CHANGES IN ERYTHROCYTE MEMBRANE Na'-ATPase ASSOCTATED: WITH
CELL MATURATION AND ONTOGENY

ABSTRACT

Age-related changes in the transport ATPase system of
mammalian erythrocyte membranes have been investigated.

Two developmental processes were followed, maturation of
reticulocytes in humans, rabbits and low-potassium sheep,
and development of erythrocytes during ontogeny in LK lambs.

Human and rabbit erythrocytes contain similar high
potassium concentrations, though human membranes exhibit
more alkali cation-dependent ATPase than rabbits. In both
species, a decline in this activity is observed with cell
maturation.

LK sheep erythrocytes have low potassium content and little
Na+—dependent ATPase. Reticulocytes possess elevated potassium
levels and increased ATPase activity. Both parameters decrease
during maturation, but the loss of ATPase activity is due mainly
to a decrease in the Mg++—dependent component.

LK lamb erythrocytes possess elevated potassium content and
ATPase activity. Nat-ATPase resembles HK rather than LK erythro-
cytes, both in quantity and Kt-response kinetics. Ontogeny is
associated with changes in cell potassium levels and Na'-ATPase ;
activity to mature LK characteristics. 4
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1. ZINTRODUCTION

The average life span of mammalian erythrocytes is 120
days. Primordial stem cells in the bone marrow are stimulated
by erythropoetin to form hemocytoblasts, the first precursors
of erythrocytes, and the hemocytoblasts divide to become
basophil erythroblasts which begin the synthesis of hemoglobin.
Throughout subsequent divisions, the cell fills up with hemo-
globin, and the nucleus gradually shrinks until it disappears,
probably by autolysis and absorption. At this point, the new
erythrocytes squeeze through the pores of the capillary walls
into the circulation. Most red cells eﬁfering the blood re-
tain a small amount of basophilic endoplasmic reticulum, and
because of this they are called reticulocytes. Reticulocytes
continue to synthesize hemoglobin for a period of two to
three days until they lose their characteristic reticulum
and become adult erythrocytes. After approximately four months
in the circulatory system, the senescent red cells are seques-
tered by the spleen, completing the erythrocyte life cycle.

The aging process in red cells can be followed easily by
administering a pulse label of 59Fe and studying the labeled
cells in the circulation at various time intervals after intro-

duction of the isotope.(l) Since only the cells actively



synthesizing hemoglobin at the time of the pulse will take up
the label, a discrete population of young cells will be tagged, !
and can be observed throﬁghout the maturation period. 1In this
manner, it has been discovered that erythrocytes undergo a

wide variety of physical and metabolic changes during their
short lifetime. Before the cells ever leave the bone marrow,
they lose their nuclei and the ability to synthesize nucleic
acids. As the reticulocyte matures, protein and lipid synthesis
cease (2), along with the ability to actively transport amino
acids into the cell.(3) As the aging process continues, oxygen
consumption (2) and, to a lesser'extent, the glycolytic rate
decline (4,5), the ATP concentration in the cell decreases (5),
and the lipid composition of the cell membrane changes (6),
incorporating more short chain fatty acids.(7) Accompanying
these metabolic changes, the cell shrinks in size (8) and
changes shape. (9) The density of the cell increases (8,10),

as does the osmotic fragility (11), while the surface charge
density decreases. (8,12) These physical changes, especially

the increasing density, allow separation of various populations
of cells with respect to age, a vital aid in studies of the
maturation process.

In addition to the properties already mentioned, many



cellular enzymes have been shown to lose activity as the ery-
throcyte matures. For example, pyruvate kinase shows decreasing
maximum-velocity and electrophoretic mobility with age, while
the K, for phosphoenolpyruvate and the pH optimum both increase.
(13) Likewise, glucose-6-phosphate dehydrogenase (2), 6-phos-
phogluconic dehydrogenase (2), phosphohexosisomerase (2,5),
hexokinase (4,5), aldolase (4,5), and glutamic-oxalacetic
transaminase (4) all exhibit age-~dependent loss of activity.
This deterioration of enzyme activity is probably a result of
the cell's inability to synthesize new proteins as the old ones
are damaged or destroyed, and has been implicated as the pri-
mary cause of erythrocyte destruction.(ll) Based on this
evidence, it seems logical that similar kinetic changes might
be expected of other red cell enzymes. For this reason it

was decided to investigate the effects of maturation on the
Nat,Kt-activated ATPase in the membranes of mammalian erythro-
cytes.

Red blood cells, like all mammalian cells, maintain a
constant internal concentration of sodium and potassium ions.
Originally it was thought that the cell membrane was impermeable
to these cations, since in most erythrocytes, the intracellular

concentrations are quite different from those found in the
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plasma. (14) Permeating ions, such as chloride and bicarbonate,
distribute themselves freely across the plasma membrane accor-
ding to the Donnan equilibrium; but the equilibrium ratios
determined for sodium and potassium in human red cells vary
greatly from the expected Donnan values. (1l5) This indicated
that there are steep electrochemical gradients for these ions
across the cell membrane. Furthermore, it was believed that
if the cells were not impermeable to these cations, they
would undergo colloid osmotic swelling and lysis due to their E
high protein concentration with respect to the plasma. é
The concept of the cell membrane as a barrier to the
alkali metal cations was dispelled, however, when radioactive
isotopes of sodium and potassium were shown to permeate the
red cell membrane.(16) This discovery posed a dilemma. If sod-
ium and potassium could leak across the membrane along their
eiectrochemical gradients, then there must also be some mechanism
available to pump the ions back against the gradients and main-
tain the steady-state composition of the cell. Since this
pumping would be against steep electrochemical gradients, sodium %
efflux and potassium influx must be coupled in some way to an '
energy producing system. (17) This concept of a dynamic main-

tenance of alkali cation levels involving energy expenditure
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by the cell is now generally accepted, and is termed the
"pump-leak" hypothesis.

Although it seemed likely for many years that ATP was
the source of energy for the cation pump, providing proof
for this theory was difficult. Since ATP does not cross
the cell membrane, it could not be added exogenously to test
its effects on the transport system. Eventually, however,
a method was devised for injecting ATP into a giant squid
axon.(18) In addition, red cell ghosts were prepared con-
taining ATP, and were discovered to have the ability to
hydrolyze the high-energy phosphate.(19) 1In 1957, Skou was
able to associate this energy-producing system with sodium
and pétassium transport. (20) He found, in particles from
minced crab nerves, an enzyme system which hydrolyzed ATP at
a rate which was increased by sodium ions; and in the presence
of sodium was further stimulated by potassium. The synergis-
tic effects of sodium and potassium ions suggested that this
ATPase activity was related to ion transport, since the simul-
taneous presence of the two ions is also required for activa-
tion of the "sodium pump". (21)

Attempts to correlate the ATPase activity with sodium and

potassium transport were continued in red cell ghosts, a more



homogeneous system than skou's crab preparation. (21,22,23,24)
It was soon found that in the presence of the other ion, K,
values for sodium (24 mM) and for potassium (1-3 mM) were
remarkably similar for the pump and the ATPase. Furthermore,
like the cation transport system, the sodium-plus-potassium |
stimulated component of the ATPase activity was inhibited by
low concentrations of cardiac glycosides. In both systems
the inhibitory effect could be lessened by increasing the
concentration of potassium ions in the incubation medium.
conclusive evidence linking the two systems was obtained
using resealed red cell ghosts. (25) Glycoside-sensitive
ATPase was shown to require sodium inside and potassium out-
side, the precise distribution which also activated the pump
mechanism.

It is now widely accepted that a membrane-bound ATPase
is directly involved in the process of maintaining the alkali
cation concentrations in mammalian cells. If this enzyme
system were to become defective or inactive with age, the con-
sequent alterations in cation gradients might adversely affect
the cell's viability. 1Indeed, it has been shown that osmotic
fragility increases with age (11), and a severe hemolytic

anemia has recently been associated with abnormal sodium and
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potassium transport in red cells.(26) With these observations
in mind, it seemed logical to look for alterations in this enzyme
system as the cell ages.

The use of red blood cells in the study of maturation changes
in the membrane-bound Na',K'-ATPase is dictated by both their
availability and their relative homogeneity. In cells such as
nerve, muscle and cardiac tissue, where the transmembrane ion
fluxes are used to propagate electrical impulses, the activity of
this enzyme system is considerably greater than in erythrocytes.
Despite their relatively low rate of Na+,K+—dependent ATP hydroly-
sis, however, red cell membranes are easily isolated free of intra-
cellular organelles and connective tissue, and thus present a more
suitable system for the study of the membrane-bound enzymes than
the more active tissues.

In addition, erythrocytes of different species vary with
respect to their cation concentrations and ATPase activities,
thereby allowing comparison of ATPase activity under a variety of
physiological conditions. Dogs and cats, for example, have ery-
throcyte sodium and potassium concentrations in the order of
110 mM and 3 mM respectively, while plasina cation concentrations
are around 140 mM sodium and 5 mM potassium. In contrast, human

red cells contain around 15 mM sodium and 85 mM potassium while



surrounded by plasma of composition similar to that of dogs

and cats. The transport ATPase requirements of these two types
of red cells differ considerably due to the variation in cation
gradients that must be maintained.

Sheep provide a unique system for studying these two types
of cells. Though their erythrocytes are morphologically indis-
tinguishable, and their plasma cation concentrations identical,
some sheep have red cells with sodium and potassium concentra-
tions similar to dogs and cats (LK), while the erythrocytes of
others resemble human cells with respect to alkali cation content
(HK) . This difference is genetically determined, the LK type
being dominant. (27) In 1966, Rasmusen and Hall produced a
specific antiserum which hemolyzed the red cells of all HK sheep

and two out of three LK sheep.(28) Since then another antibody,

active only against LK sheep red cells, has been discovered. (29, 30)

The antigenic sites corresponding to these two antibodies have
been designated the M and I, antigens respectively. HK sheep pos-
sess only the M antigen, while homozygous LK sheep have only L.
Heterozygotes have both I and M antigens though they are pheno-
typically LK.

In addition to the difference in Na/K ratio in the red

cells of these two types of sheep, differences in pump rate



and ATPase activity were also observed. Both ouabain-sensitive
potassium influx, or pump activity (31), and ouabain-sensitive |
Nat,kt-stimulated ATP hydrolysis (32) were found to be 4-6

times greater in HK than in LK erythrocytes. Furthermore, HK
cells have approximately six times more ouabain-binding sites
than LK cells (33), while the permeability of the plasma mem-
brane to potassium is considerably greater in LK than HK cells.
(31) There is evidence that the development of the I, and M
antigens is in some way related to these differences in
activity between HK and LK erythrocytes. Although treatment of
HK cells with anti-M serum has no noticeable effect on either
the pump or ATPase activity (34,35), incubation of LK cells with
anti-I. serum produces a 6-8 fold increase in both potassium
transport and Na,K-dependent ATPase (29), and a two-fold in-
crease in the number of ouabain-binding sites.(30) This data
would appear to suggest that neutralization of the I antigen on
LK membranes converts the cells to HK type activity. Dunham and
Hoffman have carried this concept a step further.(36) They
assume that both pump (active) and leak (passive) fluxes of
potassium occur through the same specific sites on the red . cell
membrane. HK and LK cells have the same total number of these

cation-transfer sites, but in HK cells most are active. while in
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LK cells the majority are passive. The I, antigen is responsible
for switching the normal pump sites to leak sites in LK cells,
and treatment with anti-I. serum somehow reverses this effect,
making the sites active once more.

Whittington and Blostein, howe?er, have reported a dif-

ference in not only the rate, but also the kinetics, of sodium-

" stimulated ATP hydrolysis by HK and LK erythrocyte membranes. (37)

Stimulation of ATPase activity in LK cells by anti-I serum re-
sults in only a quantitative increase in ATP hydrolysis, while
the kinetics of the ATPase activity remain distinctly LK in
character. (38) Similarly, a kinetic difference was also found
in the pump activity of these two cell types.(39) Evidently
the distinction between LK and HK erythrocyte cation transport
is more complex than a simple difference in the number of active
pump sites. The possibility that HK and LK characteristics evolve
during the maturation of young erythrocytes could not be over-
looked. It was hoped that investigation of developmental changes
in red cell membrane ATPase might help to elucidate the nature
of the gene products responsible for the observed variations in
cation regulation by HK and LK sheep erythrocytes.

Two developmental systems have been used in this project for

the study of erythrocyte maturation. The method most generally



‘ )
v’

A TN T BT T i L S SRR ST I SN L e T L A e s

employed in investigations of this kind involves the comparison
of enzyme activity in reticulocytes with analogous data from
mature red cells. In animals, the reticulocyte count of the
blood can be increased easily by either massive hemorrhage or
subcutaneous administration of acetylphenylhydrazine. In the
study of human reticulocytes, however, experimental material

is more difficult to obtain, since the normal reticulocyte
count of the blood is only 0.5%. Nevertheless, subjects ex-
hibiting reticulocytosis due to some anemic proceés are avail-
able. Once the concentration of reticulocytes in the blood has
been enhanced, these young cells can be isolated by differential
density centrifugation and analyzed separately from the mature
population.

Attempts were made to study maturation changes of the
Na+,K+-ATPase in reticulocytes of four mammalian species; dogs
and sheep which have low potassium erythrocytes, and humans and
rabbits with high potassium red cells. It is of interest that
reticulocytes in the two low-potassium (LK) species contain
high levels of intracellular potassium which decrease to normal
LK concentrations as the cells mature. (40) Several explanations
are available to account for this increased potassium content

in genetically LK cells. Since only the red blood cells of LK

11.
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animals display the LK phenotype, these young cells may simply
retain potassium acquired from their high-potassium precursors.
It is possible that the differentiation process does not allow
sufficient time for the cells to lose potassium and gain sodium,
becoming LK in character. Another more interesting alternative
is that the immature cells are still HK when they enter the
circulation, and develop LK-type ATPase and pump activity as
they grow older. This latter theory is supported by the work
of Lee, Woo, and Tosteson, who measured the potassium transport

rate in LK sheep reticulocytes and found it to be quantitatively

characteristic of HK type cells.(4l) They suggest that the

specific LK characteristics of the erythrocyte membrane do not
evolve until after the young cell has stopped dividing and left
the bone marrow. If the pump activity of the red cell membrane
changes during the course of reticulocyte maturation, it follows
that the membrane ATPase acti&ity would be similarly affected
by the age of the erythrocyte.

The second system used in the investigation of age-related
changes in red cell Nat,K'-ATPase is one following development
of lamb erythrocytes during ontogeny, i.e. from birth until :
eight weeks of age. ILike reticulocytes from LK animals, the

red cells of these lambs contain a high intracellular potassium
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concentration, which falls progressively during the first 7-8
weeks postpartum until normal adult LK potassium levels are
attained. (42-44) similarly, the potassium transport proper-
ties of LK lamb erythrocytes resemble those of HK rather than
LK adults (36,44,45), and the activity of the ouabain-sensitive
ATPase compares quantitatively to mature HK cells. (35,45) |
Within a period of thirty days after birth, these two parameters
also assume values characteristic of normal adult LK erythrocytes.
One simple interpretation of these observations is that
fetal cells with HK-type membranes are being replaced in the
circulation by adult LK erythrocytes during the first six weeks
of like. This explanation is feasible since the life span of
fetal red blood cells is shorter than that of adult erythrocytes
(46) , plus the fact that rapid expansion of the circulatory
system in the growing animal dilutes the concentration of fetal
cells. Data obtained from studies of hemoglobins in young sheep
tend to substantiate this theory, although the actual values
vary somewhat from report to report. (46-48) On the average,
fetal hemoglobin comprises 80-95% of the total hemoglobin con-
centration at birth, and decreases to 50% in 15-17 days. By
the age of two months, all fetal hemoglobin in these lambs

has disappeared.
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This exchange of adult for fetal cells, however, may not
be the sole explanation for the observed changes in pump and
ATPase activity during maturation. Ellory and Tucker have
followed the development of the I, antigen (formerly called m)
on LK lamb red cells, and found that the amount of L-reactive
material (m score) peaks at about four weeks postpartum, at
least two weeks before the cellular potassium level reaches
a minimum value. (44) Likewise, Tosteson reports that the
potassium pump : leak ratio and the ouabain-sensitive ATPase
activity of maturing lambs both show a more rapid decline
than the intracellular potassium concentration. (45) These
findings seem to suggest that alterations in the transport
ATPase of lamb erythrocyte membranes might precede and contri-
bute to the loss of cellular potassium.

On the preceding pages, an attempt has been made to des-~
cribe the function and importance of the alkali cation transport
system in erythrocyte membranes. The effects that aging of the
cell might have on this enzyme system and, conversely, the
effects that deterioration of the enzyme system might have on
the cell have been pointed out. For these reasons, an investi-
gation of the age-deéendent changes in the Nat,kt-ATPase of

mammalian erythrocytes has been carried out using the two
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developmental systems described, maturation of human, rabbit,
and LK sheep reticulocytes and ontogeny of LK lamb red blood

cells.

15.
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2. MATERIALS AND METHODS

2.1 Source of red blood cells.

a. Human blood.

Blood samples with high reticulocyte counts were obtained
from the clinical hematology laboratory of the Royal Vvictoria
Hospital, Montreal, Canada. The samples were drawn from
patients for routine hematological procedures, and those with
elevated reticulocyte counts were selected for studies of
Nat,k*-aTPase. Blood was collected in Vacutainers containing
EDTA as an anticoagulant. cControls were obtained from normal
subjects by venipuncture using a 50 ml disposable syringe
containing 100 units of heparin (sodium heparin, British Drug
Houses) per milliliter of blood.

b. Rabbit blood.

White New Zealand rabbits of either sex weighing approxi-
mately ten pounds were purchased from the Quebec Breeding
Farms. Blood was obtained by cardiac puncture using a 20 ml
disposable syringe equipped with a 20 gauge needle. Heparin
served as anticoagulant. To produce reticulocytosis, 20 milli-
liters of blood were withdrawn daily from a rabbit while ferrous

sulfate was added to the drinking water as an iron supplement.
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After one week, reticulocyte counts reached 18-20% and remained
at this leyel for as long as daily bleedings were continued. |

c. Sheep and lamb blood.

The sheep used in this project are from a flock of Cheviots,
Hampshires and Dorsets. The LK sheep selected for bleeding
experiments weighed about 150 pounds. Reticulocytosis was in-
duced by jugular phlebotomy at the rate of one liter of blood
per day for three consecutive days. intramuscular injections
of Imferon (Fisons) were administered on each day of bleeding
as an iron supplement. On the eighth day after thé start of
bleeding, 150 milliliters of blood were collected by jugular
venipuncture using heparinized 50 ml disposable syringes and
20 gauge needles.

The lambs studied were offspring from sheep in this same
flock. All four lambs were LK, although one had an HK mother.
All four were sired by the same LK ram. Blood was drawn by
jugular venipuncture once a week for up to eight weeks after
birth.

d. Treatment of blood samples.

Blood from all sources was chilled on ice as soon as it
was collected, and kept cold during all subsequent procedures.

Aliquots of whole blood were routinely reserved for determina-

-
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tions of hematocrit, reticulocyte count, and whole blood sodium
and potassium levels. The remainder of the blood was centrifuged
for five minutes at top speed in an International Equipment
Company clinical centrifuge, model CL, and the plasma and buffy
coat were removed by suction. Usually an aliquot of plasma was
reserved for sodium and potassium analysis. The cells were then
thoroughly resuspended and washed three times with 4-5 volumes

of cold 154 mM sodium chloride.

2.2 1Isolation of reticulocyte-rich fraction.

Based on the observation that reticulocytes are less dense
than older red blood cells, several centrifugation methods have
been developed to isolate reticulocyte-rich populations from
whole blood. (49-53) For human and rabbit bloods, a modification
of Shulman's method was chosen, using discontinuous dextran
density gradients.(53) The dextran (M.w. 60-90,000, Sigma) was
dissolved in a buffered saline solution containing 0.5% bovine
serum albumin (BSA fraction VvV, Sigma). Gradients were prepared
by layering 2.5 ml aliquots of dextran solution in cellulose
nitrate centrifuge tubes (5/8" x 3", Beckman). 1In most cases
three different concentrations §f dextran were used per tube,

in the range of 22% to 32% (w/v), the densities being chosen by
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trial and error to givé a good separation of the reticulocyte
fraction.

Blood was prepared for the gradients by washing the cells
three times with cold BSA-saline, containing 137 mM Nacl, 54 mM
Kcl, 1.08 mM Na,HPO,, 1.10 mM KH,PO,, 0.625 mM MgSO,, 6.1 mM
dextrose, and 0.5% BSA. Approximately 4 ml of the washed,
packed cells (hematocrit ~70%) were carefully layered on the
dextran gradients. The tubes were centrifuged for 30 minutes
at 13,200 x g and 0°C in.a Beckman preparative ultracentrifuge,
model L, equipped with an SW 36 swinging bucket rotor. After
centrifugation, the top layer of cells and dextran was trans-
ferred to a 50 ml polythene centrifuge tube using a Pasteur
pipette. The cells were suspended in BSA-saline, and spun for
10 minutes at 2000 x g in a Sorvall RC23B refrigerated centrifuge
with an SS-34 fixed angle rotor. After two more similar washings,
an aliquot of cells was removed for reticulocyte counts; the
remainder was refrigerated in a small amount of BSA-saline.

Dextran gradients were not used in the sheep experiments;
instead a method developed by Blunt and Evans was employed. (40)
Reticulocyte-rich blood was centrifuged in 12 ml graduated tubes
in an International Equipment Company refrigexated centrifuge

for one hour at 3000 x g and 15°c. The plasma was removed and
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set aside. The top 20% of the cells, including the white cells,
was removed with a Pasteur pipette and resusperded in plasma.
These cells were then transferred to Wintrobe hematocrit tubes
(Pfeiffer Glass) and centrifuged as before. The plasma and
buffy coat were removed by suction, and the top 25% of the cells
were again resuspended in plasma. In one experiment, the bottom-
most fraction of cells from the first spin was also kept as a

control. The separated cells were stored at 4°% until membranes

could be prepared the next day.

2.3 Membrane preparation.

Membranés from human and rabbit blood were prepared by a
mbdification of the method of Warrendorf and Rubinstein. (54)
This method is particularly useful for work with reticulocytes
because of the apparently complete removal of mitochondria and
other intracellular particles from the plasma membrane fraction.
washed, packed red blood cells were lysed in 50 ml polythene
centrifuge tubes with 10 volumes of a 0.025 M sucrose solution,
and left standing on . ice for 30 minutes. The sucrose concentrg—
tion of the lysate was then adjusted to 0.44 M by the addition
of 0.5 ml of 1.27 M sucrose for each ml of lysing solution used.

The tubes were centrifuged at 2000 x g for 20 minutes in the
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RC2-B sorvall. After the supernatant was aspirated, the post-
hemolytic residue (PHR) was washed eight times; twice with
0.88 M sucrose, once with 2 mM Tris HCl, pH 7.4, twice with

10 mM Tris EDTA, pH 7.4, once with 1 mM Tris EDTA, pH 7.4, and
twice more with 2 mM Tris HCl. With each washing the membranes
were gently suspended in the appropriate solution and the resi-
dual, relatively insoluable, small pellet in the bottom of the
tube was discarded. The tubes were centrifuged at 35,000 x g
in the Sorvall. After the final wash the membranes were stored
at 49 suspended in a small amount of 2 mM Tris HCl. For assays,
the membrane suspension was diluted to a concentration of 1-2
mg protein/ml.

Sheep membranes were prepared somewhat differently. The
washed cells were lysed with ten volumes of cold distilled
deionized water and left on ice for thirty minutes. The PHR
was spun down at 35,000 x g in the Sorvall for 20 minutes, and
the supernatant aspirated. The membranes were then washed
three times with 1 mM Tris EDTA, pH 7.4, and three times with
2 mM Tris HCl, pH 7.4, and once with 2 mM Tris HC1l containing
0.004 mM EDTA. The membranes were left suspended in a small
amount of the final wash solution and stored at 4°c. all

membranes were used within four days after preparation.



2.4 Protein determinations.
The protein concentration of the membrane suspensions was
measured by the method of Lowry (55), using crystalline bovine

serum albumin (fraction VvV, Sigma) as standard.

2.5 Hematocrit measurements.

Microhematocrit determinations were done in duplicate on
samples of whole blood or Mgclz-washed cells using Micro-cal
heparinized capillary tubes (75 mm x .5-.6 mm (i.d.), Chase
Instruments). The tubes were sealed with Seal-Ease (Clay
Adams) and spun five minutes in an Adams Readacrit microhema-

tocrit centrifuge.

2.6 Reticulocyte counts.

Blood for reticulocyte counts waé stained for at least ten
minutes using the new methylene blue stain described by Brecher.
(56) Slides were prepared and examined under the oil-immersion
lens of a Zeiss binocular microscope. Reticulocyte percentages
were determined by counting the number of reticulocytes present

in a sample of at least 1000 cells.

22.
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2.7 Alkali metal determinations.

gsodium and potassium concentrations in whole blood and
plasma and MgClz—washed cells were measured with an Instru-
mentation Laboratories Flame Photometer, model 143, using an
internal lithium standard. 0.1 ml aliquots of blood, cells,
or plasma were diluted to 20 ml with a standard solution con-
taining 15 mEqg lithium per liter. The instrument was calibrated
with a standard solution of 140 mgg sodium and 5 mEq>potassium
per liter, and the standard and unknown samples were read
repeatedly to maximize the accuracy. Cellular internal cation
concentrations Qere calculated from the~values obtained for the

whole blood and plasma cations and the previously determined

hematocrits.

2.8 Optical density measurements.
All spectrophotometric determinations were carried out
using either 1 ml (Zeiss) or 4 ml (Beckman) quartz cuvettes

with a 1 am light path in a Zeiss PMQ II Spectrophotometer.

2.9 Preparation of v—32P-ATP.

v-32p-labeled ATP for use in the ATPase assay was pre-

pared by Mr E.S. Whittington in this laboratory using a
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modification of the method of Post and Sen (57) as described
by whittington. (58) This enzymic method makes use of the
exchange reaction between inorganic phosphate and the ter-
minal phosphate group of ATP that occurs in the presence of
phosphoglycerate kinase and glyceraldehyde phosphate dehydro-
genase. 32Pi was obtained from New England Nuclear, Boston,
Mass. The 7—32P—ATP was separated from the reaction mixture
by the method of Glynn and Chappel (59) on a 0.6 x 1 com
Dowex-1-~Cl column (200-400 mesh, 2% cross-linked) and
neutralized with a known amount of solid Tris base (THAM,
Fisher). The ATP concentration in the eluate was determined
by measuring the optical density at 259 nm, and an aliquot
was removed for determination of radioactivity. Samples were

stored at -18°C and thawed just prior to use.

2.10 ATPase assays.

ATPase activities of all membrane preparations were deter-
mined by the rate of hydrolysis of 32Pi from 7-32P-ATP. The
radioactive ATP, prepared as above, was diluted with unlabeled
Tris ATP (Sigma) to give the desired ATP concentration and
specific activity. Mgcl, was routinely added to the incubation

medium in a concentration equal to that of the ATP; though in
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in cases when very small amounts of ATP (e.g. .002 mM) were
used, Mgcl2 was present in large excess as indicated in the
text. Approximately 30 mM Tris HC1l, pH 7.4, was used as
buffer for the medium, and in most experiments 0.1 mM EGTA

to reduce the level of free calcium ions. Supplementing this
basic medium, various quantities of alkali metal cations were
included to distinguish the different components of the total
ATPase activity. 50 mM KCl was generally used to measure the
baseline level of activity referred to as Mg++-ATPase. 50 mM
NaCl was added to the basic medium to determine the sodium-
stimulated ATPase component, or Nat-ATPase. To measure the
amount of ATPase dependeht on both ions, Nat,K'-ATPase, 50 mM
NaCl and varying quantities of KCl, from 1 to 20 mM, were in-
cluded in the incubation medium. Ouabain (octahydrate, Sigma)
was routinely used at a concentration of 0;2 mM as an ATPase
inhibitor.

All assays were carried out in a water bath at 37°%. Prior
to incubation, all media and membrane suspensions were kept cold
on ice. Membranes were diluted with 2 mM Tris ﬁcl, PH 7.4, to
a concentration of 1-2 mg protein/ml and preincubated at 37°c
for 10 minutes. The incubation media were prewarmed for 5 minutes

at 37°%. Following preincubation, 0.05 ml of the membrane sus-
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pension was added to 0.1 ml of medium in 12 ml Pyrex centrifuge
tubes and incubated for 2-30 minutes depending on the ATP con-
centration. To stop the reaction, 1.35'm1 of an ice-~cold 5%
trichloroacetic acid solution containing 2.5 mM ATP (disodium
PO, was added to each tube. The tubes were

274

vortexed well and returned to the ice bath. To remove excess

salt) and 5 mM KH

ATP from the mixture, 0.75 ml‘of the Norit-A charcoal suspension
(1.5 g/10 ml 5% trichloroacetic acid, Fisher) was added to the
trichloroacetic acid supernatant in each tube. The tubes were
left on ice for an hour with occasional mixing, and then filtered
through Wwhatman no. 1 filter paper. 0.45 ml of each filtrate was
pipetted into scintillation counting vials (Wheaton Glass) and
dissolved in 15 ml of a modification of Bray's scintillation
fluid containing 700 ml xylene (Mallinckrodt), 700 ml dioxane
(Fisher), 420 ml ethanol, 160 g napthalene (Eastman), 1 g
1,4-bis-2-(5-Phenyloxazolyl)-Benzene (Packard), and 10 g 2,5-
Diphenyloxazole (Packard). The vials were counted for 10
minutes in a Packard Tri-~Carb Liquid Scintillation Spectrometer,
model 3003. Each assay was done in duplicate, and the average

of the two determinations computed. Duplicate samples of the
original basic medium were also counted in order to calculate

the percent of the ATP hydrolyzed.
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2.11 sodium loading of erythrocytes.

The internal cation concentration of rabbit red cells was
altered by a modification of the parachloromercuribenzene sul-
fonate (PCMBS) method of Garrahan and Rega (60), as described
by Hoffman. (61) Blood was freshly drawn from a rabbit by car-
diac puncture and spun in an International Equipment Company
clinical centrifuge at top speed for 5 minutes. The plasma and
buffy coat were aspirated, and the packed cells suspended at
a concentration of about 2% in a solution containing 135 mM
NacCl, 3 mM sodium phosphate, pH 7.4, 0.2 mM Mgclz, 30 mM sucrose,
and 0.02 mM PCMBS (Sigma). The suspension was incubated for
10 hours at 4°C using a Multipurpose Rotator, model 150 TC,
(Scientific Instruments Inc.) to keep the cells suspended in
the solution. After this incubation, the cells were spun down
for five minutes, and resuspended in a similar medium containing
1.1 mM dextrose and 0.5 mM dithiothreitol (DTT, Sigma) instead
of the PCMBS. This new suspension was then incubated for 30
minutes at 37°C. The cells were washed three times with a 120
mM MgCl, ;olution that had been saturated with MgCO, and filtered
through a 0.8 p millipore. Hematocrit and alkali metal determina-
tions were done on aliquots of these washed cells. Using this

procedure, almost complete reversal of the internal cation con-
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centration was accomplished. Within 10 hours, the potassium ion
concentration fell from values of around 95 mM to 5-10 mM, while
sodium ions increased from 15 mM to greater than 100 mM. ATP

levels remained between 1-2 mM throughout the procedure.

2.12 ATrPase assay with reversed gradients.

"High Na" rabbits cells were kept on ice prior to incubation.
Media for incubation cpntained 3 mM sodium phosphate, pH 7.4,
30 mM sucrose, 0.2 mM MgCl,, 5 mM Tris HCl, pH 7.4, and either
NaCl or KCl at a concentration of 135 mM. Ouabain, 0.2 mM, was
included in half the flasks to determine the ouabain-sensitive
component of the ATPase activity. 3 ml aliquots of each incuba-
tion medium were preincubated at 37° in 25 ml Erlenmeyer flasks.
One ml of the cold packed cells was added to each flask and incu-
bated at 379C for up to two hours with continuous gentle shaking.
At 0, 30, 60, and 120 minutes of incubation, 0.5 ml aliquots of
the suspension were removed into an equal volume of ice-cold 10%
trichloroacetic acid. Tubes were thorouéhly vortexed and spun
in a clinical centrifuge for three minutes. The trichloroacetic
acid supernatants were carefully removed with Pasteur pipettes
and extracted with diethyl ether to near neutrality. Excess

ether was blown off with air and the samples were quickly frozen
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in acetone and dry ice, then stored at -70°C to await assay of
the ATP concentrations. Hematocrits were determined on the re-
maining suspension in each flask so that ATP values could be

expressed per ml packed cells.

2.13 ATP determinations.

Measurement of the intracellular ATP concentration of red
cells was accomplished using a modification of the enzymic method
of Bucher (62), available as a Biochemica Test Combination from
Boehringer Mannheim. 1Into a 1 ml quartz cuvette was placed 0.17
ml ether-extracted supernatant and 0.8 ml of 0.5 M triethanolamine

buffer, pH 7.6, containing 4 mM MgSO, and 6 mM glycerate-3-

4

phosphate. The solutions were mixed well with a plastic spatula,

and 0.02 ml of freshly prepared 10 mM NADH was added to each

"cuvette. Optical densities were read at 340 nm against a blank

containing water instead of supernatant. Finally, to each cuvette
was added 0.0l ml of an enzyme mixture containing glyceraldehyde
phosphate dehydrogenase (7 mg/ml), phosphoglycerate kinase

(1 mg/ml), and a mixture of ag-glycerol phosphate dehydrogenase and
triose phosphate isomerase (2 mg/ml). The change in optical
density was followed at 340 nm for 10-15 minutes after the addi-

tion of the enzymes until there was no further decrease. Calcu-
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lation of the ATP concentration in the supernatant was based on
the fact that two moles of NADH are converted £o NADY by the
enzymes of this reaction sequence for each mole of ATP utilized.
Since the conversion of one micromole of NADH to NAD'T results in
an optical density change of 6.2 units, a decrease in optical
density of 12.4 units indicates the presence of one micromole of

ATP in the assayed sample

2.14 Hemoglobin analysis.

Hemoglobin determinations were performed on LK lamb blood
using the following modification of the method described by
Briere, Golias and Batsakis.(63) To prepare samples for electro-
phoresis, five drops of whole blood from each lamb were mixed
with 2-3 drops of water iﬁ a small test tube and vortexed well.
0.5 ml of carbon tetrachloride was added to each hemolysate, and
the tubes were centrifuged for ten minutes at 12,000 x g in the
RC2-B Sorvall. This procedure separates the stroma from the
hemolysate, allowing a clear hemoglobin solution to be isolated.
The membrane-free supernatant was removed from each tube with a
Pasteur pipette and stored at 4°C.

Electrophoresis of the hemoglobin samples was carried out

on Sepraphore III cellulose acetate strips (Gelman) in a Gelman
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SepraTek electrophoresis chamber connected to a D.C. power source.
The buffer solution contained 15 g solid Tris base (THAM, Fisher),
1 g EDTA (British Drug Houses), and 3.15 g Boric acid (Anachemia)
made up to one liter with water and adjusted to pH 8.6 with Tris.
Following a one hour separation at 400 volts, the strips were
soaked for 3-5 minutes in Ponceau S stain (1 capéule dissolved
in 100 ml aqueous 5% TCA). Excess stain was removed by three
successive rinses in 5% acetic acid. The strips were then de-
hydrated in absolute methanol, cleared in solution of 10% acetic
acid and 90% absolute methanol, and stretched over glass slides
to dry.

In order to quantitate the fetal hemoglobin component in
the hemolysates, each strip was scanned at 540 nm in a Zeiss
PMQ II Spectrophotometer equipped with a Vvicon linear gel scanner,
model 1050 (Brinkmann), and a Photovolt linear/log véricord
recorder, model 43. The areas of the individual peaks were
extrapolated where necessary, and the peaks traced on a piece
of paper. Each tracing was cut out and weighed, and the weight
of the hemoglobin F peak was expressed as a percent of the total

weight of all the peaks.
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3. RESULTS

3.1 Preliminary attempts to produce and isolateqreticulocytes.

As with most research projects, many procedures were attempted
and abandoned before successful techniques were developed to study
maturation changes in erythrocyte membrane Nat-ATPase. Two of
these unsuccessful procedures will be descriﬁed below in order to
point some of the inherent pitfalls in the use of these methods.

a. Production of reticulocytosis with acetylphenylhydrazine.

As in LK sheep, mature red cells of dogs contain little potas-
sium,‘while the reticulocytes were observed to have a high potassium
content (two preliminary experiments). For this reason, the origi-
nal plan for studying maturation changes in erythrocytes included
the use of dog blood. Dogs were in-jected subcutaneously with an
alcoholic solution of acetylphenylhydrazine, a drug which causes
massive hemolysis and induces a rapid reticulocyte response. (64)
This procedure is used by many investigators to increase reticu-
locyte counts; and, as expected, within a few days high concentra-
tions of reticulocytes were produced by these dogs. Unfortunately,
exposure to phenylhydrazine appeared to damage the red cells,
making them unsuitable for membrane preparation. The post-hemolytic

residue (PHR) obtained from the blood of phenylhydrazine-treated
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dogs was a greenish-brown sediment, instead of the usual white,
homogeneous membrane suspension. This abnormal PHR could not
be uniformly suspended and was not suitable for enzyme assays.
Similar alteration of red cell physiology by phenylhydrazine was
reported by Allen and Jandl. (65) The results described here
should probably be taken into consideration whenever studies of
membrane function are considered using phenylhydrazine-induced
reticulocytes.

b. 1Isolation of reticulocytes with phthalate esters.

Danon and Marikovsky have developed a unique red cell sepa-
ration technique using varying densities of phthalate esters. (49)
The method was quite simple to carry out, and consistently gave
a good separation of the reticulocytes from whole blood containing
e1e§ated reticulocyte counts. Post-hemolytic residues derived
from these phthalate-isolated fractions, however, were similar to
those obtained with phenylhydrazine-treated cells in their in-
ability to form a uniform, white membrane suspension. The oils
apparently altered the cell membranes in some manner, possibly
related to an extfaction of membrane lipids by the organic esters.
Because of this, membranes were not suitable for ATPase analysis,
and a new method of reticulocyte isolation was then sought; (see

section 2,2)
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3.2 changes in membrane ATPase activity during red cell maturation.

a. Human and rabbit erythrocytes.

1. Humans. a

It has previously been shown that the ATPase activity of

human erythrocyte membranes is highly sensitive to the presence of
the alkali metal cations, and that this dependence is further modi-
fied by the concentration of ATP in the assay medium. (66-69) At
low levels of ATP (2 uM), membrane ATPase activity 1s greatly
stimulated by the presence of sodium ions, and this stimulation is
slightly inhibited by the addition of 10 mM KCl. At high ATP con-
centrations (~ 1 mM) on the other hand, sodium alone only slightly
stimulates ATPase activity, but sodium and potassium together
enhance the rate of hydrolysis several fold. Both the sodium-
dependent activity with low ATP, Nat-ATPase, and the sodium-plus-
potassium dependent stimulation with higher aTP, Na+,K+—ATPase,
are completely inhibited by cardiac glycosides.

These characteristics of human mature red cell membranes
are observed in the bottom fraction of reticulocyte-rich blood,
depicted in the left-hand columns of Figs. 1 and 2. The activity
observed with 50 mM KCl added to the incubation medium to counter-
act possible activating effects of trace amounts of residual sodium

represents the baseline level of unstimulated ATPase activity, and
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Figure 1. Effects of sodium and potassium on the membrane ATPase
of human erythrocytes and reticulocytes measured at
2 uM ATP.

Membranes were prepared from top and bottom fractions of human

blood separated on dextran gradients. The top fraction contained
22% reticulocytes and the bottom 5%. Assays were carried out for

2 minutes in medium containing 2 pM Tris ATP, 25 M MgCl,, 30 mM
Tris HCl, pH 7.4, and 0.1 mM EGTA. Sodium, potassium, and ouabain
(ou) were added as indicated. Values graphed represent the average
of two separate experiments done with the same membrane prepara-
tion. Striped bars represent the total ouabain-sensitive Nat-ATPase.
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Figure 2. Effects of sodium and potassium on the membrane ATPase
of human erythrocytes and reticulocytes measured at
1 mM ATP.

Membranes used in this assay were from the same preparation as

used in Fig. 1. The membranes were incubated for 30 minutes in
medium containing 1 mM Tris ATP, 1 mM MgCl,, 30 mM Tris HC1l, pH
7.4, and 0.1 mM EGTA. Sodium, potassium and ouabain (ou) were
added as indicated. Results are the averaged duplicates of one
experiment. Striped bars represent the total ouabain-sensitive
Nat,Kt-ATpPase.
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is referred to as the Mg++-ATPase. With 2 uM ATP, addition
of sodium ions to the medium yields a five-fold increase in
ATPase activity over this Mg++-ATPase value. When both sodium
and potassium are added, the stimulation is slightly less,

i.e. about four times the Mg++—ATPase activity. In contrast,
with 1 mM ATP, sodium alone increases the Mg++—ATPase activity
only 0.4-fold, while the two ions together effect almost a two-
fold stimulation. These results are in accord with previous

reports on human erythrocyte membrane ATPase, as is the complete

ouabain-sensgitivity of the alkali cation-stimulated components. (66-69)

-When the same experiments are carried out with membranes
from reticulocyte-rich blood, (top fraction), significant enhance-
ment of all components of ATPase activity is observed at both ATP
concentrations (Figs. 1 and 2). With low ATP, all the values
increase more than two-fold; with higher ATP, the increase is
approximately 1.5-fold in all cases. Ouabain-sensitive Nat-aTPase
and ouabain-sensitive Nat,R'-ATPase (striped bars) are both in-
creased about two-fold in the preparations containing elevated
reticulocyte counts. These results show that even with only 22%
reticulocytes, there is a significant increase in the mean ATPase
activity ofzthe membrane preparation. Further enrichment of the

reticulocyte count in the blood would be expected to produce even
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greater activity.
2. Rabbits.

In contrast to humans, rabbit erythrocyte membranes do
not have a very active Na',K'-stimulated ATPase.(70-72) This
finding was surprising in light of the fact.that rabbit red
cells do have high intracellular potassium and low intracellular
sodium levels, and must therefore have an active pump to maintain
these gradients. This anomaly will be discussed in more detail
later.

ILike humans, however, rabbit membrane ATPase does depend
both quantitatively and qualitatively on the concentration of ATP
present as shown in the left-hand columns of Figs. 3 and 4.
Though the changes are small, there is an increase in activity
when sodium is added to the system at low ATP levels (Fig. 3).
With higher ATP concentrations (Fig. 4), sodium ions stimulate the
ATPase a little, and addition of potassium enhances activity some-
what further. These alkali cation components of the ATPase com-
prise only a small fraction of the total activity, but they are
nevertheless completely inhibited by ouabain (striped bars re-
presenting paired differences).

A comparison of the ATPase activity in human and rabbit

mature red cells clearly demonstrates the difference between these
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Figure 3. Effects of sodium and potassium on the membrane ATPase
of rabbit erythrocytes and reticulocytes measured at

2 UM ATP.

Assays were carried out as described in Fig. 1. Normal membranes
were prepared from the blood of rabbits not previously bled. Re-
sults are the average of 7 experiments. Reticulocyte results are
the average of three experiments all done on the same membrane
preparation. Blood for this preparation was from the top fraction
of a dextran gradient and contained 24% reticulocytes. Standard
errors of the means are indicated. Striped bars represent the
ouabain-sensitive Nat-ATPase activity, ie. the mean of paired
differences of activities measured with and without ouabain.
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Figure 4. Effects of sodium and potassium on the membrane ATPase
of rabbit erythrocytes and reticulocytes measured at
1 mM ATP.

Assays were carried out as described in Fig. 2. Normal membranes
were obtained from blood of previously unbled rabbits. The aver-
age of 15 experiments is shown. Reticulocyte membranes were made
from whole blood or the top fraction of dextran gradients with
reticulocyte counts varying from 7% to 40% with a mean of 17% *
3.2. The average of 11 experiments is graphed. Standard errors
of all the means are indicated. Striped bars represent the
ouabain-sensitive Nat,Kt-ATPase components.

40.
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two species (Fig. 5). Ouabain-sensitive Na't,K*-ATPase in rabbit
membranes is only 2.44 nmoles/mg protein/minute as compared to
8.3 nmoles/mg/minute in the human erythrocytes. Furthermore;
this ouabain-sensitive component represents only 30% of the total
ATPase activity in rabbit cells, in contrast to 67% with humans.
At first, the unusually low level of Na*,K+—dependent ATPase
activity in mature rabbit membranes was considered quite interes-
ting. Perhaps this was a species in which ATPase stimulation by
sodium and potassium was lost as the red cell matured. Studies
of the ATPase activity in rabbit reticulocy;es were initiated to
investigate this possibility.

As observed with human preparations, rabbit reticulocyte
membranes also display greatly elevated ATPase activity with res-
pect to the mature red cells (Figs. 3 and 4). It appears that
both Mgtt-arTpase and the alkali cation-stimulated components
decrease with age in the red cells of rabbits even more markedly
than in human erythrocytes. Membranes of reticulocyte-rich rabbit
red cells have 8-10 times the total ATPase activity of mature cells
at low ATP levels, and at least twice as much activity at high ATP
concentrations. The ouabain-sensitive Nat-ATPase was similarly
ten-fold higher in reticulocyte-rich preparations and the Nat,x*-

ATPase showed a three-fold greater activity, as compared to the
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two-fold increase of both of these components in human reticu-
locyte-rich membranes. The higher ratio of reticulocyte : mature
erythrocyte activity observed in rabbits at low as compared to

high ATP concentrations is notable, and may, in part, be due to

the slightly greater percentage of reticulocytes in the prepara-
tion assayed at 2 uM ATP (24% at 2 UM ATP, average 17% at 1 mM ATP).
This explanation cannot account for the difference between a ten-
fold increase of Na+—ATPase activity in rabbits and the two-fold
increase in humans, since both membrane preparations contained
22-24% reticulocytes.

Though the ouabain-sensitive components of rabbit red
cell membrane ATPase show a marked increase in activity in reti-
culocytes, they remain only 30% of the total ATPase activity.
Evén with the elevated ATPase activity, the alkali cation-
stimulated component is small when compared to human values.
These difference between human and rabbit membranes are demon-
strated in Table I. Though rabbit reticulocytes possess a large
amount of ATPase activity, at no time do the ouabain-sensitive,
cation-dependent components of rabbit ATPase ever resemble
gquantitatively the values obtained with human red cell membranes.
Although the data is based on the membrane protein concentration,

this comparison is considered valid, since both human and rabbit
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TABLE I. Comparison of ATPase activity in membranes from
human and rabbit erythrocytes and reticulocytes

2 UM ATP

Addition
a) 50 mM KC1
b) 50 mM Nacl

c) 50 mM NacCl +
0.2 mM ouabain

d) oOuabain-sensitive
Nat-ATPase (b-c)

pmoles Pi/mg protein/minute

Human Rabbit
normal retic normal retic
186 406 ‘156 1370
1145 2579 283 2127
157 642 192 1480
988 1937 85 855

1l mM ATP
a) 50 mM KC1
b) 50 mM NacCl

c) 50 mM NaCl +
10 mM KC1

d) 50 mM NaCl +
10 mM KC1 +
0.2 mM ouabain

e) Ouabain-sensitive
Nat,kt-ATPase (c-d)

nmoles Pi/mg protein/minute

4.2 6.2 7.7 16.1
6.0 8.5 8.6 17.4
12.5 24.8 9.8 25.0
4.2 6.2 6.9 17.0
8.3 18.6 2.4 7.4

Data taken from Figs. 1-4. Ouabain-sensitive components
are the averages of paired differences from individual

experiments.

44,
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blood yield about 2-3 mg protein per ml packed cells and both
samples of blood contained similar reticulocyte counts. The
reason that rabbit erythrocytes demonstrate such a small com-
ponent of alkali cation-dependent ATPase activity is as yet
unclear, but it does not seem to be a result of an aging process,
at least not at a stage of maturation subsequent to entering
the circulation.

3. Effects of alanine on reticulocyte membrane ATPase

activity.

There have been suggestions that transport of organic
molecules into cells is dependent on the membrane-bound Na‘t,Kt-
ATPase activity.(73) Since rabbit reticulocytes are known to
retain their ability to transport amino acids (74), it was de-
cided tb test the effects of alanine on the ATPase activity of
these cells. It was reasoned that if alanine transport requires
activation of the sodium transport system, addition of alanine
to the assay system might affect the activity of the Nat-ATPase.
As shown in Table II, this was not the case with either human
or rabbit reticulocyte membranes. Moreover, alanine consistently
inhibited the ATPase activity under all conditions, albeit to

a small and probably insignificant extent. Although these

experiments failed to show an effect of alanine, it must be pointed
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TABLE II. Effects of alanine on ATPase activity in human
and rabbit reticulocyte membranes
pmoles Pi/mg protein/minute
Human Rabbit
Addition -alanine +alanine —alanine +alanine
None 1107 1009 1493 1397
50 mM KC1l 372 326 1183 1097
50 mM NaCl 2465 2237 1967 1707
50 mM NaCl + 1990 1883 1357 1250
10 mM KC1

Membranes were made from the top fractions of human and
rabbit reticulocyte-rich blood which contained 22% and
24% reticulocytes respectively. Assays were carried out
for 2 minutes in medium containing 2 yM Tris ATP, 25 M
Mgcl2 30 mM Tris HC1l and 0.1 mM EGTA. Sodium, potassium
and 1.0 mM alanine were added as indicated. Results
shown are the averaged duplicates of one typical experi-
ment for each species. Ten experiments with rabbit blood
and four with human blood were carried out with similar

results.
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out that this ATPase assay system uses broken membrane prepara-
tions which have lost the sidedness of intact cells. This lack
of membrane asymmetry could account for the absence of alanine
effects, since an asymmetric distribution of sodium and potassium
is required for transport of organic compounds across the cell
membrane. (75) With loss of the inside and outside compartments
of the cell, it.is possible that the system would not be opera-
tional.

b. IK sheep erythrocytes.

In contrast to humans and rabbits, the sheep used in these
experiments has erythrocytes with a very low internal potassium
concentration. Moreover, the mature red cells of such a low-
potassium (LK) sheep exhibit very little active Na',K™-transport
(31) or Nat,Kt-dependent ATPase activity. (32) Teleologically,
because there is little alkali cation gradient across the red
cell membrane, there is virtually no need for a pump to maintain
the gradient. 1In addition to the relative lack of ATPase activity
found in LK erythrocytes with respect to their high-potassium
(HK) analogues, the Nat,kt-ATPase of these two types of cells
ﬁay also be distinguished on the basis of kinetics. These
kinetic differences were first described by Whittington and Blostein

using HK and LK sheep (37), and are illustrated in an experiment
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similar to ones carried out by these authors (Fig. 6). The Na™-
stimulated ATPase of LK membranes assayed with 0.2 pM ATP is
highly sensitive to inhibition by potassium, 3 mM KCl producing
50% inhibition of activity. Na+-ATPase in HK membranes, on the
other hand, is stimulated by low concentrations of potaséium,
and requires greater than 20 mM KCl to reach the 50% level of
inhibition. Fig. 6 demonstrates both the quantitative and
qualitative differences between HK and LK types of Nat-dependent
ATPase activity.

It is of interest to note that all other cells in animals
with LK erythrocytes display normal HK cation concentrations. (76)
The genetic factors which produce LK characteristics appear to be
manifested solely in the red blood cell population. It is con-
ceivable that young red cells are originally HK in character,
having not only a high intracellular potassium concentration and
active potassium transport (41l), but also an active, potassium-
stimulated Na'-ATPase. Once these cells are released into the
circulation, the ATPase enzyme system is somehow altered to pro-
duce LK-type activity; the cation pumping rate similarly declines,
and the alkali cation gradients across the cell membrane are
gradually lost.

In an effort to elucidate the nature of this HR-to-LK change,
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Figure 6. Effects of potassium on total ATPase activity in
membranes of HK and LK sheep erythrocytes.

Membranes were prepared from the blood of an HK sheep (72Y) and
an LK sheep (284). Assays were carried out for 2 minutes in a
medium containing 0.2 yuM Tris ATP, 12 uM Mgclz, 30 mM Tris HC1,
pPH 7.4, 50 mM NaCl, and KCl as indicated. Points labeled control
contained 50 mM KCl instead of sodium. Values plotted are the
averaged duplicates of a single representative experiment.
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reticulocytes were produced in an LK sheep by massive bleeding.
The results shown in Table III confirm observations by Blunt and
Evans (40) that the average intracellular potassium concentration
increases with reticulocytosis. wWith only 24% reticulocytes,

the mean cell potassium level increases from 18 to 55 mEg/l.

This indicates that reticulocytes and young red cells do indeed
have HK-type cell potassium values. This observation serves to
substantiate the concept that erythrocytes begin life as HK~type
cells and proceed through some annown mechanism to become LK
adult erythrocytes.

Examination of the ATPase data in Table III, however, seems
to contradict this theory. Though reticulocyte-rich membrane
preparations show a distinct increase in the amount of total ATPase
activity and a slightly elevéted Né+—stimu1ated component, the
Kt-inhibition profile remains distinctly LK in nature. This fact
is- seen more clearly in Figs. 7 and 8. The total ATPase activity
level is elevated to values characteristic of HK membranes in the
reticulocyte-rich membranes (Fig. 7), but the effects of adding
potassium still resemble those of the mature LK cells. When the
Mg++—ATPase values (controls) are subtracted from each set of
figures to give the Na't-stimulated component (Fig. 8), the activity

curves for reticulocytes and mature LK membranes almost coincide.



TABLE III. ATPase activity and cell potassium levels in
LK sheep reticulocytes

n o~ . )
K s < pmoles Pi/mg/minute
a > o'

v M o
£ 0 0 £ 0
a ol — ~ [
v e o4 < Na -ATPase

8§ s & 35 I

g & & w 8 g K K K Ky
1 LK W - 18 8 12 9 2 -1
3 LK B 8 45 51 15 2 -2 -3
2 LK W 9 36 60 13 13 3 1
2 LK T 15 39 52 10 10 8 3
3 LK W 15 53 94 24 =12 -7 -17
3 LK T 24 55 78 18 4 -4 -7
1 HK W - 85 7 63 79 70 43

Blood was obtained from an LK sheep subjected to massive
bleeding. Reticulocyte counts and cell potassium values
were determined and membranes were assayed as described
in Fig. 6. Normal HK and LK values are included for com-
parison. Fractions indicated are top (T), bottom (B),
and whole blood (W).
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Figure 7. Effect of potassium on total ATPase activity in
membranes of LK sheep reticulocytes.

Membranes were prepared from sheep blood containing between
8% and 24% reticulocytes, mean 14% ¥ 3.1, and assayed as
described in Fig. 6. Results are the average of 5 experi-
ments, and standard errors of the means are indicated. IK
and HK curves from Fig. 6 are included for comparison.
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Figure 8. Effect of potassium on Na+~ATPase activity in
membranes of sheep erythrocytes and reticulocytes.

Data taken from Fig. 7 with control values subtracted to
give the sodium-stimulated component of ATPase activity.
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These results seem to indicate that reticulocyte membranes have
a large component of alkali cation-insensitive ATPase activity
which is lost during maturation, while the transport ATPase
remains characteristic of mature LK erythrocyte throughout the
cell's lifespan.

It might be argued that the appearance of low Nat-aTPase
values and LK-type kinetics in the reticulocyte-rich membranes
is simply a result of a large number of mature cells with LK
characteristics masking the effects of the few new cells'that
are HK in character. Evidence that the apparent LK kinetics of
reticulocytes are real is provided when these results are com- .
pared to those obtained using LK lamb erythrocytes (see section
3.4). wWhen lamb red cells with elevated potassium concentrations
and levels of Nat-ATPase activity similar to LK reticulocytes
are assayed, the low activity displays HK-type K'-inhibition
kinetics. These results contrast with those found for LK reticu-
locytes, and support the proposal that reticulocytes have LK-type

alkali cation-dependent ATPase activity.

3.3 ATPase activity of sodium-labeled rabbit erythrocytes.
As mentioned previously, rabbit erythrocyte membranes have

an active Mg++—ATPase component, even greater than that of human
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red cells, but there is little further stimulation of activity
by the alkali metal cations. The high-potassium red cells of
rabbits would be expected to have an active cation transport
system, and for this reason the low level of alkali cation-
dependent ATPase activity was found puzzling. Gardner and Lapey
also observed this lack of Nat,K™-ATPase in rabbit erythrocyte
membranes, and suggested that the absence of stimulation by
alkali cations is due to bound sodium and potassium which cannot
be washed free of the membranes.(70) This explanation would
also account for the large amount of ATPase activity observed
without either sodium or potassium added to the incubation medium.
An altérnative possibility is that the membrane-bound ATPase
of rabbit erythrocytes is highly sensitive to inhibition by
cations on the "wrong" side of the membrane. 1In a broken membrane
preparation, the sidedness of the éystem is lost, and all ions are
equally available to both faces of the cell membrane. Inhibition
by potassium on the inside or sodium on the outside might mask
any stimulatory effects of these ions on their “proper" surfaces.
To test this hypothesis, intact rabbit erythrocytes were loaded
with sodium and then incubated in high-potassium medium. 1In this
way, ATP hydrolysis could be observed under presumably optimal

conditions.
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The alkali cation content of the rabbit cells was altered
using a modification of the PCMBS method of Garrahan and Rega.
(60) Fig. 9 shows the changes in sodium and potassium content
of tﬁe cells over the course of the PCMBS incubation. After
ten hours, the normal cation ratio was found to be almost
completely’réversed, giving ideal conditions for measuring
ATPase activity. The ATP level ‘in the cells, as measured by
enzyme assay, remained between 1-2 mM throughout the PCMBS
incubation.

The ATPase activity of these cells was determined as des-
cribed under Materials and Methods. In Fig. 10 the results of
these assays are compared to experiments done with broken
membranes under similar conditions. Ouabain-insensitive
ATPase activity was gréatly reduced in intact cells, and there
was no ouabain-sensitive activity when sodium alone was present
on both sides of the cell membrane. However, ouabain-sensitive
Nat,kt-aTPase still comprised only 30% of the total activity,
comparable to the value found with broken membrane preparations.
Even when paired values of ouabain sensitive and insensitive
acFivity are considered (Fig. 10, striped bars and Table 1IV),
the intact cells do not show a very active Nat,kt-ATpase. cer-

tainly there is no quantitative similarity between the values
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Figure 9. Rabbit red cell cation changes during PCMBS
incubation.

Rabbit erythrocytes were made leaky to alkali cations by
treatment with PCMBS as described in the text. At various
time intervals, aliquots of cells were removed, resealed
with DTT, and washed with isotonic Mgclz. The cellular
concentrations of sodium and potassium were determined by
flame photometry. Results plotted represent 11 experiments.
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Figure 10. Comparison of ATPase activity in sodium-loaded rabbit
red cells and rabbit erythrocyte membranes; 1-2 mM ATP.

sodium-loaded rabbit red cells were incubated for periods of 1/2

to 2 hours in media containing 3 mM sodium phosphate, pH 7.4, 30

mM sucrose, 5 mM Tris HC1l, and either 135 mM NaCl or 135 mM KcCl

as indicated. 0.2 mM ouabain was added to half the flasks. Values
are the averaged results of either 4 (Na-Na) or 7 (Na-K): experiments.

SR e i

Membranes were assayed as described in Fig. 2. Values are the aver-
aged results of 8 experiments. Calculations of activity per ml ;
packed cells are based on estimation that 2.5 mg membrane protein |
is obtained from 1 ml packed red cells. j

Standard errors of the means are indicated. Striped bars represent 3
the total ouabain-sensitive Nat,K -ATpase. :
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TABLE IV. Nat,K"-dependent ATPase activity in rabbit and human erythrocytes

Intact, high Na cells pmoles ATP hydrolyzed/ml cells/hour
Experiment number 1 2 3 4 5 6 7 Mean ¥ g.E.
Total activity .57 .84 .49 .70 .66 .92 .70 .70 % .06
Ouabain-sensitive .20 .25 .15 .14 .26 .24 .21 .21 o2
Broken membranes |

Experiment. number 1 2 3 4 5 6 7 8 Mean t s.E.
Total activity .42 1.32 .84 1.34 1.24 1.58 1.41 2.13 1.29 ¥ .18
Ouabain-sensitive .22 .90 .44 .16 .30 .38 .36 .33 .39 .08

Human memkranes

Total activity . 3.72

Ouabain-sensitive 2.79

Details of experiments from which this data is taken are given in Figs. 2 and 10.
Fach pair of values represents the results of a single experiment conducted with
1 mM ATP, with and without ouabain present. Calculations of activity per ml cells

are based on the approximation that 2.5 mg of membrane protein is equivalent to
1 ml packed rabbit red cells. '
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obtained for rabbits and those for humans which are almost ten
times higher. The explanation for this lack of ouabain-sensitive,
alkali cation-dependent ATPase in rabbit red cell membranes is
thus still undetermined, but it does not appear to depend on the

asymmetry of the membrane system.

3.4 changes in red cell membrane ATPase during ontogeny in LK
lambs.

The erythrocytes of lambs, both HK and LK, contain a very
high concentration of potassium ions, often even greater than
mature HK cells. As LK lambs grow older, the average potassium
concentration in the blood falls steadily until, after 7-8 weeks,
normal LK values are achieved. The data from four lambs, pre-
sented in Fig. 11, is in close agreement with results obtained
by other investigators. (44,45).

Accompanying and preceding this loss of internal potassium
is a decline in alkali cation-stimulated ATPase activity at both
high and low ATP concentrations (Table V). In Figs. 12 and 13,
the age-related loss of Nat-ATPase and ouabain-sensitive Na‘t,xt-
ATPase is demonstrated. Ouabain-sensitive activity at 1 mM ATP
disappears almost completely in these young lambs by about 30

days after birth. A component of Nat-ATPase activity at 0.2 uM
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‘Figure 1l1l. Loss of red cell potassium during maturation ‘
of LK lambs. |

Lamb blood was drawn fresh each day, and whole blood and
plasma potassium concentrations measured by flame photo-
metry. Cell potassium levels were calculated from these
values and the hematocrits.
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TABLE V. Loss of red cell potassium and ATPase activity
during LK lamb maturation

pmoles Pi/mg/minute

a () :f}
oy 0] o g .
% B o o &
R Ay o7 &
o m B4 + B I e
£ T M ﬁﬁ Na' -ATPase slz: +M
2 ¢ O i I + §
3 & 8 2 ¥ K Ry Ky g 8
05 4 101 39 125 175 162 125 3.4 2.44 %
06 5 106 47 133 156 159 124 2.7 2.69
07 7 101 61 109 130 116 91 3.6 1.68
05 12 94 37 59 67 83 53 1.3 1.14
06 13 96 45 72 85 72 67 1.7  1.07
07 15 80 52 41 46 40 26 2.0 .72
05 18 71 32 21 25 28 16 2.1 ' .52
06 19 67 29 21 29 33 21 1.7 .62 ;
07 21 52 20 17 21 17 10 .9 .36 ;
71 24 45 35 29 42 36 29 :
05 25 46 46 11 13 15 7 1.2 .15 :
06 26 44 34 14 9 10 4 .7 .18 ;
07 28 42 49 20 18 11 0 1.2 .18 ;
71 32 35 12 13 13 11 5 i
05 39 25 17 3 2 4 -2 2.3 0 j
06 40 23 10 5 3 4 1 1.8 0 |
07 42 24 30 5 1 4 -5 2.9 .90 :
71 45 19 2 3 2 0 0
‘05 53 20 9 1 1 -2 -3
06 54 15 3 3 3 2 0 |
07 56 17 8 4 5 3 1 ;

Membranes prepared from blood of four LK lambs were assayed
as described in Figs. 13 and 14.
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Figure 12. Loss of Nat-dependent ATPase activity in LK lamb
erythrocyte membranes during maturation.

Membranes prepared from lamb blood were incubated for 2 minutes
in medium containing 0.2 pM Tris ATP, 13 uM MgCl,, 35 mM Tris
HCl, pH 7.4, and either 50 mM NaCl or 50 mM KCl. Values obtained
with RCl in the assay medium were subtracted from those obtained
with Nacl to give the Nat-dependent component of ATPase which’

is plotted here. Each point represents the averaged duplicates
of a single experiment.
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Figure 13. Loss of ouabain-sensitive Na®,Kt-ATPase activity in
LK lamb erythrocyte membranes during maturation.

i Membranes prepared from lamb blood were incubated for 30 minutes
i in medium containing 1 mM Tris ATP, 1 mM MgCl,, 40 mM Tris HCI1,
PH 7.4, 50 mM NaCl and 10 mM KCl. 0.2 mM ouabain was added to
half the tubes, and the difference in ATPase activity between
tubes with and without ouabain is plotted here as the ouabain-
sensitive component. Each point represents the averaged dup-
licates of a single assay.
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ATP persists in the red cell membranes throughout the period of
investigations, but by approximately five weeks after birth the
level of activity is even lower than in mature LK erythrocytes.
At first, these results seem comparable to the changes already
described for LK reticulocytes. With respect to these two para-
meters, loss of cell potassium and loss of ATPase activity,
maturation changes in LK reticulocytes and changes in lamb ery-
throcytes during ontogeny appear to be similar.

When the kinetics of the Nat-ATPase activity are considered
with respect to the potassium response patterns, howéver,
similarity between the two types of cell populations is ﬁo longer
apparent. While LK reticulocytes possessing elevated potassium
levels have been shown to have normal LK-type Nat-ATPase kinetics,
erythrocytes from LK lambs with similar high potassium concentra-
tions and low rates of ATP hydrolysis display distinctly HK-type
Nat-ATPase activity. These differences are illustrated in Fig.
14. As the lamb matures, there is both a decline in the amount
of Nat-stimulated ATPase activity in the red cell membranes, and
a switch from HK to LK-type K'-inhibition kinetics. Fig. 15
demonstrates these changes over a period of three weeks in the
red cells from a single lamb. It is of interest that the HK

kinetics persist even when the ATPase activity is decreased to
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Figure 14. Comparison of Nat-ATPase activity in membranes
from LK reticulocytes and LK lamb erythrocytes.

Membranes were prepared from the top fraction of LK sheep
blood containing 24% reticulocytes, and from the blood of
a 21 day old LK lamb. Average red cell potassium levels
were 55 mEg/l and 52 mEg/l respectively. Membranes were
incubated as described in Fig. 12 with the addition of KC1l
as indicated. Control values (50 mM KC1l) were subtracted
in each case to give the Na*-stimulated component.
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Figure 15. Changes in Nat-ATPase activity of LK lamb erythrocyte
membranes during maturation.

Na'-ATPase activity was assayed as described in Fig. 14. The
four solid curves represent the changes seen in one lamb (07)
over a three week period. .Normal HK and LK curves from Fig. 6
are included for comparison. :
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values approaching those of mature LK red cells.

As mentioned previously, several factors influence the
development of these changes during lamb ontogeny. The most
evident of these processes involves the death of fetal cells
and replacement by adult LK erythrocytes in the circulation.
The progress of this transition can be followed by observing
the rate of disappearance of fetal hemoglobin from lamb blood
with time. Fig. 16 shows the electrophoresis patterns of
hemoglobin from three lambs at various ages, illustrating this
loss of hemoglobin F.

Domestic sheep fall into three categories with respect to
their hemoglobin type; those with just hemoglobin A, those with
just hemoglobin B, and those with both A and B.(77) The hemo-
globin type of these sheep is controlled by simple Mendelian
genetics, two alleles producing two specific hemoglobins. (78)
The blood of young lambs contains a third type of hemoglobin
found only in fetal cells, hemoglobin F. éhese three molecules
all contain the same o chain, but differ in their non-o chains
and electrophoretic mobilities.(79) During electrophoresis at
pH 8.6, the order of increasing mobility is B<F<A.

As shown in Fig. 16, lamb 05 has only hemoglobins B and F,

while the other two lambs are heterozygotes. with aging, the

H
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Figure 16. Changes in hemoglobin electrophoresis
patterns of three lambs during matura-

tion.
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fetal hemoglobin bands slowly disappear as the normal adult
hemoglobins become more prominent. To quantitate the percen-
tage of the hemoglobin present as hemoglobin F, the electro-
phoresis strips were scanned in a spectrophotometer. A series
of four tracings are shown in Fig. 17, depicting the changes in
hemoglobin content in the blood of one of the lambs over a four
week period. The dotted lines indicate the slopes of each in-
dividual peak extrapolated to zero absorbance. The ratio of
fetal hemoglobin in each sample was determined as described in
Materials and Methods. The results of this analysis are shown
in Table VI and compare favorably with previously reported
data. (46-48,79)

In Fig. 18, the rate of fetal hemoglobin disappearance is
compared to the age-related changes in cell potassium level and
Nat-ATPase activity. The curves indicate that loss of Nat-ATPase
activity closely parallels the loss of fetal’hemoglobin. The
fall in cell potassium occurs later than the decrease in the
other two parameters, but seems to show a similar rate of
decline. This data is in accord with Tosteson's findings that
both the potassium pump:leak ratio and the ouabain-sensitive
ATPase in erythrocytes of developing LK lambs declined more
rapidly than the intracellular potassium content. (45) The

implications of these ontogenetic changes will be discussed.
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Figure 17. Loss of fetal hemoglobin in lamb blood during
maturation.

Hemoglobin electrophoresis patterns were scanned as described
in the text. Four tracings obtained from a single lamb (07)
at various ages are shown here. Dotted lines delineate the
approximate limits- of the individual peaks. From left to
right, the three major peaks represent hemoglobin B, hemo-
globin F and hemoglobin A. Calculations of % fetal hemoglobin

are described in the text.
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TABLE VI:

Lamb

05
05
05
05

06
o6
06
06

07
07
07
07

Loss of fetal hemoglobin with age in lamb

Age

12
18
25

39

13
19
26
40

15
21
28
42

erythrocytes

Cell K

94
71
46
25

96
67
44
23

80
52
42
24

%Hb F

78
30
i8 -
13

46
28
20
12

38
23
16

Calculations of fetal hemoglobin concentration are

described in the text.

72.



73.

| 14071 x=cell potassium (mEq/l)
120] % o-% fetal hb
| ] & o-Na*-ATPase activity
| IOO; VR (pmoles /mg/ min.)
! 80 :
601
40-
204
; 0
o

age (days)

Figure 18. Ontogenetic changes in LK lamb erythrocytes.

Data taken from Figs. 11 and 12 and Table VI.

ey



74.

4. DISCUSSION

The results of this investigation show that the rate of
ATP hydrolysis by erythrocyte membrane preparations decreases
markedly during red cell maturation. This discovery is simi-
lar to results reported for many other red cell enzymes, in-
dicating that the loss of enzyme activity is a non-specific
process characteristic of red cell aging. The mechanism
responsible for this enzymatic deterioration undoubtedly lies
in the cell's inability to synthesize new proteins to replace
those that have become damaged or destroyed during aging of
the cell. ILoss of the protein synthetic system in erythrocytes
is probably the determining factor in the relatively short
lifespan of these cells.

Of the three species studied, human erythrocytes possess the
most active membrane-bound transport ATPase system, though this
activity is still relatively small when compared to other tissues
such as nerve and muscle. It appears that the low level of alkali
cation-dependent ATPase activity in human red cells is at least
partly a result of deterioration of the enzyme system duing
maturation. When membranes are prepared from blood containing

a high concentration of reticulocytes, the rate of ATP hydrolysis

e i e e e Satan R ) . e ce . . - - )
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is significantly increased. With a reticulocyte count of only :
24%, the ouabain-sensitive ATPase activity of the membrane g
preparation was twice that of mature erythrocytes. Extrapolatihg §
this data to a theoretical population of cells composed solely
of reticulocytes, it can be calculated that the membranes of
these young cells must possess approximately five times the i
alkali éation—stimulated activity of mature red cells.

It is of interest to note that, though the ATPase activity
is considerably elevated in reticulocyte membranes, the degree
of dependence on sodium and potassium is remarkably similar in
young and old cells. The ratios of alkali cation-stimulated
activity to the Mg't-aATPase level in reticulocytes remain com- j
parable to those in mature red cell membranes at both high and
low ATP concentrations., Addition of sodium ions to the incuba-
tion medium containing 2 uM ATP produced a six-fold stimulation
of activity with both mature cells and reticulocytes. Likéwise,
addition of sodium and potassium together with 1 mM ATP enhanced
the activity of both preparations 3-4 fold. The ouabain-sensitive
component of the ATPase activity changes little with maturation,
comprising 86% of the total activity in mature red cell membranes
and 75% in reticulocytes with low ATP, and 66% and 75% respectively

at high, ATP concentrations. These results are consistent with

.-
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those obtained by Whaun and Oski in experiments on 13 patients
with reticulocytosis. (80) They, too, found that reticulocyte-
rich blood had more ATPase activity than normal, but that the
ratio of ouabain-sensitive to ouabain-insensitive activity was
essentially the same in both fractions.

It may be a coincidence that the Mg++—ATPase in red cell
membranes seems to deteriorate at the same rate as the alkali
cation-dependent activity, but it is also possible that the Mg++—
dependent component bears some relationship to the transport
ATPase system. In either case, the preservation of constant
activity ratios throughout maturation seems to indicate a loss
of active pump sites with age, rather than an alteration in the
sensitivity of the red cell membrane ATPase to stimulation by
sodium and potassium. Thus it would appear that the only change
in human erythrocyte ATPase activity as the cell matures is a
quantitative one, probably a decrease in the number of active
pump sites per cell.

In comparison to humans, the membranes of mature rabbit
erythrocytes seem to have very little alkali cation-dependent
ATPase activity. The ouabain-sensitive Nat-ATPase of rabbit red
cells (assayed at 2 pM ATP) is less than 1/10 that of human mem-

branes, and the Na+,K+—ATPase (at 1 mM ATP) is 3.5 times more
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active in humans than in rabbits. Similar results have been
reported frequently for rabbit erythrocyte membrane Na',K'-ATPase
(70-72), and pose a serious question concerning the transport
ATPase system. Like humans, rabbit red cells maintain steep
electrochemical gradients of both potassium and sodium across the
ce}l membrane. A considerable amount of work has been done es-
tablishing a connection between the maintenance of these alkali
cation gradients and a membrane-bound system for hydrolysis of
ATP. The lack of correlation between the two systems in rabbit
red gells is puzzling, and somewhat disturbing.

It is possible that rabbit erythrocytes have evolved some
alternative energy source for the cation pump, but this explana-
tion is rather unlikely. On the other hand, rabbit red cell
membranes might be highly impermeable to sodium and potassium,
and need little pump activity to maintain the normal gradients.
This too is unlikely, especially in light of reports by villamil
and co-authors that the rate of ouabain-sensitive sodium efflux
from rabbit cells along with coupled potassium influx is qguanti-

tatively similar to results obtained with humans.(81,82) Thus it

seems that the cation pump of rabbit membranes is working actively,

but the alkali cation-sensitive ATPase system, which should supply

the energy for the pump, is not.
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With this apparent anomaly in mind, a series of experiments
was designed to test whether the assay system used could be res-
ponsible for the observed lack of alkali cation-dependent ATPase
activity. It was considered possible that the absence of membrane
sidedness in assays done with broken membrane preparations might
account for a loss of stimulation by sodium and potassium on the
ATPase system. Since the membrane ATPase of intact cells is
stimulated by sodium on the inside and potassium on the outside,
it was thought that equal concentrations of both ions on both
sides of the membrane might counteract the expected stimulatory
effects. The results of these experiments were similar to those

with broken membranes, however, and contributed little to the

understanding of the basis for this rabbit ATPase dilemma. Ouabain-

sensitive Nat,K"-ATPase in intact rabbit red cells loaded with
sodium and incubated in high-potassium medium was still only about
1/10 the value found with human membranes. Thus, the lack of
correlation between the rate of cation pumping and the cation-
stimulated ATPase activity of rabbit erythrocytes does not appear
to stem from a loss of membrane asymmetry.
Gardner and Lapey have proposed that the absence of stimula-

tion by alkali metal cations is due to bound sodium and potassium

which cannot be washed off the membranes.(70) This explanation
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15 would also account for the rather large amount of ATPase activity
observed without either sodium or potassium added to the assay

medium. Although such a phenomenon may play a part in decreasing

apparent ATPase sensitivity to the alkali cations, it does not
seem sufficient to completely explain the marked difference in
ouabain-sensitive ATPase activity between human and rabbit red
cell membranes, nor the low activity observed with sodium-loaded
intact cells. The problem of deficient Nat,Kt-ATPase in rabbit
erythrocyte membranes still awaits an adequate solution.
Reticulocytes in rabbits, like humans, show a significant

increase in all components of ATPase activity compared to mature
red cells. The results reported here confirm those of Yunis and
Arimura (83) and Wise and Archdeacon (84), and suggest that the

* unusually low level of cation-stimulated ATPase in adult erythro-

cytes might result from a loss of activity during maturation of

the cell. However, both ouabain-sensitive Nat-ATPase and ouabain- |
sensitive Na‘t,Kt-ATPase in the membranes prepared from reticulocyte- f
rich rabbit blood still demonstrated less activity than human
mature red cell membranes. Moréover, ouabain-sensitive ATPase in
reticulocytes still represented only 30% of the total activity,
similar to the ratio found with mature cells. As seen in human

membranes, the alkali cation-stimulated ATPase seems to deteriorate
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at a rate proportional to the loss of the Mg++-dependent component.
The amount of Nat-ATPase in rabbit red cell membranes decreases
with age, but the fraction of the total activity that is sensitive
to the alkali metal cations does not. As mentioned before, the
consistency in the percentage of total activity inhibited by
ouabain and stimulated by sodium and potassium during maturation
may be. simply a coincidence. It does suggest, however, that
rabbit red cells, like human cells, undergo a loss of active

cation transport sites with aging, rather than a change in sensi-
tivity to sodium and potassium. .

LK sheep, the third species in which reticulocyte maturation
was studied, have even lower erythrocyte membrane Nat-ATPase
activity than rabbits. In this case, however, the lack of alkali
cation-dependent ATPase activity is understandable, since LK
sheep have very little sodium or potassium gradients across their

red cell membranes. IK sheep reticulocytes, on the other hand,

have elevated internal potassium concentrations (40) and alkali

cation pump activity (41), and might be expected to show an in-
creased rate of alkali cation-stimulated ATP hydrolysis. Indeed,
reticulocytes in these animals do possess significantly greater
total ATPase activity than mature red cells. The increase in

ATPase activity, though, appears to be mostly in the Mg++-dependent
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fraction. Unlike rabbits and humans, the ratio of Nat-stimulated
ATPase to Mg++-dependent ATPase activity is not’constant with age.
There is only a small difference between the amount of Nat-ATPase
seen in preparations from reticulocyte-rich LK blood containing
between 36-55 mEq K/1 and that found in mature LK cells with less
than 20 mEq K/1.
The normal range of NaT-ATPase in LK membranes assayed at 0.2

UM ATP is 10 ¥ .81 pmoles/mg protein/minute (23 preparations)l.
The reticulocyte preparations assayed here under identical condi-
tions displayed Nat-ATPase activities ranging from 10-24 pmoles/
mg/minutes with an average of 16 t o, pmoles/mg/minute. Since
the reticilocyte count was only between 8% and 24%, it is probable
that young cells do have a slightly elevated Nat-ATPase activity.
The fact that preparations with the highest cell potassium levels
showed the greatest increase in Nat-ATPase tends to sﬁpport this
idea. The difference between young and old cells, however, is very
small, and can hardly be compared to the changes seen in human and
rabbit erythrocytes during maturation. The Na*-ATPase of LK reti-

- culocytes is definitely not comparable to values found for mature I

HK sheep cells as the elevated potassium levels and active potassium

. Blostein, R. and E.S. Whittington, unpublished observat.ions.
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pump rate might tend to suggest.

The reason for the large component of Mg't-dependent ATPase
observed in reticulocytes might be due to the procedure used in
preparing the membranes. In order to preserve as much similarity
as possible between the reticulocyte-rich preparations and the
mature cell membranes, reticulocyte-rich blood was lysed with
water. All of the control membrane preparations had been made
using water lysis, and this procedure was continued to insure
comparability. This is in contrast to reticulocytes from rabbits
and humans which were lysed and washed with a sucrose solution.
Centrifugation in sucrose is reported to remove the mitochondria
and other intracellular membranes from the plasma membrane fraction.
(54) It is possible that the reticulocyte membrane preparations
from LK sheep were contaminated with mitochondrial membranes or
vestigial reticulum, eitﬁer of which might possess an active Mgt*-
dependent ATPase. These contaminants would not be found in mem-
branes prepared from mature red cells, and the Mg*t-ATPase compo-
nent would therefore be relatively small.

In addition to the quantitative aspects of ATPase activity in
LK sheep reticulocytes, the qualitative aspects, or potassium-
inhibition kinetics, were also investigated. In this case *oo,

the membranes of LK reticulocytes were found to respond in a
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manner similar to LK rather than HK mature erythrocytes; The
Nat-ATPase activity of young LK red cells is highly sensitive
to inhibition by low concentrations of potassium ions. Thus,
both in quantity and kinetic response to potassiﬁm, the Na' -
ATPase system of LK reticulocytes resembles that of mature LK
cells, suggesting that the LK characteristics of red cell mem-
branes are fully developed by the time the young cells enter
the circulation.

It is interesting to compare the activity of these immature
LK cells to results obtained with anti-I, treatment of mature cells
from LK sheep.(38) 1In these experiments, also, membranes display
an increase in Nat-ATPase activity but retain LK-type K'-inhibi-
tion kinetics. This alteration in enzyme activity is attributed
to masking of the I, antigen on the surface of the red cell by a
specific antibody. It could be that the elevated Nat-ATPase
activity in LK reticulocytes is due to a delay in the devélopment
of the I, antigen. Possibly because these young erythrocytes have
not yet acquired the antigen, they react in a manner similar to
those cells in which the antigen has been blocked.

The low level of alkali cation-stimulated ATPase activity in
LK reticulocytes, and the LK-type potassium response patterns of

this ATPase appear inconsistent with the data reported for cation
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transport in these young LK cells. Lee, Woo, and Tosteson found
that the potassium pump rate in LK reticulocytes was similar to

HK rather than LK cells, and changed progressively to LK-type

" activity as the cells matured. (4l) Since pump activity and

alkali cation-dependent ATPase are assumed to be linked, the
ATPase activity of these cells should also be typical of HK sheep
erythrocytes. This was not found to be the case, and at first

it proved rather disturbing. However, the kinetics of potassium
transport in LK reticulocytes have not been determined, opening
the possibility that the pump is kinetically LK but retains a
relatively high rate of ion flux. If this were true, pump activity
in reticulocytes would resemble Nat-ATPase in the respect that
both have increased rates of activity with normal LXK kinetics.
Once again the reticulocytes can be compared to anti-I treated

LK erythrocytes, which also show an increased rate of potassium
pump activity. It would appear that the quantitative aspects of
potassium transport and cation-dependent ATP hydrolysis by LK
membranes are related to the development of the L antigen, while
the kinetics of these two properties develop at an earlier stage
of cell differentiation. Further studies comparing both potassium
pump and Nat-ATPase activity in LK sheep reticulocytes to the

development of the L antigen will be necessary to clarify the re-
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lationships among these three parameters in the erythrocyte
membrane.

The unusually high potassium concentration found in LK
sheep reticulocytes is probably a reflection of the normal high
potassium level present in the stem cells which give rise to the
new erythrocytes. Massive hemorrhage forces reticulocyteé pre-
maturely into the circulation before the potassium content has
fallen to normal LK values and the residual active potassium trans-
port of these young cells helps to maintain the ion concentration
at an elevated level. As the low potassium pump rate characteristic
of LK membranes develops, the cell potassium level gradually de-
creases due to slow passive efflux. This, of course, is specu-
lation, and pump-~leak experiments with potassium-loaded reticulocytes
would be necessary to test this possibility.

In light of the interesting changes in alkali cation-dependent
ATPase activity observed during reticulocyte maturation, it was
decided to study this enzyme system during ontogeny in LK lambs.
Lambs were selected as the experimental animal fqr several reasons.
A considerable amount of work has been done characterizing the
Nat-ATPase in both HK and LK sheep red cells, thus providing a
basis of comparison for results obtained with the lambs. Secondly,

any changes noted in LK lamb cells during ontogeny could be com-
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pared to the observations made while following LK sheep reticu-
locyte maturation. Furthermore, LK lamb erythrocytes have been
shown to possess intracellular potassium content (42-44), alkali
cation transport (36,44,45) and ouabain-sensitive ATPase activity
(35,45) all quantitatively similar to HK mature red cells. With
increasing age, these three factors all decrease to values typical
of 1K cells. It was hoped that by investigating fhe course of
these changes during ontogeny, some further insight might be
gained into the nature of the genetic difference between HK and
LK sheep erythrocyte membranes.

The results obtained here indicate that fetal cells in IX
lambs possess not only the quantitative but also the qualitative,
or kinetic, characteristics of HK erythrocytes. 1In this respect,
the cells of neonates differ from LK reticulocytes, since the
reticulocytes retain LK kinetics even when cell potassium, pump
rate, and Nat-ATPase activity are elevated. A comparison of Nat-
ATPase activity in membranes from LK lambs and reticulocyte-rich
LK blood with similar cellular potassium content leaves little
doubt that the fetal cells have HK -type characteristics. It
appears that the gene(s) responsible for the LK phenotype does not
become activated until sometime after birth.

The alkali cation dependent components of the membrane ATPase
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in lamb blood fall rapidly in the first few weeks postpartum. It
was observed that the loss of Nat-ATPase activity closely paral=
leled the loss of fetal hemoglobin in the blood, suggesting that
the changes seen during ontogeny in these lambs are due to re-
placement of HK~type fetal cells by adult cells with LK membrane
characteristics. This theory is supported by the investigations
of Ellory and Tucker showing that development of the I, antigen
in young lamb blood closely follows loss of potassium transport
activity. (44) 1In addition, Tosteson discovered that ouabain-
sensitive ATPase and potassium pump:leak ratio decreased pro-
gressively with aging. (45) Dunham and Hoffman also observed a
loss of ouabain-binding sites on the red cells of maturing lambs,
coupled with a decrease in active potassium influx. (36)

Israel and co-workers have reported similar alterations in
alkali cétion—stimulated ATPase activity and potassium transport
in newborn calves, another.species which switches from HK to LK
during the early post-natal period.(85) These investigations
suggest, however, that the changes during éntogeny reflect the
average age of the whole cell population, rather than simply a
substitution of one cell type for another. Not only are HK fetal
cells dying and being replaced by LK erythrocytes, but changes

are also taking place in each of these two cell populations as a
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result of aging. The apparently simple developmental changes
seen during ontogeny are the resultant of a complex series of
interrelated variations in the total red cell mass.

Upon closer scrutiny of the data obtained during LK sheep
ontogeny, it becomes evident that similar complexity can be found
in this developmental system as well. fhe decline in intracellular
potassium level in the blood of LK lambs does not follow the same
time course as the loss of fetal hemoglobin or the changes in Na't-
ATPase activity as showh in this study, nor is it consistent with
the decrease in potassium transport (36) or the development of
the I, antigen. (44) The curve depicting cell potassium content
during the first eight weeks after birth is biphasic, first a slow
decline and then a more rapid drop until normal mature LK values
are reached. Many factors are responsible for the shape of this
curve and its lack of correlation with the other four parameters.

In the first place, the circulatory system of young lambs is
expanding rapidly during the first few weeks after birth. After
the initial phase of presumably decreased erythropoeisis due to
the change from an anoxic enviroﬁment,'young LK cells'begin
entering the circulation. Like LK reticﬁlocytes, these cells
probably have elevated potassium levels retained from their high-

potassium precursors; thus, the high blood potassium level
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originally due to the HK fetal cells is maintained for a while
by the advent of these LK-type cells with elevated potassium
content. As LK pump and leak rates become predominant, the cell
potassium values gradually begin to fall. The new LK cells pro-
bably have slightly elevated Nat-ATPase activity and potassium
pump rate also, which would decline quickly with age and affect
the curves for these two systems.

The delayed decline of cell potassium level may be further
influenced by the entrance of new fetal-type cells into the
circulation. Israel et al. found that 15% of the hemoglobin
synthesized in calves at 24 days postpartum was hemoglobin F (85),
indicating that the change from production of fetal to adult cells
does not occur abruptly at the time of birth. Addition of new
HK, as well as LK, cells to the total population would obviously

have an effect on all the parameters assayed.

Thirdly, the HK fetal cells probably undergo maturation changes

even after they have entered the circulation. Like young cells in
humans and rabbits, these high-potassium cells would be expected
to lose ATPase and probably pump activity as they mature, even
though they remain HK in character. Thus, at least four factors
contribute to the ontogenetic changes observed in the erythrocytes

of young lambs; loss of enzyme activity by HK fetal cells, loss

g
i
é
§
4
1
i




e

90.

of potassium content from young LK-t?pe cells, loss of enzyme
activity by the LK cells, and changes in the rate of production
of these two cell types. |

‘Tt is of interest that the kinetics of the Nat-~ATPase activity
in lamb blood remain HK in character, i.e. stimulated by low con-
centrations of potassium, even when the quantitative aspects approach
typical LK values. This fact provides evidence that the fetal cells
retain their HK characteristics whether or not they lose activity
as a result of aging. Thus, the switch from .an HK to an LK kinetic
profile in the Nat-ATPase of lamb blood is probably due to cell
replacement rather than a change in the membranes of the fetal cells.
Another factor which may influence the persistence of the HK kine-
tics in these developing lambs is the very low level of activity
contributed by the membranes of the mature LK cells. When all the
fetal hemoglobin had disappeared from the blood, the level of Nat-
ATPase was found to be even lower than normal LK membranes. For
some reason the first LKR-type cells produced by these lambs appear
to be "super LK", at least with respect to the Nat-ATpase activity.
The small amount of activity which they contribute to the mean
ATPase level of the assayed membranes would not be sufficient to
mask the HK characteristics of the fetal cells.

In summary, the reticulocytes oﬁ all three species studied

show an increased level of membrane-bound, alkali-cation-dependent
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ATPase activity with respect to the mature red cells. The increase
is more marked in humans and rabbits with high-potassium cells
than in LK sheep; but in all three, the pattern of activation'
by the alkali metal cations is the same in reticulocytes and
mature cells. The mechanism responsible for this loss of activity
during erythrocyte maturation is probably a deterioration of mem-
brane proteins or lipids which cannot be repléced by the adult
red cells.

Developmental changes in the blood of newborn lambs appear
to be more complex, but dependent in part upon the changes observed
during reticulocyte maturation. Fetal cells in LK sheep have HK
characteristics, indicating that the geﬁetic machinery controlling
the LK phenotype is not activated until after birth. PFurthermore,
young LK cells display relatively high rates of transport ATPase
activity with typical LK kinetics. This picture is also seen with
anti-I, treated LK cells, suggesting that the I antigen controls

the rate of cation pumping while some other factor controls the

kinetics. This unknown factor appears to develop before the LK cells

enter the circulation. Thus the study of reticulocyte maturation
and LK lamb red cell ontogeny has provided a small increment of in-

sight into the genetic differences between HK and LK erythrocytes.
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