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Moritz Traube’s copper ferrocyanide gel
membrane was highly permegble to waer but
not to many ions and other solutes (Traube,
1867). To explan this *“semi-permesbility”,
he suggested that this membrane acted as an
“aomic sSeve’, with pores large enough to
dlow passge of the smdl wae molecules
but not that of larger solutes. Further studies
of copper-ferrocyanide membranes by Pfeffer
ultimately led to his founding of the mem-
brane theory (Pfeffer, 1877). The aomic deve
idea was not supported by later eectron and
x-ray diffraction studies of the copper ferro-
cyanide gel which was shown to have “pores”
with diameters of the order of magnitude of
100 to 200 A, far too lage to explan the
impermeability of this membrane to mole-
cules the size of sucrose (diameter 88 A) (for
review, see Glasstone, 1946, pps. 656-657; see
also Findlay, 1919, p. 95 for additional
evidence).

An dternative concept of the nature of the
cdl membrane was proposed by Overton and
given the name, lipoidal membrane theory
(Overton, 1899). Adopting the “solution
theory” of osmosis of L'Hermite (1855) and
others, Overton hypothesized that dl cdls are
covered by a continuous lipid layer and that
the rddive permesbility of different nondec-
trolytes are determined by their solubility in
this lipid membrane. Overton's theory re-
ceived support from Collander who showed
that the rates of permegtion of a large number
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of nondectralytes into the centrd vacuoles of
Nitella cdls were, with some notable excep-
tions (see beow), corrdated with their oil/
water digtribution coefficients (for review, see
Collander, 1959); and from Gorter and Gren-
ddl (1925) who showed that different types of
red blood cdls studied possessed just enough
lipids to form a continuous bilayer covering
of the entire cdls.

Among the evidence that serioudy contra
dicted the lipoidd membrane theory was that
the lipoidd membrane theory predicts that
the cdl membrane should be more permegble
to ethanol than to water. This prediction,
however, contradicts the concluson from the
fird recorded demongration of “semiperme-
ability” by Abbé Nollet, who observed higher
permeability of pig bladder membrane to
water than to ethanol (see Glasstone, 1946, p.
651). To correct this type of shortcoming, the
concept of a mosaic membrane was intro-
duced (Collander and Birlund, 1933). A
mosac membrane is one in which a continu-
ous lipid membrane is punctured by pores
just wide enough to allow the passage of
waer and other smal molecules but to bar
passsge of other larger solute molecules As
such, the mosac membrane theory incorpor-
aes both the lipoid membrane concept and
the aomic seve idea Collander and Birlund,
however, made no reference to the evidence
then avalable agang the aomic seve idea

In the early 40, Boyle and Conway (1941)
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once more invoked and elaborated on
Traube's aomic seve idea. They too made no
reference to the evidence againg the atomic
deve concept. In their newer verson of the
aomic deve theory, a semipemedble, ion-
sective cdl membrane caries pores of uni-
form sizes, just wide enough to allow the
passage of smaller (hydrated) K', H', and CI'
with rdative diameters (r.d) of 1.00, 0.20,
and 0.98 respectively but not that of the larger
(hydrated) Na'(r.d. = 1.49), Li' (r.d. = 1.95);
Ca" (r.d.= 2.51), and Mg" (r.d. = 2.84).
This theory provides a mechanism for both
selective accumulation of K' over Na' in
living cdls and sdective K permesbility of
cdl membranes Though a landmark in cdl
physiology, this theory was disproven soon
after its publication; radioactive tracer sudies
showed that Na“ (Cohn and Cohn, 1939;
Heppel, 1939), Cd" (Shanes and Bianchi,
1959), and Mg" (Conway and Cruess-
Cdlaghen, 1937; Ling & d., 1979) ae in fact
al permeant.

In 1962 Ling had compiled from the litera-
ture 22 sas of data on the radii of hydrated
K’, Na', and Li’ averaging respectivdy 215 +
022 (SE), 269 + 033, and 321 + 045 A
(Ling, 1962, p. 548). According to Boyle and
Conway's figure the radius of hydrated Mg™
is 2.84 times larger than that of K' and is thus
of the order of 610 A which is condderably
larger than that of sucrose (radius, 44 A, see
Renkin, 1954). Yet Mg’ traverses the muscle
cdl membrane very rapidly (tiz = 47 £ 025
min. 25°C) (see Ling & 4d., 1983).

The permesbility of the cdl membrane to
large hydrated ions posed a very serious prob-
lem for the membrane theory. It shows quite
cdealy that the cdl membrane must contain
laage pores big enough to dlow passge of
large hydrated ions like Mg™. Since even the
most lipid-soluble solute that Collander
presented in his well-known publication,
paddehyde, (see Collander, 1959) dill had
an oil-water distribution coefficient much
lower than unity (i.e., 0.019), there is no
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reeson that any of the 69 solutes Collander
sudied will choose the unfavorable lipid part
of the cdl membrane to affect their entry,
and refran from the much esder routes of
large pores. When dl solutes enter and leave
the cdls via large pores filled with normal
water, the only difference in the permeability
rates of waer and sucrose through the cel
membrane will be that due to the differences
in their diffuson coefficients in water (244 X
107 em’/sec for H,O (Wang et d, 1953) ad
5226 X 10° em’/sec for sucrose (Hodgman
et d. 1961)), a mee dfference of 4.7 fold,
which is a far cry from redlity. Thus for the
inverted frog skin, water permeshility a 25°C
is more than 9000 times grester than that of
sucrose (Ling, 1973).

In 1951 and years following Ling (1951,
1952, 1960) presented the rudimentary form
of a new theory of the living cdl, which was
for a while known & (Lings) fixed charge
hypothesis. In this hypothesis, the proteins of
the living cdl and its subcdlular organelles
(eg, the cdl membrane) ae joined into a
threedimensond  laticework, forming what
is cdled a “fixed charge sysem”. A key con-
cept of this hypothesis was to provide a
molecular mechanism, whereby discrimina-
tion between K’ and Na' can be achieved.
This concept is described in terms of the
“principle of full counterion association as a
resllt of charge fixaion” Thus in living cdls,
cations like K" and Na" are completely or
nearly completely adsorbed on (or associated
with) fixed anions as pat of the proteinace-
ous fixed charge system of the cdls*. It is to
be noted that this “basc principle’ was dia
metrically opposed to the prevaling beief a
that time of full ionic dissociation in agueous
solutions, at ionic strength of biological
gystems (ca 0.1 M).

Asociation with anionic 8- and y-carboxyl
groups caried by agpatic and glutamic acid
resdues of cytoplasmic proteins alows the
only differences between the short-range attri-
butes of K" and Na' (e.g., Sze, polarizability)
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to be “fdt’, thereéby providing a mechanism
for the sdective adsorption of K’ and hence
accumuletion of this caion in resing cels
This basc mechanisn was dso invoked to
explan sdective and preferentid K© perme-
ability over Na' (Ling, 1952, 1953, 1955).
Later these concepts became incorporated
into a generd theory of the living cdls under
the title of “associaion-induction (Al) hypo-
thess’ replacing the older name of (Ling's)
fixed charge hypothess.

In 1965 the Al hypothesis was further
extended to incdude the polaized multilayer
theory of cdl waer (Ling, 1965, 1972). In this
subsidiary  hypothesis, cetan  intracdlular
proteins found throughout the living cell
exist in the fully extended conformation
forming a three-dimensional matrix.** In
this conformaion the sequence of pogtively
charged polypeptide NH groups (P sites) and
negatively charged CO groups (N sStes) polar-
ize in multilayers the bulk of cdl water. For
both entropic and enthdpic ressons, water in
the sate of polaized multilayers has decreas-

* |t should be pointed out that the existence of fixed
charges on the cell membranes and model systems have
been known for a long time (Bethe and Toporoft, 1914,
1915; Michaelis, 1925; Toerell, 1935-36; Meyer and
Sievers, 1936: Sollner et a., 1941). However, following
conventional concept of properties of dilute solutions,
counterions Of these fixed charges were considered fully
dissociated. As a result, no selectivity for the counterions
could be achieved since the differences between K' and
Na®, for example, are in short-range atributes which are
not “sensed” unless they are closely associated with the
fixed anions. Counterion Selectivity on the basis of close-
contact association was a new concept introduced first in
1951 and 1952 (Ling, 1951, 1952, 1960, 1962). Theoretical
basis for the effect of charge fixation on enhanced
counterion association was discussed and  experimental
evidence cited (Kern, 1948: Ling, 1962; Ling and Zhang,
1983, 1984).

#% The fully extended conformation is a conformation
where all inter- and intra-chain H-bonds are broken, and
the polypeptides NHCO groups directly exposed to the
bulk-phase  water. This conformation is different from
the “extended” conformation, denoting B-pleated shedt
conformation.

1

ing solubility for solutes with increesing size
(the “size rule’). The theory of polarized
multilayer of cell water provides, on one
hand, a nonenergy-consuming mechanism for
the exduson of Na' and other lage mole
cules and hydrated ions from water in living
cells (in lieu of the Na' pump and other
pumps); and on the other hand, a possible
candidate for the semipamesble barier of
the cell membrane (in lieu of the mosaic
membrane concept) (see beow).

The origind mosdc membrane concept is
faulty because its maor component, the
aomic gSeve idea has been counterindicated
agan and again in the pest. Polaized water
as the bads for size-dependent permeability
is, on the other hand, compatible with semi-
permesble properties of pores too wide to act
a molecular deves as the copper ferrocyanide
gel membrane had demonstrated. Evidence
suggesting that polarized waer may indeed
act as the seat of the semipermeable proper-
ties of living cdl membrane were presented in
1973 (Ling, 1973).

- A0 /CELLW
o)

PROTEN | DE

LAYER | G
222 )83

ADSORBED oG
cAaTON___|Q Q Q € OfS

PROTEINS

k INTERSTITIAL CATION
FIXED H-BONDING SITES
FIGURE 1. Diagram of the suface of a typicd cell,

including the cell membrane and the underlying cyto-
plasm. Water molecules, existing throughout in polarized
multilayers, have been eliminated here (Ling, 1965).
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Figure 1, taken from an earlier review
(Ling, 1965) presnts a diagrammatic illustra-
tion of a pat of a cdl membrane as primarily
a proteinaceous fixed charge system where an
aqueous pore is filled with water polarized by
the protein in the form of multilayers and
lined with an aray of fixed anions whose
asocigtion with entrant  cations  provides an
“adsorption-desorption route’ for the selec-
tive exchange of ions across the cdl mem-
brane (Figure 2). lons of the opposite charge
as the fixed ion (eg., Na') but unable to com-
pete successfully for the fixed anions against
preferred  counterions (eg., K'), ions of the
same polarity as the fixed ions (eg. Cl'), and
neutral nonelectrolytes may enter the cdl via
the polarized waer by what was designated
as the “sdtatory route’.

Thus far little effort has been made to
asess how much of the surface of one specific
cdl type is covered by a lipid layer and how
much is covered by the fixed charge polarized
waer sysem and if dgnificat differences
exig among different cdl types in the rddive
abundance of the lipid component vs. the
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FIGURE 2. Diagrammatic illustration of the two
routes Of ion entry into a fixed-charge system. Shaded
aea represents a microscopic portion of the surface of a
fixed-charge system in which four fixed anions are repre-
sented. Route | is the saltatory route, Route 2, the
adsorption-desorption route, involves a sequence of
three steps: adsorption, libration around the fixed anion,
and desorption. (Ling and Ochsenfeld, 1965.)
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fixed chargepolaized weter component of
the cdl membrane

Andredli, Tiffenberg, and Tosteson (1967)
showed that black membranes prepared from
lipids extracted from sheep erythrocytes have
very high dectricd resistance (1 = 3 X 10°
ohm-cm*) which is indifferent to the concen-
tration of KC1 solution bathing the mem-
brane. The introduction of 107 M valinomy-
cin or mixtures of monactin and dinactin
produced drastic decreases of the membrane
ressance by as much as 3 or 4 orders of
magnitudes if the bathing solution aso con-
taned a high enough concentration of KCl
(10 "M for valinomycin, 10°°M for monactin-
dinactin). It occurred to us tha these proper-
ties of the macrocyclic antibiotics might offer
insight in the relative proportion of lipid
phase and fixed-charge polarized water phase
of different types of cdl membranes.

Fgure 3 diagrammaticaly illudrates the
three hypothetical types of cdl membranes
and ther anticipated response to the presence
of exterrd K’ and K' ionophores. Type I,
pure lipid membranes, Type 2, mixed lipid-
fixed chargepolaized water membranes and
Type 3, pure or effectively pure fixed charge-
polarized water membranes. In the presence
of external K* and K' ionophores. Type I,
pure lipid membranes, Type II, mixed lipid-
fixed charge-polaized wae membranes, and
Type 11, pure or effectively pure fixed charge-
polarized water membranes. In the presence
of external K’, K ionophores drastically
increase K' permesbility of pure lipid mem-
branes, moderatdy incresse K' permesbility
of mixed membranes but have no effect on
the K' permeability of pure fixed charge-
polarized weter membranes.
cells, a highly specidized cdl to sarve a very
specific function, O and CO; transport; frog
satorius muscle, which represents the excit-
ale cdls whose ionic permesbility changes
underlie its diverse physologicd functions,
and the prototypic frog eggs, from which al
cdl types are derived.
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MATERIALS AND METHODS

Sartorius muscle and ovarian eggs were
obtained from the North American leopad
frogs (Rana pipiens pipiens Schreber). The
frogs were forcefed canned dog food twice a
week; they were kept in a dainless ged sink
with running water at room temperature.
Human red blood cdls were obtained from
freshly drawn heparinized whole blood of
hedthy adults.

In al cases, we studied the K* permesbility
by messuring the rate of influx of labelled K
into the cdls during a 14 to 15 minute expo-
aure followed by remova of radioactivity in
the adhering fluids or in the extracellular
goace. Influx Sudies are superior to  efflux
studies due to the time-saving efficiency and
the freedom from choodng between fractions
when €fflux curves are complex. More de
taled procedures ae given bdow for each
tissue studied.

Frog Sartorius Muscle Studies.  After iso-
lation, the sartorius muscles were kept over-
night a 4° C in a Ringer's phosphate solution
(Nd, 1037 mM; K", 25 mM; Ca™, 0.72 mM;

No lonophore
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Mg™, 1.2 mM; Cl-, 966 mM; HCO;, 6.64
mM; PO4, 32 mM; SO;, 1.2 mM; dextrose,
24. 0mM).

Loose connective tissue isolated from the
legs and thighs of the animds that provided
the muscles were trested in the same manner
as the sartorius.

Muscle pairs were divided into two groups.
One group was incubated in a Ringer's phos
phate solution containing varying K™ concen-
trations and either 10'M valinomycin (Sg-
ma Chemicd Co. Lot 118C-4025; Boehringer
Mannheim Lots 1139205, 1379106); 10 'M
nonactin (Boehringer Mannheim. Lot
1468304); or 10”'M monactin (obtained as a
gift from Drs. Muller and Scheibli, Ciba-
Geigy), lonophores were initidly dissolved in
absolute ethyl acohol which in the find solu-
tions was 0.1%. Incubation of the control
group was in a Ringer's phosphate solution
of the same composition but without the
ionophores. To avoid possible adherence of
ionophores on to glass, plagic ware was used
throughout the experiment.

The tissues were preincubated in  experi-
mental solutions a 27°C for fifteen minutes
by one of two methods (1) immerson in a
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FIGURE 3. Diagrammatic illustration of three types of cell membranes and the effect of ionophores on the rate of

K" permeation. Number of arrows roughly correspond to extent of K' permeation. Type I, pure lipid membrane;
Type 1[I, mixed lipid-fixed ion-polarized water membrane; Type 111, pure or effectively pure fixed ion-polarized water
membrane.
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lage volume of solution (200-400 cc) while
dther bubbling with ar or vigoroudy sheking
on a rotating sheker or (2) in a continuous
flowing solution at the rate of 30 cc/min
through a vessd holding the tissues.

The tissues were removed at the end of pre-
incubation, quickly blotted on filter paper
wetted with the experimentd solution and
trandferred to & incubating solution of the
same compostions as the preincubation solu-
tions but with “’K label (New England
Nuclear Co., Lots 262, 271, 277, 325, 331).
The average duration of incubation was 14
minutes, a time short enough to measure the
true initid rate of entry (Ling and Ochsenfeld,
1965).

Extracellular space fluids were removed
from the musdes and the connective tissues
with the ad of the centrifugation procedure
described by Ling and Waton (1975a).

Following centrifugation, the muscle tissue
was frozen in liquid nitrogen and broken into
two pieces one piece was weighed and dried
in 100°C oven to determine the water content
of tisue the remaning piece was extracted
in 3 ml. of 5% trichloroecetic acid and the “K
activity measured on a Nuclear-Chicago
y-scintillation sysem. The extract was dso
andyzed for totd K* and Na' on a Perkin
Elmer Modd 103 aomic adsorption spectro-
photometer.

Find daa were corrected for connective
tissue dements present in the isolated muscle
Expeimental data obtained for the treated
connective tissue and & edimated 59% for
the weght of connective tissue in centrifuged
muscle provided the basics for correction
(Ling and Waton, 1975b).

Oocyte Studies. Clusters of 15 eggs from
several frogs were dissected free from the
ovarian lobe in a cold Ringer's phosphate
solution just prior to the experiment. The
bulk of the connective tissue atached to the
egg was removed leaving a bare minimum for
handling with fine forceps. The diameters of
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egos used ranged from 1.1 to 1.9 mm.

Incubation solutions were of the exact
composition as those used in sartorius stud-
ies The expeimentd procedure was dSmilar
to musde gudies except adhering incubation
fluid was removed by a 3-5 second rinse in a
laage body of nontagged incubation solution.
The cluster was the” drained by placing it on
filter paper moistened with the nontagged
incubation solution and gently blotted.

To measure the contribution of the connec-
tive tissue dements adhering to eggs connec-
tive tissues were obtained from the “stak” of
the ovay and from the ovaian tissue lobe
after removd of dl eggs These tissues were
then incubated and washed in exactly the
same Manner as the eggs and assayed for
radioactivity to provide data for making
corrections.

The percentage of extracdlular tissues sur-
rounding the egg cdls were determined by a
method described earlier (Ling and  Ochsen-
feld, 1977). For the present experiments this
percentage varied between 1.1 to 2.7%
depending upon the sre of the eggs.

The waer content of the egg custer was
determined by tresting duplicte egg duders
in the same manner as the expeimenta egg
cugers and drying in vacuo over phosphor-
ous pentoxide.

Red Blood Cell Studies. The basc incuba
tion solutions for human red blood cdls were
dightly modified Kreb's solutions (compos-
tion of basic medium: Na, 1432 mM; K', 50
mM; Ca™, 29 mM; Mg’, 1.2 mM; CI", 1309
mM; HCO;, 225 mM; PO, 12 mM,; dex-
trose, 5.6 mM) contaning 1 “nit/ml heparin.
lonophore addition as described under
muscle dudies.

\Red blood cells were mixed at a 10%
hematocrit and preincubated with gentle
shaking a 26°C under a mixture of 500 O,
45% N;, 5% CO,; for ten minutes. The sus
penson was then centrifuged a 27,000 X g.

Cells were resuspended at a 10-30% hema-
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tocrit in a solution of the same compostion
as the preincubation solution but with “’K
labd (New England Nudlear, Lots 262, 277,
325, 344, 359, 363, 365). The duraion of
incubation was 15 minutes.

Cdls were then separated from the tagged
incubation solution by centrifugation in 0.5
ml microcentrifuge tubes for dther 10 minutes
a 27,000 X g or 4 minutes a 15,600 X g. Pat
of the red blood cells spun down were weighed
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fresh and again after drying at 100°C to
obtain their waer content. Other samples of
the spun-down cells were introduced into 5%
trichloroacetic acid and anadyzed for K', Na'
and “K as in muscle studies

The volumes of extracellular fluids were
determined with the aid of "*C-carboxyl inulin
(New England Nudear, Lot 1141-229; ICN,
Lot 591163) as follows Jugt prior to the find
centrifugation of experimental samples, 4
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FIGURE 4. Effects of valinomycin (107 M), nonactin (10""M), and monactin (107"M) on the K' and Na'
contents of human red blood cells, frog oocytes, and frog sartorius muscles at different external K
concentrations. Antibiotic treated cells (K', A; Na', A); their controls (K, O; Na', @).
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volume of a solution containing '“C carboxyl
inulin equa to 19 of the incubation solution
was added and mixture gently shaken. In
addition to “’K and tota anayss, the TCA
extract of the pellet was dso andyzed for ''C
on a Model 3300 p-scintillation spectro-
photometer to determine its labelled inulin
content used for correcting the radioactive
and nonradioactive ionic  contaminations  in
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In some cases the red cdl pelet obtained
from the above centrifugation wes added to a
finite volume of untagged Kreb's solution.
After gentle mixing to resuspend cdls, the
sample was centrifuged as above and the
supernatant andyzed for "“C inulin relessed
from cdls.

The Calculation of the K Permeability

the extracellular space fluid. Constant. Assuming first order kinetics, the
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FIGURE 5.

Effects of valinomycin (107M), nonactin (10""M), and monactin (I0-‘M) on the inward

permegbility of human red blood cells, frog oocytes, and frog sartorius musdles a different extend K'
concentrations. K" permeability given in units of e¢m/sec. A, antibiotic treated. 0, control.
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TABLE 1. Detaled data on the effects of valinomycin, nonactin, and monactin, al at 10'M on the (inward)
permeability constants (k) (in units of cm/sec.) to labeled K' of frog sartorius muscles.

Control Experimental
No. of (K kX 10° (K K % 10°
EXpCrimcn[S (lTlM) (Cm]‘SEC) (mM) (cm/ SCC) K“pf' Keontrol
- 10 0.33 128 £ 0.060 0.33 121 +0.068 0.95
el 27 2.45 143 + 0.047 241 1.48 + 0.045 1.03
E 17 105 121 +0.051 10.2 125 + 0.054 1.03
% 17 311 0.890 + 0031 30.3 0.903 + 0.031 1.01
= mean + SE. (1.01 £ 0.02)
" 6 2.55 104 + 0.066 2.57 113 +0.062 1.09
é 6 10.2 106 + 0.065 10.0 103+ 0.049 0.97
£ 6 30.9 0.710 4+ 0.038 29.8 0.669 t 0.037 0.94
z mean + SE. (1.00 + 0.05)
6 2.32 174 4 0.169 2.32 164 +0.169 0.94
]
2 6 10.0 138 £ 0.100 10.0 1.38 +0.107 1.00
g 7 30.0 107 + 0.068 30.0 1.11 £ 0.080 1.04
= mean + S.E. (0.99 + 0.03)
Overal mean + S.E. (1.00 £ 0.016)
TABLE Il. Detaled data on the effects of valinomycin, nonactin, and monactin, all at 107M on the (inward)

permesbility constants (k) (in units of cm/sec.) to labeled K' of frog ovarian eggs.

Control Experimental
Expt. (K'ex xx 10° (K Jex kX 10
No. Temp. (mM) (cm/sec) (mM) (cm/sec) Kexp! Keontrol
V10 27-28° 2.34 1.74 i0.157 2.37 177 £0.129 1.02
=
-0
E
g “14 L3 0.735108::10.0330.082 1158 0774, 1 (0.05m.024 /]
é Vid,vid 31.8 0.494 + 0.029 32.3 0.481 + 0.009 0.97
> mean T S.E. (1.02 +0.02)
V21 290 2.45 1.32 + 0.050 2.54 1.19 +0.068 0.90
*;Ea 10.0 0.606 t 0.089 101 0.604 + 0.065 1.00
g 29.7 0.408 + 0.013 30.3 0.442 +0.028 1.08
Z mean + S.E. (0.99 * 0.05)
k-] V24 30 2.28 223 +0.17 ~ 2.28 1.76 + 0.203 0.79
o 11.0 0.718f0.08 10.2 0.713 + 0.068 0.99
a 33.0 0.459 £ 0.028 30.4 0.445 t 0.012 0.97
Z  men t SE (0.93 + 0.05)

Overdl mean t SE. (0.98 + 0.02)
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rate of inward pemestion of labelled K' into
the cdls is described by the rdaion

e = &G K O

where [K*]i, and [K¥*]ex are the concentration
of labelled K in the cdls and in the incuba
tion solution. A and V ae the surface volume

ratios of the cdls and x " IS the inward
permesbility constant in units of cm/ sec. For

t he frog sartorius muscle cels the A/V ratios
determined are 550 cm’/gram X 105 = 578
(cm)” (Ling, 1962, p. 208). Due to consider-
able variation among frog ovarian eggs
sudied, the AV ratio equa to 3r cm ' was

TABLE 111.
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individualy cdculated from the radius (r) of
the eggs Since the eggs used were usudly 1.5
to 20 mm in diameter, the A/V rdios were in
the neighborhood of 30 to 40 ¢m'. The
suface-volume ratio of human erythrocytes
used, 1.57 X 10* (cm) ', was based on our
own edimates and was somewhat lower than
avaue of | 88 X 10° if one used for cdcula
tion the surface area of an individud erythro-
cyte (163 ) and its volume (87 u') given by
Ponder  (1948).

RESULTS

Vdinomycin is a poweful uncoupler Of
oxidative phosphorylation (McMurray and

Detailed data on the effects of valinomycin, nonactin, and monactin, all at 10"M on the (inward)

permeability constants (k) (in units of cm/sec.) to labeled K of human red blood cells. For explanation of the

significance of figures in square brackets see text.

Control Experimental
No. of
No. of Individual (K']ex kX 10° (K Jex x X 10°
sets of Expts. Expts. (mM) (cm/sec) (mM) (em/sec) ind gt
3(13,27,30) 14 5.26 .24 + 0.093 5.72 3.67 + 0.169 1.64
[2(27,30)] 10 5.2 2.3 + 0.100 5.69 340 £ 0.147 1.44
B 4(9,13,27,30) 18 10.1 246 + 0515 10.2 433 £ 0.8% 1.76
;; 14 10.4 150 + 0.055 10.5 280 4+ 0.382 1.88
a4 J227.30) 10 10.4 149 4+ 0,075 10.6 2.09 +0.12 1.40
> 1(9) 4 14.3 214 +01727 145 5.97 £ 0.0 219
5(9,13,27,28,30) 33 3.9 149 + 0.166 3.9 241 +0.33, 1,66
[2(27,30)] 9 3.0 0.701 £ 0.075 3.0 128 +0.140 1.83
man + S.E (1.80 £ 0.154)
3(17,20,26) 12 5.4 268 + 0.417 5.48 394 + 0.746 147
[1(26)] 4 5.50 L4 +0.148 5.50 153 +0.121 1.09
B 4(17,20,26,31) 24 10.4 L3 +0.161 10.4 186 + 0.32 1.42
3 [202631)] 16 16 10.3 0.908 + 0.06 10.3 112 +0.074 123
2 5(17,20,26,28,31) 34 3.3 124 i-0.157 33 119 £0.198 0.96
[2(26,31)] 10 3.4 0.476 4 0.065 3.4 0.718 + 0.082 1.51
nean + S.E. (1.28 +0.09)
2(25,29) 9 5.02 320 +0482 5.19 415 + 0.643 1.29
[1(29)] 6 b 14 230 +0.103 5.34 278 £0.146 1.21
% 2(25,29) 9 10.6 320 + 0.964 10.2 3.06 £0.449 0.9
g [1(29)] b 10.8 15 +0.104 105 2.05 +0.075 1.34
= 3(2528.29) 26 3.0 163 +0.21 3.0 166 + 0.45 1.02
[1(29)] b 31.8 0.656 + 0.056 3.8 0.795 £ 0.054 L2
mean *+ S.E, (1.17 £ 0.63)
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Begg, 1959). Exposure to this drug often led
to cell deterioration with loss of cdl K' and
gan of cdl Na* (Tosteson, et d., 1975; Car-
meliet and Lieberman, 1975). This propensity
to deteriorative loss of K provides one im-
portant reason for our choice of influx studies
over eflux studies to determine K° perme-
ability. To test the predicted effect of the
three K'-specific ionophores on K' perme-
ability, the cells used for the test must not be
seriously damaged by the drugs. Figure 4
showed that exposure of the three types of
cdls to vainomycin (107M), nonactin (10~
M), and monactin (10 'M) for the duration
similar to those used to determine the K’
permeability produced no or only slight
changes in the K" and Na“ concentrations
over a range of external K’ concentration
from 2.5 to 30 mM.

The main daa collected from dl the experi-
ments conducted are summarized in Fgure 5
and Tables I, Il, and Ill. Table | shows thet
the permesbility congtant, ¥ (in “nits of centi-
meter per second) of normad frog sartorius
muscles varied condderably. Thus a & ex-
ternal K* concentration “ear 2.5 mM, g
ranged between 104 X 10 to 1.74 X 107
cm/sec. Nevethdess the control vaues agree
with the range of variations reported in the
literature from 0.97 X 107 c¢m/sec (Mullins,
1959) to a high as 211 X 107 cm/sec (Katz,
1966) with most of the values earlier reported
from this laboratory falling somewhere in
between (154 X 107 cm/sec, Ling, 1962; 1.56
X 10°°, Ling and Ochsenfeld, 1965). The
agreement  with literature vaues aso shows
that the incluson of ().19; (v/iv) of ethanadl in
the controls did not materially alter «, a
conduson we ds veified expeimentdly
(data not given).

A comparison of the values of ky+ of
control frog muscle with ther pared muscles
exposed to vainomycin, nonactin, and mon-
actin, all at 10 "M, revealed that “one of
these ionophores had any dgnificant effect
on the K* permesbility of frog muscles.
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Table 1l shows that the K' permesbility of
frog ovaian eggs is & order of magnitude
higher than that of frog satorius muscles.
Like frog musdes the K™ permesbility is aso
unaffected by exposure to 107M valinomy-
cin, nonacti”, and monactin.

Table 1l shows that the K' permesbility
constants of human erythrocytes are five
orders of megnitude lower than tha of frog
ovaian eggs and three orders of magnitude
lower than that of frog muscle. |I” contrast to
both frog tissues, but in generd agreement
with the report of Tosteson et a. on sheep
erythrocytes, 107M  vainomycin,  nonactin,
and monectin dl  dgnificantly increesed the
K* permesbility.*** However, the magnitude
of the effects was on the average bdow a
factor of 2 — in contrast to the report of 10
to 20-fold increase reported by Tosteson and
his coworkers on sheep erythrocytes. Even
more modest increases of x were produced by
nonectin and monactin — in the range of 25
to 30%.

The data given in Table I, under the
number of sets of expeiments, 3 (13, 27, 30)
indicates three sets of experiments each of
which bear the expt. no. of 13,27, and 30. On
the next line in square brackets [2 (27, 30)]
represents the average of only two of the
threesets of data The reason for this sdectiv-
ity is as follows: In Expt. 13, the vaues of the
extracellular spaces were determined by
labelled inulin and corrections were based on

#+x The fact that enhanced K permeability of human
erythrocytes was not pardleled by a loss of the abilities
of these cdls to maintain their normal high K' content
and low Na" content (see Figure ) contradicts the
concluson of Freedman and Hoffman (1979) who cited
the total loss of these abilities in erythrocytes exposed to
nystatin & evidence in favor of the membrane (and
postulated) pumps rather than cytoplasm as the seat of
K* accumulation and Na” exclusion. It would seem more
likely that nystatin, a strong poison, produced its effect
by injury inflicted on the cells. (For other evidence
against the membrane and for the cytoplasm as the scat
of sdlective solute distribution, see Ling and Negendank,
1980; Ling, 1984).
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the average values from similarly treated
erythrocytes, Laer we discovered rather large
vaidion of the extracdlular spaces among
different samples of erythrocytes. In  experi-
ments performed later, correction was based
on inuin space detemined individudly on
eech sample as a result, much less vaiaions
were seen. These data obtained with indivi-
dual inulin-space determinations include
Expt. 27 and 30. These and other similar
expeiments peformed with individud inulin
assay, are presented between the square
brackets in Table 111 and are aso the (only)
daa given in Fgure 2.

However, even in human erythrocytes,
there are dso some unexplained traits of the
observed increase of K' permeability in
response to the three macrocyclic compounds.
The data of Andreoli & d. (1967) mentioned
above show that in the pressnce of 107M
vainomycin, the redstance of atificid lipid
membranes demondrated a 400-fold decrease
from 10’ to 25 X 10°0/cm’, as the extend
KC1 concentration was incressed from 107 to
10°M. Thus if the observed incresse of K"
permeation into human red blood cell in
response to vainomycin was by a mechanism
essentially similar to what Andreoli et al.
demongrated in lipid membrane from sheep
erythrocytes, one would expect a 40-fold
increase in K' permesbility (x) (in units of
cm/sec.) when the externd K™ concentration
was rased 10fold from 10°M to 10°M (see
equation 1). The experimenta data (Table I,
Figure 3) did not show this trend;, x remained
more or less congant. Similarly, if monactin
done and mixture of nonactin and dinactin
execise dmila quantitative effects on lipid
membrane permeability to K* one would
anticipate a substantial increase of « with
increase of extend K~ concentration for 107
to 10°M. Agan no increese of this kind was
seen. Thus while consisency of an observed
increase of K* permesbility in response to dl
three  macrocyclic compounds gave us some
confidence for the role of these compounds

G. N. LING and M. M. OCHSENFELD

as specific K™ carriers across the lipid part of
the erythrocyte membrane; further work is
needed to clarify these apparent discre-

pancies.
DISCUSSION

I. Most Living Cells Studied Have Type [If
Membranes. The man condusion from this
sudy is that none of the three types of cdls
possess pure lipid membranes which would
have demonstrated dramatic incresse of K'
permesbility in response to the macrocyclic
compounds and that only the human erythro-
cytes exhibit a mild senstivity to K' iono-
phores to be expected from mixed mem-
branes. The other two types of cels showed
no response to the K'-ionophores and ap-
parently fal in the category of pure fixed
charge-polarized water type, or effectivey
pure fixed charge-polaized waer type

The failure of frog musde and frog ovarian
egg to respond to each of the three macro-
cydic K' ionophores reported here confirm
ealier falure to detect any incresse of K'
permeetion through the liver mitochondria
membrane on exposure to valinomycin
(Mdoff, e d., 1978) and smilar falure to
detect any increase in the rate of K permea
tion Mto squid axon in response to monactin
(Stillman, et d., 1970). Taken as a whde, one
is led to bdieve tha in fact the mgority of
cell membranes of living cells that have
occupied the grestest share of interest among
cdl physologigts, resemble one another as
well as the liver mitochondrial membrane.
They all have membranes with properties
smila to tha of pure polarized water-fixed
charge systems. It is the red blood cdl that
represents the “odd man out”. From the very
low K' permesbility constant, one can sdfely
conclude that the permesbility of K through
the agueous channds in erythrocyte mem-
branes are quite low. Of course, othewise
the erythrocytes could not have exhibited
sensitivity to the macrocydic compound as
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they in fact do.

Il. The Effects of Polarity of Fixed Charges
on Permeability {0 Cations or Anions. Ob-
viously, the lipid component of the frog
muscle and egg membranes offes no  Sgnifi-
cat pathway for K° permedtion dther. In
other words, the much higher overall K'
permeshility in these tissues as wdl as in
squid axons and liver mitochondrial mem-
branes, must be due to the much faster rate of
permegtion through their agueous channds.
What then are the differences between ague-
ous channds in red cdls on one hand and
those in frog egg, frog musce squid axon,
and liver mitochondria? To answer this ques
tion, we must go back to the Al hypothess.

In 1953 Ling suggested that such agueous
pathways can be made to function as sdective
ion permeability barrier, favoing K over
Na® if the aqueous channels are endowed
with fixed anions in the form of 8- and -
carboxyl groups.

The reason tha fixed B- and y-carboxyl
groups cen function as ion sdective filters is
that most entrant ions must firs adsorb on
the fixed anion before eventud entry into the
cytoplasmic water and only the ion most
preferred by the fixed anion and dso readily
desorbed can rapidly enter the cell. This
adsorption-desorption  route can be blocked
by high concentration of a competing ion. At
an extend concentration of 25 mM, the rate
of entry of K' into frog muscles can be
reduced by 90% by the presence of 75 mM
Rb’ in the external medium (Ling, unpub-
lished), Thus a lesst 909, of the entrant K'
takes this adsorption-desorption route
showing both saturability and competition
characterigtics.

The Al hypothesis offered two reasons for
the predominance of this adsorption-desorp-
tion route of K entry over the “sdtatory
route’, i.e, direct entry through the agueous
phase of the pore without adsorbing onto the
fixed anions. The first reason is dectrogatic.
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Like the dectricdly charged cotton fibers in
cotton wads once widely used to stopper
derile flasks, the fixed ions ether repd or
atract and capture the oppositely charged
ions (or bacterig). The second reason is the
low solubility as well as low diffuson coeffi-
cients in the polarized water in the membrane
pore of large and complex molecules and
hydrated ions like K or Na'.

From its low K* permesbility of the red
blood cell membranes one may anticipate
that few agueous pores containing fixed f-
and y-carboxyl groups ae found. With this
in mind, one might anticipate very high dec-
trical resistance of red cell membranes. In
fact, the opposite is the case. At 7 to 10
(/cm’, the red cdl membrane is one of the
least resigive of all cdl membranes (Lassen
and Sten-Knudsen, 1968; Johnson and
Woodbury, 1964; frog muscdle 4000 €)/cm’
Shanes, 1958; squid axons: 700 to 1000
Q)/cm?; Cole and Hodgkin, 1938-39). The low
resdance of the red cdl membrane is paa
llded by a high CI' permesbility of the red
cell membrane, i.e., 1.5 X 107 cm/sec.
(Dirkin and Mook, 1931; Tosteson, 1959).
Passow, Schndl and coworkers had  extended
the concept introduced by Ling for fixed
anion-mediated cation permeation (Ling,
1953, 1960), to fixed cation-mediation of
chloride permeation (Passow. 1965, Passow
and Schndl, 1969).

In summary, our comparative study of the
permeability to K’ shows that selective
permesbility of the cel membrane to K™ pri-
marily depends on the density as well as
properties of fixed 5- and y-carboxyl groups-
lined aqueous channes sdective CI” perme-
ability depends on the dendity of fixed cations
(e.g., e-amino group and guanidyl group)-
lined agueous channels. We shall examine
next another mode of entry of solutes into
cdls, which does not involve adsorption on
and desorption from fixed ions, i.e., the
sdtatory route (Route | of Figure 2).
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lll. The lonic Selectivity Via Saltatory
Route. As mentioned above, a high concen
tration (75 mM) of grongly adsorbed coun-
terion of the same polarity (eg., Rb") inhibits
the entry of K' (2.5 mM) by 90%. Thus some
10% of the entrant K enters frog musde by
means of a nonsatureble, and noncompetitive
sdtatory route. In theory, such a route may
be via the lipid phase of the cdl membrane
but this posshility is ruled out by the ex-
tremdy low permesability of lipids to ions (see
above). In frog muscle, this nonsaturable
route of entry exhibits a permesbility rate
corresponding to a k of about 107° cm/sec.
and hence still orders of magnitude faster
than the tota permesation rate of erythrocyte
membranes (e, 107 cm/sec.). The question
arises, “Why can’t K' enter via the fixed
caion-dominated agueous pores in the red
cdl membrane as eesly as it enters via the
fixed anion-dominated agqueous pores of the
frog muscde and eggs?’

The most direct answer is agan dectro-
datic. due to repdling dectrodtatic barriers
the permegbility of an entrant ion via the salt-
atory route is gregtly less when the entrant
ion is of the same dectric charge (Ling, 1984,
p. 102). Next we asked the quedtion, “What
relative proportion of the cdl membrane in
frog egg and musde is occupied by water?’

IV. The Relative Area of the Cell Mem-
branes of Frog Ovarian Eggs and Frog
Muscle that are Spanned by Polarized Wafer.
Remova of 95% of the lipid components of
liver mitochondria membrane did not mate
ridly dter the trilaminar sructure of EM
picture of liver mitochondria (Heisher, e 4d.,
1967), a dgriking finding repeatedly confirmed
in other tissues and not serioudy chalenged
(see Ling, 1984, p. 382). Whereas the red
blood cdls contan the highest lipid content
in its dry substance (47%) and according to
Gorter add Grendell this lipid content is just
enough to form a continuous  bilayer, the lipid
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contents of many types of cdl membranes are
condderably less than tha in the red cdl
membranes (see Dewey and Bar, 1970). Thus
the inner membrane of liver mitochondria
contains only 209 lipids in its membrane dry
matter. The conduson derived from eectron
microscopic studies of liver mitochondrial
membranes by Sjdstrand and his coworkers.
“in this membrane, lipids do not form con-
tinuous layers but only ‘islands.” (Sjdstrand,
1978) The gengd dmilaity of the behavior
toward K" ionophores of the inner membrane
of liver mitochondria and those of squid
axons, frog muscle, and frog ovarian eggs
suggest smilar digtribution patterns of lipids,
& isolated idands and as such cannot func-
tion as an effective diffusond barier.

V. Evidence OF Extensive Coverage OF Cell
Membranes Of Frog Ovarian Eggs and Frog
Muscle with (Polarized) Water. By careful
andyss of the profiles of influx of labded
water in frog eggs (Ling, e d., 1967) and into
isolated dngle giant banade musde fibers
(Reisin and Ling, 1973), the conduson was
reached that in both cases the rate of labeed
water exchange is “bulk phase limited”, much
as diffusion of water and solutes into a
filament of agar gd is bulk phase limited.
What this means is that the rdative area of
the cdl membrane covered by waer is sSmilar
to that in any imaginary concentric spherica
shell of egg cytoplasm (like that of an onion)
or concentric cylindrica shel of muscle cyto-
plasn. In othe words a a diffuson media
for labded waer, the water in the cdl mem-
brane is dmilar to waer in the cytoplasm
and the reative aess occupied by proteins,
lipids, and other barriers to water diffusion
are-approximately the same as the inward
diffusng labeled water agpproaches the center
of the cell. How can this conclusion be
“reconciled” with current opinions of extreme
sparsity of membrane pores is the main
concern of a following peper (Ling, 1986).

It should be carefully pointed out that the
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demongration of bulk phase limited diffuson
does not imply an absence of a permesbility
barier a the sufaces of frog egg and frog
muscle. Quite the contrary, the cdl membrane
is decidedly raelimiting for the exchange of
ions, sugars, etc., because the water in the cdl
membrane being more intensely polarized
than the bulk phase water affects the diffuson
of wae vey indgnificantly, while it does
dow down the diffuson of large and complex
molecules intensdy (see Ling, 1973).

SUMMARY

The effects of 107'M valinomycin, non-
actin, and monactin on human erythrocytes,
frog satorius muscle, and frog ovarian 0o0Cy-
tes in the presence of varying externd K' con-
centration were sudied. The results showed
essentidly a consstent but relatively modest
incresse of the K' permesbility constant in
cm/sec with dl three antibiotics on human
erythrocytes. No change in response to any
one of the antibiotics was observed in frog
muscles or in frog ovarian eggs

These results and reports of smilar failure
to demondgrate ionophore-mediated  increese
of K' permesbility in squid axon and inner
membrane of the liver mitochondria led to
the concluson that lipid membrane barrier to
ionic traffic may be dgnificant in the human
erythrocytes but even here one must regard
the evidence as tentative. In contradt, for the
magjority of other cdl types sudied, the data
indicate the primary, if not exclusve route of
ion traffic, is via the nonlipid component of
the cdl membrane. The evidence that these
nonlipid peths ae the fixed charge-polarized
water layer complex and that they cover
much of the cdl surface of many types of
living cdls was discussed.
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