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Normal human red cells contain approximately
100 mEq./l. of potassium (K) and 10 mEq./l. of
sodium (Na). The K composition of sickle cell
anemia (hereinafter designated SCA) red cells
was first investigated by Erickson and her co-
workers (1) who found that red cell [K] in SCA
was approximately 10%o less than normal red cell
[K].

Our interest in the distribution of cations in
SCA blood was stimulated by the observation of
elevated venous serum [K] in three patients with
SCA. Erickson and her co-workers did not re-
port what effect varying blood oxygen content had
on [K] and [Na] in SCAred cells. Since oxygen
is known to affect other properties of SCAred cells
(2, 3), it was decided to investigate the effect of
controlling this variable. Therefore measurements
of SCA red cell [Na] and [K] were made in both
oxygenated and de-oxygenated states, in sivo and
in vitro.

METHODS

1. Analytical techniques
K and Na were measured with a barrier layer cell flame

photometer operated with a lithium internal standard (4).
It is estimated that these measurements are accurate to
+ 2%. When measured, water content of the red cells
was determined by weighing a sample before and after
drying in an oven at 1100 C. for 24 or more hours. In
some instances, PO2 and pC02 in the gas phase of the ex-
periments were measured by the method of Scholander
(5), and the 02 and C02 content of the blood phase by
the technique of Van Slyke and Neill (6). The red cells
for K and Na analyses were pipetted by syringe suction
with an Ostwald pipette calibrated to contain the desired
volume.

2. Experimental procedures
(a) Short term experiments in vitro. Forty to fifty

ml. of blood were drawn from the antecubital vein of nor-
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mal subjects and patients with SCA. The blood was im-
mediately heparinized with approximately 50 cat units of
crystalline heparin per 10 ml. blood. Within one-half to
one hour, 15-20 ml. of this heparinized venous blood were
placed in each of two Barcroft tonometers (300 ml. ca-
pacity), one containing 30%0o-5%CO,-65%N,, and
the other containing 0%0o-5%CO,-95%N,. The to-
nometers were sealed with Hg and rotated at 20 rpm. in
a water bath at 370 C. for 20-30 minutes. The blood was
then removed under oil and, in some instances, whole
blood samples taken for gas analysis. The remainder of
the blood was centrifuged under oil at 14 X 10' g. for
one hour, after which samples of plasma and red cells
were taken for K, Na, and water analysis as indicated.

In order to test the reversibility of the cation changes
observed in the experiments described above, a 60 ml. sam-
ple of fresh heparinized venous SCA blood was first de-
oxygenated by equilibration for one-half hour in a Bar-
croft tonometer at 370 C. with 95%Ny-5%CO,, as be-
fore. Then a 20 ml. sample was removed for analysis, the
gas phase was flushed out with 95%O-O5%CO,and the
remaining 40 ml. of blood re-equilibrated for one-half
hour with this gas. Next, a second sample was taken out,
the final 20 ml. of blood were again deoxygenated by
equilibrium in 95%NI-5%CO.. This blood was then
the third sample. All blood samples were collected and
centrifuged under oil at 800 g. for five minutes and plasma
samples taken. The remaining loosely packed red cells
were then centrifuged at 14 X 10' g. as before, the re-
maining plasma removed, and red cell samples taken for
measurement of Na, K, and water content.

Since carbon monoxide prevents the occurrence of
sickling of SCA red cells in a hypoxic medium (2), it
was decided to utilize this fact to study the effect of hy-
poxia on cation changes in the absence of sickling. Forty
ml. of fresh heparinized venous SCA or normal blood
were gently shaken in a flask containing approximately
25%oCO-72%oN2-3%oCO,until cherry red in color. Twenty
ml. samples of this blood were then placed in each of
two Barcroft tonometers, one containing 95%oO-5%oCO,,
the other containing 95%Ny-5%CO,. The tonometers
were then sealed and rotated at 370 C. for one-half hour,
after which samples were taken under oil and prepared
for analysis as before.

(b) Long term in vitro experiments. In order- to in-
vestigate changes in SCA red cell [K] over a longer pe-
riod of time, a different technique was employed for sev-
eral reasons: 1) SCA red cells kept in the de-oxygenated
state for several hours become extremely viscous and
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TABLE I

Results of typical experiments on one normal subject and one patient with SCA
Each blood sample was incubated for one-half hour in the oxygenated and de-oxygenated state.

Gas Blood gas Red blood cell Plasma
SubJect -- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _-_ _ _ - _ _ _

pSs pCOs Os Cos) Na K Na+K |HsO pH Na K Na+K pH

mm.Hg mm.Hkg bo. % vod. % mEq./l. mEq./l. mEq./L. % cadc. mEq./. mEq./l. mEq./l. caic.
Normal 215 45 22.8 46 11 98 109 66.0 7.19 136 3.7 140 7.37

12 42 3.4 50 1 1 96 107 66.0 7.25 136 3.7 140 7A4

Sickle cell 237 42 8.5 50 27 83 110 64.1 7.19 134 4.5 139 7.37
anemia 8 41 0.4 51 40 60 100 63.4 7.19 133 7.0 140 7.38

difficult to pipette, 2) heparinized SCA blood in a Bar-
croft tonometer rotated at 37° C. for 24 hours shows
considerable hemolysis, 3) the vigorous centrifugation used
to separate red cells and plasma might conceivably affect
the results.

Forty ml. of fresh heparinized venous SCA blood were
placed in a flask containing 60 ml. of a bicarbonate-
phosphate buffered electrolyte solution, (pH 7.4; [K] =
4.4 mEq./l.; [Na] = 135 mEq./l.) containing 4.0 gm./l. of
glucose. This solution is known to maintain normal hu-
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FIG. 1. EXPERIMENTS ON Two NORMAL SUBJECTS

AND FOUR PATIENTS WITH SCA-EACH BLOOD SAMPLE
INCUBATED FOR ONE-HALF HOUR IN THE OXYGENATED
ANDDE-OXYGENATEDSTATE

Each bar represents the difference between oxygenated
and de-oxygenated red cell sodium or potassium con-

centration.

man red cells in a relatively stable state for 48 hours (7).
In our experiments visible hemolysis was present in only
one sample and then was barely detectable by the naked
eye. Twenty-five ml. of the resultant diluted blood were
placed in each of four Parafilm sealed Erlenmeyer flasks
with open side-arms to allow gas flow. Ninety-five%O2-
5%CO2was flushed through the flasks which were then
rocked 12 X /min. through an arc of 30°40o in a water
bath at 37° C. for one-half hour. One flask was then taken
from the bath and the diluted blood removed under oil.
Either 95%0o-5%CO2 or 95%N-5%oCO2 was flushed
through the remaining three flasks which were then
rocked in the bath as before. Samples of diluted blood
were taken under oil at four, 12, and 24 hours. Hemato-
crit was determined on all samples by centrifugation at
800 g. for one hour. K in diluted blood and diluted plasma
was measured by flame photometer, as before. Red cell
[K] was calculated from these data by the following for-
mula: K. = 1/,y Kb-K, (ly) when K. = red cell [K], Kb
= diluted blood [K], K, = diluted plasma [K], and y = he-
matocrit corrected for incomplete packing (8).

(c) In vivo experiments. In order to investigate the
initial phase of the cation changes in vivo, 20 ml. samples
of blood were drawn simultaneously, under oil, from the
antecubital vein and opposite brachial or femoral artery.
Drawing of the venous sample was preceded by five to 30
minutes of venous congestion produced by a blood pres-
sure cuff at 90 mm. Hg. The samples were immediately
heparinized and centrifuged under oil at 14 X 1iG g. for
one hour. Samples of red cells and plasma were analyzed
for K, Na, and water as before.

RESULTS

(a) Short-term experiments in vitro
In one experiment (Table I) typical of four

with SCA red cells, [K] was about 23 mEq./l.
RBCless and [Na] about 13 mEq./l. RBCmore,
in the de-oxygenated than in the oxygenated state.
This loss of K and gain of Na was not evident upon
de-oxygenation of normal cells. Even in the oxy-
genated state, SCAred cell [K] was somewhat less
and [Na] somewhat more than the values in nor-
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FIG. 2. EXPERIMENTSON THREEPATIENTS WITH SCA
-EACH BLOOD SAMPLE INCUBATED CONSECUTIVELY FOR
ONE-HALF HOURIN THE DE-OXYGENATED, OXYGENATED,
ANDDE-OXYGENATEDSTATE

mal red cells. Since the loss of K exceeded the
gain of Na by de-oxygenated SCA red cells, the
sum of [K] + [Na] was slightly less in the de-
oxygenated than in the oxygenated state.

The water content of SCA red cells was slightly
less than the value for normal red cells in the oxy-
genated state. De-oxygenation resulted in a slight
fall in SCA red cell water content but did not af-
fect normal red cell water content. Since the water
content of de-oxygenated SCA red cells was, if
anything, slightly less than the oxygenated value,
it is unlikely that increased plasma contamination
due to incomplete packing of the sickled de-oxy-
genated cells caused the observed reduced [K] and
increased [Na] in these cells. pH as calculated by
the method of Henderson (9) was essentially the
same in normal and SCA red cells in oxygenated
and de-oxygenated states. The Donnan r value
for H' was assumed to be the same for normal
and SCAblood (10).

Figure 1 presents a graphic summary of data
obtained from four SCApatients and two normal
subjects. The results qualitatively confirmed all
the findings described above for a single experi-
ment. The blood of every SCA patient studied
showed significantly less red cell K and more Na
in the de-oxygenated than in the oxygenated state.
These differences were not present in eight experi-
ments on two normal subjects.

Figure 2 presents data which demonstrate the
reversibility of the K loss and Na gain of previ-
ously de-oxygenated SCA red cells upon re-oxy-
genation. In experiments on three SCApatients,
the mean rates of K gain by re-oxygenated and K
loss by de-oxygenated red cells were both about 20
mEq./l. RBC/hr. The mean rates of Na loss by
re-oxygenated and gain by de-oxygenated red cells
were both about 14 mEq./l. RBC/hr.

Figure 3 shows that COblocked the K loss and
Na gain by de-oxygenated SCAred cells. COdid
not affect the cation concentrations of normal red
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FIG. 3. EXPERIMENTSON Two NORMALSUBJECTSAND
THREEPATIENTS WITH SCA-EACH BLOODSAMPLEIN-
CUBATEDFOR ONE-HALF HOURIN 95%o 02 AND95% N2,
WITH AND WITHOUT PRE-EXPOSURETO 25 % CO

The bar on the left of each pair represents the differ-
ence between oxygenated and de-oxygenated red cell so-
dium or potassium concentration with pre-exposure to
CO. The bar on the right of each pair represents the
same quantity without pre-exposure to CO.
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cells. Thus, hypoxia per se does not cause the K-
Na exchange observed in de-oxygenated SCA red
cells.

(b) Long-term experiments in vitro
In the experiments with slow gentle shaking

(see Methods) de-oxygenated SCA red cells con-
tinued to lose K for at least 24 hours (Figure 4).
K loss from oxygenated SCA red cells was small
and irregular in the two cases studied. The rate
of K loss during the first four hours from de-oxy-
genated SCA red cells in this system was about 4
mEq./l. RBC/hr. The rate of loss decreased with
time but was still appreciable between 12 and 24
hours after the start of the experiment. In a system
identical with that employed here Raker and his
associates (7) working with normal cells did not
observe accelerated K loss upon de-oxygenation.

(c) Short-term experiments in tvvo
Figure 5 shows the cation difference in four

SCA patients between red cells from congested

TIME IN HOURS -

OPEN SYMBOLS OXYGENATED
CLOSED SYMBOLS DEOXYGENATED

FIG. 4. EXPERIMENTSONTwo PATIENTS wrrH SCA-
EACH SAMPLE OF DILUTED BLOOD INCUBATED FOR 24
HOURSIN THE OXYGENATEDAND DE-OXYGENATEDSTATE

The de-oxygenated 24-hour sample of SJ showed he-
molysis just detectable by the naked eye.

A-V DIFFERENCE IN RBC

FIG. 5. EXPERIMENTSON ONENORMALSUBJECT AND
FouR PATIENTS WITH SCA-EACH BAR REPRESENTING
THE ARTERIOVENOUSDIFFERENCE IN RED CELL NA OR K
CONCENTRATION

veins and arterial red cells. In general, venous red
cell [K] was less and the [Na] more than the ar-
terial values. The A-V differences varied from a
maximum of -17 mEq. K/l. RBCand + 9 mEq.
Na/i. RBC in one patient to a minimum of + 3
mEq. K/1. RBCand 0 mEq. Na/i. RBCin another.
There was no A-V difference in plasma [K] so
that we were unable to produce experimentally the
clinically observed elevation of venous plasma [K].
In the normal subject, A-V differences in red cell
and plasma [K] and [Na] were small.

DISCUSSION

Human red cells are known to lose K and gain
Na on exposure to cold (11), X-rays (12), iodo-
acetate (13) and fluoride (13-15), in the absence
of glucose (14, 15), and possibly upon infestation
with malarial parasites (16). Ponder describes
red cell K loss and Na uptake prior to hemolysis
in a variety of in vitro hemolytic systems (17).
The mechanism of such "prolytic" K-Na exchange
is obscure. The electrolyte shift which we found
during hypoxia is, in our experience, unique to
SCA and possibly sickle cell trait red cells.
Whether this process is also "prolytic" is beyond
the scope of this paper.

The initial rate of K loss from SCAred cells de-
oxygenated in a Barcroft tonometer (about 20
mEq./l. RBC/hr.) was considerably faster than
the value for SCA red cells de-oxygenated in an
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Erlenmeyer flask (about 4 mEq./l. RBC/hr.).
This difference was perhaps due to the slower rate
of agitation or of equilibration of blood with gas
phase in the latter system. During at least the
first one-half hour of de-oxygenation the K loss
could be reversed by re-oxygenation. In this cir-
cumstance, K uptake also occurred at an initial
rate of about 20 mEq./l. RBC/hr. Since these
rates of net K uptake and loss were considerably
faster than the rate of turnover of K in normal red
cells in the steady state (2 mEq./l. RBC/hr.) (7,
18), it is probable that under certain conditions K
turnover in SCA red cells is considerably faster
than in normal red cells. Experiments are now in
progress to determine the effect of variations in
temperature, concentration gradient, etc. on the
rates of net K and Na transfer and to measure with
appropriate isotopes the rate of turnover of these
ions in SCA red cells.

Why do these electrolyte changes occur in de-
oxygenated SCAred cells but not in normal cells?
Two general hypotheses are plausible:

(1)i K-Na exchange is due to an abnormality in
SCA plasma. For example, "prolytic" ion ex-
change as described by Ponder is particularly large
in hemolytic systems containing bile salts. Most
SCApatients were slightly jaundiced but accurate
determinations were not made of the concentration
of bile salts in their plasma. It does not seem
possible that plasma bile salts per se cause the ca-
tion exchange observed in SCA red cells because
(a) it is unlikely that reduction in PO2 would ac-
celerate such a process, and (b) red cells taken
from a patient with severe obstructive jaundice
due to carcinoma of the head of the pancreas did
not lose K or gain Na during 24 hours of incuba-
tion at 370 C. in the oxygenated or de-oxygenated
state. Since the shift occurred in de-oxygenated
SCAred cells suspended in diluted plasma and (in
one experiment) Ringer's solution, evidence for a
plasma abnormality responsible for the process is
at present lacking.

(2) K-Na exchange is due to an abnormality
in SCA red cells. The most obvious difference
between the responses of normal and SCAred cells
to hypoxia is the occurrence of sickling in the latter.
Several facts suggest that K loss and Na uptake by
de-oxygenated, SCA red cells is intimately as-
sociated with the process of sickling: (a) COpre-
vents both sickling and K-Na exchange in de-oxy-

genated SCA red cells, (b) both processes begin
almost immediately after de-oxygenation of SCA
blood.

What is the mechanism relating the processes
of sickling and K-Na exchange in SCA red cells?
The change of shape and probable mechanical dis-
tortion of the red cell membrane in the sickled state
are obvious. These changes could accelerate the
diffusion of K and Na in the direction of their
concentration gradients. In addition, recently
demonstrated differences between ionic (19), and
physical (3, 12, 20) properties of SCA and nor-
mal hemoglobin may be related to cation exchange
in sickled SCAred cells. Specifically, the work of
Harris (3) and of Perutz and Mitchison (20)
suggests that unsaturated SCAhemoglobin is in a
crystalline or para-crystalline state. It is not yet
clear whether the observed changes in cation com-
position of sickled SCA red cells are primarily re-
lated to the physical properties of desaturated SCA
hemoglobin or to alteration of the SCA red cell
membrane incident to the sickle shape.

SUMMARYAND CONCLUSIONS

1. In the de-oxygenated but not in the oxy-
genated state, red cells from patients with sickle
cell anemia (SCA) begin to lose K and gain Na
almost immediately and continue to do so for at
least 24 hours. This process does not occur in de-
oxygenated normal red cells.

2. During the first half hour at least, K-Na ex-
change in de-oxygenated SCA red cells can be re-
versed by re-oxygenation.

3. K loss and Na gain by red cells does not oc-
cur in the absence of 02 if sickling is prevented by
CO.
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