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Abstract. Intracellular calcium shifts were studied by means of the lead acetate 
method in crayfish muscle fibres activated either by caffeine or by membrane 
depolarisation (tetanic and potassium conctracture). Caffeine activation resulted in 
a marked depletion of calcium stores localised in the sarcoplasmic reticulum (SR) 
whereas fibres activated by potassium depolarisation exhibited a pronounced 
increase in the myofibrillar calcium. The shifts of specific precipitates from and to 
the SR were fairly uniform including all SR elements along the sarcomere. The 
observations support the hypothesis on partially different sources of activating 
calcium for contractions elicited by membrane depolarisation and caffeine respec
tively in crayfish muscle fibres. 
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Introduction 

It is generally accepted that calcium plays an important role in the contraction-
relaxation cycle of muscle cells (Zachar 1971). 

The capacity of sarcoplasmic reticulum (SR) vesicles to accumulate calcium 
was demonstrated both in microsomal fraction (Ebashi 1961; Hasselbach and 
Makinose 1961) and in situ using histochemical (Costantin et al. 1965; Zebe and 
Hasselbach 1966) as well as X-ray microanalytical methods (Somlyo et al. 1977). 

A logical extension of these investigations has been the attempt to demon
strate intracellular calcium shifts during the contraction-relaxation cycle using 
morphological techniques. As contrasted with the numerous papers dealing with 
activity dependent calcium translocations in smooth muscle cells (Atsumi and Sugi 
1976; Sugi and Daimon 1977 ; Atsumi 1978; Suzuki and Sugi 1978; Fukuoka et 
al. 1980;Rubányietal . 1980; Sugi et al. 1981, 1982; Suzuki 1982) relatively few 
studies were conducted on skeletal muscle cells. Using the method of autorádio-
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graphy Winegrad (1965, 1968, 1970) could show that during tetanic stimulation 
calcium was displaced from the level of the Z-lines (where the terminal cisternae 
are located) to the site of the myosin/actin interaction; a reverse shift could be 
observed during relaxation. Under similar conditions but using the pyroantimonate 
method (Yarom and Meiri 1971; Samosudova and Lyudkovskaya 1979) no 
changes in Ca-precipitates contained in terminal cisternae (TC) were observed; 
instead, the precipitates located in I-bands were dispersed along the myofilaments 
(Yarom and Meiri 1971). An unaltered density of pyroantimonate precipitates in 
TC was reported by McCallister and Hadek (1973) even in muscle fibres treated 
repeatedly by caffeine in a Ca-free solution. 

Different results were obtained by Somlyo et al. (1981) on tetanized frog 
muscles using electron-probe analysis of ultrathin cryosections: 59% of the 
calcium content of TC was released thus suggesting that TC are the major site of Ca 
storage and release in the contraction-relaxation cycle. 

Due to differences and discrepancies in the above-mentioned studies further 
work is needed to clarify the question of intracellular Ca translocation in skeletal 
muscle cells. 

In the present work histochemical methods were used to demonstrate intracel
lular calcium distribution in crayfish muscle fibres during activation of contraction 
induced either by caffeine or by depolarisation of the cell membrane. The crayfish 
muscle seems to be of special interest for such comparative investigations due to 
clear-cut differences in the dependence upon the extracellular calcium between 
caffeine-induced and depolarisation-evoked contractile responses (Zachar 1971). 
Our results revealed that there are corresponding differences in the involvement of 
the calcium from the SR between the two types of contractile activation. In crayfish 
muscle fibres the shift of precipitates from and to SR is fairly uniform including all 
SR elements along the sarcomere. 

Some of the results were reported briefly elsewhere (Uhrík and Zacharová 
1981). 

Material and Methods 

Single muscle fibres from m. extensor carpopoditi of the crayfish (Astacus fluviatilis) were dissected 
according to Zachar et al. (1964) and equilibrated in crayfish saline containing (in mmol/1): Na' 
(205.3); K" (5.4); Ca2* (13.5); Mg2+ (5.6); CI" (248.8); TRIS+ (5); pH was adjusted to 7.3—7.5. 
Potassium contractures were induced by sudden exchange of the normal crayfish saline for a saline with 
an increased potassium concentration (43.2 mmol/I K+) at a constant [K]„ x [CI]... The procedure was 
described elsewhere (Zachar and Zacharová 1966). 

Tetanic stimulation (40 Hz) was applied by means of two platinum plate electrodes (massive 
stimulation). Caffeine was dissolved directly in the crayfish saline to give the final concentration of 
6 mmol/1. The RCA 5734 transducer was used to record isometric tension. 

The lead acetate method (Carasso and Favard 1966; Komnick 1970) was used for calcium 
demonstration. Fibres were fixed with 2% glutaraldehyde in 0.2 mmol/1 phosphate buffer (pH 8). In 
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Fig. 1. X-ray spectrum from a precipitate in SR following the lead acetate histochemical procedure in 
a crayfish muscle fibre. 0.5 urn unstained section was used and the signal was collected for 100 sec at 
40 kV. 

the following steps lead was substituted for calcium in the phosphate to form electron-dense 
precipitates. Further details of the procedure are given in another paper (Uhrík and Zacharová 1979) 
which also demonstrates the usefulness of the method for contrasting SR in crayfish muscle fibres. The 
specificity of the method was confirmed on heart muscle by Diculescu et al. (1971) using EGTA as 
calcium chelating agent. 

Ultrastructural appearance of activated fibres was compared with controls taken from the same 
animal and processed in parallel under otherwise identical conditions to exclude unspecific variations in 
myofibrillar precipitates. 

After embedding in Epon812 ultrathin (60—80 nm) sections were studied in a Tesla BS613 
electron microscope at 80 kV. Thick (2 (im) sections were examined in the JEM 1000 high voltage 
electron microscope at 1000 kV. 

A preliminary study of the composition of the precipitates using energy dispersive X-ray analysis 
(EDAX 711 in connection with the microscope JEM 100 C) showed a large peak for the Pb M„ line 
(2345 eV) and a slight indication for the Ca K., line (3691 eV) suggesting a practically complete 
substitution of lead for calcium in the fibre (Fig. 1). 

Results 

Normal appearance 

Specific precipitates may be observed in SR vesicles, mitochondria and external 
(basal) lamina of sarcolemmal invaginations (clefts) as described previously (Uhrík 
and Zacharová 1979). 



66 Uhrík and Zacharová 

• • • 

Fig. 2. Ultrathin sections. The distribution of the precipitates in crayfish muscle fibres in relaxed state. 
(a), (b) — transverse section, (c) — longitudinal section. The arrows in (b) point to fine precipitates 
along the membranes of a T-tubule. / — tubule of the T-system; c — cisterna of the SR; SI 
— sarcolemmal invagination;Z —Z-line. Magnification: x 53,700 (a), x 23,100 (b), x 23,800 (c). 

Fig. 2 shows the appearance of crayfish muscle fibres processed with the lead 
acetate method in relaxed state. Fig. 2a and 2b differ in the amount of precipitates 
in the myofibrillar region, the fibre in (a) being virtually free from the precipitates. 
It was not clear why the fibres differed in this respect; some observations suggest 
that individual and seasonal differences might be responsible. These myofibrillar 
precipitates, if present, were diffusely dispersed between myofilaments with the 
highest density at the I band level and A/I boundary (Fig. 2c). An invariable 
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Fig. 3. Caffeine contracture in a single muscle fibre of the crayfish. 6 mmol/1 caffeine (left arrow) was 
applied for 60 sec. 

Fig. 4, 5. Stereo-pairs of transverse 2 \xm thick sections in a high voltage electron microscope from the 
fibre in relaxed state (Fig. 4) and the caffeine-treated fibre (Fig. 5). The arrows in Fig. 5 point to 
boundaries (formed by SR elements) between individual myofibrils. Tilt: 0° and 4°. x 25,000. 
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Fig. 6. Ultrathin transverse section of the fibre let to recover from the caffeine contracture for 30 min 
Calcium returned to the SR elements resulting in the distinct delineation of myofibrils, x 23,100. 

feature was the presence of heavy precipitates in all SR vesicles. The lumen of 
T-tubules was either empty (Fig. 2d) or contained fine precipitates along the 
tubular membranes (Fig. 2b). 

Caffeine activation 

Four pairs of fibres (test and control) were examined. In two cases the caffeine 
administration was preceded by a 6 min perfusion with Ca-free saline. No 
differences either in mechanical response or ultrastructural appearance were 
observed as compared with fibres perfused in normal saline prior to caffeine 
administration. 

Fibres were exposed to caffeine for 60 s and then fixed for ultrastructural 
examination. The time course of caffeine contractures was generally the same as 
described previously (Uhrík and Zacharová 1976) with several peaks and a tonic 
plateau, as shown in Fig. 3. 

The use of thick sections and their examination in a high voltage electron 
microscope may be advantageous for a more representative view of the distribution 
of precipitates. Fig. 4 shows a 2 urn thick section of a control fibre with a normal 
distribution of SR precipitates distinctly delineating individual myofibrils. In 
caffeine treated fibres the intensity of SR precipitates was decreased resulting in 
a poor delineation of myofibrils, whereas a moderate increase in the precipitate 
density was encountered in myofibrillar spaces (Fig. 5). 
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Fig. 7. Potassium contracture in a single muscle fibre of the crayfish. 43.2 mmol/1 K* (left arrow) was 
applied for 25 sec. 

These changes were reversible as demonstrated on the fibre recovering from 
the caffeine contracture for 30 min in normal saline (Fig. 6). Calcium was present 
in all elements of the sarcoplasmic reticulum along the sarcomere. 

Depolarisa tion -induced a ctiva tion 

Four pairs of fibres were examined. In two cases the membrane depolarisation was 
induced by increasing the [K]0 for 20 or 25 sec (Fig. 7) ; in two other cases the 
fibres were depolarised by 35 sec tetanic stimulation. 

Fig. 8 demonstrates ultrastructural changes in a 2 um section. In comparison 
with the normal appearance (Fig. 4) the distribution of precipitates during the 
potassium contracture shows a moderate decrease in intensity of SR precipitates 
and an overall increase in the precipitate density in the myofibrillar space with the 
same preference for I bands and A/I boundaries as seen in the control (Fig. 2c). In 
some regions the decrease in precipitate density in SR was more pronounced but 
has never reached the caffeine-induced decrease. On the other hand, the precipi
tate density in myofibrillar region was markedly increased in comparison with that 
during the caffeine contracture. There was no evidence for a different reactivity 
between the different parts of the SR along the sarcomere. 

The fibres activated by tetanic stimulation for 35 sec did not differ significantly 
in the distribution and density of precipitates from controls (Fig. 9a, b). 

Discussion 

Single muscle fibre of the crayfish may be considered a preparation especially 
suitable for the application of histochemical precipitation methods since isolation 
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Fig. 8. Stereo-pair of a transverse 2 um thick section in a high voltage electron microscope from the fibre 
undergoing potassium contracture. Note the marked increase in myofibrillar precipitates. Tilt: 0° and 4°. 
X 25,000. 

from adjacent tissue and the presence of broad sarcolemmal invaginations or clefts 
(Uhrík et al. 1980) facilitate the diffusion of precipitating ions. 

Previous physiological studies (Zacharová and Zachar 1967; Zachar 1971) 
have shown that potassium contractures in the crayfish muscle fibres are dependent 
on the presence of calcium ions in the extracellular solution in contrast to caffeine 
contractures which can only be influenced after a prolonged perfusion with Ca-free 
saline (Zacharová and Uhrík 1970). These findings were explained on the 
assumption of coupling as well as activating role of extracellular calcium in the 
initiation of potassium contractures (Zacharová and Zachar 1967), and — based 
on biochemical investigations of microsomal fractions (Weber and Herz 1968; 
Carvalho 1968) — on the assumption of a direct effect of caffeine upon SR. In 
subsequent studies (Uhrík and Zacharová 1968, 1976) a marked swelling of SR 
cisternae in crayfish muscle fibres following activation by caffeine was described as 
distinguished from fibres undergoing potassium contracture, where only minor 
changes in SR ultrastructure could be detected. 

The differences in the distribution of precipitates between caffeine- and 
potassium-induced contractures described in this work are compatible with the 
above-mentioned assumption. The pronounced decrease in intensity of SR precipi
tates and a moderate increase in density of myofibrillar precipitates after caffeine 
administration (Fig. 5) obviously reflects a shift of calcium from SR to the 
contractile apparatus; the activating calcium originates from the intracellular stores 
only. The direct effect of caffeine on SR vesicles of crab and crayfish muscle was 
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Fig. 9. Ultrathin sections. The fibre activated by tetanic stimulation (b) does not differ significantly from 
the control fibre (a), x 33,200. 

proved also in biochemical studies using microsomal fractions (Huddart and 
Williams 1974; Tomková and Kontšeková 1980). 

A markedly higher density of myofibrillar precipitates despite the only 
moderate decrease in density of SR precipitates during the potassium contracture 
(Fig. 8) suggests an involvement of extracellular calcium in a dual role of both 
coupling and activating agent. The participation of intracellular calcium in the 
contracture activation is difficult to assess quantitatively. The release of calcium 
from SR vesicles may be triggered by a mechanism of calcium-induced calcium 
release (for a review see Endo 1977). 

Insignificant differences between the test and the control fibres during tetanic 
stimulation as opposed to the potassium depolarised fibres may be explained on the 
assumption that the potassium depolarisation encompasses the membranes of the 
clefts and the T-tubules in a more effective way, thus enhancing the overall 
Ca-influx. Whatever factor may be responsible, however, the insignificant changes 
after tetanic stimulation only stress the difference between depolarisation- and 
caffeine-induced activation. 

The microscopic examination of differently activated fibres has also revealed 
that the sarcoplasmic reticulum of the crayfish behaved in a relatively uniform way: 
All SR elements along the sarcomere exhibited similar density of precipitates. This 
observation may be related to the relatively simple arrangement of SR in the 
crayfish (Brandt et al. 1965) exhibiting uniform shape of a fenestrated bag and 
lacking specialized configurations known in vertebrates. 
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Other internal or external Ca-stores (mitochondria, external lamina of sar-
colemmal invaginations) do not seem to play a role as the sources of activating 
calcium in the crayfish muscle fibres. On the contrary, during different activation 
procedures, the density of mitochondrial precipitates increased, expecially during 
the potassium contracture. This would suggest a calcium-buffering function of 
mitochondria (for a review see Bygrave 1978) in the crayfish muscle. The 
dominating role of the SR as a calcium regulating structure in this type of crayfish 
muscle fibres is further stressed by the results of the stereological study (Uhrík et 
al. 1980): SR occupies 4.7 volume percent — markedly more than mitochondria 
(1.1 %) , the T-system (1.1 %) or the sarcolemmal invaginations (0.7 %) . If the total 
calcium content of the crayfish muscle fibre — estimated by Šajter et al. (1968) to 
be 10 mmol/1 fibre — were sequestred within SR, its concentration would be about 
200 mmol/1. This value agrees with that calculated for the barnacle giant fibre 
(Hoyle et al. 1973) where both the volume of the SR and the total calcium content 
are about ten times lower. 

Acknowledgements. We would like to thank Prof. Dr. H. Bethge, Dr. G. Kästner and Dr. D. Hoehl, 
Inštitút fiir Festkorperphysik und Elektronenmikroskopie ADW der DDR, Halle/Saale, GDR for the 
use of the JEM 1000 microscope, and Dr. J. Ivan, Institute of Materials and Mechanics of Machines, 
Slovak Academy of Sciences, Bratislava for his assistance with the X-ray analytical electron microscopy. 
We thank also Miss A. Repaská and E. Danišová for their skillful technical assistance. 

References 

Atsumi S. (1978): Sarcoplasmic reticulum and intracellular calcium localization at rest and during 
contraction in Mytilus smooth muscle. Arch. Histol. Jpn. 41, 239—258 

Atsumi S., Sugi H. (1976): Localization of calcium-accumulating structur.-s in the anterior byssal 
retractor muscle of Mytilus edulis and their role in the regulation of active and catch contractions. J. 
Physiol. (London) 257, 549—560 

Brandt P. W., Reuben J. P., Girardier L., Grundfest H. (1965): Correlated morphological and 
physiological studies on isolated single muscle fibers. I. Fine structure of the crayfish muscle fiber J. 
Cell. Biol. 25, 233—260 

Bygrave F. L. (1978): Mitochondria and the control of intracellular calcium. Biol. Rev. 53, 43—79 
Carasso N., Favard P. (1966): Mise en evidence du calcium dans les myonémes pédiculaires de ciliés 

péritriches. J. Microsc. (Paris) 5, 759—770 
Carvalho A. P. (1968): Calcium-binding properties of sarcoplasmic reticulum as influenced by ATP, 

caffeine, quinine and local anesthetics. J. Gen. Physiol. 52, 622—642 
Costantin L. L., Franzini-Armstrong C, Podolsky R. J. (1965): Localization of calcium-accumulating 

structures in striated muscle fibers. Science 147, 158—160 
Diculescu I., Popescu L. M., Ionescu N., Butucescu N. (1971): Ultrastructural study of calcium 

distribution in cardiac muscle cells. Z. Zellforsch. 121, 181 — 198 
Ebashi S. (1961): Calcium binding activity of vesicular relaxing factor. J. Biochem. (Tokyo) 50, 

236—244 
Endo M. (1977): Calcium release from the sarcoplasmic reticulum. Physiol. Rev. 57, 71—108 



Calcium Shifts in Muscle Fibres 73 

Fukuoka H, Takagi T., Nagai H., Hotta K., Suzuki S., Sugi H. (1980): Localization and translocation of 
intracellular calcium in smooth muscle cells of bovine cerebral artery. J. Electron Microsc. 29, 
266—269 

Hasselbach W.. Makinose M. (1961): Die Calciumpumpe der „Erschlaffungsgrana" des Muskels und 
ihre Abhängigkeit von der ATP-Spaltung. Biochem. Z. 333. 518—528 

Hoyle G., McNeill P. A., Selverston A. I. (1973): Ultrastructure of barnacle giant muscle fibers. J. Cell 
Biol. 56, 74—91 

Huddart H. Williams A. J. (1974): The effect of caffeine and quinine on calcium uptake by 
sarcoplasmic reticulum isolated from crustacean skeletal muscle in relation to the disruption of 
excitation-contraction coupling. J. Comp. Physiol. 94, 331—338 

Komnick H. (1970): Histochemische Ionenfällung und Kontrastierung anorganischer Gewebebestand-
teile. In: Methodensammlung der Elektronenmikroskopie (Eds. G. Schimmel, W. Vogell) 3.2.1.1., 
pp. 1—10, Wissenschaftliche Verlagsgesellschaft MBH Stuttgart 

McCallister L. P., Hadek R. (1973): The localization of calcium in skeletal muscle: its distribution in 
muscles in which the caffeine-induced contracture was arrested. J. Ultrastruct. Res. 45, 59—81 

Rubányi G., Balogh L, Kovách A. G. B., Somogyi E., Sótonyi P. (1980): Ultrastructure and localization 
of calcium in uterine smooth muscle. Acta Morphol. Acad. Sci. Hung. 28, 269—278 

Šajter V., Zacharová D., Zachar J. (1968): Fluxes of Ca and Sr ions in single crustacean muscle fibres. 
Physiol. Bohemoslov. 17, 490-^191 

Samosudova N. V., Lyudkovskaya R. G. (1979): Calcium distribution in muscle related to changes in 
muscle striation. II. Calcium localization in fast and slow frog muscle fibers at rest and during 
potassium contracture. Tsitologiya 21, 391—396 (in Russian) 

Somlyo A. V., Gonzales-Serratos H., Shuman H, McClellan G., Somlyo A. P. (1981): Calcium release 
and ionic changes in the sarcoplasmic reticulum of tetanized muscle: An electron-probe study. J. 
Cell Biol. 90, 577—594 

Somlyo A. V., Shuman H., Somlyo A. P. (1977): Composition of sarcoplasmic reticulum in situ by 
electron probe X-ray microanalysis. Nature 268, 556—558 

Sugi H., Daimon T. (1977): Translocation of intracellularly stored calcium during the contraction-
relaxation cycle in guinea pig taenia coli. Nature 269, 436—438 

Sugi H., Suzuki S., Daimon T. (1982): Intracellular calcium translocation during contraction in 
vertebrate and invertebrate smooth muscles as studied by the pyroantimonate method. Can. J. 
Physiol. Pharmacol. 60, 576—587 

Sugi H., Suzuki S., Fujieda N. (1981): Extracellular localization of activator calcium in dog coronary 
. artery smooth muscle fibers. Proc. Jpn. Acad. 57, B, 390—393 

Suzuki S. (1982): Physiological and cytochemical studies on activator calcium in contraction by smooth 
muscle of a sea cucumber, Isostichopus badionotus. Cell Tissue Res. 222, 11—24 

Suzuki S., Sugi H. (1978): Ultrastructural and physiological studies on the longitudinal body wall 
muscle of Dolabella auricularia. II. Localization of intracellular calcium and its translocation during 
mechanical activity. J. Cell Biol. 79, 4 6 7 ^ 7 8 

Tomková Ž., Kontšekova M. (1980): The effect of caffeine and procaine on calcium uptake by 
sarcoplasmic reticulum of the crayfish in vitro. Biológia (Bratislava) 35, 381—387 

Uhrík B., Novotová M., Zachar J. (1980): A quantitative estimation of components in crayfish muscle 
fibres by stereological methods. Pflugers Arch. 387, 281—286 

Uhrík B., Zacharová D. (1968): Ultrastructural changes in the internal membraneous system of 
crustacean muscle fibres during caffeine contracture. Physiol. Bohemoslov. 17, 496 

Uhrík B., Zacharová D. (1976): Recovery of ultrastructural changes accompanying caffeine contrac
tures in isolated muscle fibres of the crayfish. Pflugers Arch. 364, 183—190 

Uhrík B., Zacharová D. (1979): Three-dimensional arrangement of sarcoplasmic reticulum in crayfish 
as seen by high voltage electron microscope. Cell Tissue Res. 202, 343—346 



74 Uhrík and Zacharová 

Uhrík B., Zacharová D. (1981): A histochemical study of calcium redistribution in crayfish muscle 
fibres during activation of contraction. Physiol. Bohemoslov. 30. 465 

Weber A., Herz R. (1968): The relationship between caffeine contracture of intact muscle and the 
effect of caffeine on reticulum. J. Gen. Physiol. 52, 750—759 

Winegrad S. (1965): Autoradiographic studies of intracellular calcium in frog skeletal muscle. J. Gen. 
Physiol. 48, 455—479 

Winegrad S. (1968): Intracellular calcium movements of frog skeletal muscle during recovery from 
tetanus. J. Gen. Physiol. 51, 65—83 

Winegrad S. (1970): The intracellular site of calcium activation of contraction in frog skeletal muscle. J. 
Gen. Physiol. 55, 77—88 

Yarom R., Meiri U. (1971): N lines in striated muscle: a site of intracellular Ca2*. Nature New Biology 
234, 254—256 

Zachar J. (1971): Electrogenesis and Contractility in Skeletal Muscle Cells. University Park Press, 
Baltimore, London 

Zachar J., Zacharová D. (1966): Potassium contractures in single muscle fibres of the crayfish. J. 
Physiol. (London) 186, 596—618 

Zachar J., Zacharová D., Henček M. (1964): Membrane potential of the isolated muscle fibre of the 
crayfish (Astacus fluviatilis). Physiol. Bohemoslov. 13, 117—128 

Zacharová D., Uhrík B. (1970): The influence of Ca-free solution upon the caffeine contracture and the 
ultrastructural appearance of crayfish muscle fibres. Physiol. Bohemoslov. 19, 355 

Zacharová D., Zachar J. (1967): The effect of external calcium ions on the excitation-contraction 
coupling in single muscle fibres of the crayfish. Physiol. Bohemoslov. 16, 191—207 

Zebe E., Hasselbach W. (1966): Uber die Akkumulation von Calcium im sarcoplasmatischen 
Retikulum von Insektenmuskeln. Z. Naturforsch. 21 b, 1248 

Received September 27, 1982 / Accepted October 4, 1982 


