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We studied enzymatic activity and measured strain-gauge contraction properties of the frog Rana
temporaria m. tibialis anterior muscle fascicles during the action of aluminum chloride solution. It was shown
that AICI, solutions did not affect the dynamic properties of skeletal muscle preparation in concentrations less
than 10 M. Increasing the concentration of AICI, to 10 M induce complete inhibition of muscle contraction.
A linear correlation between decrease in Ca?*,Mg?*-ATPase activity of sarcoplasmic reticulum and the inves-
tigated concentrations range of aluminum chloride was observed. The reduction in the dynamic contraction
performance and the decrease Ca?*,Mg?*-ATPase activity of the sarcoplasmic reticulum under the effect of the
investigated AICI, solution were minimal in pre-tetanus period of contraction.
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length of muscle fibers.

luminum enters the organism with drinking
A water and has much higher bioavailability

than that from other sources; it is also con-
sumed with vegetable food [1]. There is a plethora
of data on toxicity of aluminum and other elements
for a living organism [2-4]. Pathologies associated
with increased aluminum levels in human organism
include heart rhythm disorders resulted from its ac-
cumulation in the heart muscle. It has been estab-
lished that aluminum causes specific physiological
and biochemical changes in organism of humans and
animals, namely disorders of the central nervous sys-
tem, changes in functional state and development of
bone tissue, membrane permeabilization and chan-
nel conductance [5].

Aluminum toxicity is attributed to its ability to
change concentrations and balance of other ions, e.g.
by supplanting other metals, mostly bivalent, from
certain enzymes and metalloproteins. It has been
established that aluminum may replace magnesium
in active sites of enzymes such as phosphodiestera-
ses, acid and alkaline phosphatases. Aluminum was
demonstrated to enter myocytes and inhibit Ca?" re-
lease from sarcoplasmic reticulum (SR) [1, 3].
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The impact of aluminum on muscular system
remains poorly understood. There is limited avail-
able data, which is primarily of descriptive nature. It
has been established that aluminum may inhibit con-
tractile function. The published data gives ground to
the assumption that aluminum may affect both neu-
ro-muscular transmission and contractile apparatus
itself [6]. Consequently, understanding the effect of
aluminum on muscular contraction mechanics may
allow better understanding of the mechanisms of ac-
tion of this metal and the possibilities of its clinical
application.

The effects of biologically active substances
on terminal changes in power output of the muscle
are currently under active investigations. Neverthe-
less, the dynamics of this process remains largely
unstudied. The onset of the equilibrium stable state
of contraction under the effect of biologically active
substances may vary within wide margins depen-
ding not only on the concentrations of the reagents
used [7-9], but also on duration of the experiment
[10, 11]. This fact complicates the interpretation of
the obtained experimental data and may result in se-
vere errors in research planning. Accordingly, an im-
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portant emphasis in our work was made on temporal
changes in achievement of equilibrium stable state of
contraction under the effect of the investigated com-
pounds. The aim of the study was to investigate the
effect of aluminum chloride solutions on Ca?,Mg?*-
ATPase activity of sarcoplasmic reticulum and mus-
cular contraction dynamics of isolated fascicles in-
duced by electrostimulation.

Materials and Methods

The experiments were conducted on m. tibi-
alis anterior fascicles of Rana temporaria frog. We
determined contractile force, change in length and
stimulating signal parameters. The experiments were
conducted in closed circuit Ringer solution with re-
laxation period of 3 min. A strain-gauge device was
used to determine contractile forces of skeletal mus-
cle fiber bundles [12].

Protein concentration was measured after Brad-
ford [13]. Ca?,Mg?*-ATPase activity of sarcoplasmic
reticulum was studied after Fiske and Subbarow [14].

Incubation medium (1.9 ml) was prepared with
the following concentrations in final volume: imida-
zole — 50 mM, KCI - 100 mM, MgCl, - 3.5 mM,
NaN, — 5 mM, EDTA - 3 mM, sodium oxalate —
2 mM, ATP - 3 mM. To this end, we took 0.1 ml
imidazole (1 M), 0.2 ml KCI (1 M), 0.1 ml MgCl,
(30 mM), 0.1 mI NaN, (1 M), 0.2 ml EDTA (30 mM),
0.2 ml sodium oxalate (20 mM), 0.2 ml ATP
(30 mM), and added water to 1.9 ml (test sample) or
to 2 ml (control sample).

Test tubes were bathed to 37 °C, and the re-
action was started by addition of 0.1 ml of protein
(L mg/ml). The tubes were incubated for 20 min.;
the reaction was then stopped by addition of 1.5 ml
of cold 10% trichloroacetic acid.

We used the following reagents: reagent 1 —
10% ascorbic acid, freshly prepared; reagent 2 —
0.42% ammonium molybdate in 1 N solution of
H,SO,; 3 — 1 ml of reagent 1 and 6 ml of reagent 2;
40 pg/ml solution of KH,PO4. To measure inorganic
phosphate produced as a result of enzyme activity,
we placed 0.9 ml of supernatant (as a source of P) in
a test tube and added 2.1 ml of reagent 3. The mix
was incubated for 30 min at 37 °C, and optical den-
sity determined at A = 820 nm.

To facilitate the description and adequate anal-
ysis of the results, we attributed various stages of the
dynamic response of the muscle to different tempo-
ral regions, which correspond to various stages of
contractile process. The force response and changes
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in length were attributed to stages (Fig. 1): F, — ini-
tiation of the force response of the muscle; F, — the
muscle force productivity enters a steady level of
contraction without a noticeable trend towards either
end; F, — terminal muscle activity; L, — initiation of
changes in muscle length; L, — the length of the mus-
cle enters a steady level of contraction; L, —terminal
changes in muscle length, was not analyzed due to
noticeable fluctuations even after stimulation ceased.
This may be attributed to transitions in rigid compo-
sition of muscle fibers caused by abrupt changes in
fiber elasticity, which in turn depends on momentary
discontinuance in stimulating signal. Registration
and adequate analysis of these processes were very
complicated. Thus we used the first two, L, and L,
to analyze length change curves in these test series.

In order to establish the margins of concen-
trations within which the experimental substances
display physiological effects influencing dynamic
properties of muscle contractions, we investigated
concentrations from 10 to 10* M. As a result, we
demonstrated, that AICI, solutions in concentrations
of less than 10* M did not affect performance of
skeletal-muscle preparations. As concentrations in-
creased to 102 M the muscle contractile processes
were totally suppressed. Consequently, we used
AICI, solutions with concentrations of 10 to 10 M.

The experiments were done in accordance with
guidelines for keeping and work with laboratory ani-
mals laid down in the ‘European convention for the
protection of vertebrate animals used for experimen-
tal and other scientific purposes’ (Strasbourg, 1986).

The statistical analysis of data was done with
variation statistics methods in Origin 7.0 software,
using Student’s t-test. The differences between test
and control samples were considered significant at
P <0.05.

Results and Discussion

The experiments using 10* M AICI, demon-
strated that muscle contractile force reached steady
levels at 4" min of observations during F, and was
at 99% of control values. It was in F, and F, on the
12" min at 96.6 and 97.7%, accordingly (Fig. 2, a).

The inhibition of changes in length of muscle
fibers entered steady level on the 10™ min during L,
in these experimental conditions reaching 93.7% of
control, and at the 8" min during L, reaching 95%
of control. A decrease of dynamic characteristics of
muscle contraction under the effect of 10* M alu-
minum chloride solution was of linear nature.
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Fig. 1. Graphical representation of attribution of active muscle’s dynamic response to corresponding temporal
stages of force response. a—F,, F,, F,, and changes in length; b — L, L, in contractions of m. tibialis anterior
skeletal muscle fibers electrostimulated at 30 Hz for 3 s under effect of AICI, in concentrations of 1010 M.
Abscissa — time; ordinate — muscle fiber responses expressed as percent values from that of control (M + m,
n = 10). Relaxation time was 3 min. 1—6 — the curves characterizing changes in force (a) and length (b) of
skeletal muscle contraction under effect of AICI, in concentrations of 1.4-10, 2:10*%, 3.3-10%, 510, 6.6-10%,

and 10 M, accordingly

The results of exposing muscle fiber bun-
dles to 10 M aluminum chloride solution (Fig. 2,
b) demonstrate a statistically significant reduction
in muscle contraction parameters during F,, F,, L,
stages.

The maximum decrease in muscle’s contractile
force was observed after the 10" min during F, and
was at 92.6% of control values. The maximum de-
crease in muscle’s contractile force during F, was at
the 12""min and constituted 71.2% from that of con-
trol values. The steady level of contraction during F,
was at the 14" min and was at 71.2% from that of the
corresponding control values.

The maximum reduction in contraction of mus-
cle fibers was at the 12" min of the experiment dur-
ing L, and L,, and constituted 69.1 and 73% of the
corresponding control values. The value of changes
in muscle fiber length during L, was in all instances
smaller than that during L.

We observed drastic decrease in dynamic
properties of contractions in the experiments where
10 M solutions of AICI, were used (Fig. 2, c).

The maximum reduction in muscle contrac-
tile force was after the 6" min of stimulation dur-
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ing F,, F,, and F,, and was at 53, 35.6 and 33.9% of
correspoding control values.

The maximum inhibition muscle fiber contrac-
tion was found after the 6" min of the experiment
during L, and L, and reached zero value. The results
of these experiment show the significant linear de-
crease in Ca?*,Mg?*-ATPase activity of sarcoplasmic
reticulum (SR) as a result of the effects of all the
mentioned concentrations of AICI, (Table 1).

Taking into account the profound differences in
the effects of aluminum chloride solutions in these
concentration margins, we studied the effect of inter-
mediate concentrations of AICI, solutions within 10-*
to 10 M. We chose 1.4-10*, 2:10*4, 3.3:10*%, 5-10
and 6.6-10* M.

The AICI, solution with concentration of
1.4.10* M caused maximum decrease in muscle
contraction force at the 8" min of the experiment
during F, and F, and constituted 98.4 + 0.8% and
94.2 £ 1.7%, accordingly. The steady level during
F, was observed at the 12" min and was at 93% of
control value. The curves dependence of muscular
contraction force on duration of exposition to the
aluminum chloride was of linear nature, both pa-
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Fig. 2. The effect of AICI, solutions in concentrations of 10 M (@), 10° M (b), 10? M (c) on dynamic proper-
ties of contractions caused by electrostimulation at 30 Hz for 3 s, depending on duration of exposition to the

reagent (M £ m, n = 10, P <0.05)

Table 1. Effects of AICI, solutions on SR Ca*",Mg**-ATPase activity of skeletal muscles (M +m, n = 10)

AICI
Enzyme Control 3
10°M | 10°M | 10*M
SR Ca?*,Mg?*-ATPase activity of skeletal
muscles, nmol of P,-mg* of protein-min®  2456+14  879+4.3*  1468+35* 2402+21*

*P<0.05

rameters of muscular contractions changed synchro-
nously for the duration of observations.

The most profound changes in length of muscle
contractions were at the 10" min of the experiment
in L, and L, and constituted 94.2 and 94.7% of con-
trol values, accordingly.

Experiments with 2:10* M solution of alu-
minum chloride (Fig. 3, b) demonstrated that the
maximum reduction in muscle contractile force was
at the 10" min during F, and constituted 97.1% of
control value. The most profound decrease in muscle
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contractile force during F, and F, was correspondin-
gly at the 8" and 6" min, and reached 94.1 and 92.3%
of control, yet these changes were not statistically
significant. The changes in dynamic properties of
muscle contraction during these periods were of ir-
regular nature.

We found no significant changes in muscle
fibers length under the effect of 2-10* M solution of
aluminum chloride in comparison to the effect of
1.4-10* M AICI, solution (Fig. 3, a and b).
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We detected statistically insignificant decrease
in muscle contraction properties in all investigated
stages in experiments with 3.3-10* M AICI, solutions
(Fig. 3, ¢). The maximal reduction of muscle contrac-
tile force was found at the 8" min during F, and was
of 96.2% of control. The most notable decrease in
muscle contractile force during F, and F, was on 12"
and 10" min, accordingly, and constituted 92.5 and
85.3% of that of control. The most profound decrease
in muscle contraction was during the 10" min in L,
and L,, and was correspondingly of 86.1 and 87.1%
of control values.

We found decreased force and changes in mus-
cle fiber length in all studied cases in experiments
with 5-10* M aluminum chloride solution (Fig. 3, d).
The maximum in reduction of contractile force was
observed at the 10" min during F, and was of 96.1%
of that of control. The most noticeable decrease in
muscle contractile force during F, and F, was at the
14" and 12" min, accordingly, and was of 90.9% and
85.8% of that of control. The maximum decrease in
the length of muscle contraction was at the 14" min
in L, and L, and constituted correspondingly 88.6%
and 89% from that of control values.

Aluminum chloride in concentration of
6.6-10* M caused a decrease in dynamic properties
of contraction (Fig. 3, €). The maximum decrease in
muscle contractile force was at the 14™ min of the
experiment during F, and constituted 94.2% of that
of control, and at the 12" min during F, and F,, and
was accordingly 87 and 82.6%. The dependence of
muscle contraction force on the duration of exposi-
tion to the effector during F,, F, and F, was of linear
nature. The maximal statistically significant reduc-
tion in muscle fibers contraction was detected at the
14" min during stages L, and L, and constituted 80.2
and 83.7% of the corresponding control values.

There was a linear decrease in Ca?",Mg?*'-
ATPase activity of SR as a result of the effects of
AICI, (Table 2).

Washing of muscle samples with Ringer solu-
tion caused restoration of the dynamic properties of
contraction to their starting levels in all experimen-
tal concentrations of AICI, solutions. The duration of
the restorative process up to control values depended
linearly on the duration of the effector exposition.
The time period of washing increased linearly with
the concentration of aluminum chloride.

The experimental data show inhibition of
Ca?",Mg?*-ATPase activity of SR, with linear de-
pendence on the concentration of AICI,. The
demonstrated inhibition of Ca?",Mg?-ATPase ac-
tivity of SR corroborates imbalance in intracellular
Ca?* concentrations under the effect of aluminum
that has been found by others [3]. The reduction of
Ca?",Mg?-ATPase activity probably results from
compromised SR membrane integrity due to activa-
tion of lipid peroxidation [1, 3, 18].

We found, in accordance with the obtained
results, the irregularities in the effect of aluminum
chloride in the investigated concentrations (10 to
102 M) on changes in force response and muscle fib-
er length and inhibiting properties of this compound
in concentrations of more than 10 M. These pro-
cesses may be attributed to the ability of aluminum
ions to permeate sarcolemma [3]. It may be supposed
that aluminum ions may affect muscle performance
at a level of actin-myosin interaction. The ions of
this metal can supposedly supplant magnesium ions
in ATP [3, 19]. It is possible that aluminum ions
modulate actin-myosin interaction and change the
functional properties of actin-myosin complexes of
the muscle. There is data of dose-dependent reduc-
tion in myosin ATPase activity under the effect of
aluminum ions [14]. It has been demonstrated that
aluminum ions in concentration of 5 mM inhibi-
ted myosin ATPase from heart muscle to half of its
maximum level. The inhibition was observed also
at concentrations over 5 mM for myosin ATPase
from smooth muscle cells [15]. Aluminum ions were

Table 2. Effects of AICI, solutions on SR Ca**,Mg**-ATPase activity of skeletal muscles (M =m, n = 10)

AlCl,

Enzyme Control

1410*M | 20-10*M | 3310*M | 5010*M | 6.610*M

SR Ca*,Mg?*-ATPase
activity of skeletal
muscles, nmol of
P.-mg* of protein-min-*

245614 2285+21 2263+22 208.6=*28*

203.3 +2.8* 196.5+29*

*P<0.05
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Fig. 3. The effect of AICL, solutions in concentrations of 1.4-10* M (a), 2-10* M (b), 3.3:10* M (c), 5-10* M

(d), 6.6:10* M (e) on dynamic properties of contraction depending on duration of exposition to the reagent
(M+m,n=10, P<0.05)
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shown to exert a notable influence on structural
changes in actin-myosin complex during ATP hy-
drolysis. A decrease in rate of superprecipitation of
actin-myosin complex has been found in the presen-
ce of aluminum in concentrations of 10+ to 10° M
[16]. This process was totally suppressed in case of
aluminum concentration of 102 M.

Therefore, our results demonstrate that alu-
minum chloride affects performance of skeletal
muscle samples in concentrations 10 M and higher.
Force and length of muscle fiber contractions de-
creased gradually depending on concentrations of
aluminum chloride solution, yet some irregularities
in linear dependence characteristics were observed
for aluminum chloride concentrations of 104, 103
and 102 M. There were differences in dependences
of reaching the stable state of contraction properties
upon experiment duration within margins of the in-
vestigated concentrations. Reductions in dynamic
properties of contraction under effect of the solutions
in investigated concentrations were minimal during
F.

BIIJIUB XJIOPUJY AJIOMIHIIO HA
Ca?, Mg?*-ATPa3ny AKTUBHICTb

TA JUHAMIYHI ITAPAMETPU
CKOPOUYEHHS CKEJETHUX M’s31B
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B. M. Copoxd*, M. C. Mipownuuenxo*

KuiBchKMii HaIliOHATBHAHN YHiBepcuTeT iMeHi Tapaca
[esuenka, HHII «IacTuTyT Oiomorii», YkpaiHa;
2CXiTHOEBPOTICHCHK I HAI[IOHATBHUN YHIBEPCUTET
imeni Jleci Yxpainkn, JIymek, Ykpaina;
e-mail: ddd@univ.kiev.ua

[IpoBeneHO eH3UMATUYHI Ta TCH30METPUYHI
JOCTIKeHHS. (DYHKIIIOHYBaHHS BOJIOKOH CKEJIeT-
noro M’si3a tibialis anterior »xadbu Rana temporaria
3a Jii XJIopuay aoMiHito. Byo nmokasaHo, 1o pos-
YUHU AlCl3 B KOHIIEHTpAIlifax HIKIuX 107 Mosb/1
HE BIUIMBAJIM Ha JMHAMIUHI MapaMeTpU CKEJICTHO-
M’SI30BHX TIPEIapariB, 3a 301IbIICHHS KOHIICHTpAIIil
n0 102 mone/1 BimOyBaaOCh MOBHE MPHUTHIYEHHS
MPOILIECiB CKOPOUCHHsI M’s13a. BcTaHOBIICHO JiHITHE
3HIKCHHSI Ca®",Mg?*-ATPa3Hoi AKTHUBHOCTI
CapKOIJIa3MaTHYHOTO PETHKYJIyma 3a il BCix
JOCTIKYBAaHUX KOHIICHTpAIlil A1C13. ITokasano,
10 3MEHIICHHS JUHAMIYHUX MapaMeTpiB CKOpO-
4yeHHs 1 3HmkeHHs Ca**,Mg®*-ATPa3Hoi akTHBHOCTI
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CapKOIJIa3MaTHYHOTO peTuKyIyMa Oy1o
MIHIMQJIBHUM BIPOJOBXK JIOTEHAHIYHOTO MEPiory
ckopoueHHs. [IponeMoHCTpOBaHO HepiBHOMIpHUIN
BruMB po3unHiB AlCl, pi3sHoi KOHIEHTpaNii Ha cH-
JIOBY BIJIMOBiJIb Ta XapaKkTep BKOPOUYEHHS M’SI30BUX
BOJIOKOH.

KnmodyoBi caoBa: XJIOpHA allOMIHIIO,
M’30BE CKOPOYEHHS, Ca%* Mg*-ATPa3na
AKTHBHICTD, CHJIA CKOPOYCHHSI, JTOBKHHA M 30BOr0
BOJIOKHA.

BJIUSAHUE XJIOPUJA AJTIOMUHUA
HA Ca* ,Mg#-ATPa3nyio AKTUBHOCTb
N JMHAMMWYECKHUE ITAPAMETPbI
COKPAINEHUA CKEJETHBIX MbIIII]

M. M. Hozopenko', O. M. Abpamuyx?,
B. M. Copoxa', M. C. Mupownuuenxo*

'KueBckuil HAIIMOHANBHBIN yHUBEPCUTET HMeHH Tapaca
[Ieruenko, YHIL] «MuCTUTYT OMOSIOTUUY, YKparHa,
?BOCTOYHOCBPOINEHCKNN HAIIMOHATBHBIH YHHBEPCUTET
nmenu Jlecu Ykpannku, Jlyuk, Ykpanna;
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[IpoBeneHBI PH3UMATHYECKHE W TEH30METPH-
YECKUE WCCIICIOBAHUS COKPAIICHHUS] TYYKOB BO-
nokoH Mbimnel tibialis anterior narymkm Rana
temporaria. Ilokasano, uto pactBopsl AICL, B KOH-
HeHTpanusx Meree 107 MoJb/1 HE BIUSUIM HA -
HaMHUYECKHE MapaMeTpPhl COKPAIICHHUS MBIIICYHBIX
MpenapaToB, MPU YBEIWYCHUU KOHICHTPAIMH O
102 MOJIB/TT TPOMCXOHMIIO TIOJTHOE YTHETCHUE MPO-
LIECCOB COKPAILLEHHUS MBIIII. YCTAaHOBJIEHO JIMHEH-
Hoe cHmxenue Ca? Mg?-ATPa3Holl aKTHBHOCTH
CapKOIUIa3MaTHYECKOT0 PETUKYIyMa IO/ ICHCTBU-
€M HCCICAYEMbIX KOHUECHTpalUi A1C13. ITokasa-
HO, YTO YMCHBIIICHUE JMHAMUYECKUX MapaMeTpPOB
cokpamienuss u cHmwkenus Ca? ,Mg?*-ATPa3Hoi
AKTHUBHOCTU CapKOIUIA3MaTHYECKOTO PETUKYITyMa
OBIJI0O MHUHMMAaJIBHBIM Ha MPOTSIKEHWU JOTCHAHU-
YEeCKOro reproya cokpaineHus. [IpogeMoHcTpupo-
BaHO HepaBHOMEpHOe BiMsHHE pacTBopo AlCI,
Pa3JIMYHBIX KOHIICHTPAIIU Ha CUJIOBOM OTBET M Xa-
pakTep yKOpauuBaHUs MBIIICYHBIX BOJOKOH.

KnrmoueBble cIloBa: XJOpUJ aJOMUHUS,
MeImeunoe cokpamienne, Ca?*,Mg*-ATPasHas ax-
THBHOCTB, CHJIa COKDAIIEHHUS, JJIHUHA MBIIIETHOTO
BOJIOKHA.
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