
Membrane Permeability: Cation Selectivity Reversibly 
Altered by Salicylate 

Abstract. The effect of salicylate on the relative cation permeability of a 
membrane was investigated in large, identified molluscan neurons, with the use 
of intracellular recording techniques. Salicylate caused a reversible, dose-depen- 
dent decrease in the permeability of rubidium, cesium, sodium, and lithium ions 
relative to that of potassium ions. The results suggest that the changes in cation 
selectivity result from the adsorption of salicylate anions to the membrane with 
a subsequent increase in the density and field strength of anionic sites in the 
membrane. 

Salicylate increases the K+ perme- 
ability and decreases the C1- perme- 
ability of human erythrocytes (1) and 
molluscan neurons (2). The perme- 
ability changes cause an increase in 
the membrane potential and input 
conductance of the molluscan neurons, 
which reduces the effect of synaptic 
input and the probability of generating 
an action potential output (2). The 
ability of salicylate derivatives to in- 
crease membrane potential and con- 
ductance is highly correlated with the 
octanol-water partition coefficient of 
these organic anions, and stereospecific- 
ity does not appear to be a require- 
ment for drug activity (3). The results 
suggest that organic anions like salicy- 
late change membrane permeability by 
adsorbing to membranes. 

This report is concerned with the 
mechanism by which adsorption of 
salicylate anions to a membrane alters 
membrane permeability to inorganic 
ions. We have used Eisenman's theory 
of ion selectivity as the basis for 
our study (4-6). Eisenman has demon- 
strated that the principal factor con- 
trolling the discrimination of alkali 
cations (Na+, K+, Rb+, Cs+, and 
Li+) by glass electrodes is the field 
strength of anionic sites in the glass 
(4). He suggested that the selectivity 
patterns found in different biological 
membranes are due to differences 
in the field strength of membrane 
anionic sites (5, 6). Considerations of 
his research have led us to propose 
that the adsorption of organic anions 
onto a biological membrane increases 
the density of negative sites and thus 
the anionic field strength, thereby 
altering cation and anion permeability. 
We have examined one aspect of this 
hypothesis by investigating the effect 
of salicylate on the alkali cation 
selectivity of neuronal membranes and 
comparing these results with predictions 
based on the Eisenman model. 

Experiments were conducted on large, 
identified neurons in the buccal gan- 
glion of the marine mollusk Navanax 
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inermis (7), The ganglion was pinned 
to paraffin in a 2-ml plastic dish, and 
neurons were impaled with double- 
barreled micropipettes filled with 3M 
KC1; one barrel was used to record the 
membrane potential, and the other 
allowed passage of current across the 
membrane. We determined the relative 
permeability of the passive membrane 
to alkali cations by bathing the ganglion 
in a solution containing tris sulfate 
[tris (hydroxymethyl) aminomethane sul- 
fate], magnesium sulfate, mannitol, and 
the sulfate salt of either Na+, K+, Cs+, 
Rb+, or Li+ and monitoring the mem- 
brane potential as the species and con- 
centration of the cation were changed 
(8). 
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The relative cation permeability was 
approximated by applying the analysis 
of Hagiwara et al. (9) to the Goldman- 
Hodgkin-Katz equation (10). In this 
analysis tris and sulfate are considered 
relatively impermeant substitutes for 
monovalent cations and anions, respec- 
tively, and the internal Na+ and C1- 
concentrations are presumed to be 
negligible in the steady state (9). Under 
these conditions, when the membrane 
potential in cation species X+ at 
external concentration [X+]o equals 
that in K+ at [K+]o, then (9) 

PX/PK = [K+]o/[X+]o 

where Px is the membrane permeability 
to cation species X+ and PK is the 
K+ permeability. 

Examples of the variation in mem- 
brane potential with the concentration 
and species of the monovalent cation 
are illustrated in Fig. 1. In control 
conditions (Fig. 1A) the membrane 
potential decreased in a nonlinear 
fashion with the logarithm of the K+, 
Rb+, and Cs+ concentrations and did 
not vary with changes in the concen- 
tration of Na+ or Li+ over the 
concentration range shown. The non- 
linearity may be due to an increased 
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Fig. 1. The resting membrane potential is plotted as a function of the concentration 
and species of alkali cation present in the external medium under control conditions 
(A), and in the presence of 2 mM sodium 5-bromosalicylate (B). These examples 
from cell G-L are typical of the results obtained from all cells studied. Data points 
were generated by varying the cation species at each concentration. In drug-free 
salt solution (A), over a range of external cation concentration [X+]o from 10 mM 
to 50 mM, a greater concentration of [K+]o than [Rb+]o is necessary to produce a 
given membrane potential. The [Cs+],, required for a particular membrane potential 
is greater than both K+ and Rb+. The membrane potential is not dependent upon 
Na+ or Li' over this concentration range. In the presence of 2 mM 5-bromosalicylate 
(B), more [Rb+]o than [K+]o was required to produce a given membrane potential, 
over the entire range of concentration studied. Furthermore, more [Cs+]o than under 
control conditions was required to produce a given potential. These curves enable 
one to estimate the relative permeability of the membrane to the alkali cations; they 
demonstrate that salicylate has reduced Cs+ and Rb+ permeability relative to K+. 
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anion permeability (primarily S042- 
in this case) caused by increased 
concentrations of external monovalent 
cations (6, 11). 'Calculations of relative 
cation permeability were made with 
reference to the membrane potential 
produced by [K+]o in the range from 
10 to 30 mM since these concentrations 
were close to the physiological K+ con- 
centration (10 mM), and cation effects 
on anion permeability were presumably 
minimal. For cation concentrations in 
this range, more external K+ than Rb+ 
was required to produce a given mem- 
brane potential under control condi- 
tions (Fig. 1A), an indication that 
Pltb was greater than PK in this con- 
centration range. For example, to pro- 
duce a membrane potential of -40 
mv required a [Rb+]0 of 10 mmole/ 
liter and a [K+]o of 20 mmole/liter, 
so that PRb/PK was 2.0. By analogy, 
the Pcs/PK ratio was calculated to be 
0.67. Since the membrane was prac- 
tically impermeable to Na+ and Li+ 
in this concentration range, values of 
PNa/PK were obtained by increasing the 
external concentration of these ions up 
to 500 mmole/liter (not illustrated). 
At this concentration the membrane 
potentials could be compared with those 
produced by K+ at a concentration of 
10 or 20 mM and the permeability 
ratios quantified. The relative perme- 
ability under control conditions was 
as follows: Rb+ (1.38) > K+ (1.0) 
> Cs+ (0.71) >Na+ = Li+ (0.06) 
(these results are the average values 
for 23 cells at a [K+]o of 20 mmole/ 
liter). 

The addition of a salicylate derivative 
to the bathing medium altered the rela- 
tive cation permeability. In the presence 
of 5-bromosalicylate lat a concentration 
of 2 mmole/liter (12) [this derivative has 
about 20 times the potency of salicylate 
itself (3)], the .membrane potential 
varied linearly with the logarithm of 
the external cation concentration (Fig. 
1B), and with greater slope, presum- 
ably because of reduced anion perme- 
ability (2). More Rb+ than K+ was 
required to produce a given membrane 
potential over the entire range of cation 
concentrations, an indication that the 
Rb+ permeability was less than the 
K+ permeability (Fig. IB). In the case 
shown a membrane potential of -35 
mv was produced by 20 mmole/liter 
of [K+]0, 24 mmole/liter of [Rb+]o, 
or 140 mmole/liter of [Cs+]0 (extrap- 
olated), so ithat PR,I/PK was 0.75 and 

PCS/PK was 0.15. Averaging the results 
of 12 cells at a [K+]o0 of 20 mmole/ 
liter, we found that the relative perme- 
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Fig. 2. Dose-response curve of the per- 
meability of Rb+ relative to K+ as a func- 
tion of the concentration of 5-bromo- 
salicylate. Data points were obtained by 
determining the [Rb+]o which would pro- 
duce the same membrane potential as 20 
mM [K+]o in progressively increasing 
doses of salicylate. 

ability in 2 to 3 mM/liter 5-bromo- 
salicylate was as follows: K+ (1.0) 
> Rb+ (0.71) > Cs+ (0.15) > Na+ = 
Li+ (<0.01). 

The change in the order of selectivity 
caused by the addition of the salicylate 
represents a shift from Eisenman's 
transition sequence III to sequence IV, 
and implies an increase in the field 
strength of anionic sites in the mem- 
brane (5, 6), The effect of salicylate 
on cation selectivity was reversible, ap- 
proaching control values 10 to 15 min- 
utes after the drug had been washed 
out. For seven cells the average was as 
follows: K+ (1.0) > Rb+ (0.95) 
> Cs+ (0.35) > Na+ = Li+ (0.01). 

The change in the Px/PK ratio is a 
sigmoidal function of salicylate con- 
centration, as the dose-response curve 
for PRb/PK illustrates (Fig. 2). The 
concentration required to produce half 
the maximum change in the perme- 
ability ratio is approximately the same 
as that required to produce half the 
maximum change in membrane poten- 
tial in more physiological salt solutions, 
so that the expression for the relative 
activity of salicylate derivatives as a 
function of their physiochemical param- 
eters, developed previously wi,th re- 
spect to the change in membrane po- 
tential (3), is 'also applicable for the 
change in PX/PK ratios. 

In summary, the results indicate that 
salicylate derivatives reversibly alter the 
relative cation permeability of neuronal 
membranes. The direction of the change 
suggests that the underlying cause is 
an increase in the field strength of 
membrane anionic sites (4, 5), although 
other interpretations are possible (13). 
Since there is a high correlation be- 

tween a molecule's ability to influence 
cation selectivity and its octanol-water 
partition coefficient, we propose that 
the effects of these anions on neuronal 
membranes can be accounted for simply 
in terms of their ability to adhere to 
these membranes and thereby change 
their anionic field strength. 

Since the salicylate derivatives are 
only one example of drug congeners 
whose biological activity is highly cor- 
related with their partition coefficients 
(14), it is possible that the basis for 
their action is the effect they exert 
on the permeability of biological mem- 
branes by influencing the field strength 
of charged membrane sites (15). We 
believe that this effect is the basis for 
the analgesic action of salicylate (16). 
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