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The processes of regulation of smooth muscle contractile function depend greatly 
on the efficiency of maintaining Са2+-homeostasis by systems of active ionic transport 
of the plasma membrane (calcium pump and Na+,Ca2+-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 myomet rium 
smooth muscles, while inhibiting the systems of active transport of calcium ions of intra-
cellular Са2+-stores, were investigated. It was established that the application of 100 μM 
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 Vnr and the half-maximal time of relaxation τ1/2). 
The tonic component of K+-induced contraction remained without statistically significant 
changes. Blocking of Са2+-accumulating function of mitochondria by the protonophore 
СССР caused a significant increase in both the parameter Vnr and the tonic component 
of K+-induced contraction, while the τ1/2 index remained at the control level. Blocking 
calcium pump of sarcoplasmatic reticulum with thapsigargin (TG) caused a conside-
rable increase in the τ1/2 ,Vnr parameters and the tonic component of the K+-induced 
contraction. Combination of TG and СССР induce further increase in the Vnr parameter 
and the tonic component of K+-induced contraction. The action of calixarene С-716 
(100 μM) at the background of the impact of TG and СССР was accompanied by further 
increase in the tonic contraction, Vnr remained at the increased level, and the τ1/2 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 Ca2+ 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 Ca2+ ions in the myocytes.

Keywords: myometrium, relaxation, systems of active Са2+ transport, plasma 
membrane calcium pump, calixarene C-716, kinetic analysis

INTRODUCTION
Plasma membrane calcium ATPase (РМСA) is a constitutive structure of cellular 

membrane performing a function of high affinity (KМ for Са2+ is 0.2–0.5 μM) system of 
pumping Са2+ ions from the cytoplasm that ensures long-term maintenance of basal 
concentration of these cations in the state of dormancy [2]. РМСА belongs to the family 
of ion-transporting ATPases of P-type (Р2В 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 orga nism, whereas PMCA2 and PMCA3 were identified in cells of a limited number 
of tissues, in particular, brain, skeletal muscles and mammary gland. The PMCA2 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, PMCA4а and PMCA4b [16, 18, 21]. During pregnancy there is enhanced 
expression of isoform PMCA1 (PMCA1а and PMCA1b) [7, 8].

PMCA inhibitors are divided into 4 groups: inorganic ions (La3+, Al3+, VO3
− 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 inhi bitors 
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 Kі at the level of 2.3–86 μM; the last generations of ca-
loxins have expressed specificity regarding PMCA isoforms. Caloxin 1C2 inhibits 
PMCA4 selectively (Ki = 2.35 μM, whereas for isoforms PMCA1, 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 С-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 С-716 in the concentration of 100 μM decrease Са2+-
ATPase activity of plasma membranes of porcine uterine myocytes by 61.5 % regarding 
the cont rol. At similar concentration, calixarene С-90 (5,11,17,23-tetra(trifluoro)methyl 
(phe nyl sulfonylimino)-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 % Са2+-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 Са2+-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 (Са2+-pump of sarcoplas-
mic reticulum, potential-dependent systems of Са2+-transport of mitochondria and PMCA). 

The aim of present work was to study the impact of calixarene С-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 Са2+-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 ЕSC “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 – 
2×10 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 °С; 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 KCl; 15.5 
NaHCO3; 1.2 NaH2PO4; 1.2 MgCl2; 2.5 CaCl2; 11.5 glucose; рН 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. I. Kalchenko.

Calixarene C-716 was preliminarily diluted in the DMSO, and introduced into the 
solution in the concentration of 10 μM (the final aliquot of the organic solvent solution 
was 0.25 % from the total volume of this solution) 30 min prior to studying the mecha nic 
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 (M±m), n – number of experiments.
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RESULTS AND DISCUSSION
The application of calixarene С-716 (100 μM) 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 Vnr of muscle prepara-
tions. In the control, this index was 0.23±0.03 min-1, and at the action of calixarene 
С716 – 0.26±0.03 min-1 (n = 6, p>0.05). Similarly, no changes in the time parameter of 
half-maximal relaxation were found (τ1/2): it was 1.54±0.28 min in the control and 
1.44±0.27 min at the action of С-716 (n = 6, p>0.05). In these conditions, the tonic com-
ponent of K+-induced contraction was without statistically significant changes.

Fig. 1. The effect of calixarene С-716 (100 μM) on the kinetics of relaxation phase of K+-induced (80 mM) 
contraction: А – 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

Рис. 1. Вплив каліксарену С-716 (100 мкМ) на кінетику фази розслаблення K+-викликаного (80 мМ) 
скорочення: А – порівняно з контрольними трендами (intact – інтактний контроль, DMSO – 
аплікація органічного розчинника диметилсульфоксиду 0,25 % у гіперкалієвому (80 мМ) розчині); 
B – збільшений фрагмент механограм після додавання С-716. Стрілка вказує на момент 
аплікування DMSO та каліксарену С-716

Since mitochondria are among key organelles of smooth muscle tissue that deter-
mine the efficiency of contractive activity via potential-dependent formation of Са2+-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 musc les. 
Blocking Са2+-reserving function of mitochondria by protonophore СССР (2 μM, 5 min of 
previous incubation), caused the activation of spontaneous contractive activity.

As one can see on Fig. 2, the application of СССР (2 μM) 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 

intact
DMSO

A B

C-716

DMSO
C-716

2 mN

0.25 min

1 mN

0.25 min
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low velocity. Secondly, at the effect of СССР, there is an increase in the tonic component 
of K+-induced contraction. СССР 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 τ1/2 index remained at the control level.

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

Рис. 2. Модуляція фази розслаблення K+-викликаного (80 мМ) скорочення гладеньких м’язів міометрія 
щурів за впливу мітохондріального протонофору СССР (2 мкМ, тривалість попередньої інкубації 
5 хв). Стрілка вказує на момент додавання розчину ДМСО або СССР

The following series of experiments were address at studying the impact of inhibi-
ting Са2+-reserving function of a sarcoplasmatic reticulum using such alkaloid as TG. 
Blocking sarcoplasmatic reticulum calcium pump (SRCA) with TG (1 μM, 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 τ1/2 to (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 Са2+ 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 Са2+ simultaneously by both intra-
cellular stores (sarcoplasmatic reticulum and mitochondria), using a combination of the 
thapsigargin, SRCA blocker (1 μM), and protonophore of mitochondria, СССР (2 μM). 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 

DMCO
CCCP

2 mN

2 min
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of high-potassium contraction was considerably increased (three-fold, compared to the 
control). The use of calixarene С-716 (100 μM) at the background of the impact of TG 
(1 μM) and СССР (2 μM) 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 velo city 
of the relaxation phase remained at the increased level (177.6±15.4 %, n = 6, p<0.05), 
and the index τ1/2 decreased two-fold on average.

Fig. 3. The modulation of the relaxation phase for K+-induced (80 mM) contraction of the myometrium smooth 
muscles of rats at blocking of Са2+-calcium pump of sarcoplasmatic reticulum with thapsigargin (TG, 
1 μM, 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

Рис. 3. Модуляція фази розслаблення K+-викликаного (80 мМ) скорочення гладеньких м’язів міометрія 
щурів за блокування Са2+-кальцієвої помпи саркоплазматичного ретикулуму тапсигаргіном (TG, 
1 мкМ, тривалість попередньої інкубації 20 хв). За контроль прийнято дію органічного розчинника 
диметилсульфоксиду (DMSO, 0,25 %). Стрілка вказує на момент додавання розчину ДМСО або TG

The work in restoring the role of the PMCA in maintaining Са2+-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 Са2+-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 mentio ned knockout of 
PMCA isoforms demonstrated that sensitive indices for a selective knockout of these 
enzy mes 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 follo wing effects were observed 
while inhibiting the functioning of other systems of Са2+ trans port: inhibi ting sarcoplas-
matic reticulum Са2+-pump was not accompanied with reliable changes in τ1/2 of relaxation 
of smooth muscle preparations after washing hyperkalemic solution (the average value 

TG

DMCO

2 mN

2 min
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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 С-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 Са2+-calcium pump of a sarcoplasmatic reticulum with thapsigargin 
(TG, 1 μM, 20 min of previous incubation) and mitochondrial protonophore CCCP (2 μM, 5 min of 
previous incubation) and cumulative effect of TG, СССР and calixarene С-716 (100 μM). The asterisk 
shows the moment of adding substances solutions

Рис. 4. Модуляція фази розслаблення K+-викликаного (80 мМ) скорочення гладеньких м’язів міометрія 
щурів за дії блокатора Са2+-кальцієвої помпи саркоплазматичного ретикулуму тапсигаргіну (TG, 
1 мкМ, тривалість попередньої інкубації 20 хв) і мітохондріального протонофору СССР (2 мкМ, 
тривалість попередньої інкубації 5 хв) та сукупної дії TG, СССР і каліксарену С-716 (100 мкМ). 
Стрілка вказує на момент додавання розчинів речовин

It is 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 С-716 under condi-
tions of blocking functioning of the intracellular Ca2+-stores is associated with a significant 
activation of synthesis of the nitric oxide by constitutive (Ca2+-dependent) isoforms of 
NO-synthase in tissues of the uterus.

CONCLUSIONS
The application of calixarene С-716 at the maximum of phase-wise K+-induced 

contraction in conditions of blocking Са2+-reserving function of intracellular calcium 

2 mN

2 min

TG + CCCP
TG + CCCP + C-716
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stores that allow isolating the contribution of plasma membrane into Са2+-trans porting 
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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КІНЕТИКА РОЗСЛАБЛЕННЯ ГЛАДЕНЬКИХ М’ЯЗІВ МІОМЕТРІЯ ЩУРІВ 
ЗА УМОВ ПРИГНІЧЕННЯ Са2+-ПОМПИ ПЛАЗМАТИЧНОЇ МЕМБРАНИ ТА СИСТЕМ 
АКТИВНОГО ТРАНСПОРТУ ІОНІВ Са2+ ВНУТРІШНЬОКЛІТИННИХ Са2+-ДЕПО

О. В. Цимбалюк
Київський національний університет імені Тараса Шевченка

вул. Володимирська, 64/13, Київ 01601, Україна
e-mail: otsymbal@bigmir.net

Процеси регуляції скорочувальної функції гладеньких м’язів значною мірою за-
лежать від ефективності підтримання Са2+-гомеостазу системами активного іонного 
транспорту плазматичної мембрани (кальцієвої помпи і Na+,Са2+-обмінника) та вну-
трішньоклітинних депо (саркоплазматичного ретикулуму та мітохондрій). У роботі 
нами було досліджено вплив каліксарену С-716 (макроциклічної сполуки зі здатніс-
тю блокувати роботу кальцієвої помпи плазматичної мембрани) на кінетику розсла-
блення K+-індукованого напруження гладеньких м’язів міометрія за умов пригнічення 
систем активного транспорту іонів кальцію внутрішньоклітинних Са2+-депо. Дія калік-
сарену С-716 (100 мкМ) на максимумі фазної складової K+-індукованої скорочуваль-
ної відповіді не супроводжувалося змінами показників нормованої максимальної 
швидкості фази розслаблення (Vnr) та часу напівмаксимального розслаблення (τ1/2). 
Варто зазначити, що амплітуда тонічної складової K+-скорочення за умов дії калікса-
рену С-716 не мала статистично значущих змін. Пригнічення здатності мітохондрій 
до накопичення іонів Са2+ за дії протонофору СССР супроводжувалося суттєвим 
зростанням параметра Vnr на тлі збільшеної тонічної складової K+-індукованого ско-
рочення. За дії блокатора Са2+-помпи саркоплазматичного ретикулуму тапсигаргіну 
спостерігали збільшення тонічної складової на тлі збільшених значень параметрів 
τ1/2 і Vnr. За сукупного застосування протонофору СССР і блокатора тапсигаргіну спо-
стерігали суттєве зростання параметра Vnr на тлі подальшого збільшення тонічного 
компонента K+-скорочення. Аплікування 100 мкМ каліксарену С-716 за умов сукуп-
ної дії тапсигаргіну і СССР спричиняло подальше зростання тонічного скорочення на 
тлі підвищеної швидкості Vnr і суттєвого зменшення τ1/2. У роботі обговорено можливі 
механізми зміни механокінетичних параметрів процесу розслаблення K+-індукованого 
напруження гладеньких м’язів міометрія. За сукупністю результатів власних експе-
риментальних даних і даних інших дослідників ми можемо передбачити, що збіль-
шення швидкості процесу розслаблення гладеньких м’язів міометрія під дією калік-
сарену С-716 (за попереднього блокування внутрішньоклітинних Са2+-депо) пов’я за-
но зі суттєвою активацією синтезу оксиду азоту конститутивними формами NO-син-
таз, тоді як підвищення тонічної складової K+-скорочення за цих умов, ймовірно, 
обумовлюється підвищеною концентрацією іонів Са2+ в міоцитах.
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іонів Са2+, кальцієва помпа плазматичної мембрани, калік-
сарен С-716, кінетичний аналіз
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