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COOPERATIVE INTERACTION AMONG CELL SURFACE SITES:
EVIDENCE IN‘SUPPORT OF THE SURFACE ADSORPTION THEORY OF

CELLULAR ELECTRICAL POTENTI ALS

GILBERT N. LING and ANDREW FISHER
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Pensyivania 19107

® Resting potentials \were studied in froQ sarrorius muscles equilibrated in Ringer solutions
that contained various concentrations of K. Cells in solutions tha: contained mar-zero x°
showed a risein porential followed by a Slow decline over about 70 hours that paralleled 1he
lossof cellular K™ inexchangefor Nai. When these cells wereplacedin25 mM K, the re-gain
of the porential occurred much more rapidlythan the re-gainof celtular K*, Thus, there was NO
consistent relation berween resting potential and concentration Of intracellular X~. When celis
wereimmersed in solutions containing /00 mM Na” and K~ at concentrations of 2.5 mM and
greater, there was a semi-logarithmicrelation between porential and £ K J.., in which potential
declined as{ K" J.s increased. However, when cells were equilibrated in [ K" J.. below 25 mM,
the potential peaked and then declined as [K ].: decreased. The resultsare readily explained
by the surface adsorption mode! of the cellular potential, in which the potential is determined
simply by the newure of the fixed surface charges that interacr with one amother in a
cooperative manner. The peak and decline of the poiential with decreasing [K~ J.. below 2.5
m M mirrorsthe autocooperative shift inthe affinity of the surface charged sitesfrom onethat

favors K* over Na” strongly to one that favors K over Na” less strongly.

INTRODUCTION

Moritz Traube's copper ferrocyanide pre-
cipitation membrane (Traube, 1867), with its
nearly perfect semipermeableproperties, pro-
vided thefoundation both for Pfeffer’s mem-
brane theory of osmotic and solute-distribu-
tion properties Of living cells (Pfeffer, 1877)
and for Ostwaldk suggestion of @ membrane
origin of cellular electrical potentials (Ost-
wald, 1890). Ostwald"s suggestion was deve-
loped first into Bernstein's " membrane
theory" (Bernstein, 1902) and then into the
"ionic theory" of Hodgkin and Katz (the
HKI theory) (Hodgkin and Katz, 1949).
These and subsequent workers considered
membrane permeability the key parameter
determining cellular electrical potentials. The
relations between the magnituded the poten-
tiad and the temperature and between the

potential and the external K' and N&a con-
centrations have been predicted according to
thistheory and repeatedly verified. However,
although a recent survey shows that a great
deal o theexperimental evidencecollectedin
the last 25 years confirms the HKl theory. a
great deal of evidence contradicts it (Ling,
1979, 1982). In the same reviews it was
pointed out that both setsof evidencesupport
the surface adsorption theory of the cellular
electrical potential (the SA theory). This
theory is an integral part of the association-
induction hypothesis (the Al hypothesis)
(Ling, 1962; 1967a,b; 1978; 1982).

According to the SA theory, thecellular
resting potential bears no direct relation to
membrane ion permeability, but isrelated to
adsorption of cations on anionic sites. pri-
marily the 8- and y-carboxyl groups of
proteins, on the outer cell surface.
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in its simplest form. the SA theory of the
resting potential (¥) can be written as

¥ = constant -BFlln}Kr. [K')ex

+ R [Na'J}s M

where R and F are the gas and Faraday
constants. respectively; T is the absolute
temperature: [K"Jex and [Na“].. arethe exter-
nal K and Na" concentrations; and Rk and
R x, are the respective adsorption constants
of theseions on the surface anionic sites.

Equation | can be put into a more general
form:
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where [pi"Jex is the external concentration of
the ith monovalent cation among atotal of n

kinds. K; isthe adsorption constant of theith
species.

More recently. a refined version of the SA
theory was presented (Ling, 1979) in which
the surface adsorption sitesfor K" or Na“ arc
no longer considered to be independent of
one another but show an autocooperative
interaction, similar to that demonstrated for
the bulk-phase adsorption of K" and Nd ina
variety of living cells (Ling, 1966, Ling and
Bohr, 1970; Jones, 1970; Karreman, 1972
Gulati. 1973; Negendank and Karreman,
1979). The equation for the resting potential
in this newer version of the SA theory is as
follows:

¥ = constant =

B o ofe o g1 )
:on F ' (Kla NOEVEXIG R
R .
w=constant-?!n‘.".lK.[p. ls, (2 3
1=
20 -7;\ }
00 Ei |
!I
80 — |
Y(mv) 80 — ‘
.Yy - _’
20 ~ e, 3|
0 : : -
0 10 20 30 40 50 80 70 80 0 (0/0]
 Time(hours)
FIGURE I.

Timecourse of depolarization Of resting potential Of fr 0g sartorius muscies in *K-free” Ringer solution.
Sartorius muscles were incubated in 500 ml of a sterile Ringer solution containing only a trace of K’ (i.e., S uM), and
resting potentials were measured at intervals. Data are means £ SEM of potentials measured in 6 cells at each time.
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FIGURE 2. Time course of depolarization of resting potential of a frog sartorius muscle in " K-free" Ringer
solution and repolarization on subsequent returnto a Ringer solution containing the normal K conantration (2.5
mM) marked by thearrow. Inset isfrom Ling and Bohr (1970). For details of inset, see text. Data are means £ SEM

of potentials measured in 6 cells at each time.

where
=exp (y/RT), (4)

where = /2 is the nearest neighbor inter-
action energy and

[K']ex
[Na']e

£= © KWk * (5)

Kxa-x is the intrinsic equilibrium constant in
the Na-K exchange adsorption.

This paper reports experimental studies
designed to test the SA theory in general and
predictionsof Equation 3in particular.

MATERIALSAND METHODS

We used isolated sartorius muscles of
Northern American leopard frog (Rana

pipiens pipiens, Schreber) from Vermont.

.The technique of measuring the resting

potential of single muscle fibers was essen-
tially the same as that described by Ling and
Gerard (Ling and Gerard, 1950).

The basic-Ringer solution contained the
following ingredients: 25 mM K°, 100 mM
Na’, 10 mM Cd'", 12 mM Mg'", 86.7 mM
CI, 157 mM HCOs, 27 mM PO, 01 mM
NO,, and 235 mM glucose. In addition it
contained 14 vitamins and 21 amino acids as
well as penicillin (0.1 mg/ml) and strepto-
mycin(0.1 mg/ ml) (seeLing and Bohr, 1969).
Asa rule the Ringer solutions were in equili-
brium with a gas phase containing 95% O
and 5% CO;. In virtually all casesin which
incubation lasted longer than a few hours,
sterility wasstrictly maintained. Unlessother-
wise stated, the incubation solutions were
gently shaken in aroom maintained at acon-
stant temperature of 25° £ 1°C,
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FIGURE 3. Recovery of resting potentials following return toanormal 2.5 mM K* Ringer solution after t h m days
of prior incubation in various low-K" Ringer solutions: the concentrations of K" in these low-K' incubation solutions
were0.93 mM (A),0.60 mM (B), and 0.34 mM (C) and 0.02 mM (D). Each point represents the mean £ SE fromat
least t hmindividual measurements.
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FIGURE 4. Recovery of mting potentials following return to a normal 2.5 mM K* Ringer solution at 25° C with
gentleshaking. Each point represenis atotal of 16 readings from four different muscies. The average weights of the
large muscles (A) were 164.3 £ 1.3 mg; that of the small muscies (B) 93.5 = 5.7 mg.
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RESULTS

Tin@ Course of Resting Potential Change
in Low and Nermal K* Ringer Solutions at
25°C. Figure ! shows the time course of
changes in the resting potential when one set
of sartorius muscles were incubated in a Rin-
ger solution containing not the usual 25 mM
K® but virtualy no K*. It took about two to
three hoursfor the resting potential to reach
a new high level. If alarge volume of “K*-
free" Ringer solution (i.e., one or two muscles
in 500 ml) was used. the potential then began
to fall slowly until it finally reached a new
low level. When the muscle was transferred
back to a normal Ringer solution containing
25 mM K, asintheset of musclesin Figure
2, the resting potential rose rapidly.
approaching its original high level of 85 mV
or so within 6to 8 hours(Figure?2). Theinset
of Figure 2 taken from Ling and Bohr (1970)
shows the time course of changes in the total
K® and Nd contents of sartorius muscles
during similar exposure, first to low-K' and
later to normal-K* Ringer solution. Thus the
data shown in the main pan of Figure 2 and
in the inset represent different aspects of the
same experiment: in the inset, total K™ and
Na contentswere recorded and in the central
graph. resting potentials wen recorded. Let
us now compare the similarities and differ-
ences between the two.

In the low-K' Ringer, the time it took for
the total K level of thecellstofall to afinal
low level was about 80 hours; it also took
approximately the same time (70 hours) for
the resting potential to fal to the new low
levdl.

On returning to normal K* Ringer. it also
took nearly the same length of time (60
hours) for the total K* content to regain its
normal value; in sharp contrast. the resting
potential required only about 6 to 8 hoursto
regain itsnormal value.

In Figure3, therecovery of the potential in
anormal 25 mM K° Ringer wascompared in
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muscles that had been exposed for 3 daysto
four different low-K' concentrations (0.02,
0.34. 0.60, and 0.93 mM). The time it took
for the potential to return to its fina leve
varied with the K™ concentration to which the
muscles had been exposed. At concentrations
of 0.60 and 0.93 mM, the return was fast (1
hr.); at concentrations of 0.02 and 0.34 mM,
the return was slower (=25 hr).

Figure 4 shows that the return to a higher
potential in normal 2.5 mM K" Ringer solu-
tion following exposure to low-K* Ringer
does not depend on the size of the muscles.
This independence .of muscle size and hence
depth of the extracellular spaces shows that
the slow return to a normal resting potential
is not due to a delay in diffusion through the
extracellular space.

The Resting Potential at Varying External
K~ Concentrations and a Constant Na”™ Con-
centrarion of /00 mM. The fact that the
resting potential of muscles exposed to low-
K" Ringer solution required a long time to
reach its new steady leve (Figures | and 2)
shows that much of the earlier data on the
effect of below-normal external K' concen-
tration (normal K* concentration is 25 mM)
on the resting potential, carried out after a
short equilibration time, were not related to
equilibrium levels; in contrast, time course
studies show that the effects of external K*
concentration at a K ' concentration equal to
or above 25 mM do represent equilibrium
values (see below) (Ling, 1962; Ling and
Gerard, 1950). When frog sartorius muscles
are incubated in 100 mM Na® and K" is
added at concentrationsas high as 100 mM,
cellular volume remains unchanged (Ling,
1977b).

Figure 5 presents a plot of the steady
resting potentials of frog sanorius muscles at
low external K* concentration after 3 days
incubation at 25°C and at high externa K'
after only 10 to 15 minutes of equilibration.

After resting potential measurements were
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FIGURES. Variation of theequilibrium resting poten-
ual of frog sartorius muscles at different external K’
concentrations and constant external Na concentration
(100 mM). All points corresponding to an externa K~
concentration of 4 mM or higher (small solid points)
were obtained by the conventional procedure: measure-
ments were made 10 minutes after the application of
each higher K* concentration. In this range. for4 mM to
100 mM external K', each point represents the average
of four single determinations. The standard errors are
smaller than the width of the points and u= not ex-
pressed. For points corresponding to 25 mM or lower
concentrations of K*, the muscles were incubated for
three days at various K’ concentrations, Each point
represents average and S E of six reading. The inset
shows theoretical curves ploned from Equation 3 for
various levels Of 4; the abscissa, (K'|/ Na'.:) ™, represents
(K '/ N2“a) * KRk .

made, each muscle was returned to a normal
25 mM K' Ringer solution. All muscies then
regained a normal resting potential similar to
that already shown in Figure 2. This pre-
caution assures that the measured resting
potentials were not from dead muscles. The
inset shows a set of theoretical curves calcu-
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lated from Equation 3, published beforethe
set of experimentscited here were undertaken
(Ling, 1979). The data would fit a curve with
6 equal to 0.03, and KR.-x equal to 210.

DISCUSSION

The Significance of the Widely Different
Time Courses for Depolarization and .Re-
polarization. 1n 1960 Ling showed that the
resting potential of frog sartorius muscle,
dropped to a new low level almost instantly
following the application of a Ringer solution
containing 30 mM K and that this low level
of potential was maintained for at least 10
hours at room temperature (Ling, 1960, see
also Ling 1962). in spite of thefact that there
was a steady gain of intracellular X' during
this period o time (Ling and Ochsenfeld,

0 1966). Thisconstancy of the resting potential

in the face of a steadily rising internal K*
concentration offered one early set of evi-
dence against the membrane theory, pre-
dicting that the resting potential depends
directly on theintracellular K* concentration.
It was also shown that a Corning 015 glass
electrode is not sensitiveto K, Yet, applica-
tion of a very thin layer of oxidized and
partially dried collodion rendered the glass
electrode senditive to the K* concentration in
the envionment (Ling, 1962, 1967a, 1967b).
Thesefindingsled to the conclusion that it is
not the ionic permeability through the mem-
brane that determines the ion to which the
electrode is sensitive. Rather, the sdlective
adsorption on the surface anionic sites under-
lies the sensitivity exhibited by the 015 glass
electrode to H' and not to K°, by the
collodion-coated glass electrode to both H
and K*, or by thefrog sartorius muscleto K*
but lessto Na’. Only a few layersof anionic
sitesat the surface of the living cellsor their
glasselectrode model determine the potential.
On the basis of thistheory one can antici-
pate that the resting potential of living cells
would change abruptly when theseells are
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plunged into a Ringer solution containing a
K® concentration higher than 25 mM be-
cause al that is involved is the occupancy of
a vary smal number of vacant sites at the
surface. Similarly, when the muscle is
plunged into a rather small volumeof Ringer
solution containing 0.6 to 1.0 mM of K, one
observes a fairly rapid attainment of a new
higher level of potential. Again, this is not
difficult to understand, because it involved
primarily adecrease in the number of K* ions
adsorbed at the surface. However. when the
muscle is shaken in a large body o Ringer
solution containing virtually no K the
muscle as a whole loses K™ dowly and stead-
ily. In the process, the surface anionic sites
will continue to receive K' from the inside of
the cell and thus maintain a high potential
until eventually intracellular K™ 1s exhausted,
at which ume all the surface anionic siteswill
become occupied by Na’, and the potential
will approach a leve of nearly zero (Figure
2). Thesimilar timecoursesfor alossdf total
cell K' and again of total cell Nd on the one
hand, and for a fdl of resting potential, on
the other, suppon this view.

When adepoiarized muscleisreturned toa
normal 25 mM K* Ringer solution, reoccu-
pancy of the cell surface anionic sites again
involves only adsorption of K' to the surface
layer of sitesand can beexpected to be rapid.
However, in contrast to the exposure of
normal muscle to a higher than normal K
concentration (e.g., 30 mM), this return to
normal potential involves not only simplesite
occupancy but also a cooperative transition
of the surface anionic sitesfrom the Na“ state
to the K' state. Like al similar cooperative,
or more correctly, stochastic, processes, this
transition istimedependent (Negendank and
Karreman, 1978, Huang and Negendank,
1980), which, we bdieve, explains why it
would still take some 6 to 8 hours for the
resting potential to reach the new equilibrium
value even though this is till about 8 times
faster than the time required for total intra-
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cellular K* to return to its normal level.
Indeed, according to the inset in Figure 2,
one would expect that by the timethe resting
potential has risen to its full vaue, intra-
cellular K* concentration could not have
recovered more than a fraction of its initial
concentration. Thesefindingsoffer additional
support for the SA theory of the cellular
resting potential, which predictsthat thereis
no direct dependence of ¥ on the bulk-phase
intracellular K* concentration but that only
adsorption on the surface anionic sites
determines ¢, .

Autocooperarivity Among Surface Anionic
Sites. As mentioned in the Introduction,
there is now widely confirmed evidence that
cooperative interaction exists among the K-
and Na’-adsorbing sites within a variety of
living cells. Recently, three |aboratoriesusing
atotal of four different methods (autoradio-
graphy, transmission el ectron-microscopy, x-
ray microprobe analysis, and laser micro-
probe mass spectrometry (LAMMA)), al
showed that K" in frog muscleis not free and
evenly distributed inside the cdlls but is ad-
sorbed within the A bandsand Z lines (Ling,
1977a; Edelmann, 1977, 1978a, 1978b, 1980;
Trombitas and Tigyi-Sebes, 1979). This con-
clusion is further supported by the observa-
tion of Huang et al (1979) of the X-ray
absorption edge fine structure of K' in frog
red blood cdls. Their data strongly suggest
that K' is in a state of complex binding.
Taking all the findings together we fed that
the cooperative adsorption isotherms of K
and Na* originate from interaction between
intracellular K'-adsorbing Sites that exist
primarily on cell proteins, asdescribed by the
association-induction hypothesis(Ling, 1966;
Lingand Bohr, 1970; Jones, 1970; Karreman,
1972; Gulati, 1973).

With this point firmly established, one
recals that for frog sartorius muscles, the
average intrinsic equilibrium constant at
25°C for the bulk-phase K'- and Na’-
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adsorbing sites (Kne-x) is equal to 135, and
the nearest-neighbor interaction energy
(=v/2) isequal to 054 Kcal/mol. The data
presented in Figare 5 permit us to estimate
that K¥:-x equals roughly 210 and =/ 2is 1.0
Kcal/ mole.

Thedemonstration that the surface anionic
sites are autocooperatively linked is of con-
siderable importance. According to the Al
hypothesis this autocooperativity provides
the basis for the action potential, during
which there isan all-or-noneshift of electron
density of the surface anionic sites from a
state of overwhelming preferencefor K* over
Na’ to one in which there is a greater prefer-
encefor Nd. Concommitant with this shift,
depolarization of water at the cdl surface
leadsto theinward Na® current followed by a
return to the K' state (Ling, 1962, 1971, 1982,
se aso Ling, 1973).

The fact that during the passage of an
action current there is an increase not only of
permeability of N&, but of uncharged mole-
culeslikeerythritol and sucrose, adds support
to the concept that depolarization of cell
surface water increases permeability to all
large, complex molecules and hydrated ions
during the activated state (Villegas et 4.,
1965).

It is also interesting to ponder the basic
similarity in the valuesof K;-x and =y/2 for
the bulk-phase adsorption sites for K* and
Na® and for the surface sites, which would
suggest that similar sites are involved. We
have already shown that the surface anionic
sites have a pK value around 4.6, which is
characteristic of the g- and y-carboxyl
groups (Ling and Ochsenfeld, 1966). Further-
more, the bulk-phase K -adsorbing sites are
those 8- and y-carboxyl groupsconcentrated
in the A bands (Ling, 1977a; Edelmann,
1977). These are in fact the same sites that
adsorb uranium ion in an EM preparation
—as confirmed by the autoradiographic
study of Ling (1977a) and by the trans-
missonelectron microscopeand X-ray microprobe
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analysis of Edelmann (Edelmann. 1977,
1978a, 1978b). Thus the dark uranium-
stained double-lines referred to as the unit
membrane may correspond to the 8- and y-
carboxyl groups concentrated at the cell
surface.

HKI Theory, A | Hypothesis, and the Cel-
lular Resting Potential When Normal Exter-
nal K~ Concentration is Bdow Normal. A
logarithmic relation between external K’
concentration and the resting potential of
isolated nerves was reported in 1900 by
MacDonald (MacDonald, 1900). Curtis and
Cole(1942) studied theeffect of awide range
of external X' concentrations on the resting
potential of squid axon; they noted that at
external K' concentrations below that in the
normal environment the resting potential did
not continue to rise with decreasing K* con-
centration, as predicted by the Nernst equa-
tion. Instead, the potential became stabilized
at amoreor lessconstant level. Similar obser-
vations were made by Ling and Gerard (Ling
and Gerard, 1950).and many others (cited in
Ling, 1962).

In 1949 Hodgkin and Katz (Hodgkin and
Katz, 1949), adopting Goldman's constant
field theory, introduced their equation for the
cellular electrica potential:

v =—1In
F

PK [K‘]m + pNa [Na‘]m + PCI [Cl-]“ (6}

Px [K'Jex + Pxe [Na')ex + Pai [Cl Jn

where Pk, Px, and Pe are the permeability
constants of the cell membrane for K*, Nd
and CI', respectively. [Cl ]e: and [Cl')i are
the extracellular and intraceliular chloride
ion concentrations, respectively. Other sym-
bols are as defined earlier.

Later. thisequation was modified and took
the following form (Katz, 1966):
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v= Eln Px [K’]m + Pna [Na.]m

F .PK[K‘]GI + PN. [Na.]u .

(7

The theoretical justification for dropping the
chloride terms was seriously challenged
(Ling, 1978). although the experimental basis
for this elimination was unquestioned
(Hodgkin and Horowicz, 1959). For short-
term experiments. at least, Equation 6 can be
further simplified and generalized into the
followingform:

RT n .
v = Constant-? In £ Pi[ple ®
i=1

where P, is the permeaility of theith permeant
cation Pi". Equation 8 is identical in form to
Equation 2, derived on the basis of the Al
hypothesis; however, the coefficients, Pi’s on
the one hand. and Ki's on the other, have
quite different physical bases. The results of
experiments to test the predictions of each
model support Equation 2 but not Equation
8 (Edelmann and Baldauf, 1971; Edelmann,
1973; Ling, 1978) and will be discussed next.

As mentioned above, both theories predict
asimple logarithmic relation between ¥ and
external K° concentration at or above a
normal concentration, and both explain the
stabilization of ¥ at K' concentration below
normal, becausein these experiments[Na"Jex
is more or less constant.

Weidemann observed that in canine Pur-
kinje muscle fibers the redti'ng potential did
not stabilize at a constant value as [K Jex
continues to decrease below its normal value
and as[Nd],, washeld more or lessconstant
at near itsnormal valuein the Ringer solution
(Weidemann, 1956). Instead, the potential
decreased at very low external K’ just aswe
have observed and as is shown in Figure 5.
This observation wes later confirmed and

7

extended by Ruzyllo and Vick in canine
Purkinje muscle (Ruzyllo and Vick, 1974)
and by Gorman and Marmor in molluscan
neurons (Gorman and Marmor. 1970).

In the experiments reported here, a pro-
found difference existed in the time needed
for the resting potential to attain a new equi-
librium level in muscles plunged into a Ringer
solution containing more or lessK* than that
in the normal Ringer solution. For high
external K', theequilibrium is reached almost
instantly (Ling, 1960); for low K, it took
many hours. In sharp contrast, it took only
15 minutes of equilibration timefor Ruzyllo
and Vick (Ruzylloand Vick, 1974) to observe
the same low equilibrium potential at very
low external K* concentration.

Earlier. we explained that the dow attain-
ment of the new equilibrium levd o the
resting potential in low { K" Jex iSprobably due
to dow loss of K' from within the cells and
the continued supply o K' to the surface
potential determining sites. If thisinterpreta-
tion iscorrect, therecan be only oneexplana-
tion for the rapid attainment in cardiac
muscles of the new equilibrium leve of the
resting potential in low [K™]e: the time
needed for the loss of intracellular K* must
be much faster. To our knowledge, there is
no exact counterpart of the datashownin the
inset of Figure 2 for canine heart muscles.
However. Edelmann. Pfleger. and Matt did .
report labeled K” efflux of guinea pig heart
muscles; the time of 90% exchange(b. 9) at
37°C is about 50 minutes (Edelmann et d.,
1971). In contrast, tos for labeled K ex-
change at 25°C in frog muscle is about 2000
minutes (25° C)! The differenceisfar beyond
what one would anticipate with a difference
in temperature of 12°C. Thus it seems that
indeed a much more rapid exchange of cel .
K’* existsin mammalian cardiac musclesthan
in amphibian voluntary muscles.
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