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ABSTRACT 

Age-re1ated changes in the transport ATPase system of 

mamma1ian erythrocyte membranes have been investigated. 

Two deve1opmenta1 processes were fo110wed, maturation of 

reticu10cytes in humans, rabbits and 10w-potassium sheep, 

and deve10pment of erythrocytes during ontogeny in LK 1ambs. 

Human and rabbit erythrocytes contain simi1ar high 

potassilli~ concentrations, though human membranes exhibit 

more a1ka1i cation-dependent ATPase than rabbits. In both 

species, a dec1ine in this activity is observed with ce11 

maturation. 

LK sheep erythrocytes have 10w potassium content and 1itt1e 

Na+-dependent ATPase. Reticu10cytes possess e1evated potassium 

1eve1s and increased ATPase activity. Both parameters decrease 

during maturation, but the 10ss of ATPase activity is due main1y 

to a decrease in the Mg++-dependent component. 

LK 1amb erythrocytes possess e1evated potassium content and 

ATPase activity. Na+-ATPase resemb1es HK rather than LK erythro-

cytes, both in quantity and K+-response kinetics. Ontogeny is 

associated with changes in ce11 potassium 1eve1s and Na+-ATPase 

activity to mature LK characteristics. 
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1. INTRODUCTION 

The average 1ife span of mamma1ian erythrocytes is 120 

days. primordial stem ce11s in the bone marrow are stimu1ated 

by erythropoetin to form hemocytob1asts, the first precursors 

of erythrocytes, and the hemocyto~lasts divide to become 

basophi1 erythrob1asts which begin the synthe sis of hemog1obin. 

Throughout subsequent divisions, the ce11 fi11s up with hemo-

globin, and the nucleus gradua11y shrinks unti1 it disappears, 

probab1y by auto1ysis and absorption. At this point, the new 

erythrocytes squeeze through the pores of the capi11ary wa11s 

into the circulation. Most red ce11s entering the b100d re-

tain a sma11 amount of basophilie endop1asmic reticu1um, and 

because of this they are ca11ed reticu1ocytes. Reticu10cytes 

continue to synthesize hemog1obin for a period of two to 

three days unti1 they lose their characteristic reticu1um 

and become adu1t erythrocytes. After approximate1y four months 

in the circu1atory system, the senescent red ce11s are seques-

tered by the spleen, comp1eting the erythrocyte 1ife cycle. 

The aging process in red ce11s can be fo11owed easi1y by 

administering a pulse label of 59Fe and studying the 1abe1ed 

ce11s in the circulation at various time interva1s after intro-

duction of the isotope. (1) since on1y the ce11s active1y 
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t ~.j 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 throughout the maturation periode In 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 amine 

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 

t~ese metabolic changes, the cell shrinks in si~e (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 
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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 Km for phosphoenolpyruvate and the pH optimum both increase. 

(l3) 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 celli 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 

Na+,K+-activated ATPase in the membranes of mammalian erythro­

cytes. 

Red blood cells, like aIl 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 

'l 
! 

3. 



( --\ 
.' .. ,1 
'--

plasma. (14) Permeating ions, such as chloride and bicarbonate, 

distribute themselves freely across the plasma membrane accor-

ding to the Donnan equilibrium; but the equilibriurn ratios 

determined for sodium and potassium in human red cells vary 

greatly from the expected Donnan values. (IS) 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 

high protein concentration with respect to the plasma. 

The concept of the cell membrane as a barrie~ to the 

alkali metal cations was dispelled, however, when radioactive 

isotopes of sodium and potassium were shown to perrneate the 

red cell membrane. (16) This d.iscovery posed a dilernrna. If sod-

ium and potassium could leak across the membrane along their 

electrochemical gradients, then there must also be sorne mechanism 

available to purnp the ions back against the gradients and main-

tain the steady-state composition of the celle since this 

pumping would be against steep electrochemical gradients, sodium 

efflux and potassium influx must be coupled in sorne way to an 

energy producing system. (17) Thi·s concept of a dynamic main-

tenance of alkali cation levels involving energy expenditure 

4. 
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by the ce11 is now genera11y accepted, and is termed the 

Ipump-1eak" hypothesis. 

A1though it seemed 1ike1y for many years that ATP was 

the source of energy for the cation pump, providing proof 

for this theory was difficu1t. Since ATP dees not cross 

the ce11 membrane, it cou1d net be added exogenous1y te test 

its effects on the transport system. Eventua11y, however, 

a method was devised for injecting ATP into a giant squid 

axon.(18) In addition, red ce11 ghosts were prepared con-

taining ATP, and were discovered te have the abi1ity te 

hydro1yze the high-energy phosphate. (19) In 1957, Skou was 

able to associate this energy-producing system with sodium 

and potassium transport. (20) He found, in partic1es from 

minced crab nerves, an enzyme system which hydro1yzed 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 simu1-
1 

taneous presence of the two ions is a1s<J required for activa- !.. 

tion of the "sodium pump". (21) 

Attempts to corre1ate the ATPase activity with sodium and 

potassium transport were continued in red ce11 ghosts, a more 
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homogeneous system than Skouis crab preparation. (21,22,23,24) 

It was soon found that in the presence of the other ion, Km 

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-pIus-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 marnrnalian cells. If this enzyme 

system were to become defective or inactive with age, the con-

sequent alterations in cation gradients might adversely affect 

the cellis viability. Indeed, it has been shown that osmotic 

fragility increases with age (11), and a severe hemolytic 

anemia has recently been associated with abnorrnal sodium and 
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potassium transport in red ce11s.(26) with these observations 

in mind, it seemed logica1 to look for a1terations in this enzyme 

system as the ce11 ages. 

The use of red b100d ce11s in the study of maturation changes 

in the membrane-bound Na+,K+-ATPase is dictated by both their 

avai1abi1ity and their relative homogeneity. In ce11s such as 

nerve, muscle and cardiac tissue, where the transmembrane ion 

fluxes are used to propagate e1ectrica1 impulses, the activity of 

this enzyme system is considerab1y greater than in erythrocytes. 

Despite their re1ative1y low rate of Na+,K+-dependent ATP hydro1y-

sis, however, red ce11 membranes are easi1y iso1ated free of intra-

cellular organelles and connective tissue, and thus present a more 

suitab1e system for the study of the rnembrane-bound enzymes than 

the more active tissues. 

In addition, erythrocytes of different species vary with 

respect to their cation concentrations and ATPase activities, 

thereby a110wing comparison of ATPase activity under a variety of 

physio1ogica1 conditions. Dogs and cats, for examp1e, have ery-

throcyte sodium and potassium concentrations in the order of 

110 mM and 3 mM respective1y, whi1e plasma cation concentrations 

are around 140 mM sodium and 5 mM potassium. In contrast, human 

red ce11s contain around 15 mM sodium and 85 mM potassium whi1e 

.. ~. 
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surrounded by plasma of composition sirnilar 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, 

sorne 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 dete~ined, the LK type 

being dominant. (27) In 1966, Rasmusen and Hall produced a 

specifie antiserum which hemolyzed the red cells of aIl 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 L antigens respectively. HK sheep pos-

sess only the M antigen, while homozygous LK $heep have only L. 

Heterozygotes have both Land 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 

r ;_ (~.\ 
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ànd ATPase activity were also observed. Both ouabain-sensitive 

potassium influx, or pump activity (31), and ouabain-sensitive 

Na+,K+-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 Land M 

antigens is in sorne 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-L 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 L 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 specifie 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 L antigen is responsible 

for switching the normal pump sites to leak sites in LK cells, 

and treatment with anti-L serum somehow reverses this effect, 

making the sites active once more. 

whittington and Blostein, however, 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-L 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. rt 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 



11. 

employed in investigations of this kind involves the comparison 

of enzyme activity in reticulocytes with analogous data from 

mature red cells. In animaIs, 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, experirnental 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 sorne anemic process 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 marnrnalian species; dogs 

and sheep which have Iow potassium erythrocytes, and humans and 

rabbits with high potassium red cells. It is of interest that 

reticulocytes in the two Iow-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 

( ' . \ 
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animaIs 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 the ory is supported by the work 

o·f 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 

specifie 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 activity would be similarly affected 

by the age of the erythrocyte. 

The second system used in the investigation of age-related 

changes in red cell Na+,K+-ATPase is one following development 

of lamb erythrocytes during ontogeny, i.e. from birth until 

eight weeks 9f age. Like reticulocytes from LK animaIs, 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 5~fo in 15-17 days. By 

the age of two months, aIl 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 developrnent of the L 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-dependent changes in the Na+,K+-ATPase of 

marnmalian 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. 
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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 victoria 

Hospital, Montreal, Canada. The samples were drawn from 

patients for routine hematological procedures, and those with 

elevated reticulocyte counts were selected for studies of 

Na+,K+-ATPase. Blood was collected in vacutainers containing 

EDTA as an anticoagulant. controls 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 l8-2~~ and remained 

at this level 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 the 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. AlI four lambs were LK, although one had an BK mother. 

AlI four were sired by the same LK rame Blood was drawn by 

jugular venipuncture once a week for up to eight weeks after 

birth. 

d. Treatment of blood samples. 

Blood from aIl sources was chilled on ice as soon as it 

was collected, and kept co Id during aIl 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 Isolation 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 Shulmanis 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 V, sigma). Gradients were prepared 

by layering 2.5 ml aliquots of dextran solution in cellulose 

nitrate centrifuge tubes (5/8" x 3", Beckman). In most cases 

three different concentrations of dextran were used per tube, 

in the range of 22% to 32% (w/v), the densities being chosen by 

j""'-., 
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trial and error to give a good separation of the reticulocyte 

fraction. 

Blood was prepared for the gradients by washing the cells 

three times with cold BSA-sa1ine, containing 137 mM Nac1, 54 mM 

dextrose, and 0.5% BSA. Approximate1y 4 ml of the washed, 

packed ce1ls (hematocrit 1V700,,{,) were carefu11y layered on the 

dextran gradients. The tubes were centrifuged for 30 minutes 

at 13,200 x g and OoC in .. a Beckman preparative u1tracentrifuge, 

model L, equipped with an SW 36 swinging bucket rotor. After 

centrifugation, the top layer of ce1ls and dextran was trans-

ferred to a 50 ml polythene centrifuge tube using a Pasteur 

pipette. The ce1ls were suspended in BSA-sa1ine, and spun for 

10 minutes at 2000' x g in a Sorva11 RC2~B refrigerated centrifuge 

with an SS-34 fixed angle rotor. After two more simi1ar washings, 

an aliquot of cells was removed for reticu10cyte countsi the 

remainder was refrigerated in a small amount of BSA-sa1ine. 

Dextran gradients were not used in the sheep experimentsi 

instead a method developed by B1unt and Evans was emp1oyed.(40) 

Reticu1ocyte-rich b100d was centrifuged in 12 ml graduated tubes 

in an International Equipment Company refrige~ated centrifuge 

for one hour at 3000 x g and 150c. The plasma was removed and 

, _ ... 
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set aside. The top 2~1o of the cells, including the white cells, 

was removed with a Pasteur pipette and resuspended 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 2~ 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°C until membranes 

could be prepared the next day. 

2.3 Membrane preparation. 

Membranes from human and rabbit blood were prepared by a 

modification of the method of Warrendorf and Rubinstein. (54) 

This method is particularly use fuI 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 concentra-

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 



RC2-B Sorvall. After the supernatant was aspirated, the post­

hemolytic residue (PHR) was washed eight timesi twice with 

0.88 M sucrose, once with 2 mM Tris HC1, 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 HC1. 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 

21. 

in the Sorvall. After the final wash the membranes were stored 

at 40 C suspended in a small amount of 2 mM Tris HC1. For assays, 

the membrane suspension was diluted to a concentration of 1-2 

mg prote i~/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 HC1, pH 7.4, and once with 2 mM Tris HCl containing 

0.004 mM EDTA. The membranes were left suspended in a small 

amount of the final wash solution and stored at 4oC. All 

membranes were used within four days after preparation. 
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2.4 protein deter.minations. 

The protein concentration of the membrane suspensions was 

measured by the method of Lowry (55), using crystalline bovine 

serum albumin (fraction V, sigma) as standard. 

2.5 Hematocrit measurements. 

Microhematocrit determinations were done in duplicate on 

samples of whole blood or Mgc1 2-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 was 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. 
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2.7 Alkali metal determinations. 

sodium and potassium concentrations in whole blood and 

plas~a and MgC1 2-washed cells were measured with an Instru-

mentation Laboratories Flame photometer, model 143, using an 

internaI lithium standard. 0.1 ml aliquots of blood, cells, 

or plasma were diluted to 20 ml with a standard solution con-

taining 15 mEq lithium per liter. The instrument was calibrated 

with a standard solution of 140 mEq sodium and 5 mE.q potassium 

per liter, and the standard and unknown samples were read 

repeatedly to maximize the accuracy. Cellular internaI cation 

concentrations were calculated from the values obtained for the 

whole blood and plasma cations and the previously determined 

hematocrits. 

2.8 Optical density measurements. 

AlI spectrophotometric determinations were carried out 

using either 1 ml (zeiss) or 4 ml (Beckman) quartz cuvettes 

with a 1 cm light path in a zeiss PMQ II Spectrophotometer. 

2.9 preparation of r-32p-ATP. 

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

pared by Mr E.S. Whittington in this laboratory using a 

1 
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modification of the method of Post and Sen (57) as described 

by Whittington.(58) This enzyrnic 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 ~_32p_ATP was separated from the reaction mixture 

by the method of Glynn and Chappel (59) on a 0.6 x 1 am 

Dowex-I-CI column (200-400 mesh, 2% cross-linked) and 

neutralized with a known amount of solid Tris base (TRAM, 

Fisher). The ATP concentration in the eluate was deter.mined 

by measuring the optical density at 259 nm, and an aliquot 

was removed for determination of radioactivity. Samples were 

stored at -18oC and thawed just prior to use. 

2.10 ATPase assays. 

ATPase activities of aIl membrane preparations were deter­

mined by the rate of hydrolysis of 32Pi from ~_32p_ATP. The 

radioactive ATP, prepared as above, was diluted with unlabeled 

Tris ATP (Sigma) to give the desired ATP concentration and 

specifie activity. MgCl2 was routinely added to the incubation 

medium in a concentration equal to that of the ATP~ though in 

24. 



(" 

in cases when very small amounts of ATP (e.g .• 002 mM) were 

used, MgC1
2 

was present in large excess as indicated in the 

text. Approxirnately 30 mM Tris HCl, pH 7.4, was used as 

buffer for the medium, and in most experirnents 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

stirnulated ATPase component, or Na+-ATPase. TO measure the 

arnount of ATPase dependent on both ions, Na+, K+-ATPase , 50 mM 

N~Cl 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. 

25. 

AlI assays were carried out in a water bath at 37oC. Prior 

to incubation, aIl media and membrane suspensions were kept cold 

on ice. Membranes were diluted with 2 mM Tris HCl, pH 7.4, to 

a concentration of 1-2 mg prote in/ml and preincubated at 370 C 

for 10 minutes. The incubation media were prewarmed for 5 minutes 

at 37oC. 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 ml of an ice-cold 5% 

trichloroacetic acid solution containing 2.5 mM ATP (disodium 

salt) and 5 mM KH 2P04 was added to each tube. The tubes were 

vortexed weIl and returned to the ice bath. To rem ove excess 

ATP from the mixture, 0.75 ml of the Norit-A charcoal suspension 

(1.5 g/lO 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 whatman 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 

l,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 deteDminations 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 internaI cation concentration of rabbit red cells was 

altered by a modification of the parachloromercuribenzene sul-

fonate ~CMBS) method of Garrahan and Rega (60), as described 

by Hoffman.(6l) Blood was freshly drawn from a rabbit by car-

diac puncture and spun in an International Equipment Company 

clinical centrifuge at topspeed 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 

NaCl, 3 mM sodium phosphate, pH 7.4, 0.2 mM MgC1 2 , 30 mM sucrose, 

and 0.02 mM PCMBS (Sigma). The suspension was incubated for 

10 hours at 40 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 37oC. The cells were washed three times with a 120 

mM MgC1 2 solution that had been saturated with MgC03 and filtered 

through a 0.8 ~ millipore. Hematocrit and alkali metal determina-

tions were done on aliquots of these washed cells. using this 

procedure, almost complete reversaI of the internaI cation con-
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centration was accomp1ished. within 10 hours, the potassium ion 

concentration fe11 from values of around 95 mM to 5-10 mM, whi1e 

sodium ions increased from 15 mM to greater than 100 mM. ATP 

1eve1s remained between 1-2 mM throughout the procedure. 

2.12 ATPase assay with reversed gradients. 

"High Na" rabbits ce11s were kept on ice prior to incubation. 

Media for incubation contained 3 mM sodium phosphate, pH 7.4, 

30 mM sucrose, 0.2 mM MgC12 , 5 mM Tris HC1, pH 7.4, and either 

NaC1 or KC1 at a concentration of 135 mM. Ouabain, 0.2 mM, was 

inc1uded in ha1f the f1asks to determine the ouabain-sensitive 

component of the ATPase activity. 3 ml a1iquots of each incuba-

tion medium were preincubated at 370C in 25 ml Er1enmeyer f1asks. 

One ml of the co1d packed ce11s was added to each f1ask and incu-

bated at 370C for up to two hours with continuous gent1e shaking. 

At 0, 30, 60, and 120 minutes of incubation, 0.5 ml a1iquots of 

the suspension were removed into an equa1 volume of ice-co1d 1~~ 

trich1oroacetic acid. Tubes were thorough1y vortexed and spun 

in a c1inica1 centrifuge for three minutes. The trich1oroacetic 

acid supernatants were carefu11y removed with Pasteur pipettes 

and extracted with diethy1 ether to near neutra1ity. Excess 

ether was b10wn off with air and the samp1es were quick1y frozen 
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in acetone and dry ice, then stored at -700 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. Into a l 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 MgS0
4 

and 6 mM glycerate-3-

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

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

. cuvette. Optical densities were re'ad at 340 nm against a blank 

containing water instead of supernatant. Finally, to each cuvette 

was added 0.01 ml of an enzyme mixture containing glyceraldehyde 

phosphate dehydrogenase (7 mg/ml), phosphoglycerate kinase 

(1 mg/ml), and a mixture of a-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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lat ion of the ATP concentration in the supernatant was based on 

the fact that two moles of NADH are converted to NAD+ by the 

enzymes of this reaction sequence for each mole of ATP uti1ized. 

Since the conversion of one micromo1e of NADH to NAD+ resu1ts in 

an optica1 density change of 6.2 units, a decrease in optica1 

density of 12.4 units indicates the presence of one micromo1e of 

ATP in the assayed samp1e 

2.14 Hemog1obin ana1ysis. 

Hemog1obin determinations were performed on LK 1amb b100d 

using the fo11owing modification of the method described by 

Briere, Go1ias and Batsakis.(63) To prepare samp1es for e1ectro-

phoresis, five drops of who1e b100d from each 1amb were mixed 

with 2-3 drops of water in a sma11 test tube and vortexed we11. 

0.5 ml of carbon tetrach10ride was added to each hemo1ysate, and 

the tubes were centrifuged for ten minutes at 12,000 x g in the 

RC2-B Sorva11. This procedure separates the stroma from the 

hemo1ysate, al10wing a c1ear hemog1obin solution to be iso1ated. 

The membrane-free supernatant was removed from each tube with a 

Pasteur pipette and stored at 4oC. 

E1ectrophoresis of the hemoglobin samp1es was carried out 

on sepraphore III cellulose acetate strips (Ge1man) 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 (TRAM, 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 capsule 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 Vicon linear gel scanner, 

model 1050 (Brinkmann), and a photovolt linear/log varicord 

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 aIl the peaks. 
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3. RESULTS 

3.1 Pre1iminary attempts to produce and iso1ate reticu1ocytes. 
q 

As with most research projects, many procedures were attempted 

and abandoned before successfu1 techniques were deve10ped to study 

maturation changes in erythrocyte membrane Na+-ATPase. TWO of 

these unsuccessfu1 procedures will be described be10w in order to 

point sorne of the inherent pitfa11s in the use of these methods. 

a. Production of.reticu1ocytosis with acety1pheny1hydrazine. 

As in LK sheep, mature red ce11s of dogs contain 1itt1e potas-

sium, whi1e the reticu10cytes were observed to have a high potassium 

content (two pre1iminary experiments). For this reason, the origi-

na1 plan for studying maturation changes in erythrocytes inc1uded 

the use of dog b1ood. Dogs were injected subcutaneous1y with an 

a1coho1ic solution of acety1pheny1hydrazine, a drug which causes 

massive hemo1ysis and induces a rapid reticu10cyte response. (64) 

This procedure is used by many investigators to increase reticu-

locyte countsi and, as expected, within a few, days high concentra-

tions of reticu10cytes were produced by these dogs. Unfortunate1y, 

exposure to pheny1hydrazine appeared to damage the red ce11s, 

making them unsuitab1e for membrane preparation. The post-hemo1ytic 

residue (PHR) obtained from the b100d of pheny1hydrazine-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. Isolation 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 

elevated reticulocyte counts. post-hemolytic residues derived 

from these phthalate-isolated fractions, however, were similar to 

i, 
~' 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 sorne manner, possibly 

related to an extraction 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 
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3.2 changes in membrane ATPase activity during red cell maturation. 

a. Human and rabbit erythrocytes. 

1. Humans. 

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 ~), membrane ATPase activity is greatly 

stimulated by the presence of sodium ions, and this stimulation is 

slightly inhibited by the addition of 10 mM KC1. At high ATP con­

centrations (Nl 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, Na+-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 ofreticulocyte-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 !-lM 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 !-lM Tris ATP, 25 !-lM MgC1 2, 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 Na+-ATPase. 
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Figure 2. Effects of sodium and potassium on the membrane ATPase 
of human erythrocytes and reticu10cytes 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 MgC12 , 30 mM Tris Hel, pH 
7.4, and 0.1 mM EGTA. sodium, potassium and ouabain (ou) were 
added as indicated. Resu1ts are the averaged dup1icates of one 
experiment. striped bars represent the total ouabain-sensitive 
Na+,K+-ATPase. 
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is referred to as the Mg++-ATPase. with 2 ~ 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 l mM ATP, sodium alone increases the Mg++-ATPase activity 

only O.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-sensitivity 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 aIl components of ATPase activity is observed at both ATP 

concentrations (Figs. land 2). with low ATP, aIl the values 

increase more than two-foldi with higher ATP, the increase is 

approximately 1.5-fold in aIl cases. Ouabain-sensitive Na+-ATPase 

and ouabain-sensitive Na+,K+-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 of the 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. 

Like 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 ~TPase 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 J..lM 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 aIl 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 Na+-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 reticu10cytes measured at 
1 mM ATP. 

Assays were carried out as described in Fig. 2. Normal membranes 
were obtained from b100d of previous1y unb1ed rabbits. The aver­
age of 15 experiments is shown. Reticu10cyte membranes were made 
from who1e b100d or the top fraction of dextran gradients with 
reticulocyte counts varying from 7% to 4~~ with a mean of 17% ± 
3.2. The average of Il experiments is graphed. standard errors 
of aIl the means are indicated. striped bars represent the 
ouabain-sensitive Na+,K+-ATPase components. 
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two species (Fig. 5). Ouabain-sensitive Na+,K+-ATPase in rabbit 

membranes is only 2.44 nmolesjmg proteinjminute as compared to 

8.3 nmolesjmgjminute in the human erythrocytes. Furthermore, 

this ouabain-sensitive component represents only 3~/o 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 reticulocytes were initiated to 

investigate this possibility. 

As observed with hum an 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 Mg++-ATPase 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 Na+-ATPase was similarly 

ten-fold higher in reticulocyte-rich preparations and the Na+,K+-

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 ~ ATP (24% at 2 ~ ATP, average 17% at l 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. 

Even 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 ouaba in-sens it ive, 

cation-dependent components of rabbit ATPase ever resemble 

quantitatively the values obtained with hurnan red cell membranes. 

Although th~ data is based on the membrane protein concentration, 

this comparison is considered valid, since both human and rabbit 

, 



TABLE l. Comparison of ATPase activity in membranes from 
human and rabbit erythrocytes and reticu10cytes 

2 l='M ATP pmo1es Pi/mg prote in/minute 

Human Rabbit 

Addition normal retic normal retic 

a) 50 mM KC1 186 406 156 1370 

b) 50 mM NaC1 1145 2579 283 2127 

c) 50 mM Nac1 + 157 642 192 1480 
0.2 mM ouabain 

d) Ouabain-sensitive 988 1937 85 855 
Na+-ATPase (b-c) 

1 mM ATP nmo1es Pi/mg prote in/minute 

a) 50 mM KC1 4.2 6.2 7.7 16.1 

b) 50 mM NaC1 6.0 8.5 8.6 17.4 

c) 50 mM NaC1 + 12.5 24.8 9.8 25.0 
10 mM KC1 

d) 50 mM NaC1 + 4.2 6.2 6.9 17.0 
10 mM KC1 + 
0.2 mM ouabain 

e) Ouabain-sensitive 8.3 18.6 2.4 7.4 
Na+,K+-ATPase (c-d) 

Data taken from Figs. 1-4. Ouabain-sensitive components 
are the averages of paired differences from individua1 
experiments. 
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blood yield about 2-3 mg protein per ml packed cells and both 

samples of blood contained sirnilar 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+,~-

ATPase activity.(73) Since rabbit reticulocytes are known to 

retain their ability to transport amino acids (74), it was de-

cided to 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 Na+-ATPase. 

As shown in Table II, this was not the case with either hurnan 

or rabbit reticulocyte membranes. Moreover, alanine consistently 

inhibited the ATPase activity under all conditions, albeit to 

a small and probably insignificant extent. Although these 

experirnents failed to show an effect of alanine, it m~st be pointed 

(-) 
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TABLE II. Effects of alanine on ATPase activity in human 
and rabbit reticulocyte membranes 

Addition 

None 

50 mM KC1 

50 mM NaC1 

50 mM NaC1 + 
10 mM KC1 

pmoles Pi/mg 

Human 

-alanine +alanine 

1107 1009 

372 326 

2465 2237 

1990 1883 

prote in/minute 

Rabbit 

-alanine +a1anine 

1493 1397 

1183 1097 

1967 1707 

1357 1250 

Membranes were made from the top fractions of human and 
rabbit reticu1ocyte-rich blood which contained 22% and 
24% reticu10cytes respectively. Assays were carried out 
for 2 minutes in medium containing 2 ~ Tris ATP, 25 ~ 
MgC1 2 30 mM Tris HCl and 0.1 mM EGTA. sodium, potassium 
and 1.0 mM alanine were added as indicated. Resu1ts 
shown are the averaged duplicates of one typica1 experi­
ment for each species. Ten experiments with rabbit b100d 
and four with human blood were carried out with simi1ar 
resu1ts. 
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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. LK sheep erythrocytes. 

In contrast to humans and rabbits, the sheep used in these 

experiments has erythrocytes with a very low internaI potassium 

concentration. Moreover, the mature red cells of such a low-

potassium (LK) sheep exhibit very little active Na+,K+-transport 

(31) or Na+,K+-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. In addition to the relative lack of ATPase activity 

found in LK erythrocytes with respect to their high-potassium 

(HK) analogues, the Na+,K+-ATPase of these two types of cells 

may 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 

(0\ ,_i 
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s~ilar to ones carried out by these authors (Fig. 6). The Na+-

stimulated ATPase of LK membranes assayed with 0.2 ~ ATP is 

highly sensitive to inhibition by potassium, 3 mM KCI producing 

5~~ inhibition of activity. Na+-ATPase in HK membranes, on the 

other hand, is stimulated by low concentrations of potassium, 

and requires greater than 20 mM KCl to reach the 5~~ level of 

inhibition. Fig. 6 demonstrates both the quantitative and 

qualitative differences between HK and LK types of Na+-dependent 

ATPase activity. 

It is of interest to note that aIl other cells in animaIs 

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 (41), but also an active, potassium-

st~ulated Na+-ATPase. Once the se cells are released into the 

circulation, the ATPase enzyme system is somehow altered to pro-

duce LK-type activitYi 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 HK-to-LK change, 
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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 ~ Tris ATP, 12 ~ MgC1 2, 30 mM Tris Hel, 
pH 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. with only 24% reticulocytes, 

the mean cell potassium level increases from 18 to 55 mEqjl. 

T.his 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 sorne unknown 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 elevated N~+-stimulated component, the 

K+-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+-stimulated compone nt (Fig. 8), the activity 

curves for reticulocytes and mature LK membranes almost coincide. 
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TABLE III. ATPase activity and ce11 potassium 1eve1s in 
LK sheep reticu10cytes 

rn -al M pmo1es pi/mg/minute 0 .j.J ~ s:: :>t u rx:I al 
.j.J al 0 El rn 
s:: 0.. M - n:l 
al :>t s:: ::s Il.! 

.~ .j.J 0 u ~ ~ + • .-1 • .-1 Na -ATPase 
I-l 0.. .j.J .j.J 1 
al al U al M + 
0.. al n:l Il:: M +0'1 ~ .a I-l al KO K1 K5 K20 rx:I U,l iii ~ CJ ::E: 

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 

B100d was obtained from an LK sheep subjected to massive 
b1eeding. Reticu10cyte counts and ce11 potassium values 
were determined and membranes were assayed as described 
in Fig. 6. Normal HK and LK values are inc1uded for com-
parison. Fractions indicated are top (T) , bottom (B) , 
and who1e b100d (w) • 

Î 
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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. LK 
and HK curves from Fig. 6 are included for comparison. 
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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 

celfi s lifespan. 

It might be argued that the appearance of low Na+-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). When lamb red cells with elevated potassium concentrations 

and levels of Na+-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 proposaI that reticulocytes have LK-type 

alkali cation-dependent ATPase activity. 

3.3 ATPase activity of sodium-Iabeled rabbit ery.throcytes. 

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 thelow level of alkali cation-

dependent ATPase activity was found puzzling. Gardner and Lapey 

also observed this lack of Na+,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 alternative possibility is that the membrane-bound ATPase 

of rabbit erythrocytes is highly sensitive to inhibition by 

cations on the "wrong" side of the membrane. In a broken membrane 

preparation, the sidedness of the system 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. In this 

way, ATP hydrolysis could be observed under presumably optimal 

conditions. 
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The a1ka1i cation content of the rabbit ce11s was h1tered 

using a modification of the PCMBS method of Garrahan and Rega. 

(60) Fig. 9 shows the changes in sodium and potassium content 

of the ce11s over the course of the PCMBS incubation. After 

ten hours, the normal cation ratio was found to be a1most 

comp1ete1y reversed, giving idea1 conditions for measuring 

ATPase activity. The ATP 1eve1in the ce11s, as measured by 

enzyme assay, remained between 1-2 mM throughout the PCMBS 

incubation. 

The ATPase activity of these ce11s was determined as des-

cribed under Materia1s and Methods. In Fig. 10 the resu1ts of 

these assays are compared to experirnents done with broken 

membranes under simi1ar conditions. Ouabain-insensitive 

ATPase activity was great1y reduced in intact ce11s, and there 

was no ouabain-sensitive activity when sodium a10ne was present 

on both sides of the ce11 membrane. However, ouabain-sensitive 

Na+,K+-ATPase still comprised on1y 3~fo of the total activity, 

comparable to the value found with broken membrane preparations. 

Even when paired values of ouabain sensitive and insensitive 

activityare considered (Fig. 10, striped bars and Table IV), 
" 

the intact ce11s do not show a very active Na+,K+-ATPase. Cer-

tain1y there is no quantitative simi1arity 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 texte At various 
time inter~als, aliquots of cells were removed, resealed 
with DTT, and washed with isotonie MgC12 • 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-1oaded rabbit 
red ce11s and rabbit erythrocyte membranes: 1-2 mM ATP. 

Sodium-1oaded rabbit red ce11s 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 HC1, and either 135 mM NaCl or 135 mM KC1 
as indicated. 0.2 mM ouabain was added to ha1f the f1asks. Values 
are the averaged resu1ts of either 4 (Na-Na) or 7 (Na-K) ·experiments. 

Membranes were assayed as described in Fig. 2. Values are the aver­
aged resu1ts of 8 experiments. Ca1cu1ations of activity per ml 
packed ce11s are based on estimation that 2.5 mg membrane protein 
is obtained from 1 ml packed red ce11s. 

standard errors of the means are indicated. Striped bars represent 
the total ouabain-sensitive Na+,K+-ATPase. 
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TABLE IV. Na+,K+-dependent ATPase activity in rabbit and human erythrocytes 

Intact, high Na cells 

Experiment number 

Total activity 

Ouabain-sensitive 

Broken membranes 

Experiment,number 

Total activity 

Ouabain-sensitive 

Human membranes 

Total activity 

Ouabain-sensitive 

~moles ATP hydro1yzedjml cel1s/hour 

1 2 3 4 5 6 7 

.57 .84 .49 .70 .66 .92 .70 

.20 .25 .15 .14 .26 .24 .21 

1 2 3 4 5 6 7 8 

.42 1.32 .84 1.34 1.24 1.58 1.41 2.13 

.22 .90 .44 .16 .30 .38 .36 .33 

3.72 

2.79 

"+ Mean - S. E • 

• 70 ± .06 

.21 ± .02 

Mean ± S.E. 

1. 29 :!: .18 

.39 .08 

Details of experiments from which this data is taken are given in Figs. 2 and 10. 
Each 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 a1most ten 

times higher. The exp1anation for this 1a.ck of ouabain-sensitive, 

a1ka1i cation-dependent ATPase in rabbit red cel! membranes is 

thus still undetermined, but it does not appear to depend on the 

asymmetry of the membrane system. 

3.4 changes in red ce11 membrane ATPase during ontogeny in LK 

1ambs. 

The erythrocytes of 1ambs, both HK and LK, contain a very 

high concentration of potassium ions, often even greater than 

mature HK ce11s. As LK 1ambs grow older, the, average potassium 

concentration in the b100d fa11s steadi1y unti1, after 7-8 weeks, 

normal LK values are achieved. The data from four 1ambs, pre-

sented in Fig. 11, is in close agreement with resu1ts obtained 

by other investigators.(44,45). 

Accompanying and preceding this 10ss of interna1 potassium 

is a dec1ine in a1ka1i cation-stimu1ated ATPase activity at both 

high and low ATP concentrations (Table v). In Figs. 12 and 13, 

the age-re1ated 10ss of Na+-ATPase and ouabain-sensitive Na+,K+-

ATPase is demonstrated. Ouabain-sensitive activity at 1 mM ATP 

disappears almost comp1ete1y in these young 1ambs by about 30 

days after birth. A compone nt of Na+-ATPase activity at 0.2 ~ 
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'Figure 11. 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 ce11 potassium and ATPase activity 
during LK 1amb maturation 

- pmo1es Pi/mg/minute 
r-I Q) 

~ Ul 
Q) Q) rd - fil Ul Ul AI 

Ul El rd rd ~ :>t - AI AI 0 rd ~ Na+-ATPase ~ 1 
!:: '0 ~ + - 1 1 ~ 

~ r-I + + 
Q) r-I + +tl'l + ru tiTI Q) tl'l KO K1 K5 K20 ~ t-1 r:x: CJ ~ ~ 

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 
05 39 25 17 3 2 4 -2 2.3 0 
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 b100d of four LK 1ambs were assayed 
as described in Figs. 13 and 14. 
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Figure 12. LOss of Na+-dependent ATPase activity in LK lamb 
erythrocyte membranes during maturation. 

63. 

Membranes prepared from lamb blood were incubated for 2 minutes 
in medium containing 0.2 ~ Tris ATP, 13 ~ MgC12 , 35 mM Tris 
HCl, pH 7.4, and either 50 mM NaCl or 50 mM KCl. Values obtained 
with KCl in the assay medium were subtracted from those obtained 
with NaCl to give the Na+-dependent compone nt of ATPase whicho 
is plotted here. Each point represents the averaged duplicates 
of a single experiment. 
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Figure 13. Loss of ouabain-sensitive Na+,K+-ATPase activity in 
LK 1amb erythrocyte membranes during maturation. 

Membranes prepared from 1amb b100d were incubated for 30 minutes 
in medium containing 1 mM Tris ATP, 1 mM Mgc12 , 40 mM Tris Hel, 
pH 7.4, 50 mM Nacl and 10 mM KC1. 0.2 mM ouabain was added to 
ha1f the tubes, and the difference in ATPase activity between 
tubes with and without ouabain is p10tted here as the ouabain­
sensitive component. Each point represents the averaged dup-
1icates of a single assay. 
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;~.~ .. 
~/ ATP persists in the red cell membranes throughout the period of 

.::;, 

investigations, but by approximate1y five weeks after birth the 

1eve1 of activity is even lower than in mature LK erythrocytes. 

At first, these results seem comparable to the changes already 

described for LK reticu10cytes. with respect to these two para-

meters, loss of ce1l potassium and 10ss of ATPase activity, 

maturation changes in LK reticu10cytes and changes iri 1amb ery-

throcytes during ontogeny appear to be similar. 

When the kinetics of the Na+-ATPase activity are considered 

with respect to the potassium response patterns, however, 

similarity between the two types of ce11 populations is ho longer 

apparent. While LK reticu10cytes possessing e1evated potassium 

1evels have been shown to have normal LK-type Na+-ATPase kinetics, 

erythrocytes from LK 1ambs with simi1ar high potassium concentra-

tions and low rates of ATP hydro1ysis disp1ay distinctly HK-type 

Na+-ATPase activity. These differences are i11ustrated in Fig. 

14. As 'the 1amb matures, there is both a dec1ine in the amount 

of Na+-stimu1ated 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 ce11s from a single 1amb. 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 Na+-ATPase activity in membranes 
from LKreticu10cytes and LK 1amb erythrocytes. 

Membranes were prepared from the top fraction of LK sheep 
b100d containing 24% reticu1ocytes, and from the b100d of 
a 21 day old LK 1amb. Average red ce11 potassium 1eve1s 
were 55 mEq/1 and 52 mEq/1 respective1y. Membranes were 
incubated as described in Fig. 12 with the addition of KC1 
as indicated. control values (Sa mM KC1) were subtracted 
in each case to give the Na+-stimu1ated component. 
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Figure 15. Changes in Na+-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 ce11s. 

As mentioned previous1y, severa1 factors influence the 

deve10pment of these changes during 1amb ontogeny. The most 

evident of these processes invo1ves the death of feta1 ce11s 

and replacement by adu1t LK erythrocytes in the circulation. 

The progress of this transition can be fo11owed by observing 

the rate of disappearance of feta1 hemog10bin from 1amb b100d 

with time. Fig. 16 shows the e1ectrophoresis patterns of 

hemog10bin from three 1ambs at various ages, i11ustrating this 

10ss of hemog10bin F. 

Domestic sheep fa11 into three categories with respect to 

their hemog1obin type; those with just hemog10bin A, those with 

just hemog10bin B, and those with both A and B.(77) The hemo­

globin type of these sheep is cont~olled by simple Mende1ian 

genetics, two a11e1es producing two specifie hemog10bins.(78) 

The b100d of young 1ambs contains a third type of hemog10bin 

found on1y in feta1 ce11s, hemog10bin F. These three mo1ecu1es 

a11 contain the same a chain, but differ in their non-a chains 

and e1ectrophoretic,mobi1ities.(79) During e1ectrophoresis at 

pH 8.6, the order of increasing mobi1ity is B<F<A. 

As shown in Fig. 16 , 1amb 05 has on1y hemqg10bins Band F, 

whi1e the other two 1ambs are heterozygotes. with aging, the 

-.;': 
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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 larnbs 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 sarnple 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 

Na+-ATPase activity. The curves indicate that loss of Na+-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. 

J 
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Figure 17. Loss of feta1 hemog1obin in 1amb b100d during 
maturation. 

71. 

Hemog1obin e1ectrophoresis patterns were scanned as described 
in the text. Four tracings obtained from a single 1amb (07) 
at various ages are shown here. Dotted 1ines de1ineate the 
approximate 1imits of the individua1 peaks. From 1eft to 
right, the three major peaks represent hemog1obin B, hemo­
globin F and hemog1obin A. Ca1cu1ations of % feta1 hemog1obin 
are described in the text. 
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TABLE VI: LOss of feta1 hemog1obin with age in 1amb 
erythrocytes 

Lamb Age Ce11 K % Hb 

05 12 94 78 
OS· 18 71 30 
05 25 46 18 
05 39 25 13 

06 13 96 46 
06 19 67 28 
06 26 44 20 
06 40 23 12 

07 15 80 38 
07 21 52 23 
07 28 42 16 
07 42 24 9 

Ca1cu1ations of feta1 hemog1obin concentration are 
described in the texte 
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Figure 18. Ontogenetic changes in LK 1amb erythrocytes. 

Data taken from Figs. li and 12 and Table VI. 
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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-specifie 

process characteristic of red cell aging. The mechanism 

responsible for this enzymatic deterioration undoubtedly lies 

in the cellis inability to synthesize new proteins to replace 

those that have become damaged or destroyed during aging of 

the celle Loss 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 mu·scle. 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 

_.) 
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is significantly increased. with a reticulocyte count of only 

24%, the ouabain-sensitive ATPase activity of the membrane 

preparation was twice that of mature erythrocytes. Extrapolating 

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 

alkali cation-stimulated activity of mature red cells. 

I~ 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++-ATPase level in reticulocytes remain com-

parable to those in mature red cell membranes at both high and 

low ATP cO,ncentrations. Addition of sodium ions to the incuba-

tion medium containing 2 ~ ATP produced a six-fold stimulation 

of activity with both mature cells and reticulocytes. Likewise, 

addition of sodium and potassium together with 1 mM ATP enhanced 

the activity of both preparations 3-4 fold. The ouabain-sensitive 

compone nt 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 b100d had more ATPase activity than normal, but that the 

ratio of ouabain-sensitive to ouabain-insensitive activity was 

essentia1ly 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 alka1i 

cation-dependent activity, but it is also possible that the Mg++-

dependent component bears sorne re1ationship to the transport 

ATPase system. In either case, the preservation of constant 

activity ratios throughout maturation seems to indicate a 10ss 

of active pump sites with age, rather than an a1teration in the 

sensitivity of the red ce11 membrane ATPase to stimulation by 

sodium and potassium. Thus it wou1d appear that the only change 

in human erythrocyte ATPase activity as the ce11 matures is a 

quantitative one, probab1y a decrease in the number of active 

pump sites per ce11. 

In comparison to humans, the membranes of mature rabbit 

erythrocytes seem to have very litt1e a1ka1i cation-dependent 

ATPase activity. The ouabain-sensitive Na+-ATPase of rabbit red 

ce11s (assayed at 2 ~ ATP) is 1ess 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 hurnans than in rabbits. sirnilar results have been 

reported frequently for rabbit erythrocyte membrane Na+,K+-ATPase 

(70-72), and pose a serious question concerning the transport 

ATPase system. Li.ke humans, rabbit red cells maintain steep 

electrochemical gradients of both potassium and sodium across the 

cell 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 cells is puzzling, and somewhat disturbing. 

It is possible that rabbit erythrocytes have evolved sorne 

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 quanti-

tatively similar to results obtained with humans.(8l,82) Thus it 

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

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

the energy for the pump, is note 
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with this apparent anoma1y in mind, a series of experiments 

was designed to test whether the assay system used cou1d be res-

ponsib1e for the observed 1ack of a1ka1i cation-dependent ATPase 

activity. rt was considered possible that the absence of membrane 

sidedness in assays done with broken membrane preparations might 

account for a 10ss of stimulation by sodium and ~otassium on the 

ATPase system. since the membrane ATPase of intact ce11s is 

st~u1ated by sodium on the inside and potassium on the outside, 

it was thought that equa1 concentrations of both ions on both 

sides of the membrane might counteract the expected stimu1atory 

effects. The resu1ts of these experiments were s~i1ar to those 

with broken membranes, however, and contributed 1itt1e to the 

understanding of the basis for this rabbit ATPase di1emma. Ouabain-

sensitive Na+,K+-ATPase in intact rabbit red ce11s 10aded with 

sodium and incubated in high-potassium medium was still on1y about 

1/10 the value found with human membranes. Thus, the 1ack of 

correlation between the rate of cation pumping and the cation-

st~u1ated ATPase activity of rabbit erythrocytes does not appear 

to stem from a 10ss of membrane asymmetry. 

Gardner and Lapey have proposed that the absence of stimu1a-

tion by a1ka1i meta1 cations is due ta bound sodium and potassium 

which cannot be washed off the membranes. (70) This exp1anation 

( 
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would also account for the rather large amount of ATPase activity 

observed without either sodium or potassium added to the assay 

h 

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

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 Na+,K+-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 Na+-ATPase and ouabain-

sensitive Na+,K+-ATPase in the membranes prepared from reticulocyte-

rich rabbit blood still demonstrated less activity than human 

mature red cell membranes. Moreover, ouabain-sensitive ATPase in 

reticulocytes still represented only 3~~ 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 proportiona1 to the 10ss of the Mg++-dependent component. 

The amount of Na+-ATPase in rabbit red ce11 membranes decreases 

with age, but the fraction of the total activity that is sensitive 

to the alka1i meta1 cations does note As mentioned before, the 

consistency in the percentage of total activity inhibited by 

ouabain and stimu1ated by sodium and potassium during maturation 

inay'De.simp1y a coincidence. It does suggest, however, that 

rabbit red ce11s, 1ike human ce11s, undergo a 10ss 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 reticu10cyte maturation 

was studied, have even 10wer erythrocyte membrane Na+-ATPase 

activity than rabbits. In this case, however, the 1ack of a1ka1i 

cation-dependent ATPase activity is understandable, since LK 

sheep have very litt1e sodium or potassium gradients across their 

red ce11 membranes. LK sheep reticu10cytes, on the other hand, 

have e1evated interna1 potassium concentrations (40) and a1ka1i 

cation pump activity (41), and might be expected to show an in-

creased rate of a1ka1i cation-stimu1ated ATP hydro1ysis. Indeed, 

reticu10cytes in these anima1s do possess significant1y greater 

total ATPase activity than mature red ce11s. The increase in 

ATPase activity, though, appears to be most1y in the Mg++-dependent 

( 
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fraction. un1ike rabbits and humans, the ratio of Na+-stimu1ated 

ATPase to Mg++-dependent ATPase activity is not constant with age. 

There is on1y a sma11 difference between the amount of Na+-ATPase 

seen in preparations from reticu1ocyte-rich LK b100d containing 

between 36-55 mEq K/l and that found in mature LK ce11s with 1ess 

than 20 mEq K/1. 

The normal range of Na+-ATPase in LK membranes assayed at 0.2 

~ ATP is 10 ± .81 pmo1es/mg prote in/minute (23 preparations)l. 

The peticu10cyte preparations assayed here under identica1 condi-

tions disp1ayed Na+-ATPase activities ranging from 10-24 pmo1es/ 

mg/minutes with an average of 16 ± 2.4 pmoles/mg/minute. since 

the reticü10cyte count was on1y between 8% and 24%, it is probable 

that young ce11s do have a slight1y e1evated Na+-ATPase activity. 

The fact that preparations with the highest cel1 potassium 1eve1s 

showed the greatest increase in Na+-ATPase tends to support this 

idea. The difference between young and old ce11s, however, is very 

smal1, and can hardly be compared to the changes seen in human and 

rabbit erythrocytes during maturation. The· Na+-ATPase of LK reti-

culocytes is definite1y not comparable to values found for mature 

BK sheep cel1s as the e1evated potassium 1eve1s and active potassium 

1 B1ostein, R. and E.S. Whittington, unpub1ished observatlons. 
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pump rate might tend to suggest. 

The reason for the large component of Mg++-dependent ATPase 

observed in reticulocytes might be due to the procedure used in 

preparing the membranes. In order to preserve as much sirnilarity 

as possible between the reticulocyte-rich preparations and the 

mature cell membranes, reticulocyte-rich blood was lysed with 

water. AlI of the control membrane preparations had been made 

using water lysis, and this procedure was continued to insure 

comparability. This is in contra st 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 contarninated with mitochondrial membranes or 

vestigial reticulum, either of which might possess an active Mg++-

dependent ATPase. These contaminants would not be found in mem-

branes prepared from mature red cells, and the Mg++-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 t.oo, 

the membranes of LK reticulocytes were found to respond in a 
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manner simi1ar to LK rather than HK mature erythrocytes. The 

Na+-ATPase activity of young LK red ce11s is high1y sensitive 

to inhibition by low concentrations of potassium ions. Thus, 

both in quantity and kinetic response to potassium, the Na+-

ATPase system of LK reticu10cytes resemb1es that of mature LK 

ce11s, suggesting that the LK characteristics of red ce11 mem-

branes are fu11y deve10ped by the time the young ce11s enter 

the circulation. 

It is interesting to compare the activity of these immature 

LK ce11s to resu1ts obtained with anti-L treatment of mature ce11s 

from LK sheep.(38) In these experiments, a1so, membranes disp1ay 

an increase in Na+-ATPase activity but retain LK-type K+-inhibi-

tion kinetics. This alteration in enzyme activity is attributed 

to masking of the L antigen on the surface of the red ce11 by a 

specifie antibody. It cou1d be that the e1evated Na+-ATPase 

activity in LK reticu10cytes is due to a de1ay in the devë10pment 

of the L antigen. Possib1y because these young erythrocytes have 

not yet acquired the antigen, they react in a manner simi1ar to 

those ce11s in which the antigen has been b1ocked. 

The low 1eve1 of a1ka1i cation-stimu1ated ATPase activity in 

LK reticu1ocytes, 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 sirnilar 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 assurned 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 Na+-ATPase in the respect that 

both have increased rates of activity with normal LK kinetics. 

Once again the reticulocytes can be compared to anti-L 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 

purnp and Na+-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 reticulocytes pre-

maturely into the circulation before the potassium content has 

fàllen 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-Ieak experiments with potassium-Ioaded 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 for several reasons. 

A considerable amount of work has been done characterizing the 

Na+-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 larnb 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 LK cells. It was hoped that by investigating the course of 

these changes during ontogeny, sorne 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 LK 

lambs possess not only the quantitative but also the qualitative, 

or kinetic, characteristics of HK erythrocytes. In this respect, 

the cells of neonates differ from LK reticulocytes, since the 

reticulocytes retain LK kinetics even when cell potassium, pump 

rate, and Na+-ATPase activity are elevated. A comparison of Na+-

ATPase activity in membranes from LK larnbs and reticulocyte-rich 

LK blood with similar cellular potassium content leaves little 

doubt that the fetal cells have BK-type characteristics. It 

appears that the gene(s) responsible for the LK phenotype does not 

become activated until sometirne after birth. 

The alkali cation dependent components of the membrane ATPase 
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in 1amb b100d fa11 rapid1y in the first few weeks postpartum. It 

was observed that the 10ss of Na+-ATPase activity c10se1y para1~ 

1e1ed the 10ss of feta1 hemog10bin in the b100d, s~ggesting that 

the changes seen during ontogeny in these 1ambs are due to re-

placement of HK-type feta1 ce11s by adu1t ce11s with LK membrane 

characteristics. This theory is supported by the investigations 

of E110ry and Tucker showing that deve10pment of the L antigen 

in young 1amb b100d c10se1y fo110ws 10ss of potassium transport 

activity.(44) In addition, Tosteson discovered that ouabain-

sensitive ATPase and potassium pump:1eak ratio decreased pro-

gressive1y with aging.(45) Dunham and Hoffman a1so observed a 

loss of ouabain-binding sites on the red ce11s of maturing lambs, 

coup1ed with a decrease in active potassium influx. (36) 

Israel and co-workers have reported simi1ar a1terations in 

a1ka1i cation-stimulated ATPase activity and potassium transport 

in newborn ca1ves, another species which switches from HK to LK 

duri~g the ear1y post-natal period.(85) These investigations 

suggest, however, that the changes during ontogeny ref1ect the 

average age of the who1e ce11 population, rather than simp1y a 

substitution of one ce11 type for another. Not only are BK feta1 

ce11s dying and being replaced by LK erythrocytes, but changes 

are a1so taking place in each of these two cel1 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 wéll. The 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+-

ATPase activity as shown in this study, nor is it consistent with 

the decrease in potassium transport (36) or the development of 

the L 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 environrnent, young LK cells begin 

entering the circulation. Like LK reticulocytes, these cells 

probably have elevated potassium levels retained from their high-

potassium precursorsi thus, the high blood potassium level 
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origina11y due to the HK feta1 ce11s is maintained for a whi1e 

by the advent of these LK-type ce11s with e1evated potassium 

content. As LK pump and 1eak rates become predominant, the ce11 

potassium values gradua11y begin to fa11. The new LK ce11s pro-

bab1y have slight1y e1evated Na+-ATPase activity and potassium 

pump rate a1so, which wou1d dec1ine quick1y with age and affect 

the curves for these two systems. 

The de1ayed dec1ine of ce11 potassium 1eve1 may be further 

inf1uenced by the entrance of new feta1-type ce11s into the 

circulation. Israel et al. found that 15% of the hemog10bin 

synthesized in ca1ves at 24 days postpartum was hemog10bin F (85), 

indicating that the change from production of feta1 to adu1t ce11s 

does not occur abrupt1y at the tirne of birth. Addition of new 

HK, as we11 as LK, ce11s to the total population wou1d obvious1y 

have an effect on a11 the pararneters assayed. 

Third1y, the HK feta1 ce11s probab1y undergo maturation changes 

even after they have entered the circulation. Like young ce11s in 

humans and rabbits, these high-potassium ce11s wou1d be expected 

to 10se ATPase and probab1y pump activity as they mature, even 

though they remain HK in character. Thus, at 1east four factors 

contribute to the ontogenetic changes observed in the erythrocytes 

of young 1arnbsj 10ss of enzyme activity by HK feta1 ce11s, 10ss 
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of potassium content from young LK-type cells, loss of enzyme 

activity by the LK cells, and changes in the rate of production 

of these two cell types. 

It is of interest that the kinetics of the Na+-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 Na+-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 aIl the 

fetal hemoglobin had disappeared from the blood, the level of Na+­

ATPase was found to be even lower than normal LK membranes. For 

sorne reason the first LK-type cells produced by these lambs appear 

to be "super LK", at least with respect to the Na+-ATPase activity. 

The small amount of a~tivity 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 surnrnary, the reticulocytes of aIl 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 

i.s more marked in humans and rabbits with high-potassiurn cells 

than in LK sheepi but in aIl 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 replaced 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 genetic machinery controlling 

the LK phenotype is not activated until after birth. Furthermore, 

young LK cells display relatively high rates of transport ATPase 

activity with typical LK kinetics. This picture is also seen with 

anti-L treated LK cells, suggesting that the L antigen controls 

the rate of cation pumping while sorne 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. 

_.1 
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