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POTASSIUM ADSORPTION SITES IN FROG MUSCLE
VISUALIZED BY CESIUM AND THALLIUM
UN DER TH E TRANSMISSION ELECTRON MICROSCOPE
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Medizinische Biologie, Fachbereich Theoretische Medizin, Universitat dcs Saarlandcs, D-6650
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• Frog muscles in which a major portion o f the intracellular
was reversibly
replaced by C r+ or Tl+ were frozen, freeze-dried, and embedded in S p u n
medium . Electroti microscopic observation revealed a well-stained striation
pattern o f myofibrils, indicating that in the living state heavy tracers o f K+
are mainly located in the A bands and Z lines. The findings contradict the mem
brane theory but are in accordance with the association-induction hypothesis.

INTRODUCTION
Some recent articles in Science1 0 brought into focus a debate concerning a most
basic issue in biology and medicine: What is a living cell? According to the mem
brane theory, the cell is a collection of compartments filled with free water and
solutes. Membranes separate the compartments from each other and regulate the
composition of solutes by means of active and passive transport mechanisms. Accord
ing to the association-induction hypothesis, the living cell is a complex system of
proteins, ions, and water existing in close cooperative association and maintained
in a metastable high-energy state.7
The present work was performed in order to test one major point at issue in the
debate: the mechanism involved in the accumulation of K + in the living cell.
According to the membrane theory, the high K+ level inside a cell is dependent on a
functioning N a/K pump, and the cell K + is dissolved in the cell water. According
to the association-induction hypothesis, the bulk of intracellular K + is adsorbed to
fixed anionic sites of cell proteins. Therefore a localized distribution of К + in the
cytoplasm, following the pattern of distribution of certain proteins, would support
the latter hypothesis.
Although different methods are available to demonstrate K + localization at the
subcellular level (e.g., electron probe microanalysis, autoradiography), I chose the
method of transmission electron microscopy (ТЕМ ). However, K + normally found
in cells is not sufficiently electron-dense (atomic weight = 39) to be well visualized
by electron microscopy. On the other hand, Cs+ and T l+, which, like K+, are
accumulated like K+ in living cells,8"11 are heavy enough (atomic weights: Cs =
133; T1 = 204) to be expected to be visible using ТЕМ under the proper con
ditions.12,13
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MATERIALS AND METHODS
Frog sartorius muscles was selected for the experiment for several reasons. First,
previous experiments using frog muscles demonstrated that C s4* and T l+ can
stoichiomeirically displace К f and that all three ions compete for the same adsorp
tion sites.14-1 n Second, a method has been developed for the in vitro preservation
of isolated frog muscle at 25 °C for at least 8 days, long enough for a major portion
of К h to be replaced (reversibly) by C s* or T l4*.17 Third, if K 4* or the heavy
tracers of K 4*, C s4*, and TH* are adsorbed to anionic sites on specific proteins, the
periodic arrangement of the proteins in voluntary muscle should produce a periodic
accumulation of the cations in the muscle. Fourth, the frog sartorius muscle is only
about 0.3 mm thick, which is favorable for successful shock freezing (see below ).
It is well known that preparation of tissue for electron microscopic analysis of
diffusible substances poses difficulties.18 After testing conventional methods of
fixation and embedding, freeze-substitution, and freeze-drying, I chose the following
method: shock freezing of the tissue on a polished metal surface,111-21 freeze-drying,
embedding in ER L-4206 mixture,22 and dry sectioning.23 Sartorius muscles of
northern leopard frogs17 were loaded with Cs+ (up to 110 mM in the cell water)
and TH* (up to 70 т м in the cell water), were shock frozen with freezing forceps
(Reichert, Vienna) at liquid nitrogen temperature, then stored in liquid nitro
gen.* Frozen muscle segments were freeze-dried at — 80°C for 3 days and at
•—60°C for 6 days. After warming up, these segments were directly embedded in
ER L-4206 mixture.24 Finally, dry cut sections 0.3 to 0.4 microns thick were
examined in a Siemens Elmiskop I. As a rule, a layer of surface tissue a few microns
thick, in contact with the cold metal, exhibited a well-preserved sarcoplasmic
structure.

RESULTS
Unstained sections of Cs4*-loaded muscles at rest or slightly stretched show a
striation pattern of good contrast (Fig. 1A) . In Fig. 1 these pictures strikingly
resemble those of muscle sections obtained after the conventional fixing, embedding,
and lead citrate staining procedures:25 the myofibrils show dense Z lines at the
centers of the light I bands. The A bands have a central light H zone and denser
outer regions. At the center of the A band is a light L zone with a dark M line.
*This part of the procedure was carried out at the Department of Molecular Biology.
Pennsylvania Hospital, Philadelphia. Cellular K* was replaced by Cs" or Tl* according to the
procedure described by G. N. Ling and G. Bohr.10 Muscles were incubated in KMree medium
containing 2.5 т м Cs* o r i n a medium containing 2.5 т м К4 and 2.5 т м Tl*. After 2 days the
K* concentration of the latter medium was reduced to 1 т м . Radioactive tracers were used to
determine the cellular Cs* and Tl* content

room atmosphere for 1 h. Deformations seen in (5) are artifacts due to dry
sectioning. (4) Central part of (/) after storage 2 days in distilled water.
(5) Normal K'-loaded muscle. Abbreviations: A, A band: //. H zone; А/, M
line; L, L zone; /. I zone; Z, Z line: f*ly, glycogen. Scale bar = 1 /<m.
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FIGURE 1. Electron micrographs of dry cut, unstained sections of freezedried frog sartorius muscles. Living muscles had been loaded with Cs* (/)
and TT (2,5) prior to freeze-fixation, freeze-drying and embedding. (2) was
obtained immediately after sectioning, (5) after exposure of a section to

.
(Electron Micrographs)
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Densely stained glycogen granules can be seen along the borders of the myofibrils.
TD-loaded muscles show the same striation pattern as Cs+-loaded muscles (Figs.
IB, 1C). However, in the case of the T1 -loaded muscles it was much more difficult
to get well-preserved muscle libers because of T1 -induced deterioration; the
TlM oadccl muscles did not show intensely stained glycogen granules. Sections ex
posed to room atmosphere for one hour (Fig. 1C) revealed T14 precipitates. (Sec
tions of Cs +-loaded muscles also showed precipitates but after exposure to room
atmosphere for several days rather than one hour.) These granular precipitates are
unevenly distributed over the sarcomere in accordance with the stained zones of
sections that show no precipitates. The I band, excluding (he Z line, accumulates
only a small percentage of the T l4 available in a sarcomere. The excellent contrast
seen in the case of the Cs4'-loaded muscle in Fig. 1A is markedly reduced by leaching
the section for 2 days in distilled water (Fig. I D) . Even less contrast is seen in the
case of the normal muscle that contains K+ (Fig. IE) . (Very well preserved parts of
normal K+-loaded muscle fibers do not reveal Z and M lines when observed without
any staining. In preparations where the filaments are somewhat distorted, M and Z
lines can he recognized.)

DISCUSSION
The results presented here are of far-reaching significance. First, they have demon
strated the feasibility of embedding shock-frozen tissue in plastic without any major
conformational change, thereby providing a means for studying the native molecular
structure of cellular components. Second, the successful visualization of Cs+ and
T ix provides a means of testing alternative models cf the living cell. Third, the
technique may help solve the problems of artifact, resolution, and staining.
Artifact. It is well known that dislocation of diffusible substances during prepara
tive procedures limits successful application of the analytical methods available in
electron microscopy. Directly visualized heavy tracers are suitable to monitor the
dislocation of diffusible substances. As expected, dislocation of Cs4* and T l+ could
be observed in poorly preserved muscle, and Fig. 1C shows that translocation of ions
must be considered in sections exposed to room atmosphere.
Resolution. The visualization of C s+ and T l~ shows that it is possible to localize
diffusible heavy ions in the transmission electron microscope with a spatial resolution
much higher than that known for other analytical electron microscopic methods.18
At present, however, difficulty in procuring very thin dry sections without any de
formation (see Fig. 1C) prevents achieving the highest resolution.
Staining. As mentioned previously, the staining of the muscle by C s4 and TI+
resembles that of lead citrate staining after conventional fixation.26,27 Further in
vestigation of the staining mechanism of lead and of other stains may help to deter
mine the detailed nature of molecular sites occupied by C s+ and T l+ in vivo.
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CONCLUSION
The attempt to visualize Cs and T1 was made primarily to test two hypotheses
concerning the state of K** in the living cytoplasm. The specific accumulation of Cs^
and T1 * in the myofibril shows that despite the lack of a considerable K+ adsorption
or binding to broken subcellular fragments or isolated proteins in vitro?* the living
cell is indeed able to adsorb or bind alkali metal to specific cytoplasmic proteins. The
results arc in harmony with results of earlier attempts to localize K + at the subcellular level29'30 and support any К f binding theory.7-'1132 In contrast to the other
binding theories, however, the association-induction hypothesis has explained the
K + accumulation in living cells by a molecular adsorption mechanism. According to
this hypothesis, it is the free /З-carboxyl group of aspartic acid residues and the free
y-carboxyl groups of glutamic acid residues of the cellular proteins which selectively
absorb most of the alkali-metal ions. This concept predicts a preferred K* accumula
tion in the A band.14-10-33 The prediction has now been confirmed by the visualiza
tion of Cs 1 and TP' as reported here.34

This work was supported by Deutsche Forschungsgemeinschaft, Bad Godesberg.

RF.FERENCES AND NOTES
1. G. B. Kolata. “Water structure and ion binding: A role in cell physiology?” Science, 192.
1220(1976).
2 R. Damadian, “Structured water or pumps? ibid, 193, 528.
3. G. N. Ling, ibid, 530.
4. C. F. Hazlewood. ibid, 532.
5. F. W. Cope, ibid, 532.
6. F. W. Woodbury, ibid, 532.
7. G. N. Ling, A Physical Theory of the Living State: The Association-Induction Hypothesis,
Blaisdell Publishing Co., Waltham, Massachusetts, 1962.
8. E. Epstein and С. E. Hagen. “A kinetic study of the absorption of alkali cations by barley
roots ” Plant Physiol., 27. 457 (1952).
9. I.. J. Mullins and R. D. Moore, ‘The movement of thallium ions in muscle,” J. Gen.
Physiol., 43, 759 (1960).
10. L. A. Beaug£ and R. A. Sj‘odin, “Transport of cesium in frog muscle,” J. Physiol., 194.
105 (1968).
11. G. G. J. Bange and F. van Iren, “The absorption of thallium ions by excised barley roots,”
Acta Bot. Neerl., 19, 646 (1970).
12. Direct visualization of Rb* has been tried by W. W. Thomson, W. L. Berry and L. L. Liu;
see “Localization and secretion of salt by the salt glands of Tamarix aphylia,” Proc. Natl.
Acad. Sci., 63, 310 (1969); also by J. L. Hall, A. R. Yeo and T. J. Flowers; see Z.
Pflanzenphysiol., 71, 200 (1974).
13. Direct visualization of TT has been tried by F. van Iren and A. van der Spiegel; see
"Subcellular localization of inorganic ions in plant cells by in vivo precipitation,” Science,
187, 1210 (1975); also by В. M. Koefoed; see “The cryptonephridial system in the meal
worm Tenebrio molitor: Transport of radioactive potassium, thallium and sodium; a
functional and structural study,” Cell Tissue Res.. 165, 63 (1975).
14. G. N. Ling and M. M. Ochsenfeld. “Studies on ion accumulation in muscle cells," J. Gen.
Physiol.. 49, 819 (1966).

L. EDELMANN

317

15. G. N. I.ing, ‘Thallium and cesium in muscle cells compete for the adsorption sites normally
occupied by K*,“ Physiol. Chcm. P h y s 9, 217 (1977).
16. G. N. Ling and G. Bohr, “Studies on ionic distribution in living cells: IV. Effect of
ouabain on the equilibrium concentrations of Cs*, Rb‘, K*. N a \ and Li* ions in frog
muscle cells,” ibid, 3, 573 (1971).
17. ---------, “Studies on ionic distribution in living cells I. Long-term preservation of isolated
frog muscles,” ibid, 1 , 591 (1969). Most commercially available animals are infected
and weakened by long starvation. Especially for T l' experiments it is absolutely neces
sary to use strong, healthy, uninfected frogs.
18. T. Hall, P. Echlin, R. Kaufmann. Eds., Microprobe Analysis as Applied to Cells and Tis
sues, Academic Press. London. New York. 1974; J. Microscopie Biol. Cell., Vol. 22.
(1975).
19. O. Friinko, “Quenching of tissues for freeze-drying,” Acta Anar., 22, 331 (1954).
20. A. van Harreveld and J. Crowell, “Electron microscopy after rapid freezing on a metal
surface and substitution fixation,” A nut. Rcc., 149, 381 (1964).
21. G. P. Dempsey and S. Bullivant. “A copper block method for freezing non-cryoprotected
tissue to produce icc-crystal-frce regions for electron microscopy l. Evaluation using
freeze-substitution,” /. Microsc., 106, 251 (1976).
22. A. R. Spurr, “A low-viscosity epoxy resin embedding medium for electron microscopy.”
J. Ultrastruct. Res., 26, 31 (1968).
23. Dry sectioning is necessary to prevent dissolution of ions into flotation medium. A. J.
Morgan, T. W. Davies and D. A. Erasmus failed to detect K‘ after freeze-drying and
wet sectioning; see Micron., 6, 11 (1975).
24. L. Edelmann, “A simple freeze-drying technique for preparing biological tissue without
chemical fixation for electron microscopy,” Microsc., 112, in press (1978).
25. See e.g., L. D. Peachey, ‘‘The sarcoplasmic reticulum and transverse tubules of the frog’s
sartorius ” J. Cell Biol.. 25, No. 3 Part 2, 209 (1965).
26. E. S. Reynolds, “The use of lead citrate at high pH as an electron-opaque stain in electron
microscopy,” ibid, 17, 208 (1963).
27. M. A. Hayat, Principles and Techniques of Electron Microscopy, Vol. 1, van Nostrand
Reinhold Co., New York, 1970.
28. A very small SMCs binding capacity of muscle homogenates, different muscle proteins, and
some subcellular muscle cell fractions has been shown by L. Szentkuti and W. Giese;
see “Studies on the binding capacity of skeletal muscle constituents for cesium-134,”
Health Phys., 26, 343 (1974).
29. A. Tigyi-Sebes, “Localization of potassium in the myofibril” Acta Physiol. Hung., 22,
243 (1962).
30. V. P. Nesterov, Citologija, 6, 154 (1964). Nesterov found by precipitation of potassium
tetraphenylborate that most of muscle K* is located in A bands and Z lines. Further
more, he found that more K* is accumulated in the outer regions of the A bands than
in the middle.
31. E. Ernst, Biophysics of the Striated Muscle, Hungarian Academy of Science, Budapest,
1963.
32. A. S. Troschin. Problems of Cell Permeability, Pergamon Press, London, 1966.
33. G. N. Ling and M. M. Ochsenfeld reveal that most cellular adsorption sites are on myosin:
see ref. 14.
34. The relatively high accumulation of K* tracers in the outer sections of the A band, where
actin and myosin molecules overlap, supports the theory of Ling that K* desorption
and adsorption are involved in contractile phenomena (see ref. 7).
{Received September 15, 1977)

