
DDT: A New Hypothesis of 

Its Mode of Action 

Abstract. It is suggested that DDT 
and perhaps other chlorinated hydro- 
carbon insecticides owe their activity to 
the formation of a charge-transfer com- 
plex with a component of the nerve 
axon, with consequent disturbance of 
function. Experimental evidence is pro- 
vided for the formation of two com- 
plexes with components of cockroach 
nerve; the complexes have been partially 
purified. Their formation is accom- 
panied by an absorption in the 245- to 
270-millimicron range. 

Although DDT is the best known and 
most extensively used of the insecticides, 
its mechanism of action remains ob- 
scure. Because the symptoms of poison- 
ing may include tremoring, convulsions, 
and paralysis (both in insects and verte- 
brates), the nervous system is the prob- 
able target, and indeed it is well known 
that the nervous system of DDT-poi- 
soned insects is highly unstable, re- 
sponding to a single stimulus with a 
train of high frequency impulses (1). 
In rats, it was shown recently that 
symptoms of poisoning are correlated 
with the concentration of DDT in the 
brain (2). Experiments on cockroaches 
with localized applications of DDT have 
shown that the sensory nerves are par- 
ticularly sensitive (3). Intracellular re- 
cording techniques have shown that 
DDT prolongs the negative afterpoten- 
tial, suggesting an interference with 
potassium permeability (4); it may be 
that this prolongation is the cause of the 
nervous instability. The question re- 
mains, what is the molecular basis for 
these effects upon nerve? It is of par- 
ticular interest that, whereas the major- 
ity of agents affecting the nervous sys- 
tem have their effect upon the synapse, 
usually by an interference with a trans- 
mitter mechanism, DDT acts upon the 
axon itself, as do the veratrum alkaloids 
(5). In 1963, Allison (6) speculated 
about the possible participation of 
charge-transfer complexes in the action 
of a variety of pesticides, and referred 
us to the topic of these complexes re- 
viewed by Szent-Gyorgyi (7). Recently, 
it occurred to us that the formation of 
such a charge-transfer complex in the 
case of DDT and perhaps other chlo- 
rinated hydrocarbon insecticides was 
compatible with two striking features 
of such compounds: (i) their high elec- 
tron affinity, which is attested by the 
remarkable sensitivity of their detection 
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in gas-chromatogram effluents by the 
electron-capture device, for example, 13 
picograms for DDT and 0.1 picogram 
for lindane (8), and (ii) their extreme 
persistence in the environment, includ- 
ing soils, plants and animals, a property 
which has caused so much alarm re- 
cently. This persistence suggests that 
these compounds are generally of low 
biological reactivity and makes plausi- 
ble the view that their potent effect 
upon nerves depends on a physical com- 
plex rather than a chemical reaction 
with some component. 

It is known that membranes formed 
of alternate layers of two compounds, 
selected with appropriate electron af- 
finity and ionization potential, respec- 
tively, such that they can be acceptor 
and donor in a charge-transfer complex, 
display the property of semiconductivity 
(9). 

The above considerations suggested 
the hypothesis that DDT and related 
compounds act by forming a charge- 
transfer complex with a component of 
the axon, thus destabilizing the axon, 
perhaps by inducing localized semicon- 
ductivity. We have now obtained evi- 
dence in favor of such a hypothesis by 
showing that DDT does indeed form 
complexes with components of insect 
nerve and by an indication that charge- 
transfer is involved. 

The first experiments consisted of 
equilibrating the whole or homogenized 
nerve cords of the cockroach, Peri- 
planeta americana (L.), with various 
concentrations of C'-labeled DDT and 
determining the quantity of DDT taken 
up from solution. A plot of uptake 
versus concentration showed two pla- 
teaus, suggesting sequential saturation 
of two components, whose dissociation 
constants (calculated from their half- 
saturation values) were calculated as 
6.38 X 10-6 and 7 X 10-7M. 

In the second set of experiments, five 
cockroach nerve cords were homog- 
enized in 1 ml of Ringer's solution and 
incubated with 10-'M C4-labeled DDT 
for 10 minutes at 25?C, after which 
they were fractionated. In addition to 
a Sephadex column and elution with 
0.9 percent NaCl (Fig. 1), the bound 
DDT was eluted (along with a small 
fraction of organic matter) at about 10 
ml elution volume; the bulk of the or- 
ganic matter was eluted between 20 
and 30 ml, and free CM-labeled DDT 
could only be eluted by ethanol. The 
first radioactive fraction was then ap- 
plied to a diethylaminoethyl cellulose 
column (Fig. 2), and two radioactive 
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Fig. 1. Elution of bound and free C14- 
labeled DDT (---- ) and organic matter 
as measured at 280 mA(-- ). The first 
peak represents bound DDT and the third 
peak, free DDT. (Amount of DDT shown 
as counts per 3 minutes; EtOH, addition of 
ethanol; organic matter scale as in Fig. 2.) 

fractions were found, the first associated 
with little organic matter and the 
second associated with much. 

These data show that a complex of 
DDT with components of cockroach 
nerve does occur. The only evidence so 
far that a charge-transfer complex may 
be formed is an observation that on 
incubation of 10-'M DDT with whole 
nerve cord homogenates or the appro- 
priate Sephadex fraction or the com- 
bined diethylaminoethyl cellulose frac- 
tions, a new shoulder of absorption 
was observed in the ultraviolet spec- 
trum, in the 245- to 270-m/x range. 

We have not yet attempted to show 
that formation of the above complexes 
is causally related to the symptoms of 
poisoning. If such a relation can be 
shown, the findings must be examined 
with respect to the views of Mullins 
(10), who suggested that toxic chlorin- 
ated hydrocarbons are those which fit 
precisely into a hypothetical intermolec- 
ular lattice; and of Gunther et al. (11), 
who have proposed that the symptoms 
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Fig. 2. Chromatographic separation of 
bound C"-labeled DDT (---- ) and of or- 
ganic matter ( ) on a diethylami- 
noethyl cellulose column. (Amount of 
DDT shown as counts per 3 minutes.) 
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of poisoning depend on the binding of 
DDT to a protein in nerve by Van der 
Waals' force. 
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In the green alga, Acetabularia, there 
is a circadian rhythm of oxygen bal- 
ance, and it has been demonstrated 
that this periodicity continues in the 
absence of an exogenous "Zeitgeber," 
or synchronizer (1, 2). Even 410 days 
after removal of their nuclei, anucle- 
ate cells retained their rhythmic diur- 
nal variations. These results seemed to 
indicate that the circadian rhythm un- 
der investigation was independent of 
the nucleus. On the basis of this evi- 
dence alone, however, involvement of 
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the nucleus in the periodicity could 
not be definitely excluded. 

In an attempt to solve this problem, 
we decided to combine the nucleus with 
cytoplasm in different phases, and thus 
to find out which of these two parts 
governs the rhythm under conditions of 
constant light. 

The technique used for the deter- 
mination of the oxygen balance was es- 
sentially the same as that described 
previously (2). The treatment of the 
plants and the experimental conditions 
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were varied to achieve three types of 
experiments. 

In experiment 1, the rhizoids were 
transplanted. At least 14 days before 
the experiments were started, plants of 
one culture were divided into two 
groups. One group was illuminated 
from 8 a.m. to 8 p.m. and the other 
from 8 p.m. to 8 a.m. At the beginning 
of each experiment, the rhizoids in the 
plants of one group were replaced by 
the rhizoids of plants of the other 
group (3). In addition, the tips of the 
acceptor stalks were amputated to re- 
move the metabolically most active 
part of the plants (4). The transplanta- 
tions resulted in combinations of rhi- 
zoids (containing the nuclei) and stalks 
with opposite phases of their periodic- 
ities. After transplantation, the plants 
were kept under constant conditions to 
avoid any exogenous zeitgeber. The 
oxygen balance was determined every 
12 hours (at 8 a.m. and 8 p.m.), start- 
ing 3 days after transplantation. 

In experiment 2 only the isolated 
nuclei were transferred (5). As in ex- 
periment 1, one group of plants was 
illuminated from 8 a.m. to 8 p.m., and 
the other from 8 p.m. to 8 a.m., for 
at least 14 days before implantation of 
the nuclei. The isolated nuclei were 
practically free of cytoplasm prior to 
implantation, so that cytoplasmic ef- 
fects were presumably excluded. 

In experiment 3, two different parts 
of the same plant were exposed to op- 
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1.0 Fig. 1. The influence of the nucleus on the cytoplasmic rhythm 
of the oxygen balance in Acetabularia. A, Transplantation of 

-< rhizoids. Rhizoids and stalks originated in plants with opposite 
0.0 rhythms. After the operation the plants were subjected to con- 

stant illumination. Oxygen changes were determined every 12 
1 0 hours, and the results were expressed as microliters of oxygen 

t(R per plant per hour. B, Implantation of nuclei. The same prin- 
ciple was used as in A. C, Opposite illumination rhythms on 
two different parts of the same plant. 
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Endogenous Circadian Rhythm in Cytoplasm of Acetabularia: 
Influence of the Nucleus 

Abstract. It was shown by tl/ree different nmethods that in the unicellular and 
uninltclear green alga Acetabularia the nucletus is capable of determininng the 
phase of the circafdiacn rhythm of the oxygen balance in the cytoplasm. 
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