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Summary. The effect of a direct-current electric field on cephalin and lecithin films
was measured using infrared spectral techniques. The intensities of the spectral bands
assigned to the vibrations of the phosphate and the fatty acid chain increased to a
maximum as the applied potential was increased. These changes were observed only
with brain cephalin and brain lecithin films and not with synthetic lipid films. These
observations may be due to changes in the alignments of the phosphate and base dipoles
in the lipid molecule as the applied field is changed. The electric field strengths at which
the maximum intensities of the spectral bands are observed increase as the thickness
decreases. Extrapolation to the thickness of the nerve membrane yields a value of the
field strength that is much larger than is to be expected in the neuron. This suggests that
only the phosphate group and the hydrocarbon chain change conformation during the
passage of the nerve impulse.

With the passage of an electric impulse along the neuronal membrane,
changes in the permeability of the membrane to ions occur. These changes
are probably associated with alterations in the structures of the membrane
constituents, some of which are phospholipids. Although the exact nature
of the function of these lipids is not known, the behavior of films of these
substances in an electric field may shed light upon the actual behavior of
the membrane during the passage of an impulse along the neuron. Phospho-
lipids such as cephalin have been implicated in the excitation process of a
neuron [5].

Chapman and his co-workers [1, 2] found that the polymorphic forms
of 2,3-diacetyl-DL-phosphatidyl ethanolamine could be determined using
infrared spectral techniques. The spectral variations of the band near
720 cm~* with a decrease in temperature were interpreted as reflecting the
change from a liquid to a crystalline structure. Their results suggest that
similar spectral changes might be observed if the application of an electric

* Presented in part at the First Meeting of the International Society for Neuro-
chemistry, 1967, and the 156th Meeting of the American Chemical Society, 1968.
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field across cephalin films caused similar configurational changes. Films
were used because they can be considered as models for the lipid structures
within the neuronal membrane. The results of such experiments with cephalin
and lecithin are described in this paper.

Materials and Methods

Commercial sheep brain cephalin (Sigma Chemical Co.) was purified by dissolving
a sample in ether and precipitating the cephalin with acetone. This sample showed two
peaks upon separation with thin layer chromatography (TLC) with the systems described
below. Bovine brain lecithin (Sigma Chemical Co.) and phosphatidyl ethanolamine
(Pierce Chemical Co.) were purified in the same manner. A purer sample of the phos-
phatidyl ethanolamine was prepared by separation on a column of diethylaminoethanol
cellulose by the procedure of Rouser, Kritchevsky, Heller and Lieber [8]. The purified
fraction gave one spot only on TLC (Silica gel G) with three different solvent systems:
Rp=0.30 in chloroform-methanol-water (65:25:4, v/v/v) [10]; Rg=0.23 in chloroform-
methanol-35% ammonia (14:6:1, v/v/v) [6]; and RF=0.44 in nr-butanol-acetic acid-
water (3:1:1, v/v/v)[7]. To ensure further that the lipid was pure, a sample was hydrolyzed
and tested for the base present following the procedure of Chargaff, Levine and Green [3].
Only ethanolamine was present. Synthetic cephalins [phosphatidyl-L-serine (General
Biochemicals) and pL-a-cephalin (ethanolamine) (Fluka AG)] and synthetic phosphatidyl
choline (LaMotte Chemical Products Co.) were used without further purification.

The films were prepared by dropping concentrated chloroform or chloroform-
methanol (1:1, v/v) solutions of the lipid onto silver chloride plates (1inch x linchx 1 mm
thick). The average thickness of the film was evaluated from the weight of lipid deposited
on the silver chloride plate and the measured areas of the lipid film. The areas of the film
were reproducible to about 0.5%. The following measured densities (g/ml) were used:
1.07 for brain cephalin and brain lecithin and 1.06 for the synthetic lipids.

The direct-current voltage was applied across a cell consisting of two silver chloride
plates with the phospholipid film between the plates. Voltages up to 300 V from a variable
power supply were applied to the silver chloride plates through silver wires heat-sealed
to the plates (Fig. 1). An ammeter was inserted in series with the cell to monitor the
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Fig. 1. Circuit for application of voltage across lipid films
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Fig. 2a and b. Measurement of a typical spectral band: the 820 cm™! band from the
spectrum of a film (0.011 mm thickness) of brain phosphatidyl ethanolamine. Applied
direct current potentials were @) 0 V and b) 110 V

current passing through the cell. In all experiments, no current was observed (<1 pamp).
Since there was no detectable current flowing, no heating took place at the electrodes.

The infrared spectra were recorded on the Perkin-Elmer Models 13 and 21 infrared
spectrophotometers with a screen in the reference beam to balance the spectral beams.
The spectrophotometers were equipped with sodium chloride optics and calibrated with
polystyrene, water vapor and carbon dioxide. The Model 13 spectrophotometer was
used in the voltage studies.

The intensities of the spectral bands were evaluated by measuring the areas under
the band with a planimeter. The areas of a band were reproducible to 2% (2.80 inches 2
+0.056) measured on five separately run spectra of the same film. The change in the
area is illustrated in Fig. 2 for the 820 cm™! band in the spectrum of chromatographically
purified brain phosphatidyl ethanolamine after the application of 0 and 110 V.

Results

It was observed that only four of the nineteen bands in the spectrum of
brain cephalin and brain phosphatidyl ethanolamine and three bands in the
spectrum of brain lecithin changed their areas when the electric field was
applied (Table). The infrared spectra of typical phospholipid films used are
shown in Fig. 3 with the bands that changed marked by arrows. No bands
in the infrared spectra of the synthetic cephalins or lecithins were affected
by the electric field.

The areas of the spectral bands increased as the applied field increased
reaching a maximum near 80 to 90V of the applied field. The graph in
Fig. 4 is one example that illustrates the change in the area of one band.
The ordinate (4/A4,) is the ratio of the area of the band at an applied voltage
to the area of the band when no voltage was applied. As the electric field
was increased above the voltage for the maximal change, the ratio of the
areas decreased to one, which is observed with no applied field. The rate
of return to the initial area varied with the film. This variation of the ratio
could be reproduced several times using the same film. The same variation
was also found when the potential on silver chloride plates was reversed. To
confirm that the spectral measurements represented equilibrium values, a
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Table. Infrared absorption bands of brain cephalin and lecithin affected by an electric field

Band Absorption Lipid

maximum

(em™7)

1,070 P-O-C asym. stretch Cephalin
820 P-O-C sym. stretch Cephalin, lecithin
760 P-O-C sym. stretch Cephalin, lecithin
725 —(CH,),~ rock Cephalin, lecithin

Transmittance (%)
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Fig. 3. Infrared spectra of brain phospholipid films. Arrows indicate the bands that
change in an electric field. Top, cephalin; bottom, lecithin
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Fig. 4. Variation of the intensity of a typical spectra band with the applied electric field.
AJA, is ratio of area of band to the area with no field .
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Fig. 5. Variation of the electric field strength at the maxima of change of intensities of
spectral bands, F,,,,, with the thickness of brain cephalin films. o 1,070, = 820, » 760,
o 725¢cm™!

band was scanned four times during a period of 1 hr using a film across
which a voltage of 100V was applied. No significant differences were
observed in the areas. The ratio of the areas at the maximum voltage
generally varied between 1.03 and 1.80.

The effect of the electric field as a function of the thickness of the lipid
films was also examined. The results are plotted in Figs. 5 and 6 with the
electric field strength (V/mm of film) at which the maximum change of the
intensity of the absorption band occurs, F,,,, as the ordinate and the inverse
of the thickness of the film, 1/t (mm ™), as the abscissa. F,,, increases as
the thickness decreases for all bands examined. The lines were fitted by the
method of least squares, and it was found that the values of the slopes for
all bands in both brain cephalin and lecithin were not different. The equa-
tions of the lines were F,,,=101.1 (1/t) with a sb of 20.6. There were
between 17 and 23 measurements on each line.

To eliminate the possibility that an impurity was present in the brain
cephalin and lecithin that was changing conformation in an electric field,
a preparation of brain phosphatidyl ethanolamine was purified by column
chromatography (see Methods). The results of the electric field on this lipid-
film spectrum were consistent with the previous observations made with
brain cephalin.
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Fig. 6. Variation of the electric field strength at the maxima of change of intensities of
spectral bands, F,,,,, with the thickness of brain lecithin films. » 820, » 760, 0 725cm ™!

Discussion

The bands in the spectra of brain cephalin and the lecithin that change
with the application of a direct current electric field have been assigned to
vibrations of the phosphate and —(CH,),~ groups (Table). The assignments
of the bands have been made in accordance with those published previously
[2]. Chatt and Heaton [4] have presented evidence that the band near
1,070 cm ™ * should be assigned to the C~O-P stretching mode of the P-O-C
group. Hence, the phosphate group and —~(CH,),~ chain in the fatty acid of
the lipid are altered in the direct current electric field.

The variation in the intensity of the band with the electric field (Fig. 4)
can be explained as resulting from the change in the two dipoles within the
phospholipid molecule, the phosphate and the base. The phosphate is the
stronger dipole and tends to align itself with the applied field at a low
applied voltage. This causes a change in the spatial relationship between
the atoms in the P-O-C group. As the applied potential increases, the
second dipole, the base [for example, NHi(CH,),~O~ in phosphatidyl
ethanolamine] begins to align with the field. This causes the P-O-C group
to return to its original conformation. The change in the conformation of
the (CH,),~ groups follows the changes in the phosphate group. It is
interesting to note that the shape of the intensity-electric field curve is very
similar to that of the ion-flux concentrations with the change in the voltage
of the neuronal impulse.
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Fig. 7. Hypothetical structure of phospholipid film

This phenomenon is observed only with cephalin and lecithin isolated
from brain and not with the synthetic phospholipids. This suggests that the
nature of the fatty acid constituents of the lipids may be very important in
determining the spatial relationships between the phosphate and base
groups that change conformation in the electric field. In the brain lipids,
the two fatty acid constituents are different, whereas in the synthetic mole-
cules, they are identical. This permits the hydrocarbon chains to be more
closely packed in the synthetic lipid films than are the chains in the film of
tissue lipids (Fig. 7). This difference has been observed in measurements
using film spreading techniques. If a lecithin contained one mono-unsatu-
rated chain, its film could be expanded more than a film of a lecithin with
two saturated hydrocarbon chains under the same conditions [9]. Watkins
[11] found that the area/molecule ratio was smaller for films of synthetic
lecithins than for films of egg lecithin. Thus, at the levels of the electric field
used in our experiments, the configuration of the hydrocarbon chains in the
synthetic phospholipids cannot be altered because they are so closely packed.
However, in the tissue phospholipids, the chains are not as closely packed
which leaves sufficient space for the molecules to change their configuration
in the electric field.

The variation in the electric field at which the maximal change in inten-
sity of the spectral bands, F,,,, occurs is a linear function of the inverse of
the thickness of the lipid film (Figs. 5 & 6). At film thicknesses less than
about 0.009 mm, the area under the spectral band is too small to measure
accurately. At the other limit, the bands become extremely broad when the
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thickness is too large. Extrapolation of our data to the thickness that one
postulates to be that of the neuronal membrane (100 A) yields a value of
about 10°® V/mm for F,,,. If it is assumed that the nerve impulse is about
100 mV, the electric field strength in the membrane is 100 mV/100 A or
10* V/mm. This suggests that the effect of the field in the membrane is
much less than the maximal values (F,,,) observed in these in vitro studies
of phospholipid films. Hence, only the phosphate group would undergo a
conformational change. Since the -(CH,),~ group in the fatty acid constit-
uents follows the phosphate group changes, we would expect that to change
also. These should be considered only speculations, however, since extra-
polations from properties of the thick films are not always valid when
measurements are made on extremely thin films.

These changes in the spectral bands reflect a change in the structure of
the phospholipid under the influence of the electric field. One of the bands
is related to the vibration in a -(CH,),~ group within the hydrocarbon
chain of the fatty acid in the phospholipids. Hence, this suggests that as the
voltage is applied, the hydrocarbon chain changes its orientation. This
change in orientation could, therefore, change the relationship between the
hydrocarbon chain of the lipids in the structure of the membrane. If the
hydrocarbon chains change their conformation, there would be a change
in the distance between the chains. To accommodate this change, it would
be necessary for the protein to undergo a slight change in its structure. This
will then change the effective pore size of the protein and the permeability
of the membrane to various ions (e.g., Na* and K*). Since the changes in
the lipid in these experiments are reversible, the lipid would return to its
original structure after the nerve impulse has passed.
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the Office of Naval Research, Department of the Navy, and the Catholic University of
America.
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