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Despite the continuous efforts made during the past 30 
years in muscle physiology, the extent of our knowledge 

in some parts of this field still remains comparatively slight. 
This is first and foremost due to the fact that as a rule the 
muscle has been considered experimentally as a structural 
unit, no attention having been paid to the many different 
elements of which it is composed, which may vary widely 
in their physical, chemical and physiological properties. 
Furthermore it has not been generally realized that the shape 
of the contractile elements themselves and their arrangmcnt 
in the muscle will influence profoundly the mechanical 
behaviour of the tissue. Moreover, on the basis of experi
ments using whole muscles attempts have been made to 
draw conclusions concerning the phenomena taking place 
in the microscopic and ultramicroscopic parts of the muscu
lar fibril. Thermal investigations also have met with dif
ficulties arising from such causes; it has for instance been 
found impossible to secure a uniform temperature through
out the whole of the preparation, resulting in considerable 
uncertainty in assessing experimental evidence; and the 
importance of the shape of the fibres has not been appreci
ated. Investigations of the electrical properties of muscles 
have not been performed with regard to such considerations 
either. For instance the result of measurements of resistance 
in a whole muscle is of limited value, because we do not 
know the paths which the current will follow in the tissue. If it 
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4 Nr. 6. Fritz Buchthal and J. Lindhard:

is desired to study the electrical properties of the funda
mental contractile mechanism, then the experimental object 
must be the single muscle fibre; because in the whole muscle 
such factors as connective tissue, blood vessels of varying 
calibre etc., will interfere considerably with the measure
ments.

There arc, of course, problems which can be solved 
through experiments on whole muscles and some again 
which can only be solved by the use of such preparations. 
But in most cases this method of approach is ruled out, 
because the very numerous sources of error arising from 
the highly complicated structure of the muscle can neither 
be eliminated nor properly controlled. Therefore, more and 
more use has gradually been made of the functional unit — 
the single muscle fibre. The definition thus implied may be 
criticised on the grounds: firstly that even in muscles 
allowing the most finely graded movements, more fibres are 
present than axis cylinders in the corresponding motor 
nerve; so that a muscle fibre cannot come into action singly; 
secondly, recent electrostatic measurements show that the 
muscle is composed of a vast number of relatively inde
pendent subdivisions (sarcomeres); yet nevertheless, it must 
for the time being, be considered permissible to regard the 
fibre as the functional unit under physiological-conditions, 
as in such circumstances a partial contraction of a fibre is 
unknown. Since the muscle fibre is thus neither structurally 
nor functionally considered to be the ultimate unit, the 
value may be questioned of employing these small objects, 
in many respects so difficult to handle; the more so since 
the isolated fibre, despite all possible care, has a very limited 
life as an experimental object.

It is, of course, for such reasons that where experimental 
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conditions have permitted, bundles containing a small 
number of libres have been used. But greater difficulties 
are met with in the whole muscle. Even pairs of symmetric
ally situated muscles in the same animal differ in structure, 
so that the variations in the results of experiments with 
whole muscles will in many cases become so great that it 
becomes possible only to discuss the functions of the 
muscle in approximate terms. Therefore, when the essential 
features of muscular function had to be investigated attempts 
have always been made to infer from such results the 
behaviour of the single fibre. This has, however, often 
proved to be impossible, not only because the experimental 
errors may become of a higher order of magnitude than the 
reaction which it is desired to study, but also because 
variations are so great as to require an impracticable number 
of experiments before reliable results can be obtained by 
the use of statistical methods. By working with the single 
muscle fibre we eliminate a number of the major sources 
of error, the conditions of the experiments become far 
simpler, and unavoidable errors become of more reason
able size in proportion to the physiological reactions. This 
method of approach, during the few years in which it has 
been used, has proved fruitful and has thrown new light 
on previous investigations, which may be said to justify its 
introduction.

Anatomy of the Striated Muscle Fibre.
On the basis of the general concept of the organic king

dom that structure and function are intimately related, it 
would be appropriate to begin every account of the function 
of an organ with a discussion of its structure.
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The anatomical investigations to be dealt with here are 
limited to the skeletal muscles of the vertebrates, especially 
of the frog, chiefly because the great majority of our own 
physiological experiments were performed with frog’s 
muscles. We have, however, also experimented with lizard’s 
muscles, especially so where the motor endplates were 
involved in the experiments.

Shape and Size of Muscle Fibres.

In order to determine the shape and size of the muscle 
libre, it must be completely isolated. Within the bundles 
the fibres are often interwoven to such a degree that it 
becomes impossible to trace any one fibre for a consider
able distance, especially towards its terminal portion, which 
is often extremely slender (Fig. 1.). As the fibres moreover 
are often overlapped in part by others, or deformed through 
pressure by adjacent fibres it will almost always be im
possible without complete isolation to measure their thick
ness with requisite accuracy. When isolating the fibres, the 
bi-refringence method gives valuable information as to 
whether one or more of these is being dealt with, and has 
the particular advantage that the decision can be made 
without touching the fibre with any instrument.

If the isolated fibre has to be employed in physiological 
experiments there is only one method of isolation possible, 
viz. dissection. If, on the other hand, we only want to 
measure the shape and dimensions of the fibre, other 
methods may also be employed; but as not all those sug
gested seem to be reliable, only a few will be referred to 
here.

In Schwalbe’s laboratory Mayeda (1890) employed the 
following procedure: He immersed the live animal in 20
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per cent, nitric acid and then placed it in an incubator at
40° (C) for 24 hours. The preparation was then removed
and carefully rinsed with water. Examination had to be
made immediately after this preparation was 
completed. The advantage of this procedure 
appears to be that the animal whilst alive 
would have to swallow some of the fluid in 
which it was immersed, so that the action of 
the latter would presumably be more effective 
and more rapid than by penetration through 
the skin alone. This method, though unattrac
tive, may be expected to give reliable results.

Another method, given by F. C. C. Hansen 
(see Lindhard (1926)), consists in boiling 
the muscle for 2 hours in a quantity of water 
that will just cover it, after which the boiled 
muscle is clarified in glycerine. The following 
modification of this method has been em
ployed by Lindiiard. The whole of a frog’s 
leg was placed in a beaker filled with ordinary 
tap-water, and covered by a glass-plate. When 
the water is heated to boiling, whether slowly 
or rapidly, a sudden extension of all the joints 
of the limb will occur at a certain temperature, 
and during the subsequent boiling the limb 
will remain in the same position. When boiling

Fig. 1. Muscle 
bundle with 
the conical 

and spindle 
shaped fibres 
of which it is 

composed.
Entrance of 
nerve twigs 

marked.
(Bardeen).

is finished and the skin cut off, the muscles can be removed.
Muscles prepared in this manner have the same shape as 
fresh muscles but are slightly smaller in all dimensions. 
As a rule there are no signs of contracture, but if a single 
muscle is treated in the same manner it will be found after
boiling in a state of maximal contracture.
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The individual fibres may now be isolated with compara
tive ease under the low power binocular microscope. After 
it has been ascertained, using the high power, that the 
sarcolemma is uninjured, the fibre is then measured with 
the aid of an ocular micrometer.

It appears from such measurements and from similar 
observations on uninjured living fibres (see later), that the 
muscle fibres vary greatly both as regards dimensions and 
shape, and not only do such variations occur between 
different species but also between different muscles in the 
same animal. Great variations may even be found between 
fibres of the same muscle.

In the majority of the cases examined the muscle fibre 
is shorter than the bundle, sometimes much shorter, but 
there are also muscles in which the fibres run from one 
terminal tendon to the other. Most text-books appear to give 
rather superficial statements. However, Heidenhain’s state
ment (1911) that only in muscles more than 12 cm. long 
are fibres found terminating within the bundle, whilst in 
all shorter muscles the fibres run from tendon to tendon, 
is probably incorrect. Moreover, his observation that the 
thickness is from 9—60 does not cover the whole range 
of variations.

Schafer’s (1893) statements are more accurate, saying 
that the length (with the exception of the sartorious) rarely 
exceeds 1 x/2 inch., whilst the thickness is 0.1—0.01 mm. — 
Mayeda (1. c.) examined the thickness of the fibres in the 
muscles of different animals throughout the whole range of 
vertebrates; but unfortunately he gives one measurement 
only, which makes it impossible to determine the shape of 
the fibres. In only a few cases was the length measured. 
These measurements show that the minimal thickness of 
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the fibres is approximately the same in all vertebrates, 
whilst the maximal thickness varies, decreasing in the 
following order:— Fishes, toads, reptiles, mammals, birds. 
The two latter classes are, however, only represented by 
one species each. The thickest fibres in a single individual 
muscle were found in the gastrocnemius, where this muscle 
occurred, and the thinnest in the ocular muscles.

In one case Mayeda measured the length as well as the 
thickness of 48 fibres from a 26 mm. long sartorius of the 
R. esculenta, (giving, however, only one measurement of 
thickness). His results appear in Table I.

Table I.
2 12 11 24 18 17 20
2 14 24 11 24 24 23
8 12 16 21 10 13 16
9 4 16 19 22 16 25

11 18 19 6 11 20 20
7 11 7 11 22 22

24 10 24 25
15 13 25

Length, nun. 6.5 12 16.5 14.5 18 20 21
Thickness, u 34—42 49—53 57—61 68—89 91—106 114—118 122-141

It will appear from the table that there is an approximate 
relation between length and thickness, the thickness increas
ing with increasing length. The average length of the 48 
fibres is 15.7 mm., which shows that two fibres originating 
from opposite ends of the muscle overlap for a length of 
5.4 mm.—

Bardeen (1903) has given an excellent description of 
the structure of the obliquus abdominis externus in a 
number of mammals. Figure (1) represents a bundle 
consisting of three “fibre lengths”, the centre one of which 
is composed of elongated spindle-shaped fibres, the tapering 
ends of which both end within the bundle.
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Lindhard (1926) has measured the dimensions of the 
fibres of the gastrocnemius and the sartorius in the two 
experimental animals usually employed, namely Rana escu- 
lenta and R. temporaria. The gastrocnemius is composed 
of fibres of unequal length, the longest being those in the 
centre of the muscle. The average length of 10 fibres from 
a muscle 30 mm. long, was 4.6 mm.; the distal fibres are 
the shortest, hardly more than 1—1.5 mm. in length. In 
R. esculenta the fibres arc bluntly conical. The ratio be
tween the thick and the thin end of the fibre was 5.2:3, 
this being the mean of 18 measurements. In R. temporaria 
most of the fibres were irregularly cylindrical and arranged 
in pairs, a thick and a thin fibre alongside each other, the 
following measurements show:—

I II III

Length in mm  3.1—2.8 3.1—2.8 3.1—2.9
Thickness in u  122—52 113—52 116—34

In the gastrocnemius the fibre thus runs from one terminal 
tendon to the other; but as a rule this is not so in the M. sar
torius, especially not that of R. esculenta. The following 
figures are illustrative of the M. sartorius (R. esculenta) :—

Muscle (longest fascicle)  27.9 mm.
Average length of fascicles  25.5
Average length of 117 fibres  17.2

The fibres will thus overlap each other for 9 mm., on the 
average. The ratio between length and thickness is best 
illustrated when the thickness of the fibres is measured in 
two places near the ends of the fibres :—

Length in mm  13.5
Thickness in u  9—104

Length in mm  18.2
Thickness in u  9—61

14.8 25.5 15.1
46—122 9—101 49—107

13.1 14.4 21.5
21—80 46—168 24—128
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In a sartorius, 26 mm. long, the following fibre lengths 
were found:

5.2 7.6 8.6 11.5 12.4 13.9 16.2 19.6 22.0 24.0 mm.

In the sartorius of temporaria the average fibre length is 
greater in proportion to the total length of the muscle; the 
fibres frequently pass through the entire length of the 
muscle, but are rarely cylindrical.

From what has been stated above it seems highly im
probable that any part of the sartorius is devoid of nerve 
fibres. This is shown by Kühne’s early investigations (1860) 
and is borne out by Schimert’s more recent publication 
(1934). PÉTERFi and Buchthal in unpublished experiments, 
have recently demonstrated with the aid of vital staining, 
fine nerve twigs in the pelvic end of sartorius.

Despite the considerable variation in shape of the 
muscle fibres, and the absence of any systematic investi
gations on this point, it is, however, possible to establish 
certain general types.

The muscle fibre is sometimes cylindrical; such fibres 
occur in various muscles of different species of animals, 
and are doubtless always comparatively short. The same 
applies to the bluntly conical shape described above in the 
gastrocnemius of R. esculenta. Long muscle fibres, on the 
other hand, are flagelliform (F. C. C. Hansen) or lanceolate 
and are then connected with the terminal tendons by their 
thick, rounded end whilst the thin “tail” is lost in the endo- 
mysium. Moreover Mayeda’s work as well as that of 
Bardeen’s and Lindhard’s suggests that in certain muscles 
the fibres are shorter than the bundle, often considerably 
so, but on the average their length is more than half the 
length of the bundle, so that the thin fibre-ends overlap 
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for some distance. As fibres in the same muscle vary con
siderably in length this arrangement does not give rise to 
the occurrence of mechanically weak parts in the belly of 
the muscle. An additional mechanical support is provided 
by the occurrence in the muscle of varying numbers of 
elongated spindle-shaped fibres, i. e. fibres which are 
thickest in the centre and have long pointed ends, both of 
which are lost in the endomysium. The M- and N-fibres 
mentioned by Schiefferdecker (1902) are probably to be 
considered as artefacts, as the illustrations in his paper seem 
to indicate. It is often slated that in the tongue or the basi- 
hyoid membrane of the frog there may be found muscular 
cells showing tree-like branching. This statement, too, 
must at present be regarded with reserve. (Cf. Nogamitu 
(1931) cit. Rona’s Berichte 65, p. 215). The isolation of 
muscle fibres is often so difficult, especially when they are 
very thin, that only with the utmost care and proper tech
nique will it be possible to avoid errors such as those indi
cated here.

The fact that the muscle fibres are rarely cylindrical 
structures running parallel to each other from one terminal 
tendon to the other, ultimately “passing into tendinous 
fibres’’, makes it difficult to realise the exact nature of 
muscular contraction, or more precisely the process of 
relaxation. A muscle fibre can contract actively, but it 
cannot relax actively; so that if a fibre terminating in the 
endomysium contracts to, say, half its resting length, it 
will not be able to revert to its original length without the 
assistance of some external force. Häggquist (1920) has 
tried to overcome this difficulty. On the basis of his observa
tions, he maintains, in agreement with Péterfi, that muscle 
fibres never pass directly into tendinous fibres. Neither does 
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he consider it possible that muscle and tendon fibres could 
be connected together by any cementing substance. In con
tradiction to W. J. Schmidt (1937) and Lubosch (1937) 
Häggquist, therefore, considers the terminal tendons to be 
continuous with the connective tissue stroma of the muscle, 
in the meshes of which the contractile substance is embedded 
and fixed by means of the Z-membranes (see later). In 
this manner the muscle fibres become closely connected 
with the surrounding tissues. One consequence of this 
conception is, that in any stable condition there exists in 
the muscle an equilibrium between the connective tissue 
stroma of the muscle and the active and inactive contractile 
elements, and that any transition from one stable state to 
another must be characterized by a disturbance of this 
equilibrium. Therefore comparisons of length and tension 
can only be made between muscles which have attained 
such stable conditions.

The functional significance of the shape of the muscular 
fibres is not quite clear, but it is not difficult to realise that 
the more or less pronounced conical shape, in particular, 
may give rise to considerable experimental difficulties, 
especially in connection with myothermal investigations.

Microscopic Structure of the Fibre.

Evaluation of the very comprehensive histological liter
ature that exists concerning the muscle fibre is beset with 
great difficulties, because the great majority of the observa
tions have been made on fixed and stained, i. e. dead mat
erial, and only in very few cases have attempts been made 
to verify the results so obtained by examination of living
fibres. It is notorious that fixatives frequently change the 
tissues to a great extent, so that it frequently becomes im
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possible to decide whether the structure seen in the stained 
preparation is a picture of the structure preexisting in the 
living cell, or whether it is an artefact. In such work it is 
difficult, if not impossible, to safeguard against systematic 

errors.
It may be unwise to draw conclusions as to function 

only from observations on cadaver material; and it is an 
especial task of the physiologist to estimate the value of 
such work, in its applications to his own problems.

Microscopic examination of the muscle libre shows that 
it is enclosed in a membrane, the sarcolemma, consisting 
of fine fibrils arranged in a network, the meshes of which 
are filled by a homogeneous substance (Péterfi).

Immediately beneath the sarcolemma are found the 
nuclei of the muscle cells, the number of which varies, but 
at any rate is very large. The nuclei are oval and are sur
rounded by a small amount of granular cytoplasm located 
especially towards the ends of the nucleus. During devel
opment the nuclei are at first situated throughout the fibre 
substance, but as the contractile elements proper are 
developed, the nuclei move towards the periphery of the 
cell. In the cells of frog’s muscle, however, a few nuclei 
are to be found in the fully developed muscle fibres scattered 
irregularly throughout the fibre substance. The fibre is 
composed of an apparently undifferentiated substance, the 
sarcoplasm, in which a number of highly differentiated 
fibrillar structures, the myofibrils, are deposited. The devi
ation of the interference stripe, which indicates the degree 
of bi-refringence (see Fig. 9) shows also the presence of 
numerous spikes, pointing to the existence of fibrillar 
structure. The myofibrils occur either more or less uni
formly scattered throughout the sarcoplasm or united in 
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bundles of various sizes (sarcostyles), which appear in 
transverse section of the fibre as irregularly polygonal 
figures (Cohnheim’s areas). Two types of muscle fibre arc 
distinguished, according to the proportion existing in them 
between sarcoplasm and fibrils. In one of them, the “red” 
fibres, there is a relatively large amount of sarcoplasm, 
whose content of myoglobin determines the red colour, 
whilst in the other type, the “pale” fibres, there is only 
quite a small amount of coloured sarcoplasm.

In the majority of muscles of vertebrates a mixture of 
the two types is found; but in certain cases the whole of a 
muscle is formed by one or other type of fibres, forming 
respectively “red” and “pale” muscles. Various workers 
claim to have shown that the two types of fibres are respon
sible for differences in the behaviour of the muscle, pale 
muscles being said to contract more quickly but also to 
fatigue sooner than the red. It seems, however, as if the 
differences pointed out may all have their explanation in 
the varying content of myoglobin in the two types of fibre. 
As far as is known, no differences have so far been shown 
between the contractile elements proper, the myofibrils, 
in red and pale fibres and, therefore, these questions will 
not be treated further here.

Under the microscope the myofibrils prove to consist 
of two substances forming regularly alternating discs of 
different height. One of these substances is clearly doubly- 
refraclive, whilst the other as a rule has been considered 
to be singly refractive; however, according to W. J. Schmidt 
this substance also shows a slight degree of double refraction. 
As the isotropic and anisotropic layers of the fibril are lying 
at the same level in all the fibrils, the fibre as a whole thus 
becomes “striated”. The border between the isotropic and 
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the anisotropic layers is not sharp but still distinctly recogniz
able. When the muscle fibre is treated with KOH ol‘suitable 
strength it falls apart into discs (Bowman’s discs). If, in 
fibres isolated according to the method of boiling referred 
to previously, the sarcolemma is torn, it will be possible 
to isolate the fibrils, at any rale for short distances. Various 
workers have observed and described numerous details in 
the microscopic picture of the muscle fibre. For example 
Krause has demonstrated that corresponding to the middle 
of the isotropic layers there is a fine dark line (the “Z- 
Membrane”), which was considered by him to be a mem
brane. This finding has been accepted by most subsequent 
workers, and in the histological literature references are 
generally made to “Krause’s membrane”, or the basal 
membrane dividing the fibre into “compartments” corres
ponding to Bowman’s discs. The same arrangement in 
“compartments” is also seen in the so-called “Festonbil- 
dung”, where the fibre assumes the appearance of a string 
of pearls and the retracted parts correspond to the Z-mem- 
branes. Häggquist states that, like the sarcolemma, the 
basal membrane gives a connective-tissue-staining reaction 
and, as mentioned above, believes that these membranes 
fasten the fibre to the surrounding endomysium. Against 
this view, however, v. Möllendorff (1925) has objected 
that the staining method employed by Häggquist is non
specific; and other workers (Hürthle (1909)) have main
tained on the basis of observations on living fibres that a 
basal membrane does not exist. We shall deal with this 
question again later, in connection with our own experi
ments. Otherwise it is not intended here to deal with the 
numerous histological data referred to in the literature, 
since the great majority of them were performed on fixed 
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and stained preparations. The method of fixation with 
glycerine-chloral hydrate employed and recommended by 
v. Studnitz has given no better results in our hands. A 
comparison of measurements using this method (Table II) 
with those stated in the later tables, and with similar com
parative measurements made by Langer (1937) show that 
the method is unsatisfactory.

Table II.
Experiments with G1 y c e r i n e - C h 1 o r a 1 h y d r a t e

Fixation according to v. Studnitz.
a 

Preparation u
I ....................... 1.28
Other parts 1. 1.02
II ..................... 1.69
Same Bundle,
Other Fibres II .. . 1.11
Other Bundle II... 1.19
Same Bundle,
Other Fibres II . . . 0.72
III .................... 1.75

I A+ I
u a

0.73 2.01 1 .
0.98 2.00 J W F1Xing'
0.53 2.22

0.67
0.51

1.78
1.70 Isometric Suspension.

0.34 1.06
1.26 3.01 Small bundles isometric.

No further proof need be given that at present only those 
structures found in fibres which are living will be of interest 
when the functions of the muscle libre are under consider
ation. As early as 1873 this was pointed out by Engelmann, 
and has been strongly emphasized since by Hürthle (1909); 
but a perusal of the literature shows that only a very few 
workers have been guided by this obvious criterion. Holtz 
(1932) has indeed paid attention to this; but his results are 
only of limited interest, because his experiments were not 
performed under mechanical conditions that can be defined 
and reproduced.

When it is desired to investigate the microscopic structure
Vidensk. Selsk. Biol. Medd. XIV, 6. 2
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of the fibre under different conditions there are two further 
points to which attention must be paid. If it is necessary 
to record photographically changes taking place during 
contraction, the exposures must be less than 1/10 sec. Such 
an exposure requires a very intense source of light of sudden 
action, especially where high magnifications are necessary 
as in the case of fibres with a small “height of compart
ment”. These difficulties have been overcome by means 
of the “flash-light” lamp (Fig. 2) (Buchthal and Knappeis, 
1935). For details the reader is referred to the original 
paper; it may be mentioned here that a considerable 
quantity of flash-light powder is ignited in a closed metal 
case provided with a silencer and outlet, so that the smoke 
formed during the combustion can be removed by means 
of a vacuum cleaner in a few seconds. The light is focussed 
on the mirror of the microscope by passing through two 
lenses and sometimes also a colour filter. The flash-light 
powder is ignited by a spark and the time of ignition is 
practically constant. By means of this lamp the time of 
exposure can be reduced to less than 1/30 sec. and the amount 
of light emitted has proved to be adequate even where very 
high magnifications are employed.

A further requirement, and one which, in contrast to 
the above, does not depend on special technical aids, is 
that the mechanical state of the fibre in the moment of 
exposure shall be defined with certainty, and accurately 
reproducible. Disregard of this point is doubtless the cause 
of discrepancies so common in the literature, and of endless 
controversies. As with all other elastic bodies there will 
be some length at which the tension exerted by the muscle 
fibre is zero. In practice the procedure we adopted was as 
follows: The isolated fibre was subjected to the minimal
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tension necessary to straighten it, i. e. to remove all kinks. 
The experiments shown below on passive extension of 
different degrees, followed by release of the fibre, show that 
even with varied material there is a close correlation be
tween compartment height and resting length (“equilibrium 
length’’) so that the starting point is reproducible within

Fig. 2. Flash-light lamp.
(Buchthal-Knappeis).

narrow limits. If we consider the above position as the 
resting length, which in this case is the same as the equili
brium length, and determine all other starting lengths in 
relation to it, and if, moreover we make use of isometric 
contraction, the measurements will be properly controlled 
and experiments therefore reproducible. As will appear 
from Table III, isotonic contraction is, on the other hand, 
useless for this purpose.

The results will always show whether or not the con
traction has been completely isometric; for, if so, the 
aggregate height of 10 or 20 muscular compartments, which 

9*





The Physiology of Striated Muscle Fibre. 21

Table III.

Pre- -------
paration

u
IX . B 351 1.32

VIII. B 326 1.73
VIII. B 324 1.73

128 1.73

is of sufficient

Rest
Pre

paration

Contraction Isotonic
Short-

I a+ i A I A-|- I ening
u u u u u in %

0.85 2.17 IX. B 350 1.08 0.96 2.04 6.0
1.02 2.75 VIII. B 325 1.37 1.06 2.43 11.5
1.03 2.76 VIII. B 323 1.35 1.02 2.37 14.1
0.78 2.51 127 1.01 0.90 1.91 23.9

size to be measured from the photographs
with considerable accuracy, should be identical in both the 
resting and the contracting fibre. At the conclusion of all 
experiments a control determination was made again with 
the fibre at its resting length (Table IV) to make certain 
that we had been working with living uninjured fibres.

A
Preparation

VI. A 298 ......... 1.36
VI. A 299 ......... 1.58
VI. A 300 ......... 1.99
VI. A 301......... 1.34

Table IV.
I A+l Extension

u in %
0.89 2.25
0.89 2.47 9.8
0.89 2.88 28.0
0.83 2.17

State of Fibre

Length of Equilibrium
1. Extension.
2. Extension.
Length of Equilibrium

Where it is desired to compare different conditions in 
the same fibre (passively extended, contracted etc.), care 
must be taken that in all circumstances it is the same part 
of the fibre that is photographed and measured. It is true 
that within the individual fibre, variations in the compart
ment height are very slight, but since the measurement of 
very small quantities is involved, possible sources of error, 
however small, must be excluded. Moreover, in this con
nection it should be borne in mind that the different fibres 
of a bundle often have different equilibrium lengths, and 
that in passive extension of the bundle we cannot be certain 
that all fibres will undergo the same degree of stretch.
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In view of the above results, Buchthal, Knappeis and 
Lindhard (1936) have examined more closely the behaviour 
of the cross-striation in the frog’s muscle fibre under varying 
experimental conditions.

An isolated fibre or a bundle of the frog’s scmitendinosus 
muscle was placed on a cover-glass in a drop of Ringer’s 
solution and held in place by two fine glass or metal clips. 
The cover-glass was then inverted over a moist chamber. 
The fibre was also held in place by micro-electrodes, which 
were led into the chamber from below and the preparation 
could be observed through the cover-glass under the high 
power. The micro-electrodes, which consisted of Hg-calo- 
mel-potassium chloride electrodes connected with micro
pipettes filled with Ringer-agar, were adjusted by means 
of the micro-manipulator devised by Buciitiial and Pers
son (1936). The micro-electrodes were used for extension 
of the preparation and for electrical stimulation.

The fibres were usually stretched so that a bundle was 
split in the shape of a V, one branch being fixed at equili
brium length, the other being stretched from 10 to 50 per 
cent of this.

An induction coil was used for stimulation, which was 
either limited to a single fibre (direct stimulation) or included 
the whole of the bundle (indirect stimulation). Where single 
contractions had to be recorded microphotographically the 
rapid sequence of stimulation and ignition of the flash 
lamp was secured by means of a Helmholtz pendulum. 
It soon appeared, however, that there was no demonstrable 
difference in the structure of the fibre during a single con
traction and during a tetanus of short duration, and there
fore in most cases it was preferable, for technical reasons, 
to employ tetanic stimuli of a few seconds duration. A 
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muscle fibre can stand repeated tetanic stimuli of short 
duration without alteration of its structure, but powerful 
stimuli of longer duration will produce a disturbance of 
the striation of the fibre. It appears to us unphysiological 
to apply to single fibres, as v. Studnitz (1936) has done, 
tetanic stimuli of some minutes duration. Our microphoto
graphs have been taken either during a single contraction, 
or at the beginning of a tetanus of a very few seconds dur
ation only. Intense stimuli will also produce disturbances for 
another reason than the above; namely that where larger 
bundles or whole muscles are employed there is a serious 
risk of displacement of those fibres situated in the field of 
vision, rendering a reliable estimation of the result of the 
experiment impossible. The effect of focussing on the mea
surements was carefully ascertained. It proved to be possible 
to vary the focus only within very narrow limits before the 
picture became blurred; and moreover that when sharply 
defined pictures were measured focussing was without 
demonstrable influence on the results.

For microphotography various cameras were used, 
especially Phoku-Kolibri (ocular 10 x) with objective Zeiss 
Apochrom. 40 (N. A. 0.95) or 90 horn. Im. (N. A. 1.3). 
The photographic arrangement was calibrated photogra
phically by means of a Zeiss object micrometer. A consider
able number of measurements were made with different 
photographic materials in order to find plates with a suf
ficiently fine grain and to devise a suitable developing 
technique (Buchthal & Knappeis 1936). Negatives intended 
for comparable pictures were always treated in the same 
manner.

The measuring of the microphotographs was performed 
on positives from unenlarged negatives by means of a 
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Leitz ocular screw micrometer with movable line using 
12 X magnification. One division of the micrometer then 
corresponded to 3.79 when parallax errors were elimin
ated. The measurements were made by two independent 
examiners on photographs, which, in order to minimise 
personal errors, were provided with random serial num
bers. As a further check, photoelectric measuring was 
performed in several cases by means of a micro-densito
meter.

The height of the isotropic (I) and the anisotropic layers 
(A), was measured, as well as lhe height of a single com
partment and the total height of 10 compartments. The 
photographs were also examined for the presence of a 
basalmembrane (Z), the possible occurrence of Hensen’s 
line in A, and any longitudinal fibrils or nod-shaped form
ations. Finally the thickness of single fibres, where visible, 
was measured.

The results of this scries are briefly stated in the following 
tables.

All values given represent the mean of 10 determinations.
Table V shows comparative measurements of fibres at 

rest at their equilibrium lengths and during contraction. 
As will be seen, the variation in the single determinations 
in each column is very slight although it includes experi
mental errors as well as physiological variation in the 
material. The errors of the mean figures appear to be 
insignificant.

In the resting fibre the anisotropic disc is higher than 
the isotropic, namely 1.37 as compared with 0.81 /<; on 
isometric contraction A is shortened whilst I is lengthened. 
The aggregate height of a compartment will, of course, 
remain unaltered. A is thus 63 per cent, of the height of the
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Table V.
Rest

Preparation A I A ± 1
u A6

I. B 263 ................... 1.35 0.74 2.09
II. A 267a............... 1.33 0.83 2.16
II. A 267b............. 1.37 0.91 2.28

III. A 271................. 1.35 0.89 2.24
III. B 275 ................. 1.33 0.79 2.12

VIII. F 335................. 1.41 0.76 2.17
IX. B 349 ................... 1.36 0.80 2.16
IX. B 353................... 1.48 0.79 2.27

Mean of 80 determinations 1.37 ±0.008 0.81 ± 0.01 2.18 ±0.01
Average error of a single de-

termination............ 0.07 0.09 0.12

Contraction

Preparation A I A ± I
tz u u

I. B 262 ................. 1.11 0.96 2.07
II. A 266a............. 1.12 1.02 2.14
II. A 266b............. 1.14 1.09 2.23

III. A 270................. 1.07 1.17 2.24
III. B 274................. 1.06 1.02 2.08

VIII. F 334................. 1.23 1.00 2.23
IX. B 348.................. 1.10 1.05 2.15
IX. B 352................. 1.21 1.06 2.27

Mean of 80 determinations 1.13 ±0.009 1.05 ±0.01 2.18 ±0.01
Average error of a single de-

termination............ 0.08 0.11 0.11

compartment in the resting fibre, I is 37 per cent. — In the 
case of the isolated contracted fibre the corresponding 
figures are 52 and 48, from which it would appear that 
during the contraction A is shortened by 18 per cent, whilst 
I is lengthened by 28 per cent.

Corresponding measurements on lizard’s muscle at rest 
give as mean figures, A = 1.34 I = 0.90 and thus the 
height of the compartment: 2.24 /.<.
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Passive extension of the fibre gives the results seen in
Table VI.

Table VI.
Rest

Preparation A I A -f- I
Extension 

%
zz

IX. D 361.................... .. 1.65 0.94 2.59 1I
VIII. G 33!)................... . . 1.69 0.87 2.56 ' about 17.
VIII. II 343.................... . . 1.70 0.93 2.63 1
VIII. E 333.................... . . 2.00 0.99 2.99 1I
VIII. G 341.................... . . 2.15 0.96 3.11 about 40.
VIII. A 322(4................ . . 2.10 1.05 3.15 1 1

A I A -f I

u u a

Unextended fibres.............. . . . 1.37 0.81 2.18
Extended fibres: Group I, Mean. ... 1.68 0.91 2.59

Group II, Mean. .. . 2.08 1.00 3.08

Proportional height Extension

A °/o I °/o A 7< . 1% A 1 °/o

Unextended fibres.............. 63.0 37.0
Extended fibres: Group I, Mean 65.0 35.0 22.6 12.4 18.8

Group II, Mean 67.5 32.5 51.8 23.5 41.3

Contraction
---------- ---------------------- Extension

Preparation A
u

I A + I
u

7o

IX. D 360....................... 1.38 1.15 2.53 i
VIII. G 338........................ 1.49 1.06 2.55 about 17.
VIII. Il 342........................ 1.39 1.17 2.56 I

VIII. E 332........................ 1.68 1.29 2.97 1
VIII. G 340....................... 1.70 1.37 3.07 about 40.
VIII. A 321(5...................... 1.46 1.63 3.09 1

A I A +

tt u a

Unextended fibres.......... ... 1.13 1.05 2.18
Extended fibres: Group I, Mean . 1.41 1.13 2.55

Group II, Mean. . ... 1.61 1.43 3.04
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Table VI (continued).

Unextended fibres
Extended fibres: Group I, Mean

Group II, Mean

„ .. . , . , , Short- Length-Proportional height n
_______ ________ x ening of ening of

a% 1% A in % I in %

52.0 48.0 18.0 28.0
55.3 44.7 16.1 24.2
53.3 46.7 22.1 42.0

As will be seen, A is more markedly influenced by the 
extension than I, 51.8 as against 23.5 per cent with 40 per 
cent, extension. If the passively extended fibre is made to 
contract isometrically, then A will be shortened and I 
lengthened; that is with 40 per cent, extension the changes 
are 22.1 and 42.0 per cent, respectively. The significance 
of these facts will be discussed later.

With regard to the degree of extension our experiments 
show that a passive extension of about 30, at most about 
40 per cent, of the equilibrium length is reversible and 
without any permanent influence on the structure and 
function of the fibre. If the degree of extension is increased 
beyond 40 per cent, a disturbance of the structure occurs; 
first a displacement longitudinally of the contractile ele
ments, relative to each other, their striations becoming 
indistinct, and then a complete disturbance of the picture, 
the fibre assuming the appearance of a sarcolemma filled 
with a granulated mass. Even before the latter stage has 
been reached, the fibre has lost its irritability (Fig. 3).

There has been general disagreement as to whether the 
A or the I-stripe is the broadest. However, the results of 
the above work on living fibres appear to show conclusively 
that under well-defined and reproduceable experimental 
conditions, the A-substance, both at rest and under 
passive extension within physiologic limits and 
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under isometric contraction, forms the greater 
part of the height of the compartment (Fig. 4).

The remaining problems over which there has been 
dispute are not so readily resolved. The question of the 
existence of the so-called basal membrane (the “Z- 
stripe”) is of special interest, since the views expressed con
cerning this question are so divergent, some workers denying 
the existence of a basal membrane, others maintaining that 
it forms a continuous spiral throughout the whole length of 
the fibre and having the character of a nerve ramification 
(Tiegs (1922)). The latter views will not be discussed in 
detail here; but as to a possible helicoidal arrangement it 
may be mentioned that this idea is recently supported by 
Aurell & Wohlfart (1936) from Häggquist’s laboratory. 
This work which was performed on fixed and stained 
material, appears open to criticism and is, moreover, so 
decidedly at variance with functional viewpoints, especially 
Buchthal & Péterfi’s potential measurements (see later), 
that we cannot accept the authors’ conclusions. On the 
basis of his experiments with hydrophilus muscles Hürthle 
regards the Z-membrane as a structure that is absent from 
the living fibre but only appears when the fibre is moribund. 
We have been unable to confirm this statement in observ
ations on frog’s muscle where stimulation before and after 
photographing proved that the tissue was in normal condi
tion. It is true that the Z-stripe is not invariably seen in the 
living fibre, but it is frequently seen (Fig. 5) and under 
conditions which certainly do not suggest that the fibre 
is abnormal.

The fact that photographs of the stripe are only success
ful in a minority of cases is due to the fact that the Z-stripe
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1. stretch over 23 °/o of resting length.
2. — — 34 - - — —
3. — — 39 - - — —
4. — — 50 - - — —
a. = magnification X 1000; b. = magnification X 600. 

(Buchthal, Knappeis & Lindhard).

Fig. 4. Relation between A and I substance in the resting, stretched and 
contracted fibre (diagrammatic).

a. = at rest; b. = isometric contraction.
1. fibre at resting length.
2. — 25 % stretched.
3. — 40 - —
4—7. resting fibres stretched from 0—45 % of resting length. 

(Buchthal, Knappeis & Lindhard).
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only appears di
stinctly as the focus 
is changed, which 
cannot be done in 
the course of photo
graphing. Accord
ing to statements 
by v. Muralt after 
Wohlfart (1933), 
who examines the 
libre by means of 
ultraviolet light and 
a quartz optics sys
tem, the Z-stripe is 
always found in the living fibre. Ciaccio (cit. Péterfi, 1937), 
has found that during metamorphosis in frog larvae, the ba

Fig. 5. Microphotograph of living single fibre 
with visible Z-membrane. Magnification 1000 X .

Fig. 6. Ash-picture of single muscle fibre, ob
tained by micro-incineration.

sal membranes in the 
otherwise empty sar- 
colemma persisted 
after the myofibrils 
had been resorbed. 
It may be added that 
Buciithal and Lind- 
iiard in unfinished 
experiments on the 
micro-incineration of 
single fibres, have in 
several cases been 
able to demonstrate 
a distinct Z-stripe in 
the reproduction of 
the striation seen 
in the “ash-picture”





The Physiology of Striated Muscle Fibre. 33

(Fig. 6). In the latter case we are not concerned with living 
fibres, nor even with fibres at all; yet this observation implies 
that in the part of the fibre where the Z-stripe is seen there is 
something of a substantial nature differing from the surround
ings. The same fact appears from Häggquist’s staining ex
periments, which show that the Z-stripe is stained like the sar- 
colemma; and even though the staining method employed 
was not a specific one this does not affect the point at issue. 
Lastly Bowman has shown that fibres treated with a KOH- 
solution of suitable strength fall apart into transverse discs 
limited by the basal membranes.

To these histological grounds for the existence of the 
Z-stripe as a pre-formed, normal constituent of the fibre 
there must be added the important evidence from physio
logical observations. Electrostatic measurements of single 
fibres by Buchthal and Péterfi (1934) have shown that 
the potential difference between the two electrodes increases 
in proportion as the number of intervening muscular com
partments; on extension of the fibre the potential difference 
decreases, and disappears completely when the Z-stripe is 
disturbed. This fact implies some kind of an isolation of 
the compartments from each other, which is difficult to 
imagine except with the aid of some structural elements. As 
already mentioned, it must be supposed on physiological 
grounds, that an intimate connection exists between the 
sarcolemma and the endomysium, and it seems logical in 
agreement with Häggquist to refer this connection to the 
basal membrane. Finally, the basal membrane probably 
serves as a point of fixation for the muscular compartments 
during contraction. In this connection it is not sufficient to 
suppose that by means of these membranes the fibre as a

Vidensk.Selsk. Biol. Medd. XIV, 6. 3
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whole is attached to the endomysium, leaving lhe fibrils 
free. When it is remembered that in a conical fibre during 
contraction, one end is extended and the other shortened, 
it becomes difficult to sec how a fibril 20 mm. long, con
taining about 104 alternately isotropic and anisotropic discs, 
would be able after contraction to rearrange itself in rela
tion to the adjacent fibrils, so that the striation remains 
distinct. After the contraction the striation is as distinct as 
before, unless the fibre has been injured by strong stimuli 
applied for a longer period. Therefore, the suggestion that 
the basal membrane may be fenestrated in order to allow 
the passage of the fibrils seems improbable. And such 
fenestration has actually never been observed. On the 
other hand both Péterfi (1937) and Nagel (1935) describe 
the sarcolemma, which we may consider to be of structure 
similar to the basal membrane, as consisting of a network 
of filaments, the meshes of which are filled with homogeneous 
substance. Such an observation could be interpreted as 
fenestration. However, the fibrils though no doubt contin
uous, are “linked” by the basal membranes.

We do not know the details of the character of the basal 
membranes, but Häggquist’s supposition that they consist 
of collagenous substance has some foundation in fact, inas
much as the tissues separating the single plates of the electric 
organs of fishes are known to be of a connective tissue 
character. Likewise it seems probable that the thickened 
sarcolemma covering the motor end-plates (the telolemma) 
serves as an electrical insulator between end-plates and 
adjacent fibres. But this does not imply that the inter- and 
intra-fibrillar basal membranes arc of the same thickness 
or in the same physico-chemical state. When the fibre is 
treated by Bowman’s method it falls apart in transverse 
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discs, the basal membrane being dissolved as a whole; but 
when the fibre is boiled, at any rate if the boiling is not 
carried too far, the fibre is disorganized into fibrils, the 
intra-fibrillar membrane remaining intact, when the sarco- 
lennna is lorn. Corresponding with Apathy s (1907) &
PÉTERFi’s view this fact shows that the inter- 
and intra-fibrillary parts of the Z-membrane 
must be of different natures. Again, in de
composing fibres it may sometimes be observed 
that some fibrils (sarcostyles) retain the power 
of contraction whilst others have already lost 
their irritability. In this way longitudinal dis
placement of the different fibrils will take place, 
the striation being so considerably displaced 
that a rupture of the basal membrane between 
the active and the inactive parts of the fibre 
must be inevitable.

Although in such cases as these there can 
be no doubt as to the existence of longitudinal 
fibrils (sarcostyles), the longitudinal fibrillary 
striation in the living fibre is generally not 
nearly so distinct as the cross striation. It is, 

Fig. 7. Long
itudinal stri

ation in a
single fibre.
Magnification 

1000 X.
(Buchthal, 
Knappeis & 
Lindhard).

however, possible by means of ordinary illumination to as
certain the presence of longitudinal fibrils which are about 
1.5 p, thick. We do not find a completely well-defined trans
ition between the A- and the I-slripe in the single fibril;
which agrees with W. J. Schmidt’s (1937) and D’Ancona’s 
(1931) views on the distribution of the anisotropic substance; 
whilst the longitudinal striation can be followed from one 
basal membrane to the other (Fig. 7).

On the basis of our investigations in connection with 
the mechanical phenomena we must suppose that the 

3*
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individual muscular compartments consist of rod-shaped 
formations (fibrillary sections) with a greater or smaller 
amount of intervening sarcoplasm. In the middle the rod
shaped formations consist of A-substance, at either end of 
I-substance. The rods forming the highly anisotropic A- 
substance are on an average 1.6—1.7 // long and 1.3 thick, 
and are probably composed of a number of contractile 
elements. As previously mentioned (p. 25), A is shortened 
during isometric contraction, and 1 extended; as this takes 
place simultaneously in all compartments under normal 
conditions, they will act as a single unit, the tension exerted 
being transmitted to the tendons via the basal membrane 
and the endomysium.

A question of considerable interest is that relating to the 
volume of the fibre during contraction. Here, also, there 
exists considerable uncertainty. Most workers have either 
found the volume to be constant, or very slightly changed. 
Buchthal, Knappeis and Lindhard, too, found the volume 
of the muscle compartment to be constant during contrac
tion, the thickness of the fibre being unchanged; but these 
experiments were not primarily concerned with the determ
ination of possible changes of volume. Some of the most 
recent and best observations in this field, those by Meyer
hof and Möhle (1933) and Meyerhof and Hartmann 
(1934) give as their results that during contraction, when the 
muscle is covered by liquid paraffin during the experiment, 
there is a slight constriction of volume, which in the 
authors’ opinion might be explained by the chemical changes 
taking place during the period of restitution. In the case 
of isometric contraction the volume changes amount to 
2.0 X10-5, in the case of isotonic contraction to 6.4 X 10~6 cm.3 
per gram of muscle. In other words the change of volume 



The Physiology of Striated Muscle Fibre. 37

is 3 times as large in isometric as in isotonic contraction, a 
difference that is difficult to understand if the diminution 
in volume is considered to be a direct result of the chemical 
changes, unless the tension in the two cases presents corres
ponding differences. Volume changes of this order could, 
however, hardly be detected with the technique employed 
by Buchthal, Knappeis and Lindhard. Other workers, 
however, (E. Fischer (1935)) have claimed to be able to 
demonstrate a slight increase in volume; moreover, such an 
increase, even of a very considerable size, is shown in
directly in the measurements made by Hürthle.

If calculation is made from Hurthle’s mean figures the 
increase in volume of the fibre during contraction amounts 
to no less than 38 per cent. ; and if his single measurements 
be used even 50 per cent, increases may be indicated. An 
increase in volume of such an order has no real existence; 
such increases in size if they occurred would be easily 
detected in our experiments; but in all cases where we have 
been able to measure exactly the thickness of completely 
isolated fibres we have, in the case of isometric contraction, 
found the volume of the muscular compartment to be 
unaltered. In such cases the volume of A or I is thus pro
portional to the height of the respective sections. The discre
pancy between our own and Hurthle’s results are, we feel, 
due to the unreliable nature of Hurthle’s measurements 
of thickness, either because the fibres had not been isolated, 
or because they were not normal. It is not permissible to 
measure, as he has done, “resting values” in one section 
of a partially contracted fibre, as the dimensions of the 
passive parts of the fibre may be influenced by the contracting 
parts. Moreover the possibility cannot be completely ex
cluded that the cover-glass may have compressed the con
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trading parts of the fibre, making the latter appear thicker 
than it really is. Finally, when in the muscle fibres of insects 
which normally react very rapidly, slow localised con
tractions are found to occur, such a reaction must be con
sidered abnormal in character; in such circumstances it 
cannot be assumed that in other respects the fibre will 
react normally or display normal conditions of diffusion.

Minute Structure.

The study of minute structure is concerned with the 
constituents of the smallest tissue elements visible under the 
microscope. These are the structural elements intermediate 
in size between these and the molecule, the molecular 
aggregates once termed “micellae” by Nägeli. The methods 
that have come into use for observation in present fields of 
research are determinations of double refraction, roentgen- 
optical methods, and thermoelastic methods. It seems to us, 
however, that the latter methods have not been employed 
with the necessary reservations. As to the roentgen-optical 
methods it seems preferable, at the present stage of devel
opment of the technique, to confine its uses to the examin
ation of myosin. The muscle “mummies” that are so often 
examined are of little use in the study of the living muscul
ature, and this is especially so when muscles of quite different 
types are used indiscriminately. As to thermo-elastic ex
periments, it should be borne in mind that the results of 
healing living tissues may be entirely different from those 
obtained on dead material. The living tissues, which at 
present must be studied through their metabolism, react to 
changes of temperature with far more complex reactions 
than do the physical objects usually employed and, therefore, 
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erroneous conclusions may easily be drawn, especially so 
long as our knowledge of them is imperfect.

It has long been known that the A-substance of the 
muscle fibre is anisotropic, and hitherto the belief has been 
wide spread that the I-substance is isotropic; more recent 
investigations by W. J. Schmidt and d’Ancona, however, 
seem to indicate, as already referred to, that the I-substance, 
also is anisotropic, though to a far less degree than the 
A-substance. Whilst a rod-like structure can be demonstrated 
with some certainty in the A-substance we have no certain 
knowledge of the structure of the I-substance. According to 
measurements performed by Buchthal, Knappeis & Lind- 
hard A is shortened during isometric contraction and I is 
lengthened, but this does not necessarily mean that A alone 
is contractile, as a faint contraction of I might be masked by 
contraction of the more bulky A-layer. Any contraction of 
I, however, must be of minor importance. Many years ago 
Engelmann (1873) maintained that contractility, not only 
of the skeletal muscle but also of other contractile substances, 
was always associated with the occurrence of anisotropic 
uniaxial bodies arranged parallel to the direction of con
traction of the elastic substance. Such bodies can be de
monstrated in A, but it must not be concluded that they are 
not therefore found in the I-layer at all.

H. H. Weber (1934) and Noll & Weber (1934) have 
performed comprehensive investigations comparing the 
double refraction of very fine myosin filaments with the 
A-substance of the muscle fibre, and have found a very 
far-reaching correspondence between the minute structure 
of the two. This applies especially to the so-called “Rod
double refraction’’ (“Stäbchendoppelbrechung”) (Wiener), 
which must be attributable to the difference in refractive 
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index between the rods and the surrounding medium. As 
shown in Fig. 8, this “Rod-Double-Refraction” diminishes 
as the refractive index of the medium approaches more and 
more to that of the Rods. However, the position of the lowest 
point on the curves shows that some Double Refraction

Fig. 8. Striated muscle (lower 
curve) and myosin thread 
(upper curve). Ordinate: total 
double refraction measured 
after immersion in fluids of 
different refractive indices. 
Abscissa: refractive indices 

of the fluids.
(E. Fischer and H. H. Weber).

always remains, which is due to an 
inherent property of the molecular 
structure of the rods. Values of 
the latter component obtained for 
myosin threads may not be com
parable with those for intact musc
les, since the conditions affecting 
the protein molecule may be quite 
different in each case.

According to Weber a myosin 
thread, which contains 20 per cent, 
of protein, is composed of long
itudinal micellae, containing 70— 
80 per cent, of protein and separ
ated from each other by waterfilled 
interstices. The distance between 
the individual micellae, is only a 

few /z(zz, so it cannot be supposed that there would be room 
for other protein molecules in the interstices. Weber estim
ates the distances between the filamentous molecule chains 
composing the micellae to be about 11 A. Each micelle is 
supposed to contain 10—20 “main-valency-chains” (“Haupt- 
valenzketten”), the dimensions of each being: thickness 
4 //y, length 50—100 /z/z, and volume about 1100 yy3. The 
molecular weight of myosin is said to be of the order 
of 106.

Though Weber gives many good reasons for supposing 
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that the A-sections of the fibrils of the cross-striated skeletal 
muscles consist of myosin, this does not necessarily apply 
to the A-sections of the muscle-fib re, for the fibrils must 
be supposed to be embedded in a greater or smaller amount 
of sarcoplasm. Weber’s statement of the quantitative pro
portions in the muscle is inaccurate, since his contentions 
are based on incorrect statements of the proportion between 
the dimensions of the A- and the I-segments. As to the 
amounts of the different proteins he considers that about 
40 per cent, of the protein is myosin; to this must be added 
15 per cent, of myogen, 15 per cent, of globulin, and nearly 
30 per cent, of stroma-protein. Weber does not say how 
these substances are distributed between the I-substance of 
the fibrils, the sarcoplasm and the stroma; his supposition 
that the I-section of the fibrils consists of stroma-proteins 
is probably also derived from the erroneous statements 
concerning the relation between the A- and the I-substance 
during contraction, found in the literature.

v. Muralt (1932) has recently examined the double 
refraction of whole muscles in isometric contraction and 
has tried to establish the time relation between bi-refringence 
and the mechanical response by means of a method giving 
a reliable record of the changes in double refraction. Among 
other things the experiments showed that the variations of 
double refraction preceded the development of tension.

Weber’s work has usually been performed on fixed 
material, which it has been emphasized several times, has 
numerous drawbacks. Other experiments, chiefly owing to 
the use of whole muscles, have not given quantitative results. 
Therefore Buchthal & Knappeis (1937) have re-determined 
double refraction on living material under various conditions. 
The bi-refringence of resting, passively extended and con
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tracting fibres was examined by means of a Babinet-ocular 
compensator.

The double refraction can be calculated according to the 
formula :

where y is the phase difference, 2 the wave length of the 
light employed, in this case 546 /lu, d the thickness of the 
object determined by means of an ocular screw micrometer, 
and na and no the refractive indices of the ordinary and the 
extraordinary ray respectively. Fig. 9 shows the course of 
the stripe of interference when the light passes through a 
muscle fibre, and the displacement of this line is a measure 
of the bi-refringence. In the case of a single living fibre of 
the frog’s semitendinosus it is :

(1.70 ± 0.016) • 10 3

as a mean figure from 230 preparations examined. As the

Fig. 9. Bi-refrigence of a single 
living muscle fibre measured 

with Babinet-Compensator. 
(Buchthal & Knappeis).

thickness of the fibre and the 
difference in phase change pro- 

yZportionally, the quotient re

mains a constant. Injured fibres 
give far greater values of bi-refrin
gence (up to 2.30-10 3), which 
taken in conjunction with the 
structural changes makes such 
preparations easily recognizable. 
With advancing, decomposition 
of the structure the double re

fraction, however, also decreases considerably; it may then 
become uniform throughout the whole of the fibril, which 
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apparently has caused some workers (Meyer & Hürthle) 
to believe that the whole of the fibril should consist through
out its length of more or less orientated myosin micellae. 
Similar phenomena may appear when whole muscles are 
used for the experiments instead of isolated fibres. Therefore, 
neither whole muscles nor injured fibres can be employed 
for determinations of double refraction. Experiments with 
vital staining (Pischinger) have shown that the A- and the 
I-segments stain differently and must thus consist of different 
substances. Moreover H. H. Weber has put forward sound 
reasons why the myosin is found exclusively in the A-seg- 
ments. The structure of the I-segmcnt is unknown, but this 
substance too may on mechanical grounds be expected to 
be composed of molecules longitudinally orientated or ar
ranged in reticular formation. Buchthal & Knappeis found 
no difference between the double refraction of the resting 
and the passively extended fibre, which is apparently due to 
the fact that the decrease in the double refraction which may 
have occurred during the extension, has been compensated 
by the decrease of the thickness of the fibre which results 
from stretching. During, and after the contraction, fluctu
ations in the double refraction occur, which in their time 
relations closely resemble the fluctuations occurring in fibre 
potential and electrical resistance. A corresponding analogy 
between the double refraction and the fibre potential is 
found in the case of the effects produced by different sub
stances applied to the fibre. For example, lactic acid in a 
suitable buffer mixture gives rise to a simultaneous, revers
ible decrease of the fibre potential and of the double refrac
tion. This observation suggests that there is a close relation 
between potential difference and bi-refringence which in turn 
is intimately concerned with the contractile substance (Fig.
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10). Buchthal & Knappeis have also made use of the changes 
in double refraction which take place when the muscle fibre 
is influenced by different substances, to obtain direct in
formation as to the permeability of the fibre itself to 
substances in the external fluid. Bi-refringence is thus em
ployed as an actual indicator of the penetration of sub-

turn. - lacta t '//6m-

Fig. 10. Bi-refrigence and potential difference of a single fibre after ap
plication of potassium lactate.

(Buchthal).

stances into the fibres. It was found that acids cause a diminu
tion of the bi-refringence, which progresses constantly with 
increasing concentration and lime of exposure (Fig. 11). On 
the other hand it seems that the possibility of a specific 
anion effect on the double refraction can be excluded. Anions 
and cations invade the fibre in equivalent amounts. Changes 
of the double refraction under the influence of neutral salts 
must be supposed to take place by exchange of anions, e. g., 
the carbonate ion is exchanged with lactate ion in the ex
ternal fluid, causing a change in the pH of the contents of 
the fibre. But it is improbable that an exchange of cations 
takes place, since phosphoric acid, even in high concen
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trations, does not influence the double refraction, whilst 
lactate—and acetate—Ringer’s fluid with a pH of 7.4 causes 
a spontaneous, reversible decrease of the double refraction.

As to the roentgen-optical methods Astbury and his 
collaborators in a series of publications, have especially 
contributed towards the elucidation of the minute structure

Fig. 11. The influence of lactid acid in different concentrations upon bi
refringence. Stippled lines: recovery after washing in Ringer. 

(Buchthal & Knappeis).

of the myosin. Astbury & Dickinson (1935) have moreover 
demonstrated a certain analogy between the structure of 
myosin and keratin; but for the time being it must be left 
as an open question whether this demonstration is of any 
value to the understanding of the muscle function, for 
although much is known of structure of dead myosin threads, 
little can be said of the state of myosin in the living fibre.

Kurt H. Meyer’s investigations are in the main applic
able to biological problems. Meyer & Ferri (1936) have 
examined the relation between the elastic properties of a 
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body and its molecular structure, especially with regard to 
elastic and collagenous connective tissue. Previously K. H. 
Meyer and his collaborators examined carefully the thermo
elastic conditions in rubber and were able from their ex
periments to draw certain conclusions as to the force with 
which stretched rubber will contract. Wöhlisch (1932) and 
others from their work on different organic tissues, have 
found that the yellow cervical ligament of the ox will con
tract when heated within certain limits, whilst tendinous 
tissue lengthens. Meyer & Ferri have attempted theoretic
ally to show how, on the basis of the thermoelastic conditions 
of a substance, we can analyse the force of contraction of 
the passively stretched material into its component forces. 
The authors draw attention to the fact that the amount of 
work any system is able to perform is determined by its 
internal energy, the attractive forces between the single 
elementary constituents, and the molecular movements, as 
is also the state of equilibrium of the system. What the 
system loses in internal energy it will gain in molecular 
movement, i. e., in heat; the movement of heat tends to 
produce complete irregularity in the arrangement of the 
molecules, and its proportion in any amount of work per
formed will, therefore, become greater the more organised 
the structure of the substance is. Any system in which the 
molecules display a certain orientation has a lower entropy 
than the corresponding system in which the molecules are 
arranged in less orderly fashion. With increasing temper
ature the internal energy will decrease whilst the heat move
ment will increase. The authors establish the equation 

dA = dE — T dS,

in which A is the free energy of the system, E the internal 
energy and S the entropy, and determine dE and T dS by 



The Physiology of Striated Muscle Fibre. 47

means of the temperature coefficient of the force of con
traction. Further consideration of these formulae need not 
be made here; the question of special interest in this con
nection, is that of the conclusions which can be drawn from 
the experimental results regarding the molecular structure 
of the substance. Thus dE denotes change in the internal 
potential energy between the molecules or parts of the 
molecules. If this quantity is negative during the contraction, 
it indicates that internal forces are absorbed e. g. through 
crystallization, whilst a positive value for dE is indicative 
of a process in the opposite direction, i. e. the transition from 
the crystalline to the amorphous state. If, lastly, dE is equal 
to 0 it must be supposed that the contraction is due ex
clusively to the movement of heat.

If S increases when the substance is passively stretched, 
it means that through the stretching the atoms will obtain 
greater freedom of motion, especially in the direction of the 
extension; if, on the other hand, S decreases on extension 
but is increased during the contraction, as is the case when 
rubber is stretched under certain conditions, it must be 
supposed that the freedom of motion of the atoms decreases 
on extension owing to an orientation in the direction of this 
extension. It is well known that vulcanised rubber consists 
of a mass of long flexible “main-valency chains” (“Haupt- 
valenzketten”) united into a network by means of sulphur 
bridges. When the substance is passively extended these 
molecular chains will arrange themselves parallel to the 
direction of extension, gliding towards each other as in a 
viscous fluid, and the movement of heat will try to re
establish the previous chaotic state. The requirement for 
contraction is, however, that the substance shall consist of 
long “main-valency chains” in which the molecules, or 
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parts of molecules, are combined through very firm valencies. 
If these unions do not exist, the molecules may be disarranged 
solely through turning, no change of the outer shape being 
necessary, as is the case with dipoles orientated in an electric 
field when the action of the field ceases.

When these considerations are applied to the results of 
experiments with elastic connective tissue and tendinous 
tissue it appears that elastic connective tissue consists of 
long, flexible “main-valencv chains” which, on passive 
extension, become orientated in the direction of the traction, 
whilst the movement of heat re-establishes the disorderly 
condition during the contraction. Tendinous tissue also con
sists of long “main-valency chains” but they are already 
orientated longitudinally when the tendon is at its length 
of equilibrium and so cannot be stretched further by passive 
extension. In a more recent publication, Meyer & Picken 
(1937), have tried to extend to muscles the results obtained 
by them in observations on various organic substances. 
Though realizing that the muscle consists of different hetero
geneous constituents the authors believe that the thermo
elastic methods of examination may still be employed with 
advantage, since by their aid information can be procured 
about precisely those substances which are responsible for 
the contraction. We consider, however, that this view is 
improbable. The force of contraction measured by Meyer 
& Picken is the resultant of several components which, al 
any rate quantitatively, are completely unknown. Moreover 
the authors work with muscles of vertebrates and inverte
brates indiscriminately and draw conclusions from one kind 
of muscle tissue to the other, a view that has resulted in a 
great number of misconceptions. Finally, they take for 
granted that as regards minute structure the resting muscle
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can be compared with unstretched rubber; this, see later, 
is not supported by our results. Despite objections which 
may be raised to the above work, it must be granted that 
the authors observations show that the muscle, or perhaps 
more correctly certain parts of the muscle fibre, must be 
composed of long, flexible main-valency chains, which be
come orientated longitudinally on passive extension and 
revert, at any rate, to a less extended condition when the 
muscle is allowed to resume its resting length.

As to the sarcoplasm no conclusions whatever can be 
drawn from our experiments. It is known that the sarco
plasm contains myoglobin and it must also be supposed to 
contain the glycogen of the muscle, as there would scarcely 
be room for the large glycogen molecules in or among the 
myosin micellae. Therefore a nutritive role may be suggested 
for the sarcoplasm. The suggestion that the sarcoplasm 
possesses contractile properties is so far removed from facts 
of histology or physiology that it need not be discussed here.

The Motor End-Plate.

Anatomically the motor end-plate belongs to the muscle 
fibre, being situated beneath the sarcolemma. Functionally 
it is so closely connected with the muscle function that it 
becomes impossible to examine and describe the latter 
except in conjunction with the function of the end-plate. 
From a phylogenetic point of view the end-plate must, 
however, be considered an organ sui generis, as a structure 
that both ontogenetically and histologically is homologous 
with the electric organs of fishes. A single summarizing 
statement by Babuchin (1870) will suffice: “ dass die 
elektrischen Organe eigentlich Muskeln sind, aus denen nur 
die Muskelsubstanz entfernt ist; und umgekehrt, die Mu- 

Vidensk. Selsk. Biol. Medd. XXIV, 6. 4
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skeln sind elektrische Organe, in welchen unter allen Plat
ten Muskelfasern eingeschoben sind Die elektrischen 
Platten und die motorischen Endplatten sind in morpholo
gischer Hinsicht identisch.” This view has been well con
firmed by later investigations of Ewart (1892) into the 
development of the electric organ in Raia, and also by 
Boeke’s observations (1927) on the development of the 
motor endplate. In mammals, birds, reptiles and fishes the 
motor end-plate is an organ shaped like a biconvex lens 
with a diameter of 40—60 /t. Its size appears to have no 
relation to the size of the species of animal in question but 
seems proportional to the thickness of the muscle fibre. 
It is not bounded on the side towards the fibre substance 
by any membrane demonstrable by histological methods; 
it is covered by the sarcolemma, which is strengthened by 
the covering of Schwann’s and Henle’s sheaths of the 
nerve filament (the telolemma of Kühne). The end-plate 
consists of embryonic fibre substance in which there is a 
number of great, ellipsoid nuclei with 1 or 2 nucleoli (the 
‘‘Sohlenplatte” of Kühne). The nuclei are formed by 
metamorphosis of the nuclei of the muscle fibre. To this 
‘‘sole” comes a somatic motor nerve branch, the external 
sheaths of which, as already mentioned, pass into the sar
colemma, whilst the medullary sheath disappears and the 
axis cylinder alone perforates the sarcolemma, whereupon 
it breaks up into numerous fibrillary loops in the sole.

In several publications Bo eke has maintained that the 
actual distribution of nerves does not take place in the end
plate but that beneath this, in the sarcoplasm, there is 
another network of extremely fine neuro-fibrils, which in 
turn are connected with the myofibrils. On this view then, 
the end-plate is not a terminal organ, and the whole of this
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histologically well-known and well-characterized structure 
would therefore be without any biological meaning what
soever. Boeke’s nervous network has no foundation, in 
fact, either. The specific substance of the neuron is in fact 
delimited from the effector cell as the classical neuron 
doctrine states (Péterfi, (1935)). Péterfi moreover points 
out that the potential difference between end-plate and 
muscle fibre demonstrated by Buchthal & Lindhard could 
hardly exist if there was a continuous transition from neuro
plasm to cytoplasm. Furthermore, Boeke’s conception is 
incompatible with our knowledge of curare, and it is quite 
unphysiological to imagine a connection at random between 
ultramicroscopical nerve branches and any muscular com
partments.

Mechanical and electrostatic findings make it necessary 
to assume that the muscle fibre consists of compartments, 
which are isolated from each other. As the height of these 
compartments is 2—2.5 there will thus be about 25,000 
compartments in a muscle fibre about 5 cm. long, each 
compartment containing something like 12—1300 fibrils. It 
must either be supposed that the natural stimulus proceeding 
from the end-plate is propagated to the whole of the fibre 
without special conducting tracts, or it must be supposed 
that each of the units mentioned above is innervated se
parately, a view which to say the least appears improbable. 
The most serious objection to Boeke’s theory is, however, 
the fact that the secondary network of nerves in the fibre 
cannot be demonstrated with any degree of certainty (cf.
J. V. Wilkinson (1934)). The only picture which may be 
relied upon is obtained by making transverse sections 
through end-plate and fibre; but the very few pictures of 
such a transverse section found in Boeke’s publications (as 

4
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far as we know only 2), do not display secondary nerve 
ramifications under the end-plate (Fig. 12). These networks 
are not seen, either, in exact longitudinal sections and the 
shadows appearing in obliquely projected longitudinal sec
tions prove little. Such appearances may often be found

Fig. 12. Cross
section of end
plate and muscle 

fibre.
(Petersen).

when we are approaching the limits of re
solving power of the microscope, and might 
very well be artefacts produced through 
fixing and staining. For the lime being it 
may be supposed that the irregular shadows 
which at present form the basis of Boeke’s 
so-called secondary network of nerves, be
long to this category.

In amphibia the somatic motor nerve 
distribution is of a somewhat different form, 
the end-plate not appearing as a circum
scribed lenticular body, but the axis cylinder 
being seen to end in a root-shaped ramific
ation (“Stangengeweih” of Kühne), covering 
a relatively large area. The sole follows to 
some extent the nerve branches, to which 
also the nuclei connected with the end-plate 

attach themselves. The difference between this form of the 
terminal organ and the typical form described above is thus 
a purely morphological one.

As a rule there is one end-plate on each fibre, in most 
cases situated near the middle of the fibre or, in the case of 
conical fibres, a little nearer the thicker end. In certain 
forms of fishes the end-plate is, however, situated near 
the end. Some workers e. g. Agduhr (1916), describe 2, 
even 3 end-plates on each fibre, a phenomenon associated 
with plurisegmental innervation of the fibre. This question, 
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on the elucidation of which a considerable amount of work 
has been expended, does not, however, seem to be of corres
ponding functional importance and, therefore, the details 
will not be considered here.

Besides the somatic motor end-plates we find, usually 
in close proximity, a small end-plate of similar structure, 
to which a non-medullated nerve fibre leads; but the question 
of the autonomic innervation of the muscle fibre is not so 
far clarified histologically that we can deal with it in detail 
here.

Bo eke makes the following statement about the develop
ment of the organ. Even before the individual muscle 
fibres are differentiated the motor nerve grows into the 
embryonal muscular plate. The nerve forms a network, the 
greater branches of which run across the muscle fibres 
whose cross striation has now become visible. Moreover the 
muscle nuclei have now begun to move from their original 
central position towards the surface of the fibres. The sarco- 
lemma has not yet been formed. At this juncture a thickening 
develops on the transverse nerve branch, corresponding to 
the individual muscle fibre. The thickening develops into 
a fine fibrillary network, gradually moving away from the 
nerve branch and ultimately being connected with the latter 
only by a thin stalk. Simultaneous with this development 
the sole is formed from the embryonal protoplasm, and 
muscle nuclei invade it and are then transformed to nuclei 
characteristic of the motor end-plate.

Previously it was taken for granted that the essential part 
of the end-plate was the ramification of the axis cylinder, 
and the muscular part of the organ, the sole with its nuclei, 
was considered as something accessory, unimportant, or 
even as a resistance interposed between the nerve ramifica
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tion and the contractile fibrils (E. nu Bois-Reymond). 
Ranviek compares the sole with the glass of a Leyden jar, 
a comparison perhaps more allied to functional viewpoints. 
However, a few workers (e. g. Babuchin) had noticed that 
the intensity of the discharge in the electric fishes did not 
appear to be in direct proportion to the extent of the nerve 
ramification in the electric plate, whilst on the other hand it 
increased with the mass of the sole. Thus Babuchin finds 
that the electric “shock” from a young malapterurus is 
much weaker than the shock from an older animal, though 
the young animal has the full number of electric plates and 
the nerve ramification is practically fully developed; the 
part of the organ that increases in mass with the growth of 
the animal is the sole. It appears highly probable that this 
view of the sole, as the structure characteristic of the motor 
end-plate, is the correct one. As mentioned previously, there 
is no demonstrable limiting membrane between the sole of 
the end-plate and the remaining fibre substance; but the 
electrostatic determinations to which we shall refer later, 
show that a limiting boundary exists there which permits 
the maintenance of a fairly considerable potential difference 
between the end-plate and the remaining part of the fibre.

The Elastic Properties of the Muscle Fibre.
The elasticity of muscle has been the subject of invest

igations that have gone on for more than a century, and still 
no general agreement has been reached in results. The 
determination of elastic moduli by physical methods on a 
complex living subject such as the muscle has been and is 
still the centre of much debate, and there is no general agree
ment as to the usefulness and suitability of the various 
methods usually employed.



The Physiology of Striated Muscle Fibre. 55

It may be permissible to determine the modulus of 
elasticity of a muscle, a bundle or a fibre by the usual 
methods provided the object in question is considered as a 
homogeneous physical object. In a similar fashion the tech
nologist determines the modulus of elasticity of oak etc. In 
either case it is impossible either in theory or in practice 
to take account of the different structural elements of which 
the object is composed. It has been maintained that the 
contractility of the muscle should interfere with determin
ations of elasticity; but this will not be so if care is taken that 
the experimental technique employed does not stimulate the 
muscle. Resting and active muscles can simply be considered 
as different physical objects whose elasticities are determined 
separately under precisely defined experimental conditions. 
The existing determinations of the elasticity modulus of 
muscle give widely fluctuating absolute values, which is not 
to be wondered at, because it must always be extremely 
difficult, if not impossible, to obtain a series of preparations 
which are in the same condition, if only for the reason 
that we possess no criterion of this and are therefore unable 
to control it. But we can obtain reliable relative elasticity 
moduli for one and the same muscle in the resting and 
active states. In all cases care must be taken that the changes 
in the muscle are reversible and that the experiments are 
reproducible. This as a rule presents no difficulties.

The criticisms directed against these methods have most 
often been evoked by cases of their wrongful use. In certain 
cases, however, objections may be raised on theoretical 
grounds, e. g. against the extension method, since the marked 
elastic after-effects of the muscle may easily be responsible 
for unreliable measurements. However, even by means of 
this method comparable results have been obtained. The 
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same applies to Bethe’s elastometer. In its original form 
this apparatus was unsuitable, as tension was measured 
instead of elasticity; but Steinhausen has succeeded in 
modifying the apparatus so that it can be used for determin
ation of elasticity. Objections can also be made against the 
apparatus employed by Gasser & Hill.

Apart from such errors as omitting to determine one or 
more of the factors concerned in the formulae used in 
calculations of the elasticity, the most common experimental 
error is overloading of the preparations, often to an absurd 
degree, and omitting to employ definable and reproducible 
experimental conditions. These errors are to some extent 
due to the fact that often preparations quite unsuitable for 
the purpose have been employed, as for instance whole 
gastrocnemii, the longest fibres of which are about 6 times 
longer than the shortest ones, and the shape of which will 
from the start render it impossible to analyse the results of 
the experiments. Whole sartorii arc unsuitable in such 
experiments, at any rate when torsion experiments similar 
to those of Lindhard and Möller (1926—28) are performed, 
even though these muscles, owing to their shape and struc
ture, are much to be preferred to gastrocnemii. On the other 
hand, it is extremely difficult to work with isolated fibres, 
because it is difficult to keep them alive for a sufficient 
length of time, especially when they are subjected to me
chanical influences. Determinations of elasticity are there
fore best made on bundles consisting of a fair number of 
fibres so as to minimise the inevitable effects of the mechan
ical influences on the individual fibres. Otherwise the pre
paration should, of course, be selected with due regard to 
the method which it is intended to employ. In all cases the 
preparation must be in a state of relative equilibrium when 
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measurements are made. In any stationary state there exists 
an equilibrium between the tensions exerted by the different 
elements of which lhe muscle is composed. When the equili
brium is disturbed through external interference such as 
change of intensity of a stimulus, or alteration of the length 
of the muscle, the different elements composing the muscle 
(stroma tissue, active and inactive fibres) will tend to attain 
another state of equilibrium. Such adaption requires, how
ever, an appreciable time for its completion which, among 
other things, is shown by Gasser & Hill’s thermoelastic 
experiments, and until this has occurred it is, of course, 
quite impossible to obtain information about the structural 
elements of the fibre. Changes in friction, viscosity etc., 
which may be demonstrated during transition from one 
stationary state to another, are mainly referable to the 
macroscopic parts of the muscle; they should not be brought 
into any direct relation lo the microscopic constituents of 
the individual fibre. It must be considered highly probable 
that the greater part of the elastic afterchanges of the muscle 
are due to such disturbances of equilibrium. But the fibre, 
too, consists of a complicated system of microscopic ele
ments, as already mentioned, and their relative positions of 
equilibrium are also altered when the equilibrium between 
the macroscopic elements is disturbed, so that if it is desired 
to obtain more detailed information of the microscopic 
changes, experiments must be performed with isolated 
fibres.

As the great majority of the experiments hitherto per
formed were made with whole muscles, the existing absolute 
values of the elasticity moduli are quite useless, but the 
ratio between the elasticity moduli of the resting and the 
active muscle can be determined with considerable success 
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on whole muscles, provided that their shape is suitable for 
the purpose.

The classical experiments in this field are due to E. We
ber (1846), who made use of extension experiments and 
calculated the elasticity modulus from the formula

4 = 9 Z1~Z^ 1
" /l + f Pl—p

that is the lengthening of the unit of length on loading with 
1 gm. — The experiments showed that the stimulated muscle 
was more easily stretched than the resting, and moreover 
that the elasticity modulus of the muscle increases with the 
degree of extension. These extension experiments were 
controlled by means of torsion experiments, when it was 
found that the time of oscillation was greatest in the case 
of the stimulated muscle, despite the fact that it was both 
shorter and thicker than the resting muscle.

Objections have been raised against both methods. 
Against the extension experiments it has been asserted that 
the elastic after-effects will invalidate the results. Of the 
older authors Blix especially has opposed this method, and 
most recently Wöhlisch has drawn attention to the diffi
culties attending the exact measurement of the muscle 
length. Thus a sartorius will gradually lengthen appreciably 
under the load of its own weight alone. Nevertheless, it is 
possible after a few minutes to obtain a sufficiently constant 
measurement of the length, especially if the muscles are 
not too heavily loaded; it is at any rate sufficiently constant 
if the requirements are limited to comparative measurements 
of elasticity on stimulated and resting muscles. A number 
of workers have also been able to confirm Weber’s results 
as far as the extension experiments are concerned. The 
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torsion experiments employed by Weber have not been 
described in detail; but objections have also been raised 
to this procedure, namely that torsion experiments should 
not be employed because, normally, the muscle is never 
twisted in this way. Such objections are, however, irrelevant 
if the muscle is being considered simply as a physical 
object. Generaliv the

-, . . . tytorsion elasticity gives 
no information con
cerning the elasticity 3 
in the longitudinal 
direction, unless, as is 
the case with muscles, 
the volume remains 1 
unaltered when there

_ o 
is a constant ratio be
tween the two elastic- *
ity moduli. Torsion °
experiments may then 

+

+

+

- in arbitrary units as a function

- time in sec.; I = length of bundle.
(Lindhard & Møller).

be employed; and one of their advantages is that errors 
arising from measurements of length are abolished.

A. V. Hill has objected to the torsion experiments on 
the grounds that when the muscle fibres are twisted spirally 
round each other in such experiments, components of force 
will arise which, irrespective of the elasticity, will cause 
oscillation of the muscle. According to Hill this would 

manifest itself by the ratio - being constant in the oscilla

tion experiments. Lindhard & Möller have, however, 

shown that j is not constant, but is a function of t (Fig. 13). 

If, therefore, under properly controlled conditions there is 
agreement between the extension and torsion methods, the 
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results may be relied upon. In the literature a fair number 
of torsion experiments are reported and in all cases, as far 
as can be seen, the results confirm Weber’s observations. 
The difficulty in assessing these published results is usually 
due to the fact that the duration of the torsion but not the 
length of the muscle is stated; in many cases a statement 
of whether the muscle was shortened or not will, however, 
afford sufficient information. Weber has observed that 
when overloaded to a certain extent a muscle will lengthen 
when stimulated. This observation, known as “Weber’s 
Paradox’’ is also reported by other observers. Thus Gad 
(1879) states that he has seen the writing point fall below 
the base line during the latent period when a loaded muscle 
attached to a myograph is stimulated. It is, of course, not 
necessary merely to overload the muscle in order to elicit 
the phenomenon. The muscle may be overloaded to such 
an extent that it fails to appear. Where overloading is suffi
ciently great the time of oscillation is found to be unaltered 
on stimulation of the muscle, which is probably due to the 
fact that the oscillation time of the stroma is involved. 
Bethe & Happel (1923) by means of special techniques, 
have obtained corresponding results in certain cases. Stein- 
iiausen (1928) employing a modified Bethe’s elastometer, 
has obtained results similar to Weber’s. Steinhausen deter
mines the elasticity modulus of the muscle according to the 
following equation

in which x is the coordinate of a point in the track of the 
hammer, m is the mass of the hammer, t the time corres
ponding to x, r a friction constant, a the elastic antagonistic 
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force of the muscle corresponding to its starting length. This 
force can be determined from the following equation

in which q, when the muscle fibres are arranged in parallel 

formation, may be substituted by in which v is the 

volume of the muscle. If E remains unaltered during the 
contraction, t must decrease proportionally to I. This is, 
however, not so in Steinhausen’s experiments; they show 
that E decreases when the muscle is stimulated. Stein
hausen’s explanation of this result is that the muscle is 
perhaps only partially contracting; but it should be noted 
that whilst a resting muscle is one whose fibres are all at 
rest, a contracted muscle is one in which many or few fibres 
are active. Corresponding to a given length a resting muscle 
has a certain modulus of elasticity, whilst a stimulated 
muscle of a given length has as many elasticity moduli as 
it has degrees of stimulation; but all these values are at a 
lower level than the elasticity modulus of the resting muscle 
as ascertained by Steinhausen and others.

Apart from some experiments by Ernst and collabor
ators (1935), based on very doubtful suppositions, there is 
among experiments on whole muscles only one series re
ported by Gasser & Hill which is in definite disagreement 
with Weber’s results. Serious objections have, however, 
been raised against the technique they employed. Gasser 
& Hill used a heavy steel spring to which the muscle was 
fixed at a point “determined by experiment to be optimum”. 
It should have been fixed at the free end of the spring. As 
pointed out by Steinhausen (1928) the spring does not 
oscillate about the same point in each experiment so that 
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its oscillations become highly asymmetrical. The time of 
oscillation of the resting and the contracting muscle are not, 
therefore, directly comparable. Moreover, the objection can 
be raised to Gasser & Hill’s technicpie that the spring may 
stimulate the muscle by pulling upon it; for both Dreser 
(1890) and Bi.ix (1891) have observed that sudden loading 
as well as a sudden removal of loading may produce fibrillary 
contractions of the muscle. A similar objection may be made 
to Steiniiausen’s procedure and, therefore, it appears in
advisable to employ the so-called Bethe-elastometer in future 
experiments on the elasticity of muscle; but in the present 
instance possible errors of this nature do not, however, 
invalidate Steinhausen’s results.

Lindhard & Möller have performed experiments with 
muscle strips of the central part of the frog’s sartorius 
muscle. The preparation employed, as far as possible cir
cular in transverse section, was loaded with 0.363 gm. 
Stimulation was effected by induction shocks via the myo
graph and a copper wire, 0.04 mm. thick, which hung from 
the lower end of the preparation into a beaker of water. 
The elasticity modulus of the muscle was determined by 
torsion experiments according to the formula,

1 + k lGrtll
(1)

in which t is the time of oscillation, k a constant, I the length 
of the muscle bundle, r its radius, and I the moment of 
inertia. As the volume of the muscle during the contraction 
is practically constant we find

(2>
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if we introduce these indices
instead of r insert the value
division

(3)«1
«2’

Er
E2

t22
h2

into (1) and at the same time 
determined by (2) we find by

Z13 =
Z23

Is Eas a — In order to determine E, = we have only to 
r Er J

measure I and t, which can be done with considerable 
accuracy. In the present experiments I was determined with 
an accuracy of ± 0.1 mm.; timing was performed by means 
of a stop-watch by two observers, which gave an accuracy 
of ±0.1 sec. — As even the slight loading used in these 
experiments caused a measurable lengthening of the muscle, 
an attempt was made to correct the length back to l0 by 
means of the formula

in which k is a constant. When k is found by other means,
the equation enables a determination of l0 to be made. The

Fig. 14. Ordinate: relative elasticity modulus. Abscissa: length of the 
contracted bundle in % of the initial length.

(Lindhard & Møller).

correction is not exact, but is obviously necessary and its 
incorporation results in an improvement of the figures 
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obtained. The damping was not considered, as its influence 
had to be regarded as being 1/2 per cent, of the time of 
oscillation. The results of these experiments (Fig. 14) corres
pond with Weber’s results and with the results of experi
ments previously mentioned, except those of Gasser & Hill.

Quite recently (1935) Sichel has attempted to determine 
the elasticity modulus on a single resting muscle fibre.

Z F
This author used the formula E = —= • ------, measuring

rcr2 I — l0
I, l0 and d = 2 r under the microscope and determining F, 
the tension, by means of a glass lever previously calibrated. 
It must, however, be considered doubtful whether this 
method of measuring tension is satisfactory where the end 
in view is to obtain exact absolute measurements. Neither 
can the preparations used by Sichel be considered suitable 
for the purpose. The author uses fragments of fibres of 
x/6—Vi mm. in length by stretching them by means of needles, 
which by his own admission damage the preparation. The 
maximum extension possible is 15 per cent. Sichel states 
E for the resting fibre to be 2.5 X 106 dyne/cm2. In the two 
published tables the average is 1.56 (0.5—2.8) and 1.57 X 106 
dyne/cm2 respectively; the mean figure stated, therefore, 
does not appear of much value, less so because the error is 
not stated, or the number of experiments. These experiments 
are, however, worth continuing using more suitable methods 
for the measurement of tension and the degree of extension.

As already mentioned the muscle fibre consists of sarco
plasm and of fibrils, which in turn are composed of short 
cylinders consisting of alternating anisotropic (A) and 
isotropic (Z) substance. From the measurements referred to 
previously (Buchthal, Knappeis & Lindhard) the relative 
elasticity moduli of these two substances can be calculated,
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but absolute values can not be obtained because the tension 
was not measured in these experiments. We may consider 
that A is contractile, I non-contractile. If we make use of the 
experiments given in Table VI and compare the unstretched 
fibre with the extended one, we find, since the tension is the 
same in the whole of the muscle compartment, e. g.

2.08—1.37
1.37

1.00 — 0.81
0.81 Ar = 0.45 Ir.

Ar Ir

On an average we find A„ = 0.47 I where A„ and I denote 
the elasticity moduli of A and I during rest. Correspondingly 
we find in the case of the contracting fibre Ak — 0.93 Ij.1, 
where Ak and Ik designate the respective elasticity moduli 
of the contracting fibre. If we assume on the basis of the 
existing determinations of elasticity moduli on muscle 
bundles (Lindhard & Möller) that the elasticity modulus 
of the whole muscle compartment is less during contraction 
than at rest, it follows from the figures above that Ik is about

Ir, while Ak is about equal to Ar. The results of the 

above elasticity determinations cannot be used quantitatively 
here; but an examination of all existing measurements 
indicates that the decreased elasticity modulus of the whole 
muscle compartment during contraction will more readily 
be produced by a change in the elasticity modulus of the 
extended I-substance than by a change in the modulus of 
the greatly shortened A-substance. A further decrease in 
the A-substance would otherwise imply an improbably large 
decrease in the resting length. As the most probable result it 
must, therefore, be concluded that:— In the resting fibre

1 This figure is less reliable than the resting value as the changes 
in length and elasticity modulus may not necessarily run parallel.

Vidensk. Selsk. Biol. Medd. XIV, 6. 5
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the elasticity modulus of the /-substance is about 
twice as great as that of the A-substance, whilst 
during contraction the two moduli are nearly 
equal, for on stimulation the elasticity modulus of the 
/-substance is reduced to about half the resting value, whilst 
the elasticity modulus of the A-substance remains unchanged. 
A possible explanation of this apparently uneconomical 
phenomenon appears to be that the decrease of the elasticity 
modulus will act as a “buffer” in the case of sudden, 
strong, mechanical stresses. At the same time it must be 
admitted that the assumption that I is non-contractile is 
open to question in so far as a slight contractility of I might 
be disguised by contraction of the stronger A-section.

The breaking strain of muscle tissue determined in 
extension experiments with whole muscles is only of slight 
physiological interest, because it must depend chiefly on 
the muscle stroma ; at any rate it is impossible to draw 
conclusions from such experiments regarding the elasticity 
of the muscle. Carvallo & Weiss (1899) have examined 
muscles in situ with intact circulation in guinea-pigs and 
frogs. The authors find that frog’s muscles are generally 
torn by a traction of 6000 gm. per cm.2, a little more for 
stimulated muscles than for resting muscles, which is attri
buted to “the counter-traction of the contracting fibres against 
the loading”. The limit of elasticity, on the other hand, 
is a quantity which, especially in experiments with isolated 
bundles and single fibres, is of some importance in the estim
ation of the results of such experiments. Hitherto a good deal 
of such work has been in vain because due regard was not 
paid to the existence and importance of physiological limits.

Much earlier work was performed in order to determine 
the shape of the curve of extension, whereas subsequent 
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experiments have aimed at determining the tension- 
length diagram and then have shown that the stretch- and 
release-curves of the innervated muscle did not coincide, 
so that the latter therefore could not be considered to 
be “a new elastic body”. None of these experiments have 
given satisfactory results because the necessary conditions 
for such experiments have not been 
observed, and because different wor
kers have taken widely differing views 
of their material. A number of exper
iments by H. H. Weber, performed 
with a view to comparison between 
the curve of extension of a whole 
muscle and that of a myosin 
thread, are especially open to such 
criticisms. Such analogies are now un
necessary, since we are able to deter
mine the stretch-curve of the single sec
tions of the muscle fibril. Further dis
cussion of tension-length experiments
on whole muscles will not be considered here; reference will 
only be made to a series of experiments by Asmussen (1936) 
performed on bundles and single isolated fibres. A 
close examination of these experiments will show their su
periority over similar experiments on whole muscles.

In this experiments Asmussen employed the semitendi- 
nosus muscle of the frog, a muscle that is wcllsuited for 
such experiments, because its fibres are comparatively short, 
very nearly cylindrical, and of the same length as the bundle, 
so that they can be fixed by means of the tendinous tissue to 
which they are attached, without injury to the fibre substance. 
The arrangement of the experiment will appear from Fig. 15.

Fig. 15. Device for re
cording the tension of 
single fibres or small 
bundles, g = glass rod.

(Asmussen).

5
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The tension measurements were made with the aid of a 
glass lever, previously calibrated. This method is obviously 
of limited accuracy, but that the results obtained bear some 
relation to the conditions really existing, is shown from the 
fact that measurement of the area of the tension-length 
curve for contraction within physiological limits gives the 

gramof small bundles (1—4 
fibres). Ordinate: tension 
in mg.; abscissa: length in 

% of resting length.
(Asmussen).

expression 1/5 Tl for the potential 
energy, where T is the isometric 
tension and I the resting length; a 
value corresponding very well to 
the one stated by A. V. Hill. Thus 
the accuracy is at any rate sufficient 
for the experiments discussed here. 
The difficulties in obtaining exact 
results in muscle physiology are as 
a rule associated not only with the 
apparatus but with the preparation 
also, so that in many cases the limits 

of accuracy of the experiment will be determined, less by 
the perfection of the apparatus, than by the condition of 
the preparation.

Passive extension of one or a few muscle fibres will 
result in curves such as are shown in Fig. 16, where the 
abscissa represents extension in per cent, of the resting 
length, the ordinate representing the tension in mg. As will 
be seen the curves are not straight lines but are chiefly of 
the shape seen in extension experiments on whole muscles. 
This shows that the shape of the curve of extension of whole 
muscles within physiological limits is due primarily to the 
fibres, and that the connective tissue stroma becomes of 
importance only on more marked extension. This shape of 
the curve moreover explains why Sichel, who works with 
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the lowest and least reliable part of the curve, arrives at the 
result that the curve of extension is a straight line. When 
experiments are performed, as are those of Sichel, with 
short, more or less damaged fragments of fibres, where the 
initial length is in doubt and the extension amounts only to 
10 per cent, of the latter, the result must be unreliable; 
for the shape of a curve cannot be determined on the basis 
of so short a portion of the whole. Asmussen moreover finds 
that the curve of extension of a resting fibre or bundle is 
completely reversible up to a degree of extension of a little 
more than 40 per cent. If this length is exceeded the curve 
is no longer reversible, but the curve of relaxation will lie 
at a lower level than the curve of extension. The author 
concludes from this that the limit of elasticity of the fibre 
must lie at this degree of extension. That this conclusion 
is correct will appear from the histological measurements 
of Buciithal, Knappeis & Lindhard, which show that the 
histologic structure of the muscle fibre, especially the cross
striation, disintegrates at a limit lying at about 150 per cent, 
of the resting length. This limit is not sharp and cannot be 
so, because a fairly considerable individual variation will 
always exist, so long as we have no exact criterion of the 
physiological condition (“Vollwertigkeil”) of the fibre. The 
wider the units with which we work, the more does this 
apply, because all the fibres of the bundle are not necessarily 
in the same condition or extended to the same degree in any 
given experiment.

If then we consider the stimulated muscle fibre it can 
be seen that it is a new elastic body with a shorter length of 
equilibrium and lower elasticity modulus than the resting 
fibre. If the stimulated fibre is prevented from attaining its 
new resting length a tension will be produced in it. Owing 
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to the rapid course of the contraction it is theoretically 
impossible to determine the extension curve corresponding 
to a single stimulus. Therefore it becomes necessary to work 
with tetanized preparations. There are then two possible 
procedures to choose; either the tetanized bundle can be

gram. Small bundle of 12 fibres.
1. stretched during contraction.
2. stretched and then stimul

ated. 3. resting fibre.
Abscissa and ordinate as in 

Fig. 16. (Asmussen).

different experiments the

stretched, or the bundle previ
ously extended, can be tetanized. 
So long as we remain within 
physiological limits the results 
will in the main be identical, 
but if these limits are exceeded 
the result will become different 
in the two cases as may be ex
pected.

If the muscle, extended be
forehand, is stimulated we shall 
obtain a tension-length diagram 
of the shape shown in Fig. 17. 
As will be seen it corresponds 
fairly closely to the curves arrived 
at by experiments with whole 
muscles (Sulzer and others). In 
point of the curve will occupy 

somewhat different positions depending on the shape of 
the fibres and their individual lengths as well as on the 
general condition of the preparation. This type of curve, 
whose shape has never been explained, has been used in 
attempts to prove that the stimulated muscle cannot be 
considered a new elastic body. However, when the change 
in excitability of the muscle produced by stretching is 
taken into account, such arguments cannot be sustained. 
Clinical investigations of Brinch-Eliassen (1925) suggest 
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that the threshold value of the stimulus is lower when the 
muscle is relaxed than when it is passively extended. If the 
threshold value of the direct stimulus is determined for a 
muscle bundle, the result shown in Fig. 18 will be obtained. 
The curve shows that when the extension reaches about 
25 per cent, of the resting length the threshold value of the 
stimulus begins to rise, slightly at first, but gradually more 
and more until at an extension 
of 50—60 per cent, of the resting 
length, the excitability disappears. 
If the stimulus is not of too long 
duration nor forced to extreme 
limits, the change in excitability 
is reversible. The bundle will re
sume its original resting length, 
and regain its former excitability 
and corresponding tension. The 
changes of excitability referred 
to here do not appear when in
direct stimulation is employed, 
because the stimulus proceeding
a higher level than the threshold value; therefore the effect 
of an indirect stimulus will remain almost unaltered 
until, at an extension of about 60 per cent., it suddenly 
disappears. When this point is reached the bundle will 
behave as though unstimulated.

If, on the other hand, a resting bundle is stimulated and 
then, under constant stimulation, passively extended, the 
conditions become so complicated as to be beyond our 
control. To begin with, the muscle will assume its shortest 
length of equilibrium; but gradually as the extension con
tinues stimulation becomes less effective and simultaneously 

Fig. 18. Excitability of the 
directly stimulated fibre with 

increasing stretching.
Ordinate: threshold in ar
bitrary units ; abscissa: stretch 

in °/o of resting length. 
(Asmussen).

from the end-plate is at
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there will occur, as shown by various experiments of As
mussen (1936) and others, a slow regression of the change 
of elasticity. Since the tetanic curve is formed by the sum
mation contractions of curves of single fibres this will cause 
the tension to be added to an existing “residual tension’’ 
(tension remainder) so that the resulting curve will be at 
too high a level. The curves arrived at by these two different 
procedures will, therefore, coincide only in their first part. 
(Fig. 17.) This does not imply, however, that the stimulated 
muscle is not a new elastic body, but it means, as has already 
been pointed out, that the active muscle when stimulated 
at different lengths is transformed into different elastic 
bodies. From this point of view it appears inadmissible to 
employ the term “force of contraction”, or similar terms 
when referring to the difference between the tension of the 
resting and the contracted muscle corresponding to a given 
length.

It is assumed that stretch and release of the bundle must 
take place so smoothly that possible displacements between 
the individual fibres, relative to each other, will soon be 
evened out. If the contraction or the relaxation takes place 
suddenly it will be impossible to obtain smooth tension
length diagrams, for a sudden jerk may act as a stimulus, 
and possible displacements cannot pass off until some time 
after the movement has ceased. The same applies to an 
even greater degree when whole muscles are used. On the 
other hand it will be impossible to work exceedingly slowly, 
for then further complications will occur owing to the onset 
of fatigue. For these reasons, therefore, it is impossible to 
construct a tension-length diagram representing the theo
retical working maximum of the muscle.
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Stimulation of the Muscle Fibre.
In the preceding chapter it has been shown that the rest

ing, unstimulated, muscle fibre is a body possessing certain 
elastic properties, and the stimulated fibre a body with 
certain other elastic properties. When it is undisturbed by 
stimuli, the resting slate is relatively stable. On the other 
hand, the fully developed state of contraction is labile, so 
that even under the most favourable conditions it can only 
be maintained for a very short time, a few seconds at the 
utmost. The apparent difference in the case of whole muscles 
is due to the fact that in this case interference phenomena 
are mostly being observed. Despite the variations which 
may be observed experimentally in these two conditions, 
there will always exist a characteristic difference between 
them, for the stimulated fibre has a shorter length of equili
brium than the resting fibre. Within physiological limits 
both the resting and the stimulated fibre will behave in 
general like elastic bodies. Especially characteristic of muscle 
fibres is the fact that, under the influence of a stimulus, the 
resting fibre will pass into a different elastic state and then, 
after stimulation wears off, will return through a stage of 
restitution to the resting condition. During the transition 
from one elastic state to another the fibre will pass through 
an active state, the actual stage of contraction, in which 
it will be able to perform work under suitable external 
conditions. This, however, must not be considered to be 
some special property inherent in the organ, but is a direct 
consequence of the characteristic elastic property of the 
muscle. During the “process of contraction’’ the same 
things happen in the fibre as in a stimulated muscle which 
had been passively extended to the equilibrium length of 
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the resting muscle and then released. The contracted muscle 
taking up its equilibrium length is no more active than the 
resting muscle. The activity of the muscle may be considered 
to be of the same nature as the activity of the rubber cord, 
both phenomena being simply the consequence of an elastic 
body having been disturbed from its position of equilibrium.

With gradual increase in our knowledge of the events 
taking place in the muscle fibre as a result of stimulation, 
and with extended understanding of muscle function, we are 
faced more and more with difficulties arising from the 
inadequacy of the terminology at our command. Thus, to 
describe a whole series of, apparently, highly specialised 
phenomena we have only the single term: contraction. This 
term must, for example, serve to describe the shortening of 
the thick end, and the elongation of the thin end of the 
conical muscle fibre; its use results for instance in such 
linguistic monstrosities as “isometric contraction’’ and “ex- 
centric contraction”, and the terms “static” and “isotonic” 
contraction. This incomplete terminology only serves to 
reflect the corresponding confusion which exists as regards 
definitions and ideas of muscle function. The phenomena 
taking place in whole muscles, which in part must be related 
to the conditions of stimulation and the architecture of the 
muscle, have been and still are confused with the pheno
mena of the individual fibre, whose shape and innervation 
must likewise influence the ultimate result of the process of 
stimulation. Finally these processes are in turn confused 
with those taking place in the single muscle compartment, 
the essential unit of muscular activity.

An attempt will be made here to give an account of the 
process of stimulation in the single fibre under different 
conditions, whilst the mechanism of muscular activity itself, 
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so far as it is known, will be discussed in a subsequent 
chapter. In most cases it is impossible to follow the process 
of stimulation in the muscle than by observation of the ef
fects it produces, so that it may become necessary even 
here to refer to muscle tension etc.; but where the descrip
tion of a highly complicated phenomenon is described under 
several headings, a certain amount of repetition is unavoid
able.

The Stimulus.

The muscle fibre may be stimulated directly or indirectly. 
The physiological stimulus is, however, always indirect; 
that the somatic motor nerve branch also may be influenced 
by artificial stimuli is of no importance in the study of 
muscle function proper. There is general agreement on these 
elementary points. A great deal of confusion in this field 
has resulted from badly arranged experiments and ill-con
trolled conditions, in consequence of which indirect stimul
ation has taken place very frequently when it was believed 
that a direct stimulus had been applied.

The muscle fibre can be directly stimulated by mechan
ical, thermal, chemical, and electrical means. The latter 
has, however, mainly been employed hitherto in experi
mental work as it is difficult in the case of the first three 
forms to adjust the strength, to limit the time of action, or 
to employ them in such a manner that they do not damage 
the fibre. Provided the electrical stimulus is not made un
necessarily strong or continued beyond a certain time, 
depending empirically on the conditions of the particular 
experiment, it will cause no injury to the fibre, which may 
indicate that it is of similar nature to the natural stimulus. 
Therefore, it may be supposed that the results obtained by 
direct and indirect electrical stimulation are comparable.
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According to the classical theory of the physiological 
process of excitation, a nerve impulse from some ganglion 
cell, arrived at the motor end-plate and was “transmitted” 
in some way to the “contractile substance” of the muscle 
fibre, causing this to become active, “the state of contrac
tion”. Since muscle physiology is concerned only with the 
subsequent processes, it is of no consequence whether the 
nerve impulse is produced by natural processes, or by an 
artificial stimulus applied to the peripheral nerve. At the 
point of entry of the nerve, the so-called “nervous equator 
of the muscle”, the arrival of the nerve impulse produced a 
“wave of contraction” which was propagated at a fairly 
slow rate towards the ends of the muscle.

This conception was ultimately elaborated about 1870 
as the doctrine of the so-called “action current”. Even 
though this is now of historical interest only, at least so 
far as muscle is concerned, nevertheless it played so im
portant a role in the investigations into muscular function 
as to merit its brief mention here, if only for the reason that 
discussion of this question directed attention also to the 
part played by the motor end-plate in the natural excitation 
of muscle.

When two non-polarizable electrodes were placed some 
distance apart on an undamaged muscle and connected 
with a galvanometer a deflection of this would be observed 
when the muscle was stimulated electrically. This deflection 
would appear as a diphasic curve and was termed the 
“action current”.

The phenomenon was carefully studied by Hermann, 
who explained it as due to a “wave of contraction” in the 
muscle which first passed under one conducting electrode, 
whereby a deflection of the galvanometer occurred in one 
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direction, and then under the other electrode, causing a 
deflection in the opposite direction. Hermann, however, soon 
modified his account to the effect that it was not the wave 
of contraction itself which gave rise to the electric pheno
mena, but that the latter were associated with the process 
of stimulation, as any part of the muscle when excited 
became negative to a resting part. In this manner a “wave 
of negativity” occurred, which advanced over the muscle 
at the same rate as the “wave of contraction”.

Many years later the doctrine of the “action current” 
was revised by Piper (1912), who worked with improved 
technique, including Eintiioven’s string galvanometer. 
Piper was fully aware of many of the difficulties involved 
in the support of Hermann’s theory but had no other ex
planation to offer. Piper moreover extended the existing 
data by experiments on humans, some with voluntary muscle 
function, some with application of an artificial stimulus to 
the nerve trunk. In these experiments both stimulation and 
leading off of action currents took place percutaneously, 
and groups of muscles were employed. The curves so 
obtained were in complete correspondence with those 
obtained from isolated muscles, but the difficulty of the 
theoretical explanation of the action current was increased. 
As recently as 1925 Fulton has repeated the early theory 
quite uncritically, and no further facts of importance have 
since appeared.

The first real opposition to the theory of the action cur
rent which Piper’s work supported came from Tschirjew 
(1913), who pointed out that by leading off transversely 
from a muscle, action currents of the usual form were 
obtained, which was unexplained by the theories then in 
vogue; he considered the action currents to be artefacts.
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The validity of Hermann—Piper’s hypothesis was again 
questioned by Henriques & Lindhard (1920), who criticised 
some of Piper’s hypotheses and raised a number of anatom
ical as well as functional objections to the theory. We shall 
not revive the discussion here but only emphasize certain 
important points. Henriques & Lindhard maintained that 

Fig. 19. Distribution 
of nerves in the flexor 
group of the fore arm. 
(Frohse & Fränkel).

the innervation of muscle is of such a 
nature as to preclude the possibility, in 
the whole muscle of the occurrence of 
a progressive wave-motion of the kind 
required by the theory, particularly in 
the case of groups of muscles (cf. for 
instance Fig. 19 reproduced from Barde- 
leben’s Handbuch). Thus, even in a 
small muscle bundle we find not one, 
but many points of entry of the nerve 
branches (see Fig. 19), which excludes 
the possibility of a “wave of negativity’’ 
proceeding in the same direction in all 
fibres. Henriques & Lindhard found 
that in certain cases action currents could 

be obtained in the absence of muscle contraction, and 
that under other conditions powerful contractions could 
be obtained without action currents; e. g. the curarized 
muscle apparently produced no action current on direct 
stimulation. They showed, moreover, that the two phases 
of the diphasic action current were not invariably symme
trical, which was considered to be in contradiction to the 
theory. From their experiments Henriques & Lindhard 
concluded that Hermann—Piper’s theory was untenable; 
moreover that the action current must be considered to be 
connected, not with the substance of the muscle fibre, but 



The Physiology of Striated Muscle Fibre. 79

with the motor end-plate. This view aroused much criticism, 
which was especially centred on the behaviour of curarized 
muscles, as it was claimed that curarized muscles gave as 
powerful currents of action as did non-curarized muscles. 
The experiments were later resumed by Lindhard (1932) 
with similar results to those previously obtained; and ex
periments by Asmussen (1935) and Buciithal & Lindhard 
(1934—35—36—37) and Höfer (1934) have now suggested 
that “action currents” originating from curarized muscles 
may be due either to defective curarization or are artefacts 
due to spread of stimulus. (“Reizeinbruch”, c. f. Schäfer 
(1936)). In such work experimental errors are easily made, 
since the stimulus used to obtain the mechanical record may 
easily interfere with the arrangements for recording action 
currents. If care is taken, it is, however, possibleto preventthis, 
not only on fresh tissues but also on curarized or paralysed 
muscles. The chief difficulties are those referred to above. 
As to curarization, it is a wellknown fact that curare is an 
inconstant and difficult drug with which to work. In view 
of this difficulty Asmussen (1935) has systematically ex
amined different methods of curarization and has shown 
that the effect varies greatly; but by far the most serious 
difficulties are those caused by the stimulation. Working 
with indirect stimuli we can easily prevent stimulus “escape”, 
and ascertain whether this requirement has been fulfilled 
or not; but working with direct stimulation, which in the 
case of curarization is unavoidable, we have no effective 
control with regard to spread of stimulus. The only criterion 
lies in the result itself. If the galvanometer gives no de
flection at all, there has been no spread of stimulus and then 
there is no “action current”. Care is necessary in order to 
achieve this result. First, large frog gastrocnemii may be 
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employed, so as to ensure that the leading-off electrodes, 
which are placed on the lower third of the muscle, shall 
be as far away from the stimulation electrodes as possible. 
This is essential, because the threshold for direct stimul
ation is far higher than for indirect. Again, the fibres may 
be stimulated in the transverse direction of the muscle, and 
one of the stimulating electrodes may be earthed. Lastly, 
portions of the muscle where a large nerve branch approaches 
the surface, should be avoided ; but in this respect individual 
differences may complicate the conditions of the experiment. 
The experiments are easily performed on large gastrocnemii, 
but are far more difficult with sartorii. The reason may be 
that the paths taken by the stimulating current are more 
or less confined to the comparatively large muscle mass in 
the upper part of the gastrocnemius, whose fibres, and blood 
capillaries also, follow an oblique course and are not di
rected towards the leading-off electrodes. In the strap-like 
sarlorius which may be preferable from another point of 
view also, the reverse is the case, for all the conducting 
elements pass in the same direction from the point of stimul
ation to the conducting electrodes.

In a subsequent publication Henriques & Lindhard 
(1923) emphasized that it is only possible to determine the 
frequency of the action current when the curve is regular 
and shows no signs of interference. To attempt, as Piper 
has done, to distinguish between “major and minor waves” 
(“Haupt- u. Nebenwellen”), is valueless. In the case of 
very vigorous and thus comparatively short voluntary 
muscular contractions it is possible from a group of muscles 
such as the flexors of the forearm to obtain smooth curves, 
the frequency of which lies between 40 and 65 per sec., 
which was supposed by Piper (1912) to be the frequency 
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with which the motor centres sent out their impulses. This 
smooth rhythm can only be demonstrated in the case of 
maximal contractions. It cannot be decided with certainty 
whether the rhythm of the action currents corresponds to the 
rhythm of the ganglion cells or not, even if the rhythm of 
the action current follows the rhythm of an artificial stimulus.

The whole of the question of the essential nature of the 
action current and its possible importance in the organism 
was reconsidered when Lindhard (1924) revived the old 
“Discharge Theory” (Entladungshypothese). Henriques & 
Lindhard’s paper (1920) made it evident that in some way 
the electrical phenomena must be associated with the motor 
end-plate and, therefore, a comparison was suggested be
tween this organ and the electric organs of certain fishes. 
It soon became apparent that we possessed so complete a 
literature on the subject that it could be approached both 
ontogenetically and histologically. In the case of one of the 
strong electric forms, however, the question is still unsettled. 
This is the Malapterurus, whose electric plate is associated 
with the skin and does not seem to be developed from muscul
ature. The young of this fish have, however, never been 
found, despite very careful search. In the Malapterurus the 
whole of the electric organ, which is capable of producing 
an E. M. F. of about 250 volts is innervated from two large 
(macroscopic) nerve cells in the central nervous system, 
whilst in all forms where it is developed from skeletal muscles 
it is innervated from the somatic motor nerves attached to 
the latter. The correspondence demonstrated between the 
electric plates and the motor end-plate is so great that they 
must be considered morphologically identical organs and, 
therefore, the electric “shock” of the fishes in question was 
considered to be a phenomenon analogous with the “action

Vidensk. Selsk. Biol.Medd.XIV, 6. 6
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current” of the muscle. This concept was further supported 
by experiments on Astrape japonica of Fuji, who employed an 
oscillograph and photographic recording, and examined the 
electric discharges from a portion of the electric organ of this 
fish. He obtained a curve which bore a striking resemblance 
to the so-called single-contraction curve of a skeletal muscle. 
After a latent period (7.6 o- after the commencement of the 
stimulus) it rose comparatively abruptly to a maximum, then

Fig. 20. Stimulation and response of electric 
organ of Astrape japonica. (Fuji).

fell again more slowly 
to the base-line. Fin
ally there was a slight, 
secondary rise in the 
curve (Fig. 20). The 
curve conforms to
the equation

which has been derived from the equation for the exponential 
curve of errors. On the basis of his analysis of the curve 
Fuji believes that the shape of the curve is due to the fact 
that not all the plates react simultaneously but in succession, 
the beginning of the curve corresponding to the plate first 
reacting, whilst its maximum represents the greatest number 
of plates reacting simultaneously. According to Fuji the se
condary rise is due to the discharge of the last reacting plates 
acting as a stimulus on the first plates, the reaction of which 
by that time has already passed off.

If this is correct it would be expected that the first phase 
of the curve of the action current should correspond to the 
above equation. That there might possibly be some basis 
for this, would appear from Fig. 21 (Lindiiard, 1931), in 
which a number of ordinates calculated according to 
Fuji’s formula are inserted into the first phase of the curve 
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of an action current obtained by Keith Lucas with a capillary 
electrometer. The slight deviation towards the end is possibly 
due in part to the same cause as the deviation in Fuji’s 
curve, and partly also to the commencement of the second 
phase of the action current. The so-called single-contraction 
curve behaves in a similar manner; in this case, however,

muscle fibres. Similar ex- from a frog’s muscle. Circles calculated 
, , . -, from Fuji’s formula.penments had already

been made by Gelfan & Bishop (1933), who stimulated fibres 
of the frog’s membrana basihyoidea mechanically. When such 
stimulation was applied to the fibre substance no action 
current appeared in spite of the occurrence of a localised 
contraction, though it was seen occasionally when, as the 
authors stated, a nerve branch had been stimulated. Asmus
sen & Lindhard did not employ frog’s muscles but lizard’s 
muscles (Lacerta agilis), which have the advantage of pos
sessing localized end-plates. The superior, subcostal part of 
the M. obi. abd. int., which consists only of a double layer 
of fibres, is used, for which reason it is easy to observe end
plates in the fibres by transmitted light. In this muscle the 
fibres are 13—14 mm. long and 40—70 thick. The end
plate is of an almost circular shape with a diameter of

6* 
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30—60 [i. Examination and stimulation was performed under 
a binocular microscope with a magnification of about X125. 
As it became at once apparent that both electrical and ther
mal stimulation affected the galvanometer the motor end
plate itself was mechanically stimulated by means of an 
extremely fine glass needle, which like the conducting 
electrodes, was adjusted in position by means of Péterfi’s 
micromanipulator. Mechanical stimulation is not consis
tently effective, at any rate when used with caution so as 
to avoid damaging the preparation. To remedy this the 
preparation was sensitized to such stimuli by adding a 
minute amount of a strychnine or phenol solution to the drop 
of Ringer’s solution in which it was immersed. The action 
currents were led off through a condenser-coupled amplifier 
to a string galvanometer (Boulitte), by means of fine pla
tinum electrodes. The amplifier recorded alternating cur
rents down to a frequency of 5 per second. For further 
details reference may be made to the original paper.

When both electrodes were placed on the muscle fibre 
and the latter was stimulated mechanically close to one of 
the electrodes no deflection appeared on the galvanometer, 
even when a local contraction of the part stimulated could 
be distinctly observed under the microscope. As will be 
shown later, this does not necessarily imply that the process 
of contraction in the fibre does not give rise to electric 
phenomena; these, however, could not be demonstrated by 
means of the apparatus described above. When, on the 
other hand, one electrode was placed on the fibre and the 
other immediately at the edge of an end-plate (it could not 
be placed on the end-plate, as it would then have interfered 
with the mechanical stimulation) and the end-plate then 
was irritated, a diphasic deflection of the galvanometer was 
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obtained as shown in Fig. 22. When one electrode was situ
ated at the end-plate, the other could be placed on the same 
fibre or a neighbouring fibre, and moreover the muscle 
fibres on either side of the end-plate could be cut through 
by means of a fine needle, and the end-plate thus compar
atively “isolated”, all without changing the form of the 
electrical response to any considerable extent. As will be
seen from Fig. 22, most of 
the curves are uniformly di
phasic; but in a certain num
ber of cases forms like those 
shown in Fig. 22 left are seen, 
different from the usual type 
though the conditions were 
apparently the same and there 
was no injury produced. A 
direct comparison between 

Fig. 22. Action currents from single 
muscle fibres (lizard). Direct me
chanical stimulation of the end-plate. 

(Asmussen & Lindhard).

these curves and those obtained from experiments on whole 
muscles is of course difficult, because the latter must be con
sidered an expression of interference phenomena. All things 
considered, it seems likely that the first phase of these curves 
is identical with the first phase of the action current. The 
second phase of the electrogram is no more symmetrical with 
the first than in the curves from experiments with whole 
muscles; and, therefore, as already pointed out by Henriques 
& Lindhard (1920), it is improbable that the two phases are 
due entirely to one and the same underlying process. The 
second phase of the action current, as it appears in the 
measurements made here, might be connected in some way 
with the first, rapid change in the contraction potential 
(Buchthal 1934) referred to later. If this is so, the second 
phase of the action current thus has its origin partly in 
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processes in the fibre-substance. Asmussen & Lind- 
hard’s failure to demonstrate electrical changes on stimul
ation of the fibre itself must be due to the fact that the me
chanical stimulus employed by them could only produce 
localised contractions of the fibre.

There are, however, further difficulties involved in such 
a comparison, first and foremost that Asmussen & Lind
hard’s apparatus was entirely different from that used by 
Buchthal and Lindhard (see below). This does not imply, 
however, that the above explanation of the second phase of 
the action current is completely inadequate. It is worth 
emphasizing in this connection that the potential changes 
both of excitation and contraction, arc monophasic and that 
their time relations appear to correspond to those between 
the two phases of the action current; but the time relations 
of the contraction potential and the second phase of the 
action current do not correspond, which may have some 
connection with the type of amplifier used by Asmussen 
and Lindhard.

Finally, it may be pointed out that the ratio between 
the number of the usual diphasic curves and the “mono- 
phasic” ones is about the same as the ratio between the 
cases in which the changes in excitation and contraction 
potentials are opposite, and those where they are in the 
same direction.

Owing to the experimental difficulties previously re
ferred to, it can only be deduced from Lhese experiments 
that there is a potential difference occurring when the end
plate is stimulated which cannot be observed on direct 
stimulation of the fibre.

Accordingly, it appeared probable that the rapid diphasic 
oscillation was, as supposed by Lindhard (1924), in some 
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way associated with the process of excitation in the muscle 
fibre; this gives, however, no further insight into the me
chanism of excitation. The next step towards the under
standing of this was taken when measurements of current 
were replaced by electrostatic measurements, which have

Fig. 23. Lizards muscle bundle, living unstained fibres. Upper electrode 
on motor end-plate, lower electrode on the same fibre. 

Magnification 450 X . (Buchthal & Lindhard).

been introduced into this field by Buciithal. A brief survey 
of the principle of this method will be found in a follow
ing chapter. For further details the original papers may 
be consulted.

After Buciithal & Péterfi (1934) had shown that in 
frog’s muscle fibres there exists a potential difference be
tween different parts of the surface, increasing with the 
distance apart of the electrodes, i. e. with the number of
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muscle compartments included, Buchthal & Lindhard 
(1934) measured the potential difference between the motor 
end-plate and the fibre substance by means of the same 
technique. For histological reasons these experiments were 
made with lizard’s muscles. The micro-electrodes were 
placed 40—60 /z apart on the same fibre; the grid electrode 
was placed on the motor end-plate (Fig. 
23). It then appeared that whilst the 
potential difference measured on the 
fibre amounted to 0.5—-1.0 mV., the po
tential difference between fibre and end
plate, measured with the electrodes the 
same distance apart, was about 10 mV. 
Moreover, the fibre-fibre potential dif
ference in some cases went in the same 
direction, in several cases however in 
the reverse direction, to the fibre-end
plate difference. (Fig. 24.)

The measurements of currents pre
viously dealt with may give some indic
ation that the potential difference as 
measured electrostatically plays a part 
in the excitation process. Therefore Buch- 
thal and Lindhard (1936) examined the 

Fig. 24. Potential dif
ference between motor 
end-plate-muscle fibre 
(upper curve) and be
tween two points on 
the same fibre (lower 

curve). Electrodes 
same distance apart. 
(Buchthal & Lind

hard).

effect of temperature changes upon the fibre-end-plate poten
tial difference, at first within the limits at which laboratory 
experiments usually take place; later it was believed that by 
extending the temperature range (still within physiological 
limits) a clue might perhaps be obtained as to the processes 
underlying the production of the potential difference. It 
appeared from these experiments that the fibre-end-plate 
potential difference, like the fibre-potential (which will be 
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dealt with in detail in a subsequent chapter) varied directly 
with the temperature (cf. Fig. 25). Calculation of Qi0 gave 
1.8±0.08 with an average error of 23 per cent.— But there 
was no significant relation between Qlo and the general 
level of the temperature curve. In these experiments it was, 
however, striking that the fibre-end-plate potential differ
ence1, which often remained unaltered for at least 1 hour 
at a constant temperature, was unable to withstand con
siderable changes in temperature. Furthermore, it appeared

Fig. 25. Relation between end-plate-fibre potential and temperature. Num
bers indicate sequence of measurements; ordinate: potential in arbitrary 

units; abscissa: temperature.
(Buchthal & Lindhard).

that even moderate rises of temperature might easily cause 
alterations of potential to become partly irreversible.

Buchthal & Lindhard (1935) have also examined the 
effect of curare and radium emanation on the F—E potential. 
Lizard’s muscles were used and measurements were made 
by Buchthal’s electrostatic technique, recording with an 
electron tube voltmeter. It was first ascertained that the 
above potential differences existed in the resting system, and 
it appeared once more that the F—E potential was nearly 
10 times as large as the F—F potential with the same distance 
between the electrodes in each case. The potential difference

1 Iu the following termed the F—E potential, the potential difference 
between two parts of the same fibre being termed the F—F potential. 
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in different animals often varied in size and direction, but 
the variations found in preparations from the same animal 
were small and may be due partly to a different position of 
the end-plate within the fibre. Although in 2/3 of the cases 
examined the end-plate was positive in relation to the fibre, 
the reverse was the case in the remaining 1/3. No satisfactory 
explanation can be offered for this fact at present, even 
considering the possibility that the location of the electrode 
in relation to the end-plate may have some effect on the 
direction of the potential as indicated by experiments on 
amoebae made by Buchthal & Péterfi (1937).

The principal results of the experiments with curare are 
shown in Table VII. The greater changes found in the 
F—F potential are chiefly due to a different distance be
tween the electrodes.

As will be seen the curare effect consists of a reduction

Table VII. 
Fresh preparation 

potential
F—E
— 96 
+ 40 
+ 31 
+ 17
— 80
+ 95
— 56
— 65
+ 33
— 74
— 75
— 78
— 33
+ 70
+ 38
+ 78

F—F
— 18
— 16
+ 7
— 16
+ 2
— 5
— 4
— 5
— 3
+ 8
— 18
— 11
+ 5
+ 6
+ 7
+ 2

Curarized preparation 
potential

F—E F—F
— 6 — 7
— 6 — 4
— 27 — 28
+ 24 + 24
— 3 — 3
— 4 — 4
— 13 — 4
+ 20 + 22
+ 12 + 18
+ 6 + 5
+ 20 + 7
+ 6 + 8
+ 20 + 12
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of the high F—E potentials to the order of magnitude of the 
F—F potentials. The first experiments were performed by 
measuring the F—E potential of a preparation, covering it 
with a 1—3 per cent, fresh curare solution and then, after 
30—60 mins., when the whole muscle was poisoned, again 
measuring the F—E potential of the same end-plate. As a

Fig. 26. Effect of curare on the potential difference between end-plate 
and muscle fibre.

------------ : potential difference in fibre, 
j'l application of curare.

Ordinate: potential in arbitrary units.
Abscissa: time in minutes. (Buchthal & Lindhard).

control the F—E potential was measured twice on unpoisoned 
preparations at the same intervals of time as in the poisoned 
ones.

Besides these preliminary experiments a number of 
others were performed, in which the course of the process 
of curarization was followed. The F—E potential was first 
determined in the usual manner, and a curare solution then 
run slowly on to the preparation, the potential difference 
being read simultaneously at frequent intervals; by means 
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of a number of varied control experiments we made sure 
that the addition of the curare did not in itself produce 
disturbances of potential that would influence significantly 
the experimental results. The experiments indicate that the 
F—E potential steadily diminishes, sometimes after a short 
initial rise, until the F—F potential has been reached 
(Fig. 26). If the F—F potential has the reverse sign of the 
F—E potential, the latter must thus change sign in the

Fig. 27. Effect of curare on the end-plate-fibre potential (see Fig. 26).
— • — • — : potential difference after removal of curare.

(Buchthal & Lindhard).

course of the curare action. When curarization is complete 
the fibre is no longer excitable by indirect means but can 
still be stimulated directly1. If the curare is removed by 
rinsing with Ringer’s solution, the F—E potential will be 
reestablished and simultaneously it will again be possible to 
stimulate the fibre indirectly. (Fig. 27.)

These experiments show that the F—E potential is a 
necessary condition for indirect excitability; when this 
potential difference has been abolished the end-plate is

1 In this connection it may be emphasized that the threshold value 
both of mechanical and electrical stimuli is considerably higher with 
direct than with indirect stimulation. With electrical stimulation the 
effect is independent of the direction of the current. 
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simply a continuation of the electrode transmitting the 
direct stimulus. Moreover, in correspondence with Asmus
sen’s experiments, these results show that, as regards the 
time course of its action, curare is a very inconstant drug, 
and also that the mechanical recording of the muscular 
contraction cannot be employed when we want to make 
certain that all the end-plates of a preparation are paralyzed. 
This can only be secured in preparations that can be con
trolled by observation under the microscope. Whole muscles 
are, therefore, quite unsuitable objects on which to examine 
the curare effect, and such experiments reported in the 
literature must be regarded with scepticism, especially where 
the object has been to examine the electrical changes in 
muscles.

As is well known, emanation emitted by radioactive 
substances is able to ionize gases and fluids, and is more
over able to influence boundary surfaces of living tissue 
and their permeability to ions. Buchthal & Lindhard (1935) 
have examined the effect of the radium emanation on the 
F—E potential difference. The experimental methods were 
similar to those of the curare experiments referred to above. 
The preparation was irradiated from a small glass tube, 
5 mm. long and 1.5 mm. thick, containing emanation, and 
fixed by means of paraffin to a thin needle, which could 
be moved towards or away from the preparation by means 
of the micro-manipulator. The tubes contained 8—50 milli
curie of emanation; in order to prevent effects of possible 
external influences on the preparation it was also covered 
by a layer of liquid paraffin. These experiments were thus 
concerned with the effect of the ß and the y rays, especially 
the former. In order to avoid influencing the measuring 
instruments themselves the emanation tube was always 
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kept at the greatest possible distance from them, and careful 
screening was provided, which proved to be effective in 
control experiments. The results of these experiments were 
not quite as constant as those with curare, since irreversible

Fig. 28. Effect of /Frays on end-plate-fibre potentials. 50 millicurie radium 
emanation 2 mm. distant from the preparation. Grid electrode on end
plate, earthed electrode on the fibre. Electrodes 12—-15« apart (2 ex

periments).
Abscissa: time in minutes.

Ordinate: potential in mm. (13 mm. = 1 mV.).
— ----------— • end-plate-fibre potential.
— • — ■ — . — • electrode potential.
---- .------.------ . fibre-fibre potential.

f application and removal of the emanation.

(Buchthal & Lindhard).

changes were liable to be produced fairly frequently. The 
difficulties were, however, not such as to prevent clear-cut 
experimental results.

As will be seen in Fig. 28 the curve falls, i. e. the F—E 
potential is abolished. After an initial fall for approximately 
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the first 10 min. which is more abrupt the higher the F—E 
potential, there follows a more slowly declining, almost 
straight part of the curve, which does not stop at the F—F 
potential but continues until there remains only the potential 
difference between the electrodes which existed before the 
experiment. When this stage has been reached the fibre is

Fig. 29. Potential difference between end-plate and muscle fibre.
Upper curve living fibre; Lower curves dying fibres, 

ft: control of excitability, constant threshold, 
f : preparation unexcitable. 
f : addition of liquid paraffin.
--------- : fibre potential. 
Ordinate: potential in mm. 
Abscissa: time in minutes.

(Buchthal & Lindhard).

no longer excitable directly or indirectly. When the prepar
ation is quite fresh and the experiment has not been of too 
long duration, the potential differences will reappear when 
the radium emanation is removed, and the excitability will 
also return, first the direct and then also the indirect ex
citability (Fig. 28).

In order to be able to assess these results properly a 
series of control experiments were made, in order to study 
the behaviour of the F—E potential in fresh preparations, 
which were covered with paraffin but otherwise undisturbed 
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apart from occasional testing of the excitability in order to 
ascertain whether the threshold value was unchanged (Fig. 
29, upper curve). Moreover the phenomena seen in dying 
preparations were examined. In the case of these it appeared, 
firstly that the F—E potential was initially at a compar
atively very low level and that as a rule it soon became as 
low as the electrode potential; secondly that the indirect as 
well as the direct excitability disappeared simultaneously; 
and thirdly, that all changes were irreversible in character. 
At the same time the microscopic picture of the fibre changed, 
the cross striation first becoming indistinct, then rapidly 
disappearing. Simultaneously there occur changes in bi-re- 
fringence previously mentioned. Finally it was again ap
parent in the course of the work that direct observation 
under the microscope is of considerable value in judging 
the condition of the fibres.

After the experiments reported above, the next step was 
to examine how the F—E potential was influenced by in
direct stimulation of the fibre, (Buchthal & Lindha rd 
(1937)). The solution of this problem entailed very con
siderable changes in the apparatus hitherto employed, as 
it now became necessary to register potential differences in 
resting systems as well as changes of rapid and slow cha
racter; and above all the possibility of an escape of the 
stimulus, which has vitiated innumerable experiments in 
this field, had to be absolutely excluded. These technical 
difficulties have been satisfactorily overcome by Buchthal 
& Nielsen (1936).

In order to avoid the possible leading off of current from 
the muscle cell examined, measurements must be made 
electrostatically, and since the potential differences that had 
to be measured were of the order of 10—4—10-3 V. very

Vidensk. Selsk. Biol. Medd. XIV, 6. 7
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precise conditions had to be established as regards the input 
resistance, inertia, sensitivity, and stability of the apparatus. 
The outcome of this was the construction of a balanced 
D. C. amplifier with electrostatic input, using the cathode 
ray oscillograph as recording instrument. The beam of 
light of the oscillograph was photographed together with 
the time record on moving film.

Fig. 30. Contact arrangement (relay) to disconnect and reconnect im
mediately before and after stimulation to avoid stimulus escape.

1. Glycerine damping arrangement
2. Moved downward by magnet.
3. First stage D. C. amplifier.
4. Contact time varied by insertion of paper here.

(Buchthal).

As the electrical stimuli are the only ones which are 
quantitatively reproducible this form of stimulation was 
employed in spite of the great difficulties involved. For if 
special precautions were not taken the stimulation current 
would be conducted by the electrodes to the input terminals 
of the amplifier, where, like the electric responses, it would 
be amplified and so distort the latter or even obscure them 
entirely. The difficulties were increased by the fact that the 
preparation had to be stimulated through the leading-off 
electrodes, because it was desirable to lead off from the site 
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of stimulation itself and also because it was inconvenient, 
for technical reasons, to have three electrodes on the pre
paration. On the basis of these requirements Buchthal 
(1937) worked out an arrangement for stimulation which, 
although the leading-off electrodes were used for stimulating, 
avoided any spread of the sti
mulus. This was achieved by 
interrupting the connection 
with the measuring instrument 
during stimulation and re
establishing it within the latent 
period of the preparation. 
Thus it became necessary to 
devise a rapidly working switch 
system which was able to 
short-circuit and re-open the 
amplifier and measuring in
struments in about 1 msec. 
(Fig. 30). Moreover the sti
mulus had to be a rather high 
frequency alternating current 
so as to reduce polarization 
phenomena at the electrodes. 
Since the metal switches and

Fig. 31. Device to produce a sym
metrical single cycle pulse.

a = side view; b = seen from 
forward.

I — electromagnet attached to the 
pendulum (300 turns, 0.5 mm. 
diam. wire). II = stationary coil 
(1500 turns, 0.1 mm. diam. wire). 

(Buchthal).

electron tube generators em
ployed gave rise to disturbances in several ways Buchthal 
(1937) introduced a special stimulation device excluding all 
mechanical contacts (Fig. 31). The stimulus was a single 
cycle pulse of symmetrical shape (Fig. 32) generated by 
swinging an electromagnet attached to the Helmholtz-pen- 
dulum, past a stationary coil.

Buchthal & Lindhard’s (1937) experiments, using the 
above methods, gave the following results. In experiments
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on single fibres of the frog’s semitendinosus a decrease of 
the resting potential of the fibre was found on direct stimul
ation, in agreement with Buchthal & Péterfi’s results (1934), 
the resting potential being re-established in a period of 
restitution that lasted for a considerably longer period than 
the mechanical response. On direct stimulation when one 
electrode had been placed near the nerve ending, indicated 
by the fact that the intensity of the stimulus could be lowered 

considerably, two different changes 
in the potential occurred successively 
and could interfere to some extent. 
The first rapid potential change (the 
F—E potential) appeared 1—2 msec, 
after the excitation and lasted for 
2-—3 msec. Then followed the 
in contraction potential, sometimes 
after a short isoelectric interval. 
The direction of the two potential 

changes relative to each other was, of course, responsible 
for the shape of the records. Fig. 33 represents one curve, in 
which the two potential changes are separated by an isoelectric 
interval and both go in the same direction. Both potential 
changes arc diminutions of the F—E and F—F potentials 
respectively. After the experiment the fibre gradually became 
inexcitable, even when strong stimuli were employed; the 
resting potential of the fibre had then disappeared. Then a 
potential difference was produced between the electrodes 
from a voltage source in series with the earthed electrode 
and the dead fibre was then stimulated. Fig. 33 a shows 
that in these records of controls the voltage of the non
reacting fibre is completely unaffected by stimulus escape. 
The downward spike (shown by arrow in Fig. 33) in this,

Fig. 32. Record of the single 
cycle pulse (cathode ray 
oscillograph) produced by 
the device shown in Fig. 31.

Time in 1/50 sec. 
(Buchthal).
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a

Fig. 33. Potential difference accompanying excitation and contraction of 
an indirectly stimulated frog’s muscle fibre. Electrodes 300 p apart. Po
tential (4 mV.) of the resting fibre compensated. Upward movement, grid 
electrode more negative. The spike over the arrow marks moment of 
stimulation. Distance between two light marks 20 msek. a. Control for 
stimulus escape by stimulation of unexcitable fibre after introducing a 
direct current of 0.5 mV. via the electrodes. (Buchthal & Lindhard).

Fig. 34. Potential difference accompanying excitation and contraction. 
Indirectly stimulated frog’s muscle fibre. Excitation and contraction po
tentials vary in opposite directions. Electrodes 300 p apart. Compensated 
potential of the resting fibre 3.5 mV. For (a) see Fig. 33 a. Time marker 

20 msek. (Buchthal & Lindhard).
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as well as in all other curves indicates the moment of stimul
ation and not the moment of connection with the amplifier, 
which occurs a little later. Fig. 34 reproduces an experiment 
in which the two potential differences, in this case moving 
in opposite directions, interfere to some extent. The resting 

Fig. 35. Potential difference accompany
ing stimulation and contraction of a li
zard’s fibre. Grid electrode on the motor 
end-plate. E—F. potential compensated 

35 mV. For (a) see Fig. 33 a. 
(Buchthal & Lindhard).

Fig. 36. Lizard’s fibre. Influence of diffe
rent electrode separations. One electrode 
remains on the end-plate. F—E. Potential 
35 mV., compensated, (a) distance 400 p,. 
(b) distance 250 a. (c) distance 150 a. 
(d) distance 50 u.. Time marker 20 msec. 

(Buchthal & Lindhard). Fig. 36.

potential in all experiments was compensated, only the 
changes in potential differences being registered.

It was thus possible, in the case of frog muscle fibres to 
distinguish between changes in excitation potential (F—E 
potential) and in contraction potential. Closer examination 
of the former made it necessary to carry out experiments 
on lizard’s muscles, in which it is possible to lead off from 
and to stimulate directly the motor end-plate. The potential 
difference between fibre and end-plate, the F—E potential, 
previously referred to, was compensated so that only the 
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alterations of potential were registered. About 1—2 msec, 
after stimulation a fall in the F—E potential occurred, 
amounting to about x/10 of its resting value, after which in 
the course of 1—2 msec, the potential regained its former 
value, the latter part of the curve interfering with the 
oscillations of the F—F potential. Fig. 35 shows the appear
ance when the two potentials change in the same direction.
Fig. 35 a represents a con
trol curve on an unexcitable 
fibre obtained as above. In 
this case, too, the potential 
change has been reproduced 
without any disturbance 
whatever. The relation be
tween the variations of the 
F—E and the F—F potentials 
will appear more clearly 
when the distance between 
the electrodes is varied, 
though the distance avail
able is not great enough to 

Fig. 37. Lizard’s muscle fibre, indirect
ly stimulated by eddy currents, both 
electrodes on the muscle fibre. F—F. 
potential 2 mV. compensated. Elec
trodes 400 u apart. For (a) see Fig.

33 a. Time marker 20 msec. 
(Buchthal & Lindhard).

decide whether the potential change is propagated or spread 
with decrement.

The grid electrode is placed on the end-plate whilst the 
earthed electrode is placed on the fibre at varying distances 
from the end-plate, the resting potential being compensated 
as previously. The curves in Fig. 36 show how the potential 
difference varies under these conditions. If both electrodes 
are placed on the fibre, and one of them close to the end
plate, the latter thus being stimulated by eddy currents, a 
curve like that in Fig. 37 will appear, i. e. an excitation po
tential followed by a contraction potential corresponding 
in all respects to the one found in the frog’s muscle fibre.
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In order to secure direct stimulation of the fibre a number
of experiments were performed on curarized lizard’s fibres.
The grid electrode was placed on an end-plate as usual, 

Fig. 38. Variation of potential 
difference on stimulation of com
pletely curarized fibres. Fibre po
tential, 3 mV. compensated. Elec
trodes 200 u apart. For (a) see 
Fig. 33 a. Time marker 20 msec. 

(Buchthal & Lindhard).

the earthed electrode on the 
fibre. The curare solution was 
applied to the preparation and 
it was found as previously 
that the F—E potential gradu
ally diminished simultaneously 
with an increase in the thre
shold value of the stimulus. 
After 10—30 minutes, only the 
F—F potential remained, the 
end-plate was electrically inac
tive. Direct stimulation is then 
not accompanied by two separ
ate changes but by a single 
abrupt decrease of the fibre’s 
resting potential. The more 
abrupt initial fall found here 
is probably due to a greater 
density of current under the 
stimulating electrode. Such 
experiments must be very care
fully controlled, because the 
intensity of the stimulus is ne
cessarily many times greater 
than in the case of indirect sti

mulation. The potential changes of a curarized fibre are repro
duced in Fig. 38. As usual in these experiments the resting 
potential was compensated, only the abrupt decrease and 
slow regeneration of the potential being seen in the curve.
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In certain cases the F—E potential is found to have 
disappeared after 10—15 minutes, whilst the indirect ex
citability remains for a further 15 minutes or so. Since the 
potentials are led off through the sarcolemma, it is reason
able to suppose that when a potential can no longer be 
detected by the recording instruments, traces of the latter 
will still be found in the fibre. As is well known, it is possible 
to stimulate a single fibre without including neighbouring 
fibres in the process, the interpretation of which seems to 
be that the sarcolemma is a comparatively effective insulator. 
These experiments show once again what care must be 
taken in order to secure complete curarization of a muscle 
fibre. Where experimental conditions must be exactly con
trolled, curarization of whole muscles is a hopeless under
taking. It may be that the results published by Schäfer 
(1936) and Rosemann (1936), which differ from ours, are 
partly explained by that fact. Moreover, our experiments 
with curare show that the very rapid change of the F—E 
potential which takes place first of all, does have its origin 
within the fibre end-plate system, and thus is not an action 
current of nervous origin; for curare would not affect the 
latter.

This series of experiments confirms the opinion previously 
expressed, that the problems with which we are dealing, 
like several others in muscle and nerve physiology, can 
only be solved by the use of the functional units themselves. 
The complicated conditions presented by the whole muscle, 
composed as it is of fibres, end-plates, nerve twigs, blood 
vessels, connective tissue and tissue fluid, makes conflicting 
results almost inevitable.

Direct measurements on end-plates and fibres, on the 
other hand, give uniform results; it shows that between 
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these structures there is a difference in potential, which 
on indirect stimulation undergoes a sudden change, spreading 
over the fibre as a wave1, and whose relation to the fibre 
potential has been recorded. The motor end-plate is mor
phologically and functionally a highly specialised region of 
the fibre, as Lindhard has pointed out (1924, 1931); and 
it appears probable that Keith Lucas’ ß-substance, which, 
as is well known, is characterized by high excitability, might 
be referred to this region. Some of the electrical changes 
taking place on stimulation of the fibre are thus due to 
changes in the F—E potential, as could be inferred from 
Asmussen & Lindiiard’s experiments already referred to; 
but the changes in the F—F potential could not be demon
strated with the experimental arrangement they employed. 
Furthermore, Bishop & Gelfan (1932) did not succeed in 
demonstrating electrical changes when localized contrac
tions were produced in muscle fibres by direct stimulation. 
The quantitative determination of electrical changes occur
ring in the single fibre, and especially their time relations, 
only become possible when electrostatic recording is em
ployed and the measuring device has an input resistance 
of at least 10 meg. ohms; if this is not the case the fall of 
voltage in the preparation may result in considerable errors. 
The experimental results reported here are not yet applicable 
to whole muscles; but by employing the electrostatic methods 
of measurement on whole muscles we can, in certain cases, 
obtain results which correspond qualitatively with those 
arrived at in experiments on single fibres. (Fig. 39.) In 
particular, it appears that the electric phenomena in muscle 
are associated with the process of excitation as well as that 
of contraction.

1 Not to be confused with the so-called contraction wave observed 
in whole muscles.
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Although the former experiments on whole muscles, 
for reasons previously discussed, do not permit definite 
conclusions to be drawn concerning the electrical changes 
in the muscle substance, the experiments described above 
on single fibres have shown beyond 
all doubt that besides the potential 
changes in the transmitting system end- 
plate-fibre, potential changes also occur 
in the muscle substance proper.

In the question as to the precise 
mechanism of the transmission of im
pulses to striated muscle, the rôles of 
acetylcholine on the one hand, and 
the electrical phenomena on the other, 
have been the subject of much discus- 
sion(BROWN, Dale &Feldberg(1936), 
Monnier (1936) Dale (1937)).

The transmission of excitation from 
the nerve-ending in the end-plate to 
the sole of that organ need not ne
cessarily be of the same nature as the 
process taking place between end-plate 
and fibre-substance. It seems advisable 
in future work to differentiate between 
these two boundaries. It may be men
tioned that experiments in which ace
tylcholine was applied directly to single 
end-plates, indicate that the effect of this substance is more 
complicated than has been hitherto supposed. The process 
of excitation, as it is usually understood, involves several 
stages, in which transmission by both physical and chemical 
means may be involved.

Fig. 39. Mechanogram 
and action current of M. 
semitendinosus (frog) 
stimulated over the 
nerve, (a) input resist
ance of the electrone tube 
voltmeter = 3000 £2.

(b) = 40 Meg. <Q.
Time 1/so sec. (Buch- 

THAL & LiNDHARd).

a
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The Spread of the Stimulus.

As already mentioned, the older conception was that 
the process of stimulation spread as a “wave of negativity’’, 
which advanced from the point where the nerve entered the 
whole muscle at the rate of the wave of contraction. On 
anatomical grounds this theory is untenable and it cannot 
be made the basis for further work. A more productive 
idea was Keith Lucas’ (1905) that each fibre of a skeletal 
muscle reacts according to the so-called “all-or-none” 
principle, which for a long time had been considered to 
apply only to the myocardium. Keith Lucas showed that 
a frog’s muscle, when excited by stimuli of gradually 
increasing strength, responded with a “stepped” contrac
tion curve; the author’s explanation was that with increasing 
intensity the stimulus spread more widely in the muscle 
and thus would successively attack one “set” of fibres after 
the other. And as the “steps” of the stepped curve were 
horizontal, this was interpreted as a maximal reaction of 
each new set of fibres. The latter conclusion was not entirely 
justified, however, as the production of a stepped curve 
does not necessarily result from the maximal response of 
the fibres, but might equally well have its origin in a con
stant, and not necessarily maximal, reaction of each. This 
might be the case, even though an increasing stimulus is 
applied to the muscle as a whole.

Some uncertainty existed as to the precise condition of 
stimulation in these experiments of Keith Lucas and his 
school; both he and later workers found stepped curves 
both on direct and indirect stimulation and on fresh and 
curarized muscles. Therefore it was considered necessary 
to define more precisely the relation between direct and 
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indirect stimulations as well as to examine closely the 
behaviour of curarized fibres.

The question of direct and indirect stimulation has been 
dealt with in a number of classical experiments by the 
German physiologist Sachs (1874) who examined the effect 
of stimulation of a muscle in the longitudinal and transverse 
directions of the fibres. These experiments have now been 
extended, and their results confirmed, by Asmussen (1933). 
The procedure was as follows:— Two Gastrocnemii of the 
same frog were suspended in the same myograph under 
identical mechanical conditions and their contractions re
gistered simultaneously. The muscles were stimulated di
rectly and indirectly, and in the former case either along 
or across the direction of the fibres. It then appeared that 
by indirect or direct stimulation along the fibres, almost 
identical “stepped” curves were obtained, though with in
direct stimulation the steps were somewhat more pronounced 
and shortening slightly less (Fig. 40). In other words, the 
so-called “direct” stimulation along a non-denervated muscle 
is chiefly of an indirect nature; it is mainly the intramuscular 
nerve branches which are stimulated, as Happel (1926) had 
already shown.

In certain cases an underlying effect, due to true direct 
stimulation, may result in a moderate increase in shortening. 
If, on the other hand, the muscle is stimulated transversely 
it is found that firstly the strength of the stimulus must be 
increased very considerably before the muscle will react 
at all, and secondly that the curve as a rule shows no signs 
of “steps” (Fig. 41). In other words, in this case stimul
ation is mainly direct. However, by increasing the strength 
of the stimulus very slowly, fairly well-marked “steps” in 
the contraction curve produced by transverse stimulation
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may sometimes be found. These are presumably due to 
direct effects on the motor end-plates. With gradual increase 
of the stimulus a perfectly smooth rising curve is obtained 
only when the muscle is “denervated” in some way; and, 
for this reason, the majority of the experiments in which 
“direct” stimulation of non-curarized muscles was employed 
must be considered of doubtful value. But this does not 

Fig. 40. Frog’s muscle, (a) “direct 
longitudinal” stimulation, (b) in

direct stimulation. (Asmussen).

Fig. 41. Upper curve: indirect sti
mulation; between the arrows a va
riable resistance was gradually re
moved. Lower curve: direct trans

verse stimulation. (Asmussen).

imply that curarized muscles can always be used in these 
experiments; it has already been mentioned that a great 
deal of work reported in the literature can be said with 
certainty to suffer from the serious defect that curarization 
has been incomplete.

It is obvious that experiments using mixed direct and 
indirect stimulation on muscles only partially curarized are 
unsuitable for the study of the problems discussed here. 
Despite several notable advances in technique, e. g. Pratt 
& Eisenberger’s pore electrodes, some confusion still 
existed, mainly owing to the use by many workers of un
suitable preparations (the basihyoid membrane) as at that 
time it had not been found possible to use isolated fibres.
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Brown & Sichel first succeeded in doing so, and shortly 
afterwards Asmussen and Kato. Brown & Sichel (1930, 
1936) showed that a muscle fibre stimulated directly did 
not follow the “all-or-none” law but responded with con
tractions which increased with the intensity of the stimulus.
This was in agreement with the work of Gelfan (1930). 
Asmussen (1931, 1932), who undertook a systematic study 
of the mechanical properties 
of the isolated fibre, chiefly 
employed Brown andSiCHEL’s 
technique, though he also made 
use of small bundles, to some 
extent. The procedure is illu
strated in Fig. 42. As will be 
seen, the arrangement does 
not record completely iso
metrically, but the changes in 
length become so small in 
proportion to the fibre length 

Fig. 42. Arrangement to record 
tension of a single fibre. Frog’s M. 
semitendinosus. f = single fibre 
with electrodes, g = glass rod. 

s = scale. (Asmussen).

that the curves obtained may be considered as isometric 
tension curves. The result of Asmussen’s work was as 
follows:— With direct stimulation of constant strength the 
tension was constant also, but sooner or later, a “con
traction-remainder” developed, i. e. relaxation gradually 
passed off more and more slowly so that after each contrac
tion the fibre did not return to its initial length or tension. 
Thus it appeared that the increase of tension was constant 
with each successive stimulus (Fig. 43). In other words it 
was not the tension but the increase of tension that varied 
with the strength of the stimulus. After cessation of the 
stimulus the tension disappeared. With the onset of fatigue, 
both the increase in tension and the “contraction-remainder” 
steadily approach zero (Fig. 44).
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If the strength of the stimulus varies, it appears, in 
accordance with Brown & Sichel’s results, that the tension

Fig. 43. Single muscle fibre, direct stimulation with constant strength 
and frequency. 1. Total tension. 2. Increase of tension for each stimulus.

3. Change of base line.
Abscissa: time in 0.8 sec. Ordinate: arbitrary units. 

(Asmussen).

will vary accordingly. If the intensity of the stimulus is 
kept constant whilst its frequency changes, the response of 
the muscle with increasing rate of stimulation, will gradually 
pass from a series of single contractions into an almost

Fig. 44. Single fibre, direct stimulation continued until onset of fatigue.
For 1, 2 and 3 see Fig. 43.

smooth curve of interference, the so-called tetanic curve. 
The latter will, however, not run parallel with the base
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line but will be a rising curve. Since this curve represents 
the total tension of the fibre it will be obvious, from the 
above, that this total tension, denoted by the “height of 
contraction’’ will depend upon the frequency of stimul
ation. The more rapid the rhythm, the higher the total tension ; 
for the greater will the “contraction-remainder’’ become in
a given time. If the 
intensity of the te- 
tanizing stimulus is 
increased, the curve 
of tension will rise
correspondingly.

These experi
ments show that on 
direct stimulation 
the isolated fibre 
does not follow the 
“all-or-none” law.

In experiments 
with indirect stimul

Fig. 45. Device for recording tension of single 
fibres. A. side view. B. seen from above, f = 
fibre, g = glass rod. D = drum driven by 
clockwork motor, o = microscope objective. 

(Asmussen).

ation Asmussen (1934) employed a somewhat modified ex
perimental technique (Fig. 45). The preparation employed 
was the same as in the experiments first referred to, namely 
isolated fibres or small bundles of the frog’s Semitendinosus. 
In some experiments lizard’s muscles were employed.

The experiments showed that despite large increases in 
the strength of the stimulus, the contraction and the increase 
of tension of the isolated fibre remained constant (Fig. 46 a). 
However, on excitation of a bundle with increasing stimulus, 
a stepped curve was obtained which possessed as many 
steps as the bundle contained fibres. Kato and his colla
borators have obtained similar results. If stimulation is

Vidensk. Selsk. Biol. Nedd. XIV,6. 8
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continued at constant strength the bundle will become 
fatigued, and a curve of tension falling stepwise will then be

11111111111111 m 1111

6

f
Fig. 46. a. single fibre (lizard); indirect stimulation; upper curve indicates 
strength of stimulus, b. small bundle of 8 fibres, indirectly stimulated; 
upper curve strength of stimulus, c. small bundle, continuous indirectly 
stimulated, strength of stimulus constant (compare Fig. 47). d. small bundle 
indirectly stimulated with constant frequency, threshold stimulus, e. re
sponse of muscle bundle. Upper curve strength of stimulus; left side in
direct, right side direct stimulation, f. response of muscle bundle, indirect 

stimulation. Upper curve strength of stimulus. (Asmussen).

obtained. These stepped curves are not due to fatigue of the 
peripheral nerve, since as is well known this is an extremely 
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slow process; they are moreover not due to fatigue of the 
fibres themselves, since these will still respond to direct 
stimulation, and with the onset of fatigue show a smoothly 
falling curve. Asmussen’s explanation is that they are due 
to an “all-or-none” reaction of the end-plate. Fig. 46b shows 
how “end-plate fatigue” affects the response of the bundle. 
It is seen from Fig. 46 a—d that even if the tension has fallen 
to zero the fibre will, after some time, respond afresh to 
the same or a slightly increased stimulus, and then again 
cease to react. If the fibre has become greatly fatigued by 
indirect stimulation, and a change is then rapidly made to 
direct stimulation, the strength of the stimulus being increased 
simultaneously, a very powerful response may be obtained 
for a short time, which soon passes into a continuously 
declining curve of fatigue (Fig. 46e). Thus it is possible 
from the shape of the curve of fatigue to decide 
whether the site of the fatigue is the end-plate or 
the contractile substance.

In some cases (Fig. 46e) the two forms may be combined. 
The intermittent fatigue curves show that on indirect 
stimulation the fibre does not fatigue in the same way as 
on direct stimulation. If the curve of contraction in the case 
of direct stimulation falls to zero, the fibre has reached the 
stage of absolute fatigue and cannot be made to respond 
again by increasing the stimulus; only after a comparatively 
long rest will it be possible to make it react again. In the 
case of an intermittent fatigue curve there are, however, 
two possibilities. Either the motor end-plate may become 
fatigued, as Asmussen suggests, or the excitability of the 
muscle fibre suddenly may decrease so much as to make 
the constant stimulus initiated from the end-plate “sub
threshold”. It is quite impossible to decide with certainty 

8
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which of these alternatives is realized under normal con
ditions; but in certain cases the muscle may be fatigued 
without the intervention of the end-plate, so that the muscle 
tension decreases towards zero whilst the impulses from 
indirect stimulation indicated by action-currents continue 
with unaltered intensity (Henriques & Lindiiard). This is 
probably the explanation of Fig. 46 f; here fatigue of the 
muscle fibre is manifest before any signs of this have 
appeared in the end-plate. An experiment such as that 
reproduced in Fig. 46 d, where contractions recommence as 
the result of an increase in indirect stimulation would 
appear however to indicate that in this case we might really 
speak of fatigue of the end-plate. Considering the very short 
refractory period of the end-plate, it seems likely that when 
the fibre ceases to act, this is due to a decreased excitability 
owing to fatigue (cf. e. g. Fig. 47). As previously mentioned, 
however, we have in all cases to reckon with the fact that 
the normal stimulus, as indicated by the change in the 
F—E potential, is constant under given experimental con
ditions within rather narrow limits. The next question will 
then be whether this constant stimulus is maximal as re
gards the fibre. Keith Lucas believed this to be so, because 
the steps of the stepped curve were horizontal. This fact, 
however, as already mentioned, proves only that the stimulus 
is a constant one and that the fibre is in good condition. In 
order to investigate this question more closely Asmussen & 
Lindiiard (1935) compared the maximal contraction of the 
whole muscle and the single fibre with direct and indirect 
stimulation.

Fig. 48 shows the behaviour of a frog’s gastrocnemius 
under a tetanus of short duration, produced by a very strong 
stimulus applied directly, and also to the motor nerve.
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Though the direct stimulus might not be maximal since the 
arrangement employed did not permit further increase in 
the strength, it is nevertheless certain that the indirect

Fig. 47. Tension of a whole muscle (a) and of one of its fibres (b) ; 
indirect stimulation (compare Fig. 46 (c). (Asmussen)).

stimulus employed is a maximal one, in so far as there 
would be no purpose in increasing it. It will be seen that 
the muscle tension falls rapidly, as would be expected, but 
further that in every case it is greater in direct than in 
indirect stimulation. The same result is shown in Fig. 49,

Fig. 48. Frog’s muscle; indirect (i) and direct (d) stimulation. 
(Asmussen & Lindhard).

an experiment with an isolated fibre; the maximal tension 
is far greater in the case of direct than with indirect stimul
ation. This must mean th at an indirect stimulus is not maximal 
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as regards the response of the fibre so that the expression 
“all-or-none” cannot be used at all in the case of a fibre 
of a skeletal muscle, but that we really have to do with 
a constant reaction. Nor can we speak of the all-or-none 
law in the case of the F—E potential. This term, therefore, 
should be discarded, the more so since it probably does not 
apply to the myocardium itself either but only to the ex
citation of this (Schütz, 1936).

As to the spread of the stimulus in the muscle we con- 

lllllllllllii 
a
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b

Fig. 49. a. single fibre, indirectly 
stimulated; commencement of fa
tigue. b. direct stimulation of the 
same fibre; strength of stimulus 
first increasing then decreasing.

(Asmussen & Lindhard).

stantly find the term “wave of 
contraction’’ in the older liter
ature. This wave was imagined 
as a gross alteration in shape, 
which could be recorded me
chanically, especially when 
alterations of thickness were 
measured. This “wave of con
traction’’ must be dismissed

from consideration, at any rate when normal function of 
the whole muscle is concerned. It is true that, from a con
sideration of the experiments of Fuji and others, we may 
suppose that the latent period of the different fibres varies, but 
that the individual fibres are not so situated as to divide the 
muscle into separate regions, which can contract individually ; 
on the contrary, they are situated as far as is known, so that 
fibres innervated from the same ganglion cell are lying 
scattered in the muscle and therefore a partial muscular 
contraction will appear as a contraction of the whole muscle 
of decreased amplitude. As regards the individual fibre, 
hundreds of microphotographs taken by Buchthal, Knapp- 
eis & Lindhard at, and immediately after, the moment of 
stimulation in no case give any indication that the muscle 
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compartments in the field of the microscope are in different 
states. In this connection it may be borne in mind that from 
the standpoint of energetics the older conception of the 
contraction wave in the whole muscle would be futile as it 
would result in a scries of useless tensions in the fibres, which 
during the whole of the process of contraction would be pre
vented from attaining a state of equilibrium.

Asmussen & Lindhard 
(1935) have examined the 
spread of the stimulus in a 
fibre or a small bundle by 
means of a modification of 
a method first devised by 
Kato(1934)andreproduced 
in Fig. 50. The preparation, 
covered by a very small 
quantity of Ringer’s solution, 
is fixed to a slide in its centre 
with a little plaster of Paris ;

Fig. 50. Recording device for register
ing tension at both ends of the same 
fibre, gg = glass rods, d = recording 
drum, f = fibre fixed in the middle 
by plaster of Paris. Electrodes at
tached to the one end of the fibre.

then to each end is attached a long thin glass-rod writing on a 
drum. The preparation is stimulated at one end by condenser 
discharges through platinum electrodes, or indirectly through 
its nerve branch. If the preparation was completely symme
trical and attached completely symmetrically, the glass-rods of 
equal thickness and the amount of their friction on the drum 
quite uniform, and lastly, the muscle fibre attached to the 
fulcrum at the same distance from the ends of the two glass
rods, then two symmetrical curves should be obtained on the 
drum, if the stimulation passed through the whole of the 
fibre. Owing to the numerous sources of error, which will 
not be dealt with in detail here, such symmetrical curves 
are rarely obtained, but on the other hand when these 
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sources of error arc taken into account asymmetry will 
not become so great as not to allow certain conclusions to be 
drawn from the experiments as to the spread of the excit
ation in the fibre.

On indirect stimulation of a bundle the symmetry is so 
marked that it cannot be doubted that the spread of the 
stimulation is rapid and decrementless. It was necessary
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b
Fig. 51. a. Tension record from both ends of a fibre fixed at its middle. 
Direct stimulation of increasing strength. E denotes record from portion 
of fibre on which electrodes arc placed, b. As (a); strength of stimulus 
first increasing then decreasing, a = original record, b = drawing from 

record. (Asmussen & Lindhard).

to assume beforehand that as stimulation from the end-plate 
is constant any portion of the fibre that remained uninflu
enced by the stimulus would be unable to contract at all 
under normal conditions.

On direct stimulation some variation in the appearance 
of the curves is found owing to the uncertainty associated 
with the method employed. There seems to be a tendency 
for visible contractions to begin at the stimulated end of the 
fibre or the bundle, but this tendency is far from being so 
marked that it would be possible to express it numerically 
(Fig. 51 a & b). For further details (he original paper should 
be consulted. It appears with certainty from the experiments 
that the stimulus passes throughout the fibre and that the 
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contraction thus becomes complete at an intensity below 
that of the normal stimulus which may therefore be regarded 
as being above the threshold. Although it does not appear 
certain from these experiments that a fibre can be stimulated 
partially, the observations nevertheless show that the con
traction becomes complete a long time before it becomes 
maximal. By other means, however, especially by stimul
ation of single fibres with microelectrodes (Buchthal & PÉ- 
terfi) (Gelfan) or mechanical stimulation (Asmussen & 
Lindhard) under the microscope, it has been demonstrated 
by direct observation that in the case of weak stimulation 
a localised contraction may appear at the site of stimulation.

For many years a major problem of muscle physiology 
was the so-called “latent period” i. e., the period be
tween stimulation of the motor nerve and the mechanical 
response of the muscle as measured by the curve of a single 
twitch. So long as we regard the whole muscle as a single 
unit such a viewpoint is natural; but gradually it has come 
to be generally realized that all curves obtained in such 
experiments are interference curves, often very difficult 
to interpret quantitatively; and for this reason, the question 
of the latent period of the whole muscle has lost in interest. 
At the beginning of this century it was realized that something 
took place during the latent period, fibrillary twitching of 
the muscle belly was observed and it was seen that the 
lever of the myograph fell below the base-line during the 
latent period indicating altered conditions of elasticity. It 
was observed that with improvement in the apparatus used 
the latent period constantly decreased. A new attempt was 
made in 1925 by Fulton to analyse the phenomenon; it 
proved unsuccessful, however, because it was not appreci
ated that all such curves are interference phenomena and 
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because the structure situated between nerve and muscle 
viz. the motor end-plate, was not taken into consideration. 
The curve of the single twitch, too, is but an inadequate 
statistical expression of what happens in the muscle after 
stimulation (cf. Fuji’s experiments). This is shown, in a 
somewhat exaggerated form perhaps, by Fig. 52.

The impulse initiated in the nerve by the stimulus reaches 
the different fibres by routes of unequal length, causing the

Fig. 52. Single twitch of whole muscle. 
(Beddard).

fibres to contract at slightly 
different moments, so that 
a considerable number of 
libres must be set in action 
before the lever can be 
moved. The latent period 
of the muscle measured 
from this curve will thus 

be the period between stimulation of the nerve and the con
traction of a certain unknown number of fibres. Then we must 
consider the “height of contraction”, from which it is supposed 
to be possible to calculate the shortening of the muscle. In 
this case at any rate it cannot be done even with moderate 
accuracy; because owing to its kinetic energy the heavy 
lever must have risen further than really corresponded to 
the shortening of the muscle; when a sufficiently large 
number of fibres have relaxed it falls down to, and below, 
the baseline again. Even if it was really possible to learn 
something about the shortening of the muscle, we should 
learn nothing about the far more interesting phenomenon, 
the shortening of the fibre, as this rarely lakes place in the 
direction of the pull of the whole muscle.

It will probably appear from the above that the old 
idea of the latent period has been played out. The process 
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of stimulation is a complex physico-chemical process, and 
at each stage of the various parts of this we may, of course, 
speak of a latent period, but this will be quite another 
thing than that previously understood by the term “latent 
period’’, something for the measurement of which quite 
different methods are necessary, and first and foremost, 
requires the use of isolated fibres. A few experiments of 
this nature have already been made, as Brown & Sichel 
(1936) have determined the time interval between the 
stimulus and the beginning of the mechanical response, 
which they state to be 1.5—2.5 mill, sec., whilst Buchthal & 
Lindhard have determined the time interval between the 
stimulus and the fall in the F—E potential, which amounts 
to 1—1.5 mill, sec., and the interval between the fall of 
the F—E and the F—F potentials, which is of the same 
order.

It has been mentioned several times that frequent stimul
ation of a fibre may bring it into a state of permanent con
traction which, to use an expression borrowed from experi
ments with whole muscles, has been termed “tetanic con
traction’’ or “tetanus”. As already referred to, this condition 
is, however, labile and can only be maintained for a few 
seconds at the most. Eisenberger (1918) states that some
times it is impossible to keep a fibre tetanized long enough 
to photograph it in this condition, which may perhaps be 
due to the fact that he uses fibres in situ and not isolated, 
which would entail a fairly strong tension on the single, 
contracted fibre, and therefore presumably, fatigue of 
earlier onset. Here again there is a contrast between observ
ations made on single fibres and on whole muscles, which is 
scarcely to be wondered at. As we have said, the so-called 
single contraction curve is formed through interference of 
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the curves of the individual fibres; the tetanic curve arises 
through summation of such interference curves. Therefore 
it is almost hopeless to attempt to analyse a tetanic curve, 
whether it be in mechanical or thermal problems. It is 
unfortunate for the progress of muscle physiology that this 
highly complicated phenomenon has been characterized as 
a special “form of contraction’’.

As is known, a muscle may remain in “tetanic contrac
tion” for several minutes, provided the stimulus is of suitable 
intensity. When maximal stimuli are employed the curve, 
after rapidly reaching a maximum, immediately falls to 
the base-line. It might, therefore, be imagined that it was 
for similar reasons that the isolated fibre can only remain 
in tetanic contraction for a brief space of time, since the 
intensity of the natural stimulus lies far above the threshold 
value, as has already been mentioned. This fact is, however, 
undoubtedly only of minor importance here. The main 
reason why a muscle can remain in tetanic contraction for 
minutes at a time is that single fibres or groups of fibres 
alternate during the contraction. That this does actually 
occur has been shown by Asmussen (1934) in the following 
way. He dissected out a single fibre so that it was connected 
only by its nerve with the remaining muscle, both being 
arranged for isometric contractions. When stimulated by 
faradic current the whole muscle gave a perfectly smooth 
tetanic curve, parallel lo the base-line. The single fibre, on 
the other hand, gave an intermittent curve consisting of a 
series of tetani of short duration (Fig. 47). These experiments 
are in agreement with those above on isolated fibres and 
explain why the tetanus is of longer duration in the whole 
muscle. The single fibre, either because its end-plate be
comes fatigued or, what is more probable, because its 
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excitability is diminished, becomes irresponsive to stimul
ation for a short period, contracting again after this pause. 
The experiments also explain why in the case of maximal 
stimulation the muscle cannot remain long in tetanic con
traction; the maximal stimulus acts on all the fibres si
multaneously and, therefore, they will very soon all cease 
to act; there will be no possibility of alternation between 
different groups of fibres.

It is difficult to ascertain from the literature whether it 
has been realized that all these so-called contraction forms 
should properly be termed innervation forms, since the 
underlying process in the fibre or, more precisely, in the 
muscle compartment is the same, qualitatively, and in certain 
cases (indirect stimulation) quantitatively also. A muscle 
which, indirectly stimulated, can without alteration in 
length support a given weight, will if the strength of the 
stimulus is increased, raise the weight and so perform an 
amount of external work (concentric contraction); if the 
strength of stimulus diminishes the weight will be lowered 
and the muscle will perform a negative amount of work 
(excentric contraction). A loaded fibre stimulated indirectly 
will be able to contract only for a very short period; but it 
will not be able to raise or lower the load because the in
directly stimulated fibre has only one degree of contraction. 
Only if the load can be varied will the fibre be able to 
perform a positive as well as a negative amount of work. 
But the directly stimulated fibre, like the whole muscle, has 
an “infinite” number of degrees of contraction.

It was a long time before a contraction of normal type 
could be obtained from a muscle dissociated from the 
central nervous system. When at last it became possible 
(Grace Briscoe, 1927) it was not because a closer knowledge 
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of the nature of muscle contraction had been attained, but 
because it was realized that the question involved was one 
of innervation.

The Reaction of the Muscle Fibre to the Stimulus.
Although there exists an enormous literature on the 

reactions of whole muscles, only in a few cases have single 
fibres been studied. The results of experimental studies on 
the reactions of whole muscles are even more difficult to 
interpret than those previously referred to. The painstaking 
work of the past three decades on muscle chemistry, aiming 
at establishing a direct relation between chemical and thermal 
changes, and the mechanical phenomena, has proved dis
appointing for several reasons. This is due partly to the 
fact that the chemical changes cannot be limited as to time 
so as to make it possible to follow directly the different 
links of the complicated biological processes taking place 
in rapid succession in the muscle fibre, and moreover we 
cannot be certain whether the substances found in the dead 
fibres exist as such in the living state; lastly, the determin
ations have been performed on a mixture of substances 
from all the structural elements present, not only in the 
fibre but in the whole muscle. Therefore, recent investi
gations of the physico-chemical basis of the contraction 
mechanism have followed quite other lines than previously, 
which have been referred to briefly in the chapter on the 
minute structure of the muscle fibre.

As far as the thermal investigations are concerned, the 
problem is even more difficult, because the heat change 
that is measured, and which attemps are made to relate to 
the known chemical changes, may have no immediate 
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quantitative connection with the latter. It is true that a 
successful distinction may be made between contraction 
heat and recovery heat (of chemical origin), but the highly 
complex conditions existing in intact muscles during tetanus 
where we are concerned with the summation of interference 
curves, do not allow us to relate the various heat changes 
observed to definite processes in the single fibre; we know 
nothing at all as to the number of reacting fibres, though we 
do know that the fibres reacting to a given stimulus do not 
do so simultaneously. Complications therefore arise when 
attempts are made to refer the heat changes quantitatively 
to the mechanical processes. Apart from the fact that the 
mechanical phenomena dealt with in these experiments can 
only in part be considered as immediately associated with 
the process of excitation, there are several facts to be discus
sed below which will influence the results of the experiments.

Firstly, in most of the experiments hitherto performed, 
not the tension of the fibre but the tension of the terminal 
tendons has been measured; for tension of fibre = tension 
of tendon/cos u, where v is the angle of attachment. Con
versely, if we measure the degree of shortening, we find the 
shortening of the tendon = the shortening of the fibre/cos v. 
The magnitude of the possible sources of error shown by 
this calculation cannot be stated in simple terms, but com
parison of a resting and a contracted gastrocnemius will 
show' that, at any rate in the case of this muscle, such 
errors may become fairly considerable.

Secondly, before the final tension is developed in the 
muscle, certain displacements occur which take an appreci
able time and may not be completed during a single twitch. 
As already mentioned, the muscle comprises several struc
tural elements, which can be displaced in relation to each 
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other with more or less friction. In any steady state of the 
muscle there exists a condition of relative equilibrium be
tween the stroma, the active and the inactive fibres. If 
this equilibrium is disturbed a certain time will elapse before 
it is re-established, and during this interval it is impossible 
to obtain any information as to the tension of the fibre. 
Experiments made by Gasser & Hill (1924) for other 
purposes may give some idea of the duration of this process 
of adaption. Any sudden change in the length of a muscle 
contracting isometrically will entail a momentary positive or 
negative change in tension passing far beyond the level of 
tension that corresponds to the new length. It appears 
justifiable to suppose that the time from the onset of the 
change of length till the new tension is reached, amounting 
t° 1/io—1/b second, corresponds to the re-establishment of 
the equilibrium between the tensions of the structural 
elements of the muscle, and to their alteration of shape. So 
long as the disturbance of equilibrium lasts it will, as already 
mentioned, be impossible to say anything about the tension 
of the individual fibres and what takes place within them.

1 This change of shape of the individual fibre should not however 
be confused with the above displacements between the structural ele
ments of the muscle or bundle (Fischer (1934), v. Muralt (1936)).

There is, however, another source of error, which may 
occur in cases where the direction of the fibres of the muscle 
is parallel to the direction of pull of the tendons, and which 
may result in errors when small bundles or isolated fibres 
are dealt with, namely that due to the shape of the fibres1. 
Lindhard and Möller (1930) have shown that when a 
conical fibre contracts isometrically, the thick end of the 
fibre will become shorter and thicker, whilst the thin end 
will become longer and thinner. Somewhere in the fibre
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there must therefore be a cross section which will remain 
unaltered during contraction, and whose position can be 
determined when the shape and dimensions of the fibre 
are known. The area of this cross section will probably 
determine the tension which the fibre is able to develop 
during contraction. If a fibre be imagined having the shape 
of a blunt cone, the length of which is 20 mm., its diameters 
being 1/10 and 1/60 mm. respectively, and which is able to 
retract to 1/3 of its original equilibrium length, then it may 
be calculated that the unchanged cross section, which is 
also the one whose movement is greatest, will be situated 
5.8 mm. from the thinner end when the fibre is at rest, 
and that during isometric contraction it will move 5.6 mm. 
towards the thicker end. When the change of shape begins 
there will be the same tension per unit of cross section area 
everywhere in the fibre, whilst when the change of shape 
is fully established there will be the same tension on any 
total cross section of the fibre, irrespective of its area. Thus 
the thicker end of the fibre will shorten and so perform 
work, but part of this work will result in increased potential 
energy in the thinner end of the fibre, which thus performs 
a negative amount of work. If the whole of the work was 
transformed into potential energy, the change of shape 
would not entail any heat formation and would not involve 
any loss of tension; but that this is not so is illustrated by a 
simple example.

Imagine two elastic cords of the same material and the 
same length but with different cross sections, so that their 
tensions when they are drawn out to twice their length will 
be in a ratio of 1:2. The two cords are fixed so that their 
ends will meet when each is stretched to twice its original 
length. If they are joined together in this position and then 

Vidensk.Selsk. Biol.Medd. XIV,6. 9
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allowed to pull against each other, it will be seen that the 
thicker cord will shorten and the thinner one will be ex
tended until the tension between the two fixed points is 
the same everywhere. The increase of tension, x, of the 
thinner cord will then be determined by the equation

1 + x = 2 (1 — x), or x = — ; at the same time the increase o
of length (a) in the case of the thinner cord if it is perfectly 

elastic, will be a = The increase in potential energy of 

the thinner cord will then be

E± = Ü0(l +æ) dx

and the loss of energy of the thicker cord

E2 = 2 $“(1 — a?) dx

which, when a 1
3’ gives

and E2 =
10
18’

which again gives the total loss of energy of the system = —.

Reference may be made to the original paper (1930) 
for the method of calculation employed. It will suffice, in 
order to indicate the order of the results found, merely 
to state that the calculation made in three cases assuming 
a maximal tension of 3 kg./cm.2 gives an average deform
ation-heat Q = 0.0109 cal./cm.3.

It is obvious that these computations of the loss of energy 
in deformation cannot more than approximately indicate 
the order of magnitude, as the fibres in situ are unable to 
move independently of the neighbouring ones, and because 
Q will vary with the shape and dimensions of the fibres.
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But it is evident that the source of error referred to here may 
under certain circumstances make the result of the myo
thermal experiments performed in the usual manner un
trustworthy since the ratio between tension and develop
ment of heat becomes variable.

The muscles of the living animal have partly a static, 
partly a dynamic function; they must either maintain a 
steady tension or perform an amount of positive or negative 
work. As maintainance of a steady tension and the per
formance of work are essentially different from a mecha
nical point of view, and as the process taking place in the 
muscle, or rather the muscle compartments, must be sup
posed to be the same in all cases, these functions should 
be considered to arise from an underlying, primarily 
mechanical change in the muscle, and the change of elasticity 
previously referred to then naturally suggests itself.

A. Fick first maintained that the contracting muscle was 
a new elastic body, but knowledge of muscular function was 
not sufficiently advanced at that time as to make it possible 
for him to prove his assertion. Later on A. V. Hill, on the 
basis of his myothermal experiments, maintained the same 
view, for he claimed to be able to demonstrate that when 
an isometrically contracting muscle has developed maximal 
tension, the muscle is able to perform an amount of positive 
work without further heat production. Hill therefore 
maintained that the primary mechanical function of the 
muscle was the development of tension (potential energy) 
and that the fully developed tension may then either be 
dissipated as heat or be employed for work, according to 
the external conditions, without influencing the consumption 
of energy by the muscle. Therefore Hill defined the mecha
nical efficiency of the muscle as:

9*
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(Potential Energy thrown into an active Muscle by Excitation) 

(Total Chemical Energy liberated as Heat)

These ideas agree very well with the conception that, 
when stimulated, the muscle will assume a shorter length 
of equilibrium; if fixed at its original length it will thus be 
able to develop tension, but if allowed to shorten, it will 
be able to perform some work. Hill’s interpretation and 
valuation of his previous results appear to have undergone 
some change. In his more recent publications it seems, 
however, as if Hill regards his original view as incorrect, 
that the muscle when it shortens and performs an amount 
of work must develop extra energy in addition to that released 
by the stimulation (Fenn Effect). The number of phases 
recognized in the heat production have increased in recent 
years and their interpretation under different experimental 
conditions becomes very complicated. It seems to us almost 
hopeless to attempt such an analysis in the case of tetanic 
muscular contraction, the complex nature of which we have 
previously made clear. Hill’s conception of the mechanical 
function of the muscle is, however, untenable as will appear 
from the following investigations into tensionless contraction.

If a frog’s muscle, e. g. a Gastrocnemius, is immersed 
in Ringer’s solution so that it does not support its own 
weight, and is then submitted to a series of indirect stimuli, 
the muscle will not develop mechanical energy. The first 
stimulus will cause it to change its shape, but then, provided 
the stimulation is of a suitable frequency, it will remain 
almost completely at its position of equilibrium. It is unable 
to shorten further, and is thus unable to perform any work, 
and it cannot develop tension at its length of equilibrium. 
Thus the stimulus does not bring about develop- 
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ment of potential energy in the muscle. Only if some 
external force prevents the muscle from assuming its length 
of equilibrium will it develop tension. Thus the idea of 
efficiency as a physiological characteristic of the muscle 
fibre vanishes. It might perhaps be imagined that a mo
mentary development of mechanical energy took place in 
the muscle and that such energy would also immediately 
be dissipated as heat. But this is not so. The contraction 
without tension involves only a very slight development of 
heat. A slight heat formation will take place because in 
practice it is impossible to make the contraction absolutely 
tensionless. Any muscle has a characteristic shape corres
ponding to its length of equilibrium when unstimulated. 
Near the length of equilibrium the shape is determined by 
the fibres, whereas in greater changes of length the stroma 
no doubt plays a part both in the case of extension and con
traction. Thus it is not unusual to see the perimysium fold 
during maximal contraction. The single fibre, too, possesses 
a typical shape, which, apart from internal forces, is de
termined by the sarcolemma. The usual stage of restitution 
is also present only to a slight extent after tensionless con
traction, if it occurs at all.

Asmussen has measured the difference between the 
development of heat after a series of isometric tetani and 
corresponding number of tensionless contractions; he em
ployed for this purpose a thermo-couple consisting of about 
250 insulated copper-constantan junctions, half of which 
were placed in a muscle chamber filled with Ringer’s solution 
but not in direct contact with the muscle, and the other half 
placed in ice water stirred by means of ice-cold air. A 
Hartmann-Braun galvanometer was employed as measuring 
instrument. The result of a series of experiments is repro
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duced in Fig. 53. The method is only an approximate one 
and can hardly give absolute values of the heat production; 
it seems, however, sufficient for this purpose, where the 
object is to differentiate between the heat production in 
the case of contraction of a loaded muscle and of an un
loaded muscle, that is, between isometric contraction and 
tensionless contraction. Asmussen’s results correspond well 
with the heat measurements made on muscles under varying 
loads by McKeen Cattell (1932). Since, however, the 
theory and principle of tensionless contraction has not been

7 2 3 5
Fig. 53. Total heat production of a frog’s muscle. Arbitrary units. 1 and

2 isometric tetanus. 3 and 4 tensionless contraction. 5 as 1 and 2.

previously fully discussed, and as it plays a decisive part 
in the theoretical interpretation of the contraction phenomena, 
we considered it desirable to test Asmussen’s experimental 
results by other methods. With this end in view A. Topsøe- 
Jensen has made a series of determinations of the oxygen 
consumption of the muscle under isometric tetanus and 
under tensionless contraction. The experiments were made 
with small frog’s Sartorii (weight 35—65 mgm.) by means 
of Krogh’s micro-respiration apparatus (1914), the principle 
of which is well known. The muscle was placed in a chamber 
consisting of a glass-tube (volume about 7 cm.3), one end 
of which was closed and which was provided with a side 
tube with a glass stopper, into which a couple of platinum 
electrodes were sealed. Beneath the latter, also attached to 
the glass stopper, was a small celluloid pot in which the 
muscle was placed in Ringer’s solution saturated with 
oxygen. By means of two small hooks the muscle could be 
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fixed at its length of equilibrium when the nerve was placed 
across the platinum electrodes. The CO2-absorbent (5 per 
cent. KOH) was spread on filter-paper covering the interior 
of the muscle chamber. During the experiment the muscle 
chamber and the control container were placed in a water
bath at room temperature. In order to avoid changes due 
to temperature variations, the manometer was read by means 
of a kathetometer, and by blank experiments it was ascer
tained that the stimulus alone did not influence the mano
meter. As it appeared that the manipulations required in 
making the preparation resulted in an increased and highly 
fluctuating basal (resting) metabolism, the mounted prepar
ation was placed for 15—30 minutes before the experiment 
in oxygenated Ringer’s solution. The muscle was then first 
stimulated without tension for 15 sec. with a maximal 
tetanizing current and the manometer read every 10 minutes 
for 30—40 minutes. The muscle was now secured isometric
ally and the whole experiment repeated precisely as in the 
case of contraction without tension. The readings of the 
manometer were constant in all cases after the cessation of 
the experiment. The results are given in Table VIII.

As will be seen, the results of these experiments agree 
approximately with those of Asmussen’s. In the experiments 
of the 6th and the 13th the increase of the O2-absorption in 
tensionless tetanus is strikingly large; it should, however, 
be borne in mind that errors of this magnitude are likely to 
occur, if the arrangement of the muscle is not quite success
ful, if for instance there is too little fluid on which the muscle 
may float, or if it adheres to the container and so on, though 
errors in the other direction can hardly occur. The lowest 
figures of the column must therefore be considered the 
correct ones. The increase of the oxygen absorption, in
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Table VIII.

Date

Oo-consumption in 
determined in

mm.3 per gm./min.,
10 min.-periods

Total rise of Oo- 
consumption per gm. 
of muscle in 30 min.

Best
Tension

less 
Tetanus 

for 15 sec.
Rest

Isometric 
Tetanus 

for 15sec.

Tension
less 

Tetanus
Isometric 
Tetanus

6/x . ... 1.53 1.73 1.53 3.57 5.03 31.6
8/x .. . . 1.70 1.80 1.70 3.30 1.01 30.0
9/x .... 1.28 1.44 1.28 3.08 1.59 27.0

12/x .... 1.02 1.23 1.02 2.25 2.04 26.6
13/x .... 1.36 1.64 1.36 2.73 4.09 19.1
14/x .... 1.04 1.25 1.04 2.40 2.08 26.0
15/x .... 1.68 1.96 1.68 2.66 2.80 15.9

the course of isometric contraction must, of course, vary 
according to the size and condition of the muscle. It will 
moreover be noticed that whilst the increase of metabolism 
after tensionless tetanus has ceased at the end of 10 minutes 
in all the experiments except the two specially referred to 
above, it takes much longer however after isometric tetanus.

From the results of the two preceding series of experi
ments, showing that the metabolism of the muscle is only 
slightly influenced by the tcnsionless contractions, it must 
be supposed that such contractions would less easily give 
rise to fatigue than contractions during which the muscle 
develops mechanical energy. This proves to be so. If, for 
instance, two gastrocnemii of the same frog arc placed in a 
myograph and one of them is stimulated a certain number 
of times without loading, and then both muscles are loaded 
and stimulated simultaneously to fatigue, fatigue occurs 
practically at the same time in either case, as is shown by 
Table IX (unpublished experiments by A. Topsøe-Jensen).

For purposes of comparison it should be mentioned
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Table IX.

Shortening in Tension
less

Contract
ions

Contractions 
under Biff

Decreased
Working
Capacity 

(b — a)-100

arbitrary Units
Date Beginning End Loading b — a

a b a and b a a b b

4.12.36 40 40 3 180 500 620 120 19 Gastrocn.
14.12.36 39 44 3 300 480 580 100 17 —
18.12.36 38 38 3 360 455 470 15 3
19.12.36 38 38 3 420 485 495 10 2 _
23.12.36 46 47 3 180 400 500 100 20 Semitend.
23.12.36 44 43 3 240 515 505 —10 —2 —

that in 16 double experiments with symmetrical muscles 
which were stimulated to fatigue in the same manner as 
before, but without preceding tensionless contractions, an 
average difference between the number of contractions of 
3.6 per cent, was found, with an average error of 54 per cent.

A closer examination of the table will show that at the 
beginning of the experiment the two muscles gave the same 
height of contraction; only in the experiment of Dec. 14th 
has the control muscle an appreciably greater height of 
contraction than the (a)-muscle. This experiment is therefore 
of less value, because we do not know whether the difference 
in the last column is due to fatigue of the (a)-muscle owing 
to the tensionless contractions, or whether it is due to different 
development of the two muscles. The experiments are stated 
chronologically and it therefore appears as though the high
est values in the last column might be due to lack of experi
ence in the experimental technique. The number of tension
less contractions preceding the fatigue experiments proper 
is apparently of no importance. In the experiment of Dec. 
19th, in which the number of tcnsionless contractions almost 
equals the number of loaded contractions, required to bring 
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both muscles to the limit of absolute fatigue, the effect of 
these contractions is scarcely demonstrable. The result of 
these experiments is thus directly opposed to investigations 
by Riesser & Schneider (1929), who maintain that the 
time of onset of the fatigue is independent of the loading 
of the muscle.

The general impression of the three series of experiments 
referred to is that tensionless contractions are without 
appreciable effect on the muscle, which in turn implies that 
in the course of the tensionless contraction no irreversible 
processes take place to any appreciable extent. Therefore 
it must be supposed that the energy liberated by the stimulus 
forms part of a cyclic process, the last phase of which is 
the re-establishment of the excitation-—and contraction po
tentials. This energy moreover must be supposed to be equal 
to the work which the fibre would be able to perform, 
or rather the potential energy it would be able to develop, 
if it was fixed at its original length of equilibrium at the 
moment when it changes from one elastic condition to the 
other, and which must be of the same magnitude as the 
electrostatic forces keeping the molecular chains of the 
myosin micellae (see below) extended in the “state of rest”. 
The tensionless contraction, which is the direct result of 
the stimulation when the muscle is uninfluenced by external 
forces, should then chiefly take the course of a series of 
reversible processes. As a picture of the mechanism of the 
energy output we may imagine a pendulum that is supported 
above its lowest position. Il will then possess potential 
energy. If the pendulum is released its potential energy will 
disappear but simultaneously it will obtain an equivalent 
amount of kinetic energy which reaches its maximum at 
the lowest position of the pendulum and disappears again 
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under the development of potential energy as the pendulum 
moves on to the end of its swing in the opposite direction. 
But if external resistance stops the movement the kinetic 
energy will be transformed into heat. This analogy may be 
extended to the muscle fibre. If, as a consequence of the 
change of elasticity, the latter performs work or develops 
potential energy, which is dissipated irreversibly into heat, 
the regeneration of the above-named potentials will require 
the liberation of an amount of energy equal to that which 
the fibre has lost in the shape of work or heat. As the 
tensionless contraction must no doubt be considered very 
rare under natural conditions, we generally find a relatively 
long-continued stage of recovery after the contraction, during 
which a number of energy-producing processes occur, 
which besides yielding the energy required for the regener
ation of the contraction potential also dissipate heat; of these 
processes the essential one seems to be the oxidative de
struction of carbohydrate, v. Muralt’s (1935) statement 
that “Das Funktionsziel der Muskulatur ist die Bereitstellung 
mechanisch verwertbarer Energie aus chemischen Energie
reserven”, and that “Das Endglied des Energieumsalzes ist 
primär immer ‘die Bereitstellung’, denn der eigentliche Um
satz vollzieht sich zunächst so, dass potentielle, mechanische 
Energie aus chemischen Energiereserven entsteht”, would 
appear to be theoretically untenable. It is correct that the 
primary function of the muscle is “Bereitstellung mechanisch 
verwertbarer Energie”; but this “Bereitstellung” is expressed 
by the change of equilibrium length, the only me
chanical process taking place in the muscle fibre as a di
rect consequence of stimulation. All other mechanical 
phenomena, work, development of tension etc., are secon
dary, a consequence of the interference of external forces.
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If, on the basis of the investigations into tensionlcss con
traction, the histology of muscle, its minute structure, and 
into the electrical phenomena of the fibre, (supported es
pecially by H. H. Weber’s, Kurt H. Meyer’s and our own 
experiments), we try to form a picture of the internal con
dition of the “resting” and the “contracted” fibre, to establish 
a contraction hypotheses, we arrive at the following result:—

The rod-shaped formations in the A-segments of the 
muscle fibrils consist of myosin micellae composed of long, 
flexible but firmly connected molecular chains, which in 
a state of equilibrium are completely deranged, coiled or 
collapsed. K. H. Meyer attaches great importance to the 
fact that the individual links of the molecular chains are 
connected by means of very firm valencies; if these are 
lacking the orientated atoms and molecules may become 
disorientated through a rotation that does not change the 
shape of the object, as is the case with dipoles orientated 
in a field when the activity of the field ceases. In the unstimul
ated resting muscle fibre these molecular chains arc, how
ever, not in their state of equilibrium, but are more or less 
straightened in an electric field. They cannot be completely 
straightened, for, if so, the A-segment of the fibre would 
behave very much like a tendon, i. e. it would be near its 
limit of elasticity and, therefore, unable to withstand further 
stretching without the occurrence of irreversible structural 
changes; the micellae cannot be completely coiled either, 
for the A-segments would then be unable to shorten.
K. H. Meyer does not take the electrostatic forces in the 
fibre into account and assumes that when a muscle is at 
its state of elastic equilibrium the contractile elements, the 
myosin micellae, must be in a similar condition. He main
tains that the molecular chains that are stretched in the case 
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of passive extension will coil up when the latter ceases, 
whereas in fact though the stretched molecular chains do 
become folded to some extent, they do not completely reach 
the coiled-up state of equilibrium which they would assume 
if left alone.

When the muscle fibre is stimulated a sudden large 
change in the excitation potential (i. e. the potential differ
ence between end-plate and fibre substance) is seen, as 
referred to above, which is followed by a fall in the fibre 
potential; and thus a sudden, marked decrease might occur 
of the electric field keeping the molecular chains of the 
myosin micellae stretched, so causing them to “collapse”. 
The completely coiled-up or collapsed state of the molecular 
chains is, however, unstable, as the electric potentials are 
soon re-established. This, as we have seen, causes the mole
cular chains to become more or less straightened again. 
According to the investigations into the minute structure of 
the myosin previously referred to, compared with similar 
work on rubber and elastic connective tissue, it must be 
supposed that when the molecular chains are straightened 
to the state of longitudinal orientation a decrease of the 
entropy of the system will occur, whilst collapse is accom
panied by an increase of the entropy. Therefore it is con
ceivable that the work required for the re-establishment of 
the electric field originates from the increase of entropy. 
The condition of the myosin micellae in the “resting” fibre 
is thus determined by an interaction between elastic and 
electrostatic forces in the fibre, and corresponds to the 
condition of the molecular chains in the passively extended 
rubber cord. The stability of the condition depends on the 
stability of the electric field. On the other hand the maximally 
contracted muscle fibre corresponds to the resting rubber 
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cord, the molecular chains of which are completely coiled 
up; but in the case of the muscle fibre this condition is 
unstable owing to the rapid re-establishment of the electric 
field.

It is not known what substances determine the presence 
of the electric field. There is, however, reason to believe 
that somewhere at a boundary surface in the muscle com
partment an ion production and exchange takes place. The 
strength of the field may vary, partly as the result of the 
rate at which the ions are produced, partly owing to vari
ations in the permeability of the “membrane” itself, and 
partly owing to variations in the rate of the process by which 
the ions are removed. It is known that the strength of the 
field may remain practically constant for 60—70 minutes; 
but it is probably not always of the same intensity; on the 
contrary no doubt like all other natural phenomena it varies 
under changing conditions. But for the time being, we can 
only advance hypotheses on this point.

The mechanism of contraction outlined above applies 
to tensionless contraction. If external forces prevent or 
hinder the collapse of the myosin micellae the muscle fibre 
will develop tension, also termed potential mechanical 
energy, and this development of energy will continue till 
the field strength, decreased as a consequence of the stimulus, 
has regained its former intensity. In this case the regener
ation of the electric field must take place by means of other 
forces than in the case first considered, the reversible process 
now being transformed into an irreversible one, which 
entails the occurrence of oxidation processes in the fibre; 
but the mechanism involved is at present unknown. These 
processes, whose purpose must be the regeneration of the 
potentials of stimulation and contraction, are not reversible 
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but entail a loss of energy to the fibre, which is manifest 
as dissipated heat corresponding to the mechanical energy 
developed.

Tension will arise in a muscle when the contractile ele
ments are prevented from assuming their length of equili
brium, and only in that manner. In the living organism the 
muscles are usually extended beyond their length of equili
brium and, therefore, they possess tension; this tension is 
termed muscle tonus. The tonus may vary either as a 
consequence of external forces causing changes in length 
of the muscle, or more especially owing to variations of 
intensity of the electric field in the muscle fibre produced 
by stimulation, and finally owing to variations in the 
intensity of the field of the unstimulated fibre. The last- 
named possibility is for the time being purely hypothetical, 
for variations in muscle tonus can be explained on the 
basis of the somatic innervation alone.

If, on the other hand, the individual fibre is con
sidered, it has, as referred to above, only one degree of 
contraction in indirect stimulation and therefore its tonus 
cannot be graded as a consequence of somatic innervation, 
less so because this innervation can produce changes in 
one direction only. If the tonus of the individual fibre could 
be graded and vary in either direction these variations might 
be due to changes of intensity of the electric field, which 
controls the length of the myosin micellae and thus the 
length of equilibrium of the unstimulated fibre. Variation 
of the field not caused by the somatic innervation has not 
been demonstrated directly but must be considered probable; 
and the extent of such variation may become very large, 
covering the whole scale from completely coiled-up to per
fectly straight myosin micellae. This aspect of the mechanism 
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of contraction will not, however, be dealt with in detail 
here, since there is insufficient experimental work to sub
stantiate it thoroughly.

In this connection mention may be made of the consider
able number of experiments and arguments on the basis of 
which it has been maintained that muscular tonus is regul
ated through the autonomic nervous system ; whilst according 
to another view the tonus is regulated exclusively by means 
of the somatic innervation. The latter has been demon
strated in resting muscles. Neither of these two attempts of 
an explanation is, however, complete, but on the basis of 
the hypothesis of contraction advanced above it is possible 
to combine the two viewpoints so as to enable us to explain 
the existing experimental results if it is supposed that the 
equilibrium length of the unstimulated fibre is regulated 
through autonomic nerves, whilst it is the somatic innerv
ation which determines the tension superimposed on this 
background. For the time being such a hypothesis lacks 
experimental support.

If the working hypothesis outlined here is to be actually 
applied to the process of muscular contraction it is, of 
course, necessary that the electrostatic forces existing in the 
muscle compartment are of the order necessary to keep the 
myosin micellae extended to the degree they possess in the 
A-substance of the resting, unstimulated fibre. As the latter 
may be stretched on extension and resume its original length 
by relaxation, the molecular chains cannot be completely 
straight when the fibre is at rest, as is the case for example 
in a tendon; complete straightening must be supposed to 
correspond to a degree of extension of about 1.4 X the 
resting length, or to about 50 per cent, elongation of the 
A-substance. Further extension gives rise to irreversible
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changes in the structure of the fibre, as mentioned above. 
On the other hand we may expect the maximal degree of 
shortening of the A-substance to be to about x/4 of its resting 
length. As the electrostatic forces correspond only to the 
degree of contraction of the muscle fibre at its resting equili
brium length and not to the maximal contraction of the 
muscle, an idea of the relations of mechanical and electrical 
energy can be arrived at, if we examine the tension-length 
curves previously referred to. Before dealing with this 
question we shall, however, see what can be learned about 
the electrical forces by examination of the electrostatic 
conditions of the fibre.

The electrostatic forces acting on the contractile ele
ments of the muscle fibre play a prominent part in excitation 
and contraction processes; but direct measurement of these 
is so untrustworthy at present that we must be content with 
relative values of their sizes in different parts of the fibre. 
Estimation of the order of magnitude of the electrostatic 
energy of the system involves not only a knowledge of the 
potentials, but also determination of the resistance and 
capacity existing in the fibre.

Considerable changes in experimental technique resulted 
from the realization that in the understanding of electrical 
phenomena in muscle fibres, the electrostatic potentials 
were at least as important as the currents arising from them. 
The electrostatic methods of measurement in this field 
have been developed by Buchthal, who has stated their 
principles and limitations, and has examined the sources of 
error which may arise under different conditions. There is 
no need, however, to follow this development in detail here ; 
if required, reference may be made to the published ac
counts, but a brief description will be given of the apparatus 

Vidensk. Selsk. Biol. Medd. XIV, 6. 10
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which at present is considered suitable for this work and 
of the precautions that must be taken if reliable results are 
to be obtained by its use.

With the introduction of amplifying valves into electro
physiology it became possible to detect far smaller potentials 
and potential changes than previous methods allowed. By 
combination of the amplifying valve with the oscillograph 
as a recording instrument, more rapid changes in potential 
could be followed and their correct time-relations preserved. 
For an account of the comprehensive literature on the subject 
reference may be made to Buchthal & Nielsen (1936).

Examination of the electric phenomena in the individual 
cell makes great demands on the sensitivity of the measuring 
instrument, but moreover other precautions are required 
which can be ignored in experiments on nerves and whole 
muscles. Thus, when single cells are used, care must be 
taken to prevent any appreciable flow of current in the 
tissue, or to the measuring instruments employed. In order 
to determine the potentials actually existing, care must be 
taken that the measuring instrument has a resistance that 
is very large in proportion to the preparation, and since 
this and the leading-off electrodes have an internal resistance 
of several million ohms, the amplifier must have an input 
resistance of at least 100 meg. ohm, if we are to be certain 
not to take any appreciable current from the preparation.

The apparatus employed must be able to reproduce 
exactly not only potential differences of resting systems (e. g. 
the resting potential of the muscle fibre) but also rapid and 
slow changes of potential. All these requirements can be 
fulfilled only by the use of a direct current amplifier. 
As recording instrument either a mirror oscillograph can be 
employed, or—as we have done—a cathode ray oscillograph.
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Owing to its high input resistance this instrument is especi
ally suited for use in conjunction with valve amplifiers; 
moreover it possesses negligible inertia and is not damaged 
by overcharging, a property that makes it especially well- 
suited for measurements on tissues stimulated electrically.

the constant component of grid current. Si — Control of grid current 
compensation. So = Variable shunt resistance to the preparation, 1 meg. ß 

—100 meg. ß. S. G. = String galvanometer.
(Buchthal).

In their first experiments Buchthal & Péterfi (1934) 
worked with a Binant electrometer; and in recent experi
ments, in order to follow more rapid potential changes, 
Buchthal has also employed an electrostatic valve-volt
meter in connection with a string-galvanometer for recording. 
In this arrangement (Fig. 54) the disturbing effect of the 
grid current was eliminated. The grid current of the input

10
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Fig. 55. Electrostatic balanced D. C. amplifier. (Buchthal & Nielsen).

Ri = 1000 ß. Pl =
= 3000 ß. P> =

Ri = 2 Meg. ß. P3 =
7?4 = 500 ß. Pi =
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25 ß.
40000 + 1000 + 40000 ß. 
100000 + 10000 + 100000 ß. 
200000 + 50000 + 200000 ß, 
5000 ß — 1 Meg.ß.

I4 = Osram T113.
V2 — Telefunken RE 034.
V3 = Philips KF 1.

Bi == 20 Volt.
b2 == 70 Volt.
b3 == 120 Volt.
Bi == 180 Volt.
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valve makes it impossible to determine the actual rise of 
potential differences and may cause changes in the resistance 
of the preparation to be mistaken for potential changes. By 
employing a special valve with a carefully isolated grid 
coil it was possible to eliminate the inconstant COmpO-

ci CO Ca

Fig. 56. Arrangement for measuring potential differences on single muscle 
fibres. M = microscope, micromanipulator with micro-electrodes and 
preparation, r = relay to prevent stimulus escape. P = Helmholtz- 
pendulum. a = D. C. amplifier. CO = Cathode ray oscillograph. Ca = 

camera.

nent of the grid current and to compensate the relatively 
constant ion-current to such an extent as to make measure
ments without current-flow possible. Compared with the 
“electrometer” valves usually employed, this arrangement 
has the advantage that it gives greater amplification, so that 
in many cases such an arrangement with a string galvano
meter as recording instrument will be adequate. The use 
of the string galvanometer will, however, cause the period 
of inertia to become comparatively long. Therefore, in order 



150 Nr. 6. Fritz Buchthal and J. Lindhard:

to record very rapid potential changes e. g., change of the 
excitation potential and its time relations with the contrac
tion potential, it was necessary to build a balanced direct 
current amplifier with electrostatic input (Fig. 55 and 56). 
The variations in voltage of the batteries was reduced to a 
minimum by balancing of the stages individually and also 
with respect to each other (negative direct current feed-back). 
This arrangement proved to be extremely stable both to 
sudden and to slow variations of voltage in the current.

After “warming up” the displacement of the base line 
was only 10 mm. (= 100 microvolt) in the course of three 
hours. Such stability is necessary in many biological measure
ments because we are often forced to work near the limits 
of the amplifying arrangement. The theoretical limit of 
potential measurements in a conducting system is where the 
potential changes which result from the heat-motion of the 
electrons become of the same order of magnitude as the 
potential differences which it is desired to measure. The 
size of these disturbing voltages depends on the temperature 
and the resistance of the conducting elements, whilst the 
disturbances in the output circuit of the amplifier depend 
on the degree of amplification and the range of frequency 
response of the arrangement. The latter disturbances can 
be calculated according to the formula

V = 2 j/K- T-]/R-F-G

where V denotes the magnitude of the disturbing voltage at 
the output terminals of the amplifier, K Boltzmann’s gas

_90
constant (1.37- 10 ' Ws per degree of absolute temperature), 
T the absolute temperature, R the resistance of the object, 
F the range of frequency covered by the measuring arrange
ment, and G the degree of amplification.
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In the case of a frequency range for instance of 10,000 
cycles and a resistance of the object of 2 meg. ohm, the active 
“disturbance-level” will become 18 microvolts. The fre
quency response curve of the amplification arrangement 
employed by us will appear from Fig. 57. It will be seen 
from the figure that the degree of amplification is constant 
up to frequencies of 10,000 cycles. Knowledge of the theo-

Fig. 57. Measured amplification for different frequencies.
Upper curve 5 stage amplification. Lower curve 3 stage amplification. 

Ordinate: amplification in volts. Abscissa: frequency cycles per sec. 
(Buchthal & Nielsen).

retical and practical limitations of the method employed 
is, however, not sufficient to safeguard against error in 
biological work; it is constantly necessary by means of 
control experiments to safeguard against potential changes 
occurring from various sources of error such as injury to 
the preparation, mechanical displacement of the electrodes, 
disturbances of capacity, “stimulus escape” and so on as 
referred to in detail in the various papers.

Finally, attention should be called to the fact that the 
potentials that are measured even under the best possible 
conditions are only summation phenomena originating, 
among other things, from diffusion potentials, absorption 
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potentials, oxido-reduction potentials which at present 
cannot be analyzed, but which may be considered as in
dicators of what is taking place in the cell. Such potentials 
may well be important factors in biological processes. The 
difficulty of measurement and of reproducing the exper
imental conditions of experiments, when whole muscles are 
used, has often resulted in the formation of poorly supported 
hypotheses, because it has been impossible to establish the 
real connection between the measurements and the structural 
and functional properties of the tissue and this has caused 
more cautious observers even to question the existence of 
potential differences in resting systems, which however is 
now beyond doubt. The potential differences observed must, 
however, as already mentioned, be considered a reflection 
of a “dynamic equilibrium” between formation and removal 
of ions.

In the first publication on the electrostatics of the 
muscle fibre Buchthal & Péterfi (1934), used frog’s musc
les as experimental objects, especially the broad abdominal 
muscles, which were examined mostly in situ, the circul
ation being intact, sometimes in isolated preparations of thin 
muscle plates. It proved to be of considerable importance 
that the muscle fibre should be actually exposed; if the 
current was led off to the electrometer through the peritoneum 
or other connective tissue, the fibre potentials obtained were 
smaller than if leading off took place from the sarcolemma. 
On the muscles of the extremities the potential differences 
could not be demonstrated at all if the electrodes were placed 
on the fascia of the muscle. The sarcolemma, too, has 
insulating properties. The potentials measured become far 
less when the electrodes are placed on the sarcolemma 
than if they are inserted into the fibre substance itself
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(Fig. 58). It appeared, however, that the potential differences 
measured through the sarcolemma were of the same type 
as those obtained by leading off from the fibre substance 
itself; they gave a quantitatively diminished but qualit
atively correct expression of the resting potential of the fibre. 
It became preferable in later work to use the relative 
(epilemmal) potentials because the unavoidable injury to 
the fibre in the case of sublemmal measurements entails 
considerable uncertainty, as 
unless the injury to the tissue 
is quite the same at both 
electrodes, unbalanced injury 
potentials will be produced. 
As moreover the insertion of 
the electrodes into the fibre 
substance brings about a 
microscopically demonstrable 
disturbance of the cross-
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Fig. 58. Different positions of elec
trodes. I. Above the preparation. 
II. In Ringer solution. III. On 
the sarcolemma. IV. Inside the 

fibre. (Buchthal & Péterfi).

striation, it will be impossible to obtain normal values, 
even though an average figure might be arrived at by in
creasing the number of experiments performed. However, 
the potentials determined will always be too small.

The principal result of the experiments was that when 
both electrodes were placed on the surface of the same fibre, 
a potential difference was found which, in contradistinction 
to that found in similar examinations of other organs, varied 
in a fairly regular manner with the mutual distance of the 
electrodes. The potential increases with the distance be
tween the electrodes to a maximum (Fig. 59), the latter 
presumably implying that the electrode moved has either 
passed the place where the fibre ends, or has slipped on to 
another fibre. Owing to the difficulties which may be associ
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ated with the following of a single fibre in situ, the distance 
between the electrodes should not be greater than about 
500 jw. Fairly large individual variations are, however, found 
in different fibres. Fig. 59 and Table X give some examples 
of the experiments.

The first column of the table shows the distance between

Fig. 59. Potential differences in the frog’s muscle fibre with electrodes 
different distances apart. (Buchthal & Péterfi).

the electrodes, the figures representing units of 100—150 p,, 
0 indicating that both electrodes are in Ringer’s solution. 
The next 9 columns show the variation of the potential with 
the distance between the electrodes. The direction of the 
variation depends on whether the earthed or the non
earthed electrode has been moved. The figures given re
present scale divisions, each division corresponding to 
0.5—1 mV. For purposes of comparison it may be stated 
that the average of 16 sublemmal measurements is 45 ± 
8.4 mV, corresponding to a distance between the electrodes
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Table X.
Dependence of the Resting Potential on the

Distance between the Electrodes.

Distance 
between 

Electrodes

Experiments

I II III IV V VI VII VIII IX

0 16.00 16.00 16.15 14.20 15.72 16.90 16.00
1 15.98 16.10 17.00 16.35 14.70 16.73 16.70 17.90 16.00
2 15.90 15.97 17.20 17.16 16.30 16.80 16.50 17.95 17.90
3 15.85 15.65 17.30 16.55 16.82 16.65 16.55 17.95
4 15.80 15.45 16.10 16.87 17.65 15.93 16.55
5 15.60 15.50 16.72 18.10 15.93

of 100 p,, which shows that these measurements are subject 
to considerable errors, as already stated. When the fibre 
looses its excitability the fibre potential will disappear; in 
dead fibres no definite potential differences are found, no 
matter what the distance between the electrodes. In muscles 
poisoned by chloroform the potential will decrease gradually 
as the intensity of narcotisation increases. As previously 
mentioned, it will also disappear when influenced by ra
dium, whilst it remains uninfluenced by curare.

It was to be expected that potential differences would 
be found between the different structural elements, for 
example, between the sarcolemma and the contractile sub
stance or between the nuclei and the sarcoplasm of the 
muscular cell, but such potential differences do not change 
with the distance between the electrodes. This variation of 
the fibre potential cannot be due to movements of the elec
trodes as shown by control experiments, nor can it be ex
plained by conduction through the surroundings, since it 
is the same whether the preparation is covered with Ringer’s 
solution or with paraffin. Therefore it must be considered
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that the variation of the potential difference with the distance 
between the electrodes is associated with the segmental 
structure of the fibre. This view is further corroborated by 
the fact that when the electrodes are placed on unstriated 
muscle cells a potential difference may be demonstrated, 
but it does not vary with the mutual distance between the 
electrodes. For this reason we must believe that the individual 
muscle compartments are

Fig. 60. Frog’s muscle fibre directly 
stimulated. Decrease of the F—F 
potential Time marker 20 msec.

(Buchthal).

disappear. Thus it plays an 
and function of the fibre, but a

ectrically isolated from each 
other, and that the boundary 
may perhaps be Krause’s 
membrane. It is this mem
brane which determines the 
cross-striation; if it is distur
bed, the cross-striation is also 
disturbed; in that case the ex
citability of the fibre will cease 
and the resting potential will 
all-important part in the life 
part from the above, the under

lying histological structure and its histo-chemical, or physico
chemical properties are unknown. On stimulation, either the 
rapid change of the excitation potential or the direct applic
ation of an electric current, results in a change of the fibre 
potential which is re-formed in the following recovery period. 
Buchtiial & PÉTERFi showed that during contraction the fibre 
potential was diminished by 2—5 millivolt (Fig. 60) and that 
it was only slowly re-established after cessation of contract
ion; but with the apparatus then employed the authors were 
unable to follow the change itself at the moment of stimul
ation. Buchthal later succeeded in doing so (1934). It was 
first ascertained that the fibre potentials and their fluctu
ations could be measured directly, or that the resting potential 
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could be compensated and then possible fluctuations of it 
recorded. According to the position of the electrodes on the 
fibre and the distance between them, the resting potential 
is from 4 to 10 mV, and decreases when the circulation in 
the muscle ceases, e. g. in decapitated frogs in which the 
spinal cord has been destroyed. As in such cases the circul
ation will cease first in the abdominal muscles, these will at a 
certain stage have a lower potential than the muscles of the 
limbs. The resting potential is also diminished in poisoning 
with cyanide and on continued stimulation. When the fibre 
is stimulated the resting potential will suddenly fall 1—3 mV, 
usually returning to its original value in 0.5—2 sec.

Sometimes the regeneration may, however, take much 
longer. The time course of the potential change shows that 
it has nothing to do directly with the excitation-potential; 
the latter change may sometimes be observed as a slight 
irregularity of the first abrupt part of the contraction po
tential. The combined curves obtained by simultaneous 
recording of both changes have previously been referred to.

In order to obtain further information as to the nature 
of the fibre potential, Buchthal & Lindhard (1936) ex
amined the potential changes occurring with variations of 
temperature. The potential was measured and recorded as 
already described. The preparation was placed on a vul
canite capsule resting on a very thin cover-glass (Fig. 61). 
The capsule was provided with two short, vulcanite tubes 
by means of which water was led through the interior of 
the capsule from a Mariotte’s flask. There were three of 
these, one containing water at 5—10° C., the second water 
at 12—18° C., and the third water at 23-—28° C. As it was 
found that the temperatures inside the capsule, and of the 
preparation, might differ to a considerable extent from 
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each other, a thermo-couple consisting of a carefully in
sulated copper-constantan junction was placed on the 
preparation, in the immediate neighbourhood of the micro
electrodes; the other junction was placed in a Dewar-flask

sule with electrodes Ei and E-> and thermo-couple Li to measure temper
ature of the preparation. SGj = String galvanometer to record thermo
currents. I) — Dewar flask containing junction Lq- SG? — String galvano
meter registering potential differences. Ji = Special electron tube with 

high insulation of grid. AS — Anode volts. HS = Heating current. 
(Buchthal & Lindhard).

containing liquid paraffin, the temperature of which could 
be kept constant within 0.01° C. In most of the experiments 
the temperature variations were recorded from one string 
of a double-string galvanometer, the other being used for 
recording the potentials. The arrangement was calibrated 
for each experiment. A difference of temperature of 1° C.,
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Fig. 62. a. and b. Fibre potential at different temperatures. Numbers 
indicate sequence of measurements. Ordinate: potential in mm. Abscissa: 
Temperature, c. Potential level and slope of potential/temperature cur
ves. Ordinate: potential level. Abscissa: slope, d. Rate of adaption of 

potential with decrease and increase of temperature.
(Buchthal & Lindhard).
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gave a deflection of 2—3 mm. on the string galvanometer. 
The whole of the experimental arrangement functioned 
satisfactorily in the tests performed; the greatest difficulty 
appeared to be that of obtaining absolute tightness between 
cover-glass and vulcanite capsule, but it was managed to 
secure this by leading the water through the capsule at a 
slight negative pressure. The slightest leakage, however, 
was shown at once by great disturbances of the potentials. 
The readings were not taken until both the thermo-element 
and the thermometer in the capsule had attained to constant 
values.

The result of this examination was that within the range 
examined the fibre potential rose and fell with the temper
ature (Figs. 62 a & b), provided this did not reach a level 
higher than 26—28° C. At temperatures as high as this, 
irreversible changes of the fibre usually occurred, so that 
only very rarely did the potential fall again with decreasing 
temperature. Otherwise these potential variations were 
reversible and reproduceable. It was, however, difficult 
to find a formula covering all the experimental results. 
Calculation of the temperature coefficient according to the 
formula io

where p denotes the potential difference and t the temper
ature, gave as a mean figure 1.4 ±0.03 with an average 
error for a single determination of 22 per cent. A systematic 
variation of Qlo with temperature could not be demonstrated. 
Calculation of b according to Bëlehrâdek’s (1935) formula,

b = log Pi~ log p2
log (ft — a) — log (t2 — a) 
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where a is the difference between the “biological zero” 
and the zero of the thermometric scale, gave b = 1.08 ± 0.05 
with an average error of 45 per cent. Lastly, a comparison 
of the percental variation of temperature with the percental 
alteration of the potentials did not suggest any connection 
between the results. The difficulty of finding a general 
formula for the results of the experiments is probably due 
to the fact that these experiments cannot be considered 
comparable in simple terms, for the slopes of the potential
temperature curves were different for each experiment 
(Figs. 62 a & b) proportional to the level of the potential, 
a more abrupt temperature curve corresponding to a higher 
initial value of the potential level. Fig. 62 c shows the 
relation between the level of the potential and the value for 
the slope of the temperature curve. The cause of this inter
dependence is unknown.

The potential change on cooling was fairly slow, taking 
place in about 6 minutes, in the case of a fall in temper
ature from 25 to 12.5° C., whilst a subsequent increase to 
25° C., resulted in increase of the potential to its former 
level in the course of a few seconds (Fig. 62 d). A similar 
phenomenon is seen in the variations of viscosity of hydro
philic colloids with temperature (Loeb 1922).

Finally it may be mentioned that the influence of temper
ature changes on both fibre-fibre and fibre-end-plate po
tentials, is much greater than if they were proportional to 
the absolute temperature, as Bernstein (1902) has found 
for injured preparations.

The resistance of the individual muscle fibre in situ 
as well as of the isolated fibre was measured by Buchthal 
(1934, 1935) in two different ways. Only experiments in 
which the isolated fibre was used will be discussed here,

Vidensk. Selsk. Biol. Medd. XIV, G. 11
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since they at the present time afford the best information 
as to the resistance of the contractile elements.

In these experiments, fibres of the M. obi. abd. int. and 
limb muscles of the frog were used in situ and fibres of 
isolated muscles of frogs and lizards. For examination of 
fibres in situ the animal under urethane was placed on a 
paraffined glass-jffate on the stage of the microscope. As 
potential source the fibre potential referred to above was 

Fig. 63. Diagram of model. E = volt
age, IÏ = resistance and C = capacity; 
p = shunt resistance to C. r = input 
resistance of electrometer, the vari
ation of which permits measurements 

of (Buchthal).

used ; non-polarizable mi
cro-electrodes were employ
ed for leading off. Electrodes 
were selected whose open
ings, as far as possible, were 
of equal size, and their 
resistance was determined 
before and after each ex
periment. The possible po
tential difference between 
the electrodes never ex
ceeded 0.5 mV.

The method of measure
ment consisted in an electrostatic determination of the volt
age, E, which was then loaded with a resistance, r, of 40, 
10 and 6 meg. ohms in turn, and the voltage Vk then mea
sured (Fig. 63). When E, Vk and r are determined, the total 
resistance can be calculated according to the formula

The resistance determined in this manner was indepen
dent of variations in the resting potential of the fibre. The 
latter was constant for long periods when the preparation
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Fig. 64. Single frog’s muscle fibre with micro-electrodes iu position. 
(Buchthal).

was covered with liquid paraffin. As the measurement took a 
short time only, the temperature could also be kept constant 
during the experiment. By means of control experiments 

11*
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on dead muscles it was made certain that there was no 
significant resistance between preparation and electrodes. 
As the method requires both electrodes to be placed on 
the same fibre (Fig. 64), some measurements of fibre po
tentials with varying distances between the electrodes were 
made before each experiment; if these fibre potentials 
varied regularly with the distance between the electrodes, 
this was considered to indicate that the electrodes were on 
the same fibre. For the same reason comparatively thick 
fibres were usually selected for the experiment. As the resi
stance of fibres depends upon their thickness, the diameter 
of the fibre must be measured, and, as has previously 
been mentioned, this can only be done approximately on 
fibres in situ; accurate measurements can, however, be 
made on isolated fibres; Table XI, shows the results of a 
number of such measurements on living, resting muscle 
fibres.

As the principal result of the experiments Buchthal 
found that the resistance of a resting fibre of about 70 
diameter with a distance between the electrodes of 400 p, 
was about 3 meg. ohm. For purposes of comparison it can 
be stated that a column of 0.6 per cent. NaCl solution of 
the same dimensions has a resistance of 100,000 ohm. The 
specific resistance of the fibre will thus be 3000 ohm/cm. 
against that of the salt solution of 109 ohm/cm.

Whilst the resistance of fibres of different frogs might 
vary by 20 to 30 per cent., it was fairly constant in different 
fibres of the same animal, when the thickness of the fibres 
was taken into consideration. Measurements on isolated 
fibres generally gave a somewhat higher result than on those 
in situ, which is probably due to the fact that the single 
paraffin-covered fibres are better isolated from their sur-
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Table XI.

Preparation 
Nr. Fibre Diameter 

in u

Besistance of resting fibre in 
meg. ß. Distance between 

electrodes, u.
600—400 400—200 200—50

1.................................... 115 3.81 2.04 1.24
110 — 2.27 —
110 — 2.27 0.92

80—82 — 2.26 —
70 — 3.17 2.82

2 ............ 90 2.50 0.82
90—95 2.84 —

3.................................... 120 1.24 —
120 1.48 0.80
120 1.25 2.95
130 1.88 1.15

4.................................... 2.86 2.11
3.20 2.12
2.97 2.30

80—100 3.34 —
3.64 2.50

5.................................... 80 — 2.21 1.47
75—80 — 1.77 1.67

80 — 2.22 1.50
100 2.12 1.64 1.42

6.................................... 120 2.10 1.85
100-110 1.95

7.................................... 90 2.97 2.12
95—100 2.50 2.85 —

55 4.54 3.48 1.98
8.................................... 120 1.70 1.10

90 2.00 1.84
9................................... 90 2.65 —

90 2.40 2.03
80 — 2.05
80 — 2.12

10................................... 70 3.60 2.70
70 — 2.90

60—80 — 2.73
60—80 — 2.70
60—80 — 2.10
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Table XI (continued).

Preparation 
Nr.

Fibre Diameter 
in u

Resistance of resting fibre in 
meg. ß. Distance between 

electrodes, u.
600—400 400 — 200 200—50

11. . 90 3.43 3.04
100 3.51 —
100 3.14 —

60 4.75 —
60 4.81 4.43
65 4.63 4.00
65 4.90

12. . 110 2.20 1.58
about 45 4.95 —

13. . 2.97 —
3.02 2.65

90—115 2.85
2.72

—

2.92 —
2.22 —

14. 70 5.22 —
70 — 3.42
70 — 4.30

roundings than are fibres in contact with others and with 
capillaries.

The results arrived at by means of the method outlined

S

Fig. 65. (a.) Measurement of the resistance R by recording time course 
of enj> after closure of S. (b). exponential eourse of e .

Abscissa: time. Ordinate: potential difference, t = time constant.
(Buchthal).
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above were controlled by experiments using another method. 
The resting potential of the fibre was again used as source
of voltage, which from 
the point of view of 
measurement is an ad
vantage because, if ap
preciable voltages are 
introduced from with
out, a new and incal
culable source of error 
thus arises. The inter
nal resistance was de
termined by recording 
the time-curve of the 
potential em (Fig. 65), 
a known capacity C be
ing placed in parallel 
with the fibre. The con
denser must be at zero 
voltage at the moment 
of connection. Then the 
required resistance, R, 
can be determined from 
the lime constant, r, and
the capacity ol the con- Fig. 66. Decrease of potential after shunting 

, m with different capacities. Time 1/& sec.denser. C. i. e. R = t/C
For details of the calcul- a 
ations reference may be b 

c 
made to the original pa
per. The reliability of the 
method was ascertained by a

(Buchthal).

Capacity sec. Resistance
0.5 a F 1.9 3.8 meg. ß.
0.2 tu F 0.24 3.7 meg. ß.
0.1 fi F 0.38 3.8 mcg. ß.

number of controls; otherwise
the preparation of the tissue and the recording arrangements



The Physiology of Striated Muscle Fibre. 169

were the same as in the series of experiments first reported. 
Fig. 66 is reproduced as an example of the measurements. 
As shown by Fig. 67, the charging of the condenser takes 
place according to a purely exponential curve, proving 
that appreciable disturbances as a consequence of polariz-

Fig. 67. Curve 66 a plotted on semilogarithmic paper. 
Ordinate: E—em. Abscissa: time in sec. (Buchthal).

By means of the method first referred to, Buchtiial also 
examined the change of resistance when the fibre was stim
ulated. Though indirect stimulation of isolated fibres entails 
some experimental difficulties, it was still considered necess
ary to employ this procedure besides direct stimulation. 
The preparations employed were similar to those previously 
described. In these experiments the nerve was exposed just 
at its exit from the spinal canal, and then prepared according 
to the method of Adrian & Bronx (1928) so that stimulation 
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produced contraction of a few fibres in the field of vision; 
in two cases one fibre only responded. In order to safeguard 
as far as possible against external influences in the cases 
where more than one fibre reacted, the distance between 
the electrodes was made comparatively short, only 150— 
200 //. High frequency currents were used for stimulation. 
The terms in the formulae stated above for calculation of the

Fig. 68. Variation of the resistance of a single fibre after stimulation.
Abscissa: time in 1/6 sec.; 1 Stimulus. (Buchthal).

resistance must of course have been determined at the same 
time in relation to the moment of stimulation.

The results of these measurements show that immediately 
after a direct or indirect stimulus the resistance suddenly 
decreases by 30—50 per cent., resuming its resting value 
in 4—8 seconds (Fig. 68, Table XII). The recovery curve 
is of exponential form comprising two parts, the first having 
a rapid course, which then passes into the slower almost 
straight second part. In about one third of the cases ex
amined the transition between the two parts is distinctly 
marked by a sudden increase of short duration in the 
resistance. These changes of resistance cannot be due to
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Table XII.

Experiment 
Nr.

Resistance of Resistance during
resting fibre 

in meg. ß
contraction 

meg. ß

. lime of recovery
in Vs sec.

1 6.6 3.6 6
2 2.3 1.8 13
3 1.5 0.6 16
4 2.55 1.6 50
5 4.6 2.9 13
6 2.3 1.95 8
7 2.1 1.7 13
8 1.7 0.6 6
9 3.6 2.2 12

10 1.9 0.6 —
11 4.0 2.6 6
12 3.6 2.6 incomplete recovery
13 2.2 0.9 6
14 3.5 3.7 6
15 1.9 1.1 12
16 5.7 5.1 5
17 2.3 1.8 5

changes in shape of the fibres, as the latter will only be able 
to change their thickness, and then not throughout their 
length. As demonstrated by Lindhard & Möller, the fibre 
when it contracts becomes thicker in one part and thinner 
in another. This, however, could result in an increased 
resistance in one region of the fibre, which has never been 
observed though measurements have been made in many 
different parts of these. It must also be borne in mind that 
possible mechanical changes after stimulation take a much 
more rapid course than do the changes of resistance, even 
if possible elastic after-effects are taken into consideration. 
Impedance measurements on the whole muscle have shown 
that the A. C. resistance of the muscle as a whole increases 
after stimulation (Bozler & Cole (1935) Duruisson 
(1937)). These experiments, however, are not directly 
comparable to those referred to above, firstly because they 
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were made on the whole muscle, and secondly because the 
resistance measurements were made transversely and not 
longitudinally as in the present experiments. The resistance 
changes found in the single fibre may have their origin in 
permeability changes, in variation of the number of ions 
or finally in an altered distribution in the conductive and

Fig. 69. Device for measuring electrostatic capacity.
E = voltage |
R\ — internal resistance of £ > model.
Bo — resistance in series I
B3 — input resistance.
D. C. A. = direct current amplifier.
CO — cathode ray oscillograph.
ca = camera. (Buchthal & Nielsen).

non-conductive elements of the fibre. For the time being 
it is impossible to assess the relative importance of these 
factors.

The capacity of the muscle fibre has yet to be discussed. 
It was determined by Buchthal and Nielsen, who tried 
to reduce the complicated conditions of the fibre to a 
relatively simple model. They assumed the presence of a con
denser, which was charged by the voltage E (fibre potential) 
through a resistance (see Fig. 69). Besides reckoning with 



The Physiology of Striated Muscle Fibre. 173

this internal resistance, there is also a leading off resistance, 
R2. For calculation of the capacity use was made of the time 
variation of the voltage E, when a resistance, R3, is inserted 
in parallel with the condenser. Fig. 70 shows the course of 
the curve. When R3 is inserted the voltage suddenly increases, 
falling again according to an exponential curve to its previous 
value. The connection with R3 was effected by means of the 
relay referred to above, and the change of the potential
was registered through 
a D.C. amplifier by 
means of a cathode ray 
oscillograph. It appear
ed that the course 
of the curve in ex
periments on liv-  
ing muscles was the Fig 
sameasinthemodel 
experiments, whilst 

. Variation of fibre potential after 
shunting with R3 (see text).

(Buchthal & Nielsen).

dead muscles, or an artificially produced potential difference 
between the two electrodes gave curves that were deflected 
almost at right angles. We may suppose, therefore, that the 
course of the curve in experiments with living fibres implies 
that they possess accumulated electrostatic energy, which 
is related in some way to the normal structure of the fibre.

Calculation of the capacity is made according to the 
formulae below, the quantities -r, Eo, E, e, and R3 being 
known, or measured from the curves, Rlf R2, and C being 
unknown.

jR1 + /?2 + /?3

e-r3
r2 + r3
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Rt(J?2 + R3) 
H1 + R2 + /?3

When these equations are solved we arrive at the fol
lowing results:—

e
Ê»

r (A + R3 + 7?3)

E is stated in mV, R in meg. ohm, C in ^(F, and t in seconds.
Experiments on muscles of different animals give some 

variation in the results, all of which, however, are of the 
same order of magnitude. The result of a single experiment 
will be stated here; with R3 = 6 meg. ohm it was

Ri = 0.2 meg. ohm, R2 = 1.3 meg. ohm, r = —sec. and

C = 0.36 ^F/100

The measurements of potential and capacity referred to 
above make it possible to form a rough idea of the size 
of the electrostatic forces in the muscle fibre. It must, how
ever, be realized that it cannot be more than an estimate, 
because it is not yet possible to determine the potential 
within the sarcolemma of the undamaged fibre under 
physiological conditions. The potentials hitherto measured 
are lower than the physiological potentials.

The electrostatic potential energy of the fibre can be 
determined according to the formula
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Energy = — 10 5-C//F«E2mV Erg/100

If the capacity calculated from the above experiment and 
the value stated above (p. 154) for the potentials measured 
intralemmally are introduced into this equation we find

The energy = 10 0.36'452, 102 = 0.37 Erg/cm.

Similar difficulties and uncertainties are encountered 
when it is desired to determine how great a mechanical 
tension a muscle fibre is able to develop at its equilibrium 
length. In reality there are very few suitable determinations 
of tension. Exact determination of the tension of a single 
isolated fibre in the case of a so-called single contraction 
has not yet been made. As mentioned previously, Asmussen 
has determined the tension of small bundles during a tetanus 
of short duration; but measurements of the thickness of the 
fibres, were not made. This would have been desirable 
because the tensions were measured on fibres of limb
muscles, whilst potentials and capacity were measured on 
abdominal muscles. On the existing basis, therefore, we 
cannot get further than to an approximate determination 
of the order of magnitude of mechanical energy. In an 
experiment with a bundle of 12 fibres Asmussen states the 
tension at equilibrium length to be about 60 mg. which, 
when incorporated in the formula for the potential mechan
ical energy, 1/5 T1 (p. 68), gives about 1 Erg/cm., which is 
about 3 times the electrical energy calculated above. Both 
quantities are, however, based on factors so many of which 
are at present uncertain, that in view of the numerous, in 
part uncontrollable sources of error, we cannot expect 
more at present; on the other hand it appears to be justifi
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able, all things considered, to maintain that the existing 
results confirm rather than invalidate the hypothesis of 
contraction here advanced. Further investigations will 
comprise determination of the magnitude of the potential 
difference in the undamaged fibre and measurement of the 
mechanical tension of individual fibres under physiological 
conditions.

The expenses of this work have been covered through 
grants from the Carlsbergfond, the Michaelsen Fond, the 
Rask-Ørsted Fond and the Rockefeller Foundation.
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