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The mechanisms controlling intracellular elec-
trolyte content are of clinical interest because ab-
normalities of intracellular electrolyte distribution
occur in a variety of illnesses. Tissue electrolyte
metabolism can be investigated by the direct study
of muscle removed by biopsy, or by the use of bal-
ance technics from which deductions about changes
in the quantity of intracellular electrolyte are
made. However, neither of these methods is
suited for extensive clinical application. There-
fore, the readily obtainable circulating erythro-
cytes (RBC) have been studied with the hope that
they would prove to be sufficiently similar to the
bulk of body cells in their metabolism to reflect
the intracellular electrolyte state of the body as a
whole. Reports of abnormalities in the Na and K
content of RBC in association with disease have
appeared (1-4), but proof of a parallel relationship
between the changes in RBCand those in other
cells is not yet available. Like other human cells,
the erythrocytes of man contain a high concentra-
tion of potassium and a low concentration of so-
dium, despite the continuous exchange of both of
these cations between the cells and plasma (5-11 ).
It has been maintained that active mechanisms
exist in the erythrocyte for the inward transport
of potassium and for the expulsion of sodium
against the concentration gradients and that these
processes are energized by glycolysis (11-13).
The experiments reported herein were conducted
to test this hypothesis.

Iodoacetate, which is known to abolish glycoly-
sis and selective cation accumulation in erythro-
cytes (14), was added to human -whole blood
maintained under simulated physiologic conditions
in vitro. By the use of Na22, K42, and Rb86, the
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changes in the rates with which Na and K entered
and left the RBCwere measured. If iodoacetate
abolished the active processes postulated to exist
in the RBC, the expected result would be de-
creases in the rates of entry of potassium and exit
of sodium.

METHODS

The methods employed in these studies have been
described in detail elsewhere (8-10). Heparinized hu-
man blood was placed in paraffined flasks and gently agi-
tated at 38° C. Na-mono-iodoacetate in a final con-
centration of 10' M was added fifteen minutes before
the isotopes. The rate at which sodium entered the RBC
was measured by adding Nae to the plasma and follow-
ing the rise of specific activity in the erythrocytes with
time. The rate of return of sodium from the erythrocytes
to the plasma was considered to be equal to the differ-
ence between the rate of entry of sodium into the cells
and the rate of change in total sodium content of the
erythrocytes. In three experiments Rb" was used to
trace potassium by the method discussed elsewhere (10).
Rb was shown to be utilized by normal RBC in vitro
in a manner that is quantitatively and qualitatively very
similar to that of potassium. In fact, by the methods
used, no difference in their behavior in normal cells
was detected. Figure 1 shows that this similarity of
behavior is also present in RBC under the influence of
iodoacetate. By measuring changes in "specific activity"
(Rbe cpm. per mEq. K" as well as K" cpm. per mEq.
K") of plasma and erythrocytes, the rates of potassium
intake and output by the RBC were both observed di-
rectly. The radioactivity was measured with a thin,
mica end-window G. M. tube. Sodium and potassium
were determined with a modified Becmlan model D. U.
flame photometer, making empirical corrections for mu-
tual excitation of sodium and potassium. The erythro-
cytes were separated from the plasma by means of a
special clamp which allowed RBCcentrifuged in plastic
tubes to be isolated with an estimated plasma content of
1.9 per cent (8). Serial determinations of hematocrit

-in three experiments revealed no significant change in
RBCvolume up to seven hours after adding iodoacetate.

Calculations of exchange rate were made by the method
of Sheppard and Martin (5), assuming that RBC and
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plasma form two uniformly mixed communicating com-
partments. Since the rates of transfer into and out of
the RBC were not equal and the contents of the com-
partments were changing in a reciprocal fashion, rates
were calculated from hour to hour using the following
formulae of Sheppard:

d 2
da2

dS2 S2 dt
dt a, - a2

da,
dS12 dt
dt a2 -a

where

d2 and dS2are respectively the rates of transfer of non-
tracer material into and out of the RBC,

Si and S2 are the total nontracer sodium or potassium
content of the plasma and RBCrespectively, and

a, and a2 are the specific activities of plasma and RBC
respectively (Nanl/Na", Rbss/KB, or Kl*/K39).

da1 da2and - were determined graphically from observeddt dt
data.

Since approximately two-thirds of the RBC sodium
exchanges with the plasma in one hour, RBCsodium spe-
cific activity rapidly approached that of the plasma. When
the difference between their specific activities became
small, small errors in the determination of specific ac-

tivity in either compartment made large percentile errors
in the absolute difference between them. Since these er-
rors were not necessarily random ones that would be
subject to statistical treatment, calculations of exchange
rate have not been reported when RBC specific activity
had reached three-fourths of the plasma specific activity.

RESULTS

Changes in RBCNa and K concentrations after
addition of iodoacetate

In each experiment there was a nearly linear
rise in RBC sodium content after addition of
iodoacetate to the whole blood, the mean rate of
increase in RBCsodium concentration being 1.18
mEq. Na per L. RBCper hr. (Figure 2b). The
rate of fall in RBCpotassium was greater than the
rate of gain of sodium, averaging 1.80 mEq. K per
L. RBCper hr. when measured directly (Figure
2c) and 1.67 mEq. K per L. RBCper hr. when
determined from the rise in plasma potassium,
which is expressed as mEq. per L. RBCpresent
in the whole blood (Figure 2a). These net trans-
fers of sodium and potassium began in less than
one hour after adding iodoacetate.

COMPARISONOF K42 AND Rb" INTAKE OF ERYTHROCYTESTREATEDWITH IODOACETATE

6000

\ 4000

2000

* K42
o Rb"

a-

'o e O \ A(3

(-3
Q

;

; 2 34 S 6 7 1 2 3 4 5 6 7

Hours offer odding tracers

FIG. 1. COMPAISONOF THE INTAKE OF KU ANDRBe BY RBC rN Two SPECIMENSOF HUMAN
WHOLEBLOODAT 380 C. In Vitro

Iodoacetate (10' M) was added 15 minutes before the isotopes. The differences in counting
levels are caused by the addition of unequal amounts of tracers in the two instances.
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CHANGESIN PLASMAK AND ERYTHROCYTENa AND K AFTER
THE ADDITION OF IODOACETATETO WHOLEBLOOD
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FIG. 2. THE TnD COURSEOF THE RISE IN PLASMAPOTASSIUM (a) AND
ERYTHIROCYTESODUM (b) AFrn TEE ADDITION OF IODOACETATE (10 M) To
HUMANWHOLEBLOODAT 38° C. In Vitro

The fall in RBC potassium is shown in (c). Plasma potassium is ex-
pressed as mEq. per L. RBC. The regression lines calculated by the method
of least squares are indicated.

Influence of iodoacetate on RBCsodium exchange
rates

In Figure 3a the rate of intake of sodium by
normal cells in three instances is compared to
the rate of intake by the cells in two determinations
in which iodoacetate was added. Figures 3b, c,
and d show the same comparison made from si-
multaneous determinations on aliquots of the
same blood samples. There is no evidence in
these data of an increase in the rate of intake of
sodium after the addition of iodoacetate. There-

fore, since the sodium content of the iodoacetate-
treated cells was increasing at an average rate of
1.18 mEq. Na per L. RBCper hr., the rate of out-
put of sodium from them must have been less
than in the controls. In the experiment illustrated
in Figure 3d, three and one-half hours after the
addition of Na22 the blood was lightly centrifuged
and the plasma was replaced with tracer-free
plasma. This allowed the direct determination of
the rates of both intake and output of sodium by
these cells as the Na22 flowed out of them. These
rates are indicated in Figures 3e and f. Again the
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intake rate was similar in control and iodoacetate-
treated blood; and the output rate of the iodoace-
tate-treated cells was low, confirming the previous
inference from intake rate and net change in so-
dium content.

Influence of iodoacetate on RBC potassium ex-
change rates

Figure 4 summarizes the results of determina-
tions of the time course of the rates of intake and
output of potassium by RBCafter the addition of
iodoacetate. In each experiment a simultaneous
control was carried out on an aliquot of the same
blood sample. In three experiments with iodoace-
tate Rb86 was the tracer, and in two others Rbl*
and K42 were used simultaneously. The results
were essentially the same in all cases. The data
show that during the first hour after addition of
iodoacetate there was a rise in the rate with which

potassium left the cells and that later this retumed
to the level .of the controls. The intake rate de-
clined until the third or fourth hour, and there-
after was maintained at a low rate.

DISCUSSION

Comparison of these data with the previously
reported results of others is difficult because of
the wide variation in experimental conditions un-
der which erythrocyte sodium and potassium ex-
change have been measured. Harris and Maizels
have determined the effect of NaF on the sodium
exchange of RBCcollected several hours or longer
before the measurements, which were carried out
after suspension of the cells in a large volume of
aqueous electrolyte solution (15). They found
that NaF, an inhibitor of glycolysis, essentially
abolishes the movement of sodium out of the red
cells, while affecting intake little. However, the
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FIG. 3. NA INTAKE AND OUTPUTRATts OF CONTROLAND OF IoDoAcETATz-TRATED RBC
a. Na intake in three controls compared with that in two measurements on iodoacetate-

treated cells.
b, c, and d Simuneous measurements of Na intake in control and iodoacetate-treated cells

from the same blood samples.
e and f. Na intake and output rates of the cells illustrated in (d), measured from four to

seven hours after adding Na. The original plasma was replaced by tracer-free plasma after
three and one-half hours of incubation.
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EFFECT OF IODOACETATEON ERYTHROCYTEINTAKE AND OUTPUTRATES OF K
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FIG. 4. THEi EmcTOF IODOACETATEON RBC INTAKE AND OUTPUTRATES OF K

In each experiment in which iodoacetate was added, K exchange rates were measured simul-
taneously on an aliquot of the same blood without iodoacetate.

fractional exchange of sodium by RBC under
these conditions was only one-third to one-half
of that observed in freshly obtained cells incubated
in plasma. The experiments reported herein show
that at the higher exchange rates present under
more nearly physiologic conditions the inhibition
of glycolysis by iodoacetate results in a reduction
of only one-third in the sodium output rate.

Taylor, Weller, and Hastings have reported
measurements of K exchange rates in the presence

of NaF (16). In their method fresh cells are

incubated in an inorganic medium containing glu-
cose. Under these conditions the K exchange
rate was essentially the same as that observed in
plasma. The initial entry rate was determined
from the initial slope of the curve of loss of
"plasma" K42. The exit rate was equal to the
sum of the initial entry rate and the rate of net
loss of RBCpotassium. They reported that the
rate of entry was decreased by 60 per cent and the
rate of exit increased by 75 per cent. Eckel, in
experiments carried out by similar technics, has
likewise reported an accelerated output rate, al-
though the increase was six to twelve times the
normal rate (17). However, in his results an in-
crease in the intake rate proportional to the rise
in concentration of plasma K was present. It is

perhaps pertinent that Sheppard and Beyl, using
similar methods but incubating the cells in plasma,
have found that the loss of potassium by RBCin-
jured by large doses of x-rays is caused by an in-
crease in the rate of movement of potassium from
cells to plasma with essentially unaltered move-

ment of potassium from plasma to cells (18).
Solomon has analyzed the processes responsi-

ble for sodium and potassium exchange in the
RBC from the thermodynamic viewpoint (11).
He considers that the available data show that so-

dium and potassium are transported into the cell
by different mechanisms, that the processes respon-

sible for the entry and exit of sodium are different,
and that potassium influx and outflux are probably
not affected by the same process either. This
latter conclusion is supported by the report of
Taylor, Weller, and Hastings that cholinesterase
inhibitors cause loss of RBC potassium by de-
creasing the intake rate, whereas choline acetylase
inhibitors cause a loss of potassium by increasing
the output rates (16). Solomon concludes that
in RBC neither sodium nor potassium is trans-
ported in either direction by a process like simple
diffusion. However, Cooke and Segar have re-

cently postulated a mechanism for controlling
muscle electrolyte composition which involves pas-
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sive diffusion as the phenomenon responsible for
loss of potassium from the cell and movement of
sodium into the cell, with the reverse processes

being performed by a system with properties like
an exchange resin (19). Harris has postulated
that in RBC there are both active and passive
components of the influx and outflux of both so-

dium and potassium (13).
From consideration of what is known about the

process of cation exchange in human RBC, there
is little reason to predict that simple mechanisms
are responsible. The evidence favors the existence
of a complex system of vital processes, with the
cellular cation concentrations being determined
by the dynamic equilibrium resulting from their
interaction.

SUMMARY

Following the inhibition of glycolysis in human
erythrocytes by Na-mono-iodoacetate there was a

net flow of sodium into the cells (1.18 mEq. Na
per L. RBCper hr.) and a greater flow of potas-
sium out of them (1.80 mEq. K per L. RBCper

hr.). Determination of sodium and potassium
exchange rates by the use of radioisotopes showed
that the net gain of sodium was caused by a de-
crease in sodium output with the intake being
little affected; whereas, the loss of potassium was

caused by both an increase in output and a de-
crease in intake.

These results confirm the presence of active
governing processes in RBCwhich promote the
intake of potassium and the output of sodium and
inhibit the output of potassium.
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