
Blochtmtca et Btophystca Acta, 419 (1976) 229-242 
© Elsevier Scientific Pubhshmg Company, Amsterdam - Printed in The Netherlands 

BBA 77161 

BIOCHEMICAL CHARACTERIZATION OF DENSITY-SEPARATED H U M A N  

ERYTHROCYTES 

NATALIE S COHEN,* JANICE E EKHOLM, MADAN G LUTHRA and DONALD J 
HANAHAN** 

Department of Btochemmtr), Colle#e oJ Medwme, Umrerstt) of Arizona, Tucson, Artz 85724 
( U S A )  

(Received July 14th, 1975) 

SUMMARY 

A simple, reproductble method for the separation of human erythrocytes, described 
recently (Murphy, J R (1973) J Lab Chn Med 82, 334--341) has been utilized 
for the purpose of obtaining a wide range of blochemlcal data on these cells Usmg 
phthalate ester density centrtfugatton of the fractions obtained by Murphy's method, 
we estabhshed that the cells were separated exclusively on the basts of their densities 
Data on a wide range of biochemical and hematological parameters, when compared 
w~th previously reported density separation procedures showed that this simple 
technique can be used to fracttonate the cells according to their densities (age) m 
their own plasma 

Cells of increasing density consistently and reproduclbly extubtted an increase 
in hemoglobm concentration, a moderate elevation in Na + and a decrease in the 
following K +, acetylcholmesterase, stahc acid, membrane protem, 2,3-dtphos- 
phoglycerate, ATP, cholesterol, phosphohptd, mean corpuscular volume and critical 
hemolytic volume, However, no change in mean corpuscular hemoglobm was 
evident. The observed differences were not artifacts of the centrlfugatton process 
This was determined in recentrtfuged top fractions from whtch new top and bottom 
cells were obtained The latter cells resembled the top fractton from which they were 
obtained, rather than the original bottom fraction 

Whereas the parameters mentioned above exhtblted consistency and repro- 
duclblhty, such was not the case with the ATPase values Depending on the cell 
denszty group examined and/or buffer as well as other condttlons, significant varta- 
btllty m the actlwty levels of  the ouabam sensitive, as well as the Ca2+-stlmulated 
ATPase, was observed Use of these enzyme actwltles as Indicators of cell age must 
be viewed with caution 

* Present address Department OfBlochemlstry, Umverslty of Southern Cahforma, Los Angeles, 
Cahf ,  U S A 
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INTRODUCTION 

The importance of the mammalian erythrocyte in the study of (plasma) mem- 
brane structure has been well documented [1, 2] Yet concern has been expressed 
that the sample of  erythrocytes normally collected for membrane preparation may 
not present a completely vahd picture because of the considerable span in the age 
of these cells [2] Consequently it was of import  to Investigate routes to the collection 
(or separation) of cells of  a more precisely defined age group for detailed biochemical 
and physiological studies 

Many methods for the separation of erythrocytes according to age-dependent 
density changes have been devised [3, 8] Separation by centrlfugatlon alone [3, 4] 
has not provided the resolution achieved by the use of artificial gra&ents such as 
bowne serum albumin [5-7], but use of these media introduces questions concerning 
the biochemical data derived from the separated cells Very precise separation can 
be achieved by the use of  phthalate esters [8], but this method again provides only 
two fractions per centrlfugatton, and presents the difficulties inherent to an3' foreign 
medium All of the techniques Involving artificial medm involve rather long prepar- 
ative procedures, and many are hmlted in the volumes which can be handled Rea- 
sonably good separations were achieved by O'Connell et al [9] by means of centrlfu- 
gatlon of erythrocytes in plasma combined with a precisely designed and controlled 
apparatus for removing the fractions 

Recently, however, Murphy [10] demonstrated that successful separation 
of erythrocytes could be achieved by the simple method of centrlfugatlon in plasma 
at 30 °C (to decrease blood viscosity) in an angle rotor (to faclhtate circulation of 
the tube contents) at 39 000 y g  The attractiveness of the method led us to e~amme 
in detail whether or not separation of erythrocytes was achieved on the basis of 
their densities and to sublect these separated cells to biochemical and hematological 
evaluations The results of these studies are reported in detail and show that this 
method of fractlonatlon is capable of  separating human erythrocytes m their own 
plasma according to their density (and presumably age) 

METHODS 

Blood was obtained from healthy adults utilizing either heparln or citrate/ 
phosphate/dextrose as an anticoagulant The method for separating the cells was 
essentially the same as that described by Murphy [10] The blood was centrifuged 
at 3500 rev/ ra in  for 20 mm at 4 ~C in a Sorvall Model RC2B with an SS-34 rotor 
The plasma was removed, the buffy coat was aspirated with as few of the upper 
red cells as possible, and the cells were resuspended in the plasma This was followed 
by a second eentrlfugatlon and buffy coat removal The cells were then placed at 
high hematocrlt  (90 o/~,) in polypropylene tubes, which measured either 13 ~ 98 mm, 
or 38 mm × 103 mm (internal diameter) Separation was accomplished by centrlfug- 
mg the tubes for 1 h at 39 000 × g  at 30 °C in the SS-34 rotor The remaining plasma 
was removed and discarded, and the desired fractions were removed carefully from 
the top of the tube with a 1 ml disposable syringe as described by Murphy [10] 
Usually the fractions were taken as the top 10 °/o, bot tom 10 °'o and the remainder 
divided into four equal fractions These cells were resuspended in the original plasm,t 
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prior to any further study Control samples were handled m a manner ~dentlcal to 
that used for the separated fractions, expect that another aliquot of the total blood 
sample was centrifuged for 1 h under identical conditions, resuspended m plasma 
and considered to be a control On occasion, uncentnfuged blood was used as an 
additional control with no evident major differences 

Subsequent to centrifugatlon as described above, five equal fractions from 
top to bottom were resuspended m plasma to a hematocrlt of  20-30 ~ and each one 
was further fractionated on 12 mixtures of dlbutyl phthalate and dlmethyl phthalate 
with densities ranging from 1 0946 to 1 1128 [11] After centrlfugatlon in micro- 
hematocrlt capillary tubes at room temperature in an Adams Autocrlt centrifuge 
for 15 rain, the percentage of top cells m each phthalate mixture was plotted against 
its density, and the density at which 50 ~ of total cells were distributed below and 
above the phthalate mixture was considered as an average density of that fraction 

Hemoglobin was determined by the cyanmethemoglobm method described 
by Kachmar [12] Cell counts were performed on a Coulter Model ZBI (Coulter 
Electronics, Inc ,  Hlaleah, F l a )  Hematocrlts were measured in tubes spun for 5 
mln m an Adams Mlcro-Hematocnt centrifuge (Clay Adams, Inc ,  New York) 
Cell Na +, K and Mg 2+ were assayed by atomic absorption spectroscopy on a 
Beckman Model 403 unit after washing 0 2 ml of cells twice with 5 ml of 0 172 M 
Trls buffer, pH 7 6, 0 15 M NaCl, or 0 12 M MgC12 Cell membranes were prepared 
according to the method of Dodge et al [13], except that a Trls HC1 buffer, pH 
7 6, was used Slahc acid determinations on these membranes were accomplished 
by the method described by Warren [14], after acid hydrolysis 0 05 M H2SO 4, 
80 °C, l h) Membrane protein was measured by the method of Lowry et al [15] 
Cell hpids were isolated as described by Hanahan and Ekholm [16] and cholesterol 
was assayed by the technique of Rudel and Morris [17] King's microphosphorus 
assay [18] was used for determination of phosphollpid phosphorus 

ATP and 2,3-diphosphoglycerate were measured on samples prepared as 
follows (Kim, H D ,  personal communication) 1 ml of cell suspension (hema- 
tocrit 15-50 %o) was rmxed with 4 ml of 0 56 M HCIO4 After centrlfugatlon, 4 ml 
of the supernatant were tltrated to neutral pH with 5 62 M K2CO3 This mixture 
was centrifuged again and the supernatant used immedmtely, if necessary, it was 
frozen and stored at - 2 0  °C ATP was assayed by measuring NADP + reduction 
in the hexokinase reaction as reported by Wilhamson and Corkey [19] and 2.3- 
diphosphoglycerate by the method outlined by Keltt [20] On occasion, the proce- 
dure described by Rose and Liebowitz [21] for 2,3-diphosphoglycerate was employed 
with comparable success Depending on the sample size, either fluorometry or 
spectrophotometry was used for assay purposes. 

Total and ouabain-sensitlve ATPase was determined essentmlly by the tech- 
nique of Brewer et al [22] In the determination of Ca 2 +-stimulated ATPase actlwty, 
washed ceils were suspended to 15 ~ hematocrit, freeze-thawed three successive times 
in a solid CO2-acetone bath Immediately thereafter 0 2 ml of the cell hemolysate was 
transferred to a tube containing 1 5 ml of  Ca 2+-ATPase assay mixture A or B in 
an ice bath At this point the concentration of the reagents in the A mixture was 
as follows hlstldine/imidazole (1 1, molar ratio), pH 7 6, 88 mM. NaC1, 90 raM, 
KC1. 36 mM, EDTA, 0 55 raM, CaC12 0 55 mM, MgC12, 2 0 mM, ATP, 2 1 mM 
Assay mixture B was the same, except that Tris HCI, pH 7 6, 88 mM, was substi- 
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tuted for the h~st~dme/lm~dazole buffer Then, as the sample was added, each tube 
was placed at 44 °C for 2 h The reaction was stopped by the addmon of  1 5 ml cold 
l0 % tnchloroacetlc acid The P, release was measured and acUwty expressed on a 
g hemoglobm bas~s 

Acetylchohnesterase was assayed by the dlthloblsmtrobenzoate method as 
outhned by Chow and Islam [23], except that the enzyme unit value is 10 3 higher 
than that of  Chow and Islam [23] 

Glycerol lys~s time was measured by the techmque of  Gottfned and Robertson 
[24] The behavior of  cells on incubation m isotonic Trls HCI buffer, pH 7 6, 
was examined by the procedure described by Luthra et al [25] 

R E S U L T S  

A General 
At least 24 different separaUon experiments have been performed In 16 mm , 

98 mm tubes (10 ml of  cells per tube), and a m]mmum of  2 experiments m 38 mm 
103 m m  tubes (35 ml of  cells per tube) In all o f  these procedures a slmdar curve 
was obtained for the dlstrlbuUon of  hemoglobm/ml  packed cells among the different 
fractions Results of  four typical experiments w~th 16 mm ~ 98 mm tubes are shown 
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Fag 2 Mean corpuscular vo lume o f  separated cells The results shown are from three d~fferent ex- 
periments using 13 × 98 m m  separatlon tubes Identification o f  samples ~s same as m F , g  1 

m Fig 1 In these studies the ratio of bottom top values ranged from l 17 to 1 23 
with a mean of I 21 In the case of the larger tubes (35 ml) the ratios from 2 experi- 
ments were 1 15 and 1 19 Better results were obtained wtth hepanmzed samples 
than with blood antlcoagulated with citrate/phosphate/dextrose because the buffy 
coat was more easdy removed m hepanmzed blood In citrate/phosphate/dextrose 
blood more of the uppermost red cells were sacrificed m the prehmlnary centnf- 
ugatlons m an effort to remove the leukocytes 

Although hemoglobm/ml packed cell mcreased with increasing cell density 
(see Section C below), calculauon of the mean corpuscular hemoglobin and mean 
corpuscular volume mdlcated that mean corpuscular hemoglobin was similar m all 
fractions whde mean corpuscular volume decreased with mcreasmg cell density 
(Figs 1 and 2, respectively) For thzs reason, calculations for all subsequent data 
were based on hemoglobm rather than on volume of packed cells 
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experiments See Fig 1 for identification o f  fractions 
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B Electroll ' tes 

Cellular K + measurements consistently showed that the content of  this cation 
varied inversely with cell density but that the Na + content of  cells m the different 
fractions was rather uniform except for the bottom fracUon (Fig 3) Cells in this 
fraction were high m Na + In another series of  subjects (male or female) the same 
general pattern held, i e a significant change an the level of  monovalent cations in 
different density cells For example, m an unseparated sample, the cell K + was 
282 mol/g hemoglobin,  whereas in the separated cells the values were distributed 
as follows top 10°~,, 310, middle 80°,',, 276, bottom 10%, 252 

C Dens~t I measurement  o f  rartous Jt ae tmns  
In a typical expertment, five equal fractions were recovered from top to bottom 

of  the tube after centrifugatlon by the Murphy technique [10] Each fraction was 
further separated on various phthalate mixtures Results presented in Figs 4A and 
5 show that the average density of  top cells was lower than bottom cells and the 
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F ig  4 Densi ty  profile o f  separated human  erythrocytes The cells were separated by t.entrlfugat~on 
as descr ibed in Methods  Five equal fractions (1-5)  f rom top to bot tom were collected and  resu~- 
p e n d e d  m p l a s m a  A n  aliquot from each fracUon and total unseparated cells ( & -  L )  was further 
layered on  various m~xtures o f  d~butyl pbthalate and dlmethyl  phthalate and centrifuged (see Methods)  
Percentage o f  cells o n  top o f  the phthalate layer was plotted against its indicated density (A) The 
other ahquot  o f  each fracUon was collected under mixture o f  phthalate at density ol 1 0946 The 
tube  was broken  and cells were hemolyzed  w~th water for K + (B) and  h e m o g l o b i n  (C) measurement  
The levels o f  K + and  h e m o g l o b i n  were compared both before ( G )  and after  (@)  ph tha la te  ~.en- 
t r l fugat lon 
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Fig 5 Relationship o f  density o f  cells to various fractions Average densmes  (see text) of  various 
fractions o f  cells from top to bot tom were taken from Fig 4 and plotted against the number of  the 
fraction Arrow (A) indicates the average density of  unseparated cells 

density of the cells increased almost hnearly when plotted against length of the 
tube (Fig 5) The hnear relation between density and length of tube was consistent 
in each md~vldual but the slope was found to vary in &fferent individuals as depleted 
m Fig 5 It is noted that phthalate itself &d not change the density profile since the 
hemoglobm/ml packed cells (Fig 4B) and/tmol K+/g hemoglobin (F~g 4C) showed 
the same relation before and after phthalate centrifugatlon 

D Enzyme acttvtttes 
1 Total ATPase A reasonably consistent pattern of decreasing levels of total 

ATPase activity from the top (low-density) to bottom (high-density) cells was obser- 
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TABLE 1 

Caz+-ST1MULATED ATPase LEVELS OF SEPARATED E R Y T H R O C Y T E S  W A S H E D  A N D  
ASSAYED 1N A VAR IE T Y  OF MEDIA 

In each experiment, 0 5 ml ahquots  of  a 50 °o plasma cell suspension of  unseparated or control cells 
(C), as well as the separated cells IT, top 10%, M, middle 8 0 ~ ,  B, bo t tom 10°o), were washed 
twice with 5 ml ahquots  of  the indicated medm The cells were frozen and thawed and assayed for 
ATPase activity m either htstldme/lmldazole or T n s  buffer system Other details are provtded m the 
text 

Washing med~a 

0 155 M NaCI 
0 172 M T n s  HCI, pH 7 6 
0 31 M hlstldme, pH 7 6 
0 31 M sucrose 

ATPase actlvtty 
(pmol PI released/g hemoglobin per 2 h at 44 ( ) 

T n s  buffer Hlstldme/lmldazole buffer 

1 M B C T M B ( 

61 139 134 1~7 56 155 157 152 
56 138 124 127 54 160 154 147 
85 144 130 1~2 112 180 162 164 

114 152 98 113 128 174 116 12~ 

ved in all samples separated by this technique (Fig 6A) However, these observations 
must be tempered by the fact that on a comparatwe bas~s considerable varlablhty 
was noted in the activity values of the top cells 

2 Ouabam-sensmve ATPase This ATPase activity, which is considered 
representative of the Na+/K+-sttmulated component in the human erythrocyte, 
showed widely varying levels without a pamcularly dlstlncttve pattern (Figs 6B) 

3 CaZ+-~tmudated ATPase Cells (separated as well as unseparated) were 
washed twice with an lsomolar solutmn of NaCI (unbuffered), Tns HCI, pH 7 6, 
hlstldlne, pH 7 6, and sucrose and assayed either in the hlstldlne/lmldazole buffer 
(see Methods) or m a slmdar mixture with 0 172 M Trls HCI, pH 7 6, in place of 

22O 

,~ z o o  
rv-~ 
ILl O 
~ E  

co 180 ta.I .t:: 

Zo~ 
-5 ~ 160 
o =  

- -140 
I--- c 
ILl ¢0 
¢.9 

o ,  

\ o  \ 

120 

o f 

\ 0  
\ 

\ 0 0 
\ 

\ 

o",o 

\ 

I 2 3  4 5 6  "1' 
FRACTIONS 

i 

Fig 7 Acetylchohnesterase act~vmes of  separated ceils The results shown are from three dtfferent 
experiments See Fig 1 for identification of  fractmns 



237 

the hlstldlne/lmldazole mixture As shown in Table I, the Ca2+-ATPase showed in 
hnsttdlne/lmldazole/buffer a variable pattern, m which the activity level in the top 
cells was significantly lower In all instances than that of the middle cells The middle 
cells exhibited comparable or higher levels of those obtained for the bottom cells. 
A slmdar trend was noted for the Ca2+-ATPase level in the Trls assay buffer, but 
wah a conststently lower value for all cells in this medium (Table I) 

4 Aeetylehohnesterase As shown In Ftg 7, the level of this enzymatic actwzty 
bore a consistent and reproducible inverse relationship to the cell density 

E Other components 
The stahc acid content showed a small but reproducible decrease from top 

to bottom cells (Fig 8) In a comparable fashion, unseparated cells, which yielded 
19 5 mg membrane protem/g hemoglobin, could be fracttonated into top cells 
contammg 20 9 mg membrane proteIn/g hemoglobin and bottom cells wlth values 
close to 17 8 membrane protem/g hemoglobin. Cholesterol and phosphollpid phos- 
phorus both decreased similarly with mcreaslng cell densnty with the result that the 

x5 
0 

(.9 ~o 
< . x : =  

,--J 

E 

21 
o 

1 9 O~o 

) 5  
0 

0 

T U B 

Fxg 8 Slahc acid content  o f  top 10 % (T), bo t t om 10 % (B) and  unsepara ted  (U) cells The results 
shown  are f rom three different exper iments  

T A B L E  1I 

C H O L E S T E R O L  A N D  PI- [OSPHOLIPID P H O S P H O R U S  LEVELS 1N S E P A R A T E D  ERY-  
T H R O C Y T E S  

Results  expressed as ttmol/g hemoglobin  

Fractzon Cholesterol  Phosphohp ld  Molar  ratio 
(A) phosphorus  A/B 

(B) 

1 (top) 10 3 14 9 0 70 
2 9 2  136 0 6 7  
3 9 4  122 0 7 8  
4 8 8 128 0 6 9  
5 8 8  122 0 7 2  
6 (bot tom)  8 0 11 8 0 69 
Unsepara ted  cells 9 0 12 2 0 74 
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T A B L E  111 

A T P  A N D  2 , 3 - D I P H O S P H O G L Y C E R A T E  LEVELS IN S E P A R A T E D  H U M A N  E R Y T H R O -  
C Y T E S  

Fract ions  Hemoglob in  A T P  2,3-Diphosphoglycera te  
Ig/ml packed cells) . . . .  

(/+mol/ (/+mol/g ( / tmol/ml (ymol /g  
packed hemo-  packed hemo-  
cells) g lobm) ceils) g lobm) 

Subject R M 
Top  10 °o 0 295 
Middle 80 Oo 0 339 
Bo t tom 10 °o 0 365 

Subject P S 
Top  10 % 0 324 
Middle 80 % 0 341 
Bo t tom 10 o. 0 400 

1 54 5 22 5 62 19 1 
1 44 4 2 5  5 19 15 ~ 
I 29 3 5 ]  4 10 11 2 

1 21 ~ 74 5 86 18 I 
I 10 ~ 2 0  4 3 0  1 2 6  
1 01 2 52 4 65 I I 6 

cholesterol phosphohp]d phosphorus raUos of the d,fferent fractions were virtually 
all the same (Table I1) A detailed exammaUon of the distribution of mdwldual 
phosphohplds m each of the fractions m Table I1 by Dr Masaml Gamo (personal 
communication) revealed no slgmficant dtfferences The pattern of pho~phohpids 
present was the same as reported prewously [26] 

The ATP and 2 3-d]phosphoglycerate content of cells from the top fracUon 
were higher than those of cells from the bottom fraction (Table II1) 

F L~sts behavtor 
The ttme reqmred for the lys,s of 50 °o of a sample of erythrocytes i n  a 

standard glycerol solution has been shown to vary from one individual to another 
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Ftg 9 Hemolyms of  separated cells m 0 172 M Trls HCI, pH  7 6, at 37 C lmttal  hem,ttot.rlts 
ranged f rom 12 9 to 15 1 ° o At  the u m e s  md,ca ted ,  ahquo t s  were removed and  centrifuged The 
supe rna t an t  was removed and assayed for hemoglob in  The  results shown are f rom a tymc.al e-,.pen- 
ment  
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and m certain hematologlcal disorders [24] The factors determining glycerol lysls 
time are not fully understood at present, but It was conceivable that some differences 
might be found m cells of differing densities The glycerol lys~s of top, bottom, and 
control cells from a given sample of blood, however, was always ldentlcal as mea- 
sured by Gottfrled and Robertson techmque [24] 

Luthra et al [25] have described the swelling and subsequent hemolysis of 
normal erthrocytes incubated at 37 “C for 1 h m lsotomc (0 172 M) Trls buffer, 
pH 7 6 Similar mcubatlon of separated erythrocytes revealed that the cells m the 
different fractions swelled at approximately the same rate, but that hemolysls occurred 
first in the high density or bottom cells and last m the low density or top cells (Fig 9), 
suggestmg that the denser cells had a lower hemolytrc volume under these condltlons 

G Character&m of separated cells on recentujugatlon 

In order to determme If the cells m the bottom fraction of a separation tube 
were mtrmslcally different from cells m the top fraction or If they had been altered 
as a result of being at the bottom of the tube, recentrlfugatlon experiments were 
performed Cells were separated mto the top and bottom 10 % and the top and bot- 
tom 20”’ jO, and ahquots of these fractions were assayed for hematocrit, mean corpus- 
cular hemoglobm, mean corpuscular volume, K+ and acetylcholmesterase The 
top 20”; fraction was recentrlfuged for another hour at 39000 ~g, 30 “C, m the 
SS-34 rotor, and the top and bottom 10 % fractions were agam taken, I e the “top 
of the top” and the “bottom of the top” These were used for the same assays In 
general, the top of the top and the bottom of the top cells dlsplayed values slmllar 
to the orlgmal top 10 % and top 20 % cells (comparable to Figs 1,2, 3 and 7) Thus, 
recentrifugatlon of the top fraction did not result m typlcal top and bottom cells, 
the differences between the orlgmal top and bottom cells were not artifacts of the 
centrifugation process 

DEXUSSION 

The results described here confirm Murphy’s [lo] observations that his 
method consistently provided rehable cell separations, as Judged by increased hemo- 
globin concentration per unit volume of the bottom fraction compared to the top 
fraction Murphy found that the ratlo of hemoglobm concentration m the bottom 
5 “6 to that m the top 5 % was about 1 24 In the present study the use of 10 % frac- 
tions provided a mean ratlo of 1 21 and It was also established that separation was 
purely dependent on cell density, and was not an artifact of the centrlfugation proce- 
dure The separation method IS relatively rapld and simple, and involves mnumal 
handling of the blood and no exposure of the cells to foreign media Moreover, It 
IS possible to obtain large quantltles of each fraction, thus provldmg sufficient 
material for a variety of blochemlcal and physlologlcal studies These advantages 
make possible the accumulation of data on a wide range of blochemlcal parameters 
in a single separation experiment In most studies of erythrocyte separations, sample 
sizes have been restricted by the physlcal hmltatlons of the separation method 

Several reports have demonstrated the relatlonshlp of increasing cell density 
to mcreasmg cell age [3, 4, 6, 71 The rise m hemoglobm concentration with in- 
creasmg cell density, and the concomitant decrease m mean corpuscular volume de- 
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scribed here are slmllar to those found by Murphy [IO] A lmear decrease m mean 

corpuscular volume was also reported by Rahman et al [7] utlhzmg FJCO~~ grddlents, 
and by PJomelh et al [6], on bovme serum albumm gradients 

Enzymatic dctlvlty has been used as dn mdlcator of cell age, with lowered 
levels commonly associated with older cells Sass et al [27] assayed different levels 
of d column of centrifuged human erythrocytes for various enzyme actlvltles dnd 
concluded that glutamlc-oxaloacetlc transammase provided the most sensltlve 
reflectlon of age, with slgmficantly decreased actlvltles m the denser (older) cells 
A decrease In erythrocyte acetylchohnesterase actlvlty with cell age has been reported 
by several mvestlgators (revIewed by Herz and Kaplan [28]), dnd this was confirmed 
by the results described here It IS not evident from the data dvallable whether 
thlr loss represents an InactIvatIon of the enzyme with age or d loss of membrane 
sites In the current study, d loss of total membrane protem was dlso noted Rdhman 
et al [7] have reported a shght loss of protem with mcreasmg dge of erythrocl tes 
These workers were measuring whole cell protein however, rathet than membrane 
protem 

lncreasmg cell density correlated well with the observed decredse In cell K+ 
content from top to bottom fractions as well as the mcreased Nd+ content of the 
cells m the bottom fraction Slmllar results were obtained by M Luthra (unpublished 
observations) on cells separated on a bovme serum albumm density gradlent Re- 
cently Astrup [29] separated human erythrocytes mto the different density frdctton, 
by centnfugatlon, presumably at 4 ‘C, and found the K+ level to be higher rn top 
cells and lower m bottom cells together with a defimtlve change in the cell water 
content On the other hand, Astrup concluded that the Na+ content was not m- 
fluenced by cell density but as a consequence of water loss, Nd+ concentrdtlon m- 
creased Of the catlons exammed here, Mgzf values were lower m bottom cells <I\ 
compared to top cells, and this was m agreement with LaCelle et dl [30] 

The ATPase actlvltles of the ceparated cells displayed ‘I complex pdttern 
No consistent sequential change m levels emerged, as might have been expected from 
the other parameters under examlnatlon Not only was there vdrldblhty, dS expected 
from mdlvldual to mdlvldual, as to levels of dctlvlty, but the trends In the totd], 
oudbam-sensltlve and Cd’+-stimulated ATPase values varied lnexpllcdbly ‘is to 

density of the cells as well as to the type of buffer employed in the wdsh solution dnd 
m the assay medld 

Low ATP values hdve been reported m old cells by LdCelle et al [30] dnd 
by Brok et dl [3 I] Differences m ATP content of young and old cells found by the 
latter workers were much greater than those observed rn the present study smce they 
reported values In young cells to be three times those found m old cells The level\ of 
2,3-dlphosphoglycerate decrease with mcredsmg cell density The differences found 
between high-den&y (bottom) cells dnd unseparated cells are sJmllar to those reported 
by LaCelle et al [30] 

A loss of phosphohpld with cell age has been described by Westerman et al [32] 
and these workers found no change m phosphohpld content per umt surface area 
Slmllarly, the present data mdlcate a decrease m both cholesterol and phosphollpld, 
as well as membrane protem, and no alteration m the cholesterol phosphollpld 
phosphorus ratlo A small decrease tn total hpld content of erythrocytes with age 
has been described by WInterbourn and Batt [33], but these authors found no dge- 
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related alterations in the relative amounts of  the major membrane hplds Another 
loss with cell age found m the present study concerned slahc acid residues which 
displayed a consistent decrease with increasing cell density 

The present results strongly suggest that, during the aging (as indicated by 
increased cell density) of  the human erythrocyte, portions of  the membrane compo- 
nents are lost Whether these losses are uniform or whether a &screte portion of the 
membrane is removed is not clear Inasmuch as there was no evident change m dtstrl- 
button of phosphohpIds in the young as compared to the old cells it seems most 
hkely that the loss was a general phenomenon (probably removal as a hpoproteln) 
The lmplicatmn from these observations, together with the fact that there is a decrease 
in many other parameters of  the membrane, is that with the reduced surface area 
in the older cells there could be a reordering or restructuring of membrane components 
within the cell Obviously this is an important area for further Investigation 

The observatmns presented here prowde a w)de range of  data on several 
erythrocyte parameters The method utilized provides a simple, reproducible way 
to obtain sufficient quantities of  the separated cells to perform a wide variety 
of  assays on the same sample The data obtained after reseparatlon of the top frac- 
tion m&cate that the &fferences observed between top and bot tom cells are inherent 
to the cells and are not the result of  an artifact of  the separation method Certainly 
the important features of  the Murphy technique [10] center on the temperature of 
centrlfugatlon, l e 30 °C and the configuration of the centrifuge tubes As noted in 
our results, one can achieve a hnear density separation by this procedure In a slmdar 
sense, the data collected by O'BrIen et al [34] on the mfluence of the angle of the 
centrifuge tube or vessel, but not the cross sectional area, on the erythrocyte se&men- 
ration rate illustrates further the Importance of physical configuration on behawor 
of  these cells Though a temperature variation of  1-2 °C &d not have apparent 
influence on the sedimentation rates, ~t is interesting to note that O'Bnen et al [34] 
conducted all their experiments at 22 °C 
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