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Electrophysiological Studies on the Mechanism of Effects of
Anaesthetics on the Isolated Frog Muscle FibreV

By
Tsuneo Yamaguchi

Zoological Institute, Faculty of Science, Hokkaido University
(With 10 Text-figures)

It is well known that anaesthetics depress the excitability of the living cell
(Overton 1901, Lillie 1923, and many others). But we have very little exact
information on what is involved in this depressing mechanism. Recently Thesleff
(1956), using the frog muscle fibre, suggested that the depressant effect on the excit-
ability of the cell membrane may be due to a reduction of the selective sodium
conductance in the cell membrane ; and Shanes et al. (1958), using the squid giant
axon, have brought forward considerable evidence to support Thesleff’'s sugges-
tion. This suggestion, however, is still insufficient to explain in full the effects of
anaesthetics. Because, as has already been pointed out by Yamaguchi (1957),
anaesthetics have not only the property of a depressant, but also that of a stimulant
for excitable cells.

In the present paper, it is attempted, by means of electrophysiological
technique, to obtain conclusive experimental evidences for the effects of anaes-
thetics on the frog muscle fibres, and to establish a more complete concept of
““anaesthesia’’.

Material and methods

Preparation . In order to investigate directly the chemical effect on living material,
the isolated single cell is the most convenient and simple material. All the experiments
were made with single muscle fibres isolated free from injury over the entire length, from
musculus biceps, m. semitendinosus, or m. vectus femoralis of the hind legs of the frog, Rana
japonica. The isolated fibres were mounted in a specially designed chamber for extracellular
recording (Fig. 1) and in the usual saline bath for intracellular recording in which the fibre
was held horizontally.

Intvacellulay vecording : Intracellular recordings of the resting and action membrane
potential of muscle fibres were made with a glass capillary microelectrode with the tip
always smaller than 1.0x in diameter. It was filled with 3 M KCl solution and had a
direct current resistance of 10-40 megohms. The microelectrode was connected with a
cathod follower, and the shank of microelectrode was made shorter than 5-6 cm in order
to reduce the input capacitance. The rise time of a square wave pulse through the
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electrode and amplifier system was about 100-150 usec. Therefore, the error in the action
potential recording, caused by capacitive shunting, was reasonably negligible in the
present experimental accuracy. The indifferent electrode was of Ag-AgCl type, having a
considerable area, dipped in the Ringer’s fluid bath. The intracellular electrode was easily
dislodged from the fibre by contraction, especially during a twitch. Therefore, it was
necessary to stretch the fibre to a suitable extent.

Fig. 1. The electrodes assembly for extracellular recording. E,,
E,, E;, E,: Ag-AgCliype non-polarizable electrode, S;, S,; silver
ring in which thin layer of Ringer’s solution or anaesthetic solution
is filled, Ry, R, ; Ringer’s solution or anaesthetic solution bath, H :
glass hook, S.M.F.; single muscle fibre.

Extracellular vecording : The experimental chamber for extraceilular recording
consisted of four movable fluid electrodes (R;, R,, S; and S,) by air gaps through which the
fibre passed. Especially, S; and S, consisted of thin silver rings (2 mm in diameter) in
which a thin layer of Ringer’s solution or anaesthetic solution was placed and maintained
by surface tension. All the fluid electrodes were connected to the recording or stimulating
electrodes of Ag-AgCl type (E,, E,, Eg and E,). Recording of the action potential from the
fibre was made from a pair of electrode (E; and E,) and stimulation of the fibre was applied
between another pair of electrode (E, and E,). For recording the action potential, a
direct-coupled amplifier was employed, the potential change being displayed on one of beams
of the oscilloscope. In order to prevent the fibre from drying out, the muscle chamber
was completely covered and moistened with the Ringer’s solution. The excitability of
the fibre could remain constant for 30 minutes at least, with a stimulation frequency of less
than two per minute.

Stimulation : The rectangular stimulating pulses were applied by a pair of electrodes,
through an isolating circuit from the earth to reduce the stimulus artifact on the record.
The pulse duration could be varied between 0.1-2.0 msec.

Micvoingection : Glass micropipettes were employed and their tip diameters were
0.5-1.0 p. The micropipette was immersed in the solution to be used for microinjec-
tion, the solution entered the pipette tip by capillarity alone and then the pipette was
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completely filled with the solution from another glass pipette with a long thin shank. The
solution was injected into the fibre from the micropipette connected to a syringe, the
pressure (up to 5 atmospheres) being exerted by a micrometer screw. The volume of solu-
tion injected was of the order of 10-8 cm3 corresponding to about 0.5 per cent of the fibre
volume. The exact volume injected by micropipette was calculated from the cross-sectional
area of the shank of micropipette carrying the solution and by the distance an air bubble
marker moved in the micropipette. When the solution was rapidly injected into the
fibre, the fibre was injured. Therefore, the flow rate was controlled to be most suitable.
In order to check the procedure of injection, the preliminary test was made with an
injection of a strong dye solution into the fibre. The determination of the threshold
value of the stimulation at the injected region was made with a pair of stimulating fluid
electrodes under the following conditions : the interpolar length was 5 mm, and the in-
terpolar region was electrically insulated in moistened air (Tamasige 1950). Thus, on
injection of a test solution at the boundary between the fluid electrodes and the interpolar
region, the threshold value of the injected region was represented in millivolts or micro-
amperes.

Ringev’s fluid and test solution : The Ringer’s solution employed contained 120.0 mM
NaCl, 2.0 mM KCl, 1.2mM CaCl, and 2.0 mM Na-phosphate. Anaesthetics employed
were chloroform, ether and urethan, dissolved in the Ringer’s solution at various concentra-
tions. For purpose of intracellular microinjection, it was desirable that the solutions are
Ca-free, because Ca-ions combine with the sarcoplasm, and the Ca-coagulum of the sarco-
plasm would occur (Heilbrunn 1940, Kamada and Kinosita 1943). Anaesthetics for
microinjection were dissolved in distilled water, isotonic (M/8) KCl or isotonic (M/8)
K-phosphate solution. All the experimental solutions were buffered to pH=7.2 by the
isotonic Na-bicarbonate.

Results

Effect of weak anaesthetics

On application of weak anaesthetics (0.05%, urethan-Ringer, 0.6%, ether-
Ringer, 0.01, 0.049%, chloroform-Ringer), a mechanical response elicited was at a
lower stimulus strength than normal (Yamaguchi 1957). The resting and action
membrane potential, however, were unaltered as compared with the normal.
While the change in threshold was the most obvious, the production of repetitive
and propagated action potentials during twitching could also be demonstrated in
some fibres by lengthening of the duration of the stimulating pulse up to 1 msec.
Especially, 0.049, chloroform-Ringer evoked such a repetitive response in most
fibres even from a single shock of the duration of 0.1 msec and the typical record
(B in Fig. 4) shows that the second action potential develops before completion of
repolarization of the first action potential.

A possible explanation of these effects of weak anaesthetics will be discussed
in a later section.

Effect of anaesthetics at a medium concentration

With increase in the concentration of anaesthetics, the various transitatory
changes in excitability to the ultimate complete blockage of propagated response
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of muscle fibres could be observed.

On application of anaesthetics of medium concentration (0.9, 2.2%, urethan-
Ringer, 0.6, 1.3%, ether-Ringer, 0.059%, chloroform-Ringer), the threshold of electrical
stimulation becomes higher reversibly with the advance of time (Yamaguchi 1957).
The most evident effect in the present study, was obtained by means of intracellular
recording of action potential from the fibres treated with these anaesthetics (Fig.
2, Fig. 3 and Fig. 4). A typical action potential obtained with normal Ringer’s
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Fig. 2 Records from an experiment in which the fibre was treated with urcthan at
various concentrations : (A) normal Ringer’s solution, (B) 0.9%, urethan-Ringer, 10 minutes’
treatment, (C) 2.29 urethan-Ringer, 10 minutes’ treatment, (D) 4.59% urethan-Ringer, 3
minutes’ treatment. The voltage amplification was kept constant. Time marks, 1000 ¢/
sec.

NV

Fig. 3. Records from an experlment in wh1ch the fibre was treated with ether at
various concentrations: (A) normal Ringer’s solution, (B) 0.69%, ether-Ringer, 5 minutes’
treatment, (C) 1.39, ether-Ringer, 5 minutes’ treatment. The voltage amplification was
kept constant. Time marks, 1000 c/sec.
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Flg 4, Records from an experlment in whlch the ﬁbre was treated with chloroform
at various concentrations : (A) normal Ringer’s solution, (B) 0.049, chloroform-Ringer, 10
minutes’ treatment, (C) 0.059¢ chloroform-Ringer, 5 minutes’ treatment. The voltage
amplification was kept constant. Time marks, 1000 c/sec.

solution, is shown in the top record in each figure. The later records in each figure
were obtained from the same fibre anaesthetized for 5-10 minutes, respectively.
These figures show gradual decrease in the amplitude of action potential with
increase in the concentration of anaesthetics. Associated with the change, there
appeared a decrease in the rate of rise and fall of the action potential but an
increase in the duration of action potential. The negative after-potential was
enormously enhanced and greatly prolonged by anaesthetics and especially with
chloroform, this change was remarkable. The conduction velocity of action
potential was also reduced by anaesthetics. Moreover, Fig. 2 shows that urethan
produces a remarkable notching in the falling phase of action potential.

If the concentration of anaesthetics was slightly increased (to 4.5%, urethan-
Ringer, to 3.2%, ether-Ringer and to 0.6% chloroform-Ringer), the fibres were
completely anaesthetized : they became non-responsible to electrical stimuli. In
the experiment of Fig. 5, the Ringer’s solution in the proximal fluid electrode (E,)
was replaced with 4.5%, urethan-Ringer. The amplitude of action potential was
rapidly decreased and the fibre became inexcitable within 1 minute after replacement
of the solution. But the propagation through the anaesthetized region was always
restored on return to Ringer’s solution. The records B and C in Fig. 6 were
obtained intracellularly from the fibre treated with 3.2%, -ether-Ringer. The
action potential quickly became smaller and the duration was prolonged. There
was no overshoot of action potential (in B) and soon the action potential was
completely abolished (in C). However, in the next record D, it is shown that on
return to Ringer’s solution from anaesthetic, the excitability went through a
transient supernormality before complete recovery: there was a period in which
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Fig. 5. Extracellular records show establishment of a conduction block of the action
potential with 4.59, urethan-Ringer and the recovery on rescue : (A) normal Ringer’s solu-
tion, (B) and (C) 4.59%, urethan-Ringer, 1 and 2 minutes’ treatment, respectively, (D)
3 minutes after return to the normal Ringer’s solution. The voltage amplification was
kept constant. Time marks, 1000 c/sec.

Fig. 6. Intracellular records show establishment of a conduction block of the action
potential with 3.29% ether-Ringer and the recovery on rescue: (A) normal Ringer’s
solution, (B) and (C) 3.2% ether-Ringer, 1 and 3 minutes’ treatment respectively, (D) 1
minute after return to the normal Ringer’s solution. The voltage amplification was kept
constant. Time marks, 1000 c/sec.

a larger action potential developed than normal. During this period, the threshold
of the fibre was also decreased by more than 10%, of the normal value, as reported
by Yamaguchi (1957). But, whenever the fibre was exposed to 0.69, chloroform-
Ringer for longer than 3 minutes, the propagation was blocked and the fibre became
inexcitable irreversibly, followed by the contracture.

In Figures 7, 8 and 9, the time course of changes in the resting and the
action membrane potential after application of 0.99, urethan-Ringer, 0.6%, ether-
Ringer and 0.05%, chloroform-Ringer are traced, analyzing the changes in a
amounts of the reversed potential beyond the zero level, the maximum rates of
rise and fall of action potential and the height of the negative after-potential. -All
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these parameters show a rapid change in the measured values within the first few
minutes, followed by a slow linear decline. In addition, the reversed potential, the
rates of rise and {fall, and the negative after-potential are more affected than the
resting membrane potential. These values were varied up or down to 15-809%, of
the normal value within 5 minutes, whereas the resting membrane potential was
reduced by only 5-109%, of its normal value. It is also evident from Table 1 that all
of the anaesthetic actions on membrane excitability of the fibre were not accom-
panied by any marked changes in the resting membrane potential.
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Effect of strong anaesthetics

If anaesthetics are applied in strong concentrations (saturated chloroform-
and ether-Ringer and over 99, urethan-Ringer), they produce a contracture of the
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Table 1 Effects of anaesthetics on the resting and action potential.

— : J -
gﬁ?;ifggtlfs Cﬁ?ﬁ: ‘w Retstirég . Action . ‘ Reversed Negfajctel;ze Mafx. rate Mafx.f rate
ger’s solution potentia potentia ’ potential potential of rise of fall.
9% | mV mV | mvV mV V/sec V/sec
096  (control) | 89.0(0.5)% 138.1(1.5) | 47.0(1.0) 12.3(1.5) | 543(15.0) = 127(7.0)
i
0.4595 Urethan 88.5(1.7) ; 127.0(1.0) 45.8(2.1) 23.8(3.1) 480(27.0) 101(3.3)
0.9 96 Urethan 88.1(2.3 125.8(2.7) 43.3(1.6) 34.0(4.1 473(35.0 85(2.1
(
2.2 96 Urethan 84.6(2.1) | 104.5(4.1) | 21.9(1.1)  32.7(2.0) | 309(32.1) 36(8.0)
4.5 9¢ Urethan 80.2(3.3) 0 i 0 0 o0 0
0.3 96 Ether 87.3(4.0) | 123.5(1.2) | 33.8(0.5) 15.2(1.1) | 834(17.0) | 125(4.8)
0.6 9¢ Ether 89.9( 2.0)| 110.0(1.2) | 20.1(1.2) ; 28.0(2.3) | 279(20.0) | 124(3.6)
1.3 96 Ether 85.9(1.8) | 96.3(3.3) | 11.9(5.3) 24.9(2.5) | 260(12.0) 75(1.7)
3.2 9¢ Ether 80.1(3.1) 0 0 0 0 0
0.049 Chloroform | 88.1(1.0) | 119.2(1.1) | 80.0(1.2) |  — ' 282(18.0) 73(5.1)
0.059 Chloroform | 85.4(1.5) | 113.1(4.1) | 29.4( 4.1)| 88.9(1.5) | 220(30.0) 35(2.2)
0.089¢ Chloroform | 75.2(2.9) 0 0 0 0 0

H ' i
*  Tigures in the parenthesises are the significant errors involved in the measured figures.

fibre and then, irreversibly reduce the resting membrane potential by more than
70%, of the normal value (Yamaguchi 1957).

On local application of these anaesthetics, conduction beyond the anaesthe-
tized region was abruptly blocked. Only rarely did the anaesthesia of the fibre
bring about reversible blockage of conduction, even when the anaesthetic applied
was removed as quickly as possible. Therefore, the conduction blockage was
generally irreversible and a disintegration of the muscle sarcoplasm seems to have
occured quickly.

On the other hand, when muscle fibres fully depolarized, by preliminary
treatment with 125 mM KCl solution, were exposed to strong chloroform-Ringer
solutions, it was observed that they shortened completely within about 2 minutes,
producing a contracture. Accordingly, it may be said that strong anaesthetics do
not only activate the normal membrane function which leads to contraction
of the muscle fibre, but aslo they act directly on the contractile mechanism without
the participation of the cell membrane.

Effect of divalent cations on the effects of anaesthetics

The effects of anaesthetics were altered in two ways by treatment with
divalent cations (Ca-, Mg- and Ba-ions) according to whether the action was
accelerated or inhibited.

A comparison of the effects of anaesthetics among 0.99, urethan-Ringer,
0.99, urethan-Ringer plus 24 mM CaCl,-Ringer, 0.99, urethan-Ringer plus 12 mM
MgCl,-Ringer and 0.99¢ urethan-Ringer plus 12 mM BaCl,, on the action potential is
shown in Fig. 10. In this figure, it is to be noted that Ca-ions can neutralize the
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depressing effect of anaesthetic upon the action potential, whereas it is most
striking that Mg- and Ba-ions can accelerate the anaesthetic effect by reducing
the amplitude and the rate of rise and fall of action potential and its duration.
In this case, the threshold for production of action potential is increased by
2-3 times in the presence of Mg- and Ba-ions, as compared with that in the absence
of those cations but it is lowered slightly in the presence of Ca-ions.

Complete blockage of the excitation was rapidly obtained by 0.9%, urethan-
Ringer containing Mg- or Ba-ions of larger amount than 24 mM, or 2.2%, urethan-
Ringer containing 12 mM Mg- or Ba-ions. Moreover, if the concentration of Ca-
ions with 0.9%, urethan-Ringer was higher than 36 mM, the anaesthetic effect
was somewhat increased and finally there appeared a complete blockage of the
excitation.

“‘WMWWW

Fig. 10. Influences of divalent cations on the effect of anaesthetic : (A) 0.99, urethan-
Ringer, (B) 24 mM CaCl,+0.99%, urethan-Ringer, (C) 12 mM MgCl,+0. 9% urethan-Ringer,
(D) 12 mM BaC12+O.9% urethan-Ringer. The voltage amplification was kept constant.
Time marks, 1000c¢/sec.

Microinjection experiment

Microinjection of a certain amount of distilled water or potassium chloride
solution inside the muscle fibre brought about a local contraction, associated with
a localized movement of the fibre toward the tip of micropipette, but that of
potassium phosphate solution did not. This is in agreement with the results
reported by Kamada and Kinosita (1943), who suggested that the protoplasmic
response to a stimulus depends upon the diminution in concentration of intracellular
free phosphate ions.
e If the solution in which anaesthetic were dlssolved in the isotonic (125 mM)
potassium phosphate solution at strong concentrations. (saturated chloroform and
ether, and over 99, urethan) was injected into the fibre, there appeared a local
contraction at the injected site. It was then, observed that anaesthetics at low
concentration diffused rapidly in a longitudinal direction along the fibre, whereas
this did’ not: occur with strong concentrations, but rather formed a protoplasmic
clotting around- the injection site. Hence, it is probable that strong anaesthetics
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have a direct action on muscle sarcoplasm which results in precipitation of the
sarcoplasm or combination with it, forming a barrier against further diffusion of
the anaesthetic injected.

If the anaesthetic was injected successfully, the threshold of the fibre at the
injection site, for response to electrical stimulus, was lowered, but that in the
normal region was not. This change increased with increase in concentration of
anaesthetics or the amount injected. For example, when 1.3X10-¢ ml of 0.05%,
chloroform in 125 mM potassium phosphate solution or 1.2X 107 of 0.9%, urethan
in 125 mM potassium phosphate solution was injected, the threshold at the injec-
tion site was lowered by more than 14.7%, or 6.5%, of the normal value, respectively.
It was, however, difficult to determine the exact time course of this change, as the
threshold was lowered rapidly. If the amount injected was smaller or the con-
centration of anaesthetics was lower, this change was more uncertain and soon
disappeared completely.

The effects of injected anaesthetics on the resting membrane potentials at
the injected site were not investigated in great detail, but a limited number of
measurements were made in order to know whether intracellularly introduced
anaesthetic is as powerful a depressant as an extracellularly applied one. While
injection of 2.29%, urethan dissolved in 125 mM potassium phosphate solution,
3.0 107¢* ml in volume, caused a slight reduction in the resting membrane potential
(by 8.1 mV), injection of 125 mM potassium phosphate solution only, 2.5X 10~ ml
in volume, had little effect on the resting membrane potential. The resultant
reduction in threshold at the injection site, therefore, seems to occur in parallel
with the change in the resting membrane potential.

Discussion

Anesthetics at a low concentration produce an increase in the excitability of
the frog muscle fibre. The effect is quite opposite to that produced by those at a
high concentration (Yamaguchi 1957). On the other hand, it has been found by
Daugherty (1937) in her studies on amoeba that dilute solutions of fat-soluble an-
aesthetics tend to increase the viscosity of the protoplasm in the cell interior, where-
as the higher concentrations have exactly the opposite effect. It is, therefore,
suggested that dilute solutions of anaesthetics generally act like sort of stimulating
agents. In the present study, on application of weak anaesthetics, the production
of repetitive action potentials during contractions could often be demonstrated by
stimuli of prolonged duration, even through the resting membrane potential and
action potential were generally unaltered. In the previous paper (1957) it was
indicated that weak anaesthetics are entirely ineffective on the membrane and
sarcoplasm resistances. From these facts, it seems that the stimulating effect
of anaesthetics is dependent upon other factors than the direct change in ionic
permeability of the cell membrane. In 1951 Berwick presented evidence to



532 T. Yamaguchi

show by chemical tests of cell homogenates that ether and chloroform caused a
release of calcium ions from frog muscle fibres. In addition, Umezawa (1956)
and Yamaguchi (1957) reported that anaesthetics exerted an inhibitory effect on
the clot-formation on naked surface of muscle protoplasm. Thus, when the muscle
fibre is treated with anaesthetics, there may occur a reduction in the concentration
of calcium ions in the cell membrane or on the surface of it. On the other hand,
the threshold for stimulation is lowered by reduction of the concentration of calcium
in the fluid surrounding the muscle fibre and the muscle membrane seems to
become very unstable, followed by two or more successive action potentials
(Biilbring, Holman and Lillmann 1956; Ishiko and Sato 1957). A possible
explanation of the stimulating effect of weak anaesthetics is given as follows : the
increase in the excitability of the muscle fibre by application of weak anaesthetics
is caused by a secondary effect, i.e. the reduction in the concentration of calcium
ions rather than by a direct effect.

The rising and falling phases of the action potential are related to the in-
creases in sodium and potassium permeability (Hodgkin 1951 and many others).
The records in Fig. 2-9 clearly show that with increases in the concentration,
anaesthetics reduce the potential amplitude, especially at higher concentrations,
and more markedly reduce the maximum rates of rise and fall of action potential,
but increase the height of the negative after-potential, and finally abolish the
action potential completely, whereas the resting membrane potential is only
slightly reduced. This is in agreement with the results reported by Theselff (1956)
and Weidmann (1955). On the other hand, Shanes ef al. (1958) reported that in
the squid giant axon the changes in potential spike configuration and in the inward
and outward currents of voltage clamped axons agree in indicating that the increases
in permeability to sodium and potassium ions during activity are depressed by
cocaine and procaine. Therefore, the results that both of the changes in action
potential and blockage of the excitation were brought about without marked change
in the resting membrane potential and the fact that the resting membrane resistance
was less affected than the action potential (Theselff 1956, Yamaguchi 1957),
lead to the following suggestion. The depression of excitation by anaesthetics at
medium concentration seems to be due mainly to the depression of the increase in
permeability of the active membrane of the fibre.

It is, moreover, clearly indicated that divalent cations (Ca-, Mg- and Ba-
ions) influence the anaesthetic effect under the condition in which anaesthetic is
effective. That is tosay, the anaesthetic effect was inhibited with higher con-
centration of calcium (24 mM) ,or was accelerated in the presence of magnesium or
barium (over 12mM). In 1922, Burridge reported that if beating frog hearts
were perfused with cocaine so that the beating ceased, they could be revived by
perfusion with calcium. He also found that perfusion with a solution of cocain
and calcium inhibited the effect of cocaine. It is, therefore, suggested that
excess calcium may replenish the deficit of calcium ions in the cell membrane or
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its neighbourhood caused by anaesthetics. In addition, the action of calcium
which is a reversible increaser of the membrane resistance (Tamasige 1951) may
neutralize directly the effect of an anaesthetic which increases the membrane
permeability. Contrary to this, excess magnesium decreases the excitability
of the muscle fibre (Ashkenaz 1938, Maaske and Gibson 1939). Recently Hisada
(1958) also reported that the recovery phase of the action potential was prolonged
in the presence of increased magnesium. Barium ions produced a marked decrease
in the rising and falling phases of action potential and also in the resting membrane
potential. Kleinfeld, Stein and Meyers (1952) showed that barium ions prolong
the duration of the plateau of action potential of frog ventricular fibres. Thus,
the most reasonable explanation of the accelerating effect seems to be that the
increase in the permeability of the active membrane to Na- and K-ions is
depressed twice in the presence of magnesium or barium ions.

On the other hand, strong anaesthetics seems to act on the cell membrane
as abnormal increaser or ionic permeability. The finding that strong anaesthetic
produced a contracture of the depolarized muscle fibre by preliminary treatment
with potassium chloride, suggests that the action of strong anaesthetics is not confined
to the cell membrane, but extends directly to the muscle protoplasm. This sugges-
tion is further supported by the microinjection experiments in the author’s previous
paper (1958) and also by the above results namely : that injected strong anaesthetics
produce, irreversibly, local contraction, contracture and the clotting of protoplasm.

When anaesthetics were successfully injected into the fibre, the threshold
for the electrical stimulation at the injected site was lowered and the resting
membrane potential was slightly reduced. This change seems to be due to the
depolarizing action of anaesthetics in the cell interior. This depolarizing action of
anaesthetics seems possibly to be explained by the diminution of free phosphate
ions (Kamada and Kinosita 1943) or the increase of hydrogen ion concentration
(Umezawa 1958) in the cell interior during activity. This theory is supported by
the finding that when anaesthetics dissolved in potassium phosphate were injected
into the the fibres, they brought about an increase in the excitability of the fibre.
Moreover, an electrotonic outward current which flows through the injected site (at
the depolarizing site) may reduce the threshold of electrical stimulation. If this
suggestion is valid, it becomes considerably easier to understand the peculiar
phenomenon of the contracture produced by strong anaesthetics.

Summary

1. Effects of anaesthetics, such as chloroform, ether and urethan at various
concentrations on electrical properties of the frog single muscle fibres were in-
vestigated.

2. Weak anaesthetics (0.059, urethan-Ringer ; 0.069%, ether-Ringer ; 0.01%,,
0.049, chloroform-Ringer) increase the excitability of the fibre : in most cases, the



534 T. Yamaguchi

fibre responds to electrical stimuli of prolonged duration by exhibiting two or
more successive action potentials. But no effect of these anaesthetics is observed
on the shape of the action potential and the value of the resting membrane
potential.

3. Anaesthetics at medium concentrations (0.99%, 2.2%, urethan-Ringer ;
0.69%, 1.3%, ether-Ringer; 0.059%, chloroform-Ringer) reduce slightly the resting
membrane potential, whereas they markedly reduce the amplitude and the rates
of the rise and fall of action potential while they increase the height of negative
after-potential.

4. 1If the concentration of the anaesthetics is slightly increased (to 4.5%,
urethan-Ringer, to 3.29, ether-Ringer and to 0.6%, chloroform-Ringer), the
propagation of the action potential is blocked without marked change in the resting
membrane potential. But the propagation can always be restored on return to
Ringer’s solution after a short transient period of supernormality.

5. The effect of one anaesthetic at medium concentration (0.99, urethan-
Ringer) is enhanced by magnesium or barium ions in greater amount than 12 mM,
whereas it is inhibited by 24 mM clacium ions.

6. When anaesthetics are applied at strong concentration (over 99, urethan-
Ringer, saturated ether- and chloroform-Ringer), the membrane potential falls
abruptly by more than 709, of the normal value and produces a strong contracture
of the fibre. Moreover, a strong concentration of chloroform produces also a con-
tracture of the fully depolarized fibre by preliminary treatment with the isotonic
potassium chloride solution.

7. When anaesthetics are successfully injected into the fibre, the threshold
for response to electrical stimulation at the injected site is lowered. This change
seems to occur in parallel with the slight depolarization of the resting membrane

potential at the injected site.
8. A possible explanation of the anaesthetizing mechanism is also given.

The author wishes to express his appreciation to Professor Mituo Tamasige for
his kind guidance and encouragement throughout the course of these experiments and for

improvement of the manuscript.
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