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~ by organic solvent. A certain quantity of the
extract was decomposed quantitatively by 1N-
methanolic KOH, and the amount of KC| was

determined by Volhard method. Thus, the portion

of BHC not decomposed was determined and

from these ‘data the heat decomposmon rate
calculated.
Determination of BHC existing in -the two

components system of BHC-trichlorobenzene can
be also accomplished by this method. The heat’
decomposition rate calculated from the quantity
of BHC contained in the aérosol of BHC, smoke
fumigant agreed within a exeperimental error

with the one calculated through quantitative

-determination of _inorganic chlorine generated by _

the heat decomposition.
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A hypothesis concerning the mode’ of toxic
action of DDT ‘upon insect nerve was proposed
in our previous paper®®.
of insect nerves under the influence of DDT were
compared with those of the nerves treated with
mtrogen, metabolic inhibitors, and potassmm ions,
It was suggested that DDT has no effect on the
“resting metabolism” ‘of nerve but affects the
ionic permeability either by a disturbance of the
“active metabolism”
physxco chemical action on the nerve membrane.

In order to demonstrate this hypothesis, it is
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The resting potentials ~

of the nerve or by a direct

necessary to perfOrm a more detailed analysis of -

‘ the changes in nerve function caused by DDT.
In one of our early studies in which the effects
of insecticides on the spontaneoué activity of the
.central nerve cord were examined, it was found
tflat_ DDT markedly augrhented and prolonged the
negative after-potential. Evidence was presented

indicating that the after-potentials are _closely
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related to the excitability. The positive after-
potential is related to the depression of excitability
and the negative after-potential to augmentation, -

the after-potentials are much more sensitive to

~ changes in environmental factors than the spike-

ar_xd' they niay actually be some
Taking

such views into account it. is also necessary to

potentials,

manifestations of the recovery process.

perform more detailed analyses qf the DDT

induced negative after-potential’ in order to

understand the jonic oor metabolic events occurring

in a nervous system under the mfluence of DDT.
This paper will present some 1mportant data
concerning the mode of action of DDT upon

nerve.
Materials and Methods

Both adults and large Inymphs of the
American cockroach, Periplaneta americana L.,

Insect:j :

reared in the laboratory, were used throughout
the experiments. Since no dxfferences concerning
the effect of DDT on the action potential were
found between adults and large nymphs, the results



to the brain.

obtdined will be discussed together.
Nerve preparations : The cockroach cercal
nerve, which includes mainly sensory nerve fibres
originating in the cercus, is connected synaptically -
to the giant axons in the sixth abdominal ganglion,
and these giant axons run through the abdominal
nerve cord, and then in turn either have synaptic
contacts with the motoneurones in the meta-,
meso-, or pro-thoracic ganglion, or run directly
The crural nerve includes’ large
motoneurones which originate in the’ thoracic
ganglion and innervate the muscles of the leg.
Thus a so-called “evation reflex”, starting ét the
cercus, passing through the cercal nerve, the
giant axons and the motoneurones, and reaching
the muscles of the leg, is‘ formed'. This reflex
system offered us a good opportunity to record

the action . potentials of single nerve fibres #n

3 . - - - ) /
situ, because a tactile stimulation applied to the .

cercus evokes a series Iof reflex discharges in
which the action potentials of .each rpotoneﬁrone
can easily be observed separately. The action
potentials of the ‘crural nerve were thus observed
in situ in the present study. As the giant axons
in the nerve cord are very large in diameter
compared with other axons in the nerve cord,
resting and action membrane potentials, recorded
at any point. of the nerve cord by means of’
external electrodes’ are » . the

membrane potentials originating in the giant

Jargely due to

_axons®, The action potentials of the isolated

nerve cord were also observed in this study.
Treatment with DDT : The cockroach was

topically treated with DDT, or the nerve prepa-

ration excised from the untreated cockroach was

treated with DDT suspended Ringer solution. In

the former case, pure p,p’-DDT acetone solution
was applied to the dorsal surface of the abdomen,

and then the poisoned cockroaches were dissected

after various time intervals. The poisoning
"symptoms of DDT can be divided into five
stages : latent period, period of locomotor insta-
bility, convulsive period, paralytic period, and
death™. Since the last two stages are not caused
by a direct primary action of DDT but are the
secondary effects of DDT poisoning™, only the

roaches showing any of the first three stages of

B R % OB 2 B—K _ :

poisoning symptoms were examined. It has been
demonstrated that the insecticidal action of DDT
is stronger at low temperature than at high and
that the poisoning symptoms of DDT are
reversible when an insect poisoned at low temper-
These

phenomena can clearly be explained by the higher

ature is transferred. to 'a higher one.

susceptibility of the insect nerve to DDT at low
temperdture; the threshold concentration of DDT
for initiation of repetitive excitation at a low
temperature is lower that at a higher temperature®®.
The action potentials of the nerves of roaches
which had recovered from DDT poisoning after
being transferred from a low temperature to a
higher one were also measured.

DDT suspended Ringer -was prepared by an

-injection of p,p’-DDT ethanol solution into Ringer

solution. Ethanol alone at the concentration used
had no effect on the action potentials. -

The Ringer solution ulsed was the same as that
described in our preceding paper’?..

Stimulations and recordings : The'motoneurone
discharges in the crural nerve were elicited by a
tactile stimulation of the cercus. The action
potentials of the crural nerve of the meta-leg
were recorded in situ by means of one pair of fine
silver electrodes, one of which was in contact
with an uhinjured region of the crural nerve,
while the other was in contact with a cut and
crushed fegion of the crﬁ_ral nerve at a distal part,
of the coxa. Since a detailed analysis of the action
potentials was not intended in this experiment
with the crural nerve, it was unnecessary to use
non-polarizable electrodes. - '

The recording of the action pofentials of the
nerve cord was made by means of one pair of fine
silver-silver chloride non-polarizable electrodes
or one pair of Zn-ZnSO, Ringer-gelatin type
non-polarizable electrodes, one of which was
in contact with a central uninjured region of the
nerve cord, while the othe_r was !in contact with
the sixth abdominal ganglion crushed with foreceps.
A single action potential was elicitgd by a single
electrical stimulus'which was delivered to - the

anterior peripheral region of the nerve cord
The

electrical stimuli were either condenser discharges

through one pair of fine silver electrodes.
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or discharges from an elctronic - stimulator intér-
vening inductorium.

" In the experiment for determining the recovery
curve, two successive condenser discharges with
various time intervals were applied to the nerve

ébrd'through one pair 'of stimulétirxg electrodes,

while the action potentials evoked were recorded

as described above. ‘A conditioning shock was
. either a maximum or a ‘supramaximum stimulus,’
while a maximum or a just supra- -threshold
‘stimulus was employed as a testing shock.

The action potenﬁzils recorded from the crural

nerve were, amplified by a RC-coupled amplifier

B o B & o 22 B—O

recorded from-the nerve ‘cord “were a'mplifie'd by
a ‘RC-coupled amplifiér with a:time constant

of 1.0 second or a DC 'ainp]ifier ~The amplified

~action potentlals were . observed - by means of a

‘observed, however,

with a time constant of \0.25 sécond, and those

calhode ray oscnlloscope

. Results

: Aétion Potential of the Crural Nerve
* The action: potentials  recorded from the crural
nerve of the riormal- cockroach usually showed a
slight overshoot. In some cases no avershoot was
the negative "after-potential
was too small to. be detectible.in.any case(Fig.1).

The negative after- potent1a1 was augmented and

The duration of the actxon potent1a1 in the

Tablel.
‘crural nerve of the cockroach poisoned with' DDT.
Temper - - _ ‘Mean N
ature . Stage* duration : . No. . 0(;'
Time and temperature C) of ° - . of of ctio
after treatment o at symptom action insects ortials
. obser-. - potential examined potentia d
vation (msec.) measure
Control =~ 16.5 v . 1.73 8 .91
Control 29 ) 1.45 2 9
1 day at 14~17°C | 17 ‘1 . 3.64 4 9 .
L 17 1I 5.11 . 1 16
2 days at 14~17°C 17.5 - IT - .3.16 -2 45
. 17 I 4.93 1 34
1 day at 14~17°C and 29 e 3.74 2 87
1 day at 29°C 29 11 6.24 2 46
1 day at 14~16°C 17 . I - 3.88° 3 39
: : 17 - i 673 - 5 38
17 - I 2.18 1 - 25
-1 day at 14~16°C and - C ' .
1 day at 29°C : 29 T. - 5.54 4 69 -
1 day at 14~-16°C 15 I - 2.63 5 n
15 III 10.28 3 12
1 day at 12~14°C 14 o1 2,17 4 52
14 I ~2.97 2 15
" 2 days at 12~14°C 14 - 11 - 2.56° 4 46
, 14 I 2.15 2. 26
: 1 day at 12~14°C and , : ,
_ 5~6 hours at 29°C 29 T 2.28 6 " 66
. 4 hours at 14~16°C 15" 1 1.84 4 51
1.5~2 hours at 14~16°C- 15 I S 2 ]_.4‘ 2 58
" 3 hours at 14~16°C and :
-+ 2 hours at 29°C 15 II 1.94 - 1 18
3 hours at 14~16°C and : ' . ’ )
-3 hours at 29°C 15 ) III 6.41 2- v 37
8 hours at 14~16°C 15 IT - 2.08 1 13 .

© ¥ Stage of symptom -

I : latent period or no symptom -

II : ataxia and scvere convulsion
III : complete ataxia and weak convulsion
I:

complete recovery upon rising the temperature
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Fig. 1.
the cockroach evoked by a tactile stimulation

Action potentials of the crural nerve of

of the cercus. Each action potential is not a
compound but a single action potential of
each motoneurone.

positive overshoots,

1, untreated, slight

16°; 2,700c. p. s. for record 1; 3, untreated,
no overshoot; 4, 1000c. p. s. for record 3;
5 and 6, treated with DDT, latent period,
slightly prolonged negative after-potentials,
ataxia and severe convulsion, prolon
1000¢.

p. s. for records 5 to 7; 9, weak convulsion,

e gy

ged negative after-potential, 179 8,

markedly augmented negative after-potential,
17°; 10,
ature, the prolonged negative after-potentials

recovered upon raising the temper-

are not restored, 29°; 11, ataxia and severe
convulsion, markedly augmented and prolong-
ed negative after-potentials, 29°; 12, 700c.

p. s. for records 9 to 11.

prolonged markedly in the DDT poisoned roach
at low temperature. Measurements of the duration
of the action potential revealed that in the
poisoned roach it was usually longer than 2 milli-
seconds, often over 10 milliseconds, while that
of the control or the unpoisoned roach was 1.73
millisecond at 16.5° (Fig. 1).

Table 1.

the duration of the action potentials were some-

The results are
summarized in The absolute values of
what different in each series, but it could be
clearly observed that the duration of the action
]M'IAHIM| was ]Hu]nn};('ll in :l“ stages of the
poisoning symptoms examined, even in the latent
period. But no tendency to increase in duration as

poisoning progressed was observed. Furthermore,

oy om
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the prolonged action potential was maintained in
the roach in which recovery had occurred by in
creasing the temperature to 29° (Fig. 1, Tablel).
The action potential of the normal untreated nerve
29

had a mean duration of 1.45 millisecond at

The same events occurred when the action

potential of the crural nerve was recorded from
one side of a poisoned roach at a low temperature,
and then was recorded again from the other side

of the same roach after the disappearance of the

symptoms on raising the temperature (7

These results indicate that although the symptoms
of DDT poisoning disappears upon raising the
temperature, the mechanism of the prolongation of

the action potential is not affected by the same

procedure.

Table 2. The duration of the action potential
in the crural nerve of the cockroach poisoned
with DDT. The action potential was recorded
at 16° in the left leg of the cockroach
showing the symptom of ataxia and severe
convulsion 1 day after treatment I'he
cockroach was then kept at a higher temper
29°, for 1 day, and the

299 in the

ature, action

potential was rain recorded at

right leg after the disappearance of the

poisoning symptoms.

Mean duration of action potential
(msec. ) (No. of action potentials

No. measured )
16°C 29°C
1 2.41 (11) 6. 08.47.)
2 10.29 (5) 3.12.(5)
3 3.28 (19) 5.63 (12)
4 1.89 (14) 2.45 (10)
5 4.46 (10) 3. 13¢*9")
6 4.:40 ¢ (EL) 7.78 (9)
7 1.:90 ¢8.) 3.87.(5)
4.09 1. 58

Mean

Action Potential of the Central Nerve Cord

After-potential : As mentioned before, the action
pnlt'llli:ll\‘ recorded in the central nerve cord of
the roach are largely due to the action potentials
of the giant axons. This compound action
potential often showed a slight positive overshoot
following a negative spike. In the roach poisoned
with DDT at a low temperature the after-nega-
tivity of the action potential was augmented and
lasting over 30

markedly prolonged, often

milliseconds (Fig. 2).
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Action potentials of the central nerve
cord of the cockroach evoked by a single
slight positive over-
; 2, 1000c. p. s. for record 1; 3,

stimulus. 1, untreated,
shoot, 16
untreated, slight positive overshoot, 16°; 4,
untreated, no overshoot, 187; 5, treated with
DDT, weak convulsion,
after-potential,

increased negative
16.5°% 6, 1000c. p. s. for
records 3 to 5; 7, weak convulsion, markedly
increased negative after-potential, 16.5°% 8,
S50c. p. s. for record 7; 9, the same as record
7, slower sweep; 10, 50c. p. s. for record
9, ataxia and severe convulsion, separation
of the spike-potential and the negative after-
potential, 16.5° 12, 700c. p. s. for record

11

Recovery process @ In the normal or untreated
nerve, an action potential is followed by an
absolute refractory period and then by a relative
refractory period. When two successive maximum
or supramaximum stimuli were delivered through
the same pair of electrodes, the second stimulus
was ineffective at intervals of Jess than 1.6~2.1
msec., which indicated the absolute refractory
period. When the intervals between a conditioning
and a testing shock were increased by longer
than the absolute refractory period, the testing
shock generated the action potential, the height
of which grew as the shock interval increased
progressively, and eventually attained the level
of the action potential evoked by the testing
shock alone.

An example of a series of such oscillograms is
shown in Fig. 3, and also one of a recovery

curve is illustrated by Fig. 4.

300

Fig. 3. A series of oscillograms of the
action potentials evoked by two successive
maximum stimuli at various time intervals
which shows the absolute and the relative
refractory period. The central nerve cord
of the untreated cockroach, 16°. 1,
tioning stimulus alone; 2, a testing stimulus

a condi

alone; 3 to 11, a conditioning and a testing
stimulus; 12, 1000c. p. s. for records 1 to 11;
13 and 14, the same as records 3 to 11; 15,
1000c. p. s. for records 13 and 14.

When a submaximum stimulus is applied as a
testing shock after a supramaximum conditioning
stimulus, the supernormal phase, if it wecre
present, would be demonstrated. In the case of
the nerve of the normal cockroach, however,
the supernormal phase was not observed, as is
shown by the series of oscillograms and the
recovery curve in Fig. 5 and Fig. 6 respectively.

The effect of DDT on the recovery process was
clearly demonstrated. It can easily be observed in
Fig. 7 that the nerve excised from a DDT
poisoned cockroach in which a submaximum
testing stimulus is applied to the nerve with
various time intervals after a supramaximum
conditioning stimulus shows a marked supernormal
phase. A recovery curve in the poisoned nerve is
plotted in Fig. 8 together with a tracing of the
negative after-potential induced by the DDT

poisoning. It is evident from such experiments
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Fig. 4.
fibres showing the absolute and the relative

Recovery process of the giant nerve

which is drawn from the
experiment Fig. 3.
Percentages of the spike height of the testing

refractory period,
same illustrated in
response to that of the conditioning one is
taken as ordinates, and the intervals between

the conditioning and the testing shock as

abscissae.

Fig. A series of oscillograms of the action
potentials evoked by two successive stimuli
at various time intervals, which shows the
absence of the supernormal phase. The

central nerve cord of the untreated cockroach,

167 - 1s A

9

maximum conditioning stimulus

alone; a testing stimulus of just above

threshold alone; 3 to 8, a conditioning and a

testing stimulus; 9, 700c. p.s,

for all records,

0 T S | R [V L
6 5 10 12 ¢ 16 18 20 } 24 26 mye
-l

20 b
Fig. 6.
fibres showing the absence of the supernormal

the
superim-

Recovery process of the giant nerve

from
Fig. :5,
potential

phase, which is drawn same

experiment illustrated in

posing a normal action upon it.
Percentages of the spike height of the testing
response to that of the conditioning one is
taken as ordinates, and the intervals between
the testing

abscissae for drawing the recovery process.

the conditioning and shock as
the level of
For drawing

The broken line shows response

by a testing shock alone. the
action potential, the spike height is taken as
ordinates and the time after the onset of the

action potential as abscissz

increase in the negative after-potential

DDT

that an

induced by is accompanied by an increase

in the supernormal phase.
Discussion

The nature of the after-potentials have widely
been investigated in both the myclinated and the

non - myelinated nerve fibres, and the data

accumulated have indicated some important

features as follows :

A parallelism between the after-potential and

the recovery phase can be made to some extent ;

the duration of the negative after-potential is

matched by the duration of the supernormal

phase, and that of the positive after-potential is

matched by that of the subnormal phase® 551,19

The negative after-potential was shown to be very

sensitive to changes in various environmental

factors; it is depressed earlier than the spike

potential when the nerve is placed in an environ

ment lacking oxygen or is exposed to carbon

monoxide’.% ', ; it is easily depressed by
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certain narcotics, i. e., procaine, cocaine, ure

thane, or ether gas®,''.*»; it is very sensitive to

changes in pIl, being depressed by an increase
in pH, and augmented by a decreasc in pHAH™ 5
it is also very sensitive to changes in potassium
and calcium concentration in the surrounding
medium, being usually depressed by an increase
in potassium concentration, and usually augmented
by an increase in calcium concentration!’,1,##72h
The negative after-potentials in any kind of nerve
are usually augmented and markedly prolonged by
treatment with veratrine®?89,11,16,19-2

Since there is no doubt that each action potential
observed in the crural nerve is not a compound
but a single one, an augmentation and a prolon
gation of the negative alter-potential observed in
the DDT treated nerve is not due to a smoothing
summation of the repetitive after-discharges but
is due to an actual increase in the negative after-
potential. However, a detailed analysis of the
shape of the action potential cannot be made in

the experiments with the crural nerve, because the

T shape of the action potential shows some variations
Fig. 7 A series of oscillograms of the action

potentials evoked by two successive stimuli even in the control experiments, and also because

at various time intervals, which shows both an action potential recorded with external elec-
the increase in the negative after-potential
and the presence of the supernormal phase. trodes undoubtedly does not show its actual shape

The central nerve cord of the DDT-treated
cockroach showing ataxia and severe convul-
sion, 16.5°, 1, a maximum conditioning observed that the duration of the action potential
stimulus alone; 2, a testing stimulus of just
above threshold alone; 3 to 6, conditioning

and height but only relative ones. It was actually

was somewhat increased when the nerve was

and a testing stimulus; 7, 700c. p. s. for slightly dessicated.

reords 1 to 6; 8 to 17, the same as records . . N .

3 to 6; 18, 50 c. p. s.for records 8 to 17. The increase in the negative after-potential of
0/

[ ]
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2 i 6 8 10 12 1+ 16 1S 20 22 24 26 28 30 32 34 36 35 40 42 4% 46 45 SUmsec
Fig. 8. Recovery process of the giant nerve fibres of the DDT-treated cockroach developing

ataxia and severe convulsion which shows a marked supernormal phase. This is drawn from
the same experiment illustrated in Fig. 7. superimposing an action potential with prolonged
negative after-potential caused by the DDT treatment upon it. Both abscissa and ordinate are
the same as those of Fig. 6,
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the insect nerve by treatment with DDT has never
been reported before. Only in the crab nerve was
such a change in the negative after-potential
observed after treatment with DDT®™, but in the
squid giant axon it was not found after the same
treatment??, l

The supernormal phase which cannot be
observed in the untreated nerve is markedly
increased by treatment with DDT and shows good
agreement with the course of the increaéed_
negative after-potential. Such parallelism between
the after-pbtential and the recovery phase is also
found in the nerve of other animals as described.

In the light of such considerations as these,
the augmentation and prolongation of the negative
after-potential by DDT poisoning must afford a
very important key point in the solution of the
mode of action of DDT on nerve. On the other
hand, it has already been demonstrated that DDT
affects several other characters of the nerve
function; it augments the repetitive excitability
in both the soma and the axon?%0,%73; the action
of DDT on the repetitive excitability is markedly
enhanced by the lowering of the calcium concent-

ration in the surrounding medium?; it also

induces repetitive discharges in the sensory nerve .

cells!?18,2m; it increases the spontaneous activity
in the nerve cord®39; and it evidently decreases
the rate of repolarization of a cockroach nerve
which has suffered a long lasting depolarization
by exposure to a prolonged cathodal current??, -

In spite of the accumulation of such data,
correlations or causal relationships between such
changes in nervous function .are not clear;
furthermore, there are some Hiscrepancies between
data. A lowering of the calcium concentration in
the surrounding medium acts syhergistical]y on
the DDT induced repetitive excitations, v{lhile
an increasing of the calcium concentration causes

the augmentation of the negative after-potential

in the vertebrate animals?19,14,22-20, In the insect .

nerve, however, DDT actually increases the’

negative nftcr-potentinl.

Although the increasc in both the repetitive

excitability and the spontaneous activity under

the influence of DDT suggests some close relation -

between them, no conclusive evidence is available

at the present time™, ‘Che increase in the
negative after-potential afid the delay of repolari-
zation after a prolonged cathodal current also
suggests some close corrcation.

Such changes in the recovery process as an
increase ‘in the negative after-potential, the
delayed repolarization, and the increase in the
supernormal phase, may be induced either by a
disturbance of ‘the metabolism concerned or by
an alteration of the ionic .permeability:of the
nerve membrane. In order to clarify the mechanism
of increase in the  negative after-potential by,
DDT, it is necessary to examine' the effect of
various environmental factors, such as potaésium
and calcium -concentrations, pH,. electrotonus,
and metabolic inhibitors on the negative after-

. potential induced by DDT. On the, other ‘hand,

it is-also necessary to find the relationship
between- the negative after-potential induced by
DDT and the augmentation of the repetitive
excitability in the nerve under. the influence of
DDT in order to clarify the, mechanism of the
unstabilizing action of DDT.” Another .appr_oach
to these problems is by recording the electro-
tonic potentials of the nerve treated with DDT,
because the electrotonic potential closcly correlates .
with the resistance of the nerve membrane. Some
of these experiments have already been performed
and will be published soon,

The increased negative after-potential induced
by DDT is never restored to the normal level .

even if the poisoned cockroach recovers from

'thevsymptoms after.a rise in the temperature.

This ineffectiveness of the temperature is very
surprising, because the unstabilizing action of.
DDT was found to be much stronger at lower

temperatures®%,%?,
Summary

The cffects of DDT on the negative after-
potential and the recovery process of the cockroach
nerve were investigated using an amplifer and an
oscilloscope. :

In the crural nerve of thc DDT poisoned
cockroach, the negative after-potential was aug-
mented and prolonged markedly in any of the
three earlier stages .of poisoning symptoms at low
temperatures. to such a extent that the duration
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of the action potent1a| was greater than 2 mlllx-
seconds, often over-10 milliseconds.
of the action potentié] in  the unpoisoned- cock-
roach was 1.73 millisecond at 16.5°. In the

crural nerve of the cockroach which had recovered -

from the poisoning symptoms after raising the.

temperature to 29°, the negative after-potential
was never decreased.

“In the central nerve cord of the poisoned

cockroach or in the nerve cord treated with DDT - .

after excision from the untreated cockroach, _the
ncgative after- potentxal was also augmented and
prolonged markedly often lastmg more than 30
milliseconds.

Although the normal or the untreated nerve

never showed a supernormal phase, the nerve
excised from the DDT poisoned cockroach
- showed a markedly increased supernormal phase.
" These results were discussed in the light of
our preceding papers and the literature concerning
the mode of action of DDT and the nature of

the after-potential in the nerve.

\Vc, arc greately indebted to Prof. T.Wakaba-

yaslu, Physiological Institute, University ‘of

Tokyo, for his kind suggestions in performing

" this work, and also to Dr. M. Sherman, Hawaii

University, for his kind criticism.
This rescarch was supported in part by a grant
from the Ministry of Agriculture and Forestry.
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