
=1. 05) and a, ,8-dipiperonylidensuccinic acid (D.

S. =2. 01) showed synergism with pyrethrins, but,

meso-a, ,8-dibenzylsuccinic-, meso-a..,8-dipipero- ,

nylsuccinlc-, dl·a-benzyliden-,8 -bensylsuccinic-, ,

Q, S-dibenzylidensuccinic-, dl-a-benzylsuccinic-,

dl-a-piperonylsuccinic-, trans-a- benzylldensuc

cinic- and a-piperonylidensuccinic acid showed no

,synergism with the same.' Wherl;Jas, all of 10

compounds showed no synergism with allethrin.

It seems that such unique' synergistic activity

of hibalactone with pyrethrins and allethrin is

caused not only by the presence 'of 3,4-methylene

dioxyphen~l group and double bond but' by pos

session of y-lactone ring or peculiar steric con-.

figuration.

Effects of l\Ictabolic' Inhibitors, Potassium Ions and DDT on Some Electrical Properties

of Insect Nerve: Studies on the Mechanism of Action of Insecticides. XV. -Teruo YAMASAKI

and ;roshio NARAJIAsm· (Laboratory of Applied Entomology, Faculty of Agriculture, Univer
sity of Tokyo, Tokyo, Japan). Received Oct. 29, 1957. Botyu-Kagaku 22, 354:"367, 1957.
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Resting potential of cockroach nerve has been

shown to be depressed by treating with meta- -,

bolic inhibitors and to be unaffected' by the ap

plication of DDT. A hypothesis concerning the

mode of action of DDT upon nerve has thus

'been presen~ed t~at such changes in, nerve func-

tion under the influence of DDT as an augmenta

tion of repetitive excitability and an increase in

the negative after-potential are brought about not

so much by an inhibition of the "resting meta

bolism" of nerve as by a disturbance of, the

"active metabolism" of nerve or by a direct

physico-chemical action on the nerve membrane,

causing changes i~ ionic permeability 'of the

membrane'O•

EXCitability of ~erveis known to depend partly

upon the resting potential, and -the latter in turn

is supported by metabolic energy in the nerve,

or the resting metabolism. On the other hand,

mainte'nance of excitability is known to require

in addition other source of metabolic energy, or

the active metabollsmtv, Electrotonic potential 'of

• Former name, Toshio ISHII
.. IElfI'E, :E~~
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nerve is known to depend on the resting poten-

tial and to have some correlation with electrical

properties of the nerve membranes).

In the light of such views, the present' experl

ments were undertaken to gain further inforrna

'tions supporting our hypothesis, dealing with

the simultaneous determinations of the changes

in the resting potential; excitability, and the
, . '

electrotonic potential of the nerve "under the

.influenc~of metabolic inhibitors, potassium ions,

or DDT, and also dealing with the effects- on

the DDT -Induced negative after-potential of

metabolic inhibitors, potassium ions, or elect-

, rotonus.

Materials and Methods

Insects: Adults of the American cockroach,

Periplaneta americana L. were used throughout

the experiments. They were reared in the labora

tory at a constant temperature of about 30o~.

Nerve preparations: The' isolated nerve cord,

including the metathoracic ganglion and the

whole abdominal ganglia; was used. It contains

several giant uxons, which were described in our
previous pape~15).
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Fig. 1. Diagram of the" arrangement of
electrodesf.A), side-view of a:Zn-ZnS04 non-

'polarizable electrode (B)~ and its top-view
(C). 1-6, the lst-s-Gth abdominal ganglia;
th3, the 3rd thoracic ganglion: PI &, P2,
polarizing electrodes; SI & S2, stimulating
electrodes; rj & rz, recording electrodes; a,
a 'rod of Zn:b, ZnS04-saturated solution'
c, Ringer-gelatln r d, a thick pap~r soaked'
with ZnS04-saturated solution; e, a 'filter
paper soaked with Ringer's solution.

Stimulations' and recordings: Arrangement of

electrodes is illustrated by Fig. 1. Electrodes PI
and P2 are Zn-ZnS04 .Ringer-gelatin type non

polarizable electrodes and were used as polarizing

electrodes. Electrodes SI' and S2 are fine silver

wi~es and were 'used as stimulating ~lectrodes.
Electrodes ri 'and r2 are the same type as PI
and P2 and were used as recording electrodes.

The region of the electrode PI and a small region

between the electrodes rl and rs were crushed

with forceps. The interference caused by the

coupling between the 'stimulating electrodes SI

and 12 and the polarizing electrodes PI and P2
could be av~ided by an insertion of a resistance

as high' as 200 kilo-ohms in series with the

secondary circuit of inductorium.

Actual structure of a Zn-ZnS04 non-polarizable

electrode was devised so as to be applicable to
, "

the small roach nerve cord and is illustrated by

Fig.'l.

A constant polarizing current with short dura-

tlon of about 100'msec,' usually 2-3 IlA, was

applied through the electrodes PI and P2, while

an electrotonic potential was recorded with the

electrodes nand 'r2' .A brlef ' electric shock,

being a thyratron discharge intervening Indue

torlum, was applied through the electrodes II

and 'S2 while an action potential was recorded

with the electrodes nand n. When the effect

of electrotonus on the excitability of nerve was

to be tested, electrical stimuli were delivered

through the' electrodes II and S2 while a polarizing

current with various strength and duration,

usually 2 to 10 pA and 30 seconds to several

minutes, was being applied through the elect

rodes PI and P2. ,The recording electrodes '1 and

1-2 were also used for measuring the change in

the resting potential under the influence of

drugs.

. The dista~ce between any two 'electrodes was

slightly'different in each experiment, but' the

distance between P2 and ri was made as constant

as possible, being within the range of 2-3 mm,

because the magnitude and shape of the 'elect

rotonic potential recorded by the electrodes rs

and rs' on passage of a square pulse through the

electrodes PI and p: depended on the distance

between P2 and ri as well as on the strength of

the current. ,Theint~relectrodedistance, between

P2 and n is shown in each Table or Figure.

The electrotonic, potentials and the action

potentials led oif from the electrodes n' anb rf

were fed to a DC 'amplifier and were observed

and photographed, by a cathode ray oscilloscope.

Solution and drugs: The Ringer's solution used

was the same as that described in our, previous

, paperl5>. Metabolic inhib'itors used were 5x lO-2M

sodium monolodoacetate, 5 X lO"2M and 7.5 X

lO-2M sodium fluoride, 1. 5 X lO-SM, 3. 1 X IO-sM.

4·6X10-3M and 1.5xlO-2M potassium cyanide,

and 1. 3x 1O-4M rotenone. Rotenone was recently

demonstrated to have a strong inhibitory action

on, glutamic dehydrogenase", They were disolved

in Ringer's solution exceptfor rotenone. Rotenone

was applied as a ~uspension which had been made

by an injection of the rotenone acetone solution

into Ringer's solution. Potassium-rich solution

was prepared by mixing Ringer's solution with
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iso tonic potassium so lution , giv ing a fin a l po tas 

s ium co nc e n t ra tio n o f 8. 5 x 1O- : M . 1. ,I x 1O-4M

r .r ' -DDT sus pended Ringe r's so lu t io n was pre 

pa red by a n in jcction o f th c DDT ,tha no l so lu t io n

in to Rin ge r' s so lution. Ace tone or ct hanol a lo nc ,

b eing th e co nce n t ra tio n of 0. 5 per ce nt, h ad no

effcct o n th c cl ectrica l p ro pert ie s of ne rve to be

exam in ed.

Trcatmc nt w ith d ru gs : T h e d ru g -conta in ed

R inge r's so lu t io n was a ppli ed to small regi o ns o f

th e ne rve co rd w it h w h ich th e e lec t ro d es / J! a nd

n were in co nta c t a nd wh ic h w c re lo ca tcd bet

w een thosc e lect rodes.

. T h ese expe riments wcrc ca r ricd o ut a t th c

b eginning o f autu m n a nd in w in tcr a t room rem 

pcra tures rang ing from 21 to 2G.5°C and fr om 14

to 18°C respective ly. The temperatu r e a t an y

ser ies of experim e n t was no t varied ov e r 0. 5°C .

H esu lt s

Normal nc rvc : Oscil logrums obtained w ith

no rm al ne rves a re show n in cach upmost row of

Figs. 2, 5 a nd 10. T he presen ce o f a hi gh

resis ta ncc in th e seconda ry circuit of in du ctorium

cau sed a largc a r te fa c t in reco rd in g th e a ct io n

po tenti a l ; however, this artefa ct did not make

it imposs ib le to di s ti n g uish th e ac t io n po tenti a l

fr om thc a rtefac t a nd al so to o bs e rve th c a fte r 

pot enti al. T h e nega t ive spi ke action po tential

was fo llowed by a po s iti ve pha se, bu t no a fter

poten ti al in e it he r phase was o bs e rved.

A ca te lec t ro to nic pot entia l was usu all y s ma lle r

in magni tude th a n a n an e le ctrot onic pot cntia l.

' ~'hc Io rrue r was superimpo sed w it h an ac tion

pot entia l a nd ofte n in addition with a series of

small a c tio n po tential s foll ow in g th e initia l la rge

a c tion po te n tial when the ca tel ectro to nic cu r rent

appl ied was stronger tha n th e rh eobase . The

la tter o r th e a ne lec tro tonic po tential sometim es

showed a n ove rsh oo t durin g or aft er th e passage

o f cu r re n t .

A cat hodal o r a n a noda l current with the

s t rength o f less than abou t 10 p.A , did no t ca use

a block of co nduc t io n. T h e ca th oda l current of

s uch s t re ng th had litt le effect o n th e shape of

th e a ct io n pot ent ial, while the anoda l cu rre n t,

reve rsi b ly ca use d a n appcarancc o f a large nega

ti ve a fte r- p o tc n tia l.
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F ig. 2. Effe ct s of 5x lO-~jvI sodi u m mono 
io d oac et at e .

1- 6, co ndut io n b lock and changes in ele c
t roto nic potentials, 2G.5°C . 1, a norm al ac tio n
po tenti al , a ve r tica l l ine shows 5mV ; 2 & 3,

a ca tc lcc t ro to nic(2) a nd an anele ct rotoni c (3)
po tentia l p ro d uced at 2.5mm from th e pol ari
zing e le c t rode by an applied short cu rren t o f
3 . 0 I~A; 4, 40 minu tes a fter a pp lic a t io n o f
the d rug , a conduct io n bl o ck , only a n a r tc
fact is visible ; 5 & 6, a ca te lec tro to nic (5) a nd
an ane le ctrotonic (0 ) potenti a l, thc sa mc timc
as 4.

7- 12, co ndnction block and re s tora ti on by
a no da l cu rren t. th c int erel cct rode d is tance
I'! rt is J. 5 m m. 28.5° . 7, a no rmal ac t io n
pot ent ial, a vcr tical line sh o ws 5 m ; II , :n
mi nutes af tcr ap p lic a t ion of th c d rug, a pa r
tial bl o ck ; 9, ·1. m inu tes afte r , a com ple te
blo ck ; 10, 47 minutes aft er, im mcdiat e ly a ftc r
app lyi ng 10 p.A a no da l cu r re n t, a pa r tial
resto ra t io n; II , 2 minutes a ft e r app ly ing the
anodal cu rren t , a co mple te resto ration ; 12,
15 seco nds afte r b reaking th e a nodal current,
a r ep roduction of blo ck . 13, 1000 c. p. s. for
records 1 and vr ; 14, 50 e. p . s for r e co rd s
2, 3, 5 a nd 6 ; 15, 1000 c. p . s for re co r ds 7
12. •
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Fig. 4. Effects of 7.5xlO-2M sodium fluo
.ride on action potential (A), resting potential
(B),' catelectrotonic potential (C) and' anelec
trotonic potential (D). Each arrow indicates
the time of drug application.. The lnterelec
trode distance' P2T) is 2.8mm; The strength
of applied current for the production of the
electrotonic potentials is 2.5 /-lA. 17.5°.
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was applied to thedepolatized and blocked region

'of .the nerve, the action potential reappeared on

an electrical stimulus. The .·magnitude ~f the

a~tion potential progressively grew uP, to the

normal level during 30 to 60, second passage of

the .anodal current. This restoration was removed

'within several seconds upon switching off the

anodal current. The latent period' between the

'stimulus artefact and the action potential was

prolonged in the restored nerve under anele~·

trotonus, indicating' the decrease In the velocity

8 0 20 40. 60 80 100 . 120

Time,after, the first application of drug (min.)

Fig. 3.' Effects of 5 X 10-2M sodium mono-.
iodoacetate on action potential' (A), resting
potential (B), catelectrotonic potential (C)
and anelectrotonic potential (D). Each arrow,
indicates the time of drug application.: The
interelectrode distance P2T) is 3.1rn~.'The'
strength of applied current for the production
of the electrotonic potential is 2.5 /-lA. 17.5°.

Sodium monoiodoacetate (IAA) : ' A series o,f

oscillograms is shown in Fig. 2, and one example

of experiment is illustrated by Fig. 3. An appli

cation of 5 x 1O-2M· lAA to the nerve caused a

depolarization followed by a conduction block.

The depolarization started about 20 to 40 minutes

after applying lAA; The action potential~egan

to decrease in magnitude about 30-to 60. minutes

after applying lAA, and completely disappeared

about 1· to '2 hours after the application when

the depolarization' of nerve attained to 3 to 5mV.

The magnitude and shape of the catelectrotonic

potential were not changed during the advance

of the depolarization and conduction block under

th'e influence of IAA. On the other hand, the

anelectrotonic potential was progressively de

pressed' in magni tude by less' than half ~f the

original potential value during that period, keep-.

ing its shape unchanged. When an anelectrotonus
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F ig. 6. Effect s of lo w onccntrations o f
pot assium cyanide on actio n potent ial (A),
res ting pot en tia l(B) , ca tel cc t ro to nic po tcnt ial
( ) a nd a n ·Iec tro to nic potential ( D). Th ·
a rr o ws ll , b and c in dicate th e ti m 's of a p ply
ing 1. 5 x 1O- 3 M K , and the ar row d :i. 1
X 1O-3M I e. A n open circle indicates the
ac tio n po tential r ecorded during thc a ppl ica
tion o f 2. 0 ~A anodal cu rr ent, a nd a dou ble
circle in d ica tes th e ac tio n potent ia l recorded
immediately a fte r breaking the anodal cu rr ent .
The interelectrode distance P2T1 is 2.7 rnrn ,

The s trength of a pplied cu rren t for th e p ro 
duction o f th e ele ctro to nic po tentia ls is 2.0,uA .
16°.
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Sodi um flu oride (NaF) : O ne example of sx

periment is ill ustrated by Fig. 4. A n appli cation

of 5 X 10-2M or 7.5 X 10 -~M NaF to the ne rve

ca used a dcpo larizution. I t s tarted within 10

Fig. 5. E ffec ts o f 1. 5 X 1O - ~ M potassi um
cya nide . The in te rc lectrode di stance IJ~n is
3 mm. 16. 5°.
1- 6, co nduc tion b lo ck a nd cha nges in e lect
ro to nic po ten tials . I , a no rmal ac tio n po te n

tia l, a verti ca l lin e sho ws 5m V; 2 & 8, a
ca te lectro to nic (2) and an ane le ctro to nic ( .'1)
pot entia l produced by a n applied sh o rt cu r
re nt o f 2. 0 I~A; 4, 6 mi nu tes afte r a pp li 
ca tio n o f the drug , a co nd uction blo ck , o nly '
an a r te fac t is vis ible ; S & 6, a ca te lect ro 
to nic (S) and a n a ne le ct ro tonic (0) pote n tia l,
th e sa me time as 4 .

7- 12, co nduc tion bl ock and re s to ratio n by
a no da l curre nt. 7, 10 minut es aft e r applica tio n
of the drug , a n in complete block ; II, 30
seconds a fte r apply ing 3. 0 I~A a nodal cu rre nt,
no rcsto ration ; 9, 5 seconds a fte r b rea ki ng
th e anodal cur re nt th at contin ue d for a period
of 40 seconds, a complet e re storation; 10,
10 seconds a fter b rcak ing , littl e change; 11.
30 seconds a fte r b reaking , a reproduction of
partial bl o ck ; 12, 60 seco nds after b rea king ,
a fu r th er devel op me nt o f hlo k.
13, 1000 c. p. s . fo r records 1, ,t , and 7- 12 ;
La, 50 c. p. s. fo r re co rd s 2,3, S a nd 6.
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mimutes after applying NaF and attained to 5 to

10 mV within 1 to 2 hours, but a conduction

block was never observed. The catelectrotoriic

potential was depressed in' magnitude in most

cases during the advance of the depolarization

by NaF, , and the anelectrotonic potential was '

depressed in magnitude in all cases. The depres

sed values 'of the both electrotonic potentials'

often reached over half of the original potential

values. The shape of the both electrotonic poten

tials, however,' remained 'almost unchanged.

" Potassium' cyanide (KCN) =:A series of oscil
lograms .is shown, in' Fig. 5, and one example of

experiment is illustrated by Figs. 6 and '7. .An

application of 1.5XlO-3M,or 3.1xlO-3M KCN

to the nerve caused n depolarization followed by

a' conduction block. The resting and the action

potentials began to decrease within 10 'minutes

after applying KCN, and the condution block

occurred about 1 hour alter the application when

the depolarization attained to about 2 to SmV.

Both the catelectrotonic and the anelcctrotonic

potentials 'were not changed in both magnitude

and shape in about halfof rthe total cases, while

they were slightly depressed in magnitude. in

another half keeping their shape ·unchanged. The

depolarized and blocked region of the nerve

could be restored by an anelectrotonus. The

magnitude of the action potential progressively

grew up to the normal level, during '30 to 60. I

second passage of the anodal Current, wh~reas in

such seriously affected nerve as had been left in

the blocked condition for som? period of time

the restoration was incomplete or even unsuc

cessful., T'his restoration was removed' upon

switching 'off the anodal current, but' it took

about 30 to 60 seconds to .reproduce the conduc

tion block. It was actually observed that the

action potentials immediately before and after

switching off the an'odal current remained con

stant in magnitude, and' that in some cases the

magnitude of the action potential 'completely

recovered immediately after switching off the

anodal current although the recovery hid been

incomplete during, the passage ,of current: The

latent period between the stimulus artefact and

the action .potential was' prolonged during the

Time after the first application of drug (min)

Fig. 7. Effects of high concentration (1. 5 X
1O-2M) of potassium cyanide on action poten

tial (A), resting potential (B), catelectrotonic

potentiill(C) and anelectrotonic potential
(D). The arrows without symbol indicate
the times of KCN application, and the arrows
with symbol R indicate those of the applica

tions of normal Ringer. An open circle indi
cates the action potential recorded during
the application of 3. 0llA anodal current,

and a double circle indicates the' action po
tential recorded immediately alter breaking
the anodal current. The Interelectrode dis

tance Pm is 3.0mm. The strength of applied
current for the production of the electrotonic
potential is 2.0 /lAo 16.5°.
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A

c

Time after the first application of drug(min)

Fig. 8. Effects of 1. 3 X 1O-4M rotenone on action
potential (A), resting potential (B), catelec
trotonic potential (C)and anelectrotonic poten
tial (D);' The arrow indicates the time of
drug application. Open circles indicate the.
action potentials recorded' during the applica
tion of 10 pA anodal current, and a double
circle indicates the action potential recorded
immediately after breaking the anodal current.
The interelectrode distance P2n is 3. Omm.
The strength of applied current for' the pro
duction of the electrotonic potentials is 2.0
p.A. 14.5°.

80
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passage of anodal' current,' indicating the decrease

in the velocity of conduction under anelectro

tonus.

. An application of 4.6x10-3M or 1.5xlO-2M

KCN to the nerve produced a rapid depolariza

tion of 2 'to 5mV in most cases, but the depo

larization was restored within several minutes in

spite of the continuous presence of KCN. In

some cases they had no' effect on the resting

potential. In a few cases of 4.6 X 1O-3M KCN

treatment a persistent depolarization, which, was

not' followed by a', repolarizatlon, was actually

observed, while it was not observed by the treat

ment with L5xlO-2M KCN. A conduction block

was, usually 'brought about within 10 to 20

minutes after applying 4.6x10-3M or 1.5x10-2M

KCN even when the resting potential had already

returned to the normal level until that time. Both

the catelectrotonic and the anelectrotonic poten

tials were either not affected or slightly depressed

in magnitude keeping, their shape unchanged in

nearly hulf of the total cases. In a few cases the

anelectrotonic potential was found to be slightly

depressed in magnitude, the catele~trotonic poten

tial being kept, unchanged, whereas only on~

'reverse case wa~ encountered. The recovery

from the conduction block of the ne~ve' treated

with 4. GX 1O-3M or' 1; 5x10; 2M KCN by an

anelectrotonus' was the same as that in 'the' case

of 1. 5 X lO-~M or 3. 1 X 1O-3M KCN which had

been described in the' foregoing section.

Rotenone: 'One example of 'experiment is il

lustrated by Fig. 8; An appllcation of 1. 3x

10-4M rotenone .to the nerve caused a depo

larization followed "by a conduction block., Both

theiresting and, the action potentials began to

decrease together within 10 to 20 minutes after

applying rotenone, and the conduction block oc

curred within 20 to 60 minutes after the applica

tion when the depolarization attained to 4 to 9

mV. The catelectrotonic potential was not affected

during the advance of the depolarization and

block. The anelectrotonic potential, was not af

IcctedIn more than half of the total' cases, and

was slightly depressed in. magnitude keeping its

shape unchanged in the remaining cases. When

an, anelectrotonus was applied to the blocked
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T ime afte r the fir s t app licat io n o f drug(min)

Fig . 9. Eff ects o f 8.5 X lO -~M pot assium ions
on acti on pot ent ial ( A) , resti ng pot en tia l( B) ,
catelectrotonic ( ) and anc lec t ro tonic po ten
tia l ( D) . The a rrow indicat es th e time of
dru g applica tion. The inter cl .ct ro rle d is tance
P~n is 3.0mm. T he s tre ngth of applied cu r 
rent fo r the prod uction of th e elect ro to nic
potcnt ials is 3. 0 "A. 26. 5°.

the nerve ca use d a rnpid depolarization, a nd a

cond uct ion blocl wa s bro ug ht abo ut w hcn th e

depolari za tion adva nced hy ove r abo ut 10m V . Bo th

th e ca tc l .c t ro ronic and th e ane lec t ro to nic po ten

tia ls we re mar kedly de p ressed in magnitu de dur 

ing th e advance of the depola riza tio n, and the ir

slo w ph ases we re much mo re d zprcs sed than

their ra pid ph ases. The block co uld be res tored

by an an electrotonus, wh ich occ urred progressive 

ly during :30 to 60 second passage of th e anoda l

current and was removed w ithin 30 seconds after

swi tc hi ng o ff th e curren t.

DDT : A se ries o f osc illogra ms is sho wn in

F ig. 10, a nd o ne example of ex pe riment is

illust ra ted hy Fi g. 11. The re sting potent ia l

was not affect ed in most cases by an appli

cat ion of 1." X lO- IM DDT, and was s ligh tly

decreased in a few cases. A co nd uctio n block

w as neve r observed. The cat e lectrotonic potent ia l

was not dep ressed in magnitude, hut its sh ape

F ig . 10. Eff ect s of 1. 4 X 10- 'IM DDT on th e
electrotonic pot ent ia ls produced a t 2. 0 mrn
fro m th e polarizing elec t rode by an applied
short cur ring of 1. 5Id\. 25°C . J, a no rma l
ca telectrotonic poten tial, a vertica l line sh ow s
5mV ; 2, a normal anelec t ro to nic potentia l ;
3, a normal cat elect rotonic potential re co rded
wi th hi gh am p lifica t ion, a vertical line sh ow s
1m ; </& S, 58 minutes after appli cat io n of
the drug, a ca telect rotoni c(4) an d an an el ect
rot o nic ( ;,) po tential ; 6 , the same time as
th e records 4 and S, a cat e lect ro to nic pot en 
tial reco rded wi th h igh a mplifica tio n, not e a
s low rupo lur izutiou; 7, 50 c. p. s .
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'region of th e nerve, th e act io n pot ential appea red

'o n stimulati on w ithin :30 to 60 se co nds after th e

o nset o f the ano da l current a nd grew prog ressive ly

up to th e no rmal lev el durin g sev eral minute

passage of th e current. But th e res to ration was

rapi dly rem oved immediat e ly afte r switchi ng off

th e anodal cur re nt.

Potassium ion s : One expe rime nt is illust rat ed

by Fi g . 9. A n ap plicat io n of 8. 5 x lO-~M K I- to



o-== ==a:======--'-- Fig . 12. E ffec ts of m et abo li c inh ib ito rs o n

the DDT -i nduc ed nega tiv e a fte r - potent ia l.
I , a normal actio n pote n t ia l reco rded wi th
h ig h a m pli ficatio n a nd slow sweep, o nly s lo w

pha ses o f the act io n po ten tia l ar e vis ib le, no

negative a fte r -pote n t ia l, a ve r tical li ne shows

1m V; 2, 56 minutes a fte r applica t io n of 1. 4
X 1O-<,'\'1 DDT, a n appeara nce of th e nega tive
a fter -poten t ia l ; :I, 2 m inutes a fter applicat io n
o f 4. fi x 1O-3M potass ium 'cyanid e t hat was

ap p lied 58 m inutes af te r t rea t ing w it h DDT ,

a di sappea rance of the nega ti ve af ter· polen 

t ial , 16 . 5°C.
,t , a no rmal a c tion po tent ia l; 5, 60 minutes
afte r application of 1. 4 X lO -·IM DDT; c, 2,1
mi n utes a fte r appli ca t io n of 7 . 5 x 1O-~ M

so d ium fluo ride that w as appli ed 68 minutes
afte r t rea ting wi th DDT, no d isappearance
of th e negat ive af ter - po te nt ia l, 16. SoC .
7, 46 m inu tes a fte r app lica t io n of 1. 4 X 1O-'M
D DT; II, 52 minutes a fte r applica tion o f 5 X

10-~l'vl sod ium m o noiodoacetate th.u was ap 
plie d 57 m inu tes af te r t reat ing wi th DDT , a
ma rked dep ressio n of the nega t ive a fte r

potent ial, 17 °C . '.I, SOc. p . s .
JU. a normal a c t io n po ten t ial ; / 1, 67 m inutes
after ap plica t io n o f L 4 x lO- IM DDT; /2 , :13
minutes a fte r a pplica tio n o f 1. 3 x 10-'1\1 ro te 
no ne that w a s applied 70 m inu tes afte r t reat 
in g with DDT, a marked dep ress ion of th e

negative afte r - po ten t ia l, 16. 5°C .
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F ig . 11. Effects of 1. 4 X 10- 1M D DT o n
a ct io n pot e n t ia l (A ), res t ing po tent ial ( B ) ,

ca tel ect roto nic po tential ( C ) and a nelec t ro to nic
po tent ial ( D) . E ach arrow in d ica tes th e time

of drug ap pl ica t io n . The intcrc lect rod e di s 
tance P~T1 is 2. 9 mm. T h e s t re ngt h of applied
cu r re n t fo r the p ro duction of the e lect ro to nic
po te ntials is 2 . 0 fl.A . 16. 5° .

w as s lig ht ly changed ; it s fa lli ng ph ase was

del ayed. T h e a ne le c tro to n ic potentia l w as no t

a ffec ted in about h a lf o f the tot a l cases , whil e it

was s lig h t ly dep ressed in magn itude keeping it s
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Fi g. 1:1. Effects of e lect ro to nus and potas 
sium ions on negative af ter-potent ial.

1-.'1, e ffe cts of e lect ro to nus on the action
pot ent ial in a normal nerve, onl y s lo w

phases o f the actio n pot ential a rc visible, t he
int ercl cct rod e d ist ance p~ 1'1 is 2. Omm, the

stre ng t h of a pplied cu rr e nt is 1. 5/lA, 25° C .
1, a normal a ct ion potential, a vert ical line
sho ws I mV; 2, 15 seconds after ap p lying

catho dal current , no effe ct ; 3, 15 seconds
aft er applying anodal curre nt, a n appearance
of the negati ve a fter-poten tia l.

<I & 6- 11, effec ts o f elect ro to nus and pot as 
sium ion s o n the DDT - indu ced negat ive

aft er -potentia l, the in te rel ect rode distance f>~

n is 3. 5mm, the strength of applied curre nt

is 2. 0/lA, 24. 5°C . 4, a norma l action pot e n 

tial ; 6, 45 minutes afte r a pplicat ion of 1. 4
x l 0 -~M D DT, an appear ance of th e neg a tive
afte r -potential; 7, 15 sec onds after applying

cathod al cu r re nt, a marked d epression of t he
ncg etivc aft er-poten tial; 8, 15 seconds a fte r

applyi ng a noda l cu rre nt, a marked a ugm cnta
tion; 9 . 6 m inu tes aft er applicatio n of 8. 5 X

lO-~M potass ium io ns that was a pplied 59
min utes after tr eat in g with DDT. on effect ;
10. 15 seconds af ter a pplyi ng cat hodal Cur

re nt , a marked dep ress ion ; 11, 15 seconds a fter
applying ano da l cu r rent, a m a rk ed au gmen ta
tion . 5, 50 c. p . s.

s ha pe un ch anged in th ' other half .

The e ffec ts o f met aholi c in h ibitors , po tassiu m

ions and e le ctrotonus on the DDT-i nd uced nega 

ti ve a f tcr -po tcn t iul arc s how n in Figs. 12 a nd 1:1.

T h e nega ti ve after - potent ia l whi ch had been

augme nt ed a nd p rol on g ed hy the t reatmen t wi th

DDT was fur ther au gment e d a nd p rolo nged hy

an a ne lectroto nus a nd co mp le tely di sapp eared hy

a catel ect ro tonus, the s p ike act ion pot entia l bei ng

kept u ncha ng ed . A n applicatio n of 5 X lO - ~M

I A A , 3. 1 X IO-3M or 4.6 X 1O-3M KC . or 1.:3X

IO -~M rotenone to the nerve d ev elopin g th e

marked negative a fte r- pote n t ia l hy the treatment

w ith DDT cau sed a di sn ppenra nccof t he nega tiv e

after · po ten ti al be fo re a disappearance o f t he s pike

act io n po tent ial. A n a pplica t ion of 7. 5 X 1O- ~M

N aF, however. d id no t affect th e D DT - induced

ne ga tive a fte r -po ten tial, thou gh Na F depolarized

the ne rve t rea ted wit h D DT . R.5 x 1O-~M K+

did no t se lect iv ely depre ss th e negati ve a fte r 

poten ti a l, causin g a si mu lt a neous di sappenrnnce

of bo th th e s pike ac tio n pot e ntial a nd th e nega

t ive af ter -potenti a l.

Di Hcnssion

The res ult s o f whol e ex peri m en ts a re sum

marized in T ab le 1.

D ep ol a ri za t ion o f nerve ca us ed by sodium

monoiodoace tate (IAA) , sodium fluor id e , pota 

s iu m cya ni de or potassi um ions is th e same as

th at repo rt ed p reviously!". The res u lts o f th e

p resen t ex perim en ts, h oweve r, s ho w some im po r

tant fea tu res co ncerni ng th e mo rle of action of

m et ab olic inhibi to rs upon ne rve. In the fi rst

pl ace, the h lock of co nd uct ion is not alwa ys de 

pendent on the magn i tu de o f d epol ari za tion ca used

hy me taholic in h ib ito rs. Since the co nd uc t io n

b lo ck is produced when th e ne rve is depo la ri zed

hy ove r 10 mV hy appl yin l;: potassium io ns w h ich

seem to ha ve no inhibitory ac tio n on me ta bo lism ,

the dcp ol nri zntion as la rge as lOm V seems to in

di cat e the c r it ica l leve l o f th e resting potential

to m aintain exci tability wi thout su ffering from

m etaboli c disturb ance. N aF do es not ca use the

bl o ck although it dep ol ari zes the ne rve hy 5 10

10 mV. This action of N aF may th e re fo re he

explained b y the ass umpt ion tha t NaF docs no t
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Table 1. Summary of changes in functions and properties of the nerves treated,

.wlth drugs.

Depres-
Depres- Depres- sion of After ,

Concen- Depolari- Conduc- sion of slon of DDT- Anodal effect of;
Drug tration tion catelect- anelect- induced anodal

(M) zation block rotonic rotonic negative restoration current on
potential potential after- restoration

potential
Sodium 5xlO-2 + + - + + ,+ +monolodoacetate .
Sodium fluoride sx 10- 2 + - +=- +

!

V 7.5xlO-2 + - .:.- + -
Potassium cyanide 1. 5x 10- 3 + + +=- +=- :+ ,+

3. t x 10-3
!

V + + +=- +=7"" +
V 4.6xlO-3 +-- + +<- +>- + ,+ +
V 1.5xlO-2 +-->- + +<- +>- + +

Rotenone 1. ax10- 4 + 4- - +<- + + -
Potassium ions 8.5xlO-2 + + + + - ,+ +

1. 4X 10-1 +<-
:

DDT - - +=-,

+ or - means presence or absence of the effect respectively. +=- means that the effect appears
in about half of the total cases. +>- means' that the effect appears in much more than half of the
total cases. and + -:- means' that the effect disappears with advance of time. ,

affect the" active metabolism" of nerve but does

affect the" resting metabolism "15>. On the con

trary. IAA causes the block when it produces

the depolarization as small '~s 3 to 5mV. It seems

therefore that IAA has. inhibitory actions on both

the resting and the active metabolisms. Rotenone

may occupy an intermediate position between

N1iF and IAA, for the nerve is blocked whenIt

is depolarized by 4 to 9 mV after treating with

rotenone. Therefore. rotenone seems to inhibit

both the resting and the active' metabolisms.

though its action on the active metabolism may be

weaker than that of IAA. KCN seems to have dual

actions on the nerve; the depolarization of 2 to 5

mV caused by lower concentrations of KCN is

followed by a conduction block. while the depo

larization, of the same amount caused by higher

concentrations of KCN is initially followed by a

repolarization and then followed by a conduction

'block' which is produced in spite of the main

tenance of the normal resting potential level.

These effects of KCN lead to the suggestion

that KCN has inhibitory actions on both the

resting and the active metabolisms and the action

on 'the latter is stronger than that on the former.
In the second place. the differences in the

mode of, action of ,metaboli~ inhibitors 'are ' also
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shown by the experiments of electrotonic, poten-'

tials, The changes in the catelectrotonic and the

anelectrotonic potentials are different in each

inhibitor. The explanations for such changes in

the electrotonic potentials•. however. cannot be

made' at present.

In the third place. the conduction block caused

by metabolic inhibitors or potassium ions can be

restored by anodal current. This phenomenon 'is

actually observed in other nerves2,6,12- 14>. and the

restoration is .usually considered to be due to the

repolarization of nerve which was brought about

by the anodal current. Though this explanation

seems at first to be proper. careful observations

and considerations throw some doubts. The arlo.

dal current has a restorative netion not only on

the depolarized and blocked nerve by the treat

ment with IAA, lower concentrations of KCN.

rotenone or potassium ions but also on the

blocked nerve with the normal resting potential

by the treatment with higher concentrations 'of

KCN, -This evidence suggests the possibility of
, restoration due to the. cause other, than the repo

larization. This suggestion is supported by, the

dramatic findings that electrical stimulations
cause an increase in oxygen consumption not

only of brain slices but also' of- mitochondria



preparation ofbrainl.3.5.1-lh. Under such an ex

perimental condition, there is no doubt that the

brain slices cannot generate the action potentials

on electrical stimulations. Therefore. the elect

rical stimulations must affect the brain slices

through their electrochemical actions upon proto

plasmic constituents such as mitochondria. Under

such considerations as these, it seems to be pro

bable that anodal current restores the conduction

block by causing electrochemical activation of

Some enzymatic constituents of axoplasm inhibited

by high concentrations of KCN. Another 'point

to be 'mentioned concerning the anodal restoration

is the fact that the process of the anodal resto

ration is more or less different in each drug.

The reproduction of conduction block occurs

immediately after the removal of, anodal current

in the nerve treated with IAA or rotenone,

whereas it takes about 30 to 60 seconds to repro

duce the complete block in the nerve treated

with KCN or potassium ions. If' the anodal

.restoration were a simple physical event occur

ring at the nerve membrane, these differences

would not be expected because the resting poten

tial rapidly returns to the depolarized level upon

switching off the anodal current whatever drug

is applied to the nerve. These findings are also

in favour 'of the .electrochemical explanation

mentioned above. This suggestion, however, is

highly speculative at present, and the prevailing

explanation that the anodal restoration is caused

by the repolarization of nerve membrane is not

implied beyond the bound of possibility.

Some of the results of experiments with DDT

are to be expected from our previous reports15 

~1); the resting potential is not affected in most

cases, the conduction block is never observed,

and the faIling phase of catelectrotonic potential

is slightly delayed. These findings support

our hypothesis concerning' the mode of action of

DDT upon nerve15> described in' the preface of

the present paper. The slight depression of the. .
anelectrotonic potential observed in some of the

experiments cannot be .explained· at the present

time.

The DDT-iuduced negative after-potential is

demonstrated to be not simply. dependent ·upon

the resting potential. This finding. supports the

view that the DDT-induced negative a£ter-poten~.

tial cannot be explained in terms of a simple

change in ionic flux such as a decrease in' the

rate of potassium .efflux during the faIling phase'

of the action potentlallP, Furthermore•. another

important point to be mentioned is presented b~

this experiment. The metabolic inhibitors con

sidered in the foregoing section to inhibit the

active metabolism of nerve,' i, e., IAA, KCN and

rotenone, have actually the depressant action on

the DDT-induced negative after-potential. On

the other' hand, the drugs considered to have no

effect on the active metabolism of' nerve, I, e"

NaF and potassium ions, have actually no effect

on the DDT-induced negative after-potential.

These results seem to indicate that the increase

in the negative after-potential is caused by a

stimulating action of DDT on the active meta

bolism of nerve. This suggestion, however, is

highly speculative at present, and further experi

ments are necessary to draw a conclusion.'

Summary

The present investigation was undertaken to

gain further informations supporting our hypo

thesis concerning the mode of action of DDT

upon nerve which had ~een described in the pre

vious paper. Observations were' made on the rest

ing potential. excitability' and the electrotonic

potential of the cockroach, nerve under the in

fluence' of metabolic' inhibitors, potassium ions'

or DDT, and the effects of metabolic inhibitors;
, .

potassium ions or 'electrotonus on the DDT-in-

duced negative after-potential were also examined.

1. The catelectrotonic and the anelectrotonic

potentials were observed in the normal nerve.

2. A cathodal current, the strength of which

did not cause' a conduction block, had little effect

on the shape of the action potential, whereas an

anodal current reversibly caused an appearance

of a large negative after-potential which was

hardly.observed in the normal nerve.

3, 5 X lO-llM sodium monoiodoacetate (IAA)

caused a nerve depolarization followed by a con

duction 'block. The catelectrotonic potential was

not changed by. IAA, while the anelectrotonic

potential was. depressed keeping' its: shape tm-
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changed. The conduction block was restored by,

an anodal current. This .restoratlon was removed

within several seconds upon 'switching off the

anodal current.

4. 5x10·'M or, 7.5XlO-~ sodium 'fluoride

caused a'nerve depolarization, but a conduction

block was' never observed. Both the catelectro

tonic and the anelectrotonic potentials were

depressed in magnitude by NaF keeping their

shape almost unchanged.

5. 1.5 X1O-3M or 3. 1 X 1O-3Mpotassium cyanide

caused a nerve depolarization followed by a con

duction block. Both the catelectrotonic and the

anelectrotonic potentials were either not changed

by KCN or slightly depressed in magnitude

keeping their shape unchanged. The conduction

block was rest~redby an anodal current. This

restoration was removed upon switching, off the'

anodal current, but it took about 30 to 60 seconds

to reproduce the conduction block.

6. 4.6 X 10-3M or 1.5 X 1O-~ potassium cyanide

caused a rapid depolarization of nerve in most

cases, but the depolarization was restored within

several minutes in spite of, the continuous pre

sence of KCN. A conduction block was then

brought about even 'when, the resting potential

had already returned to the normal level. Both'

the, catelectrotonic and the anelectrotonic poten

tlals were either not changed by KCN or slightly

depressed in magnitude keeping their shape uno'

changed in nearly half of ,the total cases. In a

f,ew cases the anel~ctrotonic potential was sllght-,

Iy depressed' in magnitude, the catelectrotonic

.potential being kept unchanged. The recovery

from the conduction block by an anodal current

was the same as that in the case of 1. 5 X1O-3M

or ,3.1x10-3M KCN treatment.

7. 1.3X1O-4M rotenone caused a nerve depo

larization followed by a conduction block. The

catelectrotonic potential was never affected by

rotenone, while the anelectrotonic potential was

slightly depressed in magnitude in some cases

keeping its shape unchanged~ The conduction

block was restored by an anodal current. This

• restoration was rapidly removed immediately after
switching off the anodal current.

8. 8.5xlO-2MK+ caused a nerve depolarization
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followed by a condutionblock. Both the' catelec-

,trotonic and the anelectrotonic potentials. 'were

markedly depressed in magnitude, and their slow

phases were much more depressed than, their

rapid phases. The conduction block was restored

by an anodal current. This restoration was re

moved within 30 seconds afte~ switching off the

anodal current.

9. The resting potential was not affected in

most cases by 1.4x10~M DDT, and was slight

ly decreased in a few cases. A conduction block

was never observed. The catelectrotonic potential

was not depressedJn magnitude, but its falling

,phase was delayed. The anelectrotonic potential

was either not changed or slightly depressed .in

magnitude keeping its shape unch~nged.,

10. The DDT-induced negative after-potential

was augmented and prolonged by an anelectrotonus

and completely disappeared by a catelectrotonus.

it disappeared before" a conduction block occurred

after the application of 5 X10-~ IAA; 3.1 X 1O-:t

M or 4. 6x 1O-3M KCN, or 1.3 X10-4M.' rotenone,

but 7.5x10-'M NaF or 8.5x10-2M K+ had no

effect upon it.

11. Discussions were made on the, following

points: the possibility that metabolic inhibitors

act selectively upon either, of the resting or the

active metabolism of nerve, mechanism' of anodal

Iest~ration from the conduction block produced

by metabolic inhibitors or potassium ions, the

evidence that DDT, has no effect on the resting

metabolism of nerve, and the speculation that

DDT-induced negative after-potential is caused

by a stimulating action of DDT on the active

metabolism of nerve.
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Table 1. Summary of .data of experiments on the relation between. dosage and

mortality of Azuki bean weevil, Callosobruchus chinensls L. in r-BHC and its

eutectic mixtures.

Code sign I
Nos. of

test
insects

Regression equation

y=a+b(x-x) I
Degree ofl
. freedom

(n)

y-BHC. 1376 y=6.27604+0.73668 (x-I. 16692)
.. ,2 0:14778

y-BHC+a' -Cl. C. 1346· y =6. 29845+1. 15867 (x-I. 15949) ··2" 0.60979
I

,,-BHC+a-Br. C. 1192 y=6.12130+0.85828 (x-:-1.16650) 2 0.11806

)-BHC+C. 1166 y=6. 06539+1.04489 (x-I. 23684) , 2' 0.93001

a' ~CI. C. 759 'y=4.35492+0.77903 (x-1.88948) 2· 0.01443

a~Br.C. 795 y=3.96662+0.853~ (x-l.93236): 2 ,0.07543

C. 995 y=3. 57463+0. 62186 (x-I. 92974) 2 0.06631


