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It is generally agreed that of the series of events causing contraction in a
muscle fibre the first is a reduction of the potential difference across the
membrane ('depolarization'). Regarding the succeeding processes which
lead eventually to activation of the contractile proteins little is known at
present. These processes do not seem to involve inward diffusion of a
substance liberated at the surface (Hill, 1948), and some other mechanism
must be looked for by which the influence of a potential change across the
membrane is conveyed inwards over a considerable distance (more than
50,u). Quite recently a clue has been provided by experiments of Huxley
& Taylor (1958) which strongly suggest that in frogs the disturbance is
conducted inwards along a structure adjacent to the Z membrane.
During the passage of an action potential a transient electric current

of considerable magnitude flows longitudinally through the interior of
the muscle fibre. To account for the rapid onset of contraction it has
sometimes been suggested that this current itself, and not the change of
the membrane potential, is the causative factor setting off contraction.
An elaborate treatment of this hypothesis has been given by Bay, Goodall
& Szent-Gy6rgyi (1953), who gave the moving internal electric field the
name 'window field'. In spite of its attractive simplicity, this theory
has generally received little support. In the first place the theory is only
applicable to a limited extent, since in many muscle fibres (slow fibres
of frog and many arthropod muscles) a nerve stimulus does not give rise
to a propagated action potential, but only to a depolarization which
spreads out passively for a short distance from each terminal region.
Nevertheless, a nerve impulse causes the fibre to contract because numer-
ous nerve terminals are distributed along the fibre surface, which in this
way is depolarized everywhere almost simultaneously. Secondly, in
twitch muscle fibres where the theory should apply it has been shown
that, in the absence of propagation, muscles exposed to a longitudinal
homogeneous electric field contract only in the terminal portion of the
cathodic region, where the membrane potential is reduced, while no con-
traction occurs in the mid region, where the current density inside the
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fibre is at a maximum, or at the anodic region (Sten-Knudsen, 1954).
Moreover, stimulation of a non-propagating muscle with a transverse a.c.
field causes the muscle to contract along its whole length and to produce
almost the whole tetanus tension (Katz & Lou, 1947; Sten-Knudsen, 1954).
In this case the internal longitudinal current flow is negligible.

Recently Csapo & Suzuki (1958) have claimed that they have restored
the experimental foundation for the 'window field' theory. Their evidence
is based upon three types of observation on the sartorius muscle, which
consists of fast striated fibres arranged in a longitudinal but not strictly
parallel manner. (a) When a muscle is suddenly exposed to a strong KCI
solution (20 mM-K or more), it goes into a permanently contracted state
(contracture), but the tension produced is only a small fraction of the
normal tetanus tension. (b) When the KCl concentration is reduced to
16 mm-K, i.e. slightly less than would produce contracture and consider-
ably more than is necessary to block propagation of the action potential,
a strong longitudinal a.c. field (6-20 V/cm) causes contraction along the
whole length of the muscle. Csapo & Suzuki observed that the shortening
was greater in the middle portion than at the ends, and at threshold
strength (4 V/cm) only the middle portion shortened. (c) The high-
frequency transverse field is only effective within a very narrow range of
K concentrations above the minimum blocking concentration. From
these observations Csapo & Suzuki concluded that the longitudinal inter-
nal current is more directly linked to contraction than depolarization, but
the latter is an essential 'priming' step which must precede or coincide
with an effective current flow.

This hypothesis presented an attempt to reinterpret part of the evidence
brought forward against the original 'window field' theory. If true, it
would, in spite of its complicated mechanism, have an important bearing
upon the problem of excitation-contraction coupling, as is indicated in a
recent review (Gelfan, 1958). For these reasons it was thought desirable
to repeat Csapo & Suzuki's experiments. To avoid the complications in-
troduced by using a whole muscle with the fibres not all running in the
same direction, the present study was performed on single isolated fibres.
It will be shown that there is a distinct discrepancy between Csapo &
Suzuki's observations and my own, and the reasons for this have been
elucidated. Neither the experimental findings nor the theoretical treat-
ment lend any support to the 'window field' theory in its old or new form.
A preliminary report of some of the results was made at the Second Con-
ference on Muscular Contraction held by the New York Academy of
Sciences (Buchthal & Sten-Knudsen, 1959).
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METHODS

Preparation. Single fibres from the semitendinosus muscle of German brown frogs
(Rana temporaria) were isolated at room temperature in a Ringer's solution of the following
composition (mM):NaCl 116, KCI 2, CaCl2 1-8. A small bundle of 20-50 fibres, with free
tendinous parts 2-3 mm long at either end, was transferred to the experimental Perspex
trough in which the final isolation took place (Text-fig. 1). The two tendons were clamped
by the two pairs of Perspex forceps (1) and (2) and rotated by them (3) and (4) s0 as to
expose the most convenient places for the separation of the fibres. It is important for the
survival of the fibres to cut rather than to tear the connective tissue which holds them
together. When the fibres are held firmly together it is an advantage to 'cut' the connective
tissue by means of-a broken micro-electrode fixed to a preparation needle.

,
Text-fig. 1. Combined dissection and experimental Perspex trough for longi-
tudinal and transverse a.c. stimulation of single muscle fibres. The tendon of a
small fibre bundle is clamped to the pair of forceps (1) and (2) and rotated by them
(3) and (4) to facilitate isolation of a fibre. For isotonic recording the lever axis (5)
is placed in the groove of the gallows and one tendon end is pierced by the lever
needle (7) and cut free from (1), the load on the fibre depending on the length of the
counterweights (6). The final adjustments are made by the set screws (8) and the
bar (4) of the pair of forceps (2). For isometric recording the lever is replaced
by an electromechanical transducer. For longitudinal or transverse stimulation
platinum plate electrodes are placed at either end or side walls.

Marking and photography. Small graphite particles, 20-30 in number, were placed upon
the upper surface of the fibre so that length changes could be watched and photographed.
At the terminal portions of the fibre marks were placed at intervals of 0 5-1 rnm. Once
these particles are in position they stick firmly to the surface and move with it. The whole
length of the fibre was photographed with transmitted light on 9 x 12 cm plates (fine-grain,
Isopan F) with an ordinary photographic objective (Sonnar 1: 1-5, focal length 5 cm,
exposure time 1/25-1/50 sec). The primary magnification was 4-5 times.
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Mounting. The one tendon end of the fibre was fixed to the pair of forceps (2) while the

other was fixed to the isotonic lever (5) ofaluminiumtube, 44mm longand0-6mm in diameter.
The torque produced by the counterweight (6) fixed on the lever axis was adjusted so that
the fibre was loaded with about 12 dynes when fixed to the lever needle (7). The position
of the lever was adjusted by screws (8) and the tendon was then pierced by the lever needle
and cut free from the left pair of forceps (1). Finally, the fibre was adjusted perpendicularly
to the end walls of the trough and the right pair of forceps (4) was pulled out to make a free
distance of 3-4 mm between the needle and the left pair of forceps. For isometric recording
the lever was replaced by an electromechanical transducer (R.C.A. 5734), one tendon end
being tied to the elongated pin of the transducer.

Stimulation. The electrodes consisted of thin platinum plates affixed to Perspex plates
2 mm thick. For longitudinal stimulation plates covering the end walls of the trough were
placed perpendicularly to the fibre axis, each plate being provided with a small slit for the
forceps. Since the distance from each plate to the terminal portions of the fibre was more
than five times the width of the slit, any non-homogeneity of the field around the fibre caused
by the slit could be neglected. For transverse stimulation two platinum plates 6 cm long
placed parallel to the fibre were used. The electrodes were connected to the output of an
a.c. power amplifier with adjustable output impedance, providing an output of 15W with
a total distortion less than 0-1 %. In the bath this corresponded to a longitudinal a.c.
field of 7-4 V/cm, r.m.s. The power amplifier was driven by a sine wave generator and the
a.c. voltage across the electrodes was measured by recording the two-way rectified and
filtered output from the power amplifier.
The fibre was tested for its ability to give propagated twitches and, if found satisfactory,

left for more than an hour. Only fibres giving proper twitches after this time were used for
the experiment. The muscle impulses were blocked by adding a sufficient amount of a
120 mM-KCl stock solution to raise the concentration in the Ringer's solution to 14-16 mM
(i.e. 7-8 times the normal value). After the experiment the K concentration of the excess
K Ringer's solution was determined by means of a flame photometer.

General procedure. When blocked, the fibre was photographed at rest and during longi-
tudinal a.c. stimulation, about 2 sec after the beginning of the stimulation. The fibre was
observed through a dissecting microscope throughout this procedure to be certain that the
contracted state of the fibre was constant during the stimulation period. At intervals of
5 min, the field strength was altered and the fibre again photographed at rest and during
a.c. stimulation. The temperature was raised by less than 0.50 C with maximum power
delivered to the bath for 2 sec.

RESULTS

The localization of contraction in the longitudinal a.c. field
Contraction with reversible shortening and relaxation. An example is

shown in P1. 1. The fibre was 18 mm long; it was soaked in 14 mM-K
Ringer's solution and the time required to produce the block was about
2 min. The whole length of the fibre marked with graphite particles is
shown on the left-hand side of P1. 1, both at rest (r) and during stimulation
(c) with a longitudinal a.c. field (100 c/s) at about 5 V/cm, r.m.s. strength,
the two frames being aligned with respect to a mark in the mid region of
the fibre. The effect of the field is to cause an average shortening of about
8% but with contraction entirely localized to the end regions. The main
part of P1. 1 shows enlargements of the end portions of the fibre with all
frames aligned with respect to one mark placed at a distance of about
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5 mm from the ends. The upper row of each set shows the resting fibre,
and those below show the effect of the longitudinal field (100 c/s). With a
field strength of 0 73 V/cm, r.m.s. (threshold) a shortening was just barely
visible at the most terminal portions of the fibre, as estimated by making
use of 'natural' marks on the fibre, and extended a distance of less than
0-2 mm from the tendon. With increasing field strengths shortening in-
creased strongly and at 5-55 V/cm the portions nearest to the tendons had
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Text-fig. 2. To show the extent and degree of shortening along the fibre during longi-
tudinal a.c. stimulation (100 c/s), the field strength (V/cm, r.m.s.) is indicated by the
numbers on the curves. Ordinate, relative shortening of each length element;
abscissa, distance along the length of the fibre, with the mid region strongly com-
pressed. In the inset diagram is shown the distribution of shortening along the
whole fibre (full line); dotted line, an example of Csapo & Suzuki's (1958, Fig. 3,
8 V/cm, 60 c/s) results.

shortened by almost 80 %. However, the total average shortening of the
fibre was only 8% (0-7-0-8 mm of each end region in a fibre of 18 mm
length). The effect of the field on the extent of contraction and the degree
of shortening along the fibre is shown in Text-fig. 2. The relative shorten-
ing of each length element, (Lr-L)/L7, where Lr and LC are the length of
each element in the resting and stimulated state, is plotted against its
position in the resting fibre; the numbers on the curves indicate the value
of each field strength. With increasing field strength both the degree and
the extent of contraction increased. Thus, at 3-7 V/cm maximum shorten-
ing was almost 80 %. However, this extreme degree of shortening was
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confined to about the 0-2 mm next to the tendon, and the strength of the
contraction decreased steeply with the distance from the end of the fibre;
the whole extent of the contracted region comprising only 1x5 mm of
each fibre end. An increase in the field strength to 5-55 V/cm resulted
in an over-all increase in the extent of contraction by 0x2 mm, while the
maximum shortening only increased very little. Thus, even at such high
field strengths contraction only extended over less than 2 mm at the end
regions, while the remaining 14 mm length of the fibre (80 %) showed
no sign whatsoever of contraction. In the inset diagram of Text-fig. 2 is
shown the extreme concave shape of the graph in contrast to the convex
curves presented by Csapo & Suzuki (1958), one of which for the sake of
comparison is indicated by the dotted line in the diagram.
With field strengths up to 5 V/cm (100 c/s) the fibre returned to its

original length after each stimulation. Therefore, to present the data in
the least complicated manner the photographs in the resting state taken
before each stimulation are not shown in P1. 1.

Irreversible effects of too high field strengths. With field strengths above
5 V/cm (100 c/s) the end portions of the fibre never completely returned
to their initial relaxed state, indicating that the longitudinal field at these
intensities also produced some permanent after-effects in the fibre. In
addition to the extreme shortening of the end regions of the fibre, field
strengths well above 5 V/cm also caused the fibre to shorten in its whole
length. Both effects are illustrated in P1. 2. The row r of the upper set of
photographs shows the resting fibre. It was photographed 5 min after a
2 sec stimulation at 5-55 V/cm (100 c/s). A shortening of about 10% was
still present in the regions occupying the 0-2-0-3 mm next to the tendons
(cf. P1. 1). The second row shows the effect of a longitudinal field of 5-8 V/
cm strength. In the first phase of stimulation contraction was as usual
confined only to the ends of the fibre. After about 1 sec stimulation a new
region of contraction, appearing as a local bulge (indicated by the arrow),
was created next to the extremely contracted terminal portions. This
locally shortened region moved along the fibre and vanished after travel-
ling a few millimetres, to be followed by a new ' wave) originating from the
same place. During this time the lever end showed small irregular move-
ments and after about 3 sec of stimulation the fibre had shortened further
by a few millimetres, the ends, however, remaining extremely shortened.
When the field was increased well above this 'threshold', e.g. to 7 3 V/cm,
the pattern of contraction changed. In addition to the extreme shortening
at the ends the extent of contraction suddenly spread rapidly from both
end regions towards the middle of the fibre, which ended up with an aver-
age total shortening of about 40 %. However, this type of contraction
only slightly resembled a normal isotonic tetanus. It differed in so far as
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'waves' of contraction travelled along the whole length of the fibre so
that local contractions and relaxations occurred alternately down the
length of the fibre, with the result that the lever end moved irregularly
with an amplitude of several millimetres. Moreover, the strongest con-
traction was confined to the end regions, the maximum shortening here
being almost 80% in contrast to the average shortening of about 40%
of the whole fibre. The next two photographs (7.3 V/cm on P1. 2) were
taken after the over-all shortening had occurred and show the difference
in thickness and relative shortening along the length of the fibre, especially
at the terminal portions of both ends. To illustrate the after-effects of
strong stimulation, the rows b and b' in the lower set in P1. 2 show the
fibre photographed 4 sec after the termination of stimulation with an a.c.
field of 7-3 V/cm applied for 3 sec. For the sake of comparison the initial
fibre length is shown in rows a and a'. A partial contracture of more than
50 % shortening remained at the end regions for a distance of about 1 mm
measured from the tendons, and only a very slight change in this state
was observed 5 min later. The field strength ('threshold') which was just
strong enough to set off these wave-like contractions gradually increased
with repeated stimulations. After about 10 stimulations the fibre gave no
response, even at the highest field strength available. Thus, there seems to
be no doubt that longitudinal a.c. stimulation at high field strengths
produced irreversible changes in the fibre, presumably by damaging the
fibre membrane at the end regions where the membrane is subjected to an
excessive potential difference. It is then observed that a slight misalign-
ment of the fibre with respect to the direction of the field will temporarily
restore its responsiveness, presumably because the current can then enter
a region where the membrane is still undamaged.
The response of the muscle fibre just described occurred not only with

14 mM-K Ringer's solution and at 100 c/s. It was also observed, for
instance, in fibres blocked with 11 mM-K Ringer's solution, or with pro-
caine or stimulated with 500 c/s. In these cases the threshold field strength
for the appearance of the wave-like contractions was, however, somewhat
higher.

The effectiveness of the transverse a.c. field
Katz & Lou (1947) have shown that a transversely applied a.c. field

caused contraction in a muscle which had been rendered non-propagating
by excess potassium. With an a.c. field of 2-4 V/cm (1000 c/s), muscles
produced about 80% of the tetanus tension, when blocked with 12 mm-K
Ringer's solution (Sten-Knudsen, 1954; Csapo & Wilkie, 1956) and it was
concluded that in these experiments the muscle is activated electrically
without the intervention of a longitudinal current (Sten-Knudsen, 1954).
Csapo & Suzuki (1958) have now suggested that these muscles were in
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some kind of 'transient' state between propagating and non-propagating
conditions. If so, the experimental fact that a high-frequency transverse
field produces contraction should be evaluated with caution. This sugges-
tion is said to be substantiated by their claim that the high-frequency
transverse field only causes contraction in a narrow range ofK concentra-
tions equal to or just above the minimum blocking concentration. And it is
stated that a further depolarization of the membrane by only a few milli-
volts, e.g. by addition of 1-2 mm excessK to the Ringer's solution, abolished
altogether the stimulating effect of the high-frequency transverse field.
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Transverse a.c. field (V/cm)
Text-fig. 3. Superimposed tracings of tension-field strength curves with m.ext.
long.dig. IV soaked in excess K Ringer's solution, the numbers on the curves indi-
cating the K concentrations (mM). Ordinate, isometric tension (g); abscissa, trans-
verse a.c. field strength (V/cm, 600 c/s). Dotted line, maximum isometric tension.
For further explanation see text.

It is difficult to imagine how a transverse a.c. field could restore impulse
conduction in a muscle blocked with 12 mm-K Ringer's solution and
in fact no action potentials are observed experimentally (Sten-Knudsen,
unpublished). It was therefore considered desirable to see if Csapo &
Suzuki's observations could be confirmed. In experiments of this type it is
important that a reduced mechanical response, caused by excessive stimu-
lation, should not be confused with effects of excess K concentrations on
the force of contractions. Therefore, to reduce the total duration of stimu-
lation at each K concentration, the muscle was stimulated for 2 sec, with
the a.c. field continuously increasing from zero to maximum field strength.
Direct recording of force as a function of field strength was made by con-
necting the a.c. voltage across the electrodes (two-way rectified and filtered)

370



INITIATION OF MUSCLE CONTRACTION
to the X-plates of the oscilloscope, while tension was recorded on the
Y-plates. In Text-fig. 3 are shown superimposed tracings of tension-field
strength curves (at 600 c/s) with the m.ext.long.dig. IV soaked in excess
K Ringer's solution, the numbers on the curves indicating theK concentra-
tions in millimoles. Before each a.c. stimulation the muscle was soaked in
the excess K Ringer's solution for more than 15 min to let it equilibrate,
and before changing to a new K concentration the muscle was soaked in
normal Ringer's solution for about half an hour and then checked for the
tetanus tension, indicated by the dotted line in Text-fig. 3. The effect of
the excess K Ringer's solution consists partly in shifting the curves to the
right, along the field axis, and partly in reducing the maximum tension.
Thus, with 11 mM-K (membrane potential, according to Adrian (1956),
-62 mV), threshold was about 1 V/cm and maximum tension 93 % of the
normal tetanus tension, while with 18mM-K (membrane potential: -50 mV)
threshold was 2-5 V/cm and maximum tension 53 % of the tetanus tension.
Although the mechanical response of the non-propagating muscle decreased
with increasing K concentrations, the muscle was nevertheless able to
develop an appreciable amount of tension, even when soaked in 18 mM-K
Ringer's solution. Hence, the present results do not confirm the observa-
tions of Csapo & Suzuki (1958), according to which high-frequency trahs-
verse stimulation was only effective at K concentrations equal to or less
than 12 mM.

DISCUSSION

Recently Csapo (1957) and Csapo & Suzuki (1958) have attempted to
revive the now obsolete 'window field' theory of Bay et al. (1953) by putting
forward the hypothesis that it is the combined action of depolarization and
internal current flow which causes contraction in a muscle fibre. The modi-
fied 'window field' theory is said to be consistent with the view that the
fibrils within the fibre are stimulated to contract by the longitudinal cur-
rent flowing through them, e.g. during the passage of an action potential
along the fibre. In this hypothesis depolarization is considered necessary,
but not sufficient; in addition, internal current flow (assumed to be ineffec-
tive with normal membrane potential) is required to cause the fibrils to
contract. This concept has also been advocated at some length in a recent
review (Gelfan, 1958). What Csapo & Suzuki (1958) appear to have done is
to modify the 'window field' theory of Bay et al. (1953) so as to make it
consistent with some of the evidence which was brought forward against
it in its original form. However, their supporting evidence differs in
essential aspects from the results of all the other investigations in the
same field (Katz & Lou, 1947; Sten-Knudsen, 1954; Csapo & Wilkie,
1956; Hodgkin & Horowicz, 1956). The purpose of the present study is
twofold, (i) to test whether Csapo & Suzuki's theory is compatible with
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the available evidence and (ii) to find out whether Csapo & Suzuki's
own results require a new theory or can readily be explained on the more
commonly held view, namely, that sudden depolarization of the surface
membrane of the fibre is responsible for eliciting contraction (see, for
example, Katz, 1950).

Csapo & Suzuki assign to the longitudinal field of the action potential
the role of moving ions over a distance of 2-5 u, i.e. over the length of a
sarcomere, and claim that the maximum gradient of the action potential
(about 3 V/cm) can move Ca2+ over a distance of 2, within a period of
30 msec. Now suppose that the mobilities of Ca2+ and K+ within the cell
are of the same order ofmagnitude, which for K+ is about 5 x 1o-4 cm. sec-I/
V. cm-' (Hodgkin & Keynes, 1953). A field of 3 V/cm will then move the
ions over a distance of only 045, in 30 msec (= 5 x 10-4 x 3 x 3 x 10-2 cm).
But Csapo & Suzuki have ignored the fact that this maximum field of
3 V/cm is not maintained for 30 msec, but only for about 0 3 msec,
after which it is immediately reversed in sign. Thus, the maximum dis-
placement of a Ca2+ ion during the passage of an action potential is likely
to be not 2, but of the order of 0 0045 p. This does not rule out the possi-
bility that some internal ionic displacement may be instrumental in acti-
vating the contractile material, though it cannot be anything like the
value stated.
The original 'window field' theory proposed by Bay et al. (1953) was

opposed on the grounds that, in the absence of propagation, internal cur-
rent flow causes contraction only at points on the fibre where the mem-
brane is being depolarized and not along its whole length (Kuffler, 1946;
Sten-Knudsen, 1954; Huxley & Taylor, 1955, 1958; Watanabe & Ayabe,
1956). The modified 'window field' theory of Csapo & Suzuki (1958) is
consistent with this set of observations, although it is difficult to reconcile
this theory with the observation that a longitudinal d.c. field, when applied
to a muscle in moderate contracture, causes relaxation in part of the anodic
region, while contraction is enhanced only in the cathodic region (Kuffler,
1946; Sten-Knudsen, 1954). But, to make Csapo & Suzuki's theory applic-
able in general, it would follow that membrane depolarization never can
cause contraction in a muscle fibre without the intervention of a strong
internal current flow. Now, it is possible to depolarize a muscle fibre
along its whole length and at the same time to prevent any internal cur-
rent flow parallel to the longitudinal axis of the myofibrils. Nevertheless,
in such cases full, or almost full, tetanus tension is obtained. This has
been accomplished in two ways:

(1) When single fibres are made non-conducting by Na-free Ringer's
solution, a rapid application of high K solution gives maximum tension
(Hodgkin & Horowicz, 1956). Csapo & Suzuki (1958) reject this experi-
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ment as inconclusive by suggesting that effective internal currents were
generated during the longitudinal application of the K-rich solution. It is
clearly open to them to repeat the Hodgkin-Horowicz experiment with
transverse application of the high-K Ringer's solution.

(2) Nearly the full tetanus tension can be elicited in a non-propagating
muscle by stimulating it transversely with an a.c. field (Katz & Lou,
1947; Sten-Knudsen, 1954; Csapo & Wilkie, 1956). In this case there is
no longitudinal internal current, and the transverse current can also be
made quite small. Csapo & Suzuki (1958) reject this evidence and suggest
that fibres blocked with 12 mM-K Ringer's solution, are in a 'transient'
state between propagating and non-propagating condition. Further they
assert that an addition of 1-2 mM-K, i.e. a further depolarization by only
a few millivolts, abolishes altogether the effectiveness of the transverse
field. The results of the present investigation show that this statement is
incorrect, since a muscle soaked in 18 mM-K Ringer's solution produced
an appreciable amount of tension (50% of tetanus tension) when stimu-
lated with a transverse field (600 c/s). It is not possible to see how Csapo
& Suzuki obtained their contrary results, for they did not state the con-
ditions under which their observations were made. Perhaps they failed to
recognize that increasing the K concentration shifts the tension-field-
strength curves, as is shown in Text-fig. 3. Thus, with a field strength of
3 V/cm, tension was 87 % of the tetanus tension when the muscle was
soaked in 11 mM-K Ringer's solution; in 18 mM-K Ringer's solution the
response amounted only to 7 %, but a maximum tension of 50% tetanus
tension could still be developed at this concentration if adequate field
strengths were used.
Csapo & Suzuki (1958) have been unable to invalidate the observations

mentioned in (1) and (2), which are clearly at variance with their theory.
That a non-propagating muscle contracts at the cathodic region in a
longitudinal electric field has been observed by various investigators during
the course of the past hundred years (Wundt, 1859; Kuhne, 1860; du
Bois-Reymond, 1875; Jendrassik, 1879; Hermann, 1886; Kuffler, 1946;
Sten-Knudsen, 1954), Csapo & Suzuki (1958) representing the sole excep-
tion. Thus, except for their own results, Csapo & Suzuki's modified theory
remains inconsistent with all the evidence which is at present available.
A result which Csapo & Suzuki cite in favour of their theory is the

observation that only a small fraction of the tetanus tension was produced
by soaking a whole muscle in excess-K Ringer's solution. But this fact
has been well known to other workers and it has usually been ascribed to
the fact that it takes time for potassium to diffuse into a muscle, during
which the contractile response declines (see e.g. Hodgkin & Horowicz,
1956). Csapo & Suzuki's main evidence, obtained on a whole sartorius
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muscle can be summarized as follows: (1) Longitudinal a.c. stimulation
was only effective if the non-propagating muscle was deeply depolarized
by the excess-K Ringer's solution. (2) At threshold field strength (4 V/
cm, 60 c/s) only the middle portion shortened. (3) With strong a.c. fields
(6-20 V/cm) the middle portions shortened more than the rest. And (4)
during propagated activity shortening was strongest in the middle portion
(some 30 %). The experimental conditions of the experiments reported in
this paper were quite similar to those of Csapo & Suzuki (1958), except
that single fibres were used. This makes it possible to align the fibre in the
direction of the field and provides a better discrimination of changes in
different regions along the fibre. The experiments showed that contraction
was always strongest at the end regions and, with field strengths in the range
of 0 7-5 5 V/cm (100 c/s), localized solely to these parts of the fibre. The
results are clearly at variance with the Csapo-Suzuki theory. However, it
was also found in the present work that large fields (e.g. higher than 5-5 V/
cm, 100 c/s) caused the fibre to shorten along its whole length. This is the
only observation which resembles those of Csapo & Suzuki, but the con-
traction is only slightly similar to a normal tetanus and its origin can be
adequately explained in terms of changes at the membrane. It thus re-
mains an open question whether this observation alone necessitates the
introduction of a radically different theory of activation.
When a parallel-fibred muscle is placed longitudinally in a homogeneous

d.c. field, simple application of the core conductor equations (Hodgkin &
Rushton, 1946) shows that almost the total current which flows in the
fibre must enter and leave at its terminal region. These results were used
to describe qualitatively the way a non-propagating muscle was activated
when placed longitudinally in a homogeneous d.c. field (Sten-KYnudsen,
1954). Csapo & Suzuki (1958) assumed the same results for the somewhat
different situation where the field was alternating. The solution of the core
conductor equations for this case (see Appendix 1) shows that the ampli-
tude of the voltage oscillations across the membrane diminishes towards
the fibre mid point according to the same general law as in the d.c. case,
with the exception that (a) the parameter for the attenuation (the a.c.
space constant) now is the square root of twice the ratio between the mem-
brane a.c. resistance of one unit length and the longitudinal internal
resistance per unit length, (b) there is a progressive phase shift of the
voltage fluctuations along the length of the fibre. In Text-fig. 4 (curve a)
is shown the amplitude-distance relationship of the membrane polariza-
tion (disregarding phase relations) during the peak of a longitudinal a.c.
field (100 c/s), computed from the numerical data of Katz (1948) and
Nicholls (1956). During each half cycle, activation will occur only in the
region which is sufficiently depolarized, causing a contraction which will
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last as long as a normal twitch. This contraction, once started, will not be
altered by the following hyperpolarizing phase. In agreement with the
findings in the present investigation it is therefore to be expected that the
fibre will shorten only at its ends as long as the field strengths are moderate.
If the fibre is depolarized close to its contracture threshold with excess-
K Ringer's solution, only a small additional depolarization, say 5-10 mV,
is needed to cause activation. It was to a muscle in this condition that
Csapo & Suzuki (1958) applied strong fields (6-20 V/cm), the implications
of which were apparently not fully realized by them. It appears from curve
a in Text-fig. 4 that a field of 10 V/cm is likely to produce activation in
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about one-fifth of the fibre at each end, but none in the middle. As was
mentioned earlier, any observed shortening in the middle can be ade-
quately accounted for by such complicating geometrical factors as tapering
of the fibre towards its ends, sudden irregularities in fibre diameter and
misalignment of the fibre in the direction of the field. It is possible that
Csapo & Suzuki (1958) were led to their conclusions because they assumed
(without explicitly stating so) that these second-order effects could be
neglected; but they can, in fact, be shown to be far from negligible. In
the first place, tapering of the fibre towards its ends results both in an
increased membrane polarization at the end regions and in a less steep
decline of polarization towards the mid point of the fibre. This is illustrated
in curve b, Text-fig. 4, which shows the effect of a reduced space constant
in the terminal 1 mm portion of the fibre corresponding, e.g. to a reduction
in fibre diameter by half (see Appendix 2), and in curve c, Text-fig. 4,
which shows the membrane polarization in a fibre gradually tapering in
the shape of a long prolate ellipsoid (see Appendix 4). In the latter case
the area of membrane polarization has increased so that a field of 10 V/cm
is likely to activate about 80 % of the whole muscle fibre. In the second
place it is scarcely possible to place all the fibres of a whole sartorius
muscle parallel to the direction of the field. With an angle of misalign-
ment of 50, which is easily possible with this muscle, and a field of 10 V/cm,
the transverse component of the field is Et = 14-14 x sin 50 = 1233 V/cm.
This component of the field will cause an a.c. membrane polarization along
the whole length of the fibre, the peak value of which is 12 mV (see Appen-
dix 3). This additional depolarization will be sufficient to cause activation
also in the mid region of the fibre, where a properly aligned fibre will not
show any membrane polarization.
The effect which a strong longitudinal field (10 V/cm, or more) pro-

duces on the membrane, especially at the fibre ends, was also neglected by
Csapo & Suzuki. A simple consideration shows that with a field of 10 V/cm,
r.m.s. (100 c/s) and a muscle 3 cm long a potential difference of about
10 V will be produced across the extreme terminal part of the fibre
membrane, provided that its dielectric strength is not exceeded. In view
of this fact it was hardly surprising to find in the present investigation
that the fibre gradually deteriorated at its ends. The irregular shortening
which occurred at high field strengths displayed a similarity with the
'galvanic waves' of the type described by Hermann (1886). They are
probably due to the local increase in thickness of the extremely shortened
fibre ends, causing more current to enter this region as a result of its
decreased longitudinal internal resistance. Under certain conditions,
depending upon the degree of change in the electric constants in the region
of bulge, part of this current will be forced to leave the fibre again in the
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region next to the bulge and thus to create a new cathodic region which
causes the local contraction to move along the fibre (see Appendix 2).
Thus it is most likely that Csapo & Suzuki's (1958) findings are due

to the several complicating factors in their experimental situation. The
sartorius muscle was depolarized close to its contracture threshold by the
16 mk-K Ringer's solution. The combination of great field strengths, mis-
alignment of the fibres in the direction of the field, which inevitably
occurs with a sartorius muscle, and irregularities of the fibre diameters
which are unavoidable at their ends, provided sufficient depolarization
along the whole length of the fibre to produce a contraction at all points of
the fibre. It may be that part of the response which Csapo & Suzuki
(1958) observed was of the 'galvanic wave' type, since the irregularity of
the movements of the individual fibres would pass unnoticed. In their
sartorius muscle of 3 cm length they observed a threshold of 4 V/cm for an
over-all contraction. To produce the same potential drop along a fibre
2 cm long (as in the present case) the longitudinal field must be raised to
about 4 x 3/2 = 6 V/cm. This is close to the threshold for the 'galvanic
wave' contraction in the present experiments, while the threshold for the
contraction at the fibre end was only 0-73 V/cm (equivalent to 05 V/cm
in the 3 cm long sartorius muscle). Furthermore, excessive potential
differences which must have existed across the membrane at the end-
regions of the fibre in Csapo & Suzuki's experiments (1958) may partly
explain their finding that contraction was strongest in the middle of the
muscle. Even if the ends were not responding optimally it would still be
possible to achieve adequate activation of the rest of the fibre. Therefore,
with proper regard to the various complexities in Csapo & Suzuki's
experimental conditions, their results cannot be considered to contradict,
but rather to substantiate, the view that it is membrane depolarization,
regardless of internal longitudinal current flow, which sets off contraction.
And their results cannot be said to necessitate a new theory of activation.

Szent-Gy6rgyi (1956) considers the stimulating effect of transverse a.c.
stimulation to be due to some internal disturbance of electron distribution
of the contractile proteins caused by the transverse current, rather than
to the effect of successive depolarizing half cycles. The Watanabe-Ayabe
(1956) experiment (current flow between two micro-electrodes in the in-
terior of the fibre gives no contraction) casts doubt on this concept,
because in this experiment there must have been a considerable transverse
component of the current around each electrode. Pointing in the same
direction is the observation that the threshold of transverse stimulation
increases with the frequency; a rough calculation shows that the internal
transverse field in the range of frequencies used must have increased by
almost 170 times (C. Guld & 0. Sten-Knudsen, unpublished).

24 PHYSIO. CLI
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There is strong evidence (Huxley & Taylor, 1955, 1958) that the dis-

turbance of the surface membrane is conducted inwards along some struc-
tures in the middle ofthe I bands. Huxley (1957) has tentativelysuggested
that (a) the mechanism of conduction is an electrical one taking place in a
cable-like structure and (b) activation is in some way conveyed from the
channels to the action filaments as a result of a change in the potential
difference across the walls. According to this scheme the internal current
flow which elicits contraction is that which traverses the walls of the
channels, possibly by moving some particular ion from one compartment
to the other. If this scheme is correct it also explains why Szent-Gy6rgyi's
'window field' has been found ineffective in causing contraction. It is
natural to assume that the threshold for the change in potential difference
across the channel walls is equal to that across the whole fibre membrane,
say 10 mV in a K-blocked fibre. To produce this amount of depolarization
on a channel wall of 100 A diameter requires a 'window-field' strength
which is, approximately at least, E = 0 5 x 10-2/106 = 5000 V/cm (see
Appendix 3, eqn. 3.11), which is far above anything which can be
obtained experimentally without damaging the fibre.

SU3MMRY
1. Csapo & Suzuki have put forward the theory that it is the combined

action of depolarization and internal current flow which elicits contraction.
This is a modification of the now discarded 'window field' theory of
Bay et al. (1953). Membrane depolarization is considered a necessary
'priming' step which by itself is ineffective in setting off contraction.
This theory is said to be consistent with the experimental facts. But to
support the theory Csapo & Suzuki have presented observations which
differ in essential aspects from those of other investigators.

2. The experiments of Csapo & Suzuki have been repeated on isolated
single fibres, by means of a photographic technique which provided good
resolution of events taking place at different points along the length of the
fibre. Csapo & Suzuki's main observation could not be reproduced,
namely that a longitudinal a.c. field, when applied to a muscle placed in
a high-K Ringer's solution, causes the greatest amount of shortening in
the middle portion. Neither could their claim be confirmed that transverse
a.c. stimulation is ineffective if the external K concentration is higher
than 12 mM.

3. Csapo & Suzuki's theory is shown to be inconsistent with the evidence
at present available. It is further shown that their results do not require a
new theory of activation, but can be explained on the current view, that it is
membrane depolarization which initiates contraction.

4. In a theoretical Appendix is derived the form of the core-conductor
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equation appropriate for alternating fields. It is also shown how the
distribution of membrane polarization varies according to the shape of the
fibre.
My thanks are due to Professor F. Buchthal for constant encouragement and for pro-

viding ideal working conditions. I also wish to acknowledge my indebtedness to Professor
B. Katz and Professor T. Weis-Fogh for helpful criticism during the preparation of the
paper. This work was supported by a research grant made by the Carlsberg Foundation.

APPENDIX
Calculation of the membrane polarization of a muscle fibre placed

Let cos cut = undisturbed in a homogeneous a.c. field
E = 0icos wt = undisturbed parallel a.c. field (V/cm); co = 2irv, where v is the frequency

(c/s);
x, y, z = Cartesian reference system placed with the z-axis coinciding with the direction of

the fibre axis and the origin being placed at the mid point of the fibre;
r, i, z = cylindrical co-ordinate reference system defined by: x = r cosg, y = r sin¶,

z = z, where ¶ is the angle between the x-axis and r.
iq, 0, ¶6 = prolate spheroidal co-ordinate reference system (cf. Hobson, 1931) defined by:

z = f cosh vcos 0, x = f sinhq sinG cos i, y = f sinhq sinG sin g, where f is
the focal distance. 71 is the parameter for a family of confocal prolate ellipsoids:
(zlfcosh))2+(x2+y')/(fsinhq)'s = 1, 1 < X < oo, and 0 is the parameter for
the orthogonal system of confocal hyperboloids:

(z/fcos 0)'-(xs+ y2)/(f sin 0)2 = 1, 0 < 0 < 7r.
A point in space is specified as the intersection between these surfaces with a

plane passing through the z-axis and making an angle ¶ with the x-axis;
2L = length of the fibre (cm);
a = radius of the fibre (cm);
Oi = potential of myoplasm caused by E (V);
y6 = potential in Ringer's fluid (V);
V,,, = potential difference across the membrane in excess of the normal resting membrane

potential = e, (a) -6i (a), (V);
I = longitudinal current in myoplasm, positive in the direction of increasing z (A);
I," = current entering the myoplasm per unit length (A/cm);
Rj = longitudinal resistance of myoplasm per unit length (Q/cm);
B. = membrane resistance of one unit length (Q2.cm);
Cm = membrane capacitance per unit length (F/cm);
Pi = specific resistivity of myoplasm (Q . cm);
Pm = specific surface resistivity of membrane (QI.cm2);
Cm = capacitance per unit area of membrane (F/cm2);
ps = specific resistivity of Ringer's fluid = 100 L.cm at 200 C;

= time (sec);
i =1/-1.
The following average values are used (Katz, 1948; Nicholls, 1956):

Pm = 4kQ.cm', pi = 300 Q2.cm, cm = 4!uF/cm'.
1. Application of the core conductor equations to calculate membrane polarization caused by

a longitudinal a.c. field, aeeuming conetant parametrem
We have from the fundamental core conductor equations (Hodgkin & Rushton,1946)

ImX = I+C~-=i- 1a#
mR, m at z RB, az2'

24-2
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Since the diameter of the fibre is small as compared to its length, the disturbing effect of

the fibre upon the parallel field is small. As a first order of approximation we have therefore:
#.(z, a) = -Ez and a2%t/az2 =-32( -Ez-v.)/az2 = -a2Vm/az2. The equation to be solved
for Vm is therefore

m= RiCm aVm+ Ri V",aza at Rm m 11

together with the conditions: (i) Vm (0) = 0, (ii) I(L) = I(-L) = 0, or a VmIaz = -E, for
z = + L, and (iii) E = ! cos wt. Condition (ii) is equivalent to the assumption that no
current enters at the end surfaces of the fibre. To find the stationary solution we seek, as
originally suggested by Stokes (1856), a solution of eqn. (1.1) of type

Vm = Z(z) exp (ict), (1.2)
where Z(z) is a function of z alone. Substituting eqn. (1.2) into eqn. (1.1) it follows that Z
must satisfy

d2ZZ -dZ_ =-, (1.3)

where A, is the complex space constant

Ak-I = J{wRjCn(i+I/WCRn)}- (1.4)

At 100L/>c/s,)CRm = Wx)Cmpm = 10, hence
1{V{iwCmRi} = (1+i)({wRiCm/2} = (1 +i)m.

The solution of eqn. (1.3) which satisfies (i), (ii) and (iii) is

vm= -d' sinh [z(1+i)m] _ep(w) 15
Vm - -g m(l +i) cosh [L(l+ i)m]exp (i) (1.5)

The real part of eqn. (1.5) may be reduced to the form

=-- 1 9/Jsinh2(mz) +sin2 (MZ) csct+yz ,-7/) 16

m V12 m lcosh2 (mL)-sin2(mL)j cos(+y(z)-Yi-ir/4) (1.6)

where tan y(z) = tan (mz) coth (mz) and tan yV = tan (mL) tanh (mL). At 100 c/s,
m = V(wCmRiI2) = 12-2. For L = 1, cosh (mL) 105 > sin (mL) and sinh2 (mz) > sin2(m)
for z > 2 mm. Eqn. (1.6) is therefore equivalent to

Vm = 2 8m coh (mL) cos (tt+ y(z)-Y1-7r/4), (1.7)

which shows that the amplitude of the oscillations of Vm diminishes like sinh (mz), which
in principle is equivalent to the steady d.c. case with the exception that the space constant
which governs the attenuation is 1/m = iI(2IcuCmRi) instead of A = I(RnIRi). On the other
hand there is a progressive shift in the phase of Vm along the length of the fibre. However,
if only maximal values of the voltage fluctuations across the membrane are considered they
can satisfactorily be described by the equation of the well-known form

d2m-_m2Vm = 0, (1.8)

where m-2 is twice the ratio between the membrane a.c. resistance and the longitudinal
internal resistance per unit length.

2. The effect of irregularitiem in the fibre diameter

Since R, = pi/ra2, Rm = pl/27ra, Cm = cn2ra, any local change in a will change the pat-
tern of current entry into the fibre. Let it be assumed, for the sake of simplicity, that the
irregularity is symmetric with respect to the mid point of the fibre such that in the region
Ill < IzI < LI we have Vm = F(z), Ri = Ro, m = mo; while in the region -I < z < I we
have Vm = G(z), Ri = R1, m = ml.
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The proper solution of eqn. (1.8) for F is

F(z) = A exp (moz) +B exp (-moz), (2.1)

while that for G is G(z) = C sinh (mlz), (2.2)

where A, B and C are constants to be determined from the boundary conditions:
(i) dF/dz = -E, for z = L; (ii) F(l) = G(1), and (iii) (E+dF/dz)/R0 = (E+dG/dz)/R, for
z = 1. (ii) and (iii) are equivalent to the conditions that both Vm and I must be continuous at
z = 1. Insertion of eqns. (2.1) and (2.2) into (i), (ii) and (iii) gives three simultaneous equa-
tions for the determination of A, B and C from the values of which the final solution may be
given as

F(z) 1± . a cosh (ml 1) sinh mo (z-l) + [cosh mo (z-l)-,B cosh mO (L-z)] sinh (ml 1)
12 mo [sinh (m11) sinh mO (L- 1) + cosh (ml1) cosh mo (L- 1)]

1 [ 1-fl cosh mO (L-1)] sinh (ml z)
=()-=/2 mo[sinh (ml1) sinh mO(L-I)+cosh (m1) coshmo(L-1)]'

where a = Roml/Rlmo; P = 1 -Ro/R1. If fi cosh mO (L-l) > 1, part of the current which
has entered the fibre will leave again already in the transition region near z = 1.

3. Transverse field
The fibre is regarded as an infinite circular cylinder of radius a and internal conductivity

l/pi = gi (mho/cm) covered with an infinitely thin layer of surface resistivity Pm. The x-axis
is placed in the direction of the undisturbed field, E, the potential of which is 00 = -Ex.
The current density has nowhere a z-component and the potential function # of the current
field must in all space satisfy the two-dimensional Laplace equation

_a iao& ia2 _
V20 =&- (r- + = °0 (3.1)ar \ar r ac,b

together with the conditions: (i) the disturbing effect of the cylinder on the original parallel
field vanishes at great distances from the origin, so: -. -Ex = -Er cos b, for r - oo.

(ii) #(r, #) = #(r, - a), since / must be symmetrical with respect to the x-z plane. (iii) P re-
mains finite at the origin and throughout the whole space the y - z plane is an equipotential
which arbitrarily may be assigned the value zero, so ' = 0 for = ± x7 and all r. From the
general solution of eqn. (3.1)

= (Ao#+Bo) (Co Inr+DO)+(Anrn+Bnr-n) (C. cos no#+Dn sin n#), (3.2)

(cf. Smythe, 1950). We seek solutions for 0Pe and i which satisfy conditions (i), (ii) and
(iii). These are

'P. = -Er cos# + EBnr-ncos no, (3.3)
i= 2Anrn cos no. (3.4)

Since the membrane conductivity Sa/pm (where 8a is the membrane thickness) is much
smaller than g9 and gi, practically no current will flow tangentially within the membrane.
Therefore, the normal component of the current density flowing across the interface between
the outer side of the membrane and the exterior region, -g7 (a'PJan)a, must be equal to that,
-gj(aji/an)a, flowing across the mner membrane into the fibre. The boundary conditions
to be satisfied for 0/e and 'i are thus

g( are)a i ar )a5

since a/an = a/ar, and 'i (a, 'P)- 0,(a, #) = 9ipm (a=) (3.6)

To determine the constants An and Bn, eqns. (3.3) and (3.4) are inserted into (3.5) and (3.6).
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It can be shown that all the coefficients vanish identically to zero except those for n = 1,
the determination of which is given by the two simultaneous equations

g9A1+a-2'gB1 = -g6E, (3.7)
(a+gi) A1-a-1BL = -aE. (3.8)

Solving these equations for A1 and B1 and inserting into eqn. (3.3) and (3.4) gives

= -Er cos r miI+ agi/E Cos i, (3.9)r l+g1g,/g+p.gj/a

=i 1 +g/g+Pg/a Er cos (3.10)

from which it follows that the membrane polarization, V.m = ,(a, 0) (a, ), is

Tz = -
+ggpsg/a (aE) cos (3.11)

At 100 c/s, pm, can be replaced solely by the a.c. surface resistivity of the membrane
(= 400 fl.cm2), and for a fibre of 100 I& in diameter eqn. (3.11) becomes

V, = - 0.99 x 10-2E cos q. (3.12)

4. The effect of tapering along the fibre
To solve this case by means of the core conductor equations, Ri, Rm and Cm must be con-

sidered functions of the distance z along the fibre. The fundamental equation takes then the
modified form

3'V,,, 1 ddRiavm,= RV +VRiCfn 1 dR'E, (4.1)az Ri dz az RBa id
However, even in the case of a steady d.c. field, eqn. (4.1) can only be solved in terms of
known functions by assuming a special regular geometry of the fibre. In the simplest case
where the fibre tapers linearly towards the ends at an angle m, the general solution of eqn.
(4.1) takes the form (the independent variable z has been replaced by the fibre radius r)

Vm(r) = AI1 (kVr)!Vr+BK1 (klr)Ilr,
where kV = 4RmRiO and I3 and K1 are the modified Bessel functions of the first order, but
this expression is not very suited for practical computations.

If the fibre is considered as a long prolate ellipsoid it is possible to obtain a first-order
approximation of the membrane polarization by a straightforward solution of the volume
conduction equations as in 3. A short outline of the procedure is as follows: The potential
0 is calculated in prolate spheroidal co-ordinates. Since # is independent of k (rotational
symmetry with respect to the fibre axis) the Laplace equation takes the form

V2; = a+coth q ao +a0+tan O'0= ° (4.2)a,qs ~~ao'a ao
A solution of eqn. (4.2) of the form # = V1 ('i) V2 (9) makes 4.2 separate into two ordinary
differential equations of Legendre's type. The proper solutions for a conducting homogen-
eous ellipsoid are selected and the same type of boundary conditions as (3.5) and (3.6) are
applied. Since most of the current enters at the poles, the boundary conditions are adjusted
to fit the present physical model correctly at the fibre axis. From these conditions 06 can
be determined. Since the membrane polarization is V, = -imPm, where im is the norma
component of the membrane current density, we have

V. = P.m9e anO's = a, an for = (4 3)an a edan
where qo, = artanh (alL) is the ellipsoidal co-ordinate defining the fibre surface and n is
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the distance measured along the normal to the ellipsoidal surface. This leads to the final
result
-V - p,ng[I -Q1 (cosh 0)/cosh noQi (cosh n)] I cosh2o-1 P c

m 1 + pmgi/f cosh o- gi Q1 (cosh nlo)/g, cosh 770Q' (cosh ) bosh2 -cos2 Cos 0,
where Q1 is the Legendre function of the second kind and cos 0 = z/L. With a/L = 10-2,
cosh o0 is very nearly equal to unity, which makes Q1 (cosh 0)/Q' (cosh n) << 1. Disregard-
ing this term in the above equation and substitutingf cosh njo = L it simplifies to

-Vm1=-;-L (co 12 A1 )cos 0 (LE). (4.4)

For a fibre 2 cm long and 100 ,u in maximum diameter tqo = artanh (0.005) = 0-005 and
cosh' 77o = 1-00002. Using the average values of gi and cm and calculating pm at 100 c/s
(= 400 Q . cm2) the maximulm polarization which occurs at the poles is

V° = 0-57 x EL. (4.5)

For all points on the surface except the most terminal portions (z < 0-9996L) eqn. (4.4) is
given with an error less than 1% by

Vm = -2-55 x 10-3 cot 0.EL, (4.6)
where 0 = arc cos (z/L).
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EXPLANATION OF PLATES

PLATE 1

Photographs of reversible isotonic a.c. contractures in a non-propagating isolated single
fibre from the semitendinosus muscle from frog. Left-hand side: photographs of the whole
length of the fibre marked with graphite particles. (r), resting fibre; (c) longitudinal a.c.
field at about 5 V/cm (100 c/s). Right-hand side: enlargements of the end portions of the
fibre with all the frames aligned with respect to one mark placed at a distance of about
5 mm from the ends. Upper row of each set shows the resting fibre (r), and those below the
effect of the a.c. field, the numbers indicating the value of each field strength. The displace-
haent of the graphite granules is shown by the black lines. For further description, see
text.

PLATE 2
To show the irreversible effect of too high field strength. For explanation, see text and
legend to P1. 1. Note the difference in thickness and degree of shortening along the length of
the fibre, which characterizes the 'wave-like' contractions. b and b' show the fibre ends
4 sec after stimulation with 7-3 V/cm as compared with the initial fibre length a and a'.
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