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It is known that Ca** accumulation in the mitochondria undergoes complex regulation by Ca?* itself.
But the mechanisms of such regulation are still discussed. In this paper we have shown that Ca ions directly or
indirectly regulate the level of myometrium mitochondria membranes polarization. The additions of 100 uM
Ca?" were accompanied by depolarization of the mitochondria membranes. The following experiments were
designed to study the impact of Ca** on the myometrium mitochondria [Ca?*] . Isolated myometrium mito-
chondria were preincubated without or with 10 uM Ca*" followed by 100 uM Ca?* addition. Experiments were
conducted in three mediums: without ATP and Mg** (0-medium), in the presence of 3 mM Mg*" (Mg-medium)
and 3 mM Mg?* + 3 mM ATP (Mg, ATP-medium). It was shown that the effects of 10 uM Ca?* addition were dif-
ferent in different mediums, namely in 0- and Mg-medium the [Ca®*] values increased, whereas in Mg,ATP-
medium statistically reliable changes were not registered. Preincubation of mitochondria with 10 uM Ca?* did
not affect the [Ca®]  value after the addition of 100 uM Ca**. The [Ca?*/m values after 100 uM Ca** addition
were the same in 0- and Mg,ATP-mediums and somewhat lower in Mg-medium. Preliminary incubation of mi-
tochondria with 10 uM Ca*" in 0- and Mg-mediums reduced changes of Fluo 4 normalized fluorescence values
that were induced by 100 uM Ca?* additions, but in Mg, ATP-medium such differences were not recorded. It is
concluded that Ca?* exchange in myometrium mitochondria is regulated by the concentration of Caionsas in
the external medium, so in the matrix of mitochondria. The medium composition had a significant impact on
the [Ca®] values in the absence of exogenous cation. It is suggested that light increase of [Ca**] before the
addition of 100 uM Ca?* may have a positive effect on the functional activity of the mitochondria.
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enzymes in the mitochondrial matrix to enhance

ATP production [1, 2]. So Ca?* accumulation in
mitochondria is a vital process for functional activity
of these organelles [3-6]. At the same time Moreau et
al. reveal that the process of Ca?* accumulation un-
dergoes complex regulation by Ca?* itself [7, 8]. We
have shown previously that calmodulin antagonists
caused depolarization of mitochondrial membranes
and an increase of the ionized Ca concentration in
both the mitochondrial matrix and the cell cytoplasm
[9]. At the first part of this paper we have shown the

I t is well known that Ca?* activates several key

concentration-dependent influence of calmodulin an-
tagonist trifluoperazine on the level of mitochondrial
membranes polarization with K . 24.4 + 5.0 uM and
the Hill coefficient 2.0 £ 0.2 [10]. But it was also
shown that preincubation of isolated mitochondria
in mediums of different composition with 25 puM tri-
fluoperazine did not affect the [Ca**]  values both
before and after the addition of 100 uM Ca?". This
paper was aimed to study the effects of Ca?* on myo-
metrium mitochondria membrane polarization and
Ca** concentration ([Ca*] ) in these organelles.

© 2017 Babich L. G. et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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Materials and Methods

All manipulations with animals were carried
out according to European Convention for the Pro-
tection of Vertebrate Animals used for Experimental
and Other Scientific Purposes and law of Ukraine
“On protection of animals from cruelty”. Rats were
kept under the stationary vivarium conditions at
constant temperature and basic allowance. Animals
were narcotized with chloroform and then sacrificed
using cervical dislocation. The uterus was elimina-
ted rapidly. All procedures were executed separately
from other rats.

Myometrium mitochondria of a nonregnant rat
was isolated using differential centrifugation method
[11]. The obtained preparation was suspended in a
solution (at 4 °C) with the following composition
(mM): sucrose — 250, EGTA — 1, Hepes — 20; pH 7.4.
0.1% bovine serum albumin fatty acid free was also
added. Protein concentration of the mitochondria
fraction was determined by Bradford assay [12].

Polarization of mitochondria membranes
were investigated using potential sensitive probe
1 uM TMRM (tetramethylrhodamine-methyl-ester,
A, = 540 nm, A, = 590 nm) and the QuantaMas-
ter™ 40 spectrofluorometer (Photon Technology In-
ternational). The studies were carried out in a me-
dium containing (mM): Hepes — 20, sucrose — 250,
succinate — 5, K-phosphate buffer — 0.1, MgCl, - 0.5;
pH 7.4. The concentration of mitochondrial protein
in the sample was 25 pg/ml.

Changes in Ca?" concentration in the mitochon-
dria from the rat myometrium were investigated
using the QuantaMasterTM 40 spectrofluorometer
(Photon Technology International) and the fluores-
cent probe Fluo 4AM (A, =490 nm, 1 =520 nm).
Myometrium mitochondria were loaded with 2 uM
Fluo 4AM for 30 min at 37 °C in a medium with
the following composition (mM): sucrose — 250,
EGTA — 1, Hepes — 20, pH 7.4 in the presence of
0.1% BSA (fatty acid free). Thereafter, the suspen-
sion of mitochondria was diluted (1:10) by the same
medium containing no fluorescence probe followed
by centrifugation. The pellet was resuspended in
the same medium containing no fluorescence probe.
The studies were carried out in a medium containing
(mM): sucrose — 250, K*-phospate buffer — 2, sodium
succinate — 5, tMgCl, - 3, +tATP - 3, +CaCl, - 0.1,
Hepes — 20; pH 7.4. The concentration of mitochon-
drial protein in the sample was 25 pg/ml. The testing
of each sample was completed by adding 0.1% Triton
X-100 and, in 1 min, 5 mM EGTA (fluorescence in-
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tensities F__and F . , respectively). The concentra-
tion of Ca?" in the mitochondria matrix was calcu-
lated using the Grynkiewicz equation [13].

The statistical methods used in this study and
the software for statistical processing can be found
on http://graphpad.com/.

In the study the following reagents were used:
EGTA, Hepes, BSA fatty acid free, protonophore
CCCP, D(+)-sucrose, ATP, (Sigma, USA), Ca*-
sensitive probe Fluo 4AM, potential-sensitive probe
TMRM (Invitrogen, USA) and other chemicals of
domestic production of analytical or reagent grades.

Results and Discussion

Polarization of myometrium mitochondria
membranes was studied using quench mode and
potential sensitive probe 1 pM TMRM. The quench
mode for dye fluorescence is a sensitive mean to de-
tect rapid changes in AY that occur during the ex-
periment [14]. It was shown that mitochondria mem-
branes were polarized, as evidenced by quenching of
TMRM fluorescence. The addition of 100 uM Ca?
was accompanied by the increase of TMRM fluo-
rescence and restoration of the fluorescence level.
It means that TMRM released from mitochondria
so depolarization of the mitochondria membranes
have been registered (Fig. 1). Protonophore CCCP
addition to the medium (after the incubation with
100 pM Ca*) had not affected the level of dye fluo-
rescence. It was concluded, that Ca ions directly or
indirectly regulate the level of myometrium mito-
chondria membranes polarization.

It was shown that the process of Ca?* accu-
mulation in the mitochondria undergoes complex
regulation by Ca?* itself. Moreau and colleagues [7]
in experiments on permeabilized RBL-1 cells had
compared the rate and extent of the mitochondrial
Ca?* rise after stimulation with a high concentration
of cytoplasmic Ca?" (100 uM) with and without a
preceding brief Ca?* pulse. Whereas a robust mito-
chondrial Ca?" rise was seen in response to 100 uM
Ca?', the response was dramatically reduced after a
60 s pre-pulse of 10 uM Ca?" and subsequent per-
fusion with Ca?"-free solution for several minutes.
It was concluded that Ca?" uptake in mitochondria
is a Ca*-activated process with a requirement for
functional calmodulin. However, cytosolic Ca?* sub-
sequently inactivates the uniporter, preventing fur-
ther Ca?* uptake [7, 8]. Thus biphasic control of mi-
tochondrial Ca?* uptake by Ca?" was shown in these
experiments.
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Fig. 1. Effect of 100 uM Ca®* on the mitochondria membranes polarization. Fluorescent probe — 1 uM TMRM
(tetramethylrhodamine-methyl-ester, 1, = 540 nm, A, =590 nm), n =3

Today still little is known about the mecha-
nisms underlying regulation of myometrium mito-
chondria [Ca*] . The following experiments were
designed to study the impact of Ca?* on the myo-
metrium mitochondria [Ca*] . Isolated myometrium
mitochondria were preincubated (5 min) without or
with 10 uM Ca?" in three mediums: without ATP
and Mg?" (0-medium), in the presence of 3 mM
Mg?* (Mg-medium) and 3 mM Mg* + 3 mM ATP
(Mg,ATP-medium). We have shown previously that
the incubation of mitochondria in Mg,ATP-medium
resulted in high level of total Ca?* accumulation, id
est to be functionally active, while in Mg-medium,
the level of total Ca** accumulation was low, that
mean subzero activity of organelles. Total Ca?* ac-
cumulation was studied using “°Ca?* as radioactive
tracer [15].

As can be seen from Fig. 2, effects of 10 uM
Ca?* addition were different in different mediums,
namely in 0- and Mg-medium the [Ca*] values in-
creased, whereas in Mg,ATP-medium statistically
reliable changes were not registered.

Next experiments were conducted to study the
effect of mitochondria preincubation without or with
10 uM Ca®* on the [Ca**]  values after 100 uM Ca*"
additions. As can be seen from the results shown in
Fig. 3, the [Ca*]  values were the same in 0- and
Mg,ATP-medium and somewhat lower in Mg-
medium. Noteworthy is the fact that mitochondria
preincubation with 10 uM Ca?" did not affect the
[Ca*]  values after 100 uM Ca?* addition.

Thus, it was shown that: 1) the level of endoge-
nous [Ca*] in the myometrium mitochondria ma-
trix was determined by the composition of the in-
cubation medium; 2) preincubation of mitochondria
with 10 pM Ca?** did not affect the [Ca*] values af-
ter the addition of 100 uM Ca®*; 3) the [Ca*] _values
after 100 uM Ca?* addition did not depend on the
incubation medium composition.

We have shown previously that changes of
Fluo 4 normalized fluorescence in response to the
exogenous Ca?" addition can be used as a test of the
mitochondrial functional activity: lower changes —
higher functional activity (unpublished results). So
let us take a look at the kinetic of Fluo 4 normali-
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Fig. 2. [Ca*] values at the 5 min incubation of mi-
tochondria in different mediums with 0 (1) or 10 uM
(2) Ca>* M£tm,n=7)
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Fig. 3. [Ca™"]  values at the addition of 100 uM Ca®**.
Mitochondria were preincubated (5 min) in mediums
of different composition with 0 (1) or 10 uM (2) Ca**,
(Mtm,n=7)

Mg,ATP-medium

zed fluorescence changes induced by the 100 uM
Ca?addition in the case of different incubation
mediums composition. As can be seen from the re-
sults shown in Fig. 4, the lowest changes were in the
Mg,ATP-medium, the highest — in the Mg-medium.

Next question, what is happening with Fluo 4
normalized fluorescence changes in response to the
100 uM Ca?* addition under the mitochondria pre-
incubation with 10 uM Ca?" in different mediums.
As can be seen from the results presented in Fig. 5,
incubation of myometrium mitochondria in 0-me-
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dium was accompanied by significant (up to 2.4
arbitrary units) increase of Fluo 4 normalized fluo-
rescence in response to the 100 uM Ca?* addition
(Fig. 5, curve 1). Mitochondria preincubation with
10 uM Ca?" in 0-medium leads to a decrease of Fluo
4 normalized fluorescence changes in response to
the 100 uM Ca?* addition (Fig. 5, curve 2).

Ca?-induced changes of Fluo 4 normalized
fluorescence at mitochondria incubation in Mg-me-
dium are represented on Fig. 6. As one can see, incu-
bation of myometrium mitochondria in Mg-medium
was accompanied by a significant (up to 2.5 arbitrary
units) increase of Fluo 4 normalized fluorescence
changes in response to the 100 uM Ca?" addition
(Fig. 6, curve 1). Mitochondria preincubation with
10 uM Ca?" in Mg-medium leads to a decrease of
Fluo 4 normalized fluorescence changes in response
to the 100 uM Ca?* addition (Fig. 6, curve 2).

Ca?*-induced changes of Fluo 4 normalized
fluorescence at mitochondria incubation in Mg, ATP-
medium are represented on Fig. 7. Incubation of
myometrium mitochondria in Mg,ATP-medium was
accompanied by small (up to 0.3 arbitrary units) in-
crease of Fluo 4 normalized fluorescence changes
in response to the 100 uM Ca?* addition (Fig. 7,
curve 1). Mitochondria preincubation with 10 pM
Ca?" in Mg,ATP-medium did not cause any changes
of Fluo 4 normalized fluorescence in response to the
100 uM Ca?" addition (Fig. 7, curve 2).

100 150 200

T T T 1

250 300 350 400
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Fig. 4. Ca**-induced changes of Fluo 4 normalized fluorescence at mitochondria incubation in three incuba-
tion mediums: 1 — Mg-medium (in the presence of 3 mM Mg), 2 — 0-medium (without ATP and Mg?*) and 3 —
Mg,ATP-medium (in the presence of 3 mM Mg?* + 3 mM ATP). 100 uM Ca?* additions were made at the times
indicated by the arrow. This figure represent a typical result, n = 7

20



L. G. Babich, S. G. ShlykoV, A. M. Kushnarova, S. O. Kosterin

2.6

244  tmmdt 1
100 pM Ca?* s & 7ot ol AT

2.2 4

2.0

1.8 -

16 -

14

Normalized fluorescence, A.U.

1.2

1.0 - _ _ _ _ _ _
100 150 200 250 300 350 400

Time, s

Fig. 5. Ca**-induced changes of Fluo 4 normalized fluorescence at mitochondria incubation in 0-medium
without (curve 1) or with 10 uM Ca?®* (curve 2). The additions of 100 uM Ca?" were made at the times indicated
by the arrow. This figure represent a typical result, n =7
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Fig. 6. Ca**-induced changes of Fluo 4 normalized fluorescence at mitochondria incubation in Mg-medium
without (curve 1) or with 10 uM Ca?* (curve 2). Additions of 100 uM Ca?* were made at the times indicated
by the arrow. This figure represent a typical result, n = 7

Thus, it was shown that preliminary incubation additions, but in Mg,ATP-medium such differences
of mitochondria with 10 uM Ca?* in 0- and Mg-me- were not recorded.
diums reduced changes of Fluo 4 normalized fluo- Therefore, Ca?* exchange in myometrium mito-
rescence values that were induced by 100 uM Ca?* chondria is regulated by the concentration of Ca ions
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Fig. 7. Ca**-induced changes of Fluo 4 normalized fluorescence at mitochondria incubation in Mg, ATP-
medium without (curve 1) or with 10 uM Ca?" (curve 2). Additions of 100 uM Ca?" were made at the times
indicated by the arrow. This figure represent a typical result, n = 7

as in the external medium, so in the matrix of mi-
tochondria. The medium composition had a signifi-
cant impact on the [Ca®] values in the absence of
exogenous cation. It is suggested that light increase
of [Ca*] before the addition of 100 uM Ca* may
have a positive effect on the functional activity of
the mitochondria.

Caz-3AJIEXKHA PETYJISIIISA
KOHIIEHTPAIIII Ca? B
MITOXOHJIPISIX MIOMETPISI.

I1. BIUIUB Ca? HA MMOJISAPU3AIIIIO
MEMBEPAH MITOXOH/IPIH TA [Ca?*]_

JL I Babiu, C. I [Ilnuxos,
A. M. Kywnapvosa, C. O. Kocmepin

[HcTHTYT Gioximii iM. O. B. [Nannanina
HAH Vkpainu, Kuis;
e-mail: babich@biochem.kiev.ua

Bigomo, 1m0 iorm Ca perymioTh aKyMyJISITiio
ix y wmiToxoHmpisx. IIpore MexaHI3M IIbO-
ro SBHWINA ¥ J0CI € MpeaMeTOM MHUCKYCiH. Y Imii
poboti Mm mokazanu, mo ionm Ca Oesmocepen-
HbO 4YH OIOCEPEIIKOBAHO pPETYJIOIOTh PIiBCHb
rmoyisipu3amii MeMOpaH MITOXOHIPIA MiOMeTpisl.
3okpema, BHecenns 100 mxM Ca? 1o cepemoBu-
ma 1HKyOaIlii CympoBOIKYETHCS NEMOISIPH3AIIIEI0
MITOXOHApiadbHUX  MeMOpan. Takox  Oyio
nociimxeno Bnmus Ca** ma [Ca*] . I3onboBani
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MITOXOH/Pii MIOMETpisl MONEepeHbO 1HKYOyBaln
3a BijcyTHOCTI abo y mpucyTHocti 10 MkM Ca®,
micls 4oro B iHKyOarliifHe cepeoBuUIle JI0AaBan
100 MxM Ca?*. Tocniau MPOBOIUIN B TPHOX cepe-
JOBHUIax, a came, 6e3 ATP ta Mg?* (0-cepemoBu-
me), y npucytHocti 3 MM Mg? (Mg-cepenoBuiie)
ta 3 MM Mg?" + 3 MM ATP (Mg,ATP-cepenoBuime).
TTokaszano, mo edpext 10 MkM Ca?* 6yB pisHUM 3a
pi3HUX yMOB, a came, y 0- Ta Mg-cepeoBuiili 3Ha-
uenns [Ca®] 36inburysamuce, Tomi sk y Mg, ATP-
Cepe/IOBHII[I CTATHCTUYHO BIPOTiAHI 3MiHH He
Oyno 3apeectpoBaHo. [lomepenus  iHKyOaris
mitoxonpiii 3 10 MkM Ca?* He BIuIMBaJjIa Ha 3HAYCH-
us [Ca*] micns BHECEHHs B cepeloBUIIe iHKyOaii
100 mxM Ca®. 3nauenns [Ca*] micns BHeceH-
Hs 100 MmxM Ca?* Oynu OnHAKOBHMH 3a IHKYOarii
MmiToxoHApi B 0- Tta MgATP-cepenoBuini Ta
Jemo MeHire y Mg-cepenoBuiili. Tako BCTaHOB-
JICHO, IO TOTIepeaHs 1HKyOaIlliss MITOXOHIpPIH 3
10 MxM Ca?* y 0- Ta Mg-cepeaoBHIIax 3MEHITyBa-
na ingykoBani gomaBanasMm 100 MkM Ca?" 3minu
BEJIUYMHU HOpMOBaHOI (uiyopecteniii Fluo, mpote
y Mg, ATP-cepenoBuli Taki 3MiHH 3apeecTpOBaHO
He Oyiro. JIi#mmau BUCHOBKY TIpo Te, 1110 0oMin Ca?
B MITOXOHJPISIX MIOMETPISl PEryIIOEThCS HOro
KOHIICHTPAIIEI0 SK Y 30BHIITHBOMY CEPEOBHII,
Tak 1 B MaTpukci. CkJiaJi cepeloBHINa iHKyOaIlii Mae
icrotHuii BimB Ha [Ca®]  3a BiCyTHOCTI KaTioHa
B 30BHIIIHBOMY cepenoBuii. [IpumyckaeTbes, mo
He3HauHe 30inbmenHs [Ca*]  mnepen nonaBaHHSAM
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100 MmxkM Ca? Moe MO3MTHBHO MO3HAYUTHCH Ha
(hbyHKIIIOHATBHIN aKTUBHOCTI MITOXOHIPIH.

KnrmdoBi cioBa:MioMeTpii, MITOXOHAPIT,
[Ca*] , Mg*, ATP.

Ca?-3ABUCUMASI PET'YJISILIU A
KOHIIEHTPAIIUHU Ca? B
MHUTOXOHJIPUSX MUOMETPH .
II. BJUSIHUE Ca* HA
MOJSIPUSALIMIO MEMBPAH
MUTOXOHJPUI U [Ca*]_

JL I Babuy, C. I lllnikos, A. H Kywnapésa,
C. A. Kocmepun

WucTuTyT Onoxumun um. A. B. [Tannaguna
HAH VYxpannsl, Kues;
e-mail: babich@biochem.kiev.ua

N3BecTHO, uTO MOHBI Ca pEryaupyroT akky-
MYJISIIIHIO UX B MUTOXOHIpHsIX. OIHAKO MEXaHH3M
9TOTO SIBJIEHUS M CEerogHs oOcyxknaercsa. B aToit
pabore MBI MOKa3zanu, 4To MOHBI Ca MpSAMO WU
OTIOCPEZIOBAHO PETYIUPYIOT YPOBEHD MOJISIPU3AIIIT
MeMOpaH MHUTOXOHJApPUN MuoMeTpus. Tak, BHece-
uue 100 MxM Ca?* B cpemy MHKYOAIliu COMPOBO-
KJANO0Ch  JIETONSIpU3alueil  MHUTOXOHIPHATBHBIX
memOpan. HccnenoBanoch Takxke BiusHue Ca?
Ha [Ca®] . M30onupoBaHHBIE MUTOXOHIPHU MHO-
METpHUsl TPEIBAPUTEIHLHO MHKYOUPOBAIH B OTCYT-
ctBue i B ipucytcTBuu 10 MkM Ca?*, mociie 4ero
B MHKYOaImoHHyt0 cpeny Baocuin 100 MM Ca?".
OnbITH TPOBOAMIIN B Cpelax pa3HOTO COCTaBa, a
umenHo: 6e3 ATP u Mg?* (0-cpezna), B IpUCyTCTBUA
3 MM Mg* (Mg-cpena) u 3 MM Mg® + 3 MM ATP
(Mg,ATP-cpena). [Tokazano, uto 3¢dexr 10 MxkM
Ca®* ObUI pa3HBIM B Pa3JIMYHBIX yCIOBUAX: B 0- U
Mg-cpenax 3nauenus [Ca*]  yBenmuuBamuck, Tor-
ma kak B Mg,ATP-cpene cratucTuyecku J1OCTO-
BEpHbIC M3MCHECHHsSI HE OBUIM 3apeTHCTPHUPOBAHBI.
[IpenBaputensbHass WHKyOaluss MHUTOXOHIPHUH C
10 MmxM Ca** ne nopnusna Ha 3HaueHus [Ca*] mo-
ciie BHeceHMS B cpeny mHkyOammul00 MxM Ca?.
3nauenus [Ca®] mnocne Buecenus 100 mxM Ca*
ObUTH OJJMHAKOBBIMH, ITPU YCIIOBHUHU, YTO MUTOXOH-
npun nHKyOuposanu B 0- 1 Mg, ATP-cpenax u He-
CKOoJIbKO HMke B Mg-cpene. IlokazaHo, yTo mpea-
BapHTellbHasg WHKyOaus Mutoxouipuii ¢ 10 MM
Ca% B 0- m Mg-cpeaax CHIKalla HHAYIIHPOBAHHOE
no6asienuem 100 MM Ca?" n3MeHeHHe BeTHYNHBI
HopMmupoBaHHOU ¢uryopecuennuu Fluo, ogHako B
Mg, ATP-cpene Takue OTIUYUS HE PETUCTPHUPOBA-

nuck. Crenad BBIBOJ O TOM, uTO 00MeH Ca®* B MUTO-
XOHJPHUSX MHOMETPHSI PEryJIUpyeTcs ero KOHIICH-
TpauMel Kak BO BHEIIHEH Cpesie, TaK U B MaTPUKCE.
Cocras cpejibl HHKYOaluu CyIeCTBEHHO BIIHSIET Ha
[Ca®] mpum OTCYTCTBMH KaTHOHA BO BHEIIHEH cpe-
ne. Ilpenmonaraercsi, 4To HEOOJIBIIOE YBETUUYCHUE
[Ca*] mepen BHecenuem 100 MM Ca?" MoxKeT mo-
3UTHBHO CKa3aThCs Ha (PYHKIMOHAJIBHONH aKTHBHO-
CTU MUTOXOHJPUI.

KnroueBbie CJ0Ba: MAHOMETPHIL, MUTO-
xonapuu, [Ca*] , Mg*, ATP.
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