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During a series of experiments to determine the course of 1he rhythmic 
change in the electromotive force generated in the myxomycete plasmodium, 
commonly known as the slime mold, K am i y a and A b e (1950) recently 
found that a weak mechanical sho& applied to one of the lead electrodes 
elicits invariably an electrical response which causes a quick deflection in 
the galvanometer. This electrical response had apparently such, a short 
deflection that it was impossible to figure out its temporal configuration by 
means of a freely suspended, reflecting galvanometer. The present in- 
vestigation was undertaken With a view to elucidate the nature of this 
electrical response and the mechanism by which it is released by the slime 
mold, Physarum polycephalum. 

The results we obtained in this investigation indicated -,~ery clearly that 
the electrical response of the slime mold disobeys the all-or-none law whidJ 
is known to govern the propagated electrical response of both animal and 
plant cells under ordinary experimental conditions. I t w a s  further shown 
that this " action potential" of the slime mold is always accompanied by a 
simultaneous change in the electric impedance of the protoplasm, similar 
to the electrical response in other cells ( C o l e  and C u r t i s  1938, 1939; 
T a s a k i  and M i z u g u e h i  1949). 

At present, weare  not yet in a position to give any adequate explanation 
to the experimental results we have obtained. Neither eould we correlate 
this response with any other knos~na activity of the slime mold. In this 
paper, therefore, the data obtained are presented objectively, without an3: 
preconceived ideas as to the nature of processes involved in the response. 

Method  

Ill most cases a strand of myxomycete plasmodimn was suspended. 
according to the method of K a m  i y a  and A b e, in the air of the moist 
glass chamber between the small masses o[ protoplasm spreading on the 
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surface of the two non-polar izable electrodes (Zn-ZnSO~-agar) E0 and E2 
in Fig. 1. 

To record the action potentials  and the impedance  changes of the slime 
mold, we have made use of several different types of electrical circuits. 
In the later  stages of the present  investigation, the circuit  shown dia- 
grammat ica l ly  in Fig. 1 was general ly used. The  main par t  of this circuit  
consists of a low f requency  al ternat ing current  Wheats tone bridge. The 
br idge current  f rom the t ransformer  T in the figure was an A.C. of 50 cycles 

E, E2 
C 

Fig. 1. Electrical circuit used for recording the electrical responses of Physarum 
polycephalum. S: Battery for electrical stimulation. P: Current reverser. K (and 
KQ: Contacts operated either manually- or by means of a Helmholz pendulum. 
T: Transformer serving as the alternating current source of the Wheatsfone bridge. 
G: Oscillograph. As regards the numerical values of r's, R and C, see the text. 

per  sec. Its s t rength was kep t  as low as possible because we were afra id  
that  a strong br idge current  might bring about  possible changes in the state 
of the protoplasm. In all cases the A.C. voltage between the electrodes E1 
and E~ was not allowed to exceed 50 millivolts; if was general ly  between 
15 and 30 millivolfs. 

The detector system was a two-s~age direct-coupled amplifier and 
oscil lograph of the Dndde l  type,  s imi l a r  fo tha t  used b y  T a s  a k i  and 
F u j i t a in their  studies on the effect of chemicals upon the electrical pro- 
perties of the Nitella cell (unpublished). In the ontpuf  circuit  of this 
amplifier was connected an electrical filter (a L-C t ank  circuit  tuned fo the 
f requency  of the br idge current) ,  and this served to separate  the A.C. corn- 
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ponent of the input voltage from the D.C. component. It was possible, by 
means of this special device and by using two elements of the oscillograph, 
to record the action potentials and the impedance changes simultaneously 
on the same film. The sensitivity of the vibrator of the oscillograph used 
for recording the action potential was approximately 7.5 X 10 -5 ampere 
per ram. and a constant voltage of I millivolt applied to the input of the 
amplifier caused in this vibrator a deflection of 5 ram. The sensitivity- of 
the A.C. vibrator was 1.5 X 10 -6 ampere per ram. 

The electrical stimulus was in general a short rectangular current pulse 
of the duration between 0.2 and 100 milliseconds, obtained by operating the 
keys K and K' in the diagram of Fig. 1. A three-electrode arrangement 
was used to reduce the shock artifact. Between the battery circuit and the 
stimulating electrode Eo, a constant resistance of rob out 10 megohms was 
generally connected; this was done to check the effect of the electrical 
activity of the protoplasm under the stimulating electrode E0 entering into 
the potential and impedance records. As the resistance of the strand of 
protoplasm suspended between the electrode was well below 1 megohm in 
most cases, this high resistance served further to control the strength of the 
stimulating current. 

The main difficulty in the present investigation lies in the fact that 
both the electromotive force and the impedance of the protoplasm were 
slowly but constantly changing so that a steady condition of the prep- 
aration could not be obtained. Under the conditions of our experiment, 
the autonomous rise and fall of the electromotive force of the slime mold, 
which is k n o ~ l  to be intimately correlated with the protoplasmic flow 
( K a m i y a  and A b e  1950), varied mostly within 15 millivolts. The 
resistance of the strand between the electrodes was generally about 
5.0 megohm, and it varied rhythmically up to 20 per cent of the mean 
value. The parallel reactance of the preparation varied also. considerably 
from sample to sample, and from time to time in one and the same indi- 
vidual. At the frequency of 50 cycles per see., it was generally greater 
than 10 times the parallel resistance and showed a very pronounced rhyth- 
mical variation. But, as the period of the rhythmical variation of these 
quantities was fairly long (the period being 2 to 5 minutes), it was possible, 
in practice, to change the known arms of the Wheatstone bridge in such a 
manner that the bridge was continuously balanced. 

Results 

1. T h e  t i m e  p r o c e s s  o f  t h e  e l e c t r i c a l  r e s p o n s e  
As has been stated above, the electrical response of the slime mold could 

be induced most readily by a light mechanical shock applied to one of the 
lead-off electrodes with which the plasmodium was suspended. When a 
light tap is given through the tip of a glass rod to the electrode consisting" 
of a glass tube filled with agar, a transient variation in the electromotive 
force was elicited from the protoplasm which tends to make the stimulated 
locus negative to the resting region of the protoplasm. The rising phase of 
this " action potent ial"  is very short as compared with its falling phase, 
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which decayed approximately exponentially at the time constant of 1 to 
1.3 seconds. 

The most remarkable feature of this " action potential " is that the sizt 
of the response depends pronouncedly upon the strength of the shock 
applied. Within a certain limit, a stronger stimulus induced a greater 
response. When the first mechanical shock was relatively weak and the 
response was correspondingly small, the second, strm~ger shock applied at 
a short interval after the first caused a greater response which was super- 
posed upon the first response if the interval was short enough. When a 
series of mechanical shocks of approximately the same strength was given 
to the slime mold, the responses were found to accumulate upon one 
another and to approach a steady potential level. The peak value of the 
negative variation amounted often to about 10 millivolts. 

It was found possible to release similar responses by electrical means. 
In our observation on the effect of electrical stimulus upon the slime mold. 
we generally used the tripolar arrangement as shown in Fig. 1. When the 
impedance changes accompanying these responses were not observed 
simultaneously, the alternating current was not supplied to the Wheatstone 
bridge. But, as we have ordinarily kept the resistance R in the known 
arm of the bridge at about 1 megohm, the observed potential should be 
slightly smaller than the voltage actually developed by the protoplasm. 

We found at the onset of our experiment that the strength of current 
required to evoke a response in the slime mold varies remarkably according 
to the area with which the stimulating electrode is kept in contact with the 
protoplasm and also according to the direction of the stimulating current. 
The threshold strength of the current, or the strength required to elicit th,,_, 
smallest perceptible response itl the galvanometer, decreased a4 the contact 
surface diminished. This indieates that a certain definite SUlfface density 
of current is required to induce a response. When the plaslnodium was 
allowed to spread on the surface of the agar electrodes, the threshold 
became very high and it seemed praetieally impossible to elicit a response 
by electrical means. In the following observations, therefore, we always 
took precaution to bring the strand of protoplasm in contact with the 
middle electrode E, (Fig. 1) only several minutes before the start os the 
experiment, so that the protoplasm had no time to spread over this elec- 
trode. 

With the experimental arrangement of Fig. 1, it is evident that electric 
responses of the plasmodium are observed only when the region of the 
protoplasm under or around the middle, common electrode E, is thrown 
into action by the stimulating current. The region of the stimulating elec- 
trode E0 is practically insulated from the lead-off electrodes; and, further- 
more, a mass of protoplasm is spreading over the surface of the electrode 
Eo. A point of interest in this experiment is that a stimulating current 
flowing outwards through the surface of the protoplasm under consideration 
is decidedly more effective in elieiting a response than a current flowing in 
the opposite direction. In the experiment of Fig. 2, the stimulating current 
was withdrawn after a period of about O.l second, and there seems to be a 
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possibility that  an anodal  current  induces a response, just as in the verte- 
brate  nerve, on its wi thdrawal .  

The question now arises as to whether  or not the process involved in the 
electrically induced response is the same as that  caused by  mechanical 
means. To test this point, we have examined the effect of meehanieal stimuli 
appl ied at vary ing  intervals before and after an electrical stimulus. In all 
cases it was clearly demonstrated that  responses induced by  the two 
different means were superposed upon one another in the same manner  as 
two responses elicited by  one and the same method were (Fig. 3). This 
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Fig. 2. The relation between the direction of the stimulating curre_r~t and the size 
of the response. Stimulus artefacts on the left were caused by brief current pulses 
(about 0.1 see. in duration) applied with the common (stimulating and lead-off) 
electrode E1 connected to the anode of the battery. Responses on the right column 
were obtained with stimulating currents of the opposite sign. Strenght of the 
currents were 1 (top), 2 (middle) and 3 (bottom) microamperes. The time marks 

are 1 second apart. 

undoubtedly  indicates that  the process underlying these responses is com- 
mon in these two cases. 

2. T h e  s t r e n g t h - d u r a t i o n  r e l a t i o n  

Although the type  of electrical response before us was found to be con- 
siderably different from those recorded in Nitella cells or vertebrate nerve 
fibers, it was shown possible to determine the s t rength-durat ion relation on 
this material  taking the smallest perceptible response as index of excita- 
tion. For  controlling the durat ion of the stimulating voltage, two knock- 
over keys of a Hehnholz pendulum (K and K' in Fig. 1) were used. In  this 
experiment,  the high resistance connected between the ba t te ry  circuit and 
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338 I. Tasaki and N. Kamiya 

the s t imulat ing electrode Eo was short-circui ted and, as a consequence, the 
stimulus s t rength was expressed in volts instead of amperes .  

In  spi te  of the fact  that  in the slime mold the state of the mater ia l  is 
constant ly  changing according to a rhy thmic  pat tern ,  the relat ion between 
the threshold voltage (o) and the t ime (t) of passage  of the st imulus can be 
determined in a fa i r ly  reproducible  manner  wi th  an accuracy  of about  
10 pe r  cent. The observed da ta  fit ve ry  w'ell wi th  the wel l -known Weiss' 
formula  o = b (1 -[- k/t), where b represents  the rheobasic voltage and k" the 
ehronaxie. In  the last column of Table  I are shown the values calculated 

b y  this fo rmula  for different dura-  
tions, in which b and /c  are 8.2 volts 
and  1.0 millisecond respect ively.  
I t  was a great  surprise to us to find 

Table 1. The  s t r e n g t h - d u r a t i o n  
r e l a t i o n  j u s t  s u f f i c i e n t  fo r  
i n d u c i n g  the  s m a l l e s t  pe r -  
c e p t i b l e  r e s p o n s e  in a m y x o -  

m y e e t e  p l a s m o d i u m  

Strength Strength 
Duration (observed) (calculated) 

msec. 
�9 �9 �9 0 �9 0 �9 �9 �9 �9 0 Q 0 B 

0.22 
Fig. 3. Top: An electrically induced elec- 0.44 
trieal response followed by a medlani- 0.66 

0.88 cally induced response. Bottom: A me- 1.32 
dmnieally induced response followed by 1.76 
an electrically induced response. Re- 2.20 
sistance R in the circuit of Fig. 1 was 3.30 
1 megohm, and r~ r_~ = 0. No bridge 4.40 

5.50 
A.C. was applied. Time: 1 see. 6.60 

volts 
42 
28.5 
2l 
18 
14 
12 
13 
10.5 
9.5 

10 
9.5 

volts 
45.9 
27.1 
20.7 
18.4 
14.5 
12.9 
12.0 
10.7 
10.0 
0.7 
0.5 

tha t  the ehronaxie for this mater ia l  is as short as I millisecond at room 
tempera tu res  (for ehronaxie values of various cells or tissues, of. Hei lbrunn ' s  
tex t -book [19451, pp.  505--504). The rheobase was found to be in general  
between 2 and !0 volts. 

On  several  occasions, the s t rength-dura t ion  relat ion for the slime mold was 
determined b y  means of condenser discharges. In tha t  case, the contact  K 
in Fig. 1 was replaced b y  a condenser of which the capac i ty  could be var ied  
f rom 0.001 up to 10 microfarads ,  and the stimulus was s tar ted b y  opening 
the key  K' manual ly .  The da ta  obtained obeyed again the hyperbo l ic  law 
D = b (l -ff h/RC), where RC stands for the decay constant  of the s t imulat ing 
voltage and h for the constant  which can be conver ted into the chronaxie by 
mul t ip ly ing  soealled Lapicque  factor  0.55 (see Lapieque,  1926, p. 524). The 
value of ehronaxie determined b-y" this method agreed well wi th  that  ob- 
tained b y  rec tangular  voltage pulses. 
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5. T h e  c h a n g e  i n  t h e  e l e c t r i c  i m p e d a n c e  a c c o m p a n y i n g  
t h e  r e s p o n s e  

I t  has been shown b y  C o 1 e and C u r t i s (1938, 1939), T a s a k i and 
M i z u g u c h i (1949) and  others that  the change in the electromotive force 
in Nitella cells and nerve  fibers accompanies ,  l ike a shadow, a s imultaneous 
change in the electric impedance.  I t  seemed therefore  wor thwhi le  exami -  
ning the resistance of this mater ia l  for an A.C. following electrical  and 
mechanical  st imulation.  I m p e d a n c e  measurements  b y  the o rd ina ry  A.C. 

Fig. 4. The relation between the strength of the stimulating current and the size 
of the response. Potential and impedance changes were recorded simultaneously. 
Strengths of the current in mieroamperes are 5.0 (a), 7.5 (b), 10.0 (e) and 12.5 (d). 
The alternating current Wheatstone bridge was balanced at r~ = 30 ohms, 

r2 = 20 ohms, R = 0.5 megohms and C 10--10 farad. Time: 1 see. 

Wheats tone  br idge method revealed immedia te ly  that ,  avhenever there  was 
an  "aetiml ~potential ", there  was a ehange in the impedance.  

We next  proceeded to examine  the correlat ion be tween  the aetiol~ poten-  
tial and the impedance  change. The method we adop ted  was to a m p l i f y  
the action potent ia l  and  the br idge  A.C. wi th  one and the same amplif ier  
and then  to separa te  these two types  of response f rom each other b y  means 
of an electrical filter (T a s a k i and  F u j i t a, unpublished) .  By  this ine- 
thod we examined  the change in the  electrical  proper t ies  of the p ro top lasm 
around the middle  electrode E, in Fig. 1. 

All the records age have  obtained indicated ve ry  c lear ly  tha t  there is a 
close para l le l i sm between the impedance  change and  the action potent ial .  
These two different types  of exponen t ia l ly  decaying  processes a lways  
showed the  same t ime-constant  of decay.  When  the st imulus was made  

23* 
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stronger, both types  of response increased their  magni tude  in p ropor t ion  
(Fig. 4). When  a number  of electric shocks were  del ivered in succession, the 
two types  of response gave summat ion  curves of exac t ly  the same t empora l  
configuration (Fig. 5). 

Close para l le l i sm between the impedance  change and the action potent ial  
was demonst ra ted  fur ther  wi th  mechanical  st imuli  app l ied  to the middle  

Fig. 5. Responses induced by a 
single (top) and double (bottom) 
rectangular current pulses. The 
strength of stimuli was in all eases 
3 microamperes, and the duration 
was about 0.1 see. The bridge was 
balanced at approximately r , =  
= 30 ohms, r2 = 40 ohms, R = 1 meg- 
ohm and C =  4 X 10 -1~ farad. 

Time: 1 see. 

10 -9  f a rad  which corresponds to about  3 megohms in reactance.  
sistanee was general ly  be tween  0.3 and 0.6 megohms. 

electrode E, in Fig. 1. At  this region, the 
surface of the p ro top lasm kep t  in con- 
tact  wi th  the electrode had  a re la t ively  
small  area. When  mechanical  st imuli  
were  app l ied  to the slime mold through 
the grid electrode E~ where  the proto-  
p lasm was spreading  over a wide area,  
para l le l i sm between the two types  of 
electrical response did not seem very  
perfect .  As we were  interested for the 
t ime being only in the correlat ion bet-  
ween the action po*ential  and the im- 
pedance  change, we did not t ry  to 
modula te  the f requency  of A.C. except  
50 cycles. 

On several  occasions, we tr ied to 
determine to wha t  ex ten t  both  the pa r -  
allel resistance and  the reac tance  v a r y  
dur ing act ivi ty.  The known  arms of the 
ba lanced br idge were  made  to be so 
al tered tha t  it was no longer ba lanced  
at rest but  it would be balanced,  in the 
course of m a n y  trials, at  some par t i cu la r  
moment  af ter  st imulation.  I t  was found 
b y  this method that ,  immedia te ly  a f te r  
the onset of response, the para l le l  re- 
sistance decreased b y  2-10 per  cent and 
the reactance  increased b y  15-50 per  
cent, giving a resul tant  impedance  loss 
of 2-10 per  cent (Fig. 6). With  A.C. of 
50 cycles per  see., the para l le l  c apac i t y  
of the p r e p a r a t i o n  at rest was, under  
the conditions of our exper iment ,  below 

The re- 

Disen ss ion  

By the exper iments  s ta ted above, it was shown tha t  the "ac t ion  poten-  
t im " of the m y x o m y c e t e  p la smodium accompanies ,  s imilar  to tha t  of Nitella 
ceils and of nerve  fibers, a s imultaneous change in the electric impedance .  
This response, however,  differs f rom tha i  in Nitella and in nerve in the 
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following respects:  (a) The size of the response in the slime mold increases, 
wi th in  a cer ta in  limit, as the s t rength  of the  st imulus increases, while in 
Nitella and nerve  the response is released in al l -or-none manner .  (b) The 
response in the slime mold shows summat ion  when  two stimuli are appl ied  
at a short  interval ,  whi le  in Nitella and in ne rve  the absolute ly  re f rac to ry  
per iod lasts unti l  the  ac t iv i ty  comes to an end. (c) The durat ion of the 
negat ive var ia t ion  of the 
p l a smod ium is about  2,000 
times as long as the ehron- 
axie, whereas  in Nitella and 
nerve it is only  several,  ten 
times the ehronaxie. 

The  proper t ies  of the 
p lasmodium's  electrical ac- 
t iv i ty  ment ioned  in (a) and  
(b) above seem to resemble 
the response of a eurar ized 
or r e f r ac to ry  muscle fiber to 
motor  nerve  s t imulat ion (see 
e.g. K u f f l e r  t942, Fig. ~; 
K a t z  1942). In  a number  
of eases, we have  examined  
whether  or not the response 
is t r ansmi t t ed  along the 
s t rand  f rom the site of sti- 
mulat ion.  But  we could find 
no sign of transmission.  

We  also t r ied to find 
microscopica l ly  visible chan- 
ges, if any,  in the proto-  
p l a sm when  it is th rown 
into action. A small  p a r t  of 
the p ro top l a sm m i d w a y  the 
suspensed s t rand  is laid on 
a th in  sheet of agar  which 
adheres to the side wal l  of 
the moist  glass & a m b e r  and  
which works  as a nonpolar i -  
zable common electrode E 1. 
With  such a p r epa ra t i on  of 
the mater ia l  it is possible to observe through the microscope the p ro top la sm 
at the ve ry  site where  the action poten t ia l  is elicited while  the magni tude  of 
the elicited act ion po ten t ia l  is ascer ta ined b y  the oscil lograph. Thus the 
vigorous flow of endoplas ln  back and  for th  along the connecting s t rand can 
be seen most  d e a r l y .  But  no cessation of flow whatsoever  is seen to take  
p lace  at tha t  locus of the s t rand  f rom which the action poten t ia l  is ascer- 
ta ined to have  been evoked, nor did we detect any  sign of microscopical ly  

Fig. 6. Electric impedance during activity. The 
bridge was first balanced at rest, then the re- 
sistance and the capacity of the known arm of 
the bridge were altered and a stimulus was de- 
livered. Parallel resistance and reactance at rest 
were, in the ease of the upper record, 0.28 and 
2.2 megohms respectively; the resistance was de- 
creased by 2 per cent and the capacity was 
decreased by 15 per cent prior to application of 
the stimulus. In ease of the lower record, the 
parallel resistance and reactance at rest were 
0.29 and 2.1 megohms respectively, and the re- 
sistance and the capacity were decreased by 
approximately 2 and 12 per cent respectively. 
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observable &anges ilt protoplasm at the moment  of response. This the fact 
that  the protoplasmic streaming in Nitella is s topped temporar i ly  when the 
celt is thrown into action is not shared Jay tl~e slime mold proto.plasm. This is 
p robably  due to the fact  that  the local st imulation of the submerged Nitella 
eell r ap id ly  propagates  to the entire ee]l while in myxomyee te  plasmodium 
the region of response is limited mostly to that  locus where the protoplasm 
is direct ly  st imulated from outside:. Even though the action potent ial  
exer ted some effect on the protoplasmie flow, the in t racapi l la ry  flow of the 
endoplasm in the plasmodium would be under  control of a region which 
does not take par t  in the electrical response. 

S e i f r i z and E p s t e i n (1941) observed that  a mechanical sho& appl ied  
to the plasmodium of Physarum polycephalum by  a falling drop of wate r  
immediately " se ts"  the protoplasm bringing abont the suspension of flow 
which they call '~ shock anesthesia".  This shock is, however, far  nmre drastic 
than the mechanical shock appl ied by  us. In order to throw the slime mold 
protoplasm into electrical act ivi ty by  a mechanical means, only a slight tap 
on the electrode is sufficient. Moreover, K a m i y a and A b e (t950) ob- 
served that  the action potent ia l  of the slime mold is sometimes evoked even 
spontaneously with vary ing  intervals and varying intensi ty under  constant 
environment .  We can say that  the electrical response does not necessarily 
accompany the: h indrance  of the protoplasmic flow. 

Summary 

1. The electrical response released by  the slime mold, Physarum poly- 
cephalum, through mechanical and electrical stimuli disobeys the all-or- 
n o n e  ] a x v  ". 

2. A stimulating current  flowing outwards through the surface of the 
protoplasm is more effective in evoking a response than a current  flowing 
in the opposite direction. 

5. The process under ly ing  electrical responses is the same irrespective 
of the means of stimulation, either mechanical or electrical. 

4. The  s t rength-durat ion relation agrees well with the Weiss" formula  
s -- b (1 q- k/t), in which b (rheobase) is 2-10 ~olts and I<' (chronaxie) is ap- 
proximate ly  I millisecond. 

5. The "ac t ion  potent ia l  " of the slime mold accompanies a siumltaneous 
change in the electric impedance of the protoplasm. There  is always a close 
parallel ism between them. 

6. Protoplasmic flow can proceed unhindered at the moment when elec- 
trical responses are induced. 
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