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The processes of regulation of smooth muscle contractile function depend greatly
on the efficiency of maintaining Ca?-homeostasis by systems of active ionic transport
of the plasma membrane (calcium pump and Na*,Ca?-exchanger) and intracellular
stores (sarcoplasmic reticulum and mitochondria). In this work, the effect of calixarene
C-716 (macrocyclic compound capable of blocking functioning of the plasma membrane
calcium pump) on the kinetics of relaxing K*-induced contraction of rat myometrium
smooth muscles, while inhibiting the systems of active transport of calcium ions of intra-
cellular Ca**-stores, were investigated. It was established that the application of 100 uM
calixarene at the maximum of the phase component of the K*-induced contractile re-
sponse did not change the kinetic parameters of the relaxation process (the normalized
maximal velocity of relaxation phase V,, and the half-maximal time of relaxation r,,).
The tonic component of K*-induced contraction remained without statistically significant
changes. Blocking of Ca?*-accumulating function of mitochondria by the protonophore
CCCP caused a significant increase in both the parameter V,, and the tonic component
of K*-induced contraction, while the r,, index remained at the control level. Blocking
calcium pump of sarcoplasmatic reticulum with thapsigargin (TG) caused a conside-
rable increase in the r,,,V,, parameters and the tonic component of the K*-induced
contraction. Combination of TG and CCCP induce further increase in the V, parameter
and the tonic component of K*-induced contraction. The action of calixarene C-716
(100 uM) at the background of the impact of TG and CCCP was accompanied by further
increase in the tonic contraction, V,, remained at the increased level, and the r,, index
decreased. Possible mechanisms for changing the mechanokinetic parameters of
relaxing K*-induced contraction of myometrium is discussed. Analysis of the results of
our experimental data and the data of other researchers allow predicting that an increase
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in the rate of relaxation of myometrium smooth muscles at the action of calixarene
C-716 under the conditions of blockage of intracellular Ca?* depots is associated with
a significant activation of NO synthesis by constitutive forms of NO-synthases, whereas
an increase in the tonic component of K*-contraction under these conditions is probably
due to an elevated concentration of Ca?* ions in the myocytes.

Keywords: myometrium, relaxation, systems of active Ca?* transport, plasma
membrane calcium pump, calixarene C-716, kinetic analysis

INTRODUCTION

Plasma membrane calcium ATPase (PMCA) is a constitutive structure of cellular
membrane performing a function of high affinity (K,, for Ca*" is 0.2-0.5 uM) system of
pumping Ca?" ions from the cytoplasm that ensures long-term maintenance of basal
concentration of these cations in the state of dormancy [2]. PMCA belongs to the family
of ion-transporting ATPases of P-type (P2B subclass) [15]. There are four known iso-
forms of PMCA which form a great variety of the enzyme (over thirty kinds) via an alter-
native splicing. Isoforms 1 and 4 of the PMCA are expressed practically in all tissues of
the organism, whereas PMCA2 and PMCAS3 were identified in cells of a limited number
of tissues, in particular, brain, skeletal muscles and mammary gland. The PMCAZ2 isoform
in a detectable amount is present in plasma membranes of mouse uterine cells [1, 3]. Two
isoforms of PMCA are expressed in smooth muscles of rat non-pregnant myometrium:
PMCA1b, PMCA4a and PMCA4b [16, 18, 21]. During pregnancy there is enhanced
expression of isoform PMCA1 (PMCA1a and PMCA1b) [7, 8].

PMCA inhibitors are divided into 4 groups: inorganic ions (La*", AP**, VO, etc), mole-
cules, interacting with aminoacid residues of a macromolecule (carboxyeosin), calmo-
dulin antagonists (calmidasolium and trifluoperazine) and thermodynamically conditio-
ned transport of counter-ions (inhibiting the capability of transporting protons by alkaliza-
tion of extracellular space) [2, 5, 23]. With an exception of some caloxins, these inhibitors
are not specific regarding the PMCA and, which is more important, that reduces their role
in pharmacological experiments, are not isoform-specific.

The elaboration of efficient and selective inhibitors of PMCA is in progress. At pre-
sent there are two determined groups of perspective compounds-inhibitors which may
qualify in terms of selectivity for PMCA. Firstly, a scientific group headed by Ashok
Grover synthesized caloxins — small peptides (10-15 aminoacid residues) bound to
extracellular part of PMCA [14]. Caloxins act as allosteric modulators affecting function-
ally-relevant conformational transitions in calcium pump molecule [22]. The efficiency of
caloxins reaches the values of K; at the level of 2.3-86 uM; the last generations of ca-
loxins have expressed specificity regarding PMCA isoforms. Caloxin 1C2 inhibits
PMCA4 selectively (K; = 2.35 uM, whereas for isoforms PMCAT1, 2 and 3, this index is
one order higher). A second group of synthetic inhibitors is presented by calixarenes —
macrocyclic supramolecular compounds that are derivatives of the phenolic aldehyde.

Calixarene C-716 (5,17-di(trifluoro)methyl(phenylsulfonylimino)-methylamino-11,23-
di-tret-butyl-25,27-dipropoxycalix[4]arene) has two phenylsulfonylamidine groups at
the upper rim of the calixarene bowl in p-position. The studies of S. O. Kosterin et al.
demonstrated [13, 25] that of C-716 in the concentration of 100 uM decrease Ca?*-
ATPase activity of plasma membranes of porcine uterine myocytes by 61.5 % regarding
the control. At similar concentration, calixarene C-90 (5,11,17,23-tetra(trifluoro)methyl
(phenylsulfonylimino)-methylamino-25,26,27,28-tetrapropoxycalix[4]arene) contains four
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phenylsulfonylamidine groups at the upper rim of the calixarene bowl), by inhibiting
75.0 % Ca?"-ATPase activity of porcine uterus preparations of plasma membrane [13, 26].

It is known that the processes of regulating the contractive function of smooth mus-
cles depend greatly on the efficiency of maintaining Ca?*-homeostasis by the intracellular
depots — sarcoplasmatic reticulum and mitochondria [6, 20, 27]. To establish the regulari-
ties of the participation for some systems of active transport of calcium ions (and, in par-
ticular, PMCA) in the regulation of the relaxation process of the uteric smooth muscles, we
a studied mechanokinetic effects of blocking these components (Ca?*-pump of sarcoplas-
mic reticulum, potential-dependent systems of Ca?*-transport of mitochondria and PMCA).

The aim of present work was to study the impact of calixarene C-716 on the kinetics
of relaxing K*-induced contraction of rat myometrium smooth muscles alongside with
inhibiting the systems of active transport of calcium ions of the intracellular Ca?*-stores.

MATERIALS AND METHODS

The experiments were conducted using Wistar female rats. All manipulations with
animals were conducted according to the International convention for the protection of
animals and the Law of Ukraine “On Protection of Animals from Cruelty”. Approved at
the meeting of the Bioethics Committee of the ESC “Institute of Biology and Medicine”
of the Kyiv National Taras Shevchenko University (Protocol N 2, October 20, 2016).The
animals were killed by a lethal dose of the propofol narcosis (Sigma).

The contractive activity was studied by a tenzometric method in the isometric mode
using the preparations of the longitudinal muscles of uterine horns (average size —
2x10 mm). Smooth muscle stripes were placed in the working chamber of 2 ml with the
flowing Krebs solution (the flow rate of 5 ml/min), thermostated at 37 °C; the preparations
were provided with a passive tension (5—10 mN) and left for 1 h until contractions with
constant parameters appear. The registration of signals was conducted using electric
potentiometer H339 and analogue-to-digital transformer.

Krebs solution used for experiments contained (mM): 120.4 NaCl; 5.9 KCI; 15.5
NaHCO;; 1.2 NaH,PO,; 1.2 MgCl,; 2.5 CaCl,; 11.5 glucose; pH 7.4. The hyperkalemic
solution, containing K* ions in the 80 mM concentration, was prepared by isotonic re-
placement of the required amount of Na* ions in the initial Krebs solution with the equi-
molar amount of K* ions.

Calixarene C-716 was synthesized at the Institute of the Organic Chemistry, NAS of
Ukraine (Phosphoranes Chemistry Department), headed by Prof. V. |. Kalchenko.

Calixarene C-716 was preliminarily diluted in the DMSO, and introduced into the
solution in the concentration of 10 uM (the final aliquot of the organic solvent solution
was 0.25 % from the total volume of this solution) 30 min prior to studying the mechanic
activity of the preparations. Control contractions were studied in solutions that contain
0.25 % DMSO.

The analysis of kinetic properties of contractions was done according to the method
described previously [4]. Experimental data were processed by variation statistics me-
thods using OriginPro 8 program. The samples were checked in terms of belonging to
normally distributed general populations according to Shapiro-Wilk test. The Student’s
t-test was used to determine the reliable differences between the mean values of sam-
plings. In all cases the results were considered reliable on a condition of the probability
value of p under 5% (p < 0.05). The results were presented as the arithmetic mean +
standard error of the mean value (Mtm), n — number of experiments.
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RESULTS AND DISCUSSION

The application of calixarene C-716 (100 uM) at the maximum of phase component
of K*induced a contraction of the myometrium smooth muscle preparations did not
cause significant changes in the mechanokinetic of the relaxation process (Fig. 1).
Kinetic analysis confirmed the absence of the effect from a direct application of C-716
on the indices of normalized maximal velocity of relaxation phase V,, of muscle prepara-
tions. In the control, this index was 0.23+0.03 min™, and at the action of calixarene
C716 — 0.26+0.03 min™' (n = 6, p>0.05). Similarly, no changes in the time parameter of
half-maximal relaxation were found (r,,): it was 1.54+0.28 min in the control and
1.44+0.27 min at the action of C-716 (n = 6, p>0.05). In these conditions, the tonic com-
ponent of K*-induced contraction was without statistically significant changes.

A

B

DMSO
C-716

1 mN

0.25 min

2 mN

0.25 min

Fig. 1. The effect of calixarene C-716 (100 uM) on the kinetics of relaxation phase of K*-induced (80 mM)
contraction: A — action of C-716 compared to the control trends (intact — control, DMSO — application
of organic solvent, dimethylsulfoxide 0.25 % in high-potassium (80 mM) solution); B — an enlarged
fragment of a mechanograms post C-716 addition. The asterisk shows the moment of applying the
DMSO and calixarene C-716

Puc. 1. Bnnue kanikcapeHy C-716 (100 mMkM) Ha kiHeTuky a3u poscnabneHHs K*-BuknukaHoro (80 mM)
CKOPOYEHHS: A — MOPIBHAHO 3 KOHTPONbHWUMWU TpeHdamu (intact — iHTakTHWI koHTponb, DMSO —
annikawis opraHiYHoro posynHHuKa gumeTuncynedokenay 0,25 % y rinepkaniesomy (80 MM) posuuHi);
B — 36inblueHuii pparmeHT mexaHorpam nicns gogasBaHHs C-716. CTpinka Bkadye Ha MOMEHT
annikyBaHHss DMSO Ta kanikcapeHy C-716

Since mitochondria are among key organelles of smooth muscle tissue that deter-
mine the efficiency of contractive activity via potential-dependent formation of Ca?"-mic-
rodomains [12, 17], in the first series of experiments, we studied the introduction of these
organelles into the relaxation process of the longitudinal myometrium smooth muscles.
Blocking Ca?*-reserving function of mitochondria by protonophore CCCP (2 uM, 5 min of
previous incubation), caused the activation of spontaneous contractive activity.

As one can see on Fig. 2, the application of CCCP (2 uM) at the maximum of phase
contraction evoked by high-potassium solution (80 mM), caused several effects. Firstly,
there is initial acceleration of the relaxation process, that goes into a second phase with
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low velocity. Secondly, at the effect of CCCP, there is an increase in the tonic component
of K*-induced contraction. CCCP conditioned a considerable increase in the normalized
maximal velocity of relaxation, that was 182.4+25.1 % on average regarding the control,
accepted as 100% (n = 6, p<0.05), while the 1,,, index remained at the control level.

CCcCP

DMCO l
l 2 mN

Fig. 2. The modulation of the relaxation phase of K*-induced (80 mM) contraction of myometrium smooth
muscles of rats under the effect of the mitochondrial protonophore CCCP (2 uM, 5 min of previous
incubation). The asterisk shows a moment of adding DMSO or CCCP solution

Puc. 2. Mogynsuia da3u poscnabnexHst K*-BuknmkaHoro (80 MM) ckopoyeHHs rmafeHbKUX M'si3iB MioMeTpist
LLYypiB 3a BNMBY MiTOXOHApianbHoro npotoHodgopy CCCP (2 mkM, TpuBanicTe nonepeaHboi iHKy6aLyii
5 xB). CTpinka Bka3dye Ha MOMeHT goaaBaHHsA po3unHy IMCO abo CCCP

The following series of experiments were address at studying the impact of inhibi-
ting Ca*-reserving function of a sarcoplasmatic reticulum using such alkaloid as TG.
Blocking sarcoplasmatic reticulum calcium pump (SRCA) with TG (1 uM, 30 min of pre-
vious incubation) caused a considerable increase in basal tone, a relative decrease in
the amplitude, and a significant increase in frequency of the spontaneous contractions.

TG also increased tonic component slowing down the relaxation process for smooth
muscle contractions, caused by K*-depolarization (Fig. 3). TG caused a decrease in
parameter 1,,t0 (162.0+13.2) % on average compared to the control, accepted as
100 % (p<0.05, n = 6); the index of normalized maximal velocity of relaxation phase
tended to increase and amounted to (128.2+11.6)% (p>0.05, n = 6).

In order to isolate a contribution of the process of pumping Ca?" ions out of smooth
muscle cells via PMCA system, the following series of experiments were focused on com-
bining the inactivation of the ability to accumulate Ca?* simultaneously by both intra-
cellular stores (sarcoplasmatic reticulum and mitochondria), using a combination of the
thapsigargin, SRCA blocker (1 uM), and protonophore of mitochondria, CCCP (2 uM). As
one can see on Fig. 4, under these conditions, the relaxation process for K*-induced con-
traction was faster (by 75 % on average), but regardless of this fact, the tonic component
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of high-potassium contraction was considerably increased (three-fold, compared to the
control). The use of calixarene C-716 (100 uM) at the background of the impact of TG
(1 uM) and CCCP (2 uM) was accompanied with further increase in the tonic contraction
(383.3+29.4 % compared to the control, n = 6, p<0.05); the normalized maximal velocity
of the relaxation phase remained at the increased level (177.6£15.4 %, n = 6, p<0.05),
and the index 1,,, decreased two-fold on average.

DMCO

Fig. 3. The modulation of the relaxation phase for K*-induced (80 mM) contraction of the myometrium smooth
muscles of rats at blocking of Ca?*-calcium pump of sarcoplasmatic reticulum with thapsigargin (TG,
1 uM, 20 min of previous incubation). The action of the organic solvent dimethylsulfoxide (DMSO,
0.25 %) was accepted as a control. The asterisk shows the moment of adding DMSO or TG solution

Puc. 3. Mogynsuis ¢a3su poscnabnenHs K*-Buknvkanoro (80 MM) ckopodeHHs rmageHbkux M'a3iB MioMeTpis
LypiB 3a 6riokyBaHHa Ca2*-kasbLjieBoi NOMMNM capKkoniasmMaTUyHOro peTukynymy TancurapriHom (TG,
1 MkM, TpmBanicTe nonepeaHbOi iHky6aLii 20 xB). 3a KOHTPOMb NPUIHSATO Al OPraHiYHOro PO34YMHHUKA
anvetuncynedokengy (DMSO, 0,25 %). Ctpinka Bkadye Ha MOMEHT AoaaBaHHs po3dinHy IMCO abo TG

The work in restoring the role of the PMCA in maintaining Ca®-homeostasis and
contractive activity of the visceral smooth muscles was done by L. Liu et al. [10, 11] using
the models of ablation of genes coding isoforms PMCA1 and PMCA4 (Pmca1*, Pmca4*,
Pmca4’, and Pmca1”Pmca4”). The studies on a contractive activity and Ca?*-signals,
induced by depolarization of plasma membrane and carbacholine, the agonist of musca-
rinic receptors in smooth muscles of urine bladder of mice with the mentioned knockout of
PMCA isoforms demonstrated that sensitive indices for a selective knockout of these
enzymes are not just a relaxation phase, but also (and even more so) a contraction phase
[10]. It is noteworthy that half-time of relaxation of muscle preparations after washing-out
hyperkalemic solution in case of Pmca1*-and Pmca1*”Pmca4” was 84.1 % and 94.2 %
on average respectively compared to intact controls. The following effects were observed
while inhibiting the functioning of other systems of Ca?"* transport: inhibiting sarcoplas-
matic reticulum Ca?*-pump was not accompanied with reliable changes in t,,, of relaxation
of smooth muscle preparations after washing hyperkalemic solution (the average value
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was 122.5 % compared to intact objects) [11]. As myometrium smooth muscle cells
express similar isoforms of PMCA, one can use the material of the studies [10, 11] for
deeper understanding of processes in the myometrium tissue at the impact of a macro-
cyclic compound calixarene C-716.

TG + CCCP
i TG + CCCP + C-716

Fig. 4. The modulation of the relaxation phase for K*-induced (80 mM) contraction of the myometrium smooth
muscles of rats at the blocking of Ca?*-calcium pump of a sarcoplasmatic reticulum with thapsigargin
(TG, 1 uM, 20 min of previous incubation) and mitochondrial protonophore CCCP (2 uM, 5 min of
previous incubation) and cumulative effect of TG, CCCP and calixarene C-716 (100 uM). The asterisk
shows the moment of adding substances solutions

Puc. 4. Mogynsiis ¢asu poscnabneHHst K*-BuknmkaHoro (80 MM) ckopoYeHHs rnafeHbKUX M'si3iB MioMeTpist
ypiB 3a aii 6nokatopa Ca?*-kanbLieBoi NoMnM capkonnasMaTuyHoro petukynymy tancurapriny (TG,
1 MM, TpmBanicTb nonepeaHboi iHkybauii 20 xB) i MiToxoHApiansHoro npotoHodopy CCCP (2 mkM,
TpvBanicTb nonepeaHboi iHKy6auii 5 xB) Ta cykynHoi aii TG, CCCP i kanikcapeHy C-716 (100 MkM).
Crtpinka Bkadye Ha MOMEHT 40AABaHHSA PO34MHIB PEYOBUH

Itis known that active PMCA molecules block the function of the constitutive isoforms
of the nitric oxide synthase [9, 19]. In our previous study it was found that blocking the
synthesis of nitric oxide in rat uteric smooth muscles eliminates the effects of calixaren
C-90 on their contractile function [24]. It is reasonable to predict that accelerating the re-
laxation of the smooth muscles of myometrium by the action of the C-716 under condi-
tions of blocking functioning of the intracellular Ca?*-stores is associated with a significant
activation of synthesis of the nitric oxide by constitutive (Ca?*-dependent) isoforms of
NO-synthase in tissues of the uterus.

CONCLUSIONS

The application of calixarene C-716 at the maximum of phase-wise K*-induced
contraction in conditions of blocking Ca?"-reserving function of intracellular calcium
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stores that allow isolating the contribution of plasma membrane into Ca?*-transporting
processes causes acceleration of the velocity of relaxing myometrium smooth muscles
at the background of an increased tonic component of contraction.
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Mpouecu perynsuii ckopodyBanbHOi QYHKLUIT rMageHbKNX M’S3iB 3HAYHOK Mipoto 3a-
nexatb Big epeKkTUBHOCTI niaTpumaHHsa Ca?*-romeoctasy cucTeMamMmn akTUBHOMO iOHHOMO
TpaHCcnopTy nnasmatuyHoi MembpaHnu (kanbuiesoi nomnu i Na*,Ca?*-o6MiHHMKa) Ta BHY-
TPILUHBOKNITUHHUX Aerno (CapkonnasMaTU4HOro PETUMKYITyMy Ta MITOXOHApIn). Y poboTi
Hamu Gyno gocrnigkeHo BNMB kKanikcapeHy C-716 (MakpoUMKIIYHOT CNonyku 3i 3gaTHic-
T OnokyBaTh pobOTY KarnbLieBOi MOMMNM Mia3maTtuyHOI MeMbpaHu) Ha KIHETUKY po3cria-
OneHHsa K*-iHOykoBaHOro HanpyXeHHs rmageHbKUX M'a3iB MIOMETPIS 32 yMOB MPUTHIYEHHST
CUCTEM aKTVBHOTIO TPAHCMOPTY iOHIB KanbLito BHYTPILLHBOKMITUHHMX Ca2*-aeno. [is kanik-
capeHy C-716 (100 mkM) Ha makcmyMi pasHoi ckragoBoi K*-iHaykoBaHOI CKopoYyBarib-
HOI BiQNOBIOI HE CynNpOBOMKYBANocd 3MiHaMu MOKa3HMKIB HOPMOBAaHOI MakCUMarbHOT
WwBmAaKocTi hasun poscrabnenHs (V,,) Ta Yacy HaniBMakcrManbHOro po3cnabneHHs (7,,).
BapTo 3a3HaunTy, WO amnniTyaa TOHIYHOI ckrnagoBoi K -CKOpOYeHHs 3a YMOB fii Kanikca-
peHy C-716 He mana CTaTUCTUYHO 3HaYYLUMX 3MiH. [pUrHIYEHHS 30aTHOCTI MITOXOHAPIN
[0 HakonuyeHHs ioHiB Ca?" 3a pfii npotoHodopy CCCP cynpoBoakyBanocsi CyTTEBUM
3pocTaHHAM napametpa V. Ha Tni 36inbLueHoi TOHIYHOI cknagoBoi K*-iHOyKoBaHOMo CKo-
pouyeHHsi. 3a gii bnokatopa Ca?*-nomMnu capkonnasMaTuyYHOro PETUKYyMY TancurapriHy
crnocTepiranu 36iNbLUEHHS TOHIYHOIT CKNaaoBoi Ha Thi 30iMblUEHNX 3Ha4YeHb NapaMeTpiB
T,»1 V.. 3a cykynHoro 3actocyBaHHs npotoHodopy CCCP i 6brokaTtopa TancurapriHy crno-
CTepiranu cyTTeBe 3pOCTaHHA napameTpa V,, Ha Tni noganbLlioro 36inbeHHsS TOHIYHOMo
KomnoHeHTa K*-ckopoyeHHs. AnnikyBaHHsS 100 MkM kanikcapeHy C-716 3a ymMOB CyKyn-
Hoi gii Tancurapridy i CCCP cnpuyrHsAno noganblue 3pOCTaHHsI TOHIYHOMO CKOPOYEHHST Ha
TNi NigBULLEHOT WBMAKOCTI Vi CYTTEBOTO 3MEHLUEHHS T,,,. Y po60Ti 06roBOpeHo MOXNMBI
MeXaHi3MM 3MiHN MEXaHOKIHETMYHMX MapaMeTpiB NpoLecy po3crnabneHHs K*-iHaykoBaHoro
Hanpy>XeHHs rMageHbKUX M’'s3iB MIOMeTpis. 3a CyKynHIiCTIO pe3yrnbTaTiB BIlacHUX eKcre-
PUMEHTAnNbHMX OAHUX | JaHUX IHWKWX OOCNIOHUKIB MU MOXeMOo nepenbaynTu, wo 306inb-
LLIEHHS LIBMAOKOCTI MpoLecy po3cnabrneHHs rmageHbKMxX M’s3iB MioOMeTpis nig Aieto Kanik-
capeHy C-716 (3a nonepeaHbLoro 6rokyBaHHs1 BHYTPILLHBOKMITUHHMX Ca?*-geno) nos’si3a-
HO 3i CYTTEBOI aKTUBALLIED CMHTE3Y OKCUAY a30Ty KOHCTUTYTUBHUMN hopmamu NO-CUH-
Ta3, ToAi K NigBULLIEHHS TOHIYHOI CKNagoBoi K*-CKOpOYEHHsT 3a LmMX yMOB, MMOBIPHO,
06YMOBMIOETLCS MiOBULLIEHOI KOHLIEHTpaLlieto ioHiB Ca?* B MioumTax.

Knroyoei cnnoea: MioMeTpii, po3crabrneHHss, CUCTEMU aKTMBHOIO TPaHCMOPTY

ioHiB Ca?*, kanbLjieBa nomna nra3matu4yHoi membpaHu, Kanik-
capeH C-716, KiHeTU4HWUIA aHani3
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