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UNDERESTIMATION OF Na PERMEABILITY IN MUSCLE CELLS
IMPLICATIONS FOR THE THEORY OF CELL POTENTIAL AND
FOR ENERGY REQUIREMENT OF THE Na PUMP

G LBERT N. LI NG
Department of Molecular Biology, Pennsylania Hospital, 8th and Spruce Streets, Philadelphia,
Pennsylvania 19107

® A new method permits, in a complex efffux curve from living cells, identification of
the fraction of labeled solute rate-limited by intracellular-extracellular exchange. Using
this method, it was found that in Nat efflux from frog voluntary muscle, the slow
fraction conventionally described as rate-limited by membrane permeability is wrongly
assigned. Instead, a much faster fraction, usually camouflaged by the effflux of labeled
Na+t in the extracellular space, represents the exchange of intra- and extracellular Na+
rate-limited by cell surface permeation. Quantitatively, the result shows that the Na+
permeability constant has up to now been underestimated by a factor of 70, Implications
of that finding for the theory of the resting potential, and the minimum energy required

of resting frog muscles, are discussed.

INTRODUCTION

Levi and Ussing! first studied the labeled
Nat efflux from frog sartorius muscles and
noted that the efflux curve could be resolved
into two fractions. They assigned the slower
fraction, with a half-time of exchange (1)
d about 30 min. to intracellular-extracellular
exchange and the faster fraction to the efflux
of Na+* trapped in extracellular space. Most
experimental data reported since then have
beeninterpreted on the basisdf these assump-
tions, athough some investigators have sug-
gested that part of the fast fraction may not
be due to the extracellular space. For exam-
ple, Carey and Conway? proposed a "' special
Na+ region.”" One proposed site is the sarco-
lemma; however, electron microscopic exam-
ination shows that the sarcolemmais too thin
(0.1 ) to account for the observed fast-
exchanging Na+,2 Keynes and Steinhardt,*
_and later Rogus and Zierler,** postulated that
thesarcoplasmicreticulum (SR) is" open™ to
the outside o the cell and that Na+ trapped
inthe SR is the source of the fast-exchanging
Na+. But that explanation is negated by a

considerable body o evidence (see Discus-
SION below).

Though concerned about the origin of the
fast fraction, none of the cited authors ques-
tioned the validity of the equally important
assumption made by Levi and Ussing—that

the slow fraction represents the exchange of
intracellular and extracellular Na+, rate-

ti)mited by passage through the surface mem-
rane

On the other hand, my own studies have
led me to suspect (@) that the slow fraction
is rate-limited not by surface permeation but
by desorption of l1abeled Na+ from intracellu-
lar adsorption sites, and (b) that a part of the
fast fraction is what represents intracellular-
extracellular exchange,™!!

Additional experimental studies are pre-
sented here to test the alternative concepts
concerning the origins o the dow- and fast-
exchanging Na+ from frog muscle célls.
These studies utilize a new methodology that
permits identification within a multiple-com-
ponent efflux curve, of the fraction rate-
limited by surface permeation.




THEORY

Identification in composite efflux curves of
the efflux fraction rate-limited by surface per-
meation. If cells are briefly exposed to a
labeled solute in a normal Ringer solution,
the inward flux rate (Fi, in units o micro-
moles per ml of cell water/min) can be ob-
tained by dividing the number of micromoles
o labeled Nat+ gained by the cels by the
product of the duration of exposure to the
labeled Na+ and the volume of water in the
cells. This method can yidld correct data only
when the intracellular-extracellular exchange
d the labeled solute is described by a single
rate constant corresponding to that deter-
mined by the surface permeability. More of-
ten, however, the flux curve iscomplex, asin
the case o Nat efflux from frog musclecells.
Here a method is needed that can objectively
and clearly provide recognition in a complex
efflux curved thefraction rate-limited by sur-
face permeation. It is to fill this need that |
present the following technique:

Consider asingle cell (or asmall group of
similar cells) bathed in a Ringer solution.
Constant exchange o Nat+ occurs between
the cell and the external medium. Let us as-
sume that the rate-limiting step in this ex-
changeisindeed thecell surface permeability.
In that case the outward flux rate (Fuw) in
units of pmoles/ml of cell water/min is

F,w =d[Natl,,/dt =

(A/V)Puw[NaJ_]In (1)

where A and V are the surface area and the
volume o the célls in em? and cm3 respec-
tively. P,, the outward permeability constant
for Na+, is expressed in units of cm/sec.
[Nat], is the intracellular Na+ concentra-
tionin units o pmoles/ml of cell water. One
may define

kl — (A/V)Pm\‘

and then write Eq. 1 as

(2)

Fow = d[Na+*);,/dt = ky[Na*],. (3)
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Similarly, for the inward flux rate,

Fiw = d[Nat]e/dt =

(A/V)P[Nat]ex (4)

ks = (A/P) Py (5

and

Fiw = d[Na-;-]..x/lf“ —

ko[Nat].. (6)

where [Na+].. is the Na+ concentration in
pmoles/mlin theexternal Ringer solution and
Pi.. is the inward permeability constant, also
expressed in unitsdf cm/sec. With these basic
relations one can devise a simple procedure
yielding two values of Fi,, from a single efflux
study (and also the value o the equilibrium
intracellular Na+ concentration). The two
Fi values must agree if the particular efflux
fraction at issue is indeed limited by surface
permestion.

Basically this technique is similar to that
used in my previous efflux studies but with
certain further requirements. First, the chemi-
cal composition o the Ringer solution, the -
temperature, and the other conditions in the
isotope-loading step must be identical with
those in the washing step. Second, the cells
must be in equilibrium with this Ringer solu-
tion throughout the entire efflux study (with
the exception d the radioactive tracer).
Third, exposure of the tissue to the Ringer
solution labeled with radioactive Na+ must be
as brief as possible. With these requirements
satisfied, the efflux study follows the conven-
tional procedureand arrives at two valuesfor
Fi, by the following methods:

(1) THE INTERCEPT METHOD. In the usua
manner, the logarithm o the remaining
labeled Na+ in the musclet min after washing
began is plotted as the ordinate against t as
the abscissa. After correction has been made
for extraneous contributions o labeled Na+
from connectivetissue elements, extracellular-
space fluid, etc., the efflux curve is resolved
into several exponential fractions by the "ex-
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ponential peeling” method. The intercept on
the ordinate of the particular fraction under
investigation is then divided by the time of
exposure of the cell to the labeled Na+ in
minutes and the water content of the cell in
ml to yield one value for Fiy.
- (2) THE SLoPE METHOD. As mentioned
above, with the exception of the minute
amount o radioactive Na+ the systemisin a
state of equilibrium throughout the experi-
ment. Therefore

Flw = Fu\\' (7)

or

k:E[Na F]eq,ex = kl[Na-*']eq,ln (8)

where (Nat],,.;, and [Na+],, . aretheequili-
brium concentration of Na+ inside and out-
sidethe cells, respectively, under the specified
conditions. From Egs. 6 and 8, then, it follows
that

Fiw = kl[Na l ]t.-q.irl . (9)

One can obtain %, from the slope of the same
. efflux curve (which has aready provided one
valued F;, by theintercept method) or more
conveniently from the haf-time of exchange
(ty) since

kl = ln 2/’;_,;_,. (10)
From Egs. 9 and 10 it follows that
Fye = (0.693/t)[Nat]eqm  (11)

providing a second method to determine Fis.

Intracellular ion concentration. The egui-
librium concentration of Na+ is obtained
separately. Cells similar to those used above,
under conditions otherwise identical to those
in the short-exposure experiments, are ex-
-. posed to a similar labeled solution but long
enough to insure equilibrium. Efflux curve
resolutionisthen carried out in the usual man-
-“ner. From the zero time intercept of each o
the different fractions one obtains a value for
[Nat]..m corresponding to that fraction. In
the case of Na+ efflux from frog muscles
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there are two intercepts, one from the fast
fraction and the other from the slow fraction;
thus there will be two valuesfor [Na*]uq.in-

If the dow fraction is considered to rep-
resent intracellular-extracellular exchange,
[Na*]..m is obtained by extrapolating only
the slow fraction to zero time. In testing the
aternative hypothesis—i.e., that thefast frac-
tion is rate-limited by surface permeation—
theintercept of the fast fraction is considered
as [Nat],m A Smilar distinction exists in
evaluating Fy, by the intercept method, in
which, in the first case, Fi, refers only to the
intercept of the slow fraction; in the second
case, Fi. refers to the sum of the dow- and
fast-fraction intercepts.

Exponential Pedling: Basic Method for Com-
plex Efflux Curve Resolution

The efflux curves of the muscle-fiber bun-
dles, after correction for fluid in the extra-
cellular space and for connective tissue con-
tributions, are resolved into their components
by the exponentia peeling method conven-
tionally used. However, despite the wide us-
age of this method, to the best of my knowl-
edge, the significance of the values obtained
has not been carefully evaluated. Since accu-
racy of quantitative parameters estimated are
critical in the present study, | have undertaken
a simple model evaluation to be described
next.

The rate of efflux of an isotope-labeled
solute can be determined by the rate of sur-
face permeation if the surface permeation rate
is considerably slower than (a) the rate o
solutediffusionwithinthe cell, (b) the rate of
solute passage through the surface of subeel-
lular compartments, as well as (c) the rate
of solutedesorption from macromolecular ad-
sorption sites. Under these conditions and
after remova of or corrections for isotope
trapped in the extracellular space and in the
connective tissue elements, the rate of efflux
can be described by a single exponential
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curve. But when the rate of surface permea-
tion is faster than one or more of the rate-
limiting steps mentioned above, a more com-
plex picture emerges.

Let us consider, for example, the case in
which surface permeation is faster than de-
sorption and in which this desorption from
macromol ecul ar sitesis the only source of the
(single) dlowfraction. (The sameconclusions
would apply to the case in which the slower
fraction is rate-limited not by desorption but
by permeation through the surface of sub-
cellular particles.) The solute to be discussed
will again be Na+,

If alivingcell isincubated for a sufficiently
long period in a Ringer solution containing
radioactively labeled Na, an equilibrium will
be reached between labeled Na+ in the exter-
nal solution and labeled Na+ in the intracel-
lular (interstitial) water at concentration
[Na*];.c as well as between the latter and ad-
sorbed labeled Na+ at concentration [Na*],q.
Thus X

3

[Na*)ne & [Na*]a

ks (12)

where k3 and k4 are the rate constants of ad-
sorption and desorption within the cells and
areexpressed in unitsof min—1.

If thelabeled cell isthen washed inastream
of non-radioactive Ringer solution, the rate of

lossof interstitial labeled Na+ is
— d[Na*]i,/dt = ks[Na*];,e (13)

where k3 is the outward rate constant o sur-
face permeation, and

—d[Na*],a/dt = kyINa*], —

ks[Na*]ne (14)

The solutions to Egs. 13 and 14 are respec-
tively

[Na*lint.r = [Na*]\m.i =oexP( _k5€)
(15)

and

[Na*]ﬂd.f = [Na*]ml,r=0
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{[ks/ (ks — k3)Jexp(— kst) —
lks/ (ks — ks)lexp(— kst))

where [Na*],+ and [Na*],q are the inter-
stitial and adsorbed labeled Na+ concentra--
tions in the cell t min after washing began.
[Na*]int.t—o and [Na*),a:—, are the initial
interstitial and adsorbed labeled Na+ concen- *
trations. Representing the total labeled Na+
concentration in the cell at timet as [Na*]i.+,
oneobtains

[Na*]in,r = [Nﬂ*]in,r=uexl?('—k5f) —I_
[Na*]aa,tmo{[ks/ (kg — *'f:.)]exp(—knf) +
[ks/ (ks — ky)lexp(— kat)} . (17)

if %; is much larger than k4, then some
time after washing begins the first two terms
involving —exp(—kst) on the right-hand
side of Eq. 17 become negligible when com-
pared to the last term. At thistime Eq. 17 is
reduced to

[Na*]y, , = [Na*],q,rmoeXxp(—kyt )(18) -

(16)

or

log[Na*];, : = —kat -+

log[Na*]ml,f-_—-ﬁ- ( 19)

That is, in a plot of thelogarithm o the con-
centration of labeled Na+ remaining in the
cell at time t, against the time of washing, t«,
the curve becomes linear, with a slope equal
tothe desorption rate constant, —k,. By extra-
polating from the straight line to zero time
(t=0), one obtains an estimate of the ini-
tial concentration of adsorbed labeled Na,
[Na*]...—0. By subtracting the slower frac-
tion from the efflux curve, one obtains
the interstitial labeled Nat+ efflux curve,
[Na*]iue1—0 as well as ks.

If k5 is, say, 100 times larger than k4 the
method of analysis can without doubt yield
accurate estimates of all four- parameters: k4,
ks, [Na*]iy0.1—o, and [Na*],4.—0. However, of -
greater importance is the question of how ac-
curate this type o analysisis when k4 and ks
are much closer together in value.

To answer, | caculated and plotted three




G. N. LING

M)

Na" Concentration (m

219

| | | | | |

| ) ! | | I

L]

100 200 300 400 500 600 700 80O 900 00O 10O

1200 1300

FIGURE 1. A theoretical two-component complex Na+ efflux curve from a living cell in
which the rate of surface-limited intracellular-extracellular exchange (ks) is 10 times faster than
the rate of Na+ desorption (ki): 4s = 107* min™"; k&, = 10~ min~". Theoretical curves were
computed according to Eq. 17. Equilibrium concentration of adsorbed Na* is 5 mm; that of
the free interstitil Na+ is 10 mm (i.e.,, 10 millimoles/liter of cell water). As the figure
illustrates, recovery of both rate constants and initial concentration of interstitial and adsorbed

Na+ are within 1% accuracy.

sets of theoretical curves with [Na*]¢—,
(=10mM), [Na*]ua1—0 (= 5 mM), and k5
(= 10~2) remaining constant but with k,
equal to 1/10, 1/5,0r 1/2 of thevaue of k.
Fig. 1 shows that when k4 and k5 differ by a
factor of 10 very accurate results are obtained
for dl parameters. When k, and k; differ by a
factor o 5 (Fig. 2), reasonably accurate
values (10%) are still obtainable for k, and
ks, but the values of [Na*](—, and
[Na*]aq,¢—, are accurate only to within 20%,
with [Na*],q.:—, artificialy exaggerated at the
expense of [Na*]i,.—.. When k, and &; differ
by afactor of 2, the time constants &, and &;
estimated are still surprisingly accurate, but

theinitial concentrations of adsorbed and in-
terstitial Na* become serioudly distorted—
[Na*]ua,r—o isnow really twice what it should
be and [Na*1;, ,—o iS reduced to nearly V% its
true value.

This analysis was based on the adsorbed
fraction being ¥2 the concentration of inter-
stitial Na*. However, in the case where the
adsorbed fraction is equal to the concentra-
tion o interdtitial fraction, roughly the same
accuracy obtains asshown inFig. 3. Whereas
in Fig. 2, k5 is 5 times faster than k4, the
extrapolated initial concentrations are accu-
rate to within 20%; the k, and k; within
10%.
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MATERIALSAND METHODS

Materials. All experiments were performed
on voluntary muscle-fiber bundles isolated
from the semitendinosus muscles of North
American leopard frogs (Rana pipiens pip-
iens, Schreber). The method of isolating these
small bundles from the semitendinosus mus-
cles was essentially the same as that used for
isolating single muscle fibers. Care was taken
to removelarge piecesaf tendon, leaving only
aminimum amount for handling and for tying
with a piece of silk thread (see below), and
to isolate the fiber bundles only from an area
o the muscle not entered by nervefibersand
blood vessels. This selection of muscle fibers
serves, first, to minimize the amount of ex-
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traneous tissues involved and, second, to
avoid inclusion of muscle fibersinnervated by
small nerve fibers.!2 Connective tissues con-
taining small nerves and blood vessels resem-
bling those present in the muscle wereisolated
from the outer surface o the skinned legs of
the same frog that provided the muscle.!!
The glucose-free Ringer-phosphate solu-
tion used throughout this investigation (ex-
cept as otherwise described) contained the
following: NaCl (104.7 mm), NaHCO, (6.6
mM), KC1 (2.5 mm), NaH,PO, (2.0 mm),
MgSO, (1.2 mM), Na,HPO, (1.2 mMm), and
CaCl; (1.0 mM). The total Na+ concentra-
tion in this solute is 113 mm. Ringer-GIB
medium, a complete incubation medium con-
taining vitamins and amino acids, was used
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FI GURE 2. A theoretical two-component complex Na+ efflux curve from a living cell in
which the rate of surfacelimited intracellular-extracellular exchange (ka) is 5 times faster
107* min™'; k&, = 2 x 10~* min~* The equilib-
rium concentration of adsorbed Na+ is 5 mwm; that of the free interdtitial Na+ is 10 mm.
Recovery of the rate congtants is still accurate to within 10%. However, the concentration of
the two fractions recovered are accurate to only 20%.

than the rate of Na* desorption (k): ks
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FIGURE 3.

A theoretical two-component complex Na* efflux curve from a living cell in

which the rate of surface-limited intracellular-extracellular exchange (ka) is 5 times faster

than the rate of Na* desorption (ks): ks = 107* min~?; %,

= 2 x 107" min~". The equilib-

rium concentration of adsorbed Na+ is 10 mM; that of the free interstitidl Na+ is 10 mmM.
Recovery of the rate constants is still accurate to within 10% but the initial concentration of
adsorbed and free fraction are much distorted: the lower fraction is spuriously increased by
90% at the expense of the faster fraction, df by about 20%.

only for certain stated purposes; its detailed
composition has been fully described else-
where.!8

All chemicals used were of reagent grade.
22Na (Lot No. 4771CG1) wasobtained from
New England Nuclear Corporation, Boston,
Massachusetts.

Tissue incubation. Isolated muscle-fiber
bundles and connective tissues were first in-
cubated at 4°C in a Ringer-GIB medium
equilibrated with a mixturedf 5% CO., 45%
0,, and 55% N, for about a week. This pro-
longed incubation permitted full disintegra-
tion of injured muscle fibers while leaving
normal musclefibersintact and healthy.'? The
disintegrated fibers were easily recognizable
and were dissected away before exposure to
.. labeled Na+,

Isotope loading. The muscle-fiber bundles
freed from all injured and dead cells and com-
panion connective tissue elements isolated
from the same animal wereincubated at room

temperature in norma Ringer-phosphate
solution containing 20 to 40 xCi/ml of ?*Na
either briefly (1 to 2 min) or long enough to
insure equilibration (i.e., 16 h or longer).

Removal of extracellular-space fluid. To
remove the radioactive extracellular-space
fluid, the incubated muscle was first placed
upon a deck of filter paper wetted with the
?2Na-labeled incubating Ringer-phosphate
solution. Thefilter paper with its muscle bun-
dles (or connective tissues) was then hermet-
icaly sedled in Parafilm and spun at 1000g
for 4 min.1#

Efflux study. The isotope-loaded muscle
bundle (or connective tissue) was then re-
moved from its Parafilm wrap and one end
of the bundle tied with Deknatel silk thread.
The thread was then pulled through a glass
U-tube (i.d. = 4 mm), and the muscle bun-
dle was anchored at the bottom part of the U,
which sat in the "wdl™ of a y-scintillation
counter. A steady stream of non-radioactive
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Ringer solution was drawn through the U-
tube at the rate of 1 ml/sec while the remain-
ing radioactivity was being monitored on a
scaler.”'® The efflux experiments were con-
ducted at the same room temperature (22°
to 25°C) as that of incubation and isotope
loading.

At the end of the experiment, the muscle-
fiber bundle was taken out of the U-tube and,
after blotting, was weighed on a torsion bal-
ance.!® The number of muscle fiberswas esti-
mated with the aid of a dissecting microscope,
although no attempt was made to be precise.
To determine the specific activity o the la-
beled Na+, a weighed amount of the origina
bathing solution was introduced into the bot-
tom o a U-tube similar to those used for
irrigating the muscle bundles, and the radio-
activity was assayed with the same y-scintilla-
tion counter.

Correction for labeled Nat+ taken up by
connective tissue elements. Loose connective
tissues from the same frog have been shown
to have composition and ion-uptake charac-
teristics similar to those of connective tissues
within a muscle. These tissues were treated
in a manner identical to the muscle bundles.
More specifically, for each series of studies
o tissues provided by asinglefrog, two pieces
of connective tissue were isolated: one piece
wasequilibrated for at least 24 hin thel abeled
Ringer solution to which the muscle bundles
wereexposed; the other piecewasequilibrated
for the same brief period of time as the com-
panion muscle-fiber bundles.

Using severa different methods, | and my
co-workers concluded that frog sartorius mus-
clecontains about 9% connective tissues (see
ref. 7, p. 210; aso refs. 14, 16, 17). No study
has been made on semitendinosus muscle-
fiber bundles, but differences arelikely to be
small if care is taken not to include heavy
piecesd tendons. To minimizethe amount of
tendon required, muscle bundles were tied
with the thread at only one end; this permits
complete removal of all tendon tissue at the

G. N. LING

other end of the muscle. However, from time
to time, the connective tissue content of afiber
bundle was below the average figureof 9%.1°
In these cases, the correction made on the
basis of a 9% contribution led to negative
vaiues for the concentration of labeled Na+
in the cells, seen most conspicuously in that -
portion d the efflux curve after morethan 2 h
o washing. Thus the tail ends o the efflux
curves could provide a guideline for adjust-
ment in the percentage of connective tissue
when the need arises. As a rule, however,
changes in the connective tissue correction
caused little differencein the significant values
o the intercepts and the slopes, which are
largely determined by the earlier part of the
efflux curves.

Calculations. To determine F,,, by the in-
tercept method, one must remember that if
the fast fraction is assumed to be the fraction
rate-limited by surface permeation, then the

amount o labeled Na+ that has entered the -

cell will include this fraction as well as the
dow fraction. If, on the other hand, one as- ,
sumesitisthedowfraction that israte-limited
by surface exchange, the intercept of the slow
fraction alone yields the amount o Na+ that
has entered the cell.

To caculate Fy, from the slopes, as dis-
cussed above, one needs the value of equilib-
rium concentration of labeled Na+, [Na+ 1., 1,
(see E@. 11). This value was obtained from
aseparate muscle bundlefrom the same semi-
tendinosus muscle after long incubation in the
labeled Ringer solution.

Tocalculate [Na*],, from labeled Na+ con-
centration in centrifuged muscle, [Na*Juu 1 ot
inunitsd pmoles per gram of fresh weight

[Na*];, ={[Na*]eenn4oe — 0.09[Na*],}/
{0.80 — 0.09 — 0.09(0.85 — 0.30) ) =
1.52{[Na*],, — 0.09[Na*],.}. (20)

[Na*],, is the labeled Na+ concentration in
the cdls in umoles/g o fresh cdls. [Na*],,
is the concentration of labeled Na+ in one
gram o fresh connective tissues; 0.09, the
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FIGURE 3. A theoretical two-component complex Nat+ efflux curve from a living cel in
which the rate of surface-limited intracellular-extracellular exchange (ka) is 5 times faster
than the rate of Na+ desorption (ks): ks = 107 min~% & = 2 x 107" min~". The equilib-
rium concentration of adsorbed Na+ is 10 mm; that of the free interstitidl Na+ is 10 mm.
Recovery of the rate constants is still accurate to within 10% but the initial concentration of
adsorbed and free fraction are much distorted: the lower fraction is spuriously increased by
90% at the expense of the faster fraction, off by about 20%.

only for certain stated purposes; its detailed
composition has been fully described else-
where.!?

All chemicals used were of reagent grade.
22Na (Lot No, 4771CG1) wasobtained from
New England Nuclear Corporation, Boston,
Massachusetts.

Tissue incubation. Isolated muscle-fiber
bundles and connective tissues were firgt in-
cubated at 4°C in a Ringer-GIB medium
equilibrated with a mixture of 5% CO,, 45%
0., and 55% N, for about a week. This pro-
longed incubation permitted full disintegra-
tion of injured muscle fibers while leaving
normal musclefibersintact and healthy.!® The
disintegrated fibers were easily recognizable
and were dissected away before exposure to
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Isotope loading. The muscle-fiber bundles
freed from al injured and dead cells and com-
panion connective tissue elements isolated
from the same animal wereincubated at room
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fluid, the incubated muscle was first placed
upon a deck of filter paper wetted with the
22Na-labeled incubating Ringer-phosphate
solution. Thefilter paper with its muscle bun-
dles (or connective tissues) was then hermet-
ically sealed in Parafilm and spun at 1000g
for 4 min.14

Efflux study. The isotope-loaded muscle
bundle (or connective tissue) was then re-
moved from its Parafilm wrap and one end
of the bundle tied with Deknatel silk thread.
The thread was then pulled through a glass
U-tube (i.d. = 4 mm), and the muscle bun-
dle was anchored at the bottom part of the U,
which sat in the "wdl" of a y-scintillation
counter. A steady stream of non-radioactive
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Ringer solution was drawn through the U-
tube at the rate of 1 ml/sec while the remain-
ing radioactivity was being monitored on a
scaler.”'® The efflux experiments were con-
ducted at the same room temperature (22°
to 25°C) as that o incubation and isotope
loading.

At the end of the experiment, the muscle-
fiber bundle was taken out of the U-tube and,
after blotting, was weighed on a torsion bal-
ance.'® The number of muscle fibers was esti-
mated with the aid df a dissecting microscope,
although no attempt was made to be precise.
To determine the specific activity o the la-
beled Na+, a weighed amount o the original
bathing solution was introduced into the bot-
tom o a U-tube similar to those used for
irrigating the muscle bundles, and the radio-
activity was assayed with the same y-scintilla-
tion counter.

Correction for labeled Na+ taken up by
connective tissue elements. Loose connective
tissues from the same frog have been shown
to have composition and ion-uptake charac-
teristics similar to those of connective tissues
within a muscle. These tissues were treated
in a manner identical to the muscle bundles.
More specifically, for each series of studies
of tissuesprovided by asinglefrog, two pieces
o connective tissue were isolated: one piece
wasequilibrated for at least 24 hin thel abeled
Ringer solution to which the muscle bundles
wereexposed; the other piecewasequilibrated
for the same brief period of time as the com-
panion muscle-fiber bundles.

Using severa different methods, | and my
co-workers concluded that frog sartorius mus-
clecontains about 9% connective tissues (see
ref. 7, p. 210; also refs. 14, 16, 17). No study
has been made on semitendinosus muscle-
fiber bundles, but differences are likely to be
small if care is taken not to include heavy
piecesof tendons. To minimizethe amount of
tendon required, muscle bundles were tied
with the thread at only one end; this permits
complete removal o all tendon tissue at the

G. N LING

other end of the muscle. However, from time
to time, the connective tissuecontent of afiber
bundle was below the average figure of 9%.1°
In these cases, the correction made on the
basis o a 9% contribution led to negative
vaiues for the concentration of labeled Na+
in the cells, seen most conspicuoudly in that
portion o the efflux curve after morethan 2 h
o washing. Thus the tail ends o the efflux
curves could provide a guideline for adjust-
ment in the percentage of connective tissue
when the need arises. As a rule, however,
changes in the connective tissue correction
caused little differencein the significant values
o the intercepts and the slopes, which are
largely determined by the earlier part of the
efflux curves.

Calculations. To determine F,, by the in-
tercept method, one must remember that if
the fast fraction is assumed to be the fraction
rate-limited by surface permeation, then the

amount o labeled Na+ that has entered the -

cell will include this fraction as wel as the

r

dow fraction. If, on the other hand, one as- ,

sumesitistheslowfraction that israte-limited
by surface exchange, the intercept of the slow
fraction alone yields the amount of Na+ that
has entered the cdll.

To caculate Fy, from the dopes, as dis-
cussed above, one needs the value of equilib-
rium concentration of labeled Na+, [Na+t]ug.1n
(see Eq. 11). This value was obtained from
aseparate muscle bundle from the same semi-
tendinosus muscle after long incubationin the
labeled Ringer solution.

Tocalculate [Na*);, from labeled Na+ con-
centration in centrifuged muscle, [Na*Jue 1 et
in unitsof wmoles per gram of fresh weight

[Na*]ln :{tNa}kL('IH et — 009[Na*]rt}/
{0.80 — 0.09 — 0.09(0.85 — 0.30)) =
1.52{[Na*];, — 0.09[Na*].}. (20)

[Na*],, is the labeled Na+ concentration in
the cdls in umoles/g o fresh cdls. [Na*],,
is the concentration of labeled Na+ in one
gram o fresh connective tissues; 0.09, the



percentage weight of the extracellular-space
fluid is aso the percentage weight of the wet
connective tissues; 0.85 is the water content
of fresh connective tissues; and 0.30 is the
percentage of "extracellular space™ o the
connective tissue that is accessible to the ex-
- tracellular-space probe, poly-L-glutamate,?
and is thus already included in the 9% extra-
cellular space assayed with poly-L-gluta-
mate'?” among other methods.

RESULTS

Figure 4 shows a typical **Na efflux curve
o asmall muscle-fiber bundle after prolonged
exposure to *?Na-labeled normal Ringer-
phosphate solution to insure equilibrium and
after removal o extracellular-space fluid by
centrifugation. This efflux is not distinguish-
able from those reported earlier for frog sar-
torius muscles after removal o extracellular-
spacefluid.!* After correction for the connec-
tive tissuecontribution, thecurveisresolvable
into a dow fraction (Fraction |) and a fast
fraction (Fraction I1). The intercepts of the

©
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straight lines of each of these fractions in the
semilogarithmic plot provide the equilibrium
concentrations of Na+ in the respective frac-
tions.

Figure 5 shows three examples of the la-
beled Na+ efflux curves from small muscle-
fiber bundles that were exposed to labeled
normal Ringer-phosphate solution for 3to 5
min. Comparing Fig. 5 with Fig. 4, one no-
ticeshow closely the total amount of intracel-
[ular labeled Na+, accumulated in such abrief
period of time, approached the equilibrium
concentrations. Since al labeled Na+ in the
extracellular space has aready been removed
and the contribution of connective tissue (in-
cluding small blood vessels, nerves, and blood
cells) has also been corrected for, the speed
o uptake of labeled Na+ givesaclear indica-
tion of the high rate o **Na exchange. It is
stressed that the 3 to 5 min of exposure to
labeled Na+ includes not only the time of in-
cubation (1 to 2 min) but aso the time spent
placing the fiber bundle in the hermetically
sedled package as well as the first minute of
centrifugation, since at theend of that minute

J
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FI QJRE 4. Na+ efflux curve of small muscle-fiber bundles freed of extracellular-space fluid
after 20 h of incubation in *Na tagged with Ringer-phosphate solution (16 h at 4°C followed
by 4 h at room temperature). Correction had been made for labeled Na+ in connective tissues
from the same frog after identical treatments. (Experiment of 11/18/77.)
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FIGURE 5. Na+ efflux curve of small muscle-fiber bundles freed of extracellular-space fluid
after 20 h of incubation in tagged normal Ringer-phosphate solution (16 h at 4°C followed
by approximately 4 h at room temperature) and then brief exposure of *Na-labeled normal
Ringer-phosphate solution. Correction had been made for labeled Na+ in connective tissue
from the same frog after identical treatment. A: Muscle 1 of 11/18/77. B: Muscle E. of

11/24/77. C: Muscle D, of 11/23/77.
Table 1.)

the extracellular-space fluid is nearly totally
removed.14

Tablel presents theequilibrium concentra-
tion of labeled Na+ in Fractions | and II ob-
tained from efflux studies such as those shown
inFig. 4. Inaddition, Table| presents muscle-
fiber bundle weight and the approximate num-
ber o muscle fibers, aswell as the zero-time
intercepts and the #,, of both fractions. The
data permit the calculation for each fraction
of theinflux rate from 1., according to Eq. 11
(referred tohereas A) and that from the zero-
time intercepts (referred to here as B).

It is to be noted that the efflux rate con-
stants of the fast and slow fractions in all
casesdiffer by afactor of 5or more, averaging

(For detailed information on these experiments see

about 8. Furthermore, in 19 out of a total of
22 experiments, the slow fraction is smaller
than the fast fraction. Thus the error intro-
duced in the resolution of fractions is even
smaller than the theoretical examples calcu-
lated and shown in Figs. 2 and 3, where the
dow fraction manifests 1/5 the rate o the
fast fraction. The method of efflux component
resolution in these experiments therefore suf-
fers no serious distortion in consequence o
the use o the exponential peeling method.
As pointed out earlier, the influx rate de-
termined by #,, (A) and by the intercept (B)
should agree for the fraction truly represent-
ingthe one rate-limited by intracellular-extra-
cellular exchange. In other words the ratio
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B/A, expressed as a percentage, should be fraction (Fraction |) whichis rate-limited by
closeto 100. intracellular-extracellular exchange, is 481%

From all 22 sets of data obtained the B/A = 39.5% and is therefore self-contradictory,
ratio, calculated on the basis o the origina On the other hand, the B/A ratio, calcu-
Levi-Ussing contention that it is the dow lated on the basis o the assumption that it is




TABLE I. Summary of Experimental Data Leading to Identification of periments were performed on small muscle-fiber bundles isolated from
Na+ Fast Fraction as Representing Surface-Limited Intracellular-Extracel- semitendinosus muscle; the lone experiment of 10/31/77 was on a whole
lular Exchange. (ldentification is indicated by agreements of two influx sartorius muscle.

rates-one from the slopes, the other from the intercepts. Virtualy all ex-

9¢t

Influx rate (mmoles/liter X min)

Slow Past Slow fraction Fast fraction

Muscle Expo- [Na*Tineq fraction fraction From From

Mus- Number  sure Slow Fast Inter- Inter- From inter- From inter-
cle Weight of time fraction fraction  cept ty cept ty slope cept B/A slope cept B/A
Date no. (mg) fibers (min) (mM) (mmM) (mMm) (min) (mM) (min) (A) (B) (%) (A) (B) (%)
1072777 | 8.6 54 4.0 5.9" 8.8" 21 33 4.2 6.0 0.12 0.44 252 1.02 1.05 103
10/31/77 1 755° 3.0 7.6 8.2 1.5 56 4.0 30 0094 049 521 220 179 81
11/10/77 I 8.73 40 4.0 8.8 11.9 53 19.5 6.0 3.4 0.32 1.34 419 243 2.74 113
11/11/77 I 11.8 60 4.5 8.8 11.9 7.3 30 33 4.4 0.20 0.75 375 1.87 237 127
II 10.1 60 4.5 8.8 11.9 3.5 21.5 49 3.7 0.28 0.52 186 2.57 2.19 85
111 8.7 40 4.5 8.8 11.9 3.3 28 6.1 4.8 0.21 0.74 353 2.05 2.36 115
v 12.0 50 4.5 8.8 7.8 4.0 21.5 5.8 3.7 0.29 0.88 303 2.22 2.16 97
11/18/77 I 10.7 60 4.5 4.9 6.8 3.0 31 3.0 3.7 0.11 0.67 610 1.24 1.34 108
IT 4.6 28 4.5 4.9 6.8 2.4 17 5.8 1.5 0.20 1.11 555 3.19 2.61 82
11/22/77 I 6.4 40 4.0 5.0 6.7 2.4 325 33 4.1 0.11 0.61 555 1.12 1.44 129
11 8.9 50 4.0 5.0 6.7 2.7 26 3.8 2.6 0.14 0.68 486 1.78 1.64 92
11/27/77 DI 10.3 35 5.0 6.1 10.6 4.9 23 10.6 2.9 0.11 0.97 882 2.54 3.10 122
D2 10.1 a5 5.0 6.1 10.6 6.1 22 7:3 3.2 0.20 1.21 605 2.30 2.68 117
D3 12.2 50 5.0 6.1 10.6 6.2 26 7.0 2.6 0.17 1.25 735 2.84 2.64 93
D4 13.0 60 5.0 6.1 10.6 53 24 3.3 43 0.15 1.06 707 1.72 1.76 102
D5 4.1 15 5.0 6.1 10.6 6.4 23 6.4 3.1 0.18 1.28 711 2.46 2.55 104
11/23/77 EI 8.0 & 3.25 9.1 9.4 4.7 26 5.9 3.1 0.24 1.49 621 2.10 2.64 126
E3 10.1 50 3.25 9.1 94 5.2 14 5.8 2.8 0.46 1.29 280 2.33 2.74 118
E4 5.0 30 3.25 9.1 9.4 1.12 22 4.6 35 0.29 0.96 331 1.87 1.73 93
E3 7.4 30 3.25 9.1 9.4 53 22 12.1 23 0.29 1.08 372 3.65 5.32 146
E6 6.6 40 3.25 9.1 9.4 3.6 26 6.1 23 0.24 1.12 467 2.84 299 105
E8 = 8 14 3.25 9.1 9.4 3.3 16 T3 2.1 .40 1.03 258 3.10 3.27 105
Mean 25.1 3.17 0.222 0.957 481 225 2.41 107
+ SE +1.86 +0.17 =+0.02 =£0.063 =*+39.5 =+0.14 =+0.19 +3.6

ONIT ‘N "D

= Data in this coltihn represent average of all corresponding values given in takie. * A whole sartorius muscle was employed in thid experiment.
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the fast fraction (Fraction II) which repre-
sents intracellular-extracellular exchange, is
107% =+ 3.6% and is therefore, within the
experimental error, self-consistent.*

CONCLUSIONS AND DISCUSSION

In their origina Na+ efflux study of frog
sartorious muscles, Levi and Ussing con-
tended that the fraction of Na+ with a half-
time exchange of about 30 min (at room tem-
perature) was rate-limited by membrane
permeability. This contention was o critica
importance because quantitative data sup-
porting several major concepts of the mem-
brane-pump theory have been interpreted on
the basisof this conclusion.

Subsequently | presented evidence that the
fast fraction may be derived only in part from
the **Na trapped in the extracellular space,
and the conclusion of Levi and Ussing may be
mistaken. Indeed the extracellular Na+ may
have camouflaged a fast fraction that origi-
nates from within the cell and is in fact the
Na+ exchange rate-limited by surface perme-
ability. The evidence previously published in
support of this view includes the following:

(1) The magnitude o Na+ belonging to

* T oo much emphasis should not be placed upon
the closeness of B/A based on the fast-exchanging
fraction as ratellimited by permeability to the pre-
dicted 100%. Rather, this agreement should be
appraised in the relative sense when compared to
B/A based on the sow exchangingfraction as rate-
limited by permeability. Ideally the time of ex-
posure to labeled Na*, for example, should be a
few seconds; in reality this exposure could not be
much further reduced than those recorded (see
MATERIALS AND METHODS). However, several fac-
tors, some tending to diminish, others to augment
the value of B/A might have together produced
the close agreement shown. Factors tending to de-
crease B/A include the backward diffusion due to
long exposuretime; factors tending to increase B/A
include the reduced rate of influx during the first
minutesof spinning and other operating steps lead-
ing to this step and the presence of a slow fraction
which "traps' labeled Na*, dowing its backward
diffusion.
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the fast fraction (approximately 19% )® ex-
ceeds the extracellular-space fluid volume
(i.e., 9%) determined by a variety of
methods,3.14.16:17

(2) Singleisolated frog muscle cell, which
has no extracellular space in the usual sense
(athin film o adhering fluid is washed away
within a second), has a similar fast fraction
inits Na+ efflux (ref. 7, p. 293; see also ref.
9). | have shown in addition!® that Hodgkin
and Horowicz failed to observe this effect
in their studies d Na+ efflux fromsingle mus-
cle fibers because of insufficient data points.

(3) The Na+ efflux fromsingle frog ovar-
ian eggs shows an entirely anal ogous complex
curve resolvableinto at least onefast fraction
and two slower fractions. It is already widely
agreed that in this case the fast fraction repre-
sentsintracellular-extracel lular exchange. 1922

(4) Removal of extracellular-space fluid
by the recently introduced method of centri-
fugation and correction for contribution of
connective tissue elements (including small
blood vessels, some trapped blood cells, and
small nerves) did not removethefast fraction
o the efflux curve of isolated sartorious mus-
cles.1

(5) Efflux curvesfor *?K and 2*Na simul-
taneously recorded from the same muscles
freed of extracellular fluidsshowed a perfect-
ly rectilinear slopefor 2K efflux but a curved,
two-compartment slopefor Na+ efflux.** This
rules out the sarcoplasmic reticulum as the
source of the fast fraction of Nat+ efflux:
otherwise, a similar fraction should be ob-
served for K+, since hydrated K+ is smaller
than hydrated Na+ and thus would be able to
enter through the pores dof the bottom o the
T tubules as postulated by Zierler et al.5®
Subsequently Somlyo et a., using X-ray
microprobe analyses, suggested that muscle
Na+ isnot localized in the sarcoplasmic retic-
ulum but evenly distributed. 24

Taken as a whole, the above evidence ar-
gues strongly for a fast-exchanging fraction
o Na+ originating within the cell and with
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an exchange rate-limited by the intracellular-
extracellular exchange.

The significance o the dow fraction was
aso analyzed. On first consideration, this

fraction could be regarded as either Na+ ad- |

sorbed onto intracellular macromolecules or
Na+ trapped in subcellular particles. To re-
fute the concept of subcellular compartment
entrapment, one may cite the observation that
with decreasing external K+ concentration,
Na+ belonging to the slow fraction steadily
multiplies until it equals the total concentra-

Swelling o subcellular compartments to a
magnitude closer to the total cell volume is
unheard of and indeed is not possible, because
deprivation of K+ does not cause cell swell-
ing; the bulk of muscle cell consisting of my-
osin and actin filaments do not vanish during
(reversible) K+ depletion and Na+ accumu-
lation. Recent autoradiographic work from
our laboratory®*® and the remarkable trans-
mission electron microscopic work o Edel-
mann®"28 have left little doubt that intracel-
lular K+ is adsorbed in the A bands and Z
line d muscle cells. Stoichiometic displace-
ment of K+ by Na+ thus reasonably explains
an increase in the adsorbed Na+,

Hence the earlier evidence, as wdl as that
presented here, clearly establishes that it is
indeed the fast fraction, and not the Slow
fraction, that represents the intracellular-
extracellular exchange, that the slow fraction
represents Na+ adsorbed, and that the rate-
limiting step of the slow fraction isdesorption.

Implications for Pump Theory

L et us now examine theimplications o the
above findings with respect to the current
theory of the resting potential and the energy
requirement of the postulated Na pump.

1. The permeability constants for alkali-
metal ionsforfrogmuscle. Table IT lists some
examples of the inward rate constants avail-
able in the literature for K+, Rb+, Cs+, and
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Nat+ at room.temperature.”?%3! The average
of thefour sets of earlier data (including my
own) for Na+ permeability was 0.13 h—2.
The new value from the present study (1.28
h—1) is nearly 10 times higher. My old data
were too low because at the time the centri-
fugation technique had not yet been de-
veloped. To remove the labeled ion in the
extracellular space, the muscle had to be
washed vigoroudly in a non-labeled Ringer
solution for 5 min at O°C. As a result, much

(o the fast fraction was removed, spuriously
tion o K+ 1+ Nat in the resting cells.® I

reducing the influx rate.

2. Theories of resting potential. According
to the well-known Hodgkin-Katz equation,
the cellular resting potential (y) depends on
the absolute temperature (T); on the intra-
and extracellular concentrationsof K+, Na+,
and Cl-—respectively represented as [K+];,,
[K+]|>xa [Nﬂ+}il1: [Na+]ox, [CI_]in; and [Cl—]ex;
and on their permesbility constants Py, Py,
and Pg,:3

l/’ = RT/F ln{ (PIETK? ]511 '{‘ Px;l[Na_:_]tn +
PalCl-1ux)/(Px[K +]o T PralNa*les T
PCI[CI_]lu)}. (21)

Subsequent studies by Hodgkin and Horo-
wicz!® reveded that the steady level o the
potential is not influenced by external Cl-
concentration as predicted in Eq. 20. Katz,
co-author of that equation, then elected to
drop its chloride terms on the ground that
"chloride ions are in equilibrium in resting
muscle.”?® Reserving for a paper published
elsewhere my comments on the validity of
such a deletion,3* | give here the Hodgkin-
Katz equation in the revised form attributable
toKatz:

Y = RT/F In{(Px[K+]i, + Pxa[Na+t],)/
(PI\'[K+]M + P.\'n[Na+]ux)}- (22)

Thevaluesdf Py and Py, asgiven by Katz
and cited in Table II are, respectively, 3.80
h—tand 0.063 h—1, The gas constant is equal
to 8.614 X 10—* mV-Faraday. At 25°C, T
is 298. Therefore
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) = 8.614 X 10~ X 298 In{(3.8 X
0.063 X 16.9)/(3.8 X 2.5 4 0.063 X
104) ) = 87.6 mV. (23)

Thevauesd ionic concentration used here
are averages of al available data up to 1959:7
[K*]in, 128 mM; [Nat]i,, 16.9 mM; [K+ ],
2.5 mMm; and INat],,, 104 mm.

Usingthe average value of Px and Py, from
al old datain theliterature collected in Table
11, we have

v =25.7In{(2.97 % 128 + 0.13 % 16.9)/
(2.97 x 25+ 0.13

Using the new value of Px, from the present
investigation, we find

v = 257 In{2.97 X 128 + 1.28 x 16.9)/
(2.97 x 25+ 1.28 %

104)) = 27.1 mV. (25)

Thenormal resting potential of frog muscle

TABLE 1L
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cellsmeasured by a microelectrode filled with
3 M KCI and in the presence of 2.5 mM
external K+ and about 104 mM Na+ at room
temperature is in the range o 85 to 95
mV.35.30 The revised version of the Hodgkin-
Katz equation, when fitted with the correct
values o the permeability constants for K+
and Nat, thus predicts a resting potential of
only 27.1 mV!

This failure o the revised Hodgkin-Katz
equation to explain the magnitude of the rest-
ing potential arisesfrom a value of Px, much
larger than was once thought and indicates
that the resting potentia is not dependent on
membrane permeability. Indeed, this is the
third time that the conclusion of non-depen-
dency has been reached (see refs. 36, 37).
For an alternativetheory of the resting poten-
tiadl according to the association-induction
hypothesis, see refs. 7, 34, 37-41.

3. Energy requirement of the Na pump.
Levi and Ussing® caculated the energy re-

A Comparison of the Present Data for the Inward Permeability Constant P,

and Inward Permeation Rate Constant 4, With Representative Examples of Previously Pub-
lished Data From This and Other Laboratories (For sources of data, see text.)

ks Piw Relative
lon Author (h=Y) Average (cm/sec) permeability
K+ Mullins, 1959 1.92 2.97 9.69:3 10™* 1.
Ling, 1962 (25°C) 3.06 154 x 1077
Ling and Ochsenfeld,
1965 (24°C) 3.10 15.6 X 10~°
Katz, 1966 3.80 21.1%¢ 10~1
Rb+ Mullins, 1959 1.04 1.16 5255 1071 0.39
Ling, 1962 (25°C) 1.27 6.51 x 1077
Cs* Mullins, 1959 0.11 0.24 0.556 x 10~° 0.081
Ling, 1962 (25°C) 0.36 1.81 x 1077
Na* Mullins, 1959 0.085 0.13 0.429 % 10~° 0.044
Ling, 1962 (20°C) 0.15 0.758 x 10~°
Harris, 1950 (18°C) 0.22 1:22:% 10~
Katz, 1966 0.063 0.35 x 1077
Na+ (present paper) 128 6.47x 107" 043
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guirement of the Na pump based on their
labeled Na+ efflux data and the assumption
that the dow fraction with a half-time ex-
changedf 34 min represents the intracellular-
extracellular exchange. The minimum energy
consumption rate for the Na pump they ob-
tained was 50 cal/kg/h. Harris®* made a
minor correction and arrived at an energy
consumption rate of 45 cal/kg/h. Both sets
o data are not incompatible with the resting
output of frog muscles, estimated at 170 cal/
kg/h.

The present investigation has shown that
the slow fraction is not rate-limited by mem-
brane permeability and that it is the fast frac-
tion with an average half-time of exchange of
3.17 minthat truly represents therate of intra-
cellular-extracellular exchange. This major
revision dters the concept of the energy re-
guirement for the pump substantially. Indeed
the minimum energy requirement of resting
frog muscleisnot as previously calculated but
equal to 45 x 34/3.17 = 482 cal/kg/h,
which is 283% dof the energy available!

This energy discrepancy, of course, is in
accord with the energy need calculated for
muscles under carefully controlled conditions
whereby external energy sources were com-
pletely blocked. The minimum energy need
under those conditions wasfound to be from
1500 to 3000% o the energy available.”

It may be pointed out that several attempts
have been made to reduce the energy require-
ments of the Na pump. These include postu-
lation of an exchange diffusion mechanism?*2
and of sequestration of Nat+ in the sarcoplas-
mic reticulum.>® Both have been contradicted
by experiments, 11.24,43,44

A more recent attempt to reducethe energy
need involved a nonenergy-consuming pump-
ing mechanism; i.e., the energy required to
pump out Na+ isfully recovered by the down-
gradient movement of Na+ into the cell.*
This postulated mechanism is reminiscent of
Maxwell's famous demon, which maintains
concentration differences in two contiguous
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phases without energy consumption. Like all
previoudly designed ** perpetual motion™” ma-
chines, it can at best be regarded as highly
unlikely. Experimentally it has long been
known that ouabain would poison an Na
pump and render it nonfunctional; neverthe-
less ouabain has no effect on the inward Na+
flux.®® If Na+ influx can indeed regenerate
energy used in pumping, it must be mediated
by the pump and thus would be sensitive to
ouabain poisoning, contrary to fact.

Still afourth possible remedy isworth con-
sidering (though to my knowledge it is not
cited in the literature). That is, if Na+ is
pumped out not as a cation but accompanied
by an equivalent concentration of the anion
chloride, the outward pumping would no
longer be against an electrical gradient. To
some extent such a postulation is, | believe,
theoretically more reasonable and could in-
deed reduce the energy requirement of the
pump--although not by too much, because
the chloride would then have to be pumped
out against a concentration gradient. | have
shown that the electrical gradient is 90 mV
and the concentration gradient for Nat+ is
equivalent to 58 mV. The chloride gradient
for resting frog muscle in a normal Ringer
solution is about equal to the Na gradient; by
pumping Na+ .and Cl— together, the energy
requirement would be reduced by afactor o
1— (58 + 58)/(90 + 58) = 20%. This
energy saving is of modest significancewhen
the discrepancy between energy demand and
supply isin the realm of several hundred to
several thousand percent, even if we totally
disregard the concomitant energy needs of
the long list of other pumps postulated along
with nonpump energy requirements of theliv-
ing cell.10

The foregoing work was supported by NIH
grants 2-R01-CA 16301-03 and 2-R01-GM11422-13,
and by Officeof Naval Research Contract N00014-
71-C-0178.
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