VAK 612.13+616.73:008.331.1

A. I. Soloviev
The BK_, channels deficiency and high protein
kinase C activity as a main reasons
for radiation-induced vascular hypercontractility

Institute of Pharmacology and Toxicology, National Academy of Medical Science, Kiev

Key words: smooth muscle contractility,

RNA interference, BK_, channels, irradiation,
calcium sensitivity, contractile proteins,
hypertension

Introduction

One of the main clinical manifestations
of ionized irradiation in case of nuclear
accidents or radiation beam therapy in
patients with neoplasm is a local (cardiac
ischemia and arrhythmias) or generalized
(arterial hypertension) vasospasm devel-
opment which seriously complicates the
course and the treatment of the main
disease. It was clearly demonstrated that
even single dose non-fatal whole-body ion-
ized irradiation of rats in dose of 5—6 Gy
led to a sustained arterial blood pressure
elevation and abnormalities in vascular
contractility [1]. One of the leading
causes of radiation-dependent deaths in
bomb survivors from Hiroshima and
Nagasaki [2] and survivors of Chernobyl
accident [3] is associated with cardiovas-
cular unwanted events.

Having this fact established we have
focused on underlie mechanisms. For
instance, we demonstrated that an
increased contractility of blood vessels
following irradiation may be due to selec-
tive inhibition of EDRF (NO) — depen-
dent, but not EDHF — dependent, relax-
ation in irradiated vascular tissues [4].

Then, we tested a possible involvement
of large conductance calcium- and volt-
age-activated potassium channels (BK,
channel), which appear to be a possible
radiation target in vascular system. It is
known that BK, channelopathy is
involved in a number of vascular disor-
ders including diabetes and arterial hyper-
tension [5, 6]. We have shown recently
that BK, channels play an important role
in radiation-induced vascular abnormali-
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ties. The data obtained clearly indicate
the decrease of outward current density
in both endothelial [7] and smooth muscle
cells (SMCs) accompanied with diminished
BK_., mRNA expression [8].

It is well known that the native BK,
channel is composed by at least two dis-
tinct integral membrane subunits: the
pore-forming (ion-conducting) a-subunit
(KCNMA1) and a regulatory B-subunit
(KCNMB1-4). The a-subunit is the mini-
mal molecular component for BK, chan-
nel activity and a functional channel can
be formed with four a-subunits. Mam-
malian BK, channel a-subunit is encod-
ed by a single gene called KCNMAI,
which was formerly named as Slowpoke,
Slo or Slol [9, 10]. That is why we have
focused our studies to a-subunit changes
under irradiation.

Taking into account the molecular
structure of BK, and the ability of small
interference RNAs (siRNAs) knockdown
essentially any gene of interest [11-13],
we supposed that knockdown of BK,
channel a-subunit in rat’s vascular tis-
sues is a good model for radiation-induced
vascular malfunction and related arterial
hypertension development in rats.

In contrast to the numerous studies
demonstrating that irradiation depresses
endothelium-dependent vasorelaxation,
other investigations have shown that irra-
diation enhances vascular contractility in
an endothelium-independent manner [14].
This information suggests that, in addi-
tion to the indirect effect through a
decrease in endothelial-dependent relax-
ation, a direct effect on vascular contrac-
tility may be important in the vascular
anomalies induced by irradiation.

Vascular smooth muscle is known to
contract in response to an increase in cel-
lular free calcium ([Ca?']). It is well
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known that the increase in [Ca®"], acti-
vates the calmodulin dependent myosin
light chain (MLC) kinase which catalyzes
the phosphorylation of the 20,000 dalton
MLC. MLC phosphorylation in turn acti-
vates the myosin molecule, which can
then interact with actin and contract. In
addition to this primary regulatory path-
way, several modulatory pathways exist
in smooth muscle that can alter the mag-
nitude of force that is developed for any
given level of cellular Ca?'. Alterations
in myofilament Ca?" sensitivity can be
either positive or negative depending on
the pathways stimulated. For increases
in myofilament Ca2" sensitivity, two pri-
mary hypotheses have been proposed:
G-protein dependent activation of Rho
kinase and protein kinase C dependent
phosphorylation of a cellular protein
called CPI-17. Both proposals have a
common end-point, that being inhibition
of the MLC phosphatase resulting in a
greater level of MLC phosphorylation for
any given level of Ca?' and activity of
the MLC kinase.

Hypertension has been clearly shown
to be associated with an increase in vas-
cular reactivity. In turn, the enhanced
reactivity during hypertension has been
shown to be due in part to an increase
in myofilament Ca2" sensitivity [15].
Both an increase in myofilament Ca?*
sensitivity and a decrease in BK, activ-
ity may result from a high protein
kinase C (PKC) activity. Taken togeth-
er, this suggests the possibility that
alterations in PKC may be a unifying
hypothesis in the irradiation induced
hypertensive state and alterations in
vascular function.

Thus, the main goal of this study was
to clarify whether siRNAs administra-
tion, targeted to BK., encoding gene, is
able to alter the form and function of
BK., and this way produce vascular
abnormalities and hypertension develop-
ment in a manner similar to ionized irra-
diation. The next goal of this study was
to test the hypothesis that the increase
in vascular responsiveness that results
following whole body irradiation is due
to a change in the PKC dependent
increase in myofilament Ca?" sensitivity
in the vascular smooth muscle cell.

Materials and methods. Animals. All
animal studies were performed in accor-
dance with the recommendations of the
European Convention for the Protection
of Vertebrate Animals used for Experi-
mental and other Scientific Purposes and
approved by the Institutional Animal
Care and Use Committees. Experiments
were performed on 6—8 weeks male Wis-
tar rats (weight 250-300 g) housed
under controlled environmental condi-
tions (21 °C, 12-12 h light-dark cycle)
and free access to water and standard
rodent chow.

KCNMAI gene knockdown by RNA
interference. The double-stranded silenc-
ing siRNA for KCNMA1l gene sense
5"-GUA CAG GAA GGG AAC AUU UUU-
3', antisense 5-AAA UGU UCC CUU
CCU GUA CUU-3" and nonsilencing
(scrambled, scrRNA) RNA: sense 5'-UGU
UCA GCG AAA UAU AAC CUU-3’, anti-
sense 5'-GGU UAU AUU UCG CUG AAC
AUU-3" were prepared from correspond-
ing oligonucleotides provided by Metabi-
on (Germany) according to the manufac-
ture’s instructions. For KCNMA1 gene
knockdown in vivo these double-strand
RNAs were injected in tail vein of rats
(80 ng/kg) twice with 24-h interval. The
molecular and functional changes (exp-
ression of mRNA BK_, channels o sub-
unit, K* channels activity, acetylcholine-
induced, endothelium-dependent wvaso-
relaxation and norepinephrine-induced
vasoconstriction, arterial systolic blood
pressure) were analyzed 7 days after
first siRNA injection.

It is clear that delivery of siRNAs to
target cell is a serious problem and naked
siRNAs administrated intravenously may
be unstable in serum being degraded by
endo- and exonucleases. Nevertheless,
the recent data obtained [16] indicate
that naked siRNAs in many studies dem-
onstrate significant RNA-interference
effect while chemical or other type modi-
fication of siRNAs can increase stability
of these molecules in vitro, but can not
demonstrate an increment in their effi-
cacy in vivo. We suppose that the main
experimental criteria of the siRNAs spe-
cific effectiveness is the real difference
in the mRNA expression in tissues
obtained from the animals treated with
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specific siRNAs as compared to the
healthy rats or the rats that were treated
with scr-siRNAs.

Whole-body animal y-irradiation. Rats
were exposed to a 6 Gy dose of ionizing
irradiation for 7.5 min. The dose of 6 Gy
was used based on our previous studies
showing that this dose induced vascular
effects while maintaining survival of the
animals throughout experimental period
[1, 8, 17]. Whole-body irradiation was
performed with gamma rays delivered at
a rate of 0.80 Gy + min™! from a %°Co
source (TGT ROCUS M, Russian Federa-
tion) positioned 50 ¢cm from the animal.
During irradiation, animals were
restrained in a plastic box specifically
designed for this study and the radiation
beam was focused on the animal’s chest.
There was no change in housing, stan-
dard food, or drink following irradia-
tion. All animals survived the 30 day
experimental period following the expo-
sure to irradiation.

RNA isolation and real-time PCR.
Total RNA was isolated from rat aorta
using a Trizol RNA-prep kit (Isogen,
Russian Federation) according to the
manufacturer’s protocol. RNA concen-
tration was determined with the use of a
NanoDrop spectrophotometer ND 1000
(NanoDrop Technologies Inc., Wilming-
ton, DE, USA). Reverse transcription
was performed using a RevertAid™ H
Minus First Strand ¢cDNA Synthesis Kit
(Fermentas, Lithuania), wusing 1.2-
1.5 ng of total RNA and a random hex-
amer primer. Single-chain DNA was used
for polymerase chain reaction (PCR) and
real-time PCR.

We performed amplification in 10 ul
of SYBR Green PCR Master Mix con-
taining 30 pM of each primer. For
amplification mRNA BK_, channels
(housekeeping gene) fragments we used
next primers:

BK_, o subunit sense 5’-tac ttc aat gac
aat atc ctc acc ct-3' and antisense
5'-acc ata aca acc acc atc ccc taa g-3';

B actin sense 5'-tgt tac gte gee ttg gat ttt
gag-3' and antisense 5'-aag aga gag
aca tat cag aag c-3'.

L-type Ca: sense -5'- tgacagtgagagcttt-
gaggag -3 antisense — 5°- tctagtectecte-
gaaccagag -3°

Kv 1.5. Up: sense -5'- ttcatcaaggaagag-
gagaagc-3°, antisense — 5°- agtgtcctag-
gcaagagtggag-3°

Kir 6.2. Up: sense -5- agaaaccctcat
cttcagcaag -3, antisense — 5°- aatcte-
gtcagccagataggag -3°

Kir 6.1. Up: sense -5°- acgatatctcagccact-
gacct -37, antisense — 5°- ctectectcatg-
gagttgttte-3°

Sample volume was driven to 20 pl
with deionized water. Amplification was
performed on thermocycler 7500 Fast
Real-Time PCR System. Thermal cycling
conditions comprised an initial denatur-
ation and AmpliTaq Gold® DNA poly-
merase activation step at 95 °C for 10 min,
followed by the treatments at 95 °C for
20 s, and at 65 "C for 45 s and for 50 cyc-
les, followed by the dissociation step. For
control of specificity we performed dis-
sociation stage — sequential increase of
temperature from 65 to 95 °C with regis-
tration of the drop in the double-strand-
ed DNA-SYBR Green complexes fluores-
cence strength. We performed calcula-
tions using the 7500 Fast System SDS
software provided. The CT (cycle thresh-
old) is defined as the number of cycles
required for the fluorescence signal to
exceed the detection threshold. We cal-
culated the expression of the target gene
relative to the housekeeping gene as the
difference between the threshold values
of the two genes.

Isolation of rat thoracic aorta smooth
muscle cells. Smooth muscle cells were
isolated from rat thoracic aorta by colla-
genase treatment. Briefly, the rats were
anesthetized with ketamine (37.5 mg/kg
b.w., IP) and xylasine (5 ml/kg b.w. IP)
and approximately 1.0-1.5 cm of the
thoracic aorta was excised and cleaned of
connective tissue. The aorta was then cut
into small pieces (1.5 X 1.5 mm) in a cold
low-Ca?" solution containing (in mM):
NaCl 140, KCI 6, MgCl, 3, D-glucose 10,
HEPES 10 (pH 7.4). The vascular tissues
were transferred to a fresh low-Ca?"
solution containing: 2 mg/ml collagenase
type IA (417 U/mg), 0.5 mg/ml pronase
E type XXV, and 2 mg/ml bovine serum
albumin. The tissues were then incubated
for 30 min at 37 °C. After incubation,
the tissues were washed (2—-3 min) twice
in a fresh low-Ca?" solution to remove

®apmakonoris ta nikapcska rokcukonoria, No 2 (58)/2018

59



the enzymes. Cells were dispersed by agi-
tation using a glass pipette, and then
were placed in normal Krebs bicarbonate
buffer. Aliquots of the myocytes were
stored at +4 °C and remained functional
for at least 4 h.

Electrophysiology studies. The whole-
cell patch clamp technique in the ampho-
tericin B (250 ng/mL) perforated-patch
configuration was used to study whole-
cell potassium currents (voltage clamp
mode). Data acquisition and voltage pro-
tocols were performed using an Axopatch
200B Patch-Clamp amplifier and Digida-
ta 1200B interface (Axon Instruments
Inc., Foster City, CA, USA) coupled with
computer equipped with pClamp software
(version 6.02, Axon Instruments Inc.,
USA). Membrane currents were filtered
at 2 kHz and digitized at a sampling rate
of 10 kHz. The reference electrode was
Ag-AgCl plug electrically connected to
the bath. Macroscopic current values
were expressed as current density in pA/
pF. The membrane capacitance of each
cell was estimated by integrating the
capacitive current generated by a 10 mV
hyperpolarizing pulse after electronic
cancellation of pipette-patch capacitance
using Clampfit software (version 6.02,
Axon Instruments Inc., USA). All elec-
trophysiological experiments were car-
ried out at room temperature (20 °C).

Patch pipettes were made from boro-
silicate glass (Clark Electromedical
Instruments, Pangbourne Reading, Eng-
land) and backfilled with intracellular
solution (in mM): KCl 140, NaCl 10,
MgCl2 1.2, CaCl, 2.5, HEPES 10, D-glu-
cose 11.5, adjusted to pH 7.3 with KOH.
Pipettes had resistances of 2.5-5.0 MQ.
The standard Krebs-HEPES external
solution contained (in mM): NaCl 140,
KCl 5.9, MgCl, 1.2, CaCl, 2.5, HEPES
10, D-glucose 11.5, pH 7.4.

Ca2"-free, high K™ (135 mM) solution
was prepared replacing NaCl with equi-
molar concentration of KCl and remov-
ing Ca2* from bath solution.

Measurement of Contractile Force.
Segments of thoracic aorta (1.5 cm-long)
were obtained as described above, cleaned
of both connective and adipose tissue,
and cut into 1 to 1.5 mm width rings. All
procedures were performed at room tem-

perature in a nominally Ca?*-free physio-
logical salt solution.

Experiments were performed on the
thoracic aorta rings obtained from
healthy, irradiated adult rats and ani-
mals after siRNAs and scr-siRNAs treat-
ment. The vascular tissues were prepared
with special care in order to keep the
endothelium intact for the following
vasodilatation study. If necessary endo-
thelium was removed using 15 min incu-
bation in Krebs bicarbonate buffer with
saponin (0.1 mg/ml). Aortic rings were
mounted isometrically in a tissue bath
between a stationary stainless steel hook
and an isometric force transducer (AE
801, SensoNor, A/S, Norten, Norway)
coupled to a AD converter Lab-Trax-4/16
(World Precision Instruments, Inc.,
Sarasota, USA). The rings were equili-
brated for 1 h with a resting tension of
10 mN. Experiments were made at 37 °C
in modified Krebs bicarbonate buffer
solution of the following composition (in
mM): NaCl 133, KCl 4.7, NaHCO, 16.3,
NaH,PO, 1.88, CaCl, 2.5, MgCl, 1.2,
HEPES 10, D-glucose 7.8 at pH 7.4. Fol-
lowing the equilibration period, the aortic
rings were exposed several times to norepi-
nephrine (10~ M) until reproducible con-
tractile responses were obtained. To test
endothelial functional activity and integ-
rity, the relaxant responses to acetylcho-
line (107°-10"° M) were examined on the
plateau of the norepinephrine (1076 M) —
induced contraction. Contractile abilities
of VSM were estimated reproducing dose-
response curves to norepinephrine.

Measurement of [Ca®*];:

Experiments for the simultaneous mea-
surement of [Ca?'], and contractile force
were carried out in a 500 pl tissue cham-
ber mounted on the stage of a fluores-
cence microscope LUMAM-2 (Russia)
equipped with epifluorescence collection.
The aortic rings were mounted isometri-
cally between a stationary stainless steel
hook and a force transducer (AE 801,
SensoNor A/S, Norten, Norway). Except
for during the Fura-2AM loading proce-
dure, the rings were continuously per-
fused with preheated Krebs solution at 35
°‘C at a rate of 2.0 ml per minute. The
rings were loaded with 10 M Fura 2-AM
in a physiological solution of the follow-
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ing composition (mM): 122 NaCl, 4.7 KCl,
2.5 CaCl,, 1.2 MgCl,, 11.6 HEPES, 11.5
glucose, and a pH of 7.3-7.4. The loading
solution also contained 2.5% DMSO and 5
mg/ml Pluronic F-127. Loading continued
for 2 hours at room temperature. The tis-
sues were then mounted in a tissue cham-
ber for measurement of force and [Ca®'],
and equilibrated in normal physiological
salt solution for at least 30 min.

Fura-2 fluorescence was excited at 340
and 380 nm wavelength (1) and recorded
at 510 nm emission wavelengths from a
central region (approximately 0.5 mm in
diameter) on the blood surface of the
aorta ring. The fluorescence emitted
from the tissue was collected by a photo-
multiplier through a 510 nm filter. The
results of [CazJ’]i measurements are pre-
sented as the ratio (R) of 510 nm emis-
sion fluorescence intensity [I,,,(A)] at A =
340 nm and A = 380 nm excitation sig-
nals: R = I,(340)/1;,,(380). [Ca?'], was
determined, as described by Grynkiewicz
et al., using the formula [Ca®"], (nM) =
Kd ° [(R - Rmin)/(Rmax - R)] ° (sz/sbg)’
where K, (224 nM at 37 °C) is the disso-
ciation constant of Fura-2 for Ca?*; R is
the ratio of fluorescence of the sample at
340 to that at 380 nm; R, and R
represent the ratios of fluorescence at the
same wavelengths in the presence of zero
and saturating Ca®" respectively; and S,/
S,, is the ratio of fluorescence of Fura-2
at 380 nm in zero Ca?" to that in satu-
rating Ca®" respectively. Prior to initiat-
ing experiments, it was determined that
contractions induced by high KCl were
not affected by Fura-2 loading.

Solutions. All tissues were stored in a
physiological salt solution of the following
composition (in mM): 122 NaCl, 4.7 KCI,
2.5 CaCl,, 1.2 MgCl,, 15.5 NaHCO,,
1.2 KH,PO,, and 11.5 glucose, pH 7.3—
7.4. Nominally Ca?"-free solutions were
prepared by simply omitting CaCl,. Ca?*-
free/EGTA solutions used for removal of
cellular calcium were prepared by omit-
ting CaCl, and including 1 mM ethylene
glycol-bis-(B-aminoethyl ether)-N, N, N’,
N’,-tetraacetic acid (EGTA). Depolariz-
ing KCI solutions were prepared by the
equimolar exchange of KCl for NaCl.

Solutions for experiments performed
using permeabilized muscle contained (in

mM): 3.2 MgATP, 2 free-Mg?", 12 phospho-
creatine, 0.5 sodium azide, 30 N-tris(hydro-
xymethyl)methyl-2-aminoethanesulfo-
nic acid (TES), pH 6.9 at 21 °C. Unless
otherwise stated, creatine phosphokinase
(15 U/ml) and calmodulin (0.5 puM) were
added to all solutions. Desired free-Ca?*
levels (expressed as pCa) were obtained by
mixing stock solutions containing K,EGTA
and K,CaEGTA. The total EGTA concentra-
tion was 4 mM. Ionic strength was adjusted
to 150 mM with potassium propionate.

Arterial Blood Pressure Measurement.
Systolic arterial pressure was measured
in non-anesthetized rats using cuff tail
sphygmomanometer S-2 (Hugo Sachs
Electronic, Germany).

Chemicals. Collagenase type IA, pro-
nase E type XXV, bovine serum albumin,
paxilline, tetraethylamonium, gliben-
clamide, norepinephrine, acetylcholine as
well all the constituents of the Krebs solu-
tion were purchased from Sigma Chemi-
cals Co. (St. Louis, MO, USA). Fura-2 AM
was obtained from Molecular Probes, Inc.
(Eugene, OR, USA). All other compounds
were obtained from Sigma Chemical Co.
(St. Louis, MO, USA). Dimethyl sulfoxide
(0.1 % final concentration) was used as a
solvent for phorbol dibutirate. This con-
centration did not affect the results.

Statistics and analysis. The data are
shown as means = S. E. M., and n indi-
cates the number of cells, preparations or
animals tested. Data analysis was per-
formed using Origin 7.5 (OriginLab Corpo-
ration, Northampton, MA, USA) software.
Half-maximally effective concentration
(EC,,) values were expressed as pD,
(-log EC,)). To determine the maximal
responses and EC5O, concentration-response
curves were fit to the dose-response equa-
tion: F = F__ /[1+10°((logEC,, — logC)-h)],
were F and F  _ are actual and maximal
relaxation (constriction) responses, h is
the Hill slope, C is actual concentration.
Multiple comparisons were made using
one way analysis of variance (ANOVA)
and if any significant difference was
found, the Tukey's multiple comparison
tests were performed. Arterial pressure
data were analyzed by Student‘s t-test
for paired observations. Differences were
considered to be statistically significant
when P was less than 0.05.
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Results

1. Irradiation and KCNMAI gene silenc-
ing lead to similar decrease in BK,,
mRNA expression and potassium out-
ward current density. Figure 1 shows
that both irradiation and siRNAs tar-
geted to KCNMA1 gene administered in
total dose of 80 ng/kg (twice with 24-h
interval, intravenously) produced a 2.5—
3.5-fold decrease in BK_, oa-subunit
mRNA level in aortic SM as compared to
tissues obtained from healthy rats and
the rats treated with a scrambled siRNAs
(scr-siRNAs). For instance, BK,, mRNA
level decreased from (0.013 = 0.003)
relative units in SM treated with a scr-
siRNAs to (0.005 = 0.002) relative units
in SM treated with siRNAs targeted to
KCNMA1 gene (n = 11, P < 0.05).

Thus, the expression profile of BK_,
mRNA transcripts in SM appeared to be
significantly decreased in KCNMAI1
silencing SM similar to irradiated tissues
when the level of BK_, expression has
been significantly decreased 30 days
after irradiation (Figure 1 A).

The next series of experiments was
performed to study potassium channel
activity in SMC from control, irradiated
and scr-siRNAs/siRNAs-administered
animals. To measure K* channel activity,
we used whole-cell perforated patch-
clamp technique using freshly isolated
thoracic aorta SMCs. To induce outward
currents SMCs were held at the resting
potential of -60 mV and then stimulated
with increasing depolarizing 300-ms
voltage steps from -100 mV to +70 mV.

As shown in Figure 2 A, B total out-
ward potassium currents stimulated by
depolarized voltage step were (30 = 1),
(11 = 1) and (13 = 1) pA/pF at +70 mV
in control, irradiated (6 Gy) and KCNMA1
gene knockdown SMC, respectively (n =
12-24, P < 0.05, see Figure 2 legend for
detail). Scr-siRNAs was without visible
effect on outward potassium currents in
SMC as compared to control.

After that we identified the different
component of total potassium current
following irradiation and KCNMA1 gene
silencing (Figure 3 A, B). It is become
clear that total outward current signifi-
cantly decreased as the result of irradia-
tion and KCNMA1 gene silencing mainly

due to inhibition of paxilline-sensitive
component, i.e. the current carried
through BK_, channels.

This conclusion is based on the next
evidence. Paxilline (5600 nM), a selective
inhibitor of BK_, channels [29, 42],
added to the external bathing solution
significantly decreased outward K* cur-
rent density in the aortic cells obtained
from control and scr-siRNAs-treated rats
while this effect was six-four-fold atten-
uated in irradiated and siRNA-treated
VSM cells. Paxilline-sensitive compo-
nents were (25 = 2), (5 = 1), (26 = 4) and
(9 = 1) pA/pF at +70 mV in intact, irra-
diated, scr-siRNAs and siRNAs-treated
SMC, respectively (n = 12, P < 0.05).

External paxilline application com-
bined with tetraethylammonium (TEA,
10 mM), non-selective inhibitor of potas-
sium channels, led to additional inhibi-
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Figure 1. Expression of mRNA BKc, channels
a-subunit in rat thoracic aorta smooth muscle
after irradiation (A) and KCNMAI gene
silencing (B). A, aortic total RNA was isolated
from 5 control rats and 6 rats on 30" days
after irradiation impact. B-actin was used as
an internal control; B, aortic total RNA was
isolated from 6 control rats (scr-siRNAs) and
7 rats on 7" day following siRNAs injection.
B-actin was used as an internal control. The
asterisks indicate the statistical significance as
compared to control and scr-siRNAs (P < 0.05)
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tion of outward potassium current but
there was no significant difference
between TEA action in the cells obtained
from intact, irradiated and scr-siRNAS/
siRNAs treated SM cells (Figure 3 A, B).
There were no differences in residual
TEA-and paxilline-insensitive compo-
nents of outward current in all groups of
animals (Figure 3 A, B) at the potential
+70 mV.

To identify the glibenclamide-sensitive
component of outward current more pre-
cisely, we used the protocol described by
Mishra and Aaronson [18]. Figure 4

shows that when superfusion solution
was changed from standard 5.9 mM K*
medium to Ca?*-free, high K* (185 mM)
and TEA (2 mM) containing solution (at
this solution content reversal potential
for K* shifted to 0 mV and other potas-
sium currents are suppressed), an inward
currents of about — (6.4 = 0.4) pA/pF
and — (4.7 = 0.4) pA/pF (P < 0.05,
n = 6) were recorded under normal con-
dition and after irradiation, respec-
tively. Glibeclamide (10 pM) signifi-
cantly suppressed this current in both
intact and irradiated SMCs, indicating

Control Irradiation
scr-siRNA siRNA KCNMAL1
& +70 mV

2
100 ms ~100 mV
40
—— Control

—O— Irradiation
301 ——scr siRNA
—— siRNA KCNMA 1

204
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00 -50 0 50

Membrane potential, mV

Figure 2. Effects of siRNAs — induced
KCNMAI gene silencing on total outward cur-
rents in aortic SMCs in comparison to non-
fatal whole body irradiation. Outward mem-
brane currents were elicited by a series of

10 mV pulses with 300 ms duration from

-100 mV to +70 mV from a holding potential of
-60 mV. A — original traces, B — current-volt-
age relationship of total currents recorded in
isolated rat thoracic aorta SMCs obtained
before and after irradiation impact and siR-
NAs treatment. Data shown are mean = SEM;
experiments were carried out on 24 cells from
12 control rats, 17 cells from 12 irradiated
animals, 12 cells from 6 rats after scr-siRNAs
and 15 cells from 7 rats after siRNA
KCNMALI injection. The asterisks indicate sta-
tistical significance as compared to control
tissues and scr-siRNAs (P < 0.05)
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Figure 3. Effects of paxilline (500 nM ) and
tetraethylammonium (TEA, 10 mM ) on out-
ward potassium currents in thoracic aorta
SMCs obtained from control, irradiated and
treated with siRNAs rats at potential +70 mV.
A — original traces showing total outward cur-
rents in vascular SMCs obtained from control,
irradiated and siRNAs-treated rats before (1)
and after paxilline (2) and paxilline com-
bined with TEA (3) application in the exter-
nal bath solution. B — diagrams showing the
effects of irradiation and siRNAs-induced
KCNMALI gene silencing on components of
total outwards potassium current (1): paxilli-
ne-sensitive component (2), TEA-sensitive
component (3) and residual current (4) in
the aortic SMCs. Columns are means +
S.E.M., n = 12. The asterisks indicate statisti-
cal significance as compared to control tissues
(P < 0.05). The dagger indicates a statistical-
ly significant difference (P < 0.05) between
paxilline-sensitive components of control cur-
rents and after irradiation and KCNMAI
gene silencing
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Figure 4. Effect of ionized irradiation on the
resting glibenclamide (10 uM ) — sensitive cur-
rent in thoracic aorta SMCs. Currents were
elicited by replacement of normal external
solution with Ca?*free, high K* (135 mM )
solution containing 2M TEA and 10 uM glib-
enclamide before and after irradiation. Hori-
zontal bar 1 — superfusion with standard
external solution; bar 2 indicates superfusion
with Ca®-free, high K+ (135 mM ) solution
containing 2mM TEA; bar 3 — glibenclamide
(10 uM ) was added to the superfusate

K, p-dependent, glibenclamide-sensitive
component of outward current not only
suppressed but appears to be increased
significantly following irradiation.

2. KCNMAI1 gene silencing increases
mRNA expression of K,,, K., and L-type
Ca?" channels. To investigate the effect
further it would be interesting to know
whether mRNA expression of other mem-
bers of voltage-dependent potassium
channels family will be affected follow-
ing KCNMA1 gene silencing. Taking into
account functional association between
voltage-dependent calcium and K* chan-
nels, L-type Ca?" channels mRNA expres-
sion was studied additionally. Figure 5
shows that mRNA expression of K, and
K, p channels in SM with silencing
KCNMA1 gene significantly increased
from (12.6 = 1.3) to (17.8 = 1.4) relative
units and from (13.4 + 1.8) to (22.1 =
4.0) relative units (P > 0.05, n = 12),
respectively, while L-type Ca?" chan-
nels mRNA level demonstrated non-
significant tendency to increment -
from (14.5 = 1.5) to (18.0 = 2.1) relative
units (P > 0.05, n = 10).

In contrast to siRNAs administration,
the levels of mRNA expression of K and
K,;p channels on 30'" days after irradia-
tion were increased significantly: K
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Figure 5. mRNA expression of Ky, Karp and
L-type Ca?* channels (LCa) in aortic SMCs
obtained from control, irradiated, siRNAs and
scr-siRNAs-treated rats.

A, aortic total RNA was isolated from 11 con-
trol rats and 12 rats on 30" days after irradi-
ation impact. B-actin was used as internal con-
trol; B, aortic total RNA was isolated from

6 control rats (scr-siRNAs) and 12 rats on

7" day following siRNAs injection. B-actin was
used as internal control. The asterisks indi-
cate the statistical significance as compared
to control (P < 0.05)

from (2.6 = 0.03) to (20.3 = 4.3) (P <
0.05), K, ;p from (4.3 = 0.8) to (14.7 =
5.4) (P < 0.05). The level of L-type Ca%"
channels expression had increased from
(2.20 = 0.03) to (10.8 = 3.3) relative
units (P < 0.05).

3. KCNMAI1 gene silencing changes
SM responses to acetylcholine and nor-
epinephrine. Figure 6 shows original
tracing demonstrating the results of
standard acetylcholine test in control
and scr-siRNA-treated groups of animals
as compared to irradiated and siPNAs-
treated rats. Relaxations of the rat tho-
racic aortas were obtained by cumulative
additions of acetylcholine in doses of
1079-10° M.

Original recordings combined with
dose-responses curves (Figure 7 A) clear-
ly indicate that the maximal amplitude
of endothelium-dependent SM relaxation
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Figure 6. Representative tracings showing the
endothelium-dependent relaxation by acetyl-
choline (ACh) in doses from 1079 to 107° M in
the rat thoracic aortas obtained from control
and scr-siRNA treated rats in comparison to
irradiated and siRNAs-treated rats. Aortic
rings were pre-contracted with 10 uM norepi-
nephrine. Dots represent additions of increas-
ing concentration of the Ach with 0.5 steps in
log C (M) units

had decreased from 84—-86 % in control
groups (healthy and scr-siRNAs treated
rats) to (43 = 3) % and (61 = 3) % in
irradiated and KCNMAI1 silencing tis-
sues, respectively (n = 14-18, P < 0.01).

Moreover, both irradiation and
KCMA1 gene silencing SM produced an
increased sensitivity in denuded aortic
SM to norepinephrine (Figure 7 B) -
mean values of pD, (-log EC,) are (6.5 =
0.05) control, (7.50 = 0.05) irradiated,
(6.60 = 0.05) scr-siRNAs and (7.0 =
0.04) in KCMA1 gene silencing SM,
respectively, suggesting increased SM
contractility following both irradiation
and KCMA1 gene silencing (n = 12-18,
P < 0.001).

4. Arterial blood pressure (BP) in irra-
diated and KCNMAI silencing rats. Fig-
ure 8 shows the effect of whole body
irradiation (6 Gy) on arterial blood pres-
sure measured in non-anesthetized healthy
and scr-siRNAs-treated rats in compari-
son to irradiated rats and rats with
knockdown of KCMA1 gene. Systolic BP
had considerably increased on 30% day of
post-irradiation from (113 + 2) mmHg in
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Figure 7. Effects of non-fatal whole body
irradiation and siRNAs KCNMAI1 gene
silencing on endothelium-dependent relax-
ation in intact rat thoracic aorta rings (A),
and dose-response curves to norepinephrine
(B) in denuded rat thoracic aortas obtained
from control, irradiated and scr-siRNsA/siR-
NAs treated rats. Relaxations are expressed
as percent decrease in tension evoked by

10 uM norepinephrine, contractions are
expressed as percent of maximal tension
evoked by 10 uM norepinephrine. Experi-
ments were carried out on 15 rings from
eight control rats, 18 rings from nine irradi-
ated animals, 12 aortic rings from seven rats
with siRNAs treatment and 12 aortic rings
from six scr-siRNAs treated rats. Values
shown are means = S.E.M., the asterisks indi-
cate statistical significance as compared to
control tissues (P < 0.05). Concentration-
response curves were fitted to the dose-
response equation

control to (139 = 6) mmHg (n = 15, P <
0.05) in irradiated animals. In contrast to
irradiated rats, the rats with KCNMA1
gene knockdown demonstrated insignifi-
cant BP increment from (115 = 2) mmHg
(scr-siRNAs treated animals) to (122 =
6) mmHg (n = 12, P > 0.05).

It is important to note that despite the
KCMAL1 gene silencing was without sig-
nificant effect on BP level in experimen-
tal group of rats in total, some animal’s
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Figure 8. Effect of whole body y-irradiation
(6 Gy) impact and siRNAs administration on
systolic blood pressure measured using a cuff
tail sphygmomanometer in non-anesthetized
rat. Measurements were made in healthy

(n = 12), irradiated (n = 12), scr-siRNAs

(n =12) and siRNAs — treated rats (n = 7).
Columns are means = S. E. M. The asterisks
indicate statistical significance as compared
to control animals (P < 0.05)

demonstrated well expressed tendency to
BP elevation.

5. Intact vascular strips from con-
trol and irradiated animals. The first
series of experiments performed were
designed to determine the effects of
whole body irradiation on vascular con-
tractile sensitivity. Figure 9 A shows
the results of concentration-response
curves from the cumulative addition of
KCI. The addition of KCI (8-120 mM)
produced concentration-dependent

increases in force development in the
thoracic aorta from both control and
irradiated animals. The experiments
were performed on the 9" and 30" days
post-irradiation. Thoracic aortic rings
obtained from irradiated animals on
the 9% day post-irradiation were sig-
nificantly more sensitive to the addi-
tion of KCIl as compared to aortic rings
from control animals. Maximum force
development was similar in aortic rings
from the two animals groups (7.6 =
0.8) mN control; (8.6 = 1.2) mN irradi-
ated; P < 0.05, n = 12). The similar
results were obtained on the 30* day
of post-irradiation period (maximal
force development was (10.0 = 1.1) mN,
P < 0.05, n =12).

Similar experiments using the cumu-
lative addition of phenylephrine showed
increased sensitivity as evidenced by a
shift to the left in the stimulation
response curve in vascular rings from
animals subjected to whole body irradia-
tion as compared to those from control
animals (Figure 9 B). Based on these
results, whole body y-irradiation pro-
duces a general increase in contractile
sensitivity in response to all forms of
stimulation, whether in response to
membrane depolarisation or agonist
activation.
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Figure 9. Effect of whole body irradiation (6 Gy) on KCl — and phenylephrine-induced contractions
of rat thoracic aorta. A — Cumulative concentration-response curves for KCl were obtained with aor-
tic rings from healthy (O) and irradiated rats on the 9" (®) and 30" (M) days of post-irradia-
tion. Data shown are means = SE. Curve fits of mean values were performed using the following:
F=F .. /[1 + exp (logECy, — log[Ca®"]i ) h], where F and Fp. are actual and maximal force, h
is the Hill coefficient, ECy, is 50 % effective concentration. Mean value of pD, (-log EC,,) are:
(1.70 = 0.03) control, and (1.90 = 0.05) (P < 0.01, n = 12) and (1.90 = 0.03) (P < 0.01,n =12),
irradiated (9" and 30™ days, respectively). B — cumulative concentration-response curves to phen-
ylephrine obtained on the thoracic aorta rings from healthy and irradiated rats. Mean value of pD,
are: (6.30 = 0.07) control, and (6.92 = 0.05) (P < 0.01, n =12) and (6.89 = 0.05) (P < 0.01, n =
12), irradiated (9" and 30" days, respectively ). Contractions are expressed as a per cent of the
tension evoked by maximal KCl (120 mM ) or phenylephrine (107> M ) concentration
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Figure 10. Force development in [B-escin permeabilized rat aortic rings as a function of calcium
concentration in the presence and absence of chelerythrine. Aortic rings from control (O) and
irradiated (®) animals were subjected to the cumulative addition of calcium. Irradiated animals
were studied on the 9" (A) and 30" (B) days of post-irradiation period after exposure y-radia-
tion (6 Gy). In addition, the calcium response of irradiated tissues was examined in the presence
of 1 uM chelerythrine(m). The values are means = SE. Data are normalized to force developed at
pCa 5.0. Curves shown were fit to the Hill equation. See Figure 1 for details. Mean value of pD,
(or pCay, as generally accepted for permeabilized smooth muscle) for the 9" day of post-irradia-
tion were: (5.60 = 0.09) control; (5.98 = 0.06) irradiated (P < 0.01, n = 12), and (5.33 = 0.15)
irradiated + chelerythrine (P < 0.05, n = 8, comparison with irradiated). The data for the 30"
day of post-irradiation were: (5.60 = 0.09) control, (648 + 0.15) irradiated (P < 0.01, n = 12),

and 5.99 = 0.09, (P < 0.01 n = 8, comparison with irradiated) irradiated + chelerythrine

6. Experiments on chemically permeabi-
lized vascular strips from control and
irradiated animals. Although there exists
many mechanisms by which irradiation
could increase vascular sensitivity, the
two most probable are alterations in cal-
cium metabolism in response to stimula-
tion or a direct effect on the contractile
proteins. One of the best models to use to

differentiate between these two possibili-
ties is the chemically permeabilized strip.
This preparation allows one to examine
the contractile response under conditions
of constant intracellular [Ca?"].. The data
shown in Figures 10 and 11 were obtained
from experiments performed on p-escin
permeabilized aortic strips. All forces
shown were normalized to the maximal
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Figure 11. Force development in [-escin permeabilized rat aortic rings as a function of calcium
concentration in the presence and absence of staurosporine. Aortic rings from control (O) and

irradiated (®) animals were subjected to the cumulative addition of calcium. Irradiated animals
were studied on the 9" (A) and 30" (B) days of post-irradiation period after exposure y-radia-
tion (6 Gy). In addition, the calcium response of irradiated tissues was examined in the presence
of 0.1 uM staurosporine (B ). The values are means + SE. Data are normalized to force developed
at pCa 5.0. Curves shown were fit to the Hill equation. See Fig. 1 for details. Mean value of pD,
(or pCay, as generally accepted for permeabilized smooth muscle) for the 9" day were: 5.60 +
0.09 control; (5.98 + 0.06 ) irradiated (P < 0.01, n =12), and (5.30 = 0.10) irradiated + chelery-
thrine (P < 0.05, n =6, comparison with irradiated ). The data for the 30" day of post-irradiation
were: (5.60 = 0.09) control, (648 + 0.15) irradiated (P < 0.01, n = 9), and (5.53 += 0.08) irradi-
ated + chelerythrine (P < 0.05, n = 7, comparison with irradiated)
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Ca?"-dependent force attained in each vas-
cular preparation. The results shown in
these figures clearly demonstrate that on
the 9* and 30% days of post-irradiation
period a significant shift to the left in the
calcium-tension relationship was seen
denoting an increase in myofilament cal-
cium sensitivity. For instance, on the 9"
day after a single whole body y-irradiation,
an increased myofilament Ca?" sensitivity
of (0.38 = 0.09) pCa units was observed
in the series of experiments performed to
generate Figure 10 and Figure 11.

In an attempt to uncover potential
mechanism(s) responsible for the
y-irradiation induced increase in myofila-
ment Ca?" sensitivity, we performed
experiments using inhibitors of PKC.
Figure 10 shows the results of experi-
ments using chelerythrine (107 M) and
Figure 11 shows the results of experi-
ments using staurosporine (107 M). Both
inhibitors reversed the increase in myo-
filament Ca?" sensitivity induced by sin-
gle whole body y-irradiation on the 9t
and 30" days of post-irradiation period.
For instance, on the 9% day post-irradia-
tion chelerythrine shifted the Ca2?" con-
centration response curve (0.65 = 0.10)
pM to the right whereas staurosporine
shifted the curve (0.68 = 0.08) uM to the
right. Of particular interest was the total
lack of effect of the PKC inhibitors on
the calcium responsiveness of permeabi-
lized aortic tissues from control animals.
This is an especially important finding
given the potential for non-specific inhi-
bition of other kinases by these inhibi-
tors, such as the MLC kinase.

Phorbol dibutirate (PDB, 1077 M), a
potent PKC activator, shifted the pCa-
tension response relationship for skinned
smooth muscles to the left in a healthy
tissues and was without effect in irradiat-
ed thoracic aorta rings (Figure 12).

7. Simultaneous measurements of con-
tractile force and [Ca®" ], The next series
of experiments were designed to simulta-
neously measure stimulation-induced
changes in intracellular calcium concen-
tration and force in the intact aortic tis-
sue from control and irradiated animals.
It is important to note that in these
experiments the endothelial cells were
mechanically removed from the area in

100

O Control
® PDBu
B 9 days + PDBu

pCa
Figure 12. Effect of phorbol dibutirate (PDB,
1077 M ) on force development in healthy and
irradiated [-escin permeabilized rat aortic
rings as a function of calcium concentration.
O - control, ® — PDB-treated healthy tissues,
B — PDB-treated irradiated tissues. Mean
value of pD, (or pCay, as generally accepted
for permeabilized smooth muscle) for the 9*"
day of post-irradiation were: (5.3 = 0.03) con-
trol, (5.63 = 0.11) PDB administration (P <
0.05, n = 6), and (5.81 + 0.04) irradiated +
PDB (P < 0.01, n = 6, comparison with irra-
diated )

which fura-2 calcium fluorescence was
measured. Therefore, fluorescent chang-
es were derived specifically from the
vascular smooth muscle cells and not
influenced by any potential changes in
the endothelium. The goal of these
experiments was to determine if the irra-
diation induced change in myofilament
calcium sensitivity demonstrated in the
permeabilized preparation could also be
demonstrated in an intact tissue where
calcium is mobilized by normal physio-
logical pathways.

Intact aortic preparations were stimu-
lated with 60 mM KCIl and the increase in
force and preceding increase in [Ca®'],
measured simultaneously. Representative
tracings from such experiments are shown
in Figure 13. Membrane depolarization by
60 mM KCl produced a slightly smaller
increase in [Ca?"], in aorta from irradiated
as compared to that from control animals.
In contrast, aorta from irradiated animals
produced significantly more force than
tissues from control animals.

The compilation of several simultane-
ous force and calcium measurements are
shown in Figure 14. As expected, a posi-
tive correlation exists between force
developed at different KCl concentrations
in the organ bath and [Ca?'],. Similar to
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Figure 13. Representative recordings of the effect of irradiation (6 Gy) on KCl-induced increase
in intracellular free Ca®" concentration (R340/380) and tension in intact rings of rat thoracic
aorta. KCl-mediated muscle contraction (lower panels) and increment in (R340/380) (upper pan-
els) were measured simultaneously in the same aortic ring. Aortic rings from both animal
groups produced similar increases in cellular [Ca®" ], in response to 60 mM KCI. Aortic rings
from irradiated animals produced significantly more force in response to 60 mM KCl as com-
pared to rings from control animals
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Figure 14. Effect of irradiation (6 Gy) on the KCl-mediated [Ca®"]-tension relationship in the
thoracic aorta. Several experiments of the type shown in Figure 4 were used to develop the
[Ca2+]i-tension relationship shown in this figure. Rings loaded with Fura-2 were subjected to
the cumulative addition of KCl and levels of force and the simultaneous measurement of
[Ca?*]i recorded. The results are shown as (O : control) and (M : irradiated). The slope (mN
tension/nM [Ca?']i) was significantly increased in irradiated tissues as compared to control,
indicating that Ca®" sensitivity of the myofilaments had increased
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Figure 15. Typical recordings of effect of phorbol dibutirate (PDB, 105 M ) on intracellular
calcium concentration (R 340/380) and contractile force development in both healthy and irradi-
ated thoracic aorta tissues. Force and Ry, 5o, (ratio of F,,, to F,, ) were measured in the same
aortic ring
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the results obtained from the permeabi-
lized arterial preparations, greater levels
of force are developed at any given [Ca?*]
; in tissues from irradiated animals as
compared to those from control animals.
Aortic rings obtained from irradiated ani-
mals produced 0.068 mN force/nM Ca?*
whereas arteries from control animals
produced 0.026 mN force/nM Ca?*.

Stimulation of intact aortic smooth
muscles with PDB (10¢ M) produced a
sustained progressively developing tonic
contraction (it took 26—28 min before a
maximal tension development was estab-
lished while an increment in [Ca?"], was
transient (Figure 15 A). In contrast, in
irradiated tissues (Figure 15 B) the
amplitude of PDB-induced contraction
was higher than that seen in intact tis-
sues and there was no any elevation in
[Ca?'].

Discussion

Using RNA-interference (RNAi) phe-
nomenon and physiological techniques we
tried to identify the role and the place of
BK_, channels in vascular tone mainte-
nance following irradiation. The main
finding of this study is radiation-induced
suppression of the BK_, channels form
and function accompanied with compen-
satory increment in mRNA expression
and activity of other members of potas-
sium channels family in irradiated vas-
cular tissues. Another interesting phe-
nomenon is the absence of significant
increment in L-type Ca?" channels mRNA
expression in siRNAs knock-down rats as
compared to irradiated rats that demon-
strated an increased level of mRNA
expression for this type of ionic chan-
nels.

It is well known that force develop-
ment in VSM is closely coupled to mem-
brane potential, which, in turn, is deter-
mined by potassium channels activity.
The large conductance Ca®?"-activated K*
channels (BK,,) is the predominant K*
channel species in most arteries and is
known to play an essential role in vascu-
lar function via its involvement in
changes of VSM membrane polarisation
[9, 19-21]. BK_, channels differ from all
other K* channels due to their high sen-
sitivity to [Ca?']; and voltage. Inhibition

of BK, produced membrane depolariza-
tion and subsequent vasoconstriction,
and their dysfunction plays an important
role in the pathogenesis of a number of
vascular diseases including pulmonary
and systemic hypertension, diabetes and
atherosclerosis complications [22, 23].

Our preliminary data clearly indicate
that BK,, appear to be the most vulner-
able member of potassium channel family
involved in radiation-induced arterial
hypertension development [8]. The data
obtained in this study indicate that KV
and K, channels are likely to be resis-
tant to oxidative stress, and this way
may constitute a reserve mechanism for
the maintenance of tissue blood supply
under radiation-induced BK, channelo-
pathy.

The data presented by Zhang and
Bolton [24] suggest the existence of two
type of ATP-sensitive potassium chan-
nels, one of them (termed as MK chan-
nel) was relatively insensitive to ATP in
inside-out patch experiments using rat
portal vein SMCs. Generally accepted
that glibenclamide is widely used for
K,p channels separation and identifica-
tion. It has been shown also [18] that so
called glibenclamid-sensitive K* channels
exist in rat thoracic aorta myocytes and
appear to have an important role in
maintenance of the resting membrane
potential while classical K,,, channels
are closed at normal intracellular ATP
concentration, and play a little role in
the maintenance of membrane potential.

The situation with possible similarity
and/or difference between classical K,
and glibenclamide-sensitive K* channels,
termed also as MK channels, remains yet
puzzling. Nevertheless, taking into
account that the role of K, channels in
aortic SMCs membrane potential and
tone regulation is negligible under basal
condition (near a membrane potential of
-60 mV), we have studied glibenclamide-
sensitive members of potassium channels
family before and after irradiation. The
data obtained clearly demonstrated that
irradiation led to significant increase in
current carrying through glibenclamide-
sensitive potassium channels, indicating
existing compensatory component of out-
ward current in SMCs under irradiation.
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It is likely that relative role of this com-
pensatory mechanisms in irradiated vas-
cular tissues is insufficient to overcome
an inhibitory effect of irradiation on
vasodilator potential of wvascular wall.
The aim of future pharmacological inter-
ventions under irradiation is to intensify
the expression of this mechanism.

The main reason to provide this study
were the data in which we have observed
a significant and sustained elevation in
arterial blood pressure in irradiated rats
[1]. The clinical studies postulated also
that the most serious health problem in
the population exposed to radiation fol-
lowing Chernobyl disaster was diseases
of cardiovascular system and hyperten-
sion especially [25] but underlie mecha-
nisms of this phenomenon remained
unknown. Later we have shown that
radiation impact inhibits endothelium-
dependent relaxation in irradiated blood
vessels [4] and decreases both BK, cur-
rent density and the level of expression
in a- and B,- subunit that composed BK,
channel [8], i.e. it is became clear that
irradiation leads to decrease in vasodila-
tor potential of vascular wall.

The similar radiation-induced reduc-
tion in BK, activity that are important
in regulating the driving force for calci-
um entry and therefore for regulation of
NO synthesis we observed earlier in
endothelial cells [7]. Nevertheless, the
question yet remains whether radiation-
induced BK_, channelopathy in endothe-
lial and smooth muscle cells really con-
tributes to radiation-induced vascular
hypercontractility and related arterial
hypertension development.

Discovery of the RNAi phenomenon
let us an instrument to test this hypoth-
esis. RNAi using small interfering RNAs
(siRNAs, a double stranded RNA mole-
cule having 21-23 bp) has recently pro-
vided a powerful tool for silencing a
target gene by means highly sequence-
specific degradation of mRNA [11, 26,
27]. It is likely that this technique repre-
sents an ideal instrument to dissect the
function of different splice variants of
ion channel encoding genes.

We clearly understand that delivery of
siRNAs to target tissues is a serious prob-
lem since the siRNAs must reach the

target organ and must enter to the cyto-
plasm of target cells. Well known that
unmodified, naked siRNAs are relatively
unstable in serum, as they rapidly degrad-
ed by endo- and exonucleases. Neverthe-
less, the review presented [16] clearly
indicates that naked siRNA in many stud-
ies demonstrate significant RNA-interfer-
ence effect. On the other hands, chemical
or other type modification of siRNA can
increase stability of these molecules in
vitro, but can not demonstrate an incre-
ment in their efficacy in vivo. The main
evidence of the siRNAs specific effective-
ness in our experiments is the significant
difference in the ionic channels mRNA
expression in vascular tissues of the ani-
mals that obtained specific siRNAs as
compared to the rats that were treated
with scr-siRNAs.

Thus, to provide evidence of BK,
involvement into radiation-induced vascu-
lar malfunctions, we used the siRNAs abil-
ity to downregulate specific BK,, mRNA
transcript expression. RT-PCR experi-
ments clearly indicated that siRNAs to
KCNMA1 gene being administered to
experimental animals led to 3-fold
decrease in BK,, a-subunit mRNA level
in aortic SMC as compared to tissues
obtained from both control rats and the
rats treated with a scr-siRNAs. The
similar effects on BK, mRNA expres-
sion in vascular tissues were seen in
irradiated animals.

These data tightly correlate to inhibi-
tion of outward potassium currents car-
ried through BK_, channels in rat tho-
racic aorta SMCs treated with siRNAs
and this effect of siRNAs administra-
tion, in turn, is a very similar to radia-
tion-induced inhibition in BK, activity.

Experiments with a standard acetyl-
choline (Ach) test clearly demonstrated
that the silencing of KCNMA1 gene led
to decrease in amplitude of maximal
Ach-induced relaxation in rat thoracic
aortas and accompanied with increased
contractile responses of denuded vascu-
lar rings to norepinephrine in a radia-
tion-like manner. It is known that BK,
indirectly involved in nitric oxide produc-
tion in endothelial cells and they are very
important for valuable endothelium-
dependent relaxation.
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The data obtained [7] demonstrate
radiation-induced suppression of BK, in
endothelial cells which, in turns, leads to
the shift of reversal potential toward
more positive values. It means that irra-
diated endothelial cells are depolarized as
compared to non-irradiated cells. It pro-
duces a significant reduction in the driv-
ing force for Ca?", resulting in a decrease
in NO synthesis, and producing a blunted
endothelium-dependent relaxation.

Having established that the silencing
of KCNMAL1 gene in endothelial cells and
SMCs significantly suppressed vasodila-
tor potential of wvascular wall, i.e.
decreased endothelium-dependent vasore-
laxation with concomitant increment in
endothelium-independent vascular con-
tractility, we next investigated in vivo
the effect of KCNMA1 gene silencing on
arterial blood pressure in comparison
with irradiated animals.

Surprisingly, but we have failed in our
attempts to induce sustained and signifi-
cant elevation of arterial blood pressure
in the group of rats treated with siRNAs
targeted to KCNMA1 gene. Neverthe-
less, some of the rats with silencing
KCNMA1 gene demonstrated pronounced
increase in arterial blood pressure. The
data suggest that BK, channelopathy
may be involved, at least partially, not
only to radiation-induced local vascular
malfunctions but to generalized vaso-
spasm development although it is not the
main reason for triggering of arterial
hypertension.

The most likely that the lack of hyper-
tensive effect of KCNMA1 gene silencing
is due to the absence of L-type Ca?" chan-
nels over expression in vascular tissues
following siRNAs administration in con-
trast to that we seen after irradiation.

The next possible explanation for this
surprising discovery might be the absence
of BK, in rat myocardium. As men-
tioned by some authors [19, 28, 29] BK,
channel ubiquitous and present in virtu-
ally all tissues except in myocardium.
However, the problem appears to be more
complex than meets the eye. For instance,
Hu et al. [80] and Wang et al. [31] pos-
tulated the presence of BK., in the car-
diac inner mitochondrial membrane, and
the data presented by Imlach et al. [32]

indicate that BK, channels located in
mice and rats heart are involved in the
regulation of heart rate.

Taking into account that BK, are com-
prised of a o- and B,-subunits we pro-
duced selective siRNAs-induced o-BK,
gene silencing. It is possible to suggest
that selective loss of BK_, c-subunit is
not sufficient to cause sustained hyper-
tension. Xu et al. [33] studied BK,
B,-subunit knocked out mice and their
results showed that these animals are not
hypertensive although this type of BK,
deficiency increased reactivity of mesen-
teric arteries to norepinephrine. Another
group of investigators [34] concluded that
the hypertension associated with BK, B,
knockout occurs because of enhanced
fluid retention due to BK, B, localization
in adrenal glands where it controls aldo-
steron production and in less degree
because of vascular dysfunction.

In intermediate conclusion, KCNMA1
gene silencing in rats alters the form
and function of the BK, channel simi-
lar to irradiation, and this type of ionic
channels may contribute to related vas-
cular abnormalities. Nevertheless, it is
unlikely that BK,, can operate as a
crucial factor for radiation-induced
arterial hypertension. It is clear that
the underlying mechanism producing
the alterations of wvascular function
under irradiation is multifaceted and
trigger mechanics leading to hyperten-
sion development under irradiation
involve both multiple vascular and car-
diac functional changes.

The results in the present study also
clearly demonstrate that single whole
body y-irradiation significantly increases
the myofilament calcium sensitivity of
the vascular smooth muscle cell indepen-
dent of any action on the endothelium.
Moreover, our results strongly suggest
that the mechanism by which irradiation
increases myofilament calcium sensitivi-
ty is through a PKC dependent pathway.

In the present study we examined the
relationship between Ca?" and tension
development in vascular smooth muscle
using both permeabilized and intact
preparations, where [Ca®"], can either be
directly controlled or directly measured,
respectively. Both approaches have dis-
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tinct advantages as well as disadvantag-
es. Chemical permeabilization of the cell
membrane has been commonly used to
estimate the sensitivity of myofilaments
to Ca?" in a variety of smooth muscle
preparations. This preparation allows the
precise control of the intracellular envi-
ronment however there is also the poten-
tial for the loss of important regulatory
elements within the cell. The simultane-
ous measurement of [Ca2+]i and tension
in the intact tissue allows one to deter-
mine directly the relationship between
the two parameters during normal cellu-
lar calcium handling. Therefore this
approach allows estimation of myofila-
ment Ca?" sensitivity in smooth muscle
with unimpaired excitation-contraction
coupling processes and retained regula-
tory targets for second messenger path-
ways. On the other hand, intracellular
events cannot be controlled and small
localized changes in calcium may not be
measured. Combining the two prepara-
tions allows for the measurement of
force during both the controlled and
physiological changes in calcium concen-
tration.

Alterations in myofilament calcium
sensitivity have been shown to underlie,
at least in part, the changes in smooth
muscle function that occur in response to
hypertension, asthma, benign prostatic
hyperplasia and now based on our results,
in response to y-irradiation. The question
then becomes, what are the mechanisms
underlying the increase in myofilament
calcium sensitivity that we observed fol-
lowing radiation exposure? Myofilament
calcium sensitivity may be altered by
influencing the enzymes that initiate or
modulate actin and myosin interactions
or by direct actions on the contractile
proteins. Although theoretically possi-
ble, the second suggestion is not sup-
ported by experimental evidence. The
first possibility is supported by a vast
amount of literature [35]. Two path-
ways have been proposed for the
enhancement of myofilament calcium
sensitivity in smooth muscle. The first
is the G-protein dependent activation
of Rho kinase, which phosphorylates
the MLC phosphatase resulting in a
decrease in activity. The second is a

PKC dependent pathway whereby PKC
phosphorylates and activates a MLC
phosphatase inhibitor, CPI-17. The end-
point for both pathways is down-regu-
lation of the MLC phosphatase and
therefore an increase in MLC phosphor-
ylation levels at any given [Ca®'],.

Our results would suggest that expo-
sure to y-irradiation increases myofila-
ment calcium sensitivity by augmenting
the PKC pathway. This is based on the
findings that the increase in calcium sen-
sitivity in vessels from irradiated ani-
mals was reversed by either staurospo-
rine or chelerythrine, and PKC activator,
phorbol diester had no effect on pCa-
force relationship in irradiated tissue
while shifted this one to the left in
healthy aortic rings. It is important to
point out again that neither antagonist
had any effect on the calcium sensitivity
of vessels from control animals. Thus,
non-specific actions of these PKC inhibi-
tors were apparently not an issue in this
study. Moreover, the calcium concentra-
tion curves in the permeabilized tissues
were performed in the absence of GTP
and activation of the intact tissues was
in response to membrane depolarization.
Neither stimulation regimen would be
expected to significantly activate G-pro-
teins. Importantly, PKC has been shown
to be activated in KCI stimulated intact
vascular smooth muscle [36] and PKC is
retained and can be activated in permea-
bilized vascular tissues [37].

Simultaneous measurements of [Ca2+]i.
and force support this point of view.
The amplitude of PDB-induced contrac-
tion in irradiated tissues was, at least,
not smaller or even greater than in
intact preparations while not accompa-
nied with an increment in [Ca®']. sug-
gesting that myofilament calcium sensi-
tivity had increased mainly due to high
PKC activity.

If, as we speculate, PKC activity is
enhanced following irradiation, then are
there potential mechanisms that could
produce this end result? It is well
known that following irradiation, the
content of oxygen derived free radicals,
including superoxide anion, hydroxyl
anions, and others, increases signifi-
cantly in living cells and biological lig-

®apmakonoris ta nikapcska rokcukonoria, No 2 (58)/2018

73



uids. These reactive oxygen species are
associated with radiation-induced cyto-
toxicity and are responsible for radia-
tion-induced lipid peroxidation and
related vascular lesions. We therefore
hypothesize that irradiation induces a
state of oxidative injury on vascular tis-
sue. A possible role for oxidative stress
in radiation-induced vascular dysfunc-
tion is supported by the protective
effect of the antioxidant, a-tocopherol
in rabbit thoracic aorta [4]. a-Tocopherol
was shown to prevent the loss of endo-
thelium-dependent relaxation when
administered as a single dose shortly
after radiation exposure. Nevertheless,
this problem remains yet unsolved and
takes more convincing evidence.

Radiation has been shown to have a
direct effect on altering the expression
of PKC. Radiation therapy dose-depend-
ently increased PKC in mouse lympho-
cytes [38]. Interestingly, differential
responses were found in the radiation
induced expression of o, 8, { isoforms
of PKC. In addition, it is known that
radiation induces the translocation of
PKC from the cytosol to the membrane
as a result of reactive oxygen forma-
tion producing membrane lipid peroxi-
dation [39].

Thus radiation not only increases the
expression of specific PKC isoforms but
also the activity of PKC mediated by
reactive oxygen species. These findings
are relevant to our present study as the
a isoform of PKC has been implicated in
calcium dependent PKC induced contrac-
tions of smooth muscle and the novel
PKC isoform & of which ( is also a mem-
ber has been implicated in calcium-inde-
pendent PKC induced contractions.

It should be born in mind that vascu-
lar dysfunction including an increased
PKC or Rho — kinase activities under
irradiation is mediated by multiple mech-
anisms and maybe, at least partially,
related to changes in NO metabolism. It
is well known that phorbol esters may

inhibit NO release, and thus an elevation
of PKC activity might interfere with NO
synthesis. In turn, it is likely that NO
induces rat aorta dilatation via inhibi-
tion of Rho-kinase. Just recently it has
been shown [41] that NO possesses the
ability to relax smooth muscle via pro-
tein phophatases activation. It known
that NO-generating agents may decrease
phosphotransferase activity of purified
PKC with IC,, 7.5 - 10 M and this
effect was blocked by NO scavenger oxy-
hemoglobin and reversed by dithiothrei-
tol [41]. In case when NO-dependent
component of relaxation is abolished
resulting irradiation, PKC activity in
vascular wall could be elevated and con-
tractile force development related to
increased myofilament calcium sensitivi-
ty might be increased too. At the same
time experiments on skinned smooth
muscle clearly demonstrate that direct
effect of radiation on PKC-related mech-
anism of calcium myofilament sensitivity
take place.

Therefore, we propose the hypothesis
that whole body y-irradiation results in
the production of reactive oxygen spe-
cies, which alters vascular function by
an effect on both the endothelial layer
and the smooth muscle cell. In the
smooth muscle cell, specific isoforms of
PKC are up regulated and activated,
which produces an apparent increase in
myofilament calcium sensitivity and
BK,, expression and function. The com-
bination of decreased NO release from
damaged endothelial cells and hypercon-
tractility of the vascular smooth muscle
cells act in concert to produce increases
in arterial blood pressure and vasospasm
in response to normally occurring levels
of endogenous agents.
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A. I. Soloviev
The BK_, channels deficiency and high protein kinase C activity as a main reasons
for radiation-induced vascular hypercontractility

It is likely that large-conductance Ca?*-activated K* (BK¢,) channels channelopathy tightly involved
in vascular malfunctions and arterial hypertension development. In the present study, we compared
the results of siRNAs-induced a-BK_, gene silencing and vascular abnormalities produced by whole-
body ionized irradiation in rats. The experimental design comprised RT-PCR and patch clamp
technique, thoracic aorta smooth muscle (SM) contractile recordings using intact and chemically
permeabilized rat thoracic aortic rings combined with cytosolic Ca?* ([Ca?],) measurements, arterial
blood pressure (BP) measurements on the 30" day after whole body irradiation (6 Gy) and following
siRNAs KCNMAT1 gene silencing in vivo. The expression profile of BK,, mRNA transcripts in SM was
significantly decreased in siRNAs-treated rats in a manner similar to irradiated SM. In contrast, the
mRNA levels of K, and K,;, were significantly increased while L-type calcium channels mRNA
transcripts demonstrated tendency to increment. The SMC obtained from irradiated animals and after
KCNMAT1 gene silencing showed a significant decrease in total K* current density amplitude. Paxilline
(500 nM)-sensitive components of outward current were significantly decreased in both irradiated and
gene silencing SMC. KCNMAT1 gene silencing increased SM sensitivity to norepinephrine while Ach-
induced relaxation had decreased. The silencing of KCNMA1 had no significant effect on BP while
radiation produced sustained arterial hypertension. Therefore, radiation alters the form and function
of the BK, channel and this type of channelopathy may contribute to related vascular abnormalities.
Nevertheless, it is unlikely that BK., can operate as a crucial factor for radiation-induced arterial
hypertension.

Irradiation significantly shifted pCa-tension in B-escin permeabilized smooth muscle on the 9t and 30"
days post-irradiation to the left suggesting that myofilament Ca?* sensitivity had increased. Inhibitors of
protein kinase C (PKC), chelerythrine and staurosporine, had no effect on the pCa-tension curves in
control permeabilized tissues but significantly shifted the curves to the right in permeabilized tissues on
the 9" and 30" days post-irradiation. Phorbol dibutirate (PDB, 10-7 M), a potent PKC activator, shifted the
pCa-tension response relationship for skinned smooth muscles to the left in a healthy tissues and was
without effect in irradiated vascular rings. Simultaneous measurements of contractile force and [Caz*]i
showed that the coefficient of myofilament Ca®* sensitivity defined as a ratio of force change to A[CaZ*]i
significantly increased following y-irradiation. Stimulation of intact aortic smooth muscles with PDB (10-6 M)
produced a sustained progressively developing tonic contraction while an increment in [Caz*]i was
transient. In contrast, in irradiated tissues the amplitude of PDB-induced contraction was even higher than
that seen in intact tissues and there was no any elevation in [Ca2*]i. These data strongly support the
hypothesis that the sensitivity of vascular smooth muscle myofilaments to Ca?* is increased following
irradiation and this effect is dependent also on activation of PKC.
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Therefore, we propose the hypothesis that whole body y-irradiation results in the production of reactive
oxygen species, which alters vascular function by an effect on both the endothelial layer and the smooth
muscle cell. In the smooth muscle cell, specific isoforms of PKC are up regulated and activated, which
produces an apparent increase in myofilament calcium sensitivity and BK, expression and function. The
combination of decreased NO release from damaged endothelial cells and hypercontractility of the
vascular smooth muscle cells act in concert to produce increases in arterial blood pressure and vasospasm
in response to normally occurring levels of endogenous agents.

Key words: smooth muscle contractility, RNA interference, BK ., channels, irradiation,
calcium sensitivity, contractile proteins, hypertension

A. I. Conosiios

MopyweHHs dyHKuUiT Ca2-3aneXHuUxX KanieBux KaHanis BeNNKOI NPOBiAHOCTI
Ta BUCOKA aKTUBHICTb NPOTETHKIHa3n C — rosIoBHi NPUYMHU PO3BUTKY
rinepcKopoTNMBOCTI CYAVUH, BUKJIMKAHOI BNIMBOM pagjiauii

LlinkomM MMOBIPHO, LLLO MOPYLLUEHHS NPOBIOHOCTI KasbLiii-aKTMBOBAHNX KaliEBUX KaHaniB BEIMKOI NPo-
BigHOCTI (BK,) TiICHO NOB'A3aHe 3 PO3BUTKOM CYAVHHUX MOPYLUEHb | PO3BUTKOM apTepiasibHoi rinepTeHsii.
Y ubOMY AOCAIAXEHHI MU MOPIBHANN PE3YNbTaTy MYLWiHHA reHa, Wo Koaye ekcrpeciio BK, y wypis, 3a
[,0NoMOroto TexHikn PHK-iHTepdepeHLUii 3 CyanHHMMM NOPYLLIEHHAMW, BUKJTMKAHUMU BIJIMBOM iOHi3yHO4O0i
pagiauii B 803i 6 [pein. B ekcnepumeHTax BukopmuctoBysanu metoam RT-PCR Ta patch-clamp, peectpadito
CKOPOTNBOI aKTUBHOCTI MMafeHbknx M'a3iB (SM) 3 BUKOPUCTAHHSAM IHTaKTHUX i XiMiYHO CKiHipOBaHMX aop-
TaNbHYIX KiNnelb 3 0[HOYACHVIM BUMIPOM BHYTPILLIHBOKITUHHOT KOHLeHTpaLi kanbuijio [Ca®*],, BUMIpIOBaHHS
apTepianbHoro Tucky (AT) Ha 30-1 aeHb nicns onpomiHeHHs. Mpodink ekcrnpecii TpanckpunTis MPHK BK
B SM 6yB 3HAYHO 3HVXKEHUI Y LLYPIB, siki oTpuMyBanu SiRNAs i onpomiHeHux TBapuH. HaBnaku, pisHi MPHK
K, i Kyp Oy 3HauHO 36inbLueHi, a TpaHckpunm MPHK kanbuiesux kaHanis L-Tuny npoaeMoHCTpyBasm
TEeHOEHLjI0 HaBiTb 40 30iNbleHHs. KniTnHn SM, oTpuMaHi Big, ONpOMIHEHMX TBAPWH i NiCNS MyLWiHHA reHa
KCNMA1, nokazanu 3HadHe 3MeHLUEeHHs 3arasibHOi amniiTyan LWinbHOCTI BuxigHoro ctpymy K*. Y paasi
BMIMBY NakcunniHy (6nokatop BK.,) — 4yTAnBi KOMNOHEHTU BUXIAHOO CTPYMY 3HAYHO 3MEHLLYBANMCA fK
3a ONPOMIHEHHS, Tak i B pasi myLwiHHg reHa KCNMA1. MywiHHg reHa KCNMA1 36inbLumno 4ymnmeicte SM
[0 HopagpeHaniHy, y Toi Yac K aMmnaiTyaa aueTunxoniH-iHaykoBaHOro poscnabneHHs SM ameHwmnacs.
MmywinHa KCNMA1 cyTTeBo He BNmBasno Ha piBeHb AT, y TOW Yac Sk pagiauisi BUkivkana cTiriky apTepianb-
Hy rinepTeHsito. OTxe, BUNPOMIHIOBaHHS 3MiHIOE eKcrpeciito Ta dyHkujio kaHany BK ., i uei Tvn kaHano-
nartii MOXe CrpUATA BUHUKHEHHIO CYAVMHHMX aHomanii. MpoTte manomoBsipHo, wo BK., kaHanonaris
MOXe OyTU EOUHMM | BUPILLANIbHUM HaKkTOPOM PO3BUTKY NOCTPaAiaLLiiHOT apTepianbHOI rinepTeHasii.

OnpoMiHeHHs 3miltye kpuBy pCa-Hanpyra B rnageHbkoMy m'asi Ha 9-11 i 30-14 gHi nicns onpoMiHEHHS
BMiBO, LLO CBIiAYMTL NPO niasumLLeHHs Ca? -4yTnnBocTi MiodinameHTis. IHriGiTopu npoteiHkiHaau C (PKC),
XeNepuTpuH i CTaypoCcnopuH He BnanBanu Ha kpuei pCa-Hanpyra B KOHTPOJIbHUX CKiHipoBaHux SM, ane
3Ha4YyHO 3pywmnu kpuei BnpaBo Ha 9-i i 30-i1 gHi nmicns onpomiHeHHsi. Popbon ambytupar (PDB,
107 monb/n), noTyxHuii aktueatop PKC, amictus kpuBy pCa-Hanpyra BniBo B 3[0POBUX TKAHUHAX i He
BMJIMBAB HA OMPOMIHEHi CyaunHHI kinbLs. OQHOYACHI BUMIPIOBAHHS CKOPOYYBasIbHOI CUN i [Caz*]i nokasa-
nm, wo koeodiuieHT Ca?* — 4yTAMBOCTI CKOPOYYBasibHUX BiflKiB, AKWI BU3HAYAETLCA AK BiAHOLLEHHS NPUPO-
CTY CUX 0 3MiH [Caz*]i, 3HAYHO 36iNbLUYETLCS Nic/A ONPOMiHeHHs. CTuMynsuis iHTakTHUX SM aopTy PDB
(1075 monb/n) BUKNMKANa CTillke MPOrPECcyoYe TOHIYHE CKOPOYEHHS, B TOW Yac sk MPUPICT B [Ca2*]i 6yB
KOPOTKOYaCHUM. HaBnaku, B ONpPOMIHEHUX TKaHWHAX amMnniTyda iHnaykoBaHoro PDB ckopoyeHHsi Byna
HaBIiTb BULLE, HIXX B iIHTAKTHMX. Y LIbOMY pasi He 6yJ10 HiSIKoro niaBULLEHHS B [Caz*]i. Lli oaHi nigTBEPAXKYIOTH
rinoTesy npo Te, Wo Micas ONPOMiHeHHS 36ibLIYETLCS Yy TAMBICTL MiodinameHTiB SM cyamH oo Ca?t, i uew
edexT obymoBneHuii aktueadieto PKC.

MoxHa BBaxaru, WO Y-ONPOMIHEHHS NPU3BOAUTL 0 YTBOPEHHS PeakTUBHUX GOPM KUCHIO N akTuBaLii
PKC. Ue npn3BoanTb 40 36iNbLUEHHS KanbLIEBOT YyTANBOCTI MiOdiNaMeHTIB | 3HUXXEHHS ekcnpecii Ta pyH-
Kuji BK_,. Yce ue pasom ysaTe snarHe NpussecTu 40 rinepckopoTIMBOCTI KNiTvH SM CyauH i BUKvKaTm
PO3BUTOK Bazocnaamy Ta 36inblieHHs AT.

Knro4osi c/ioBa: ckOpOT/MBICTb r1aaeHbknx M’a3is, PHK-iHTepgepeHuis, BK ., kaHam, onpoMiHeHHs,
KasibLjieBa YyTMNBICTb, CKOPOYYBasibHI BisIkU, rinepTeH3is

A. U. ConoBbeB

Hapywenue ¢pyHkummn Ca2*-3aBUCMMbIX KanneBbiX KaHanos 60/bLLOA

NMPOBOAMMOCTU U BbiCOKass aKTUBHOCTb MPOTENHKUHA3bI C - rnaBHble NMPUYUHDbI

pa3BMTUSA TMNEpPCOKPaTUMOCTU COCYA 0B, Bbi3BaHHOI BO34ENCTBMEM paguauumn

BrnonHe BEpOSATHO, YTO HapYLLEHME MPOBOAMMOCTU KaNbLMN-aKTUBMPYEMbIX KaJIMeBbIX KaHanoB 60b-
woi nposoaumMoct (BK,) TECHO CBSI3aHO C Pa3BUTVEM COCYAMCTbIX HAPYLIEHUA 1 pa3BUTVEM apTe-
puanbHOW runepTeH3nn. B HacTosweM nccnefoBaHm Mbl CPaBHWUM Pe3ysibTaThbl MYLLEeHNS C MOMOLLbIO
TexHvku PHK-nHTepdepeHumn reHa, koampyowero akcnpeccuto BK, y KpbIC, C COCYANCTbIMU HapyLle-
HUAMW, BbI3BAHHBIMU BO3LOENCTBMEM WOHU3UPYOLWEN paanauun B go3e 6 [peii. B akcnepumeHTax
ncnonb3zoBann Metonbl RT-PCR u patch-clamp, pernctpauuvio CokpatuUTeNIbHOM akTUBHOCTU TMaaKMX
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MbiLL, (SM) € NCNONb30BaHNEM UHTAKTHbBIX Y XMMUNYECKN CKUHUPOBaHHbIX a0pTasbHbIX KONEL, C OfHOBpe-
MEHHBIM M3MEPEHUEM BHYTPUKNETOYHOW KOHUeHTpaumy Kanbuys [Ca?'], namepeHve apTepuansHOro
nasnenus (A) Ha 30-1 neHb nocne o6nyd4enus. Mpopunb akcnpeccun TpaHckpuntos MPHK BK, B SM
Obl1 3HAYNTENBHO CHUXEH Y Kpbic, nonydaBwmnx SiRNAs 1 06ny4eHHbIX XUBOTHbIX. Hanpotns, ypOBHM
MPHK K, 11 K, Gblnnt 3HaYMTENbHO yBEIMYEHbI, a TpaHcKpunTel MPHK kasbumesbix kaHanos L-Tvna npo-
[EMOHCTPMPOBaNy TEHAEHLMIO AaxXe K yBenuyeHuto. Knetku SM, nonyyeHHble 0T 06J1y4eHHbIX XXMBOTHbIX
1 nocne rmywenusa reHa KCNMAT1, nokasanu 3HaunTenbHoe yMeHbLleHne obLLeit aMnanuTyabl NJ0THOCTU
BbIxoAsLLero Toka K*. Mpw aericteumn nakcunamHa (6nokaropa BK,) 4yBCTBATE/bHBIE K HEMY KOMIMOHEHTHI
BbIXOASLLEro Toka 3Ha4YMTEbHO YMEHbLUANNCh Kak npu 06ny4eHnmn, Tak 1 npu nogasneHnn reHa KCNMAT.
MmyweHne reHa KCNMA1 yBennunno 4yBCTBUTENBHOCTb SM K HOPanNnHebpUHY, B TO BPEMS Kak aMMinTy-
[a aueTUNXonvH-nHAyumMpoBaHHoro paccnabneHns SM ymenblwmnace. MmyweHne KCNMA1 He okasasno
CYLLLECTBEHHOr0 BNUSIHMS Ha ypoBeHb All, B TO BpeMSs Kak paauaums Bbi3biBana YyCTONYUBYIO apTepuasib-
HylO runepTeHsmnio. CneaosaresnbHo, N3nydeHne M3MEHsIET SKCNpeccuio 1 dyHkumio kaHana BK,, n atot
TN KaHanonaTnm MoXeT CNocob6CTBOBaTb BO3HNUKHOBEHWNIO COCYAUCTbIX aHoOManuii. Tem He MeHee, Mano-
BEPOATHO, 4TO BK, KaHanonartms MOXeT AeiCTBOBaTb Kak eAvHCTBEHHbIN 1 pellatomii hpakTop passu-
TWS NOCTPaANaLMOHHOM apTeprasibHOM MNepTEH3NN.

O6ny4yeHue caosurano kpuesle pCa-HanpsikeHne B SM Ha 9-i1 1 30-i aHM nocne 06y4eHns BNeBO, HTO
CBUAETENLCTBYET O MoBbileHun Ca? -4yBCTBUTENIbLHOCT MMODUNAMEHTOB. MHIMOUTOPLI MPOTENHKNHASDI
C (PKC), xenepuTpuH 1 CTaypOoCNopVH He BN Ha KprBble pCa-HanpsiXeHne B KOHTPOJSIbHbIX CKUHMPO-
BaHHbIX SM, HO 3HAYMUTENIbHO CABUHYNM KpUBble BNpaBo Ha 9-i n 30-i gHM nocne obnyyeHus. Gopbon
onbytupar (PDB, 10~7 Monb/n), MOLLHbIN akTBaTop PKC, caBrHyn oTHoweHne pCa-HanpsixeHne BieBo B
3[,0pPOBbIX TKAHSAX U HE 0Ka3blBas BANSHMS HA 061ly4eHHble COCYAMCTbIE Konbla. OQHOBPEMEHHbIE N3Me-
PeHUst CoKpaTuUTensHOM cunbl 1 [Ca?'], nokasanu, 4To KoadduUMeHT Ca*-4yBCTBUTENLHOCTY COKpaTU-
TenbHbIX BENKOB, OnpeAensiemslil kak OTHOLIEHWE NPUPOCTa CUibl K 3MeHeHuam [Ca?'], sHaunTensHo
yBenuymMBaeTcs nocne obnyyeHus. Ctumynaums nHTaktHeix SM aoptel PDB (1076 monb/n) Bbi3biBana
YCTON4MBOE NMPOrpeccupyloLiee TOHNYECKOe CoKpallieHe, B TO Bpems kak npupatleHvie B [Ca?'], Gbino
TpaH3UTOpPHbLIM. HanpoTtne, B 061y4eHHbIX TKaHAX aMnanTyaa nHayLmposaHHoro PDB cokpatueHus 6bina
Jlaxe BhILLE, YeM B UHTAKTHbIX TKaHsX. Mpu 3TOM He 6bINo HYkakoro nosbileHus [Ca®]. 9T1 aaHHble noa-
TBEPXJAIOT rMNoTedy 0 TOM, Y4TO Nocne 0bny4yeHus YBENNYMBAETCS YYyBCTBUTENIbHOCTb MUODUIAMEHTOB
SM cocynos k Ca?*, n a1oT acdpdekT obycnosneH aktmsauven PKC.

MoxHo nonaratb, 4TO Y-06/1y4eHe NPMBOAUT K 0Opa3oBaHMIO peakTUBHbIX GOPM KMCIOPOAa U akTu-
Bauun PKC. 310 NnpnBoamT K yBENMYEHNIO KasibLIMEBOM YYBCTBUTESIBHOCTN MUOPUNAMEHTOB U CHUXEHUIO
akcnpeccun n dyHkummn BK . Bce 810 BMecTe B3ATOe CroCOGHO MPMBECTU K r’MMNEepCOKPaTMMOCTH KIIETOK
SM cocynoB 1 Bbi3BaTh pa3BuTie Ba3ocnasma u ysenmderHme AL,

KrntoueBbie crioBa: cokpatuMocCTb rnaakmux moiwil, PHK-nHTepgpepeHuyus, BKCa-KaHaﬂbl, 0b6s1y4eHve,
KasbumeBasl YyBCTBUTE/IbHOCTb, COKPaTUTEsIbHbIE OEsIKU, rnepTeH3usl
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