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It is known that Ca®*-dependent regulation of this cation exchange in mitochondria is carried out
with participation of calmodulin. We had shown in a previous work using two experimental models: isolated
mitochondria and intact myometrium cells, that calmodulin antagonists reduce the level of mitochondrial
membrane polarization. The aim of this work was to investigate the influence of calmodulin antagonists on the
level of ionized Ca in mitochondria and cytoplasm of uterine smooth muscle cells using spectrofluorometry
and confocal microscopy. It was shown that myometrium mitochondria, in the presence of ATP and MgClI,
in the incubation medium, accumulate Ca ions in the matrix. Incubation of mitochondria in the presence of
CCCP inhibited cation accumulation, but did not cease it. Calmodulin antagonist such as trifluoperazine
(100 uM) considerably increased the level of ionized Ca in the mitochondrial matrix. Preliminary incubation
of mitochondria with 100 uM Ca®*, before adding trifluoperazine to the incubation medium, partly prevented
influence of the latter on the cation level in the matrix. Incubation of myometrium cells (primary culture) with
another calmodulin antagonist calmidazolium (10 uM) was accompanied by depolarization of mitochondrial
membrane and an increase in the concentration of ionized Ca in cytoplasm. Thus, using two models, namely,
isolated mitochondria and intact myometrium cells, it has been shown that calmodulin antagonists cause
depolarization of mitochondrial membranes and an increase of the ionized Ca concentration in both the mi-
tochondrial matrix and the cell cytoplasm.

Key words: isolated mitochondria, primary culture of myometrium cells, Ca?*, mitochondrial membrane
potential, calmodulin antagonists, smooth muscle.

itochondria play a fundamental role in
M the control of intracellular processes par-

ticularly in providing calcium signaling
[1-3]. Ca** is a universal regulatory ion that exerts its
effect via binding to proteins, in particular calmodu-
lin (CaM). CaM belongs to the superfamily of Ca%-
binding proteins that contain the same Ca?*-binding
structural domain, so-called EF-hand [4]. Ca?"-CaM
complex activates a series of enzymes and ion-trans-
porting proteins. Some enzymes contain EF-hand
motif directly in their structure [5]. It has been found
that some mitochondria channels and transporters
contain EF hands in their structure or are activated
by the binding to Ca?-CaM complex [5]. First of all
it refers to the mitochondrial calcium uniporter, K*/
H*/Ca?" exchangers, glutamate/aspartate transporter
and others [5]. However, a lot of questions in this
area still remain unresolved. Calmodulin-depen-
dent regulation of Ca-ions metabolism in the myo-
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metrium mitochondria has been little studied. In a
previous work, we had shown that the incubation of
myometrium mitochondria with calmodulin antago-
nists such as calmidazolium (10 uM) or trifluope-
razine (100 uM) caused a mitochondria membrane
depolarization [6, 7]. The aim of this work was to
investigate the effect of calmodulin antagonists on
the ionized calcium level in the mitochondria and
in the cytoplasm of uterine smooth muscle cells by
using spectrofluorometry and confocal microscopy.

Materials and Methods

Mitochondria were isolated from myometrium
of nonpregnant rat using differential centrifugation
[8]. The obtained preparation was suspended in a
solution with the following composition: 10 mM
HEPES (pH 7.4), 250 mM sucrose, 1 mM EGTA,
0.1% bovine serum albumin; at 4 °C.
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Protein concentration in the mitochondria frac-
tion was determined by Bradford assay [9]. The con-
centration of mitochondrial protein in the sample
was 25 pg/mil.

Changes in the ionized calcium concentration
in the mitochondria from rat myometrium were in-
vestigated using the QuantaMasterTM 40 spectro-
fluorometer (Photon Technology International) and
the fluorescent probe Fluo-4 AM (&, = 490 nm,
A, =520 nm) in a medium with the following com-
position: 20 mM HEPES (pH 7.4 ), 250 mM sucrose,
2 mM P, (K*-phospate buffer, pH 7.4), 5 mM sodium
succinate, 3 mM MgCl,, 3 mM ATP. The testing of
each sample was completed by adding 0.1% Triton
X-100 and, in 1 min, 5 mM EGTA (fluorescence in-
tensities F__and F_. , respectively). The concentra-
tion of ionized Ca in the matrix was calculated using
the Grynkiewicz equation [10].

The suspension of myometrium cells from non-
pregnant rat was obtained by treating the tissue with
collagenase 1a. Cell counting was performed using
hemocytometer. Cell viability was determined using
trypan blue dye. It was observed, that more than
95% of the cells had green colour in a visible light
that indicate the integrity of the plasma membrane.

Primary myometrium cell culture was grown
in the DMEM medium with 10% FBS to 4 passages.
Culture medium was changed daily. Cells used in
the experiments were removed from Petri dishes by
a solution of 0.05% trypsin + 0.5 mM EDTA, then
washed from the latter and transferred to confocal
microscope chambers.

Previously, conditions for attaching of myo-
cytes to the flow chamber for confocal microscopy
were developed [7]. Attached to the chamber surface
myocytes were loaded with Ca?*-sensitive probe:
1 uM Fluo-4 AM (k. = 490 nm, & = 520 nm)
and potential-sensitive probe: 100 nM TMRM (te-
tramethylrhodamine-methyl-ester, A = 540 nm,
A, = 590 nm). Fluo-4 AM loaded for 30 min
at 37 °C thereafter, the incubation medium was
changed to medium containing no probe. The cells
were washed from the probe, remaining outside the
cells, three times. TMRM loaded for 3 min just be-
fore the experiment. The studies were carried out
in a medium containing 10 mM HEPES (pH 7.4),
136.9 mM NacCl, 5.36 mM KCI, 4.5 mM NaHCQO,,
5.5 mM glucose, 0.26 mM Na,HPO,, 0.44 mM
KH,PO,, 0.4 mM MgCl,, 0.4 mM MgSO,. Regis-
tration of alterations of the fluorescent probe signals
was performed using a confocal laser scanning mi-
croscope LSM 510 META Carl Zeiss with a modern
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system of image processing on the principle of spec-
tral separation, on the basis of universal motorized
inverted fluorescence microscope Axiovert 200M.
The studies were performed on the MultiTrack plat-
form using Plan-Apochromat lens 63x/1.4 Qil DIC.
The fluorescence of TMRM probe was recorded at
wavelengths above 560 nm using an emission filter
LP 560 and the obtained image was stained red. The
fluorescence of Fluo-4 AM was recorded at wave-
length range 505-545 nm (BP 505-570, NFT 545)
and the obtained image was stained green.

The statistical methods and the software for
statistical processing can be found on http://graph-
pad.com/.

In the study the following reagents were used:
collagenase 1a, trypan blue, EGTA, HEPES, BSA
fatty acid free, oxytocin, trifluoperazine, calmida-
zolium, protonophore CCCP, D(+)-sucrose, ATP,
oligomycin, trypsin-EDTA (Sigma, USA), DMEM,
PBS (pH 7.2; Ca?, Mg? and pyruvate free), FBS,
penicillin/streptomycin solution (Gibco, USA), Ca*-
sensitive probe Fluo-4 AM, potential-sensitive probe
TMRM (Invitrogen, USA) and other chemicals of
domestic production of analytical or reagent grades.

Results and Discussion

The study of the changes in the ionized calcium
concentration in the myometrium mitochondria un-
der the actions of calmodulin antagonists. This se-
ries of experiments was performed on isolated myo-
metrium mitochondria. It was shown that the ionized
calcium concentration in the mitochondrial matrix,
under the conditions of organelles having been in-
cubated for 5 min in a medium as described above,
was 257 £ 60 nM (Fig. 1). Introduction of 100 uM
Ca?* to the incubation medium was accompanied by
an increase in the cation level in the mitochondria
and it was 514 + 117 nM at the 3 min of incuba-
tion (Fig. 1). Preliminary incubation of mitochondria
for 5 min in the presence of 10 uM CCCP was ac-
companied by partial reduction in the level of en-
dogenous Ca?" compared to the control. Following
addition of 100 uM Ca?* to the incubation medium
was accompanied by cation accumulation in the mat-
rix, however, its concentration was significantly less
than in the control (without protonophores); the level
of ionized calcium at the 3 min of incubation was
309 + 45 nM (Fig. 1).

In further experiments we studied the effect of
100 uM trifluoperazine on Ca?* concentration in the
myometrium mitochondrial matrix in the absence of
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Fig. 1. Concentration of Ca ions in myometrium mi-
tochondria (M £ m, n = 6; P <0.05, *the difference
relative to the control is statistically significant):
1 — at the 5" min of preliminary incubation in a
standard medium — control; 2 — at the 3™ min after
introduction of 100 uM Ca?* to the control samples;
3 — at the 5" min of preliminary incubation of mito-
chondria in a standard medium in the presence of
10 uM CCCP; 4 - at the 3 min after introduction of
100 uM Ca?* to the samples, which incubated with
10 uM CCCP

this cation in the incubation medium. As it is seen in
Fig. 2, the preliminary incubation of mitochondria
with 100 uM trifluoperazine for 5 min was accompa-
nied by a significant increase in the level of ionized
calcium in the matrix compared to control.

Next, we studied the level of ionized calcium in
the mitochondrial matrix upon addition of 100 uM
Ca to the incubation medium. Effect of trifluopera-
zine on Ca?* level in the mitochondrial matrix de-
pends on the order of introduction of an antagonist
and Ca ions to the incubation medium. Thus, if mi-
tochondria was preliminary incubated with 100uM
Ca?*, the following addition of 100 pM trifluopera-
zine to the medium was accompanied by an increase
in the cation concentration in the matrix, however
less significant than in case of preliminary organelle
incubation with 100 pM trifluoperazine and subse-
quent addition of 100 uM Ca?" into the incubation
medium (Fig. 3).

Thus, myometrium mitochondria, in the
presence of ATP and MgCl, in the incubation me-
dium, accumulated Ca ions in the matrix. Prelimi-
nary incubation of mitochondria in the presence of
CCCP inhibited the cation accumulation but did not
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Fig. 2. Concentration of ionized Ca in myometrium
mitochondria under the action of trifluoperazine
(Mxm, n=6; P <0.05 *the difference relative to
the control is statistically significant)

cease it. Trifluoperazine significantly increased en-
dogenous level of Ca?* in the myometrium mitochon-
drial matrix. Preliminary incubation of mitochondria
with 100 uM Ca? partially inhibited the effect of
trifluoperazine on the cation level in the mitochon-
drial matrix.

Visualization of the impact of calmodulin an-
tagonists on fluorescence of the calcium-sensitive
probe Fluo-4 AM and potential-sensitive probe
TMRM in myometrium cells. Further experiments
were focused on the studies of the effect of calmodu-
lin antagonists on the polarization of the mitochon-
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Fig. 3. Concentration of ionized Ca in myometrium
mitochondria under the action of trifluoperazine de-
pending on the preliminary incubation conditions
(Mt m; n=6; P<0.05 *the difference relative to
the control is statistically significant)

ISSN 2409-4943. Ukr. Biochem. J., 2015, Vol. 87, N 5



S. G. SHLYKOV, L. G. BABICH, M. E. YEVTUSHENKO et al.

drial membrane and the level of ionized Ca?* in the
cytoplasm of intact myometrium cells. The studies
were performed using confocal microscope LSM-
510 META and two fluorescent dyes namely, poten-
tial-sensitive probe TMRM, which is accumulated
in polarized mitochondria and Ca?*-sensitive probe
Fluo-4 AM. The result of calmidazolium impact on
the myometrial cells, which were simultaneously
loaded with two fluorescent dyes, is shown in Fig. 4.
At the beginning of the experiment (before adding
calmidazolium) (Fig. 4, 1), the basal Ca?* concen-
tration in the cytoplasm and the level of mitochon-
dria polarization were measured. Incubation of the
myometrium cells in the presence of 10 uM calmi-
dazolium was accompanied by a decrease in TMRM
fluorescence intensity and a simultaneous increase in
Fluo-4 fluorescence intensity (Fig. 4). Decreasing of
TMRM fluorescence intensity indicates its release
from the mitochondria therefore, mitochondria de-
polarization occurs. Increased Fluo-4 fluorescence
intensity indicates an increase in the ionized calcium
concentration in the cell cytoplasm.

Plots of the fluorescence intensities of both
probes with time on randomly selected part of cell
(RQI) (marked by red on the confocal image) are
shown in Fig. 5.

Thus, incubation of myometrium cells with
10 uM calmidazolium was accompanied by mito-
chondrial membrane depolarization and an increase
in the ionized calcium concentration in the cyto-
plasm of myometrium cells.

Thus, using confocal microscopy, we have
found that incubation of myometrium cells with
calmodulin antagonists led to depolarization of the
inner mitochondrial membrane. Interestingly, com-
plete depolarization was preceded by a brief mem-
brane hyperpolarization (Fig. 5). Literature data sug-
gest that mitochondrial membrane hyperpolarization
can be a necessary event for depolarization [11, 12].

Observed myometrium mitochondrial mem-
brane depolarization should be accompanied by the
release of Ca ions from these organelles. Indeed, an
increase in the ionized calcium level in the cell cyto-
plasm under the influence of calmodulin antagonists
which we showed on the intact myocytes is rather
natural. However, the question arises: if calmodulin
antagonists depolarize mitochondrial membrane how
can the sharp increase in the level of ionized calcium
in the organelle matrix, registered on the mitochon-
drial fraction, be explained? It is well known that
calcium ion accumulation in mitochondria is pro-
vided mainly by Ca?*-uniporter, whose activity de-

1 2
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Fig. 4. Dynamics of alterations in the fluorescence intensity of potential-sensitive probe TMRM and Ca®**-
sensitive probe Fluo-4 AM in rat myometrium cells under the action of calmidazolium (10 uM): 1 — the begin-
ning of the experiment; 2 — 2 sec after addition of calmidazolium; 3 — 60 sec after addition of calmidazolium;
4 — 170 sec after addition of calmidazolium
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Fig. 5. The fluorescence intensity of potential-sensitive probe TMRM (curve 1) and Ca* -sensitive probe
Fluo-4 AM (curve 2) in rat myometrium cells under the action of calmidazolium (10 uM) (the time of addition
of calmidazolium marked with an arrow): A — plot of the fluorescence intensities of TMRM and Fluo-4 AM
probes with time, (the fluorescence intensities averaged on marked region (ROI)); B— ROI (Region of Interest)
(outlined by red circle), which was selected for plotting the fluorescence intensities of TMRM and Fluo-4 AM

probes with time

pends on the level of membrane polarization. Then,
why the level of ionized calcium in the mitochondria
is increased? Considering our previously reported
results [13] and the data shown in Fig. 1, we con-
cluded that the mitochondrial membrane depolari-
zation significantly reduces the level of Ca ions ac-
cumulation in mitochondria, but does not completely
inhibit the cation transport. Under the presence of
the Ca?* concentration gradient directed inward mi-
tochondria and the absence of inner membrane po-
larization (that is inactivation of Ca?* uniporter) it is
likely, that Ca?*-H* exchanger provides cation influx
to the matrix. However, even having accepted such
interpretation, the following question arises: how
does one explain the increase in the ionized calcium
concentration in the mitochondria under the influen-
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ce of calmodulin antagonists under the absence of
exogenously added cation, that is, under the absence
of Ca?* concentration gradient? Indeed, if we look at
the results presented in Fig. 2, precisely this question
arises. We suppose that this increase in the ionized
calcium concentration may be the result of at least
several processes. Firstly, it is well known that Ca
ions in the mitochondrial matrix form complexes
with the phosphate, whose formation and dissocia-
tion depends on pH of the mitochondrial matrix.
Matrix acidification that occurs upon depolarization
leads to the dissociation of these complexes, conse-
quently, to an increase in the concentration of free
Ca [2]. Secondly, it has been shown that the Ca?*-
binding sites, so-called “EF hands”, are part of the
system that provide the cation metabolism in mito-
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chondria [5]. Therefore, the release of the cation may
occur not only from the Ca?*-phosphate complexes
but also from other binding sites. In case of introduc-
tion of calmodulin antagonist in the incubation me-
dium and formation of Ca?" concentration gradient
directed inwards mitochondria (Fig. 3), a significant
increase in non-specific mitochondrial membrane
permeability occurred that led to a sharp increase in
the matrix ionized calcium concentration.

Thus, it was shown using two models namely,
the mitochondria suspension and intact myometrium
cells, that calmodulin antagonists induced depolari-
zation of mitochondrial membranes and the increase
in the ionized calcium concentration in both the
mitochondrial matrix and the cell cytoplasm. For
understanding the mechanism of this phenomenon
further researches are required.

BIIJIMB AHTAT'OHICTIB
KAJBMOAYJIIHY HA PIBEHb Ca*

B MITOXOHIPIAAX TA OUTOIJIA3MI
KJIITUH MIOMETPIS
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Bcranosieno, mo Ca?-3anexHa perymisiis
0OMiHY IILOTO KaTiOHa B MITOXOHIPisiX BiIOyBa€eThCs
3a y4acTH KaJbMOAYIiHY. VY monepeaHiii poOoTi
i3 3aJyYCHHSIM JIBOX EKCIIEPUMEHTAJIBHUX MO-
JIeNied — CyCHeH3ii MITOXOHJApIA Ta IHTaKTHUX
KJIITHH MIOMETPIisi — MU [TOKa3aJIH, 110 aHTaroHICTH
KaJIbBMOAYJIIHY 3HMXKYIOTh piBEHb TOJSIpU3allii
MITOXOH/JIpiaJIbHOI MeMOpaHHu. MerTa 1i€ei podoTn —
3 BUKOPUCTAaHHSIM METOJIB CreKTpodayopumerpii
Ta KOH(OKAJIBHOT MIKPOCKOIII JOCTIJIUTH BIUIHB
AHTarOHICTIB KaJIbMO/IYJIIHY Ha piBEHb I0HI30BAHOT'O
Ca B MITOXOHJIPISIX Ta IUTOIJIA3Mi KJIITHH TIJia-
JICHBKOT'0 M’s13a MaTKH. [loka3aHo, 1110 MiTOXOH il
MIOMETpisl y IPUCYTHOCTI B CEPEIOBUINI 1HKYOaITii
ATP ta MgCl, akymymoioTh ionn Ca B MaTpHKCi.
IakyOarist MITOXOHIPIM y TPHUCYTHOCTI MPOTO-
Hopopy CCCP ranpmye mpolec HAaKOMUYCHHS
KaTioOHa, MPOTE HE MPUIHUHSE HOro. AHTaroHicrt
KanpMonyiiny — tpudayornepasun (100 mxM) —
3HAYHO TMJIBHINY€E piBeHb ioHi30BaHOro Ca B
MaTpukci MitoxoHnpiit. [lomepennst iHKyOaris
cycnensii mitoxonapii 3i 100 MmxM Ca? mnepen
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BHECEHHSIM TpuQIIyonepasuHy 10 iHKyOariiHOro
CEpEeIOBHILA YaCTKOBO IMPUTHIYYE BIUIUB OCTaH-
HBOI'O Ha PiBeHb KaTioHa B MaTpHKci. [HKyOaris
KJIITHH MioMeTpisi (IepBUHHA KYJIBTYpa) 3 1HIIUM
AHTArOHICTOM KaJbMOIYJiHY — KaJbMiAa301ilyMOM
(10 MkM) — CcympoOBOIUKYETBCS JCTIOJNISIPU3ALIIERD
MITOXOHJIPiaJIbBHOT MeMOpaHu Ta 30LJIbIICHHSIM
KOHIIeHTpallii ioHi30BaHoro Ca B IUTOILIA3MI.
TakuM 4YMHOM, Ha JBOX MOJIENSIX: CyCIeH3ii
MITOXOHJPIH Ta IHTAKTHUX KIIITHHAX MIOMeTpis
MOKa3aHo, [I0 AaHTATOHICTH KaJIbMOAYJIIHY CIIPUYH-
HIOIOTh JIETIONIAPU3aIil0 MeMOpaH MITOXOHJIpiH Ta
picT KoHIeHTpalii ioHI30BaHOro Ca SIK y MaTpuKCi
MITOXOHJIPiH, TaK i B IIUTOIIA3MI KJIITHH.

KnrmodoBi ci1oBa:i30150BaHi MITOXOHJPIT,
HepBHHHA KYJIBTYpa KJITHH Miomerpis, Ca®*, MmeM-
OpaHHUU TIOTCHIIAl MITOXOHJAPIH, AHTArOHICTH
KaJIBMOJIYJTiHY, TJIAZCHBKI M S3H.
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KJIETOK MUOMETPU S

C. I Invikos, JI. I’ Babuu,
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N3BectHO, uto Ca®*-3aBrcuMast peryssius 00-
MEHa TOr0 KaTHOHA B MUTOXOHJIPHSIX MTPOUCXOIHT
IpHU y4acTUW KaJlbMOAYJIWHA. B mpenbiiymieii pa-
00Te ¢ NCTIOJIB30BAHUEM JIBYX IKCIIEPUMEHTAIBHBIX
Mozeeld — Qpakiuu MUTOXOHJAPUI U WHTAKTHBIX
KJICTOK MHOMETPH S — MBI TIOKa3aJIH, YTO aHTarOHH-
CTBI KaJIBMOJYJIMHA CHUKAIOT YPOBEHb MOJISpH3a-
MUY MUTOXOHJIpHalibHON MeMOpaHbl. Llens sToro
UCCIIEIOBAaHUSI — C MCIIOIb30BAHUEM METOJIOB CIIeK-
TpoIyopruMeTpUH ¥ KOH(POKAIBHOH MUKPOCKOITHH
MPOTECTUPOBATh BIMSHUEC AHTATOHHCTOB KallbMO-
JyJIMHA Ha YpOBEHb HOHU3UpoBaHHOTO Ca B MUTO-
XOHJIPUSIX ¥ IIUTOIUIA3ME KJIETOK TJIAJKOW MBIIIIIBI
matku. [lokazaHo, YTO MUTOXOHJPUHA MHUOMETPHS
B IIPUCYTCTBUHM B cpene uHKyOauuun ATP u MgCl,
akKymyJupyroT woHbl Ca B marpukce. WHKyOa-
sl MUTOXOHJIPUI B MPUCYTCTBUH IMPOTOHO(OpPA
CCCP uHrubupyer mpolrecc HaKOIUICHHS! KaTHOHA,
OJTHAKO HE OCTAHABJIMBACT €r0. AHTATOHUCT Kab-
MoaynuHa — Tpudayonepasus (100 MkM) — 3Hauu-
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TEJIbHO YBEIMYMBAET YPOBEHb HOHU3MPOBAHHOTO
Ca B marpukce mutoxonapuil. I[IpenBapurtenbHas
uHKYOarus Mutoxouapuii co 100 mxM Ca?" mepen
BHECCHHEM B Cpely HWHKyOauuu Ttpudyonepa-
3MHA YaCTUYHO CHUMaJja BIUSHHE IMOCJIEAHEro Ha
yPOBEHb KaTHOHA B MaTpukce. MHKyOanus KiIeTok
MHOMETpUsl (IepBUYHAs KyJIbTypa) C JAPYTUM aH-
TaroOHUCTOM KaJIbMOJYJIMHA — KaJIbMHUJa30JIMYMOM
(10 MxM) — conpoBokaeTcs Aenoasspu3anuein Mu-
TOXOH/IPHAJILHOW MEMOpaHbl U yBEIIMYCHUEM KOH-
LEHTpaluy HoHNU3upoBaHHoro Ca B IIUTOIIa3Me.
Takum 00pa3oM, Ha ABYX MOJEINAX: ppakuuu
MHUTOXOHJIPUH M MHTAKTHBIX KJIETKaX MHOMETpPHS
[I0Ka3aHO, YTO aHTArOHMCTHI KaJbMOJYJIWHA IpH-
BOJIAT K JETOJISIpU3allid MeMOpaH MUTOXOHIPHI
pPOCTY KOHIEHTpallM¥ HOHU3UpoBaHHOro Ca Kak B
MHTOXOHJIPUSX, TaK U B IUTOILJIa3Me.

KnroueBbie ciioBa: U30IUpPOBAaHHBIC
MUTOXOHJIPHUH, TIEPBUYHAS KYJIbTYpa KJIETOK MHO-
meTpus, Ca®, MeMOpaHHBIH IOTEHIMAI MHUTO-
XOHJPU, aHTarOHWCTHI KaJbMOJYJIMHA, TIaJKUE
MBITIITBL.
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