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SINCE Rb+ is a substitute for K+ and Li+ is a sub-
stiute for Na+ in axonal potentials1-3, the size and

chargetof an ion have been thought by some to determine
its pass age through the cell membrane4. The ionie radius
of Cs+ is 0-21 A greater than the ionic radius of Rb+ and
is 1-09 A greater than the ionic radius of Li+ (ref. 5).
One might expect, therefore, that Cs+ would substitute
for K+. Experiments indicate, however, that Cs+ acts
neither like K+ nor like Na+ (refs. 2, 6). It has also been
proposed that La+++ can displace Ca++ on the outer
surface of the cell, since La+++ reversibly blocks the
excitability of the axon.arid, when it is used as a stain in
electron microscopy, the gap substance between myelina-
ted axons appears densely stained7'8. In contrast with the
large number of demonstrations of ion effects on the axon
membrane, there have been relatively few experiments
on the chemistry of these phenomena. The use of mono-
molecular films as structural models of the cell membrane9

provides a system the properties of which could, by
analogy, give insight into thi£ matter.

Earlier experiments9'10 indicate that among the mole-
cular components of the cell membrane, phosphatidyl-
serine may provide negatively charged sites for cation
exchange. In the present work, therefore, emphasis was
placed on phosphatidylserine films. Silicic acid chromato-
graphy was used to isolate this phospholipid from 'animal
cephalin' (Nutritional Biochemical Co.) and its purity
was tested by ascending paper chromatography9.

The uptake of Ca++ from a hypophase containing 0-1
mmole calcium chloride at pH. 6-00 ± 0-25 was measured
by counting the number of (3 particles emanating from the
surface of a hypophase containing calcium-45 before and
after spreading of a phospholipid monolayer. An increase



in count was interpreted to indicate adsorption of Ca++
to the film. The technique-has been described in detail
elsewhere9. v

The experiments of displacing Ca++ from phosphatidyl-
serine monolayers by Li+, Rb+ and Cs+ were designed to
show whether these monolayers would discriminate
between Li+, Rb+ and Cs+. The amount of calcium-45
adsorbed by the film in the presence of different concen-
trations of lithium chloride, rubidium chloride and caesium
chloride in the hypophase was taken as a measure of the
efficiency of displacement of Ca++ by Li+, Rb+ and Cs+.

Fig. 1 shows that Li+, Rb+ and Cs+ each displace the
same number of calcium ions from the polar groups of
the phosphatidylserine monolayer at any given con-
centration. This experiment substantiates previous
findings9 with Na+ and K+ and demonstrates that there is
no discrimination among these monovalent cations. Also,
it demonstrates that Ca++ adsorption depends on competing
cation concentration.

The polar head of a phospholipid molecule would have
a, variable net ionic effect as determined by polar group
configuration. It was thought that contaminating the
monolayer with an interacting molecule such as choles-
terol11'12 would alter the polar group configuration so as
to modify the position of the different ionogenic groups of
the phospholipid molecule as previously postulated13. If
this wore so, the contaminated monolayer would show
different ion association properties and, perhaps, selec-
tivity. Fig. 1 shows that addition of cholesterol (Sigma
Chemical Co.) does not modify the result obtained with
phosphatidylserine alone. For example, the number of
calcium ions per phosphatidylserine molecule is 0-23 ±
0-04 for phosphatidylserine monolayers and is 0-19 ±
0-05 for 50 per cent phosphatidylserine; 50 per cent choles-
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Fig. 1. Calcium displacement as a function of hypophase competing
cation concentration. The vertical axis represents the number of calcium
ions per phosphatidylserine molecule. The horizontal axis represents the
concentration of competing counter ion in the hypophase. Each point
represents the average of 3-8 experiments and the vertical bars represent
twice the standard error. Area per molecule about 58 A2. Hypophase and
monotayer. •, CsCl, 0-1 mmole CaCl,, PS; Q, LiCl, Q-l mmole CaCl,,
PS; A, RbCl, 0-1 mmole CaCl,, PS; B, CsCl, 0-1 mmole CaCl,, PS/C.

PS, Phosphatiuylserine; C, cholesterol



terol monolayers when the hypophase contained 50 mmole
caesium chloride.

Thus, it seems to have been established that the
adsorption of Ca++ by phsophatidylserine monolayer is
equally prevented by equal concentrations of any of the
following cations: Li+, Na+ (ref. 9), K+ (ref. 9), Rb+ and
Cs+. There are, however, some uncertainties about whether
or not ion exchange occurs. Furthermore, no information
is available about the time-course of this ion exchange.

The adsorption of Pm+++ (promethium) from a pro-
methium chloride (PmCl3) hypophase at pH 6-00 ± 0-25
was measured to determine whether or not ion exchange
really occurs between the polar groups and the hypophase
and to compare binding efficiency of Ca++ and La++ by
measuring promethium-147 adsorption at different con-
centrations of calcium chloride or lanthanum chloride
(LaCl8).

Fig. 2 shows the time-course of the promethium-147
adsorption when the hypophase contains calcium chloride
or lanthanum chloride. It can be seen that time is needed
to reach the steady adsorption. Since phsophatidylserine
is in its hydrogen form at the beginning of the experiment
(as determined by flame photometry), the increase in
counts measures the exchange of hydrogen (or Ca++ or
La+++ also present in the hypophase) by Pm+++. It can
also be seen that about 500 times more Ca++ than La+++

is needed to produce the same equilibrium adsorption,
starting from the same promethium chloride hypophase.
From this experiment it can be concluded that (a) ion
exchange actually occurs between the polar groups of the
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Fig. 2. Vertical axis represents the fraction of promethium adsorbed by phos-
phatidylserine monolayers, that is, adsorption of promethium when the hypophase
contains a given concentration of calcium chloride (Fig. 2.A) or lanthanum chloride
(Fig. 2E) divided by the adsorption of promethium when the hypophase contained
only 1 mmole lanthanum chloride. Each curve represents one experiment. Hori
zontal axis represents time in min starting with the solution without the mono-
layer. The film was spread at time 1 min and the maximum increase in counf
due to the film was 20,000 c.p.m. A, Hypophase, 1 A/mole lanthanum chloride and

calcium chloride; J3, hypophase, lanthanum chloride



phospholipid mono-molecular film and the hypophase and
(6) that La++f is a strong competitor for the Ca++ binding
sites. Therefore, the notion that La+++ displaces Ca++
from binding sites at cell surfaces seems to be well sup-
ported and could explain why La+++ reversibly blocks
the excitable membrane and why the gap substance be-
tween myelinated axons appears densely stained when
La+++ is used as stain in electron microscopy7'8. Finally,
the idea of an ionic exchanger polar-group phase associar
ted to phosphatidylserine mono-molecular films9 seems to
be supported and is consistent with both the molecular
model for the cell membrane14 and ion-exchange properties
postulated for cell surfaces15'16.
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