Biasutto et al. 2010, Bonora and Pinton 2014), neurodegenerative diseases (Rao et al. 2014,

10



Nicholls 2017), diabetes mellitus (Skrha et al. 2011), and liver steatosis (Einer et al. 2018), by

the two methods available. These data will be important for both diagnosis and treatment.
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Text to figures

Fig. 1. CRC values depend on the amount of calcium added to induce pore opening.
Determination of the CRC of isolated rat liver mitochondria incubated in the medium, as
described in the Methods, with different amounts of added calcium. A total of 1.25, 2.5, 5 and
10 nmol of calcium chloride were added to the mitochondrial suspension in 150 s intervals.
Fluorescence data (a.u. arbitrary unit) were registered in 1 s intervals (A). Evaluation of
changes in fluorescence data after the 1% calcium addition at high resolution (B). Evaluation

of changes in fluorescence data after the 3™ calcium addition at high resolution (C).

Fig. 2. CRC values depend on the interval between sequential additions of calcium.
Determination of the CRC of isolated rat liver mitochondria with the addition of 1.25 nmol
calcium chloride at 150 and 75 s intervals (A) and with the addition of 10 nmol of calcium

chloride in 150 and 75 s intervals (B). Fluorescence data are in arbitrary unit (a.u.).

Fig. 3. Statistical evaluation of CRC changes. Statistical evaluation of changes in CRC upon
adding different amounts of calcium chloride (1.25, 2.5, 5, and 10 nmol) in 150 or 75 s

intervals (A). Statistical evaluation of CRC changes (%) (B).

Fig. 4. CRC values in different calcium/protein ratio. Determination of CRC using different
calcium/mitochondrial protein ratios. Amount of calcium added to both mitochondrial
preparations was equal (1.25 nmol); intervals between calcium additions were also the same

(150 s). Fluorescence is expressed in arbitrary unit (a.u.).
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Fig. 5. MPTP opening after adding a single dose of calcium. Determination of fluorescence
changes (a.u., arbitrary units) in mitochondrial suspension after adding a single dose of an
increasing amount of calcium chloride (5 - 200 nmol). Experimental conditions are as

described in the Methods.
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Table 1. CRC values determined by adding different amounts of calcium chloride in 150 or

75 s intervals and statistical evaluation of CRC changes.

Ca?" amount per addition

CRC (150 s interval)

(nmol/mg prot.)

CRC (75 s interval)

(nmol/mg prot.)

CRC ratio 75/150 s intervals
(%)

1.25 nmol Ca?* 27.243.5 39.1+£5.1 142.5£19.6 **
2.5 nmol Ca?* 40.2+6.1 54.2+9.4 134£19.2 *
5 nmol Ca?* 60.7+8.6 77.1£51 129.4+16.0 **
10 nmol Ca?* 82.1£12.2 108.3+12.9 130.6+4.3 *

N=6-7; *p<0.05; **p<0.01
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