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In order to elucidate the mechanism of action of organochlorine insecticides on the ion transport in biological
membranes, we have studied the effect of DDT and its analog DDE on the structural parameters of
phosphatidylethanolamine (PE) planar bilayers. DDT and DDE increase the conductance induced by the
hydrophobic ions tetraphenylarsonium (TPhAs ™) and tetraphenylborate (TPhB ) in lipid bilayers. Neither
DDT nor DDE alters the surface potential of PE monolayers. On the other hand, these organochlorine
compounds increase only slightly the electric capacitance of the bilayers. These results are compatible with

the hypothesis that these insecticides increase the fluidity of the membrane.

Introduction

There are several lines of evidence that
organochlorine insecticides interfere with trans-
port processes in biological membranes. They
modify the normal conduction of the nerve im-
pulse [1-4] and inhibit active transport of ions in
several tissues [5-7].

Although it has been shown that the effect on
active transport processes is due to an inhibition
of ATPase activities of ion pumps [7], the specific
mechanism by which they alter the conduction of
the nerve impulse is not yet clear. DDT and other
insecticides prevent the inactivation of the sodium
channels in myelinated fibers and also slow down
the turn-on of the potassium channels in non-
myelinated fibers [2,3]. These effects might be
produced either by a direct interaction of the

Abbreviations: DDT, 2,2-bis( p-chlorophenyl)-1,1,1-trichloro-
ethane; DDE, 2,2-bis( p-chlorophenyl)-1,1-dichloroethylene;
TPhAs™, tetraphenylarsonium; TPhB ™, tetraphenylborate; PE,
phosphatidylethanolamine.
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compound with the channel structure or indirectly
by changing physical properties of the lipid bilayer
such as surface potential, dielectric constant
and/or the fluidity.

It has been shown that DDT and other insecti-
cides can alter properties of lipid membranes. In
black lipid films, carrier-mediated ion transport is
decreased [8,9]. In liposomes, nonelectrolyte per-
meability is increased by DDT [10]. These two
results seem contradictory but could be reconciled
if we accept that DDT has a dual effect on the
bilayer: increases the mobility of molecules in the
membrane (which explains the increase of nonelec-
trolyte transport) and increases the dipole poten-
tial or decreases the dielectric constant (which will
decrease the positive ion concentration in the bi-
layer and should not affect the nonelectrolytes).
Cholesterol is an example of a molecule which has
a dual effect on bilayers {11].

The aim of this work was to measure the possi-
ble electrostatic effect of DDT and its analog
DDE (which has no effect in nerve [4]) in lipid
bilayers. From transport of hydrophobic ions we



can separate the combined fluidity-dielectric con-
stant effect from the surface potential effect [12,13].
Dielectric constant was measured independently
from the electric capacitance of bilayers to sep-
arate the effect on membrane fluidity.

Materials and Methods

Membrane formation

Membranes were formed at room temperature
(22 =2°C) by apposition of two monolayers
according to the technique described by Montal
and Mueller [14]. The aperture in the Teflon parti-
tion separating the aqueous phases was treated
with 5% squalene in hexane.

Membranes were made from bacterial phos-
phatidylethanolamine (Supelco Inc., Bellafonte,
PA). The lipid was spread on the surface of the
electrolyte solution using 10 ul of a solution con-
taining 12.5 mg/ml of lipids in hexane.

Valinomycin (Calbiochem, La Jolla, CA), non-
actin (E.R. Squibb and Sons, Princeton, NJ), te-
traphenylborate (Eastman Kodak Co.) and te-
traphenyl arsonium (ICN-K and K Labs, Cleve-
land, OH) were added to both compartments in
concentrated ethanolic solutions after the mem-
brane was formed. The final concentrations in the
saline solution bathing the membrane were:
valinomycin, 3.3 - 10”7 M; nonactin, 1.7 10" ¢ M;
TPhB™, 8.3- 1078 M; and TPhAs*, 1.0- 107> M.

DDT and DDE, 99% pure, (Aldrich Chemical
Co., Milwaukee, WI) were added to both compart-
ments in ethanolic solutions of various concentra-
tions. Given values of DDT and DDE concentra-
tions in the aqueous phase are nominal for con-
centrations greater than 1- 10 % M, since the saline
solution became opalescent, indicating that the
organochlorine compound did not dissolve com-
pletely and the actual concentration was smaller.
Control experiments showed that ethanol at the
concentrations used had no effect on the mem-
brane conductance. The aqueous solutions of elec-
trolyte were symmetrical and consisted of 1 M KCl
(in valinomycin and nonactin experiments) or 1 M
NaCl (in TPhB~ and TPhAs™ experiments)
buffered with 5 mM Tris-HCI (pH 7.0).

Electrical measurements
The system for measuring the electrical proper-
ties of the bilayers has been described in detail by
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Alvarez and Latorre [15] and consisted essentially
of a two-electrode ‘voltage clamp’. One side of the
chamber was connected to a current-voltage con-
verter through an Ag|AgCl electrode. The other
side was connected to a function generator using
another Ag|AgCl electrode.

The formation of the bilayer was monitored
measuring the capacitance by applying a 125 Hz,
90 mV peak-to-peak triangular wave form. After
membrane formation and addition of the carriers
or lipophilic ions, the aqueous phase was stirred
for at least 20 min to ensure equilibration. The
zero-voltage conductances by TPhAs™, nonactin-
K" and valinomycin-K* were measured from
steady-state current-voltage curves taken directly
on an x-y recorder. The amplitude of the ramp
was =15 mV and the rate of change was less than
10 mV /s to minimize hysteresis.

Since the steady-state current induced by
TPhB™ is limited by unstirred layers [16], current
measurements were made with a voltage-pulse
technique [17]. For this ion the initial current was
estimated extrapolating the current transient to
zero time. In order to prevent saturation of the
amplifier, the transient current resulting from the
charge of the membrane capacitance was sub-
tracted using a differential ammeter [15]. One in-
put of the ammeter was connected to the mem-
brane and the other to a capacitor and a series
resistance simulating the membrane. To improve
the signal-to-noise ratio of the TPhB™ -induced
current transients, several curves were added in
digital form with the help of a signal averager and
stored in diskette for later curve fitting analysis
using a microcomputer. The zero-time current and
the time constant, 7, were obtained fitting the best
exponential to the experimental data, using the
values of current after the fading on the noncom-
pensated capacitance transient (approx. 50 ps).

The effect of the organochlorine compounds on
the capacitance was tested in bare bilayers. Basal
capacitance was estimated from the integral of the
transient current resulting from the application of
a square 10 mV step to the membrane. Because the
changes in the capacitance of the bilayer induced
by the insecticides are very small, the accuracy of
the measurements was improved by subtracting a
capacitance equivalent to the basal using the dif-
ferential ammeter described before. This allowed
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us to increase the magnification 10-times. 320
single current-time curves were added in digital
form using a signal averager. The area under the
curve was calculated using a microcomputer on-line
with the experimental arrangement. The precision
of the measuring method was better than 0.1%.

Surface potential measurements

PE monolayers were formed on a Teflon trough
divided into two compartments (19 and 1.6 cm?)
by a Teflon barrier that separated the surface of
the two compartments but allowed the contact of
the subphases. Measurements of the surface poten-
tials were made by using an air-ionizing electrode
of #°Po which was suspended about 2mm over
the air/water interface, and an Ag|AgCl electrode
was connected to the subphase. The solution of the
subphase was 1 M KCl/5 mM Tris-HCI (pH 7.0).
An electrometer (Keithley Instruments, Cleveland,
OH, Model 602) was connected to both electrodes
for the measurement of the surface potential. Be-
fore spreading the lipid in the larger compartment,
the subphase was cleaned until a stable potential
was obtained. 40 ul 12.5 mg/ml of PE in hexane
were then added to the air /water interface and the
new potential obtained was recorded. DDT and
DDE were added to the subphase of the smaller
compartment in appropriate amounts to obtain
different concentrations. The subphase was stirred
with a magnetic bar.

Results

Effect of DDT and DDE on the conductance in-
duced by K™ -carrier complexes

Fig. 1 shows the effect of these insecticides on
the steady-state zero-voltage conductance induced
by valinomycin-K* complex. In order to normal-
ize the results obtained with different membranes
which presented different basal-induced conduc-
tances, results are expressed as the ratio of the
conductance in the presence of the organochlorine
compound and the basal induced conductance
(relative conductance). The conductance decreased
by 5-fold when the concentration of DDT varied
from zero to 5 - 10 ~*M and by 8-fold for the same
change in DDE concentration. These results ob-
tained in solvent free bilayers agree with the find-
ings of other authors in black lipid films {8,9].

The conductance induced by the nonactin-K ™
complex is reduced by both DDT and DDE to a
50% at a concentration of 1-10~*M (Fig. 2). The
effect of the pesticides is significantly larger on the
valinomycin-K* complex- than on the nonactin-
K* complex-induced conductance.

Effect of DDT and DDE on the conductance in-
duced by hydrophobic ions

Fig. 3 shows the effect of DDT and DDE on
the TPhAs*-induced steady-state zero voltage
conductance in PE membranes. DDT promotes an
increase of 5-times the basal TPhAs* conductance
at a concentration of 5-104M. The effect of
DDE is smaller, since it produced an increase of
only 2-times in the conductance at the same con-
centration.

Fig. 4 illustrates the time course of the TPhB™~-
induced current in the absence and in the presence
of DDT 1 1074 M, after a 10 mV step in potential
was applied. In this example DDT promotes an
increase of the initial current from 23.5 to 117 nA
and reduces the time constant of the transient
from 0.53 to 0.11 ms. In both cases shown in Fig, 4
the steady-state current is almost negligible (less
than 1% of the instantaneous current) and the
current relaxation follows a single exponential time
course. These findings indicate that the current
represents the transport of the hydrophobic ion
across the interior of the bilayer, as indicated by
Reyes and Latorre [18].

Fig. 5 shows the effect of DDT and DDE on
the zero time conductance and on the time con-
stant of the current relaxation of TPhB ™ -doped
membranes. DDT increased the conductance 7-fold
at a concentration of 5 - 10 ~* M and decreased the
time constant 10-fold. DDE increased the conduc-
tance only 4-fold and decreased the time constant
S-fold, at the same concentration. The charge
translocated was reduced by 33% and 21% by
DDT and DDE, respectively. The results indicate
that the most important transport parameter mod-
ified by the insecticides is the rate of translocation,
whereas the adsorption to the membrane is little
modified.

Effect of DDT and DDE on the capacitance of PE
bilayers

TableI shows the change in the capacitance of
the membranes caused by DDT and DDE. It can
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Fig. 1. Effect of DDT and DDE on the valinomycin-K*
complex-induced conductance in PE bilayers. Results are ex-
pressed as the ratio of the conductance (G,,) in the presence of
DDT (®) or DDE (O) and the basal-induced conductance
(Gp). Membranes were formed in 1 M KCl/5 mM Tris-HCl
(pH 7.0) at 22=2°C, Valinomycin was added to the aqueous
solution to a final concentration of 3.3-10~7 M. Each point
represents the mean = S.E. of six experiments.
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Fig. 2. Effect of DDT and DDE on the nonactin-K* complex-
induced conductance in PE bilayers. Results are expressed as
the ratio of the conductance (G,,) in the presence of DDT (@)
or DDE (O) and the basal-induced conductance (Gp). Mem-
branes were formed in 1 M KCl/5 mM Tris-HCI (pH 7.0) at
22=2°C. Nonactin was added to the aqueous solution to a
final concentration of 1.7-10 ~¢ M. Each point represents the
mean =S.E. of six experiments.

TABLE!I
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Fig. 3. Effect of DDT and DDE on TPhAs *-induced conduc-
tance in PE bilayers. Results are expressed as the ratio of the
conductance (G,,) in the presence of DDT (@) or DDE (O)
and the basal-induced conductance (Gy). Membranes were
formed in 1 M NaCl/5 mM Tris-HCl (pH 7.0) at 22+2°C.
TPhAs™* was added to the aqueous solution to a final con-
centration of | mM. Each point represents the mean =S.E. of
six experiments.
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Fig. 4. (a) TPhB ~-induced current of PE bilayer after applying
a 10 mV step in potential. The membrane was formed in 1 M
NaCl/5 mM Tris-HC1 (pH 7.0). TPhB~ was added to the
aqueous phase to a final concentration of 8.3-10 ¥ M. (b)
TPhB ™ -induced current after adding DDT to a final con-
centration of 0.1 mM DDT. Other experimental conditions
were the same as in (a).

EFFECT OF DDT AND DDE ON THE CAPACITANCE OF PE BILAYERS

The values (expressed as percent of change with respect to the basal capacitance), represent the means =S.E. of at least five
experiments. The membranes were formed in 1 M KC1/5 mM Tris-HCI (pH 7.0) at room temperature.

Concentration (M) (X 104)

0.01 0.11 L1 3.11 5.1
DDT 0.26=0.11 0.75=0.11 1.72+0.22 2.16=0.20 2.06=0.30
DDE 0.09=0.08 0.27=0.09 0.59=0.06 0.81=0.14 0.99=0.17
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Fig. 5. Effect of DDT and DDE on TPhB ™ initial conductance
and on the time constant of TPhB~ current decay in PE
bilayers. Conductance is.expressed as the ratio of the conduc-
tance (G,,) in the presence of DDT (A) or DDE (4) and the
basal-induced conductance (Gy). The time constant decay is
expressed as the ratio of the time constant (7y) in the presence
of DDT (@) or DDE (O) and the time constant in the absence
of the insecticides (7p). Membranes were formed in 1M
NaCl/5 mM Tris-HCl (pH 7.0) at 22°C. TPhB~ was added to
the aqueous phase to a final concentration of 8.3-10 M.
Each point represents the mean and the S.E.

be appreciated that the capacitance increased 2%
with DDT 5-10"*M and 1% with the same con-
centration of DDE. Experiments were done in
bilayers which presented very stable capacitance
values. Controls showed that the same volume of
ethanol as that added with the organochlorine
compounds did not produce any detectable change
in the capacitance.

TABLE II

EFFECT OF DDT AND DDE ON THE SURFACE POTEN-
TIAL OF PE MONOLAYERS

The values are expressed as the change in the surface potential
(mV) of the monolayer and are represented as the mean =S.E.
of four experiments. The subphase solution was 1 M KCl/5 mM
Tris-HCI1 (pH 7.0). Experiments were performed at room tem-
perature. The average of the basal surface potential of the PE
monolayers was 464 4.9 (S.E.) (mV), (n=8).

Concentration (M) (X 104)

2.5 5.0
DDT —0.25+2.50 —0.25+3.30
DDE —0.63+0.69 —2.30=1.63

Effect of DDT and DDE on the surface potential of
PE monolayers

The surface potential of saturated PE mono-
layers was found to be 464 +4.9 mV, air-phase-
positive, which is in accordance with the findings
of other authors [18,19]. Neither DDT nor DDE,
even at concentrations up to 5-107*M in the
subphase, significantly altered the surface poten-
tial of PE monolayers (Table II).

Discussion

A compound may alter the membrane conduc-
tance, modifying the surface potential or the in-
trinsic conductance [11). It is possible, in principle,
to identify which of them is affected by using
opposite-charged ionic probes [12,13]. TPhAs ™ and
TPhB™ are the most widely used molecules since
they have the same size and hydrophobic coat.
These ions have been used by other authors to test
the effect of transport inhibitors [20], herbicides
[21,22] and anesthetics [18] on artificial mem-
branes.

The modification of these two factors can be
evaluated quantitatively using the following ex-
pressions developed by Szabo [11]:

(G./G_)"""*=exp(FAY/RT) (1)

(6.-5.)"*= 2 expl(~ a0y /AT) @)

Eqn. 1 represents the change in the electrostatic
potential term and Eqn. 2 the change in the intrin-
sic conductance term when the membrane is mod-
ified. G, and G_ are the relative conductances for
the hydrophobic cation and anion, respectively.
Ay is the change in surface potential of the mem-
brane, AAp° is the change in the difference of the
chemical potential of the hydrophobic ion between
the aqueous and the membrane phases, 7 is the
relative mobility of the ion in the membrane inter-
ior and d is the relative membrane thickness. F, R
and T have their usual meanings.

We have calculated the effect of the insecticides
on the intrinsic conductance and on the electro-
static potential using Eqns. 1 and 2. The result of
these calculations is shown in Fig.6. It can be
appreciated that there is a negligible effect on the
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Fig. 6. Effect of DDT and DDE on the calculated intrinsic

conductance term (G, -G_)"/? and the electrostatic potential

term (G, /G_)"'/? of conductance of PE bilayers. Intrinsic

conductance: A, DDT; A, DDE. Electrostatic potential: @,

DDT,; O, DDE.

electrostatic term; however, the intrinsic conduc-
tance is increased by a factor of 5.6 and 2.8 in the
presence of 3-10 *M DDT and DDE, respec-
tively. Direct measurements of surface potentials
in PE monolayers corroborate that the
organochlorine compounds do not alter the elec-
trostatic potential term.

The intrinsic conductance term, according to
Eqn. 2, includes the mobility of the ion in the
membrane, the membrane thickness and the chem-
ical free energy of partition of the ionic probe. In
the case of TPhAst and TPhB ™, the chemical free
energy of partition depends on the hydrophobic
energy barrier and the image force energy barrier
in the membrane. This last term depends on the
dielectric constant and the thickness of the mem-
brane [23]. So, the increase in the intrinsic conduc-
tance induced by the organochlorine compounds
may reflect an increase in the fluidity, the dielec-
tric constant, and /or a decrease in the thickness of
the membrane. Changes in these last two parame-
ters can be estimated by measuring the geometric
capacitance (C,), which is given by the equation

€0€ A
G =" (3)
where ¢, is the permittivity of the free space, €, is
the dielectric constant, 4 is the area and d the
thickness of the membrane.
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We found an increase of membrane capacitance
of 2% for DDT and 1% for DDE at 5-107M
(Table I). According to Eqn. 3 this increase in the
capacitance could be accounted for by an increase
in membrane area, dielectric constant and/or a
decrease in the thickness of the membrane.

A change in membrane area would produce a
proportional change in the conductance. So, if we
attribute all the change in capacitance to an in-
crease in membrane area we cannot explain the
large increase in the conductance found.

To analyse the effect of changes in membrane
thickness and dielectric constant on the conduc-
tance we have to calculate the change in the image
force energy barrier. According to Parsegian [23]
the difference in the peak potential energy barrier
W(e,d) between two membranes of thickness 4,
and 4, and dielectric constant ¢, and €, is given
by
AW(e,d) _(zeo) (L——l—) _lae)”

8me,r \ € € 47e,,

m2 ml

1 1
X ( d2€m2 Bl dleml ) (4)

where e, is the electronic charge and r and z are
the radius and the valence of the ion, respectively.
The change in conductance can be estimated from
the following expression [11]

Gy 1

where G,, and Gy are the conductances of the
membrane modified by the insecticide and of the
unmodified membrane, respectively. If all the
change in capacitance is attributed to an increase
in the dielectric constant, it would explain only
13% of the modification observed in the intrinsic
conductance. On the other hand, if all the change
in capacitance is attributed to a decrease in mem-
brane thickness we would explain only about 3%
of the observed effect. Since changes in area, di-
electric constant or thickness of the membrane can
explain only 13% of the conductance modification,
at least 87% of the change should be attributed to
an increase in membrane fluidity. This conclusion
is in accordance with the studies of Antunes-
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Madeira and Madeira [10], who found that DDT
increases nonelectrolyte permeability in liposomes.

An increase in the intrinsic conductance should
be reflected in an increase in the carrier-mediated
transport. We found that the insecticides decrease
carrier-induced conductances. This result cannot
be accounted for by the changes in the membrane
physical parameters we postulate. However, it is
possible that the organochlorine compounds have
a direct effect on the carriers that mask their effect
on membrane properties. As it has been proposed
by Jackson and Gardner [9), a hydrophobic inter-
action between the insecticides and the carriers in
the aqueous solution, would decrease the effective
bulk concentration of the carriers and therefore
their concentration in the membrane. A decrease
in the concentration of the carrier-K* complex in
the membrane should produce a decrease in the
induced conductance.

Some authors have indicated that the lipid
milieu surrounding the ionic channels might in-
fluence their gating properties in nerve [3,24]. Al-
though it is attractive to correlate changes in fluid-
ity with the neurotoxic effect of the insecticides,
the different extent to which DDT and DDE
modify the fluidity of the bilayer seems to be
insufficient to explain the different effects of DDT
and DDE on sodium channels.
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