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Abstract-In an attempt to elucidate the biochemical and physiological mechanisms of 
action of DDT on the nerve membrane, experiments have been performed to study the 
effects of DDT and related chemicals on the ATPases and electrical activity of the lobster 
nerves. ATPases were obtained from the nerves of the walking legs of the lobster, 
Homarus americanus. The optimum conditions for the maximum ATPase activity were: 
Na+ 320 mM, Kf 20 mM, MgZ+ 1 mM at pH 768.0. The rigid requirements of Na+, 
KC and Mg2+ suggest that the major portion of the ATPases in the lobster nerve 
preparations consists of Na+-K+-MgZ+ ATPases. DDT inhibited a portion of Na+-K+- 
Mg2+ ATPases. It was found, however, that only a portion of the DDT-sensitive ATPases 
could be inhibited by a high concentration of ouabain. In view of the possibility that 
DDT-sensitive ATPases are not the ones involved in the active transport systems, a variety 
of neuroactive agents which are known to induce the nerve conductance changes were 
examined for their actions on the ATPase preparations. The majority of chemicals that 
have been known to cause electrophysiological responses similar to DDT were found to 
be potent ATPase inhibitors. A correlation was found between the degree of DDT 
inhibition of ATPases and the electrophysiological symptoms of DDT poisoning. 

IT HAS been long acknowledged that the poisoning mechanism of DDT on the nervous 
system is disruptions of Na+ and K+ transport processes in the nerve membrane.1-5 
Unknown is the molecular aspects of the reaction(s) through which DDT causes such 
disruption of the membrane function. Several reports have shown, however, that DDT 

probably forms a complex with certain components of the nervous system,4*6*7 and 
that some protein is involved in such complex formation. The nature of the DDT- 
sensitive site on the nerve membrane, otherwise, remains unknown. 

Recently it has been reported by two schools sm9 that various chlorinated hydro- 
carbon insecticides including DDT inhibit nerve ATPases in uitro. The findings are 
important in view of the expected involvement of these nerve ATPases in the processes 
of ion transport across the nerve membrane. l”*ll The question whether such inhibi- 
tion of nerve ATPases is causally related to the mechanism of action of DDT may be 
answered by the demonstration of a causal relationship between symptoms in vivo 
and the activity of ATPases at various symptomologically defined poisoning stages. 

In the present report, attempts were made to correlate the degrees of ATPases 
inhibition with electrophysiological symptoms of poisoning as the first stage of such 
studies. 

825 
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EXPERIMENTAL 

Materials. The nerve bundles used for this study were obtained from the walking 
legs (pereiopods) of the American lobster, Homarus americanus. The nerve was iso- 
lated by simply breaking the joint between the meropodite and carpopodite of an 
isolated walking leg (lst, 2nd or 3rd) and pulling them apart. The nerve thus exposed 
(usually 5-6 cm long) was completely isolated in the artificial sea water (solution A 
of Table 1). 

TABLE 1 .COMPOSITIONS (~M)oF ARTIFICIALSEA WATER(ASW) FOR ELECTROPHYSIOLOGICALMEASURE- 
MENTS 

Solution NaCl KC1 CaClz-2 Hz0 tris HCI PH 

Standard ASW (A) 
20 mM Ca ASW (B) 

ASW :: 
100 mM Ca (Cl) 
50 mM Ca (C2) 

for . . 20 mM Ca (C3) 
Ca 
Expts : : 

10 mM Ca (C4) 
0 mM Ca (Cs) 

449 10 50 30 8 
474 10 20 50 8 
374 10 100 30 8 
314 10 50 105 8 
374 10 20 150 8 
374 10 10 165 8 
374 10 0 180 8 

Inhibitors used were: DDT, 1 ,l,l ,-trichloro-2,2-bis(-chlorophenyl) ethane of 
99 per cent pure, DDE, l,l-dichloro-2,2-his@-chlorphenyl) ethylene 99 per cent pure, 
both from Geigy Chemical Corp. ; ouabain from Nutritional Biochemicals Corp. ; 
mersalyl from sigma Chemical Co. ; hemicholinium3 from Aldrich Chemical Co. ; 
tetraethylammonium from Eastman Organic Chemicals, N-acetyl imidasole from 
Pierce Chemical Co. ; veratrine from Mann Research Laboratories, Inc., tetrodotoxin 
from Sankyo Co. ; and grayanotoxin I from the Central Research Laboratories, 
Sankyo Co. 

Assay method for ATPase in vitro. The nerve bundles were picked up from the 
artificial sea water, blotted on a lilter paper and weighed. They were then transferred 
into chilled modified Skou’s enzyme medium12*13 containing 725 mM sucrose 
(isotonic to the artificial sea water), 30 mM imidazole (Nutritional Biochemical Corp.) 
1 mM EDTA and O-1 per cent of deoxycholic acid at pH 8.0. The volume of the med- 
ium was adjusted to give 20 mg of neural matter (wet weight) per milliliter of medium. 
The nerves were first cut into small pieces by means of a pair of fine dissecting scissors 
and then homogenized in a small Teflon-glass Potter-Elvehjem homogenizer. The 
homogenate was centrifuged for 10 min at 1000 g to remove fibrinous materials and 
used as the standard enzyme source. For the measurement of ATPase activities, a 
0.2~ml aliquot of the above enzyme preparation was pipetted into a lo-ml test tube 
containing l-6 ml of the assay buffer. The ionic composition of the standard assay 
mixture was: 320 mM NaCl, 20 mM of KCl, 3 mM of MgC12 and 50 mM of tris-HCl 
at pH 8.0. The inhibitors to be studied were added to the enzyme mixture with 18 ~1 
of ethanol (final ethanol concentration 1%) or distilled water by using a Hamilton’s 
microsyringe and the system was maintained at 24” for 10 min. The reaction was 
initiated by the addition of 1 pmole of ATP (disodium salt in most cases, tris-ATP 
salt for the cases where the presence of Na+ ions were undesirable) with O-2 ml of 
distilled water. The ambient temperature was maintained at 37” throughout the assay 



ATPase inhibition and electrophysiological change 827 

period (30 mm). The reaction was stopped by the addition of 2 ml per tube of a modi- 
fied Fiske-Subarrow’s phosphorus assay mixture. Thus developed blue color, because 
of inorganic phosphorus liberated by ATPases, was measured at 620 rnp against the 
color blank (see below) by using spectrophotometer (Spec 20, Bausch & Lomb). 
This method caused some degradation of ATP which was compensated by preparing a 
color blank which consisted of 1 pmole of ATP in 1.8 ml of the assay buffer. The 
blank was first incubated similarly for 30 min at 37” and then 2 ml of phosphorus 
assay mixture and 0.2 ml of the enzyme preparation were added in rapid succession. 
The system was further incubated for 30 min at 37” for color development as before. 

ATPase assay method for intact and sliced nerves. For the experiments with the in- 
tact nerves, each nerve from the 2nd walking leg was transversely cut into two pieces 
(2.5 cm each), and each piece was directly transferred into a lo-ml test tube containing 
18 ml of artificial sea water in which CaZ+ concentration was lowered from 50 mM 
(standard) to 20 mM to enhance the activity of DDT. DDT with 18 ~1 of ethanol was 
added to one tube and 18 ~1 of plain ethanol was added to the other tube containing 
the other half of the matching nerve which served as the control. Both tubes were 
maintained for a specified time period at 24”, after which period the tubes were trans- 
ferred to a water bath at 37” and 1 pmole of ATP with O-2 ml of distilled water was 
added to assay the ATPase activities. After the assay, the nerves were taken out and 
weighed to obtain the values for the ATPase activity per milligram of neural matter. 

To prepare tissue slices, the nerves from various walking legs were directly sus- 
pended in the standard ATPase assay mixture at the same weight-volume ratio as the 
homogenates (20 mg wet wt./ml), With a fine pair of scissors they were cut into small 
pieces. By using a 2-ml pipette with a broadened tip, 1%ml aliquots of the suspension 
of tissue slices were transferred into reaction tubes. These sample tubes were then 
handled in exactly identical manner as the homogenate samples for the assessment of 
ATPase activities. 

For centrifugal separation of nerve components, an International Refrigerated 
Centrifuge (PR-1) with a rotor-269 and a Beckman Spinco (model L-2) wth a rotor-40 
were used. The homogenate in a modified Skou’s enzyme medium (with 725 mM 
sucrose) was centrifuged at 1000 g for 10 min to obtain the “crude precipitate” 
fraction. The supernatant fraction was further centrifuged at 100,000 g for 3 hr to 
obtain the “cell membrane” and “supernatant” fractions. 

Electrophysiological studies. Propagated action potentials were recorded externally 
from the isolated nerve and were taken as a measure of nervous activity. Experiments 
were performed at a room temperature of 22”. 

Physiological saline solutions. Several kinds of external solutions were used depend- 
ing on the purpose of experiments (Table 1). Solution A was used for general 
purpose such as for isolating and keeping the nerve. Solution B contained less con- 
centration of calcium and was used for many of the DDT experiments. Solutions Cl 
through C5 contained different concentrations of calcium with a tied concentration of 
sodium and were used when the effect of calcium concentration on the DDT action 
was to be compared. 

RESULTS 

Characteristic of the ATPases of the lobster nerves. To examine the localization and 
composition of the ATPases in the lobster nerve preparations, an attempt was made to 
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first fractionate the nerve homogenates by a centrifugal method and inhibit each nerve 
fraction with specific inhibitors. The results shown in Table 2 indicate that the lobster 

TABLET. SUBCELLLJLARLOCALIZATIONOF ATPASES AND EFFECTSOF INHIBITORS IN LOBSTERLEG NERVES 

Relative 
ATPase 
activity 

1V5 M 
Ouabain % 
inhibition 

1O-5 M 
Mersalyl % 
inhibition 

Supematant (Sp) 
Cell membrane (CM) 
Crude supematant (Sp + CM) 
Crude precipitate (Cp) 

51.7 48.7 100 
42.2 49.8 85.7 

100* 50.7 93.1 
36.3 9.4 58.8 

* ATP, I-7 t-mole, hydrolyzed per milligrams of tissue wet weight equivalent per minute. 

nerve homogenates contained ATPases unusually sensitive to mersalyl, and that the 
“crude supernatant” fraction contained most of the mersalyl-sensitive ATPases. It 
also appears that approximately 50 per cent of the ATPases in the “crude supernatant” 
fraction was ouabain sensitive. Examination of the susceptibilities of ATPases in the 
“crude supernatant” fraction (Fig. 1) revealed that the I 50 value for mersalyl was of the 
order of 6 x 1O-6 M. It was also shown that the I~,, value for the ouabain-sensitive 
ATPase for this inhibitor was about 2 x 1O-6 M. 
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FIG. 1. Inhibition of ATPases of the crude supematant of the lobster nerve homogenate by ouabain 
(open circles) and by mersalyl (closed circles). Note that approximately 50 per cent of the total ATPase 

activity is particularly sensitive to ouabain. 
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Fro. 2. The effect of the concentration of Na+ and K* ions upon the ATPase activity of the cmde 
supematant fraction of the lobster peripheral nerves, The closed circles represent the effect of Ns+ with 
I(+ and Mg’f fixed at a constant inaction of 20 and 3 mM, respectiveIy, and the open circlea 
represent the effect of K+ with Mgf+ fixed at a constant concentration of 3 mM. pH was 8-O for 

both cases. 

Kf concentration, mM 

FIG. 3. The effect of the inaction of K+ ion upon the ATPase activity of the cmde su~~t~t 
fraction. Iu this experiment the inaction of Na+ and Mg2+ are fked at 320 mM and 3 ml@, 

respectively, at pH 8.0. 
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Skou’s recent work12*13 has demonstrated the presence of a relatively pure Na+- 
K+-Mg2+ ATPase in the nerve preparation from a European crab species. The data 
obtained here suggest that the “crude supernatant” fraction from the lobster nerves 
contains at least a group of ATPases, i.e. Na+-K’-Mg2+ ATPase (approximately 
50 per cent of the total ATPase activity) which is sensitive to ouabain and mersalyl 
at a concentration of lo-4 M. The crude supernatant fraction was, therefore, chosen 
for all subsequent experiments. 

Attempts were then made to characterize the ion and pH specificity of the “soluble” 
fraction from the lobster nerve homogenate preparations. Figure 2 shows the inlluence 
of monovalent cation upon the overall activity of the ATPases in the homogenate 
preparation. Both Na+ and K+ have optimum concentrations beyond which the 
ATPase activities decrease. In addition, the concentration of K+, at a fixed Na+ 
concentration, also appeared to influence the total ATPase activity (Fig. 3). At a 
fixed Na+-K+ level, the effects of divalent cations (both Ca2 + and Mg2 +) were more 
drastic than that of monovalent cations (Table 3). Examination of pH specificity 
revealed that there is a broad pH range (768.2) where ATPase activities are at a 
maximum (Fig. 4). Since the major purpose of this work is to compare the electro- 
physiological responses of the nerves with the ATPase activity, the conditions closest 
to the composition of the artificial sea water within the range of reasonable ATPase 
activity were selected as the standard ATPase assay buffer, i.e. 320 mM Na+, 20 mM 
K+ and 3 mM Mg2+ at pH 8. 

Eflect of DDT and DDE on the ATPase activity in the nerve homogenate. As shown 
in Table 3, the degree of DDT inhibition is greatly influenced by the external ionic 

I I I I I I 
7.2 7.6 8.0 8.4 8.8 

PH 

FIG. 4. The effect of pH upon the ATPase activity of the crude supeinatant fraction at two different 
Naf concentrations. Kf and Mg*+ concentrations are 20 and 3 mM respectively. 
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TABLE 3. EFPECTS OF VARIOUS IONIC COMPOSITIONS AND WHIBITORS UPON THE ATPASS OF THB LOBSTER 
LEONERVESASGIVENBYTHEPERCENTAQEOFTHE ATPA~E AClWITY RBLATlvETOTHATMTHESTANDARD 

ASSAYBUFFER 

Ionic compositions 
Plus DDT (Per cent Plus DDE (Per cent 

Control (KY5 M) inhibition) (Ws M) inhibition) 

Na (320) K (20) Mg (3) 
Na (320) K (0) Mg (3) 
Na (320) K (20) Mg (0) 
Na (320) K (20) Mg (1) 
Na (320) K (20) Ca (1) 
Na (0) K (100) Mg (3) 
Na (0) K (300) Mg (3) 
Na (0) K (0) Mg (3) 

Na (320) K (20) Mg (3) 

Na (320) K (20) Mg (3) 

100 38.8 
39.1 28.0 
152 2.5 

116-O 29.6 (74.5) 
25.0 18-l 
41.5 19.5 
39.0 17.4 
43.4 30.8 (29.0) 

Ouabain 2.5 x lo-* M 
57.5 24.0 (58.3) 

Mersalyl2 x I&' M 
13.9 2.9 (79.2) 

54.9 
32.8 

4% 
25.8 
24.1 
18.5 
35.6 

31.8 

0 

(45.1) 
(16.0) 

(100) 

(%O) 
(40.9) 
(52.5) 
(17.8) 

(44.7) 

(100) 

compositions. However, it appears. from the table that the per cent of DDT inhibition 
is highest at the optimum condition for Na+-K+-Mg” ATPases. To determine the 
lso values for DDT and DDE inhibition, the enzyme in the standard assay buffer was 
incubated with various concentrations of DDT and DDE. Figure 5 illustrates the 

Inhibitor concentration, M 

FIG. 5. The relationship between the concentration of DDT or DDE in the external assay medium and 
the ATPase activity in the crude supematant fraction at 37”. 
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concentration-inhibition relationships for DDT and DDE at 37”. The r5e values for 
DDT (3 x 1O-6 M) are approximately in the same order of magnitude as those neces- 
sary to cause electrophysiological effects on the nerve. 

Eflects of DDT and DDE on the electrical activity. Propagated action potentials 
recorded from the isolated leg nerve are composed of at least two components; the 
initial spikes of short duration are followed by a larger and slower depolarization. An 
example of the records is shown in Fig. 6A. The initial spikes are the responses of large 
nerve fibers with faster conduction velocity, whereas the slow component is the 
response of smaller nerve fibers with slower conduction velocity. 

I 2mV 
50 msec 

FIG. 6. The effect of 1O-5 M DDT on the action potential produced by a single stimulus in a lobster 
leg nerve. The standard artificial sea water containing 50 mM Ca2+ is used as the bathing medium. 

A: control; B: 2 min after application of DDT at 22”; C: 8 min after application. 

Application of DDT at a concentration of 1O-5 M prolonged the falling phase of the 
compound action potential (or increased and prolonged the negative after-potential) 
and initiated after-discharges. When the standard artificial sea water (solution A in 
Table 1) containing 50 mM Ca was used, these symptoms of poisoning started ap- 
pearing within 2-3 min (Fig. 6B) and increased in intensity with time (Fig. 6C) and 
reached a maximum within 20-30 min. After about 60 min, these effects were still 
observable, but in some preparations the magnitude of the action potential decreased. 
This is probably because of deterioration which also occurs in normal unpoisoned 
nerves. 

Repetitive discharges caused by application of DDT have been found to be related to 
calcium concentration, lowering the calcium intensifying the repetitive discharges. 14*15 

-I 2mV 
50 msec 

FrG. 7. The effect of changing Ca’f concentration on the DDT-induced (10m5 M) prolonged action 
potential in a lobster leg nerve. The concentration of Ca*f is changed while maintaining the Na+ 
concentration constant (artificial sea water Cl, C3, c4 and C5 in Table 1). Records B, C, D, E and F 
were taken 3, 7,9, 13 and 15 min after application of DDT respectively. Note that the effect of DDT 

is enhanced by lowering the Ca*+ concentration. 
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In the present study, both the increase in negative after-potential and the repetitive 
after-discharges were augmented by lowering the calcium concentration. An example 
of such experiments is illustrated in Fig. 7. The effect of calcium was reversible unless 
the nerve preparation was left exposed to Ca-free medium for a long period of time, 
so that the experiments such as shown in Fig. 7 could be repeated many times with 
the same preparation. The DDT-poisoned nerve very often tied spontaneously in 
relatively low calcium concentrations (O-20 mM). 

Because of intense DDT action at low calcium concentrations, an artificial sea 
water containing 20 mM Ca was chosen for the study on the relationship between the 
nervous symptoms of poisoning and the ATPase activity. Calcium lower than 20 mM 
was more effective to intensify the DDT action, but the nerve deteriorated more 
quickly. 

Application of DDE at a concentration of 1O-5 M had little or no effect on the action 
potential. In some preparations, the falling phase of the action potential was slightly 
prolonged, but after-discharges were never initiated. 

ATPase activity in the DDT-poisoned nerves. The nerves at various stages of DDT- 
poisoning were homogenized in 2 ml of the standard assay buffer and the ATPase 
activities were measured. It was found that in all experiments (0 to up to 60 min of 

I I 
30 64 

I 
90 

Time, min 

Fm. 8. The effect of externally applied DDT or DDE (both l(r5 M, tial concentration) upon the 
ATPase activity of the intact and sliced nerves in the artificial sea water containing 20 mM Caa+ 
(solution B of Table 1). The middle curve (semiclosed circles) represents the ef%t of DDT on the 
intact nerves in the artificial sea water (B); also, identical results were obtained by using the standard 
assay mixture for ATPases. The bottom curve (closed circles) represents the effect of DDT on the 

sliced nerve preparations in the standard assay buffer. Temperature 24”. 

B.P. 2014-H 
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poisoning) the ATPase activity of the homogenate from the treated nerves was no 
lower than that of the untreated controls. To study the possibility that only a small 
portion of the ATPase which is located at certain vital sites on the membrane is 
affected by DDT in situ, the intact nerves at various poisoning stages were directly 
assayed (without homogenization) for their ATPase levels by using the artificial sea 
water containing 20 mM Ca (solution B of Table 1). The results shown in Fig. 8 show 
that ATPase activity in the intact nerves was moderately affected by DDT (semi-closed 
circles). An almost identical level of inhibition was also observed when the nerves 
were assayed for the ATPase activity in the standard assay buffer. The effect of DDT 
was highest when the nerves were sliced to small pieces and tested for the ATPase 
activity in the standard assay buffer (closed circles of Fig. 8). On the other hand, the 
degree of DDE inhibition appeared to be less marked (open circles of Fig. 8). 

ATPase and electrical activity in the nerve poisoned with other pharmacological agents. 
To further study the relationship between the nervous symptoms of poisoning and the 
inhibition of ATPases, several chemicals of pharmacological interest were tested. The 
results of present experiments on the ATPase and electrical activities, together with 
some data collected from the literature, are summarized in Table 4. 

TABLE 4. EFFECTS OF VARIOUS PHARMACOLOGICAL AGENTS ON THE ELECTRICAL AND ATPA~E ACTNITIES 
OF NERVEFIBERS 

Chemicals 
Electrical activity 

ATPase activity 
ISo in vitro Minimum effective concn* Action Ionic 

Externally Intemallyt potential: conductances 
inhibited8 

DDT 3 x IPM 3 x 10-6M NAP, RD gN,$,&t2'3 

DDE 3 x 10-5M 1 x 10-5M No effect 
Hemicholinium-3 5 x 10-sM 1 x 1O-2 MI1 1 x 10-j Ml1 Blocki 
Tetraethylammonium 1 x lO_’ M 3 x 10-l M/l 6 x 1rY’MIl NAP”*‘* 

gN+;; $#6 

N-acetyl imidazole 5 x RY5M 5 x 1O-4 MB NAP, RD** 
Veratrine 1 x 10-4 g/ml 2.4x 1O-5 g/ml/l NAP RD’g-zJ 
Tetrodotoxin >2xl0_4M 1 x lo-* MI1 > 1 x 1O-5 MI] Blocl+J5 gNat 

24.25 

Grayanotoxin I >1.2~10-~ M 2.4 x lo-4 Mf NAP, RD= None26 

+ The lowest concentration range that causes the definite pharmacological effects on the electrical 
activity of nerve. 

t Data with internally perfused squid giant axons. 
$ NAP, negative after-potential is increased and prolonged; RD, repetitive discharges are produced. 
$ gNat, the mechanism by which the membrane sodium conductance is increased upon depolariza- 

tion ; 
g& the mechanism by which the membrane sodium conductance is decreased during depolariza- 
tion. 
gKt, the mechanism by which the membrane potassium conductance is increased upon de- 
polarization. 

11 Data with squid giant axons. 
7 Data with crayfish giant axons. 
** W. R. Kern, personal communication. 

DDT has been demonstrated to affect the ionic conductance of the lobster nerve 
membrane.2*3 The major effects are the slowing of the sodium inactivation and the 
suppression of the potassium conductance increase. These changes in conductances 
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can account for the prolongation of the action potential and the latter initiates rep- 
etitive after-discharges. 

The ATPase activity was effectively inhibited by hemicholinium-3 (HC-3) with an 
I~,, value of 5 x 1O-5 M. When applied to the inside of the squid giant axon, HC-3 
is able to block the action potential by the inhibition of the mechanisms, whereby 
the membrane sodium and potassium conductances are increased upon depolariza- 
tion.16 

Tetraethylammonium (TEA) also inhibited ATPases. It affects the action potential 
of the squid giant axon only from inside the membrane.17~18 The falling phase of the 
action potential is greatly’prolonged forming a plateau like cardiac action potentials, 
and the mechanism by which the membrane potassium conductance is increased upon 
depolarization is inhibited. 

N-acetyl imidazole was able to inhibit ATPases fairly effectively. In cray&h giant 
axons, it prolongs the falling phase of the action potential and initiates repetitive 
after-discharges by a single stimulus.* Although no data on ionic conductances are 
available, it seems quite possible that the sodium inactivation, the potassium con- 
ductance increase, or both are affected by this chemical. 

The ATPase activity was also blocked by veratrine. Veratrine has long been known 
to prolong the falling phase of the action potential and produces repetitive discharges. 
tiwever, the ionic mechanism of veratrine remains to be studied. 

Tetrodotoxin (TTX) was without effect on the ATPase activity. This toxin is one 
of the most effective nerve blocking agents and inhibits the mechanism of sodium 
conductance increase without affecting other conductance mechanisms.24 However, it 
is totally ineffective when applied inside of the membrane.25 

Grayanotoxin I (GTX) had no effect on the ATPase activity. Although it produces 
large negative after-potentials and repetitive after-discharges, the conductance mech- 
anisms including Na increase, Na inactivation and K increase are not afTected.26 
However, with repetitive depolarizing pulses a change in sodium conductance can be 
detected. 

DISCUSSION 

The ionic and pH requirements of Na+-K+-Mg2+ activated ATPases in the lobster 
peripheral nerves indicate that the system(s) requires the intermediate conditions 
between the external and internal phases. The standard artificial sea water contains 
450 mM Na+, 10 mM K+ and 50 mM CaZ+ at pH 8.0, and the normal internal 
phase (axoplasm) contains 50 mM Na+, 400 mM K+, a trace of Ca2+ and 10 mM 
Mg2 + at pH 7.35. The optimum conditions for the nerve ATPases are 300 mM Na+, 
20 mM K+, and 1 mM Mg2+ at pH 767.8. Under these conditions, if the Na-K-Mg 
ATPases are located near the internal surface of the nerve membrane which is exposed 
to the axoplasmic ionic environment, they can be activated upon excitation because 
Na+ ions flow inward across the membrane causing a transient increase in local Na 
concentration near the internal membrane surface and K+ ions flow outward causing 
a transient decrease in local K+ concentration there. 

The most crucial question hexe is whether the DDT-induced membrane conduc- 
tance changes are causally related to the phenomenon of ATPase inhibition in vitro 

* W. R. Kern, personal communication. 
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by DDT. This point is worthy of consideration because, if the action of DDT is solely 
upon the ATPase for active transport, the end result of DDT action in vivo should 
merely be a slow blocking of general nerve activity, such as the one caused by ouabain. 
Careful examination of the data shown in Table 3 clearly indicates, however, that the 
DDT-sensitive ATPase(s) cannot be identical to the ouabain-sensitive Na+-K+- 
Mgzf ATPase, i.e. even in the presence of 2.5 x 1W4 M ouabain, the per cent in- 
hibition of the ATPases by DDT and DDE (58 and 45 per cent respectively) did not 
significantly vary from the values obtained in the absence of ouabain (61 and 45 per 
cent, respectively). At least a certain portion of the DDT-sensitive ATPases present 
in this system, therefore, should be serving for some other function than the active 
transport of ions. In this connection, however, it is of interest to see in Table 4 that 
many of the compounds capable of inhibiting the ATPases affect the mechanism, 
whereby membrane sodium conductance is inactivated (g&), or the mechanism 
whereby membrane potassium conductance is, increased (gKt), or both (DDT, 
HC-3 and TEA). The other two ATPase inhibitors (N-ace@ imidazole and veratrine) 
produce large negative after-potential and repetitive after-discharges which are most 
likely because of the inhibition of Na inactivation, K activation, or both. Those which 
do not affect either of these two mechanisms do not inhibit the ATPases (TTX, GTX). 
Although the data presented in Table 4 do not demonstrate the causal relationship 
(e.g. HC-3 is a much more potent ATPase inhibitor than is expected by its neuro- 
toxicity), they leave the possibility that the ATPases are somehow related to the two 
conductance mechanisms. 

Another possible explanation is that the systems involved in such changes of con- 
ductance in the axonic membrane do possess very similar properties as ATPases 
studied here. In this case, the ATPase inhibition by DDT should be regarded as merely 
representing an analogous situation to what actually occurs during the process of DDT 
inhibition in the nerve membrane. 

Acknowledgements-This work has been supported in part by the research grants FD-00244 (CC- 
00252) and NS-06855 from the U. S. Public Health Service, and the contract PH-43-68-73 with the 
National Institute of Environmental Health Sciences, U. S. Public Health Service. Approved for 
publication by the Director of the Division of Research, College of Agricultural and Life Sciences, 
University of Wisconsin. 

The major portion of the experiments described herein was carried out in the Marine Biological 
Laboratory, Woods Hole, Mass. 

REFERENCES 

1. T. NARAHASHI and T. Y-m, .I. P/z@ol., Lend. 152, 122 (1960). 
2. T. N ARAHASHI and H. G. HAAS, Science, N. Y. 157, 1438 (1967). 
3. T. N ARAHASHI and H. G. IIAAS, J. gen. Physiol. 51,177 (1968). 
4. F. MATSUMURA and R. D. O’BRIEN, J. ugric. Fd Chem. 14,39 (1966). 
5. B. HILLE, .I. gen. Physiol. 51, 199 (1968).- 
6. F. A. GUNTHER. R. C. BLINN. G. E. CARMAN and R. L. METCALF. Archs Biochem. Bioohys. 50, . 

504 (1954). 
7. G. HOLAN, Nature, Land. 221, 1025 (1969). 
8. R. B. KOCH. J. Neurochem. 16,269 (1969). 
9. F. MATSIJ&A and K. C. PATE, Scie&, N.Y. 166, 121 (1969). 

10. J. C. SKOU. Physiol. Rev. 45, 597 (1965). 

__ 

11. S. PUSZKIN~ S.-BERL, E. P&KIN and c. D. CLARKE, Science, N. Y. 161, 170 (1968). 
12. J. C. SKOU, Biochim. biophys. Actu 23, 394 (1957). 
13. J. C. SKOU, Biochim. biophys. Actu 42, 6 (1960). 
14. J. H. WELSH and H. T. GORDON, J. cefl camp. Physiol. 30, 147 (1947). 



ATPase inhibition and electrophysiological change 

15. H. T. GORWN and J. H. WELSH, J. cell camp. Physiol. 31, 395 (1948). 
16. D. T. FRAZIER, T. NARAHASHI and J. W. MOORE, Science, N. Y. 163, 820 (1969). 
17. I. TASAKI and S. HAQIWARA, J. gen. Physiol. 40,859 (1957). 
18. C. M. ARMSTRONO,J. gen. Physiol. 50,491 (1966). 
19. A. M. SHANES. J. gen. Physiol. 33, 57 (1949). 
20. H. MEVES, Pj?bgeri Arch.-ges. Physiol.‘290,.211 (1966). 
21. J. W. MOORE. H. G. u and M. TARR. Proc. Znt. Union Dhvsiol. Sci. 7.303 (1968). 
22. Y. PICHON aid J. Bomb, J. Physiol., Z&is, 60, 375 (1968j. . . 
23. W. ULBREHT, Erg. Physiol. 61, 17 (1969). 
24. T. NARAHASHI, 3. W. MOORE and W. R. Scm, J. gen. Physiol. 47,965 (1964). 
25, T. NARAHASHI, N. C. ANDEFLWN and J. W. MOORE, J. gen. Physiof. 50, 1413 (1967). 
26. T. DEOUCHI, S. KOHRI, N. Sm and Y. SAKAI, Fedn Proc. 28,669 (1969). 

837 


