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In the heart as well in the smooth
muscle (SM), contractility is determined
mainly by the myoplasmic free calcium
concentration. The more calcium that
appears in the myoplasm, the more mus-
cle contracts. However, between the
appearance of calcium and the occur-
rence of contraction force lies a whole
chain of biochemical reactions or the
signaling pathways. This pathway is
influenced by many intracellular factors
that can facilitate or inhibit the passage
of the calcium signal to the contractile
apparatus, thereby determining the
degree of muscle contraction in response
to changes in intracellular calcium, or
myofilament calcium sensitivity. Chang-
es in myofilament sensitivity to calcium
following changes in signaling pathway
might be a very important in regulation
muscle contractility [1-3].

One of the main dreams of pharma-
cologists and clinicians involved in car-
dio-vascular studies and disease treat-
ment is based on the idea that the ideal
positive inotropic agent (calcium sensi-
tizer or so-called genuine cardiotonic)
may be one whose sole action is to
increase the sensitivity of contractile
proteins to calcium. The problem is that
almost all cardiotonics we know lead to
Ca?™- overload of myoplasm and thereat
they are appeared to be rather toxic com-
pounds.

In the case of vascular SM, clinicians
usually need drugs with an opposite
effect. Namely, they need compounds
that possess the ability to decrease myo-
filament calcium sensitivity selectively
and specifically, and hence relax SM and
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decreasing vascular tone under arterial
hypertension.

Currently, it is this way of influencing
calcium sensitivity/affinity that attracts
the attention of pharmacologists, which
represents itself a new, conditionally
calcium-independent mechanism for vas-
cular tone and cardiac contractility regu-
lation. The data obtained in our and
other laboratories may be a fundamental
basis to design a new drug generation
that possesses the ability to affect vascu-
lar tone or cardiac contractility via its
direct effect on the contractile machin-
ery or pathways regulating wvascular
tone. Finally, the role of changes in the
affinity of regulatory proteins to calcium
represents a common biological problem
that has great importance in the under-
standing of cellular functions and com-
munications.

That is why it appears to be important
to know more about intracellular mecha-
nisms underlying changes in calcium sen-
sitivity of the contractile proteins, and
that is why we must be able to evaluate
this parameter properly and precisely.

Theoretical background. It is widely
accepted that smooth muscle excitation
evokes contraction via an increase in
intracellular free calcium. In instance, in
the beating heart, contractile activity is
switched on and off in a most regular
manner by the rise and fall of the myo-
plasmic free calcium ion concentration.
In this work, we will discuss some issues
related to the mechanisms of regulation
of Ca?' sensitivity and methods for its
determination mainly for smooth muscle
cells of blood vessels.

In the most simplified form, both con-
traction and relaxation of vascular SM
develop along two main pathways [1, 4].
It is known that SM contraction follows
an increase in cytosolic Ca?" concentra-
tion ([Ca®"],), the formation of complexes
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with calmodulin, activation of myosin
light chain kinase (MLCK), and phos-
phorylation of the 20 kDa light chain of
myosin at Serl9 (first way). SM relax-
ation produced when the cytosolic Ca?*
concentration decreases (first way) or
when the activity of myosin light chain
phosphatases (MLCP) increases (the sec-
ond way) (Fig. 1). Interestingly, several
agonists acting via G-protein coupled
receptors elicit a contraction with no
increase in intracellular Ca2" concentra-
tion but via inhibition MLCP and
increased myosin phosphorylation [3].

It is well known how Ca2?*-entry and/
or Ca?"-release can be affected. Many
pharmacological interventions appear to
be involved in these calcium transients
in both experimental conditions and clin-
ics. It is important to concentrate our
attention on that part of this scheme
which operates mechanisms related to
calcium — calmodulin interaction and
phosphorylation/dephosphorylation of
contractile proteins Any intervention in
this path at any stage will lead to a
change in the contractile state of the
muscle, that is, it will change the ratio
between [Ca?"], and the developing force
of contraction [3].

Indeed, the contractile force depends
on the calcium occupancy of the regula-
tory proteins (calcium «receptors») such
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Fig. 1. Contraction-relaxation cycle in
smooth muscle: Calm — calmodulin;

MLCK — myosin light chain kinase;

MLC? — phosphorylated myosin light chain;
MLCP — myosin light chain phosphatases

as troponin C within cardiac myofila-
ments, or calmodulin in SM. However,
specific calcium-binding sites are never
fully occupied. At most they are half
saturated with calcium during systole, so
the contractility may be up- or down-
regulated according to the variable cal-
cium occupancy of troponin/calmodulin.
In this way, the contractile activity of
the myocardium and SM may be varied
over a wide range to meet changing
hemodynamic demands.

In principle, calcium occupancy of
regulatory proteins may be increased,
at least, in two ways. First, it may be
increased by pharmacological interven-
tions that increase [Ca®‘],. Norepineph-
rine, for instance, initiates a cascade of
reactions that lead to a rise of [Ca®']..
But this way of regulating the contrac-
tion is not associated with a change in
the Ca?"-sensitivity of the signaling
contractile path, since the Ca?*-regula-
tory protein binding constant do not
change. However, amplitude modula-
tion of calcium signal is not the only
way to increase calcium occupancy of
regulatory proteins and hence contrac-
tility. Another way is a modulation of
the sensitivity of the calcium-signal
receiver troponin or calmodulin. If, for
instance, the affinity of proteins for
calcium is enhanced, the calcium occu-
pancy, as well as contractile force,
increases at a given calcium ion concen-
tration. Thus, we know that the con-
tractile activity may also vary over a
wide range without significant changes
in [Ca®']; but there is a little known
how it can be realized?

The second way to change Ca?'-sensi-
tivity is to influence the lower stages of
the contractile signaling pathway, which
determines and regulate the interaction
of Ca?*-troponin C or Ca?"-calmodulin
complexes with contractile proteins. Cur-
rently, some cardiotropic compounds
(bepridil, levosimendan, EMD 57033 and
others [56—-7]), which realize their action
by interacting with the components of
the troponin complex, have already been
found. As a result of this interaction,
the sensitivity of thin filament to calci-
um increases without increasing in intra-
cellular Ca2*, which reduces the risk of
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side effects due to calcium overload. It
was a good and perspective idea to create
drugs that modulate troponin C activity.
This protein is a promising pharmaco-
logical target for the treatment of car-
diac insufficiency.

The possibilities of creating new vaso-
dilators whose the mechanism of action
is based on the same principle, is also
being intensively investigated and are
aimed at activation or inhibition of spe-
cific signaling pathways, including the
phosphatase signaling pathway, in vascu-
lar smooth muscle. Some potential phar-
macological targets, the influence on
which leads to relaxation of blood vessels
and a lower of blood pressure, have
already been identified. There is evidence
of certain successes in this direction
when wusing, for example, Rho-kinase
inhibitors, endothelin inhibitors, G-pro-
tein receptor kinase-2 inhibitors, which
modulates the dilatory ability of beta-
adrenoreceptors, etc. [1]. The famous
sildenafil, which has a relaxing effect
through the inhibition of ¢cGMP-specific
phosphodiesterase type 5, regulating
nitric oxide-dependent phosphatase sig-
naling pathway, can also be attributed to
this class [11].

It should be noted that the presented
scheme is very simplified and the pro-
cesses that regulate the transmission of
the Ca®" signal to contractile elements are
much more diverse and complex [1-3].
However, for this article, we will based on
simplification that Ca?" sensitivity is
determined by the balance between kinase
phosphorylation and phosphatase dephos-
phorylation, which are the main ways of
regulating contractility [8].

How is it possible to measure myo-
filaments calcium sensitivity? In the
study of potential Ca?" sensitizers or
desensitizers, the main task is to prove
that the change in contraction during
their action occurred precisely without a
change in Ca?", i.e. that a change in
Ca?* sensitivity has occurred. However,
the question arises of how to measure
the sensitivity, how to prove that it has
changed, and what parameters need to
be measured for this.

First of all, it is necessary to deter-
mine what we mean by the concept or

term of «calcium sensitivity». We would
like to express this concept with one
parameter or number, which would char-
acterize the relationship between the
contractile force development and the
concentration of free Ca?" in the myo-
plasma. This would be an integral indica-
tor, uniting the entire cascade of bio-
chemical events between the appearance
of Ca?" and contraction, each of which
can affect the transmission of the Ca2*
signal and change the magnitude of the
contractile response, thereby changing
the sensitivity of the contractile appara-
tus.

How are the concentrations of intra-
cellular Ca?* associated with the magni-
tude of the contractile response? The
sequence of events between the appear-
ance of Ca?" in the myoplasma and the
occurrence of the contraction force is a
complex, multi-stage event and may be
characterized mathematically on each
stage with its own model and its own
rate constants. The full mathematical
expression describing the model of this
process is very complex, cumbersome
and not suitable for any practical use.
However, fortunately, the dependence
Ca?* — contraction can be described
with a good degree of accuracy by the
Hill equation, which is quite enough
determined by three parameters that
are quite suitable for practical use [9].
(There is evidence that this dependence
can be more accurately described by the
two Hill equations [10], however, most
researchers believe that one equation is
a good approximation.). Under this
assumption, the relationship between
Ca?" and contraction can be described
by a simple scheme Ca?" + A & F,
where Ca2?* is the intracellular calcium
concentration, F is the contraction
force resulting from this, A is a gener-
alized summary parameter that includes
all stages of biochemical enzyme-regu-
lated reactions, beginning from CaZ?"
interaction with calmodulin and ending
with phosphorylation of myosin light
chains.

Therefore, the force-calcium relation,
which corresponds this simple model,
should be described as Langmuirean iso-
therm (rectangular hyperbole or binding
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isotherm) and force developed might be
expressed as follows:

F=F,_ - [Ca®], / EC,+ [Ca®*'];

where F is developed force, F_ is the
maximal force at saturating [Ca®'], and
EC,, is Ca®" concentration needed to pro-
duce 50% of maximal response (Fig. 2A).

If you plot the same data on a semilog
plot (the X-axis is log of [Ca?"], it
becomes sigmoidal (Fig. 2B). The only
difference between the left and right
panel the graph is whether the X-axis is
linear or logarithmic. However, on prac-
tice, we have deal with S-shape (sigmoid)
curves if even linear X-axis is used, and
that is why the force will be described
with rearranged Hill relation. The Hill
equation is as follows

F=F,__ - [Ca?*]"/EC, + [Ca?*]

where n is the Hill coefficient. This
dependence is definitely determined by
three parameters — F EC,,, and Hill
coefficient.

How to characterize this dependence
in a convenient way that would be suit-
able for practical purposes and would
prove the existence of Ca?" sensitization
under any exposure? Imagine, for
instance, you have decided to conduct
the screening and bring to light potential
Ca?'-sensitizer and to compare it with a
reference substance. Common sense sug-
gests that it would be logical to unam-
biguously relate the value of the [Ca®'],
to the force of contraction and introduce
some comfortable coefficient of sensitiv-
ity, for example, F/[Ca®'], and the rela-
tion F/[Ca?'], should be calculated in

max’

both cases. These two values will be
reflection of corresponding myofilament
calcium sensitivity. To do this, we need
to incubate vascular preparation with a
potential Ca?" -sensitizer and then act on
him with any agonist. You should pro-
vide the measurements of two main
parameters — force and intracellular cal-
cium concentration. It seems very simple
and attractive but it only seems that
way. The use of such a coefficient is
valid only with direct proportionality
between Ca?" and contractile force devel-
oped. But this dependence is non-linear,
therefore, this method is incorrect, since
the value of this coefficient will strongly
depend on the value of [Ca®'], at which
the measurement was performed.

Another way of expressing the Ca?"
sensitivity seems to be more correct, in
which this parameter will be measured as
follows: AF/A[Ca?"], or dF/d[Ca®']. To
standardize the measurements, it seems
correct to carry out measurements before
and after exposure under the same con-
ditions, therefore it is logical to choose
for analysis similar points on the quasi-
linear portion of the dose-response curve,
for example, corresponding to EC,, val-
ues, where dF/dCa has maximum value.
However, this method has its own draw-
backs and does not seem correct in all
cases. Before assessing the adequacy of
this method, let’s consider the possible
options for changing the Hill curve,
which can be realized with a change in
Ca?* sensitivity after any exposure.
Theoretically, there are three possible
reasons of a change in the Hill curve
under any action (Fig. 3).
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Fig. 2. A plot of the conditional contraction value as a function of the conditional [Caz*]i concen-
tration value as described by the Hill equation. Hill curves parameters are as follows: F_ 1 =

max

F,.2=1 ECyl =EC,2=2,n=1andn =4 for two curves. The only difference between the

left and right panel the graph is whether the X-axis is linear or logarithmic
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Fig. 3. A plots of the conditional contraction value as a function of the conditional [Ca2+]i con-
centration value as described by the Hill equation for 4 cases of changing Hill curves parameters:
A - EC,, changing; B — F, . changing; C — Hill coefficient changing; D — F, and Hill coeffi-

cient changing

The first case is a change in the EC,
(Fig. 3A). We can assume that in this
case, the EC,, will be a measure of mus-
cle sensitivity to calcium. This descrip-
tion prevails among most researchers,
and namely this parameter in most cases
called sensitivity. Moreover, a change in
muscle response to [Ca®"], is character-
ized by AEC,,. Indeed, in this case, the
sensitivity to [0212*]i changes, i.e. for
each concentration of [Ca®"], after expo-
sure, the amplitude of contraction
becomes larger at the same [Ca®'], than
before exposure. The second case is a
change in F__ (Fig. 3B). In this a situa-
tion, F__ will already be a measure of
sensitivity (in the literature this value is
defined as responsiveness), and the
change in sensitivity will be character-
ized by AF __, since the EC,, value does
not change, and the expression of sensi-
tivity changes in terms of EC, loses its
meaning. In this case, an increase in the
force of contraction after exposure will
also be recorded with equal [Ca?"].. And
finally, the third case is a change in the

Hill coefficient n (Fig. 3C). In such a
situation, it is not clear at all how to
characterize Ca?" sensitivity and its
changes, since the two previous defini-
tions of sensitivity and responsiveness
demonstrate the absence of changes,
while it is obvious that the changes
occure. Changes in the Ca?" sensitivity,
in this case, are ambiguous and more
complex, since for large [Ca®'], an
increase in the contraction force is
observed, but for small values of [Ca®'],
below the EC,, it decreases.

In practice, of course, the real situa-
tion will be a combination of all three
cases. It is theoretically possible to imag-
ine the situation where ambiguous mul-
tidirectional changes in the contractile
response to an increase in Ca?" in the
myoplasm can occur, for example, when
EC,, and E _ increased simultaneously
(Fig. 3D).

Let us return to the discussion of the
second method of characterization Ca2*
sensitivity. If we try to characterize
Ca?" sensitivity as dF/d[Ca®'], at EC,,
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a comparison of this value before and
after exposure will lead to misconception
of the real situation. The first derivative
of the Hill equation at EC,, point is
expressed by the following relation:

dF/d[Ca®'],, =F . + n /4EC,;

Imagine a situation where, as a result
of exposure, a simultaneous decrease in
half both F_, and EC,, occured i.e. F
(after action) = F _  (before action)/2,
and EC,, (after action) = EC,, (before
action)/2. Then, dF/d[Ca®']. (after
action) = dF/d[Ca®"].. (before action).

It means that we can come to the
wrong suggestion. The coefficient of cal-
cium sensitivity, expressed in this way,
states that there is no change in the
dependence of F on [Ca?'],, while even a
visual comparison of the dose-response
curves shows that such changes are obvious
and significant. Thus, the value dF/dCa in
the case of unidirectional changes in F,
and EC,,, or n and EC, can give a wrong
idea about the change in the SM cells
reaction to calcium, or not show at all
while dramatic changes in the dose-
response curve occurred. In this scenar-
io, at different [Ca”]i concentrations,
both sensitization, and desensitization to
calcium will be observed. The description
of changes in [Ca®'], sensitivity using
any one parameter will lead in this case
to an incorrect interpretation of the data
obtained and incorrect conclusions that
do not correspond to the actual situation.
The conclusion about calcium sensitiza-
tion, based on a decrease in EC,,, will be
valid only in case of small concentrations
of intracellular Ca?", resulting from an
excitatory effect of agonist, and will lead
to an incorrect description of the con-
tractile state of the muscle, since with
strong stimuli a reduced contractile
response to stimulation will be observed.
Conversely, the conclusion about calcium
desensitization based on a decrease in
F .. will also give a distorted data of the
contractile state of the muscle, since
under small stimulating effects an
increase in the contractile response will
be observed. The data obtained in this
case do not provide an answer to the
question of whether this is due to one
process, or different ones. In each case,

other in-depth studies are needed to

understand the mechanisms of this phe-

nomenon.

So, the final goal of a screening study
is to register and analyze the dependen-
cies F- [Ca?']. Therefore, to describe
vascular smooth muscle contractile
machinery and to estimate myofilament
calcium sensitivity properly, we need to
measure at least three parameters:

— the affinity of myofilaments to Ca2*,
or sensitivity, which characterized by
EC,, (PCa, ) which, in turn, is the con-
centration of ligand (calcium) needed
to produce 50 % of maximal response;

— efficacy or myofilament calcium
responsiveness, which characterized
by maximal Ca?"-activated force;

— the Hill coefficient (the Hill slope, or
the slope factor).

The theoretical considerations pre-
sented, in principle, are valid for any
type of muscle, including smooth, cardi-
ac and skeletal muscles. However, all
subsequent discussions on methods for
determining changes in calcium sensitiv-
ity will concern only the SM cells of
blood vessels.

In our opinion, for practical screening
purposes, the following 3 methods can be
considered as the most simple, adequate,
relatively affordable and relatively cheap
methods.

The optimal experimental design com-
prises:

— contractile recordings in intact smooth
muscles;

— contractile recordings in chemically
permeabilized (skinned) smooth mus-
cles;

— simultaneous measurement of [Caz’“]i
and force development.

Also, it is desirable to use one more
experimental technique as an additional
method. Since the second main mecha-
nism for changing Ca?"-sensitivity is the
change in the activity of phosphatase of
the myosin light chains, which, in turn,
is controlled by two enzymes, Rho-kinase
and protein kinase C [8], it is important
to determine the state of the phosphatase
signaling pathway, i.e. determine the
dilatory ability of the vessel under vaso-
dilators action. For this aim nitroglyc-
erin (if the muscle with removed endo-
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thelium), and acetylcholine (if the endo-
thelium is preserved) are suitable, or
another substance the mechanism of
action of which is involved Rho-and
C-kinase activity.

In practice, none of the proposed
methods gives a real complete descrip-
tion of the dependence of F on [Ca®'],
however, the comparative results
obtained using these techniques can,
with a sufficient degree of validity, indi-
cate the presence or absence of the prop-
erties of the sensitizer in the test com-
pound.

So, in a first approximation, to assess
the changes in the calcium sensitivity of
the vessel under the influence of one or
another factor (which may be external
influences, for example, radiation, one
or another pathological process or drug)
to constrictor agents that cause an
increase in Ca?" in myoplasm, it is easi-
est to use contractile reaction to KCI. It
is known that E . and EC,  can serve as
parameters describing the sensitivity of
the vessel to constrictor influences. How-
ever, the data obtained will not serve as
evidence of a change exactly of the Ca?"
sensitivity of the contractile cascade of
events, i.e. an increase in the contractile
response at equal [Ca®'], since the real
increase in [Ca®']; with this technique
cannot be accurately estimated for sev-
eral reasons.

The effect of increased extracellular
concentrations of K*' is considered the
most simple and understandable since it
is associated with relatively simple phys-
ical processes. An increase in the concen-
tration of external K* leads to a decrease
in the potassium equilibrium potential
following the Nernst equation and, as a
result, depolarization of the cell mem-
brane, the opening of L-type Ca?" chan-
nels and Ca?" entry into the cell. As a
result of this, the dependence KCIl — con-
traction will not correspond to the depen-
dence [Ca?'], — F, it will rather reflect
the dependence number of open calcium
channels — the membrane potential,
which obeys the Boltzmann equation.
Also, processes such as Ca?"-induced Ca?"
release from the sarcoplasmic reticulum,
Ca?"-dependent K™ channels of high con-
ductivity and even, according to some

data [1], a change in Ca?" sensitivity
under the influence of KCl will contrib-
ute to the resulting dependence. Howev-
er, if any potential Ca2?" sensitizer
changed the Ca?" sensitivity of the mus-
cles, this must necessarily affect the
dose-response relationship for KCl and
this way will give sufficient reason to
assume that the test compound possesses
calcium sensitizing properties.

A more specific answer to this question
can be given by experiments with skinned
muscles, where the EC,, will serve as a
parameter for assessing Ca2?" sensitivity.
However, this method has its own limita-
tions, since the skinning procedure is
rather traumatic for the cell. When work-
ing with skinned muscles there is a risk
of missing due to a possible change in the
intracellular enzyme content, any mecha-
nisms that contribute to a change in the
Ca?" response, so the absence of an effect
on the skinned muscle will not mean its
absence in the intact vessel.

Let see how it usually operates in prac-
tice. The relation between contraction and
myoplasmic calcium ion concentration
may be studied on smooth muscle fibers
which have been made hyperpermeable by
membrane skinning. In skinned fibers,
contractile structures within the cell can
be exposed to an equilibrated with a given
calcium ion concentration which has been
stabilized with the calcium buffer calci-
um-EGTA which at neutral pH, has a
stability constant of about 108. Since the
skinned fibers rapidly lose soluble sub-
stances, the bathing medium must be
complemented with ATP as an energy
source, magnesium ions, and a pH-buffer.

Typically, the responsiveness of these
preparations depends also on the type of
skinning use. With saponin or B-escin for
instance, internal membrane structures
are left intact, so that the preparation may
also be used to study the release of calcium
from internal stores. If we are interested
in removing the sarcoplasmic reticulum
membrane, we must use 250 pg/ml of
saponin, a concentration that has been
reported to severely damage the sarco-
plasmic reticulum and mitochondrial
membranes. Skinning procedures involv-
ing the treatment by Triton X-100, on the
other hand, destroy internal membrane
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structures so that the sarcoplasmic retic-
ulum and other calcium stores are no
longer functional. Therefore, calcium
uptake and release processes no longer
interfere with the effect of added calci-
um on the contractile structures.

If you need to serve the functional
properties of SM in a maximal degree
you should select a-toxin as a permeabi-
lizing agent. This compound makes pores
in the plasma membrane too small to
allow passage of proteins with a molecu-
lar weight larger than 1 kDa and allows
preventing this way membrane-associat-
ed enzymes and ionic channels, and
related loss of intracellular content.

The most adequate results can be
obtained using fluorescent calcium indica-
tor fura-2 AM combined with developed
force measurement. The use of this meth-
od allows us to provide a direct measure-
ment of the Ca?'concentration in the
myoplasm and to build to an accurate
dependence of [Ca®']-force, which is the
main task of experiments on the study of
Ca?" sensitivity. However, this method
has its own limitations. For example, it is
not always possible to obtain the complete
[Ca?*]- force curve, using physiological
methods of increasing intracellular Ca2",
i.e. an increased KCl concentrations or
a-agonist phenylephrine. It is not always
possible to obtain saturating concentra-
tions of Ca2" in the cell, which means that
it is impossible to accurately measure
EC,, and E__ . In this case, the parameter
ACa/AF can be used as a characteristic of
calcium sensitivity, which will determine
the sensitivity of the contractile response
to changes in Ca?" in the area of physio-
logical concentrations of Ca?" in the
pseudo-linear portion of the dose-response
curve. This is precisely the goal to deter-
mine the sensitizing or desensitizing abil-
ity of the compound tested. At the same
time, the comparison of contraction
amplitude at equal Ca?"concentration will
give information about sensitivity of the
vessel to constrictor influences.

And, finally, experiments with nitro-
vasodilators with a complete description
of the Hill curve and determination of its
parameters can give information about
the dilatory ability of a vessel, at least
when activating the phosphatase path-

way. In this case, acetylcholine and
nitroglycerin can serve as the most con-
venient dilator agents, when they were
used as endothelium-dependent and inde-
pendent vasodilators, respectively.

As an example, we present data on the
determination of Ca2* sensitivity changes
obtained on the thoracic aorta of rabbits
and rats that underwent to ionizing
gamma radiation impact at a dose of 6
Gy (Fig. 4).

A study of the vessels reaction of
healthy and irradiated animals to KCl
showed that the contraction in irradiated
vessels by different concentrations of
KCl is significantly larger than the con-
traction of healthy vessels. (Fig. 4A) In
this case, the analysis of the concentra-
tion — contraction dependences approxi-
mated by the Hill equation revealed an
increase in the maximum contraction
F .. and a shift of the curve to the left
to the region of lower concentrations. No
statistically significant changes of Hill
coefficient were revealed. It is difficult
to make any conclusions regarding
changes in the calcium sensitivity of the
contractile apparatus based on these data
for the reasons already mentioned, but
there are reasons to assume that such an
irradiation effect takes place.

More in-depth information is provided
by experiments with skinned vessels. The
dependences Ca?" — force (Fig. 4B) clear-
ly show a shift of the curves to the left
to the region of lower Ca2?' concentra-
tions, which indicates an increase in Ca2*
sensitivity, which corresponds to the
first case of smooth muscle contractile
status described above (Fig. 2A). How-
ever, in these experiments, it is difficult
to obtain data on changes in E . due to
a significant scatter in the contractile
response of the skinned muscles. The
procedure of normalization relatively to
the maximum contraction allows identi-
fying changes in the EC,,, but informa-
tion about the changes in E___1is lost. No
statistically significant changes in Hill
coefficient were revealed.

The maximum information is provided
by experiments with fluorescent calcium
indicator fura-2 (Fig. 4C). A linear
approximation of the Ca?" — force depen-
dence, which was obtained during muscle
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Fig. 4. Effect of irradiation (6 Gy) on contraction and relaxation of the rat and rabbit thoracic
aorta on the 9" and 30™ days of post-irradiation period (for details see [12, 13]): A — KCl-medi-
ated contraction of the intact rat thoracic aorta. Curves were fitted to Hill equation. Half-maxi-
mal effective concentration (ECy,) values, expressed as pD, (-Log ECy,), and maximal contrac-
tion values expressed in mN are as follows: (1,620 + 0,003), (1,880 + 0,001 ), (1,990 + 0,005)
and (0,760 + 0,002) mN, (0,860 + 0,001) mN, (1,030 = 0,006) mN in control and on the 9" and
30 days respectively [13]; B — Force in B-escin permeabilized rat aortic rings as a function of
calcium concentration in activating solution. Data are normalized to force at concentration at
pCa 5.0. Curves were fitted to Hill equation. Half-maximal effective concentration (ECy,) values
were expressed as pDz (-Log EC50) and are as follows: control, pDz - (5,46 £ 0,07), 6 Gy,

9 days, pD, — (5,83 + 0,03), 6 Gy, 30 days, pD, —

(6,13 £ 0,14) [13]; C — [Ca?' ] -tension rela-

tionship was obtained by simultaneous measurement of [Ca®" ], and tension induced by cumulative
addition of KCL in aortic rings loaded with Fura—2 from healthy (closed circles) and irradiated
(open circles) rats. The slope (g/tension/nM [Ca2+]i) was significantly increased in irradiated
tissues, indicating that Ca®" sensitivity of myofilaments had increased [13]; D — Concentration-
relaxation curves to acetylcholine obtained on the thoracic aorta from healthy (open circles) and
irradiated (closed circles) rabbits. Relaxations are expressed as percent decrease in the tension
evoked by 107 M phenylephrine. *p < 0.05 compared with control responses to the same acetylcho-

line concentration [12].

stimulation with increased concentra-
tions of extracellular K* in the region of
30-120 mM, made it possible to obtain a
pseudo-linear section of the Ca?* — force
curve and estimate the AF/ACa value in
this region. The data obtained clearly
demonstrate the phenomenon of increas-
ing in calcium sensitivity of wvascular
SMC under radiation exposure. Based on
the totality of the results obtained using
all three methods, it can be argued that
the effect of radiation leads to an

increase in sensitivity in terms of EC,,,
and an increase in responsiveness in
terms of E . No statistically signifi-
cant changes in calcium sensitivity were
detected in terms of Hill coefficient.
Thus, it can be concluded that radia-
tion exposure increases Ca?" sensitivity
in SMC in at least two ways: due to
changes EC,, and E_ , . Whether this
effect is a consequence of radiation-
induced changes in different parts of the
biochemical contractile chain of events,
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or whether these changes are interrelat-
ed, it is difficult to say based on the data
obtained. The answer to this question
requires other more detailed experiments
with the study of the effect of radiation
on individual known links in the contrac-
tile cascade of events.

Very interesting information about
the contractile properties of irradiated
vessels is given by experiments with dila-
tating agents that work along the second
path. In experiments with acetylcholine,
which causes endothelium-dependent
relaxation mediated by the action of
nitric oxide, it was found that the weak-
ening of dilatation on acetylcholine also
occurs in two ways. (Fig. 4D). A decrease
in E _ and a decrease in EC,, were
recorded. This is just the real case of
complex combined changes of the Hill
curve, similar to that presented in Fig.
3D. These results look paradoxical
because there are two multidirectional
processes — on the one hand, a decrease
in sensitivity to NO due to the suppres-
sion of E _, i.e. deactivation of the
phosphatase pathway, which can lead to
an increase in Ca?" sensitivity, and, on
the other hand, a decrease in Ca2* sensi-
tivity from a decrease in EC,, for NO.
Similar results were obtained for other
compounds whose action is carried out by
the phosphatase pathway with nitric
oxide as the active molecule — nitroglyc-
erin, sodium nitroprusside, SIN-1. How
are these changes related to changes in
Ca?" sensitivity, which effects are pri-
mary, and which are only a consequence
of the former, are they related at all, or
do these phenomena occur independently
of each other? The answers to these ques-
tions are beyond the scope of the described
experiments and require a different,
more in-depth approach.

The described experiments can be con-
sidered as a step-by-step assessment meth-
od (from evaluative to more accurate) of
the ability of any exposure, including

pharmacological, to change the calcium
sensitivity of the contractile apparatus of
vessels SMC in terms of the parameters of
the Hill curve. The presented methods can
serve as tools for the initial screening of
compounds that pretend to be calcium sen-
sitizers or desensitizers.

Conclusions

1. The main goal of experiments to deter-
mine the changes in the Ca?" sensitiv-
ity of the contractile apparatus of the
vascular SMC during exposure of any
external stimuli should be to build the
dependencies [Ca®"],- force before and
after the exposure.

2. To estimate myofilament calcium sensi-
tivity properly as a complex parameter,
we need to measure at least three param-
eters: affinity or sensitivity of myofila-
ments to Ca?" which characterized by
EC,,, efficacy or myofilament calcium
responsiveness, or maximal Ca?"-activat-
ed force, and the Hill coefficient.

3. Optimal experimental design to esti-
mate myofilament calcium sensitivity
comprises: contractile recordings in
intact smooth muscles, contractile
recordings in chemically permeabilized
(skinned) smooth muscles, simultane-
ous measurement of [Ca?'], and force
development.

4. To assess the state of the phosphatase
signaling pathway, which is the sec-
ond main mechanism that determines
the Ca2'-sensitivity of SMC, it is nec-
essary to determine the dilatory abili-
ty of the vessel and estimate the range
of these changes.

5. The complex of these experiments will
enable a step-by-step assessment of the
ability of any exposure, including phar-
macological intervention, to change the
calcium sensitivity of the contractile
apparatus of SMC and can serve as an
effective tool for the initial screening
of compounds that claimed to be calci-
um sensitizers or desensitizers.
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A. I. Soloviev, S. M. Tishkin
How to measure myofilament calcium sensitivity? Theory and practical applications

In the heart, as well as in smooth muscle cells (SMC) of blood vessels, contractility is mainly
determined by the concentration of free calcium [Ca?']. in myoplasm. Changes in the sensitivity of
myofilaments to calcium can be very important in the regulation of muscle contractility. Currently, it is
precisely this way of influence on the contractile properties of the heart and vascular muscles that
attracts much attention of pharmacologists. Studies of the nature of calcium sensitivity can be the
fundamental basis for the development of a new generation of drugs that affect vascular tone or
contractility of the heart through direct effects on the contractile apparatus or indirectly affecting
signaling pathways that regulate vascular tone.

The dependence of the magnitude of the contraction F from [Caz+]i with a good degree of accuracy is
described by the Hill equation F=F__ * [Caz*]in / (ECg" + [CaQ*]i"), which is uniquely determined by three
parameters: the maximum contraction F,__ , the concentration of half contraction EC,, and the Hill coefficient
n. The main goal of the experiments to determine the changes in the calcium sensitivity of the contractile
apparatus of the SMC during any external influences including conducting screening trials of potential drugs
should be to obtain the dependencies of the contraction force F on [Caz*]i. before and after its exposure. To
correctly evaluate changes in the calcium sensitivity of myofilaments, it is necessary to measure at least
changes in three parameters of the obtained dependences: the generalized affinity of myofilaments for
[Caz*]i, which is characterized as EC,, the sensitivity of myofilaments to calcium, or F__ , and Hill coefficient.

Optimal experimental design for assessing changes in the calcium sensitivity of the vascular contractile
apparatus includes: recording the contractile activity of intact smooth muscles, recording the contractile
activity of chemically skinned vascular preparations, as well as simultaneously measuring [Ca2*]i, and
contractile force using fluorescent calcium indicators.

The complex of these experiments will enable a step-by-step assessment of the ability of any external
impact, including pharmacological intervention, to change the calcium sensitivity of the contractile
apparatus of SMC and can serve as an effective tool for the initial screening of compounds claiming to be
calcium sensitizers or desensitizers.

Key words: calcium sensitivity, smooth muscle, contraction, relaxation, Hill curves parameters,
calcium sensitizers or desensitizers

A. I. ConosiioB, C. M. TuikiH
Ak BUMIPATU KanbLji€EBY YYTJIMBICTb M'A30BOIr0 CKOPO4YYBaNbHOro anapary?
Teopia Ta npakTU4Hi pekomeHpauii

Y cepui, a TakoxX B rnageHbkom's30Bux knitnHax (FTMK) cyamH CKOpPOYEHHSI BU3HAYa€ETLCS MONOBHUM
YNHOM KOHLLEHTPALEIO BISIbHOMO KasibLiito [Ca2*]i. y Mionnaami. 3MiHM YyTAMBOCTI MiodinaMeHTIB 4O KabLito
MOXYTb OYTU AyXe BaXIMBMMU B PerynsLii CKopoTnMBOCTI M'A3iB. Hatenep Benunky yeary dapmakosoris npu-
BEpPTaE CcaMe Len Wgx BhAvMBY Ha CKOPOT/IMBI BAACTMBOCTI CEPLEBUX i CyAMHHUX M'A3iB. JOCnigxXeHHs
npupoau KasnbLEBOi Yy TMBOCTI MOXYTb CTaTh GyHAAMEHTANbHOI OCHOBOIO A1 PO3POOKM HOBOFO MOKOSiH-
HS nikapcbknx 3acobiB, siki BNANMBAKOTb HA TOHYC CyAMH ab0 CKOPOTAMBY 3OATHICTb Cepus 3a JOMOMOrow
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NPsIMOro BIJIMBY Ha CKOPOYyBasibHUI anapat abo onocepeaKoBaHO LUASXOM BIMBY HA CUMHASbHI LLASIXM,
SIKi pEerysnioloTb TOHYC CYAMH.

3anexHiCTb BeNMUMHN CKOPoYeHHs F Big [Caz*]i. 3 BMCOKWUM CTYNEHEM TOYHOCTI OMUCYETLCS PIBHAHHAM
Xinna F=F__ *[Ca®1."/ (EC,," + [Ca®']."), sike OAHO3HAYHO BU3HAYAETLCS TPLOMA NapamMeTpamm: Makcy-
MaJIbHVIM CKOPOHEHHaM F . KOHLEHTPALIEo NOSI0BUHHOIO ckopodeHHs EC,, i koediuieHTom Xinna n. lonos-
HOIO METOIO EKCMEPUMEHTIB i3 BU3HAYEHHS 3MiH KasbLLEBOI YyTIMBOCTI ckopoTameoro anapary MMK cyauH 3a
Oyab-skoro BnAMBy abo 3a NPOBEAEHHSI CKPUHIHMOBUX AOCHIOKEHb MOTEHLNHKX NiKapCbKnX npenaparis Takoi
cnpsiMoBaHoCTi Mae ByTv nobyaoBa 3anexHocTeli cunm ckopoyenHs F Bin [Ca?']. po i nicns snnwvsy. LLo6
BIPHO OLLIHUTY 3MiHW KasbLJEBOI YyTAMBOCTI MiodinamMeHTiB, HEOOXiOHO BU3HAYUTU, MPUHAAMHI, 3MIHU TPOX
napameTpiB OTPUMaHNX 3aSIEXHOCTEN: y3aranbHEHOI CrOPiAHEHOCTI MiodinameHTiB 0O [Ca2*]i, LLLO XapakTepu-
3yeTbes ak ECy, 4yTnmBOCTi MiodinameHTis [0 kanbuiio, abo F ., i koediuieHTa Xinna.

OnTManbHUM ekcrnepuMeHTasbHUIA An3aiiH A9 OLHKW 3MiH KasbLi€BOi YyT/IMBOCTI CKOPO4YYBaJIbHOrO
anapary CyavH BKJIIOHAE: PEECTPALLI0O CKOPOYYBasIbHOT aKTUBHOCTI IHTAKTHUX MafeHbKUX M'a3iB, peecTpa-
LLiIt0 CKOPOYYBasibHOT aKTUBHOCTI XiMiYHO CKIHOBaHMX CYAMHHUX MPEenapariB, a TakoX O4HOYaCHE BUMIpIO-
BaHHS [Ca2*]i i CUNM CKOPOYEHHS 3 BUKOPUCTAHHAM (PNTyOPECUEHTHUX KaslbLLEBMX IHOMKATOPIB.

Komnnekec uyx ekcrneprMeHTiB 4acTb MOXJ/IMBICTb MOKPOKOBOI OLLiHKM 30aTHOCTI OyAb-KOro BrvBY, Yy
TOMY 4uMCni 1 GapMakoNoriYyHOro, 3MiHIOBATN KasnbLiEBY Yy TNIMBICTb CKOpPO4YyBanbHOro anapaty F'MK i moxe
CNYXUTW IHCTPYMEHTOM [J151 MEPBMHHOMO CKPUHIHTY CMONYK, SIKi MPeTeHAY0Th Ha POJib KaNbLEBUX CEHCU-
TM3aTopiB abo AeceHcUTM3aTopiB.

Knto4oBi cnoBa: 4yTanBICTb A0 KasbLito, rnageHbKi M'sa3u, CKOPOYEHHS, po3caablieHHs], napameTpu
KpuBoi Xinna, kanbLjieBi ceHcuTuaTopu abo AeCeHCUTN3aTopm

A. U. Conosbes, C. M. TuuknH
Kak nameputb KanbuueByio 4yBCTBUTEJIbHOCTb MbILLEYHOIrO0 COKPaTUTEJIbHOrO
annaparta? Teopus u NnpakTU4eckue pekomeHgaumm

B cepaue, a Takxe B rmaakoMbIleyHbIx knetkax (FMK) cocynoB cokpalleHne onpeaensieTcs rmasHbIM
006pa3om KOHLEeHTpaumen cBoOGOAHOro Kanbuus [Caz"]i. B Muonnasme. NIaMmeHeHns 4yBCTBUTENbHOCTU
MUODUNAMEHTOB K KanbLMI0 MOFyT ObITb O4EHb BaXHbI B PErYNISLMN COKPATMMOCTU MbIL,. B HacTosiwee
BpeMs 60sibLIOe BHMMaHWe GpapmakosioroB nNpuBiekaeT UMEHHO 3TOT MyTb BAVSHUS Ha COKPaTUTESIbHbIE
CBOWCTBA CEPAEYHbIX M COCYANCTBIX MbIiL,. WccnenoBaHus npypoabl KasibLMeBO YyBCTBUTENIbHOCTU
MOryT cTaTb dyHAAMEHTAaNbHOM OCHOBOWN AN pa3paboTkym HOBOIO MOKONEHWS JIEKAPCTBEHHbLIX CPEACTB,
KOTOpblE BAUSIIOT HA TOHYC COCYO0B UM COKPATUTENbHYIO CMOCOOHOCTL CepALa NOCPeACTBOM MPSiMOro
BO3JENCTBMS HA COKPATUTENbHbIM annapart, Ui OrNoCpPefoBaHO MyTEM BAIMSIHUS HA CUTHAsbHbIE MyTH,
perynupytoLme TOHYC COCyO0B.

3aB1CHMOCTb BENNYMHBI cokpalleHns F ot [Caz"]i. C XOpOLUEen CTENEHBIO TOYHOCTM OMNUCHIBAETCS ypaB-
HeHnem Xvnna F=F__ ~* [Caz*]i_n / (ECg" + [Caz*]i.”), KOTOPOE OAHO3HAYHO onpeaenseTcs Tpems napa-
MeTpamu: MakCMasibHbIM CoKpaleHem F . KoHUeHTpaumer nosoBnHHOro cokpatlenuns ECgj, 1 koad-
dunumeHTom Xunna n. [MaBHONM LLENbIO SKCNEPUMEHTOB MO ONPEAENEHNIO UBMEHEHUIA KaSlbLIMEBOW YYBCT-
BUTENIbHOCTW cokpaTuTenbHoro annaparta FMK cocynoB npu kakom-n1b0 BO3AENCTBIM UV NPU NpoBeae-
HUWN CKPUHMHIOBbIX UCCNEA0BaHNN NOTEHUMANBbHBIX TEKAPCTBEHHBIX NMPEnapaToB Takol HanpaBieHHOCTU
LOJIKHO SBNSITBCS NMOCTPOEHNE 3aBUCUMOCTEN CUMbl COKpalleHus F ot [Ca2*]i. [0 1 Nocfe BO3OENCTBUS.
YT06bl NPaBUIbHO OLEHUTb N3MEHEHUS KalbLUMEBOW YYBCTBUTENBHOCTU MUODUIAMEHTOB, HEOOXOAMMO
N3MepUTb, MO KpanHelr Mepe, N3MEHEHUSI TPEX NapPaMETPOB MOJyYEHHbIX 3aBMCUMOCTEN: 0606LLLEHHOTrO
cpoacTea MMOPUNIAMEHTOB K [Caz*]i, KOTOpOE xapakTepunadyetcs kak EC. ., 4yBCTBUTENbHOCTU MModuna-
MEHTOB K Kasibumio, unmn F__ . 1 koadpduumnerTa Xunna.

OnTUManbHbIN 3KCNEPUMEHTANbHbIN AM3aiH AN OUEHKN N3MEHEHWNIA KaNbUMEBO YYBCTBUTENIbHOCTHN
COKpaTMTENbHOrO annapara COCY[O0B BK/OYAET: PErMcTPaLMIO COKPATUTENIbHON aKTUBHOCTU UHTAKTHbIX
rNagknx MblllL, PErncTpaumio COKpPaTUTENbHOW aKTUBHOCTU XUMMWUYECKM CKUHMPOBAHHBLIX COCYAMCTbIX
npenapaTtoB, a TakXe OJHOBPEMEHHOE V3MEpPEHMEe [Caz*]i, M CUNbl COKPALLEHUS C UCMOJIb30BAHMEM
GNyopecuUEHTHbIX KanbLMEBBIX MHAMKATOPOB.

KomMnnekc aTMx 9KCNeprvMEHTOB AacT BO3MOXHOCTb MOLIAroBOM OLEHKM CNOCOBHOCTU Nlo6Oro BO3-
[EeNCTBUS, B TOM Yncie 1 HGapMakosiormyeckoro, U3MeHsTb KasbLMEBYIO YYBCTBUTENIbHOCTb COKPATUTENb-
Horo annapata FMK 1 MOXEeT CNnyXXnTb UHCTPYMEHTOM A1 NEPBUYHOIO CKPUHUHIA COEAMHEHUI, MPETEH-
OYIOLLMX HA POJb KaNbLMEBbLIX CEHCUTN3ATOPOB MW AECEHCUTN3ATOPOB.
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