
Gen. Physiol. Biophys. (1995), 14, 515—523 515 

(3-Adrenergic Regulation of Voltage-dependent 
Calcium Currents in Cultured Skeletal Myocytes 
of the Frog Rana temporaria 

V. LUKYANENKO1, I. E. KATINA2, G. A. NASLEDOV1 and D. A. TERENTYEV1 

1 Sechenov Institute of Evolutionary Physiology and Biochemistry, 
Russian Academy of Sciences, 
Thorez Ave. 44, 194223 St. Petersburg, Russia 

2 Institute of Physiology of St. Petersburg University, 
University emb. 7/9, 199034 St. Petersburg, Russia 

A b s t r a c t . Effects of /3-agonists isoproterenol (Isp) and adrenaline (Adr) and /?-

adrenoblocker obsidan (Obs) on the voltage-dependent calcium currents in cultured 

embryonic skeletal myocytes were studied at various stages of development ranging 

from day 2 to 10, using the whole-cell patch-clamp technique at 19—21 °C. 

Adr (or Isp) in concentrations 0.1—10 /zmol/1 increases the amplitude of 

both the slow dihydropyridine(DHP)-sensitive calcium current ( i ca ) and the fast-

activated DHP-insensitive ica- From day 2 to 6 after myoblast plating, Adr and 

Isp did not change the amplitude of IQ& at all or slightly increased it. Obvious 

strong positive effects (an approximately twofold ampli tude increase) on the cal

cium channels have been observed in 7-10-day-old myocytes only. 

/3-adrenoblocker obsidan known to abolish the positive /3-agonist effect, had 

a positive effect on membrane calcium currents. It may have been a result of the 

immaturi ty of the /3-adrenergic regulatory system of the myocytes. 

It is concluded tha t the /^-adrenergic regulatory complex can stimulate the 

activity of the fast and the slow voltage-dependent calcium channels of the frog 

skeletal myocytes, and that there is a distinct developmental stage at which a 

functioning /^-adrenergic regulatory complex appears in the membrane of skeletal 

myocytes. 

K e y words: Frog embryonic myocytes — Skeletal myocyte culture — C a 2 + cur

rents — Adrenaline 
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Catecholamines are known to modulate the skeletal muscle activity, and in general 

to increase twitch and tetanic tension (Oota and Nagai 1977; Gonzalez-Serratos 

et al. 1981; Arreola et al. 1987). Among the possible mechanisms underlying this 

phenomenon activation of Ca" + channels in the muscle cell membrane has been 

considered (Arreola et al. 1987). In mature frog skeletal muscle catecholamines 

were shown to increase the amplitude and to decrease the time constants of the slow 

dihydropyridine(DHP)-sensitive, and of the fast DHP-insensitive calcium currents 

(Arreola et al. 1987; Kokate et al. 1993), and of the potassium currents (Muniz 

et al. 1988). However, these effects have not been studied in developing muscles 

during myogenesis and in cultured myocytes. 

It was of considerable interest to elucidate the adrenergic modulation of Ca-

channel activity during early myogenesis, and in particular in skeletal myocytes 

developing in culture. In cultured frog embryonic myocytes the voltage-dependent 

sodium, potassium and calcium currents have been described (Moody-Corbett et al. 

1989; Lukyanenko et al. 1993, 1994). In general, the currents display characteristics 

tha t are similar to those in mature frog skeletal muscle fibres. It is known tha t 

during muscle tissue development, the /3-adrenergic receptor - adenylate cyclase 

system which transduces the adrenergic signals, changes its subunit composition 

(Reddy et al. 1979; Smith and Clare 1980; Smith 1984; Pertseva 1989, 1991). It 

has been shown tha t the protein subunits which make up this system develop 

heterochronously and independently of each other (Pertseva 1989). These findings 

arouse interest in the study of adrenergic effects during early development stages 

of skeletal muscle cells. 

In the present study an a t tempt was made to disclose the effect of adrener

gic modulation upon voltage-dependent C a 2 + channel activity in muscles during 

myogenesis in culture. 

Mater ia l s and M e t h o d s 

Cell culture 

Standard embryonic muscle cell cultures were prepared from early neurula embryos of 
Rana temporaria. The dorsal portions of the embryos were dissected in 60% Medium 
199M with 2% fetal calf serum and 50 U/ml penicillin and 50 /(g/ml streptomycin, and 
washed during 10 min in calcium-free salt solution containing (in mmol/1): NaCl 50; KC1 
0.7; KH 2 P0 4 0.9; Na 2 HP0 4 16; NaHCOs 2.4: EDTA 1.9 (Freed and Mezger-Fieed 1970). 
After the dissociation into single cells the ectoderm was stripped off, mesodermal and 
neural cells were transferred for culturing on glass, in 40 mm Petii dishes. The growth 
medium contained: Medium 199M 55%; fetal calf serum 10%; 50 U/ml penicillin and 50 
/ig/ml streptomycin. These constituents prevent both myocyte division and fusion. The 
culture was kept at 20 °C. The myoblasts plated on the glass bottom of the chamber turned 
spindleshaped, 10 /tin in diameter and 100 //m in length. The experiments were performed 
with cells from 2 to 10-day-old cultuies. The myocytes selected for expeiiments did not 
show any connections with neuroblasts or with each other. 
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Patch-clamp recording and data analysis 

The conventional whole-cell voltage-clamp recording procedure was used (Hamill et al. 
1981). The linear component of the leakage current was subtracted electronically. The 
fast component of capacity currents associated with electrode and electrode holder was 
fully compensated, however the slow component associated with cell capacity could be 
compensated only partly due to the large size and the complex shape of the cells. The 
seal resistance was 5-30 GO and the input resistance of cells ranged between 1-5 GQ . 
The experiments were started 10-15 min after the whole-cell recording configuration was 
established. The membrane potential was held at —80 mV. The current signal was sampled 
at 0.1-10 ms sampling intervals. Experiments were performed at room temperature (19-
21 °C). 

Solutions and chemicals 

The basic external solution contained (in mmol/1): NaCl 120; KC1 1.5; CaCl2 2; HEPES 8; 
pH 7.4 adjusted with NaOH. The pipettes were filled with a solution containing (mmol/1): 
CsCl 60; TEAC1 50; CaCl2 2; MgCl2 1; K2EGTA 10; HEPES 8; pH 7.2 adjusted with KOH. 
DHP antagonist nifedipine (Sigma) was preliminarily dissolved in dimethylsulfoxide at 10 
mmol/1 and subsequently in external solution yielding a final concentration of 0.1 mmol/1. 
Adrenaline (Sigma), /5-adrenoreceptor agonist isoproterenol (Sigma), and ,3-adrenoblocker 
obsidan (Germed) were added to the external solution. 
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Figure 1. Effect of Adr on slow calcium current in frog myocytes. A. Current traces 
(after leak subtraction) elicited by test potentials to —10 mV before (N) and after the 
addition of 2 /^mol/l Adr to the standard external recording solution. Holding potential 
(HP) —80 mV. Until 50 ms of stimulation the sampling frequency was 10 kHz, between 
50 ms and 2 s 100 Hz, after 2 s 10 Hz; accordingly, the time scale is linear below 50 ms, 
between 50 ms and 2 s, and beyond 2 s. B. The peak cm rent-voltage relationships for 
the experiment. The curves show peak amplitudes of slow calcium current before (N) and 
after (Adr) application of 2 /mrol/1 Adr. The ordinate represents peak current amplitude, 
and the abscissa shows the test potential value (E). Seven-day-old culture; myocyte N 
24.04.93.5. 
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Results 

In our experiments the adrenoreceptor agonists adrenaline (Adr), and isoproterenol 
(Isp) in concentrations 0.1-10 ^rnol/1 increased the amplitude of the DHP-sensitive 
slow calcium current (ica,s)- From day 2 to 6 after myoblast plating Adr (n = 5), 
and Isp (n = 7) did not change the amplitude of ica.s at all (n = 5) or slightly 
increased it. The average positive effect was 16.3% (n = 12) taking into account 
the rundown for /ca.s- However, from day 7 after plating the reaction of Jca.s to 
Adr (n = 2), and Isp (n = 2) was observed in all cases and was more expressed 
(average 70.8%). Fig. 1 shows the effect of 2 /Limol/1 Adr on ica.s ° n a 7-day-old 
myocyte. The peak current-voltage relationships display amplitude increase but 
without taking into account the rundown. Fig. 2 shows the peak Ica.s amplitude 
changing during the experiment (9-day-old myocyte) and upon the application of 
Isp and Obs in concentrations 1 ^mol/1. The diagram (Fig. 2 C) allows account for 
the rundown and shows approximately twofold amplitude increase. 

The fast calcium current (/ca,f) under Adr (n = 2), and Isp (n = 2) action 
showed the same changes along the stages of development which were described 
above for 7ca,s (days 2-10 after plating). Fig. 3 shows the increase of ica.f after 
the addition of 1 /xmol/1 Isp, and 1 /xmol/1 Obs to the external recording solution. 
The diagram of peak /ca,f amplitude (Fig. 3C) allows to appreciate the rundown 
part. The effects of Adr and Isp increased with the age of the culture from 0-20% 
(day 2 after plating) to 108% (10-day-old culture). 

From the results shown above the unusual effect of the adrenoblocker obsidan 
is clearly seen (Figs. 2, 3). The application of Obs in concentrations 1-10 /imol/1 
after Adr or Isp resulted in an additional increase of ica,s (n = 9) or Ica.f (n — 3) 
amplitude in all cases and in the same order of magnitude. For Jca.s the average 
amplitude increase was 17% before day 7 of culturing and 77%) from day 7 to 10. 

The speed of activation (half time to peak, to 5) and inactivation time constant 
(Tin) for all types of the currents were only slightly changed by all the substances 
examined (Figs. 1-3) and these changes were negligible. 

Discussion 

Our data show that the application of adrenergic agents resulted in slight enhance
ment before day 7 after myoblast plating, and in a marked enhancement of both 
the fast and the slow calcium currents in 7-10-day-old myocytes. All effects were 
seen with strong rundown described earlier for Ic*,& and ica.f in mature skele
tal muscle fibers and embryonic myocytes (Cota and Stefani 1986; Beaty et al. 
1987; Garcia and Stefani 1987; Somasundaram and Tregear 1993; Lukyanenko et 
al. 1994). Because of the rundown the effects could not be accurately estimated. 
As a rule, before day 7 the amplitude of ica after addition of the hormone was 
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Figure 2. Effect of Isp and Obs 
on slow calcium current in frog 
myocytes. A, B. Current traces 
(after leak subtraction) elicited 
by test potentials to —20 mV be
fore (N) and after the addition 
of 1 jimol/1 Isp (A: Isp) to the 
standard external recording so
lution, and before (B: Isp) and 
after the application of 1 ^tmol/1 
obsidan (B: Obs). HP - 8 0 mV; 
time scale as in Fig. 1; 9-day-old 
culture; myocyte N 19.05.93.1. 
C. Diagram of changes in slow 
calcium current peak amplitude 
as a function of time, and after 
the application of Isp and Obs at 
—20 mV test potential. The ordi
nate represents peak current am
plitude, and the abscissa shows 
time from the beginning of the 
experiment. 
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not higher than before the application, and the effect could only be appreciated 

roughly assuming linear nature of the rundown process. However even with taking 

into account the rundown, the increment of Tea amplitude after the Adr or Isp 
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Figure 3. Effect of Isp and Obs on fast calcium current in frog myocytes. A, B. Current 
traces (after leak subtraction) elicited by test potentials to —20 mV before (N) and after 
the addition of 1 ;iinol/l Isp (A: Isp) to the standard external recording solution, and 
before (B: Isp) and after the application of 1 jumol/1 obsidan (B: Obs). HP —80 mV; time 
scale as in Fig. 1; 10-day-old culture; myocyte N 20.05.93.1. C. Diagram of changes in 
fast calcium current peak amplitude as a function of time, and after the application of 
Isp and Obs at —20 mV test potential. The ordinate represents peak current amplitude, 
and the abscissa shows time from the beginning of the experiment. 

application in concentrations as above was not seen in 40% of myocytes examined 

before day 7 after plating. 



Effect of Adrenaline on Myocyte Ca"+ Channels 521 

From day 7 to 10, all cells examined showed large / c a ampli tude increments 

after Adr or Isp application. Similar positive effects of Adr, Isp, and cAMP were 

described for ica.s and ica.f in mature skeletal muscle fibres of frog (Arreola et 

al. 1987; Garcia et al. 1990; Kokate et al. 1993). However, we did not record any 

changes in the t ime constants of i c a (io.5 and Xi„). This is similar to the results 

reported by Somasundaram and Tregear (1993) in differentiating rat skeletal mus

cle cells, and is in contrast with tha t in mature frog muscle fibre (Arreola et al. 

1987; Kokate et al. 1993). It may be a result of immaturi ty of the /?-adrenergic 

regulatory system of the myocytes, although the stage when /3-adrenergic stimula

tion effects were recorded in vitro corresponded to in vivo developmental stage of 

mature skeletal muscle fibres (Lukyanenko et al. 1993). 

The appearance of voltage-dependent channels and an increase in channel den

sity in the myocyte membrane during myogenesis in culture was shown by several 

authors (DeCino and Kidokoro 1985; Moody-Corbett et al. 1989; Lukyanenko et 

al. 1993). The percentages of cells with sodium, calcium and potassium currents 

increased as well as did the whole-cell current amplitude, with the cell culture 

age. Our da ta show an increase of the Adr and Isp effect on calcium channels 

during myogenesis. Especially strong effect was recorded for all myocytes exam

ined after day 6 of culturing. We can suggest tha t /3-adrenergic receptors appear 

in the myocyte membrane during days 6-7 after myoblast plating. Our previous 

da ta (Lukyanenko et al. 1993) and those of other investigators (Schmid et al. 1984; 

Amagai and Kasai 1989; Zemková et al. 1989; Arai et al. 1992; etc.) show that on 

day 6-7 of muscle culturing the protein synthesis reaches maximum intensity, and 

the process of channel and receptor formation and accumulation is terminated. It 

is known that the /^-adrenergic receptor - adenylate cyclase system is a molecular 

complex which comprises several subunits. This system develops gradually during 

the period of muscle maturat ion, and its subunits arise asynchronously (Reddy 

et al. 1979; Smith and Clark 1980; Smith 1984; Pertseva 1989). It can be pro

posed that the unusual effect of obsidan was a result of the immaturi ty of the j3-

-adrenergic regulatory complex as a whole, or of the immaturi ty of the G; protein 

complex. The latter differs from the G s protein by the masses of the respective sub-

units (/? and 7) (Northup 1985), and we can propose that the t ime of the G-protein 

complex matura t ion can vary. Unusual inhibitory effects of G-proteins connected 

with the /J-adrenergic receptor upon the slow calcium channels during early stages 

of myogenesis were shown by Somasundaram and Tregear (1993) in rat skeletal 

myocytes. 

In conclusion, our results indicate that : 1) the ^-adrenergic regulatory com

plex can stimulate the activity of the fast and the slow voltage-dependent calcium 

channels of the frog skeletal myocytes; 2) there is a distinct developmental stage 

at which a functioning /3-adrenergic regulatory complex appears in the membrane 

of skeletal myocytes. 



522 Lukyanenko et al. 

Acknowledgements. The research described in this publication was in part made pos
sible by Grant No. NVQ 000 from the International Science Foundation. 

References 

Amagai Y., Kasai Sh. (1989): Calcium action potential and prolonged afterhyperpolariza-
tion in developing myotubes of a mouse clonal myogenic cell line. Jpn. J. Physiol. 
39, 33—42 

Arai M., Otsu K., MacLennan D. H., Periasamy M. (1992): Regulation of sarcoplasmic 
reticulum gene expression during cardiac and skeletal muscle development. Amer. 
J. Physiol. 262, C614—C620 

Arreola J., Calvo J., Garcia M. C , Sanchez J. A. (1987): Modulation of Ca channels 
of twitch skeletal muscle fibres of the frog by adrenaline and cyclic adenosine 
monophosphate. J. Physiol. (London) 393, 307—330 

Beaty G. N., Cota G., Siri L. N., Sanchez J. A., Stefani E. (1987): Skeletal muscle C a + + 

channels. In: Structure and Physiology of the Slow Inward Calcium Channel (Eds. 
T. Riggle, J. C. Ventor), pp. 123—140, Allan R. Liss., New York 

Cota G., Stefani E. (1986): A fast-activated inward calcium current in twitch muscle fibres 
of the frog (Rana montezume). J. Physiol. (London) 370, 150—163 

DeCino P., Kidokoro Y. (1985): Development and subsequent neural tube effects on the 
excitability of cultured Xenopus myocytes. J. Neurosci. 5, 1471—1482 

Freed J. J., Mezger-Freed L. (1970): Culture methods for anuran cells. In: Methods in 
Cell Physiology. Vol. 4. (Ed. D. M. Prescot), pp. 19—48, Acad. Press., New York 

Garcia J., Stefani E. (1987): Appropriate conditions to record activation of fast Ca2 + 

channels in frog skeletal muscle (Rana pipiens). Pflugers Arch. 408, 646—648 
Garcia J., Gamboa-Aldeco R., Stefani E. (1990): Charge movement and calcium currents 

in sceletal muscle fibers are enhanced by GTP7S. Pfliigers Arch. 417, 114—116 
Gonzalez-Serratos H., Hill L., Valle-Aquilera R. (1981): Effects of catecholamines and 

cyclic AMP on excitation-contraction coupling in isolated skeletal muscle fibres of 
the frog. J. Physiol. (London) 315, 267—282 

Hamill O. P., Marty A., Neher E., Sakman B., Sigworth F. J. (1981): Improved patch-
clamp techniques for high-resolution current recording from cells and cell-free mem
brane patches. Pflugers Arch. 391, 85—100 

Kokate T. G., Heiny J. A., Spererlakis N. (1993): Stimulation of the slow calcium current 
in bullfrog skeletal muscle fibers by cAMP and cGMP. Amer. J. Physiol. 265, 
C47—C53 

Lukyanenko V. I., Nasledov G. A., Katina I. E., Lonsky A. V. (1993): Voltage dependent 
ionic currents in cultured frog skeletal myocytes. Gen. Physiol. Biophys. 12, 231— 
247 

Lukyanenko V. I., Katina I. E., Nasledov G. A. (1994): Voltage dependent fast calcium 
current in cultured skeletal myocytes of the frog Rana temporaria. Gen. Physiol. 
Biophys. 13, 237—246 

Moody-Corbett F., Gilbert R., Akbarali H., Hall J. (1989): Calcium current in embryonic 
Xenopus muscle cell in culture. Can. J. Physiol. Pharmacol. 67, 1259—1264 

Muniz J., Lomeli J., Huerta M. (1988): Adrenergic modulation of the K+ currents in tonic 
muscle fibers of the frog. Biophys. J. 53 N2 (part 2), 546a 

Northup J. K. (1985): Overview of the guanine nucleotide regulatory protein systems, 
Ns and N,, which regulate adenylate cyclase activity in plasma membranes. In: 



Effect of Adrenaline on Myocyte Ca """ Channels 523 

Molecular Aspects of Cellular Regulation, Vol. 4, Molecular Mechanisms of Trans
membrane Signaling, pp. 91—116. Elsevier, New York 

Oota J., Nagai T. (1977): Effects of catecholamines on excitation-contraction coupling in 
frog single twitch fiber. Jpn. J. Physiol. 27, 195—213 

Pertseva M. (1989): Molecular Basis of Evolution of Cell Hormonocompetence. Nauka, 
Leningrad (in Russian) 

Pertseva M. (1991): The evolution of hormonal signalling systems. Comp. Biochem. Phys
iol. 100A, 775—787 

Reddy N. B., Oliver K. L., Engel W. K. (1979): Developmental pattern of adenylate 
cyclase and /3-adrenergic receptor in rat skeletal muscle. Fed. Proc. 38, 843 

Schmid A., Renaud J. -F., Fosset M., Meaux J. - P., Lazdunski M. (1984): The nitrendipine-
sensitive Ca + channel in chick muscle cells and its appearance during myogenesis 
in vitro - and in vivo. J. Biol. Chem. 259, 11366—11372 

Smith P. B. (1984): Developmental alterations in guanine nucleotide regulation of the 
/3-adrenergic receptor - adenylate cyclase system of skeletal muscle. J. Biol. Chem. 
259, 7294—7299 

Smith P. B., Clare G. F. (1980): /J-Adrenergic receptor - adenylate cyclase alterations 
during the postnatal developmental of skeletal muscle. Biochem. Biophys. Acta 
633, 247—288 

Somasundaram B., Tregear R. T. (1993): Isoproterenol and GTP7 S inhibit L-type calcium 
channels of differentiating rat skeletal muscle cells. J. Muscle Res. Cell Motil. 14, 
341—346 

Zemková H., Vyskočil F., Tolar M., Vlachová V., Ujec E. (1989): Single K + currents 
during differentiation of embryonic muscle cells m vitro. Biochim. Biophis. Acta, 
986, 146—150 

Final version accepted December 12. 1995 


