
Copyright is owned by the Author of the thesis.  Permission is given for 
a copy to be downloaded by an individual for the purpose of research and 
private study only.  The thesis may not be reproduced elsewhere without 
the permission of the Author. 
 



LIPID METABOLISM OF ]W,fiviALIAN ERYTHROCYTES 

WITH SPECIAL REFERENCE TO CELLULaR AGING 

A thesis presented in parti�l fulfillment 

of the requirements for the degree 

of PhD in Biochemistry 

at Massey University 

CHRI3'riNE COE WINTERBOURN 

AUGU3r 1968 



(i) 

My thanks are due to my supervisor, Professor R. D. Batt, for his 

suge:estion of the topic, and .for his helpful advice during the study. 

I wish to thank: Mr G. F • .  Vilson for collecting bovine blood samples; 

Professor n. .·). B,lux and Mr J. B. Ormsby for assistance with isotope admir1istrd.tion 

and collection of blood from r:J.ts; Mr H. Hutchings and the staff of the J?almerston 

North Hospital Laboratory who collected human blood samples; Mr ��. B. 3utton for 

his design of the tube piercer required for cell fractionation; irfiss B. LewitJ for 

as:listan0e v7ith osmolality me9-suremer:t s ; Mrs :<:. J. Currie, V. J. Chettleburgh, 

G. Lyon, G. G. Midwinter, W. R. '3ilcock and 1.1. J. Ninterbourn, who willingly 

donated their blood. I am gr::�.teful to Dr J. G. l:i'3.wlce for reading and co:nmenting 

O!l the fin-3.1 ma.nuscrir1t, and to my husband for his help in the preparation of the 

figures. 

I wL>h to thank -che Pi:l.lmerston l'iorth 1v�edical Hesearch .!!'oundation, for a 

grant supporting this investigation • .. 
The photographs in this thesis are the ·.vork of the Central Photographic 

Unit, 11�assey University. 



(ii) 

ABSTRACT 

Aspects of the lipid metabolism of mammalian erythrocytes, with special 

reference to changes in aging cells, have been investigated. 

Bovine erythrocytes and leukocytes have been incubated with labelled palmitic 

acid, and the incorporation of the fatty acid into each cell type has been followedo 

A high level of incorporation w�s observed with leukocytes, mainly into the phospho� 

lipids 3.D.d triglycerides. Incorporated palmitate took part in chain-lengthening 

processes and some 14co2 was produced during the incubations. In�orporation into the 

lipids of erythrocytes was very much lower than that observed for leukocytes and low 

leukocyte concentrations in red cell preparations �ccounted for a si5�ificant pro­

portion of L1-14Q/palmitate upta�e into the cell lipid. The importance of accounting 

for the metabolic activities of residual leukocytes has been stressed. After allowing 

for leukocyte contributions, a significant incorporation of palmitate into erythrocyte 

phospholipids, in particub.r phosphatidyl choline and phosphatidyl ethanolcunine, was 
.. 

demonstrated. However, no significant uptake into the small quantities of triglyceriw 

or cholesterol esters present in the erythrocytes could be detected. 

Experiments have been carried out to examine variations in lipid content with 

cell age,'in bovine erythrocytes fraction�ted by serial osmotic hemolysis. Only 

slight differences in cellular phospholipid or cholesterol content were found, and 

cholesterol:phospholipid ratios were constant in all fr�ctions. No marked variation 
� \ 

in cholesterol ester, triglyceride, or free fatty acid concentration with cell age 

could be detected. 

Human red cells h�ve been fractionated according to age by ultracentrifugation 

over discontinuous albumin density grc1dients. The efficiency of such age separation 

was examined by following the radioactivity distribution in the gradient when rat 

cells were fraction�ted at intervals after administration of reticulocytes labelled 

with £14Q7glycine. Considerable localisation of cells of particu;:1r ages in. 

specific density bands was observed. Va.riations in lipid compositior. and in fa.tty 
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acid uptake into the cells have been investigated. A small decrease in lipid 

content with cell age was detected, the decrease being most marked between the 

youngest :md all the other fractions, It is suggested that all the change s in lipid 

content which occur in aging rei cells could take plB.ce during the transit ion from 

reticulocyte to erythrocyte o 
• 

Incorporations of b.bellei linoleate into intact red cells, and linoleate 

and palmitate into ghosts enriched. with ATP and CoA hs.ve been examin ed. . The major 

cell lipids which took up the acids were phos:phatidyl choline, phosphat idyl 

ethcmo Ll.mine , components t enta.tively identified as phosph'ltidic acid and diglyceride, 

and an unidentified non-polar lipid . A v1i:ie range of beha.viour has been observe.J 

for different normal cell popula.tions, both in tot,.>.l upta'r.e, a.nd in the distribution 

of the incorporated acid. In most cases uptaxe w::J.s predominantly into phosphatidyl 

choline, but in others uptakes into phosphatidyl choline and phosphatidyl 

ethanolamine were comparable. The observed range of behaviour c.:.!.n be explained 3.S 

arising from differences in concentrations of the substr:des re;:ruired for fatty acid 

inr:orporation in the plasma in which the c:ells or ghosts were incubated. 

I 
?atty acid uptakes into red cells a.nd ghosts were also studied as a function of 

cell age. A wide diversity of beh3.viour :for different blood sam1)les was apJ n.rent . 

In some case�, uptake into q,ll components was ess enti J.lly independent of cell age� 

but in others, upt��es into specific components showe.j_ definite trends with age. 

Host noteworthy were a m'lr:Ce:i incre3.se ':Vith age in upta:Ce into phosph3.tidyl 

eth,molamine, with essentially constant upt'3.ke into phosphatidyl choline, and a 

decre'3.se in uptake into pbospha.tidyl cho line witb uptake into phospLatid yl 

ethmoLJ.mine remaining c on stant . To account for the diversity of beh'lviour, it is 

S·.:tggested that cha...."lges in either enzyr:1e av:l.ib.bil ity or conform9..tion, affecting 

cellul'lr enz yme �ctivity, occur as the cells age, and that only for certain plJ.sma 

c oncentrations of the substrates reCJ.uired .for fatty acid uptake , are these changes 
( 

in enzyme �ctivity ev ident , 
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In a single study, bovine erythrocytes have been labelled in vivo with 

-14-L Q/ac etate, and levels of activity in the cell lipids followed. A decline in 

free cholesterol :::.ctivi ty, arising from rapid equilibration with pb.sma cholesterol, 

ha9 been demonstr.1ted. A fall in activity that could be interpreted in terms of red 

cells being able to exchange some but not all of their phospholipids with plasma 

counterp�rts has also been found. 
• 

Roles for triglycerides and cholesterol esters in the erythrocyte, and 

properties of the erythrocyte phospholipid transd.cylat i on mechanism have been 

discussed. The possible.importance of changes in lipid constitution and lipid 

metabolism in red cell aging has been considered . 



TABLE OF CONTEWrS 

ACKNOWLEDGEMENTS 

ABSTRACT 

INTRODUCTION 

General Lipid Metabolism 

Lipids of Mammalian Erythrocytes 

The Erythrocyte Membrane 

Separation of Red Cells According to Age 

Metabolic and Physical Changes Associated with Red Cell Aging 

MATERIALS AND EXPERIMENTAL METHODS 

Materials 

Radioactive Materials 
"' 

Experimental Methods 

Blood Collection 

Sep�ration of Cells 

Enumeration of Cells 

Preparation of Red Cell Ghosts 

' 

Incubation of Cells and Ghosts with Labelled Fatty Acids 

Behaviour of Rat Red Cells during Incubation 

Lipid Extractions 

Quantitative Analyses 

Total Lipid and Neutral Lipid Determinations 

Phosphorus Determinations 

Cholesterol Determinations 

Column Chromatography 

Thin-Layer Chromatography 

Autoradiography 

Gas-Liquid Chromatography 

( 

Page 

(i) 

(ii) 

1 

1 

4 

10 

13 

17 

24 

24 

25 

25 

25 

27 

28 

28 

29 

31 

31 

31 

34 

34 

34 

35 

36 

36 

Quantitative Analysis of Lipids following Chromatographic Separation 36 

• 



Page 

Radioactive Counting 38 

39 Fractionation of Bovine Erythrocytes by Serial Osmotic Hemolysis 

Fr'l.ctionation of Huma.n and Rat Erythrocytes by Ultracentrifugation 
over a Discontinuous Albumin Density Gradient 40 

CHAPrER 1 

Fractionation Method 

Preparation of Isotonic Albumin Solutions 

Collection of Cell Fractions 

Critical Factors in the Fractionation 

40 

41 

45 

46 

Distribution of Rat Red and White Cells in the Albumin Gradient46 

Distribution of Human Red and Vmite Cells in the Albumin 
Gradient 
Examination of the Relationship between Rat Red Cell ·Density .... 
and Age 

EXPERIMENTAL RESULTS AND DISCUSf1ION 
- 14-

INCORPORATION OF L1- :gjPALMIT
.
ATE INTO THE LIPIDS OF BOVINE 

BLOOD CELLS 

47 

48 

51 

Incorporation into Leukocytes 51 

Discussion of Leukocyte Behaviour 53 

Incorporation into Erythrocytes 56 

CHAPrER 2 THE LIPIDS OF BOVINE ERYTHROCYTES, SEPARA.TED AC80RDING TO 
AGE BY .SERIAL OSMOTIC HEilmLYSIS 63 

The Extent of Age Separation by Serial Osmotic Hemolysis 63 · 

Variation in Cellular Lipid Levels with Osmotic Fragility 64 

CHAPTER 3 PROPERTIES OF THE LIPID3 FROM RED CELL POPULATIONS, 
FRI\.CTIONATED ACCORDING TO AGE BY DISCONTINUOUS ALBUMIN 
GRADIENT ULTRACENTRIFUGATION 

Variation in Age of Populations of Rat Red Cells Separated 
by Albumin Gradient Ultracentrifugation 

Lipid Content of Human Red Cell Populations with Different 
Mean Ages 

Variation in Fatty Acid Uptake with Human Red Cell Age 

Expression of Results ( 

Identification of Radioactive Lipid Components 

70 

71 

78 

85 

85 

87 



Page 

Linoleate and Palmitate Uptake by Human Red Cells 90 

Incorporation of Labelled Fatty Acid into the Lipids in 
Human Plasma 109 

Lipid Content of Rat Red Cell Populations with Different 
Mean Ages 110 

Variation in Uptake of Palmitic Acid with -�e of Rat Red 
Cells 111 

CHAPI'ER 6 MEI'ABOLISM OF BOVINE ERYTHROCYTE LIPID3, LABELLED IN VIVO 
WITH 14c-A.CET ATE 116 

GENERAL DISCUSSION 121 

Metabolism of Erythrocyte Esterified Neutral Lipids 121 

Incorporation of Fatty Acids into Erythrocyte Phospholipids 124 

Speculative Roles for the Erythrocyte Lysophospholipid 
Acylation Mechanism 130 

Variation in Lipid Gompositron with Red Cell Age 131 

Fatty Acid Uptake into Red Cells as a Function of Age 132 

REFERENCES 138 

APPENDICES 152 

Basic Data for �atty Acid Incorporation into Human 
and Rat Erythrocytes 152 

Abbreviations 159 

( 



INDEX TO FIGURES 

Following Page 

1. 
- 14-

Autoradiograph of a TLC separations of the L1- Q/palmitate 
- 14-

and L1- �linoleate preparations 

2. A normal red cell population after ultracentr�fuging 

over a discontinuous albumin density gradient 

Variation in apparent osmolality with albumin concentration 

4. Autoradiographs of TLC separations of total lipid extracts 

from bovine erythrocytes, leukocytes and plasma, after 

24 

40 

45 

incubation with L;-
14

gtpalmitic acid 55 

5. Serial osmotic hemolysis of human erythrocytes: radioactivity 

localisation at intervals after administr�tion of 59
Fe 

(Simon and Topper) 

6. TLC separations of neutral lipids from bovine erythrocytes 

fractionated by serial osmotic heillolysis 

7. TLC separations of phospholipids from bovine erythrocytes 

fractionated by serial osmotic hemolysis 

8. 1 Discontinuous albumin g'adient ultracentrifugation of rat 

red cells at intervals after administration of 

66 

66 

reticulocytes labelled with 
14

c-glycine 73 

9. Dis�ontinuous albumin .gradient ultracentrifugation of 

rabbit red cells at intervals after administration of 

reticulocytes labelled with 
14

c-glycine (Piomelli et al 

ref. 193) 

10. Variation in human red cell total lipid content with cell 

age 

11. Variation in human red cell phospholipid content with cell 

age 

73 

84 

84 

12. Variation in human red cell cholesterol content with cell age 84 

Comparison of amounts of lipids extracted from red cell 

samples with literature values 

( 

84 



Following Page 

14. Photographs and autoradiographs of TLC separations of 
lipids from normal populatio�s of human reJ cell 
ghosts, white cells, and plasma , after incubation with 
.r:t 1 4  -

' 
- 1 4 -L '- Q/linoleate or L1- Q/palmitate (donor WRS) 89 

15. Photographs and autoradiographs of TLC separations af'lipids 
from human red c ells frELction:1ted :1ccording to age , 

after incubation wit!:c [i-14.Q/linoleate (donor MJU(II)) 

16. Photo<�raphs and autor<J.diographs of TLC separations of lipids 
from g�osts or human red cells fractionated ELccording to 

93 

age, :1fter incubation with L1-14Qilinoleate (donor MJN(II)) 93 

17o Photographs and autoradiographs of TLC separations of lipids 
from ghosts of human rea cells fractionate1 according to 
age, after incubation vrith L1-14Q/linoleate {donor CG;N) 93 

18. Photograph s and autoradio�raphs of TLC sep�rations of lipids 
froQ ghosts of human red cells fractionated :lccording to 

' ·age, after incubation with L1-14.Q./palmit3.te (donor VJC) 
' 

1 9. Photographs and autoradiographs of TLC separations of lipids 

93 

from gho3ts of human red cells, fractionated according to 
- 14-age, 'lfter incubation with L1- .Q./palmitate (donor GGM) 93 

' 
20. Incorporation of l�belled fatty acids into the total esterified 

lipids in human red cells of different ages 

21. Incorporation of labelled fatty acids into prosphatidyl choline 
in hum'ln red cells of different ages 

22. Incorpor3.tion of l·'l.belled fatty acids into phosphatidyl 
ethanolamine in human red cells of different ages 

23. Incorporation of labelled fatty acids into phosphatidic acid 

in human red cells of different ages 

24. Incorporation of labelled fatty acids into diglycerides and 
components X in human red cells of different ages 

25. Percentage distributions of fatty acids esterified by human 

red.cells of different ages 

26. Phosphatidyl ethanolamine to phosphatidyl choline specific r 

activity ratios in human red cells of di fferent ages 

103 

103 

103 

103 

103 

103 

103 



Following Page 

27. 

28. 

30. 

Variation in rat red· cell total lipid and phospholipid 

contents with cell age (rats C) 

Incorporation of palmitic acid into the lipids of rat red 

cells of different ages (rats D) 

Incorporation of palmitic acid into the lipids of rat red cell 

ghosts o�different ages (rats E) 

Disappearance of radioactivity from bovine erythrocyte lipids 

in vivo, following administration of 
14

c-acetate 

31. Log plot of the disappearance of radioactivity from erythrocyte 

cholesterol 

( 

110 

110 

110 

118 

118 



INTR ODUCTION 

... 

Several very good review s  on aspect s of red blood cell metabolism have 

recently been published1- 1 0 , including "The R ed Blood Cell" edited by Bishop 

and Surgenor , which brings together a num�er of comprehensive papers on thi s 

subj ect . A s  an introduction to the present study of erythrocyte metabolism , 
\ 

att ention is confined to those aspect s of cellular fun ction which are either c on-

cerned w ith lipid metabolism, or which appear at �his stage to be pertinent to 

the general problem of erythrocyte 1tgingo 

Gen eral Red Cell Metabolism 

A red cell begins it s life as an erythroblast in the bone marrow . It is  

considerably larger than a matu re erythrocyte ,  contains a nucleus , mitochondria 

and microsom es ,  and has the ability to perform a wide range of metabolic reactions
1 1

• 

On shedding it s nucleu s ,  the cell becomes a reticulocyte , and either remains in 

the bone marrow or is released into the circulation. Betw een 1 and 2 per c ent 

of circulating red cells are normally reticulocytes. Reticulocytes retain some 

mitochondria and posses a functional citric acid cy cle with associat ed com­

paratively high Qo2 values1 1
• These cells c an synthesise purine nucleotides1 2 ' 1 3  

and protein , in particular , hemoglobin ,
1 4 ' 1 5  and they appear to retain some 

ability to synthesise lipid from glycerol or acetate1 6 , 1 7. A number of the 

enzymes found in erythrocyt es exhibit greater activity in reticulocytes 18-21
• In 

addition , reticulocytes also have higher nucleotide22 ' 23 and 2 , 3  diphosphogly cerate 

contents than mature cells24• They are larger and lighter than erythrocytes2 5 , 

and are reported to  have higher lipid content
26 

and relativ ely more phospholipid 

than cholesterol27 . On maturation , reticulocytes lose all mitochondria and 

1 1  . 1"  t t . d. t 20 d th . endop lasmic reticulum , and the ab� � y o ox� � se pyruva e , an syn es� se 

de novo nucleotides 1 2 '  1 3 , proteins 1 5 , 28 and lipids ( from glycerol or acetat e) 
16 ' 29 ' 30

• 

Even with these losses in metabolic activity , erythrocytes still retain a 
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2 .  

relatively wide array o f  enzym es31• 

The primary sou rc e  of energy in erythrocytes i s  obtained from anaerobic 

glycolysi s,  whi ch suppli es about 90 per cent of the total energy requi rement1 1• 

Th e h ex okinase catalysed reaction does not appear to be saturated with respect to 

ATP and i s  rate limiting, and the other enzymes are present , at least in younger 

6 1 0  c ells ,  in considerable ex cess ' • Th e remaining 1 0  per cent of energy i s  derived 

from glu cose oxi dati on via th e phosphogluconate pathway , or "hex ose monophosphate 

Shunt 
.. 10 , 1 1

. rt Apa from acting as a source of both ATP and ribose-5-ph osph at e ,  

( for nu cleoti de synthesi s ) , thi s oxidative pathwal provides the c ell with its  only 

mechani sm £or generating redu ced NADP+ 32 

En ergy R equi rements of the Erythrocyte. 
' 

Oxygen tran sport by th e erythrocyte proceeds as a result of concentrati on 

gradi ents33 and hence cau ses no energy uti li sation1 1• Inhi bition of glycolysi s ,  

+ how ever , leads to K and ATP loss , an increase in methemoglobin , and changes in 

c ell morphology34 , 35 . About 30 per cent of th e energy produced is u sed to maintain 

sodium and potassium concentration gradients between cells and plasma5 . There i s  

good evi dence_that th ese are effected by a Na+/K+ dependent ATPase located i n  the 

cell membrane36
• It h as been observed that reduction in ATP levels cau ses changes 

in erythrocyte shape , producing sphering37 , 3S. Thi s evi denc e  suggest s that an 

energy i nput i s  requi red to maintain the normal biconcave di sc form. Glutathi one 

synthesi s ,  which has an ATP requi rement , can be  performed by the erythrocyte3 9• 

In addi ti on,  ATP i s  requi red to form coenzyme A derivatives of fatty acids , whi ch 

can be i ncorporated into
' 

phospholipids in the erythrocyte membrane40,41• 

Anoth er energy requirement i s  for maintenance of hemoglobin , and some 

enzyme and structural proteins , in a reduced form. Hemoglobin, incubated in vitro , 

4 2  
will c onvert t o  methemoglobin within a few days , and concurrently, oxi dati on 

of protein groups wi ll gradually cau se precipitation1 5• The cell(has mechani sms 

for combating both types of reacti on. Of the two known mechani sms for reducing 
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methemoglobin , one is NA DH- dependent and the other NADPH-:_ dependent . Under 

normal conditions the NADH--dependent r eaction predominates42
• In addition , 

erythrocytes contain the enzymes catalase and glutathione peroxidas e42 , 43 , both 

capable of r educing cellular perox ides and thus preventing hemoglobin ox idation. 
I 

.�though glutathione per oxidas e  has been shown to combat oxidation by certain 

drugs , the importance of these mechani sms in preventing methemoglobin pr oduction 

in vivo ha� not been d�monstr ated
42• Hexokinase and gly ceraldehy de- 3-phosphate 

dehydrogenase , as well as other enzymes , r equire reduced -SH groups to r emain 

t. 11 
SH ac �ve • Two - gr oups must also be preserved in hemoglobin. The c ell requires 

a supply of reduced glutathione (GSH ) to protect thes e  groups against ox idation22 , 44-4 9  

In addition , Marks et a1 50 have observed s ome protection of h emoglobin -SH gr oups 

against oxidation by NA DPH , not mediated th rough GSH. Jacob and a:andl51 have 

found th at the cell membrane also contains protei n  - SH groups which are subj ect 

t o  ox id ation, and that ox idation of these groups in vivo causesremoval of the 

cell from cir culation. Similar r esu lt s have been obtained by Mills an d  Buell52• 

In order to combat oxidative damage, it is clear that the cell must have 

a supply of reduced py ridine nucleotides and glutathione. R egeneration of 

reduced glutathione after ox idation specifically requ ires NADPH as a cofactor , 

s o  basically th e requ irement is  for the two py ridine nucleotides. Although NA DH ,  

required mainly for methemoglobin r eduction , i s  r egenerated during glycoly sis , 

the only means of regener ating NADPH is by glucose metabolism via the phospho­

gluconate pathway . Supporting the proposition that the main purpose of this 

pathway is to regenerate NADPH for glutathione reduction is the evidence that the 

level of activity of this pathway is r egu lated pr imar ily by GSH 53
• 

An interesting abnormality in red cell energy metabolism is glucose-6-

phosphate dehy dr ogenase deficiency . This condition, found in hwtians , is genetically 

determined, and although it does not no!-'mally caus e a shortened erythrocyte life-

s pan, it is associated w ith a susceptibility to hemolytic anaemia inq�ced by a 



variety of oxidative drugs , and certain bacterial or fungal infections32• Examples 

of such agent s are primaquine , quinine,  fava bean , infectious hepatitis , and many 

other s .  A s  i t  is a key enzyme i n  glucose metabolism via phosphogluconate,  

defici ency in this enzyme results in a low r ate of generation of NADPH, and hence 

GSH . Since a continuous supply of these cofactor s is necessary to combat 

oxidative damage to pr oteins ,
6 

it appear s that in glucose-6-phosphate d ehydrogenase 

deficiency, under normal pond iti ons , this r equirement can be met , but in the 

pr esence of high concentrations of oxidising agents ,  r egeneration of GSH is too 

slow to prevent oxidation of c ell protein -SH groups ,  and the cells cannot sur vive . 

Low level s  of reduced GSH ar e normally associated with G6PD d eficien cy32
• 

Pr ins et a1 54 al so r eport an inter esting case of hemolytic anaemia associated w ith 

erythrocytes in which the level of GSH was less than 1 0 per c ent normal. 

To summ ar ise , the red cell metabolises glucose via two pathw ays , to 

produce ATP and a supply of r educed pyridine nucleotid es . ATP is necessary for 

maintaining ionic concentration grad i ent s ,  and it s biconcave d iscoid shape, and for 

synthesising glutathione ,  some phospholipid s and possibly other compound s .  Reduced 

pyr idine nucleotides ar e necessary to maintain certain cell constituents in a 

functional , r educed state.  

Lipid s of Mammalian Erythrocyt es 

The composition and metabolism of mammalian erythr ocyte lipids has been 

review ed very fully by de  Gier and van Deenen30 , and other r ecent r eview s  are also 

available7 , 55 . The great impr ovement in lipid separation and id entification 

tec�iques over the past 1 0  year s  has led to a r elative w ealth of liter ature on 

· bl d 11 1· 'd 56- 72 s· t 1 t 9 5  the constitution o f  mammal�an r ed o o  c e  �p� s • �ne e  a eas per 

cent of the lipid s ar e locali sed in the cell membrane7 3 , the r ed cell i s  a very 

useful system for investigating the r ole of lipid s in membrane function. Lipid 

accoun t s  for appr oxi mately 0. 5 per c ent of the total w eight of the(r ed c ell , and 

40 per cent of the m embrane or gho st3°. In all species, the lipid consi sts of 



2 5-30 per c ent cholesterol and 60-70 per cent phospholipid,  th e r emainder 

including small quantities of glycolipids74 , and possibly triglycer ides , 

cholesterol esters , diglycerides and fr ee fatty acids. The maj or phosph olipids 

ar e phosphatidy l ch oline (f), phosph atidyl  eth anolamine ( II ) , phosph atidy l  

s erine (III ) and sph ingomyelin ( IV ) . Species differences in phospholipid 

distribution exi st ,  th e most str iking being observed with phosphatidy l  choline , 

wh ich is th e major phosphatide in s ome species , but is pr esent in very low con­

c entr ations , or may even be absent , in ruminant cells 57 , 58 ,61 , 64 ,68• Low 

phosphatidy l  choline levels are usually compensated by incr eases in sph ingomy elin 

levels , and accordingly , th ere is little vari ation in choline-containing phospho­

lipid. Fatty acid pattern s  also vary betw een species
6 3 , 7 5 , but this has been 

shown to be primarily a dietary and not a genetic eff ect76
• Chang es in fatty 

acid pattern can affect erythrocyte per meability
63 , 75 , 77-7 9. 

Th e lipid compositi on of abnormal erythrocytes has also been studied ,  

and surpri singly few differences fr om normal h ave been detected. Acanthocytosis 

( abetalipoproteinemia) , in wh ich plasma phosph olipid levels ar e very low , and 

sph ingomy elin c onstitutes a relatively high pr oportion of th e phosph olipids , is 

associat ed w ith a decr eased red cell phosph atidyl choline content , and a 

•t t . h" 1" 80 ,81  
concom1 tan increas e 1n sp 1ngomy e 1n • In patients with h epatic di sease 

and as sociat ed anaemia ,  N eerhout82 h as observed vary ing degr ees of elevation of 

red cell ph osph atidy l  choline and ch olesterol c oncentrations. He has also 

examined r ed cell lipid levels in cas es of plasma hyper lipemia and h as been 

able to demons trate no deviations from normality
83• No oth er cases of abnormal 

lipid composition in h emolytic diseases , including sph er ocytos is and 

glucose-6- ph osphate d ehy drogenas e deficiency , have been detected3° , 84 ,85. 

. 41 
Normal lipid metabolism has also been observed 1n sph erocytes • Hence changes 

in erythrocyte  shape ar e not necessar ily associated w ith change� in either lipid 

compos ition or metabolism. 

Initi�lly it w as consider ed that r ed c ells were  able to synth esis e 
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lipid from acetate86-88, but it is now known that although reticulocytes have 

this ability, it is absent in erythrocytes. The misconception arose from lack 

of correction for contributing white cells, which can carry out these bio­

synthetic reactions89-92• fittman and Martin93 have recently foun� evidence for 

an incomplete long chain fatty acid synthesising system, lacking only acetyl CoA 

carboxylase. In addition, mature erythrocytes are unable to use glycerol as a 

substrate for lipid synthesis16'17• Phospholipid synthesis from phosphate is 

very low, and restricted almost entirely to phosphatidic acid94. However, it 

h b h b d. t . t . . 75, 76,95-101 . . as een s own y 1e ary exper1men s 1n v1vo , and 1ncorporat1on 

studies in vitro40,41'75,94'102, that at least some phospholipid fatty acids can 

be renewed in mature red cells. Red cell ghosts, if supplied with ATP and 

coenzyme A, can also carry out these reactions40'41• Uptake into phosphatidyl 

choline, (PC) and, to a lesser extent, phosphatidyl ethanolamine (PE), has been 

observed, with the order of incorporation rate for different fatty acids being 

. 102 103 linoleate > oleate and palm1tate �stearate > laurate ' • These differences 
102 are more pronounced in whole cells than in ghosts • The ability of intact 

cells and ghosts to esterify lysophosphatidyl choline (LPC) and lysophosphatidyl 

ethano�amine (LPE), whether present in the cells, or added to the medium, has 

41 104 also been demonstrated ' • However, no phospholipase A activity can be 

detected in the erythrocyte40,41'104• Exchange of whole phospholipid molecules 

94,105-107 . 105 
between plasma and erythrocytes has been observed • Sakagam1 et al 

have reported the following relative rates of exchange: lysophosphatid�l choline > 

106 107 . 
phosphatidyl choline > sphingomyelin. Reed ' has found that 1n humans and 

dogs, exchange rates for phosphatidyl choline and sphingomyelin are much greater 

than those for other phospholipids. From differences in the extent of influx 

and efflux he has proposed that t�e cells contain exchangeable and nonexchangeable 

pools of each lipid and. that exchangeable pools turn over at rat7s of about 

10 per cent per day. 
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Two mechanisms for fatty acid and lysophosphatide incorporation into 

erythrocyte lipids have been demonstrated94,102,104. 

A: RCOOH + CoASH ATP/Mg2+ 
thiokinase > RCOSCoA 

RCOSCoA 

B: 2LPC 

2LPE 

+ 
LPC 
LPE 

PE 

transacylase 

+ 

+ GPE 

PC 
PE + CoASH 

(GPC = glycerophosphoryl choline; GPE = glycerophosphoryl ethanolamine) . 

Mechanism A, initially identified by Lands and coworkers in rat liver micro-
108 109 110 . somes ' ' , 1s ATP and coenzyme A dependent, and is favoured at low 

lysophosphatide concentrations94• Lands and his associates have shown that the 

mechanism exhibits positional selectivity, unsaturated acids generally preferring 
. 109 110 0(-monoacyl, and saturated acids, � -monoacyl glycerophosphat1des as substrates ' 

• 

In this respect, differences in positional specificity were observed for 

acylation of LPC ·and LPE, which suggests the existence of more than one 

transacylase. Reaction rates depend more on the lysophosphatide isome» than 

t . f . d111 ' 11 2 on the acid already es er1 1e • 

Mechanism B was first postulated by Erbland and Marinetti113. It is 

favoured at high lysophosphatide concentrations and requires no ATP or 

coenzyme A104. An erythrocyte lysophospholipase has also been detected104• 
102 Although Mulder and van Deenen report low incorporations of fatty 

. d Ka 114 d acids into erythrocyte neutral lipids, Donabed1an an rmen an 

Michaels et a1115 have described high uptakes into triglycerides. Fatty acid 

also been Observed116,117. uptake into carnitine esters has 

t 1 t b th · d · s1'tu89,118,.- but can exchange Red cell choles ero canno e syn es1se =1=n��� . 

118-121 freely with plasma cholesterol • The exchange is independent of glucose 
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metabolism68, and occurs at comparable rates with both fresh and stored cells122• 

It is pH dependent, relatively unaffected by temperature, but influenced 

by a wide variety of chemicals. The nature of these effects has led BrUckdorfer 

and Green122 to pr�pose that hydrophobic bonding may be important in determining 

the rate of exchange. No net uptake by cholesterol depleted cells121, or loss 

to cholesterol depleted plasma123, is apparent, but incubation in plasma con-

taining active cholesterol esterase results in a reduction in red cell free 

chole.sterol, and an increase in cell fragility 124. 

In order to obtain a fuller understanding of red cell lipid metabolism, 

a consideration of plasma lipid transformations is required. In addition to 

cholesterol esters, triglycerides, cholesterol and diacyl phospholipids, plasma 

also contains free fatty acids, lysophosphatidyl choline125-127, and lyso­

phosphatidyl ethanolamine126'128• Whereas the former all exist as lipoproteins, 

the fatty acids and lysophospholipids are transported almost entirely bound to 

albumin129,13°. This form gives the red cells protection against lysis by the 

free lysophospholipids131• Plasma contains an active phospholipase A, which 

catalyses the deacylation of diacyl phospholipids132'133. Cholesterol esterase, 

which catalyses the reaction 

Cholesterol + PC 

. 134,135 �s also present • 

Cholesterol ester + LPC 

In normal plasma, it appears that reactions proceed which decrease free 

cholesterol and diacyl phospholipid levels and increase lysophospholipid levels. 

Glomset135 suggests that the cholesterol-lecithin acyl transfer mechanism could 

play a part in cholesterol exchange in cell membranes. If this interpretation 

is correct, the ·red cell transesterification mechanism could be important in 

removing lysophospholipids produced. As an alternative consideration, the plasma 

cholesterol esterase reaction could provide an essential supply of lysophospho-
( 

lipids for phospholipid metabolism in the membrane. 
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9.  

R�- 0- CH 

0 
If 

I 0 
11 

H2C- 0- f_- 0- CH2CH2- N+(CH3)3 
0 

I 

R2C - 0 -CH 

I o 
11 

+ H2C - 0 - P - 0 - CH2CH2N n3 '-0 

II  

0 

Ill 

R1 =long chain fatty acid, (predominantly saturated) . 

R2 = long chain fatty acid, (predominantly unsaturated). 
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' 

0 
11 + 7_- 0 - CH2CH2N (CH3)3 
0 

IV 

R3 = long chain fatty acid. (Sphingomyelins contain quite a high proportion 

of C-24 acids.) 

The Erythroc�e Membrane 

Erythrocyte lipids are an integral part of the cell membrane, and inter-

praations of their properties must be considered in relation to current theories 

on the structure of cell membranes. 

Until recently, the most favoured model for membrane structure was the 

. t b h th . f R b t 136' 137 . . . un1 mem rane ypo es1s o o er son , a mod1f1cat1on of the Davson-

Danielli paucimolecular membrane model138• It was deduced from interpretation of 

electron microscopic and x-ray diffraction studies, and explains many observed 

membrane properties, including electrical resistance and molecular birefringence. 

Many of the relevant deductions have come from the study of myelin. The unit 

�embrane hypothesis requires that (1) there is one basic structure to which all 

membranes of all cells conform, and {2) this structure consists of a bimolecular 

leaflet of polar lipids, with polar groups orientated outward and electrostatically 

bonded to layers of protein, which may be visualised as extended polypeptide 

chains. Mucoprotein, mucopolysaccharide or enzymic protein may be attached on 

either side of the lipid bilayer. 

However, recent information has led to questioning of these interpretations, ( 
and to suggestions that the model requiresmodification. These doubts have 
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been expressed by Korn139, for example, who stressed the unlikel�hood of a 

universal membr�ne, considering the diverse biochemical roles played by 

membranous structures including myelin, mitochondri�, and pl�sma membranes, 
' 

and the widely different chemical composition of different membranes, both il1 the 

nature of the polar lipid constituents and in lipid to protein ratios. Korn139 has 

also pointed out that the electron microscopic and x-ray diffraction data do not 

necessarily require a unit membr�e-type interpretation. More recent electron 

microscopic studies, using negative staining or freeze etching techniques, indicate 

th f t . . t 140-144 e presence o repea 1ng un1 s · 
• Biochemical evidence now ava.ilable also 

suggests that modifications to the unit membrane hypothesis are necessary. It has 

been shown that hydrophobic bonding between protein and lipid is important in 

membranes, and m�y even predominate over pol�r bonding145-148• The disassociation of 

b t . ld 1' t . b •t 149-15 1 f . t' t . t• mem r�es o y1e 1popro e1n su un1 s avours an 1n 1ma e assoc1a. 1on 

between lipid and protein rather than the presence of discrete phases. In no 

membrane system, including myelin, is there evidence for extended polypeptide 

chains. By contrast there is more to suggest random coiling with some �helical 

f. t . 1 52-1 57 con 1gura 10n • 

. . 158-160 Green and h1s assoc1ates have proposed an alternative membrane 

which is more compatible with available biochemical evidence. This model considers 

the membrane as a continuum made up of nesting or fused repeating units. The 

units are considered to be lipoprotein complexes, similar in size and shape in a 

p�rticular membrane, but differing in chemical composition and function. Form, 

size and function of the repeating U<lits can differ between membranes. The presence 

of lipids as micellular associates is postulated. Evidence for this type of 

structure has been obtained, mainly from chloroplast and inner mitochondrial 

membranes. As an example, it has been possible to disassocia.te inner 

mitochondrial membranes to give several different 

.. 
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lipoprotein electron transport complexes , which can reassociate into 

membranous structures . These c ompl exes contain both catalytic and core prot eins . 

The core proteins appear essential for alignment of the enzymes in the complex, 

and both types of protein are necessary for assembly of the unit s160 • The 

presence of phospholipid is essential for membrane formation from inner mito-

chondrial subunit s ,  and for enzymic activity , but the actual constitution of the 

phospholipids does not appear t o  be critical160 , 161 • There is similarity in 

gross chemical and physical properties of the core proteins of the electron 

transport c omplexes ,  a mitochondrial structural protein which appears to be 

organisat ional in the oxidative phosphorylation mechanism162 , and structural 

proteins i solated from other membranes163. More detailed assessment of 

information and interpretations  favouring a model of a membrane composed of 

repeating units has been well presented in reviews by Green and his associates158-16o 

Although most of the information supporting this model comes from studies 

on mitochondria and chloroplast s ,  there is some evidence available which 

suggest s similarities with the erythrocyt e membrane.  Various proteins and 

lipoproteins have been separated from solubilised erythrocyte ghosts164-169 . 

Although characterisation is far from complete ,  the properties of several of the 

proteins i solat ed are suggestive of aggregates of protein or lipoprotein sub­

units in the original membrane . Bakerman and Wasemiller170 have isolated a 

protein which has comparable molecular weight and similarities in amino ac id 

t t th ' t  h d · 1 t t 1 t · of Cr; ddle <>t <>ol• 162• composi ion o e m:l oc on r:1a s rue ura pro e:1n • � This 

protein readily forms aggregates , and is capable of binding hemoglobin, whereas 

the mit ochondrial protein binds myoglobin171 • The infra-red absorption studies 

of Maddy and Malcolm152, and optical rotatory dispersion and circular dichroism 

studies  of Lenard and Singer153 ,  suggest that the proteins in the red c ell 

membrane have partly a random c oil , and partly «-helical conformation.  Similar 
( 

conformations have also been suggested for chloroplast , mitochondrial , and 



bacterial membranes154-157 • Infra-red analyses of the lipids in intact red 

cell membranes172 indicate that very few of the hydrocarbon chains exist with 

a trans-planar configuration .  This configuration is much more prevelant , 

however , in myelin and in synthetic lipid films . Lenard and Singer1 73 have 

shown that the phosphorylated amines but not diglycerides, produced by the 

action of phospholipase C on erythrocyte ghost s) are released into solution .  

Even though 70 per c ent o f  the lipid phosphorus is  lost in this way , they could 

detect no change in membrane structure as revealed by circular dichroic spectrum. 

They have proposed a model for the erythrocyte membrane in which lipoproteins 

are stabUised by hydrophobic bonding, with little contribution by polar inter-

actions , and in which most polar lipid groups are on the outer surface , in 

contact with the bulk aqueous phase. 

Although our knowledge of the erythrocyte membrane is still far from 

complete ,  there is  evidence supporting a structure similar to that proposed by 

Green and coworkers . This group has also presented convincing evidenc e for the 

localisation of all integrated metabolic sequences in membrane repeating units174• 

Any changes in the characteri stics of the lipids , which are integral part s of 

the unit s ,  and which probably influence their c onformation by hydrophobic inter-

Id h f d ff t th t b 1 .  t ·  · t ·  160 L " k . actions , cou ave pro oun e ec s on ese me a o 1c ac 1v1 1es • 1 ew1 se , 

changes in lipid metabolism could reflect c onformational changes in the membrane. 

Separation of Erythrocytes according to Age 

The phenomenon of erythrocyte aging has been studied by many investigators 

for many years , but the direct cause of the cellular changes which occur has yet 

to be established. A major problem which arises is the difficulty of 

separating cell s of different ages from a normal circulating population. The 

first method of approa�h to the problem was to  render an animal (highly anemic 

and induce reticulocytosis,  either by repeated bleeding or administration of 
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acetylphenylhydrazine.  This enables study of differences between reticulocytes 

and erythrocyte s ,  and subsequently, when the reticulocytes have matured to young 

erythrocytes , study of the properties of a younger than normal populat ion of cell s .  

H owever , doubt s have been expressed a s  t o  the normality o f  reticulocytes produc ed 

under such stress , 1 75 , 1 76 and although the method is  useful for obtaining 

reticulocyte-enriched blood, it has distinct limitations in studying age changes 

in erythrocyteso  

1 77 In 1 950 , Dreyfus et al observed that young red cells t ended to collect 

at the top of a column of centrifuged c ells , and subsequently, other investigators 

have demonstrated an increase in density with erythrocyte age25 , 1 78-1 80 • Other 

properties have been shown to differ in young and old cell s ,  including sus-

t . b " l " t  t t • h l . 25 , 1 78 , 1 81 , 1 82 f c ep 1 1 1 y o osmo 1c emo ys1 s ,  and sur ace charge , as 

demonstrated by electrophoretic mobility1 83, agglutination by polylysine1 83 and 

distribution between aqueous dextran and polyethylene glycol solutions1 84 , 1 85. 

Various m�thods of fractionation have been devised, based on these properties.  

1 77 1 80 1 86 The most popular of these has been centrifugation , either at normal speeds ' ' 

or at high speeds , 25 , 1 78 , 1 86 , 1 87 at which most investigators have reported 

enhanced age separat ion .  In contrast Prentice and Bishop1 86 claim that the degree 

of age separat ion is independent of centrifugal force. An alternative procedure 

for separation of erythrocyt es according to age is serial osmotic hemolysis in 

t . 181 hypotonic NaCl solu 1ons • This technique has been used in one section of the 

present investigat ion . Results suggest that the age separations achieved by 

ultracentrifugation and serial osmotic hemolysis are comparable.  

1 88 Another method which has been used , in particular by Ltlhr and 

Waller et al34 ,  is based on the Ashby differential agglutinat ion t echnique 

originally used for measuring erythrocyt e  lifespan1 89. In this method ,  c ompatible ( 

but distinguishable donor cells are t ransfused into a recipient , and donor cells 

recovered at different times after tran�fusion , by differential agglutination of 



recipient cells .  The donor cells initially have a normal age distribution , 

but their mean age gradually increases , as no new c ells are formed. Although 

improved age separations have been achieved by this method, it has only been 

applied to humans , for whom sufficient knowledge on blood groups , and a good 

supply of antibody, is available .  I n  addition , the method is not particularly 

satisfactory , because it requires the transfusion of relatively large volumes 

of blood,  and there is always the attendant risk, however slight , of incompatibility. 

The methods di scussed above are either not very practical , or produce 

enrichment of fractions with old or young cell s ,  which is not very great . 

Modification s  which improve separation of ages have been made. One limitation 

of  the centrifugal separation method is cell trapping, which prevents alignment 

according to  true den sity. Accordingly the system is not at equilibrium. 

Prankerd1 7 9  reports improved separations by centrifuging cells over a 30 per cent 

albumin solution , which has a density almost as high as red cells and so pro­

vides more support for the c ell s .  Danon and Marikovsky1 90 ' 1 91 have developed a 

method for centrifuging over mixtures of phthalate esters, with densities within 

the red cell  range , which gives clear p�rtition between two cell fraction s . 

U ltracentrifugation over albumin solutions appears to be the best method 

available for achieving good erythrocyte age fractionation .  Bishop and 

Prentice1 92 , using a continuous albumin gradient with densities covering the 

red cell range have obtained an improved separation according to age , and have 

shown that in this system, equilibrium is achieved. Piomelli et a11 93 have 

investigated ultracentrifugation over a discontinuous density gradient of 

isotonic albumin solutions,  and obtained clearly separated erythrocyte fractions 

with widely different mean ages. 

As u ltracentrifugation over a discontinuous albumin gradient appears to 

give the best resolution of erythrocyte age, and ,  in addition , yields clearly 

defined and easily separated fractions ,  the procedure was modifiea slightly and 
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used in the present investigation , to study changes in the metabolism of red 

c ell lipids with cell age. 

The most common method of assessing the degree of age separation achieved 

by various techniques has been to examine the distribution of cells labelled 

with 59Fe at various times after intravenous administration of the 
. t 25 , 1 77-182 , 186 , 1 87 , 190-192 �so ope • Since only immature cells can synthesise 

hemoglobin15 , labelled cells are those formed during isotope administration , and 

59Fe distribution should reflect the distribution of these cells.  However , if 

there is  cell bre-akdown during the study, reutilisation of 59Fe results in 

i sotope distribution no longer being the same as the distribution of the originally 

labelled cell s .  An alternative method ,  used by Piomelli et al193, examines the 

distribution of cells labelled by in vitro incubation of whole blood with 
-14 

-L Ql glycine. Reticulocytes are the only circulat ing red cells capable of 

synthesising heme or protein14 ,  although erythrocytes can take up { 4qtglycine 

into their amino acid pool and use  it to synthesise glutathione194, 195 . The 

c ells c an be returned to the circulation with only reticulocyte proteins 

permanently labelled. Reutilisation of any 14c released from the cell amino acid 

pools and glutathione, or from broken down cell s ,  is minimal , because of the 

dilution factors involved. Hence the distribution of radioactive red cell 

proteins is equivalent to the distribution of cells of a particular age. 

Piomelli et al193 have compared both methods , and found ,  in the rabbit , that 
,----

when 14c-glycine shows the localisation of older cell groups in particular density 

fractions , 59Fe activity , (presumably because of reutilisation from broken down 

cell s ) , is spread throughout the cell population .  Cells labelled with � �C-glycine 

appear to be preferable for examining erythrocyte separation according to age , 

and in the present investigation, rat cells have been labelled in this manner to 

determine the extent to which age separation is achieved. 

- �  



Metabolic and Physical Changes associated with Red Cell Aging 

The red cell with it s inability to divide , or when mature, to  synthesise 

protein s ,  and with it s relatively simple energetic s ,  is a very good model for 

studying aspect s of c ell aging. The c ell initially contains a full c omplement of 

enzymes and cofactors , but although there is  essentially no protein hydrolysis,  

it is capable of exi sting only for a predetermined time. For mammalian 

erythrocytes , this time is between 1 and 4 months1 96• Attempt s to resolve this 

problem have led to  many studies on changes in erythrocyte structure , composition ,  

and metabolic activity with age. Although various changes have been demonstrated, 

and some of these can be implicated as likely causes of erythrocyte malfunction , 

the direct cause of these changes ,  and of ultimate removal from circulation , has 

yet t o  be defined. There are several recent reviews on this subj ect6' 8' 1 0 , 1 97 . 

Of the structural changes which have been observed in aging red cell s ,  

. . d • t  25 , 1 71-1 80 
d t • f " l " t 25 , 1 78 , 1 81 , 1 82, 1 98 h 1ncreases �n ens� y an osmo 1c rag1 1 y ave 

1 d .  d A d t .  . f h 1 83-1 85 h "  h . d t a ready been 1 scusse • re uc 1on 1n sur ace c arge , w �c 1s ue almos 

. d . d 1 99 1 entirely to �ialic ac1 res1 ues , a so occurs . It appears that as they age , 

the cells become smaller ,  and change shape slightly, decreasing in diameter and 

· · · th " kn 200 , 201  H th . h th t t 1ncreas1ng 1n 1c ess owever e s1z e c ange a occurs on rans-

formation from a raticulocyte into an erythrocyte is considerably greater than 

any changes occuring in the mature cell25 . 202 Danon and Perk have examined 

electron microscopically, ghosts from young and old populations of erythrocytes , 

separated by c entrifugation over phthalate esters . They have found a predominance 

of granular, folded, relatively thick ghosts  in the younger fraction , and a pre-

dominance of smoother ,  thinner structures in the older fraction . 

Differences in lipid content of young and old cells , separated by centri-

t d1 7 9 , 200 , 201 fugation , have been repor e • These are only significant when 
I 

calculated on a per cell basis ,  and not if related to cell volume o r  surface area. 

Even then , the differences are small • . • In view of the much higher lipid content 
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f t .  1 yt 26 • t  . o re 1cu oc es , 1 1s possible that the differenc es between red cell fractions 

could be explained by variations in reticulocyte concentration s .  No age 

differences in the relative amounts of chol esterol and phospholipid, or individual 

phospholipids , have been observed. Walker and Yurowski203 have examined fatty 

acid patterns of lipids from rat red cells separated by ultracentrifugation , and 

have reported small but significant differences between fraction s .  Their re-

examination of these distributions after feeding the animals on different diets  

showed slightly different rates of  uptake of individual fatty acids in  each 

fract ion . The result s were explained by postulating the presence of transacylases 

with different specificities , and age-dependent activities . Relativ ely large 

losses of both cholesterol and phospholipid , during in vitro storage under blood 

bank conditions have been report ed204 . 

There have been various report s ,  sometimes conflicting, on the levels of 

various constituents ,  and activities of various enzymes , in young and old 

erythrocytes. However reticulocytes have higher activities of many enzymes and 

higher levels of some cofactors than do erythrocytes , and in some studies the 

possible contribution by reticulocyt es to age variation is not defined. L�hr and 

Waller and their coworkers6 ' 1 0 , 34 , 205-206 have observed decreases in enzyme 

activities and in concentrations of various con stituents with age of cells  

separated by both differential hemolysis and differential agglutination following 

transfusion . It i s  unlikely that differences in transfused cells c ould be ex-

plained by levels of short-lived reticulocytes . Different enzymes became 

inactivated at different rates , the faste st rates being for glyceraldehyde-}-

phosphate dehydrogenase , glucose-6-phosphate dehydrogenas e ,  phosphofructokinase 

and 6-phosphogluconic dehydrogenase.  V ery much slower rates of inactivation of 

hexokinase 

observed34• 

'- · , lactic dehydrogenase and other glycolytic enzymes were 
2 1 0  

In contrast , Brok et al report marked decreases ( in hexokinase 

activity in the initial and final stages of erythrocyte aging. Marks and Johnson 

', 



1 9, 211 and coworkers obtained similar results to L{1hr and 'Naller, by differential 

hemolysis, for glucose-6-phosphate, 6 phosphogluconic and lactic dehydrogenases . 

They also found little difference in purine nucleoside phosphorylase activity , and 

a phosphohexase isomerase activity difference which could be related to 

reticulocyte concentration . �aller10 has calculated from these results that 

although hexokinase is relatively stable, the glycolytic reaction it catalyses 

remains rate limiting for almost the entire lifespan of the cell . Only towards 

the end does phosphofructokinase activity drop sufficiently for it to influence 
22 glycolytic rate . Similar conclusions have been reached by Rapoport and 

212 Brewer and Powell • 

1 8  Contrary results have been reported by Tada et al , who were able to 

relate the differences , between rabbit red cell samples , in activities of 

aldolase , glucose-6-phosphate dehydrogenase , lactic dehydrogenase , and other 

factors to the different reticulocyte con�entrations . Other enzymic activities 

which have been reported to decrease in aging cells are catalase21 3-215 , cholin-

t 213-215 l l 213 d l t . l t .  t . 216 
I es erase ,  g yoxa ase , an g u am1c-oxa ace 1c ransam1nase • n 

addition , slower rate of glutathione synthesis from 1�-glycine has been described 

with older cells206 ' 217 • 

2 16 206 218 Sass et al , L6br and \Valler , and Rigas and Koler have found a 

decrease in total , as well as reduced, glutathione , in aging cells, but 

219 Wagenknecht could detect no change. A small difference in pyridine nucleotide 

level in top and bottom fractions of centrifuged cells was detected by Quarto Di 

Palo ?t a1220 • Allison215 observed an exponential fall in NADH in transfused 

blood, but L6hr and \Valler6 detected no change until the cells were quite old and 

the effects of enzyme inactivation had become evident . They observed a similar 

pattern with ATP and ADP changes, no difference until about day 70 in humans , 

206 t . 209 
and then a gradual change in ATP : ADP , from about 5 to 1 • Berns e1n 

detected a difference in ATP and 2, 3-diphosphoglycerate concentration in cells 

separated by differential hemolysis , and Syllm-Rapoport et a1221 and Allison214 



20 . 

observed an ATP decrease in tran sfused cells .  2 1 0 
Brok et al observed a decrease 

in ATP l evel with age roughly paralleling their decrease in hexokinase act ivity. 

However Shoj ania et a1
24

, although abl e to demonstrate higher ATP and 

2 , 3-dipho sphoglycerate level s in reticulocytes , could demonstrat e  no differenc e 

bet ween cells at the top and bottom of a c entrifuged column . There i s  some un­

certainty c onc erning variat i on in methemoglobin conc entrat ion . Wailer et a1
206 

224 . 225 and Brewer et al observed an l.nc rease with age , but Beut l er et al and 

226 
Betke � were unable t o  c onfirm thi s finding. Higher Na+ and l ower K+ and 

Mg
2+ c oncentr�t ions have been measured in older cells

8 , 1 0
• 

Similar , but ac celerat ed , changes have been ob served in cell s aged at 

con stant pH in vivo
205

'
227

. 

Gluc o se-6-phosphat e dehydrogenase defici ent cells in general have normal 

or very sl ight ly shortened lifespans
228

, but Beut ler et a1
2 29 

have shown that on 

exposure t o  3n oxidi sing agent , it i s  the older c ells which are selectively 

destroyed . Uark s ,  Gross and coworkers230 , 231 
have relat ed thi s t o  the higher 

level s of glucos e-6-phosphat e dehydrogenas e  found in the younger cells . Electron 

microscopic examinat ion of a population of enzyme-deficient c el l s  has revealed a 

predominanc e of granular membranes , in contras� to the predominance of smooth 

1 1 t .  
2 32 

membranes in a norma popu a l.On • The c ause of the di fferenc e is not known , but 

since they have found smooth membran es to be associat ed with older c ells , they 

suggest that there may be some type of pr emature aging in glucose-6-phosphat e 

dehydrogenase deficiency . 

In int erpret ing these result s ,  considerat i on must be given to the 

degree of separat ion of c el l  age achieved . It has been shown that in general 

o smot i c  hemolys i s  and centrifugat ion give fract ion s  enriched with young or old 

c ell s ,  but the extent of separat i on depends on c onditions . Different ial agglutinat: 

of transfu sed human blood yields cell samples with mean ages varying from about 

60 to 120 days . It i s  quite possible that apparent similariti e s  between o l d  and 
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young cells  could be a res�lt of poor separation. 

It is  apparent that the largest differences so far detected between 

young and old erythrocytes are the activities of certain enzymes . However, as most 

of these enzymes are present in con siderable exces s ,  the effect of this inactivat ion 

may not be critical , and it is possible that other , smaller , changes contribute more 

to the senescence of the c el l .  

The mechanism by which an erythrocyte i s  removed from the circulation 

involves phagocytoti s by cells of the reticuloendothelial system9 • ·Nhether the 

intact or hemolysed cell is phagocytised is not known .  It appears that any badly 

damaged c ells are removed by the liver, and slightly damaged ones by the spleen , 

but at least in the rabbit , the bone marrow is  the most important destructive site. 

lmy theory on red c ell aging must explain how old cells either hemolyse , or become 

altered and recognisable to these sites of destruction . 

Various suggest ions of possible cau ses of red cell aging have been 

made . Marks ,  Jo:b..nson et a11 9  
sug,sest that a decrease in glucose-6-phosphate de-

hydrogenase , and hence a limit ed supply of NADPH c ould be important . Ja.cob and 

Jand1
51  

di scuss the importance of reduced glut aih i one as an antioxidant , especi ally 

in the protection of membrane -SH groups . Reduct i on in �TP content , and de-

natur�t ion of membrane proteins  h�ve also been con sidered as causes of lipid los s ,  

t . h h . t . . t 
. 8 ' 1 97 

osmo �c c an:;e s ,  and c 9.11ges �n enzyme ac � v� �es • 

. 
More likely a series  of 

changes , rather than any particul ar one ,  is  ultimately responsible for red c ell 

death. Waller and L�hr
6

' 1 0  have formulated a theory in which an overall rundown in 

energy metabolism i s  c onsidered as the major c ause .  They suggest that the overall 

decrease in glycolytic rat e ,  due to enzyme inactivation, and accelerat ed by reduced 

ATP production , which does not become obvious unt il the human cell is about 60 days 

old, causes a reduced supply of NADH and ATP .  Thi s  result s in increased methemoglobi 

+ 2+ h h f th formation , a gradual K and Mg loss , and a gradual change in t e s ape o e 

c ell . A decrease in reduced glutathione concentr ation ,  caused by slower synthesis 
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as the ATP level falls , and slower regeneration as the NADPH level falls ,  renders 

the c ell less able to combat oxi dative changes to enzymes and membrane . They 

suggest that a combination of all these changes eventually bring about cell  

destruction .  However the main problem rema.ins unresolved , as  t o  how the enzymes 

become inactivated L> the first instance .  

A theory in which glutathione plays a primary role i n  erythrocyte aging 

has been suggested
51

• Oxidat ion of membrane and enzyme proteins does occur if the 

cellular glutathione level is reduced , and once membrane -SH groups have been 

oxidi sed in vivo , the cell is removed by the spleen , before any cha.nge in glyco lytic 

rat e or ionic c omposit ion is  evident . However the spleen i s  not normally the maj or 

site of red cell destruction .  Jacob and Jand1 53 have observed that the protection 

given the cell by glutathione against an oxidising agent , such as acetyl-

phenylhydrazine ,  is not quite complet e  and some hemoglobin and NADPH is oxidised.  

It i s  pos sible that a similar situation c ould exist in vivo , in 11hi ch the bui lt-in 

mechanism of the erythrocyt e to c ombat oxidation i s  not 1 00 per cent efficient , and 

ir reversible oxidative damage gradually accumulat es in the aging cell . 

Many questions are still unanswered , and to produc e  a satisfactory 

expl anation of red cell aging, it is  probably necessary to understand all the changes 

which occur . In this respect , the functioning of the c ell membrane requires further 

investigation .  The erythrocyt e membrane contains about 60 per c ent protein and 40 

per c ent lipid , and there are indications  that the protein may be more important in 

determining it s overall structure . As many of the cell enzymes , including all those 

involved in integrated metabolic sequences , are most likely localised in the membrane 

small alterations  in membrane structure could have profound effect s  on erythrocyte 

metabolism . In this respect , Prankerd 1 97 notes th':l.t membrane bound enzymes appear t o  

b e  more inactivated in older cells than soluble ones.  At present insuffic i ent 

information i s  available on the membrane proteins t o  undertake an investi gat ion into 

their variation with age. However , the lipids , which are essential constituents of 
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the functioning membrane , and which appe�r to have a rather specialised metabolism, 

are suffici ently well documented for an investigat ion into variat ion in their cam-

position and metabolism with c ell age to be possible , Variations in both lipid 

. 200 201 203 
c omposit ion ani metabol�sm have been reported ' ' , and the present study was 

underta.ken with a view to extending these results , and ascertaining whether 

alt eration in lipid metaboli sm is a c ontributing factor to erythrocyte aging. 

Changes in lipid metabolism could also reflect structural alterat ions in the c ell  

membrane. 



MATERIALS AN D  EXPERHiENTAL METHODS 

Mat erial s 

All solvent s were dist i l led b efore u s e ,  and glas s ware was washed with 

chromic acid.  The foll01·ring chemical s were u s e d :  2 , 5  diphenyl oxaz ole (P . P . O . ) 

and 1 , 4 di ( diphenyloxazolyl ) benz ene ( P . O . P . O . P . ) ,  (Nucl ear Ent erpri ses 

Scintillation Grade ) ; bovine serum albumin , Cohn Fraction V ,  and c oenz yme A ,  

( :3igma Chemical Co) ; ader..osine tripho sphat e an d  trimyri st in { Koch-Light ) ; 

chol e st erol { BDH Laborat ory Reagent , recrystallised ) ; pal mi t ic acid and ol ei c acid 

(BDH Labor3tory Reagent ) ;  phosphatidyl choline and phosphatidyl eU.anolamine 

( purified from egg) ; Merck silica gel G ,  (for tbin-layer chromatography) ;  

Koch-Light s i l i c i c  .:Lcid 1 00-1 20 mesh , ( fo r  column chromat ography ) .  

Beckman DU and Un i c ::J.m ;3P500 3pectrophotometers were u s ed .  

A refrigera.t eJ. c entrifuge (i,l3E Mi st ral 21 ) wi tb swing-out h ead -Nas u s ed 

for separe.t ine blood pl'l.srn:.�. and c el l s .  The same c ent rifuge , at room t emperatl;_re t 

7n.s used iu the ser i al osl!lot ic hemolysis proc edure .  A refrigerat ed Sorv�ll 

c entrifur:�;e , with a.Ylgle bead , was used for sediment ing red c e l l s  and gh o st s  

aft er fract ionat ion by means of albumin gradient s . 

Thin-layer pl ates \'!ere prep ':Lred with 3. Desa.ga spreader. 

Radioactive Compounds 

[2.-1 4g_7 Glyc ine , ( spec ific act ivity 21 . 5  mC/mmo l e ) , .(i-1 4g_7  palmi tic aci d ,  

( spec ifi c :;.c t iv ity 36 . 6  mC::/mmole ) , and l1-1 4g_7 linoleic ac id,  { spec i fic act ivity 

53 . 5  mC/mrool e )  were obt ained from the Radiochemical Centre , Amersham . 

The glyc ine (purity 99 per c ent quot erl by the manufacturers ) , was stored 

in aqueous solution at 4° , and used within one month of arrival . 

The fatty acids were stored in b enz ene at -1 5° . Purit ies were determined 

by TLC with the solvent s u s ed in lat er investigat ions and result s are given in 

Table 1 and Fig . 1 .  At least 95 per c ent of tr.e radioact ivity in the palmitate 

was l ocated in the fatty ac id spot , and there were no radioactive c omponent s 



7IGURE 1 :  AUTORADIOGlHPH OF 11. TV'! SEP•\l\J1.'l' Im Oli' TH:S /1-1 4c/LINOI·EIG AC I D  
1 4 - -

:\PD [f- .Q/PAL!.li'l'I !": ACID PREP An '\.TIO�!S 

3olvent 3yst em '!'1 8A 70 : 30 : 1  

sol v-:!ct front 

origin 

Lino leic 
Ac id 

Fraction Per c ent of t ob.l 

[f_14_cY 
palm it at e  

:3olvent '3yst err: :m 'I. 70 : 30 : 1  

I 0 . 4  

II  1 . 0 
increasing Rp I I I  1 . 5 

IV 0 . 4  
'1 95 

VI 1 . 5 

Solvent Syst em C:MA.\V 6 5 : 25 : 8 : 4  

increasing Rpl I . 01 
I I  .02  

III  . 02 
IV > 99 . 95 

P'llmi tic 
Ac id 

ra.di oB.ct ivity 

[i-1 4Q/ 
l inol eat e 

2 

2 . 4 
7 . 9  
2 .  1 

86 
0 . 3 

.04 

. 10 
• 1 2 

99 - 7  

Predicted mobilities  of 
so�e c om�on lipijs 

CE 

TG 

FA 

GH 

Pl 

Lipid with c orre spondirg l 
n� I 

PL and other non-
mi.gr at irlg c omponent s 

PL - Ch 
Ch 

Ch - S'Ft\ 
FF'A 

TG 1.n d CE 

LPC and SP 
PC and PS 

PE 
NL 

TLC separations of each preparation were performed , and the di stribut i on s  of 
radioact ivity on the gel performed. Abbreviat i ons are tabulated in Appendix 2 . 

I 



with Rf ' s  similar to any phospholipi ds .  Only 86 per c ent o f  the linoleate 

act ivity was recovered in the free fatty acid spot , and although there were n o  

c omponents that could b e  mi staken for phospholipids ,  there v1ere a series of 

radio�ctive components nrrL�ing between the fatty acid spot and the origin. It 

would appear that some autoradiolysi s had occurred . Evidence that these 

ext raneous c ompounds were not taken up by red c ells  on incubation in plasma 

c omes from the findings that these bands were still present when the plasma 

lipid was separated after incubation , and that no equivalent bands were present 

in red c ell lipid extract s .  

- 1 4 -
Gas chromatographic analysis of the methylat ed L1 - Q/palmitate pre-

paration showed that 95 per c ent of the radioactivity was t rapped in the c olumn 

eluate corresponding to the palmitate peak.  

Experimental Methods 

Blood Collection 

Bovine blood ( 250 - 500 ml ) was collect ed from Jersey cows either into 

one seventh it s volume of acid-citrat e-dextrose (Ar.D) or into heparin solut ion .  

Rat blood was collected into one quarter it s volume o f  AGD.  The animal 

was .:maesthetised vvi th ether and warmed under an infra-red la.mp to stimulate 

blood flow through the tai l . The tip of the tail  was cut off and blood , ( 3-6 mls 

were obtainable ) , allowed to drip into anticoagulant . By moving further up 

the t ail , a series of blood samples c ould be collected from the same animal . 

Human blood was collected from healthy donors into heparinised tubeso 

Samples were taken within 1 -2 hours of eating. 

Separat ion of Cells 

The blood was centrifuged in a swing-out head at 3000 revs/min for 

30 min . Most of the upper plasma layer was removed and the remaining plasma 

plus a white c ell-rich layer from the top of the c ell c olumn were collected 
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s eparat ely. For the larger volumes of bovine blood , a tube with a side opening 

was found to be more efficient in removing the _white cell layer . For human and 

rat blood , the small amount of remaining plasma was gent ly sti rred , t o  resuspend 

the very top layer of cells1 and was aspirat ed with a Past eur pipette.  Red c ells 

were washed twice with an equal volume of 0. 9 per cent NaCl . At each c ent rifugat ion 

a white c el l-rich layer was removed from the top of the c ell column . Cell 

separat ion u sing thi s method was the best that could be achi eved , but 1 -5 per cent 

of the original white cell s Nere still present in the red c ell preparations .  

Sin c e  even thi s low level of white c ell contamination can c ontribute 

signifi c ant ly to fatty ac id upt ake by red cell prep01.ration s ,  the possibility of 

u s ing other methods of bovine blood c ell sepa.ration was investigat ed . Ho1vever , 

pas sage of the blood slowly through c otton wool columns relllov e:i only fe N �Fhi t e  

c el l s ,  and the addition o f  dextran to the blood
234 

did not cause rapid sedi-

mentation .  The probl ems o f  blood c el l  separat ion , di scussed in a revi ew by 

3parkes and Beut ler
55

, appe9.r to  be magnified when dealing with bovine blood o  

Bovine erythrocytes exhibit a. s low sedimentat ion rat e ,  due t o  lack o f  roul eau 

format ion
273

, which gives rise to great er l eukocyt e di sper sal . Thi s  c ell property 

c ould al so be respon sible for the ab sence of agglut ination in the presence of 

dextrano 

Ultrac entrifugat i on using an angle head was also regarded as unsat i sfactory 

because the mixing of upper c ell layers on dec eleration necessitat ed the removal 

of l arge quant it ies of erythrocyt e s  with the leukocyt e s .  
1 02 

Mulder and van Deenen , 

however , have employed thi s method, and report the eliminat ion of all white c ells 

by removing the top third of the cell c o lumn . This method i s  probably preferable 

in metabolic studies to making considerable c orrections for residual l eukocyt es , 

but it requires the removal of a sizeabl e  young populat ion of c ell s ,  and i s  un­

suitable in studies on variat ion in red c el l  metabol i sm with age. In the albumin 

d en s ity gradient metho d for fract ionat ing red cells  according t o  age , which i s  



described later , it is possible to trap the l ight er white cells in a density 

band above the red cell s .  Although precipitation o f  rat hemoglobin prevent ed 

ac curat e counting of white cell s ,  it appeared that for the rat , the method 

brought about effi c ient white c ell separ�t i on .  Human white cell s ,  however , 

exhibited unusual differences in behaviour . Although during normal c entrifugat ion 

they col lected at the top of the cell column , in the albumin gradi ent proc edu�e , 

they c onc entrat ed in one of the denser red cell bands . The alburnin gradient 

method c ann ot therefore be used for complete separat ion of human red and whit e 

cell s ,  and suc c es sive removal of cells from the top of a c entrifuged column 

appears to be the best avai lable method .  

Enumerat ion o f  Cells 
---- - - - ----

Red cell c ount s were made , aft er dilut ion in 0 . 9  per c ent NaGl , 1vith an 

Improved Neubauer hemocyt omet er and a Liet z  microscope (magnification x 400) o 

.Vhi t e  cell count s were made at magnific at i on x 1 00 after dilution in 1 per c ent 

ac etic ac i d .  Packed c ell volumes ( PCV ' s ) were determined by centrifuging in 

Nintrobe hematocrit tubes at 3000 rpm for 30 min . Difficulty in c ount ing rat 

white cells was experienc ed, because of prec ipit at i on in ac etic ac id of 

hemoglobin relea3ed from lysed red c ell s .  

For studie s  on human and rat blood , hemoglobin est imat ions rather than 

red cell c ount s were rout inely performed . The relat ionship between c ell volume 

and hemoelobin was determined in selected samples , and no variations between 

indivi dual s were detect ed in blood from 3 (human ) or 4 ( rat ) donors . Values of 

hemoglobin per cell were c alcul at ed from st andard hematological dat a .  Thi s 

proce dure was l e s s  time consuming and more accurat e  than direct cel l  measurement . 

�f 500 cells are counted, purely stat i stical grounds give a standard deviat ion 

of :!::4 . 5%)
235

• 

Hemoglobin (Hb ) was est imated by the cyanmethemoglobin method
236 • Samples 

were dilut ed t o  5 ml with Drabkin ' s  diluent L[cN ( . 05g) , K3Fe(CN ) 6 ( . 20g) and 
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NaHC03 (1 .0g) to 1 l with wateif, and the absorbance of the solutions read at 

540 � ·  Under these c onditions , 

Hb absorbance/. 01 ml 
packed cells 

Packed cells/ml Hb absorbance/10
8 

cells 

Human 

Rat 

+ . 42 - .01 

+ 
. 3 3 . 0 1  

Preparation of Red Cell Ghosts 

1 . 1 5  X 1010 

(Ref s .  237, 238 ) 

1 . 65 X 1010 

(Refs . 23 9 , 240 ) 

. 3 7 

. 20 

+ 
. 02 

+ 
. 01 

Ertbrocytes are impermeable to ATP and CoA241 o During hemolysis the cells 

become permeable , but on resuspension in an i sotonic medium , the ghosts bec ome 

impermeable again . In order to prepare ghosts enriched with ATP and CoA it is 

necessary to �dd these cofactors at the t ime of lysis . 

Ghost s were prepared for incubation by lysing erthrocytes with an equal 

volume of water containing ATP (4 pmoles/ml ) and CoA (0. 4  �moles/ml ) .  Aft er 

standing 1 0  min , the same volume of double st�ength Krebs-Ringer pho sphate 

(pH 7 . 4) solution (KRP)
242 was added to r eturn the system to isotonicity . The 

final ATP and CoA concentrations , dfter addition o f  plasma , were 1 pmole/ml 

and 0.1 pmole/ml respectively. 

Incubation of cells and ghost s  with labelled fattl acids 

0 All incubations were c arried out at 37 in gently agit�ted conical flasks , 

plugged with c otton wool. In some bovine cell incubations , C02 was trapped by 

att aching out lets from the flasks to tube s  containing NaOH , and pas s ing a slow 

stream of co2-free air through the flasks . 

Bovine blood cells were incubated for 5 hr with L1-1 4£7palmitic acid in 

plasma, (tot al volumes about 30 ml and c ell :plasma ratios 1 : 1 ) .  

242 incubation Krebs-Ringer phosphate medium (pH 7. 4) was used . 

For one 

The L1-14g?palmitic 

acid in benzene (0.1 - 0. 2 ml ) was added to  a small volume of plasma or to the 

KRP solution ,  the benzene evaporat ed at 37
°

, an aliquot taken for counting, and a 
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known volume mixed with the  c ell suspension .  At the end of each incubati on ,  

the cells were sep:l.r:J.ted by centrifuging at 4°.  When special effort s had been 

made to remove whit e  cells prior to incubat ion , the red cells were �?ashed twice 

with isotonic s aline  at 4° . 1V'aen red and ·nhi t e  c ells were incubat ed together, 

plasma and white c ells were collected separ3.t ely as already described . Red cells 

were washed three t imes with cold salin e ,  :l.n-:1 the white c ell fraction t \vic e .  

Radioactivity i n  supernatants and washes was routinely measured. 
- 1 4 -Human cells or gho st s  were incubated with either L1 - Q/palmitate or 

- 1 4 -
L1 - Q/linoleate in mixtures of plasma and KRP . Benzene solutions of the ac ids 

( 1 -2 pC in 0 . 1  - 0 . 2  ml ) were evaporat ed to dryn es s ,  plasma immediat ely added , 

and the tubes shaken for at le3.st 1 5  min , at 37° to dis solve the acids . Aliquot s 

were taken for counting and addition to cell or ghost suspensions in KRP. 

Cell (or ghost )  : KRP plasma ratios  were about 1 : 2 : 1  and total volumes were 

bet Neen 1 and 20 ml . Specific details for each study are given in the experimental 

section .  Incubat ions were carried out for 3 hr . After incubation s ,  cells were 

separated 3.t 4° ,  by centrifuging at 4000 rpm for 1 0  min , and were washed twice 

with cold i sot onic saline . 0 Ghost s were centrifuged at 4 , at 20 , 000xg for 

30 mins , &"'l:i washed twice l'lith cold saline.  Supernat mt s •.vere generally recen-

trifuged,  to check on ghost recovery. Addition of albumin to the first wash 

aided removal of excess labelled free fatty acids from cells or ghost s .  

Rat cells or ghosts were incubat ed with L1-1 4Q/palmitat e .  Cells  from 

individual animal s were incubated in their mm plasma, but pooled c ells or ghost s 

were incubated in 1ltP solution to avoid incompatibility react ions with plasma 

antibodies.  Incubations were carried out for 3hr , total volumes were in the 

range 2-6 ml , and c ell : medium rat io s  were between 1 : 2 and 1 : 5 .  Fatty acid 

addition and washing methods were the same as for human incubation s . 

Behaviour of Rat Red Cell s  during Incubation 
-- - - - - ----- - -

If rat c ells  were first fract ionated by density gradient centrifugation 



in bovine serum albumin (BSA) solut ions ,  and then incubat ed in KRP solution , 

considerable c ell lys i s  and agglut inat ion occurred and th e  c ells became vi sibly 

deoxygenated.  Thi s deoxygenat ion could be overc ome by sl1aking .  In addit i on ,  

if the c el l s  1vere first incubOJ.t ed in pl:::�.sma , and then fractionat ed in a B3A 

gradi ent , a high proportion either agglutim.teJ or lysed . Those phenomena were 

investigated further and the foll owing information was obt ained : 

( 1 ) 0 
Incubation of the cells for 3 hr at 37 , in their ovm plasma , resu lted in 

no deoxygenation or agglutin ation and lys i s .  

( 2 )  Incubat ion of tr. .. e c el l s in i(HP resulte::l in no deoxygenat ion or agglut inat ion , 

but a smal l degree of lysis ( 1 -2 per cent ) .  

{ 3 ) Addit ion of BSA powd er or solut i on to  plasma causei the c e l l s  t o  bec ome 

deoxyg·enat ed , but there 'Nd.S no lysi s or agglutinat 1.on in up to 8 per c ent albumin 

solut ion s .  

( 4 )  Addition o f  B'3A t o  KHP so lution s cau sed both deoxygenation , and agglu-

tination and l y si s ,  of tbe celLs . The 3.IllOtmt of lys i s depended on albumin c on-

� ent r�t i on .  ( 4  per c ent lysi s in 2 per c ent albumin ; 1 2  per cent lysis  in 8 per 

c ent albumin) .  

( 5) Overc oming deoxygen>1t ion by shaking did not re iu c e  lysi s J.nd agglut inati on o 

( 6 )  The c el l s  could b e  either stood in c ontact with 1 0  per cent J3;3A solut i on 

for 1 5  min , or c entrifn6ed over a BSA gradi ent , v1asheJ twice with KP..P solut ion , 

and then incubated in pl �sma or IiliP so lut i on , with no deoxygenat i on or 

agglut in at ion , and very lit t le he�o lys is ( about 2 per cent ) taking plac e . 

These re sult s suggest that : 

{ 1 )  The presence of BSA or an impurity in the B3A preparat ion r educ ed the stab i l i-cy 

of rat erythrocyt e s ,  po s s i bly by ant ibody-ant igen react ion . The presence of rat 

pla sma could el iminate thi s effect . 

( 2 )  The presence of BSA o r  an impurity in the B3A preparation c au s ed hemoglobin 

in rat erythrocyt e s  to b ec ome deoxygen at e d .  The fat e o f  t h e  oxygen i s  not known , 
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but two po ssibilities can be sugge st e d .  Fi rstly , the pres ence of BSA cou. l d  

have caused an a l  t erat_i.on in equi librium constant for hemoglobin-oxygen binding. 

If this were the case , reversal of this shift on shaking would require 

explanat ion .  Secondly , the oxygen c ould have been consumed. The i dent i c al 

effec t s  of ult rac entrifuged albumin solut ions and fre sh powdered albumin 

suggest that bacterial c ont aminat i on i s  an unlikely c ause of deoxygenat ion . Ho w-

ever no explanati on as to how the BSA preparat i on c ould st imulate oxygen upt ake 

by the red c el ls can be given . 

Lipi d Extracti ons 

Lipids were extract ed from red c el l s ,  gh o st s ,  and incubat i on media c ontain ing 

hemogl obin , with 20 vol o f  chloroform-i sopropanol ( 7 : 1 1  v/v ) by the method of 

243 Ros e  and Oklander • Th i s  s olvent is pr eferable to chloroform-methanol in that 

it ext racts l e s s  pigment derived from hemoglobin , yet yi elds a good rec overy of 

cell lipid . Plasma and white c ell l ipids •nere ext rac t ed with 20 vol cf 

chl oroform-methanol ( 2 : 1  v/v ) by the method of r,olch , Lees and Sloane-Stan l ey244 • 

Some of the human red c e l l  lipids were ext ract ed u_�der nitrogen t o  prevent 

aut oxidat ion . 3ol vent s were removed in a BHchi rotary evaporator bel o w  45°C . 

Ext rac t s  were diss olved in '-.:h lo roform-methano l ( 2 : 1  v/v) , and shaken with 0 . 2  

volumes KCl (0 . 05M)  to remove water-solubl e  irnpu ri t i e s244 • 

Bovine l ipids were evaporat e d  t o  drynes s ,  weighed , and st ored in 

chloroform-methanol solution at 4°C . Some human and rat lipids were evaporat ed 

to dryness ,  immediately w eighed, and dissolved in a known volume of chlor ofo rm-

methanol for analy si s .  Others were immediately t ran sferred to chloroform-methanol 

and stor ed under nitrogen , roL�imising the t ime during which the lip ids wer e  dry 

an d  mor e su sceptible to autox idation
71  

o Extracts w er e  stored in CHCl3 - MeOH at 

0 
-1 5 c .  

Qu ant itat ive Analys es 

Total Lipid and Neutr al Lipid Determinations 



Larger t otal lipid extracts ( >  50 mg) from bovine cell s ,  and neutral 

lipid fraction s  s eparated by column chromatography, were weighed directly. 

For smaller samples , a slight modificat i on of the chromic acid oxidation method 
245 of Amenta was used. Duplicat e  samples  containing 20-200 pg lipid were 

evaporated to drynes s ,  oxi di sed with a standard solution of potassium dichromate 

in concentrateJ sulphuric acid ,  and the colour change at 3 50 � determined 

spectrophotometrical ly.  The amount of dichromat e reduced,  in oxidising the 

lipid to carbon dioxide and water, is a measure of the number of reducing 

equivalents per g lipid . This can b e  calculated � ,  and is found to  vary bet ween 

classes of lipid (Table 2 ) . However the difference between phosphol ipid species 

i s  small ,  and the estimat ion i s  relatively insensitive to changes in chain 

length and degree of unsaturation of fatty acids . 

A knowledge of the lipid const itution of a sample must be known before 

it can be accurat ely quant itated by this method. For red c el l  total lipid 

analyse s ,  results were read from a curve corresponding to 70 per cent phospho-

lipid , 25 per cent cholest erol and 5 per c ent glyceride . Agreement between pre-

dieted and experimental slopes of standard curves was observed for cholest erol 

and trimyrist in oxidation .  No phospholipid standards were available , so the 

*For example ,  reduc ing equivalent s per g phosphat i dyl choline containing 
2 stearat e groups , (MW = 789) : 

reducing equivalent s per g atoms oxygen required for c omplet e  oxidation 
= MW 
- �  
- 789 
= . 1 63 
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Table 2 :  Reducing equivalent s per g of com1 !On red cell lipids 

Lipid Class Reducing e�uivs/gm 

Cholesterol . 220 

Remar�s 

I"Jholesterol ester . 21 0  �o difference if aci d  is  
or 1 8 : 0  

Glyceride + fatty acid . 1 70 - • 1 85 1 2 : 0 • 1 70 ;  1 8 : 0  • 1 84 

1 2 : 0 

fJean . 1 80 1 3 : .5  . 1 78 ;  tri ( 1 8 : 0 ) . 1 82 

Pho sphatidyl choline • 1 5  - • 1 70 di ( 1 2 : 0 )  . 1 50 ;  di ( 1 8 : 0 • 1 6 3  
Lysophosphat idyl choline • 1 35 - • 1 55 1 2 : 0  • 1 35 ;  1 8 : 0  • 1 55 

Phosphatidyl ethanolamine • 1 5 - . no di ( 1 8 : 0 )  . 1 60 i . e .  very little 
Mean 
• 1 6  

difference from PJ 
Sphingomyelin • 1 65 - . 1 75 1 8 : 0  • 1 67 i . e .  very little 

difference from PC 
Phosphat idyl serine • 1 4  - • 1 6  di ( 1 8 : 0)  . 1 52 

Glycolipid present in HBC • 1 3  - • 1 7  

standard curve was inferred from thos e  of chol esterol and t riglyc eride. 

Est i::nat es of phospholipid in purified erythrocyte and plasma extract s ,  u s ing 

this  standard , were equivalent to those obtained by pho sphorus analysi s .  Agree-

ment between duplicat es 'Nas regularly obtained , provided tubes were perfectly 

c lean ,  and care was t aken to  remove dll t rac es of organic solvent . 

There are some indication s  that total lipid estim:.J.tions by thi s  method 

could. be up to 10 per cent too low. Total l ipid an:ilyses for human red c ells  

were equ tl t o ,  or  a little lower than , the sum of  the measured phospholipid and 

cholest erol . These l ipids normally c onst itute 90-95 per cent of the total 

lipid . In addition , values for total lipid per red cell obtained using this 

method were consist ently a little lower than most literature values ,  whereas 

l ipid phosphorus and cholest erol levels were more in agreement . However corn-

pari sons bet ween t otal lipid est imat es in different samples are not affected by 

a constant error.  

Individual neutral lipids were analysed following elution from thin-layer 

chromatograms , and compared direct ly with standards . 
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246 Lipid phosphorus was d etermined by the method of Bart lett , which 

employs perchloric ac i d  digestion and a.111inonaphtholsulphonic '-J..cid as reduc ing 

agent . Res:1lt s wer e  expressed in t erms of either mic rograros or microequivalent s 

phosphoru s .  Approximat e weight s of pho spholipid (:ug) were calculat ed (p.gP x 25)  

by assuming an average fatty ac id chain l ength of just under C1 8 •  t.Jodificat ion s  

were nec essary 'tfhen analyses -rvere carried out on samp les adsorbed to silica gel .  

Normally samp l es were digest ed over small gas flames ,  but when silica gel was 

present , a sand bath w-as used to give even h eat ing , and to reduc e the likel ihood 

of bumping with consequent sample loss.  The colour react ion i s  pH-dependent , 
247 and if the pH is too high the reagent s alone yield an int ense blue product • 

If  the u sual quant ity of acid was used,  silica gel a l so c au sed this int ens e  blue 

c olorati on , but if the quantity of acid was incr eased 1 . 5  times , the react ion 

proceeded normally . 3ilica gel blan.ks �rere low (absorb�nc e :  . 0 5  - . 0? )  and ,  
I 

p covided. no bumping oc curred , good agreement b et ween duplic::.�.tes was obtaineJ.. 

3ome vari3.tion in blanks redu c ed ac curacy with small samples . 

Cholest erol Det ermindt ions 

�hol e sterol in t ot al l ipid extract s was determin ed by the Liebermann­

Burchard react ion using the m ethod of Abel et al 248 • A di sadvant age of thi s  

method i s  the relat ively large amount o f  sample re11lired ( about 0 . 1  - 0 . 4  mg) • 

High ac curacy was not p o ssible when the method was u sed at the lower limit s and 

consequ ently cholest erol analyses on small s amples were subj ect t o  relatively 

large error s .  

Column Chromat ography 

Bovine erthrocyt e lipids were separ '3.t ed on silicic acid column s , 

(Borgst�tlm249) into neutral and polar lipid s .  N eutral lipids were elut ed with 

dry chloroform , and p olar lipids consecut ively with chloroform-methanol and 



methanol . 

Thin-Layer Chromatogra�hy (TLC )  

35.  

All lipid samples were separated on 0.  25 mm layers of sHic a  gel G .  

Plat es were activ'ited at 1 1 0° for 1 hr and predeveloped in ether to reiUove 

impurities . For phospholipid separations , plat es were reactivat ed and used 

within 1 5  min . 

Solvent systems used for separating neutral lipids were
25° 

hexane-ether-acetic acid (HEA) 70 : 30 : 1  (v/v/v) 

hexane-ether-aeetic acid 

hexane-ether-acetic acid 

and for phospholipid separation s ,  

60 : 40 : 1  (v/v/v) 

30 : 70 : 1  (v/v/v) 

chlcroform-methanol-ac et ic acid-water 6 5 : 25 : 8 : 4  (v/v/v/v) ( cr,t1. .V)
251  

chloroform-m cth&YJ.ol-arnmonia 1 4 : 6 : 1 (v/v/v) 

Component s on f.nalytical plat es were vi su':l.lised by spraying with iodine , 

or with 20 per cent sulphuric acid and. beating at 1 20
°

. Table 3 list s  the 

components which have been identified by eomparing their  positions with those  of 

st andards . The incomplet e  reso lut ion of cholest erol and diglyceride in these 

solvent systems prevent ed the unequivocal identific ation of possible diglyceride 

components in l ipid mixtures . .3ome other components have been tentat ively 

identified by comparison of their chromatographic behaviour with published values . 

Preparative plates were sprayed with iodine ,  spot s were marked , and 

appropriate areas of silica gel scraped off either for direct analysis  or 

elut ion of the lipid component s .  The gel was transferred t o  narrow columns , and 

neutral lipids were eluted with 1 0  ml chloroform-methanol ( 2 : 1 ) ,  phospholipids 

with 5 ml chloroform-methanol ( 1 : 2 ) followed by 5 ml methanol.  
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Tabl e 3 :  I dent ificat ion of lipid component s separated by TV:: . 

-

Ident ified by direct c ompari son Ident ified from :m o ·:m Rf ' s  and 
with st andards predict ed presenc e in c e rt ain 

extrac t s 

Pho sphat i dyl choline 3phinc;omyelin 

Pho sphat idyl etha:wlamine Phosphat i d.yl serine 

Chole st erol Ly sopho sphat i dyl chol ine 
Triglyc eride Cho l e st erol ester 

Free .fatty acid 

il.utoradiographs of thin-l3.yer chrom :1t ogr 3.phic sepa .. rat ions of lipid 

extracts were preiJareu by pL.1.c ing tbe plat es in c ont ad v:i th Ilford } .. -ray fi lm 

in l ight-proof boxes for 1 - 2 months . The lipid component s  were v i sual i s ed with 

iodine J.nd plat e s  photogra.phed for compar i son ""i th the /.-rays . 

Ga s-Liqu id. Chroma:�ography 

Lipid samples -.vere methybted by boron t r i fluoride-metLmcl , under 

ni t rogei'_ , in sealed t"t;_bes at 1 00°� ,  accordine t o  tte metb od of r,lorri son and 

Metl:y1 esters '.ve�ce purifi e d  by TL\"! with REA 90 : 1 0 : 1  as solve:nt . 

:"� 3:b anrion '";l:.rom:;.t o,-�r>lph t with an Apiezon ( 1 0;? 1piezon 1 on �elite 545)  

0 90 
stat ionary ph '3.se co lumn ( 5 '  x 1 /8 " )  3.t 1 97 , argon c arri er gas , a."ld a Sr 

detector was t< s el for sep a .. rat i on of radio;.;.ct ive C 'Jmponent s .  .3amples from t:t..e 

chroma.t o e,raph --;rere c oll ect ed from the d.et ect or out l et into tl�bes c ont aining 

t o luen e-moi st ened glas s wool . fi'or other analy ses , an A.erograph Chromatograph , 

I I 
i 

po lyest er c olumn ( stat i on::1.ry phase 1 2 . 5� DEG3 on Gas Chrom P ,  dimensions 5 '  x 1/8 " )  

at 1 60° , helium c ·�.rri er gas wd hydrogen flame det ector were u s e d .  

f.u ant i tat i  v e  _\nalys i s  of Lipids follo «ing Chromat ographic 3e-oar�t ion 

Lipi d s  extracted from bovine blood c e l l s  following incubat i on with 
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- 1 4 -L1 - '  .Q/:palmi t at e  were sepan.ted by column chromutogr:::.:phy into neutral and 

phospholipids . These frg,ctions were s eparat ed further by TI,C using either 

HE <\ 70 : 30 : 1  or C'J::A ,V as sol vent . .ihen analysis  for phosphorus or by the dichromat e 

oxidation procedure , as .vell as radio 3.ctiv e a s s 'ly ,  were performed ,  c omponent s 

«ere elut ed and aliquot s of eluat e analyaed.  Nher:: only radioact i ve as say Nas 

requi red ,  component s were counted. directly o n  the silica gel . Generally 

d.upl ic ·:.t e TLG s ep'l.rat ions were performed , but i f  insuffic i ent sampl e  prevent ed 

this ,  .1n ·:tlyses from one 

Lipids extr':.l.cted 

separation were carried out in duplicat e .  

1 4  
from C-ac et at e labelled bovine erythrocytes Ne  re 

treated in a similar manner to above . Plasma lipids were separated directly by 

TLC . To determine radioe.cti vi ty d.i stri but ions within the molecules , chole st erol 

est ers and pl:.ospholipids were hydrolysed in methanolic KOH , and radioactivity 

det ermined in ether extract s ,  before and :.J.ft er ac idifi c at i on , and in the residual 

aqueous pha se • 

. Ht er fract ionat i on of bovine erythrocyt es 3.cr::ording to age by serial 

o smot i c  hemolysi s ,  lipids were ext ract ed' from each lysJ..t e ,  and neut ral and 

phospholipids s eparat ed by column chrom"l.tography . La.rge samples { about 1 0  mg) 

of neutral l i p i d  were applie i :l.S ban Js to 20 x 20 cm plat e s  and separated by 

TLC with H E A.  70 : 30 : 1  as solvent . :;:.ipi d. bands were elut ed :::.nd duplicate dichromat e 

�nalyses p erformed on each eluat e .  In one case , the phosphol ipids were s eparated 

in duplicat e with r; • .  IN a s sol vent , and ei:!.ch band eluted and analysed for phosphorus .  

Total lipid extracts from human and rat blood cells and plasma were 

fractionated directly by TLC . N eut ral lipids were s eparated with EI<:P. 60 : 40 : 1  

as solvent , and appropriat e  areas of silica gel were scraped direct ly into 

counting vial s for radioactive assay .  Dupl icat e  sep arat i on s were performed. on 

each samp l e .  :\ft er s ep arat ion of the phospholipids in the total lipid extract s ,  

by TLC with C!.1AW as sol vent , phospho ru s and radio::iocti v i  t y  determin"l.t ions were 

performed directly on the gel . fr�plicat e  s eparations were performed for each 
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type of analys i s .  Phospho rus recovery after TLC was asse s sed by mea suring the 

radioact ivit y in the neutral lipid. spot at the solvent front . Knowing the 

radi o �ct i vit y distribut i on bet ween n eutral �nd phosphol i p i d , and the total radio-

activity and pho sphoru s in the samples, the amount of phosphorus appl i ed was 

calr.::u l eit ed end compared with the amount recovered . Although such a d et erminat i on 

does not l oc �t e the sourc e of any error found , it i s  a good check on the overall 

accuracy of all the a.nalyses performed. 

Radi oact ive Count ing 

A. Pac kard Model 4000 scint i l l at i on c uunt er was used for the studies on 

bovine c ell s , and 3. Pack<J.rd ivlodel 2000 was u s ed for the remainder of the worK. 

Non-aqu eous sampl e.;; nere counted in a solut i on ( 1 0  ml ) containing PPO ( 5  g) 

and F'OPOP ( 0 . 0 5  g )  in t olu ene ( 1  1 ) . Aqueoua or sil icic acid- c ontaining samples 

were colmt ed in a aolut i on ( 10 m l ) of PPO ( 5  g) and POPOP (0 . 2  g )  in a mixture 

of toluene ( 600 ml ) and ethanol (400 m l ) . 't,uenching ·nas det ermin ed either with 

1.1 
standard ( ' C ) - t o luene or by the channels ratio method. These methods wer e 

e qu.'l.lly good measures of solvent q i.1enching, but there was no rel iabl e relat ionship 

bet ween channel s  rat i o  and the degree o f  c o l our qu en ching o Unquen :::hed 

efficiences :qere about 7 5% in the toluene sc int i l lat o r ,  and 60}� in the toluene-

etb :.mol s c int i l lat or , and bac kground level s  were about 20 3lld 40 c oun t s/min 

re spect ively . 

The pre s ence of s i l i c a  gel in the c •.)unt ing vie�.ls was found to have no 

effe:::t on neutr8.l lipid c ount s . The sc intillator was proba.bly suffic i ently polar 

t o  elut e all such lipid , and there was no increased quenching . For phospholipids, 

however , mo re quenching was observed when silica gel was present , and even 

aft er c orrect i on for this , counts were only 90-95 per cent of those in the 

absence of silic� gel . Thi s  effect was probably due t o  some t ype of self-

ab sorpt i on ,  arising becau se  the scint illation soluti on was insufficiently polar 

t o  completely elute the lipid from the gel . Samples of phospholipid were counted 
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both in the presence and abs en c e  of silic a gel , and the fo l l owing relative 

effic ienie s  obtained : 

phospholipid and any other c omponent s 
�t the ori gin �ft er TLC s ep�rat i on in 
HEA ; 

pho sph:it i dyl ethanol::l.mine ( s epar.-.1t ed 

by TLC in c: �N) ; 

pho sph 9.t i dyl cho l in e  ( separat ed by TLC 
in G.i11.A 'J) • 

92 

95 

94 

+ 4Jo -

-t- 4jb -

+ 
4�·(1 

These values were use:i '3.S c orrection fact ors '1vhm1 neces sa.ry . 

1 4(' v02 evolved du ring incubat i on s  of bovine blood c ell s was prec ipitat ed 
2 53 as BaC03 . The prec ipitat e �1as c o l l ect e d  on a saall di sc of filter pap er 

an J. as sayed for radioact i vity in a liquid sc int illat o r .  Rough estimat e s  of 

2 (:;3 quen ching were made from the dimens ions of the filter paper disc / , 9.n d 

result s g,re ::..nt erpret ed on a s emi �uant i t at J.v,..3 basis only . 

Red c ell c on st ituent s labelled by incubat i on rith 1 4r:-gl yc ine , ( s ee p 49 ) , 

'Nere an alysed for radio:tct ivi ty by a m etho d based on that of !1�ahin and 

L .P+ b 2 54 o .... ., erg • Up to  0 . 1 ml of sampl e wa s di gest ed with 72 per c ent perchloric 

�cid (0 . 1  ml ) anJ 30;;; hydrogen p eroxide (0 . 2  ml ) for 1 hr .:Lt 70
°

rj , in a t ight ly 

stop:pered s c int i l l at i on vial . Aft er cooling, 3 c int i lla.t i. or.. solut ion ( 1 5 ml ) 

c onte,ining PPO ( 5 g) in a mixtu-:·e of t oluen e (600 ml ) and eth :mol {400 m::.) 'N::>.S 

added .  The count ing effi c i ency of th e sy3t em 1vas approxim'3.tely 45'jc. 

Esti�ation of 1 4s-glyc in e  �ct ivity by thi s proc edure and in t o luene-ethanol-

PPO-POPOP .revealed that there was no det ectable glyc ine loss during digest ion . 

Digest i on was nec e s sary to decolori se the hemoglobin derivat i ves present and 

genera l ly solubili se the t i s sue . N o  POPOP c oul d be added to the scint i l b .t or as 

it reac t s  with hydrogen perox i d e  t o  give a green product . 

Fractionat i£�_£f Bovine Erythro�e�� Seri a.!__Osmot i c  Hem£!.,ysi s 

Red c e l l  sample s  were subj ected t o  a seri es o f  solut ions of progressively 

decreasing Na.Cl c on·� entra.tion , usin g  an adaptat ion of the method of Simon and 
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1 8 1  
Topper • Blood from 2 an ima.ls 1vas examin ed . Red c e l l s  were separated from 

plasma and ·"asbed 3 times with i sotonic salin e .  T o  the packed cells 

( 1 00-300 ml ) was added twice thei r vo lume of t h e  l east hypot oni c  N�Cl 

solut i on ( about 0 . 5  per cent ) . (Addition of NaCl solut ion to cells,  rather 

than c el l s  to NaCl s olut ion ,  ensured that no cells  were subj ected to great er 

hypot onic ity than any others . Release of c onten t s  from lys ed c el l s  cau s e s  a 

slight increase in salt concent ration ) . A£t er st anding 1 0  min , the intact c ells 

were sediment ed by c ent rifuging in a swing-out head for 30 min at 2 1 00 rpm 

( 1 000xg) . The supernat ant was separated, the c el l s  washed Ni th isotonic NaCl 

solut i on and recent rifuged . At a cent rifugal force of 1 000xg there was no 

appreciable sediment EJ.t i on o f  gho st s .  A N aCl solution of sl ight ly lower c on-

centration was then addei t o  the c ells , and the procedure repeated until 6 or 

7 fractions had been obtained. Hemoglobin was estimat ed in each hemolysate ��d 

wash . 

There was 8 0nsiderab l e  c ell swel ling in hypotonic solut i on s , and the 

swol l en cells became very dark and st icky . However on resu spension in an i so-

t onic medium , their normal colour and t ext ure returned. Hypotonic phosphat e 

buffers (pH 7 . 4 )  c au sed the same changes . 

Each hemolysat e and wash were combined, (total volume 1 00-1 000 ml ) and 

evap orat ed under vacuum to a vo lume of 1 00-200 ml . ?rothing of the prot ein 

f t f to r-. 50 solutions made this proc e dure very dif icu lt , and t empera ures o up v 

were necessary to bring about evaporat ion within a reasonable time . Lipid was 

extracted from the conc entrat e s  with 1 0  volumes of chloroform-i sopropanol 7 : 1 1  (v/0 

Fractionation of Human and Rat Erythrocytes by Ul tracen:trifugation over a Dis­

c ontinuous Albumin Density Gradient 

Fractionation Method 

The method was basically that of Piomelli , Lurinsky and Was serman1 93 , 

modified for use on a larger scale and with cells from different species . Red 



Trapped whi t e  c ell s 

I sotonic albu min 

solut ion of in­
c reasing den s ity 

Di sc ret e bands of red c elm 

I 

Densit i e s  of :tl bumin so lut i on s  were such that the light est was int ermediat e 
bet weer. tho se of red an d wb it e  c e l l s  ( 1 .075) , and the heav i e st w:::.s great er 
tha.n that of red c el l s  ( about 1 . 1 1 0 ) . Other den s it i e s  were in the range 
1 . 07 9 - 1 . 0 90 ,  with differen c e s  between adjacent solutions being a.bcut . 00 2  • 

.'lashed c ells were lo.yered over the ;:.lbumin gr:1dient and the tube c ent rifuged 
in a swi ng-out he:1d at 2 5 , 000 rpm at 4°C for 1 5  min . 

5'IGURTI: 2 :  \ NOR ,:U, RED CZLL POPULti.TION fu7'rER ULTRACZt�TRH"'UGING OVER A 

DI SCONT INUOU S AI,BUJHN GRADIENT 
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cells were c ol l ec t ed ,  separat ed from plasma and most whit e  c ell s ,  washed t wi c e  

with and t� en mixed with i sot onic sal ine t o  give about a 7 5  per c ent su spe� s ion . 

Six isotonic bovine serum alb1..unb. (BSA) s olut i ons were prep"!.red. , with densit i e s  

ranginc;- bet ween 1 . 075 and 1 . 1 1 0 .  T h e  lowest den sity was int ermediat e bet ween 

tho se of red and rrhit e  blood c el l s , the highe st was great er than that of the 

heavi est red c ell s ,  and the other den sit i e s  .vere \vithin the r ed c ell range . A 

discont inuou s de:wi ty gra.dient was prep .r e l  at 4° , by c arefully layering thes e  

s o h.:.t i on s  i n  a 30 m l  c ellulose nitrat e centrifv�e tu b e .  Interfac es between the 

albumin solution s  were c l early vi s i bl e .  The c ell suspension was c arefu lly 

lay sred 0ver the al'oumin , &'1d the tub e  c er;trifu,:Seu. at 4 ° ,  in a Spinc:o 1\iodel L 

Ultrac entri fuge , for 30 cd n  at 25 , 000 rpm in a s uin,?;-out h ead ( 3 :i2 5 ) . Up to 

3 I!1l packed c el l s  c ou l d  be "-:?pli ed. per tube Nithout overl oading . 

Aft er c ent r i fuging , prov i d eJ the c ondition s  '.'Tere right , tl'�e tube c ontained 

5 red cell banls bet1.Yeen the alhumiD l::;.yers , no s erliment e..:i c ell s ,  and '!. fi Ln of 

·sb i t e  c el l s above tte tou .s>.l0umin l ,,yer ( Fig.  2 ) . 'l'he different red '..: e l l  bands 

v:ere collected. s ep:.ira.t ely by }Jierc ing the bottom of tl: e t1..:.be an d forcing the 

c ont �;nt s to drip out . .\J.1jumin wa s s ep:-1r:;.t ed from tL e c ell s by mixine ;"li th "!.n 

e·-1nal vo lume of i soton i c  sa.J. in e  :u�d c entr i fut<;ing for 1 0  min at 4000 rpm . ':'he 

c e l l .s ,  aft er W':l.ShiYJ g t t�i c e  '.'lith s a l in e , ·nere ready for furtl:er study o 

Prepar .. d i on of I sotoni c Albuwin Solut i ons 

K5!\. po�.·rder w a s  di s solved in wa.ter to give an approx im:1t e ly 40 p er c ent 

solut ion . The osmolality and den sity of the solut i on were measured , and the 

o s.:nola.li ty made up to 2 90 1 1 1  Osm by 'ldding s ol i d NaGl* . Th e o smolality was 

*'I'o calculat e t he amount of NaCl t o  add , it i s  nec es sary to know the amount o f  

wat er in the solution , ( sinc e  o smolal it i e s  are measu r e d.  per kg solvent ) . This 

can be calcul.3:ted from the s o lut i on den sity ( d ) , volume (V) and the volume 
occupi e d  per g albumin . Thi s  latter value was c alcu lated ( from the relat i on ship 

between albumin c onc ent rat ion , det ermin ed from ab sorban c e  measurement s at 280 ID)l , 
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chec ked and if necess :J.ry slightly modified , and the density redetermined. 

Solutions of the required. densities were prepared by diluting the bulk albumin 

with O .  92 per cent ( 2 90  m Osm)  NaG l  solution .  'l'he albumin concentration in 

these solutions was 30-40 per cent . 

Densities  'Nere measured at 20°C , in a pyknometer st andardi s ed by 

weighing water.  The den sity of 0 . 92 per c ent NaGl wa.s 1 . 005  g/ml and there Nas a 

linea,r relationship between albumin c onc ent rat i on .::md solution density. 

Osmolalit ies were measured with a Fiske osmometer . Aieasurement s could 

not be made on the c oncentrated albumin solutions , because of freez ing problems .  

Values .vere obtained for serial dilutions with water , but when dilut ion factors 

'.vere ac c ount ed for , it appeared that the higher dilutiof , the lower the apparent 

osmolality of the undiluted albu!11in . Such behaviour suggest ed that some int er-

action between albumin mol ecules v;as contributing to the measured o smolality 

value . An effed of this type would be more significant at higher c oncentrations . 

and solution density) , to be 0 . 7 3 ml/g ,  which agrees with the value determined 

by Piomelli et al1 93 •  The &eneral relat i onship i s :  

where 

a.l'ld 

Total volume V = 

Total weight w = 
Vw = volume of water 

woN = weight of water = vw 
V A. = volume of albumin 

.v.A = weight of albumin 

VA = 0 . 73 WA 

V ( 1  - .73d) 
Vw = . 27 

vw + V A 
d X V = llw + ·v ' A  

:mowing the wat er volume , osmolality difference ,  and that a 0 . 54 mM NaCl solution 
c orresponds to  a 1 m Osm solution ,  the N aCl requirement can be calculated. 



The nature of thi s  effect has been inve st igat ed, and a mean s of c o rrecting 

measurement s to give t rue osmolalit ies proposed : 

Consider A! = T + aC 2 

where M = measured apparent o smolal ity 

T = t rue o smol�l ity 

C = albumin c onc entrat ion 

2 
aC = t erm involving int er'1ctions bet;veen albumin molecules 

The possibility of such a relat ion ship was examined for two albumin 

solut i on s , both of different osmolality but the same concentration (36�0 albumin , 

d = 1 . 1 00 ) . Serial dilutions ·!lere made , and o smo l alit i e s  measured (Tabl e 4) o 

Sin c e  T : T1 

where the dilution is  1 : n 

then Mn = 

or 

1 
Dn 

2 x T + aCn 

= 1 : D1 : D2 : D) : Dn 
I 

Hence a plot of DnHn v • .DnCn 
2 

should. be linear ·ni th slope a and interc ept 'I' . 
\ 

Such plot s h::1ve been mad e for thes e  two examples ( Fig. 3 ) . This approximation 

appears t o  hold fai rly wel l ,  s inc e straight l ines , with the same slope , c an be 

drawn through both set s of point s .  Other albumin s olut ions have b e en exa.mineJ 

and the same relationship holds for these al s o .  In addition , when osmolalities  

c CJ.lC cllated in this way are used t o  e st imat e  the amount o f  NaCl required t o  bring 

a solut ion to a desired osmolal ity, good agreement bet ween the amount of NaCl  

predi c t e d  an d  that actually required is  obtained. When no correction i s  made , 

these values vary widely . It would appear, therefore,  that some interaction 

between albumin mol ecules does affect osmola.li ty measurement , and that by m.aking 

an approximate correction for this effect , true o smolalities c an be  est imated. 

The nec es sary correcti ons at different albumin c oncentrations have been 

calculat ed from Figo 3 and are shown in Tab le 5 .  

Albumin of  t h e  �uality required for density gradient centrifugati on 
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Solution A 

Soluti on B 

44. 

Effect of al bumin c on centr�t J..· on o t 1 1 � n apparen o smo� a  ity 

Di lut i on 

0 

1 : 1 

1 : 2 

1 : 3  

0 

1 ; 1 

1 : 2 

1 : 3 

1 : 4 

Nat er Di lut i on 
Factor 

D 

1 . 74 
. 74  

2 . 74 
. 74 

3.74 
. 74 

1 .  74 
. 74 

2 .74 
. 74 

2.· 7 4 
. 74 

4 . 74 
. 74 

1Ubumin 
C oncentrat ion 

c 

36 
1 8  

1 2  

9 

36 
1 8  

1 2  

9 

Appar ent 
Osmolal ity 

M 

not me,.l surab l e  

1 09 2: 1 

r ,- + 1 0 )  

45 + 1 

not measurabl e 

1 1 5 + 1 

70 + 1 

49 + 1 

37 + 1 

T abl e 5.  Di fferences between t rue and measured o smolalities in albumin solutions 

Albumin c oncentrat i on ( per cent ) O smolality differen c e  (m O sm)  

1 8  23  
1 2  1 0  

9 6 

1 5 

is  c omparat ively expensive , but it was pos sible t o  r ec over it for reu s e  aft er 

each c el l  fract i onat i on .  Rec overed solut i on s were largely freed from salt s by 

dialysing for 1 d.:;.y again st at least 2 changes of wat er , and then freez e-dried. 

0 
The albumin powder was redi s solved , and s oluti ons were stored at -1 5 C .  Reu sing 

albumin had no obvi ou s adverse effects on c ell fract ionat ion . 

Piomelli et al1 93 found that the use of Fract i on V BSA po wder , rather 
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F i g u re 3 :  V a r i a t i o n i n  A p p a rent O s m o la l ity w i t h  

Al b u m in C o nce n t r a tion 

than c ryst 'i l l ine albumin , cau s e d.  s i gY1ifi c ant hemolysi s of the oldest c e l l s  and 

l e s s  reproduc ibilit y .  No such hemol y s i s  c ould. be demon strat e d  in the p1· e s ent 

study , perhaps becau s e of differe!1ces in purity in the t .w c ownerc i al E'r::iction V 

<ilbumin preparat i on s .  

Sollect ion o f  C ell Fract ion s  

Aft er u ltr::�.c entri fu�at ion , e a.c h  tube was st opp ered and h e l d  fi rmly with 

i t s  bas e resting on the top of a short , narrow polythene tube . An inl et 

through the st opper was c onn ected to ,J, var i abl e pressure head , 9J1d t h e  bot t om 

of the tube w1.s p i ere e l  with a syringe n e e dle . The tube c ont ent s wer e all owed t o 

drip s l owly through the narrow polythene tube . C learly d efined bands '1'/·ere 

c leanly s eparat e d ,  provided the drop rat e was s low enough to prevent st reaming 

down the c ent r e  of the tube , . and the t emp erature was kept c on st ant to pr event 
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con vective mixing . Cells did not stick t o  the wal ls of the centri fuge tube , 

and sediment ed c ells  were not di splaced . 

Crit i c al Factors in the Frdctionation 

( � ) , ..t.  Osraola.li t y .  It i s  ext remely important that solut ions be strictly i sotoni c . 

}.ny devi g,ti ons c au s e  c el l s to shrink or s well , :md henc e change in density . The 

rel '.tionship bet ,veen age wd Jensi ty for shrunken or swo l l en c ell s a.p:pear s 

different from that for norm:1l cells257 . 

(l. i )  Tem. pera+vur e .  Th - e t emperature dependence of cell den sity and albumin 

so lut i on density i s  not the s:::.me , hen c e  it is essential thjt the same constant 

t emperatur e i s  maintained for all fraction3.tions . T emperature chanzes •:tre 

generally non-u:1i form throu,5hout a solut ion , .md c ause c onvect ive mixing , so 

must be avoided from the time the gradi ent is prepare:i unt i l  the fract ion s ::tre 

s eparat ed . 

( iii ) Den sity . The rang·e of red c e l l  den s it i es in on e popub .t ion i s  very small .  

A den sity vc1riat i on of . 0 1  practic.•;,.lly c overs the '.Vho l e  range and four solution s  

within thi s  range are require d t o  produc e five reC. 8 ell b:::.nds . 3m:1ll changes in 

albumin d en sity therefore c au s e  c on s i derable variation i:1 c ell di stribution .  

Der;.sity determira.tions are ac curg,t e  t o  within � . 000 5 ,  but even thi s ,  combined 

with inevitable s light density chanGe S during gradient preparation , and probable 

slight density va:.-iation between different cell population s ,  make it impos sible 

to d esign a syst em yi eldine 5 e 1u3.l red c ell bands . 

To reduce thi s problem , a prel iminu.ry run was abmys c arri ed out on a 

small scale before a large scale fraction ation; ( 3  ml tubes were centrifuged at 

3 5 , 000 rpm in an 81'139 head for 10  min ) . If an uneven c ell distribution resulted , 

albumin solution s  were modifi ed , and the chanc es of getting 5 similarly sized 

bands of red cells great ly improved. 

Distribution of Rat Red and Whit e  Cells in the Albumin Gradient 

The den sit ies of albumin solutions required for separation of rat c ells  
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were in the range 1 . 0 90 - 1 . 07 5 .  ;'/hi t e  cells were c oncent rat ed above the 

d = 1 . 07 5 solut ion . Rough measurement s ind.ic2.t ed ,  i11 3. ca.se where most of the 

7ihit e c ell s had been s eparat ed pri or to fractionat ion , that about 90 per c ent 

of the remainder were in thi s l.3.yer , .vith the others in the top red c ell l :l.yer . 

( i . e . On ly 0 . 1  - 0 . 5 per c ent of the original whit e cells were p resent in red 

c ell fract i ons ) .  

Reprodu c ibility of red c ell d i stribut i on i s  influenced both by slight 

variat ions in so lut ion den s i t i e s  aild differenc e s between individual s .  An 

example of r eproducibility is given in Table 6 .  These results suggest that 

differer, c e s  between :i.ndividu :=il rat s a.re not very great . 

Di s t r i but ion of Human.--:-"Re� -�d ·Shi t e  C e l l s  in the Albumin G-radient 

The albumin solut i ons nec e s sary for h1.U1lan erythrocyt·� fra.ct ionat i on fell 

within th-3 den s ity range 1 . 090 - 1 . 078 . Even allowing for some variat ion due 

to unc ert ainty of solut ion d en sit i e s , it would ::�.ppear that some difference does 

exi st ir" erythrocyt e den s ity d i st r ibut ion bet Neen inriividuals (Tab l e  7 ) . 

Th e behav iour of human whit e  c el l s  was un expect ed . They t ended not t o  

c o l l ec t  in t h e  d < 1 • 07 5 band , but rather i n  a band lyine; .vi thin the range o f  

red c e l l  den s it i e s .  Th i s  phenomenon w a E'  independent of whether or not mo st of 

the lvhi t e  c e l l s  were removed prior to fract ionat ion and c onseqaent ly c ou l d  not 

be attribut e i  to a sm:>.ll ':l.typ i c al fract ion of c ell s .  T ab l e  8 gives the r e s d t s  

obt ained for t No c e l l  samples . The follo·.ving are po s sibl e  reasons for thi s 

behavi ou r : 

( 1 )  whit e  c ells have a dens it y within the red c ell range ; 

(2 ) frac t i ona.t ed white cells are non-viab l e ,  and the den sity of non-viab l e  c el l s  

i s  greater than th':l.t of vi abl e ones ; 

( 3) whit e c ells either ingest or adsorb albuillin molecu le s ,  c au sing their 

d ensity t o  change . 

The first appear s un l ikely becau s e  ':l.ft er normal c entrifugat ion , the bulk 
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Table 6 .  Di st ribut ior- of r:.1t erythrocyt es in albumin den sity gradient s 

Den sity 

1 . 0 95 - 1 . 08 5 

1 . 08 5  - 1 . 083  

1 . 083 - 1 . 080 1 

L1 . 080 - 1 . 075 _j 
< 1 . 07 5  

· - � - -

Per c ent 

Rat A 

24 

38 

27 

1 0  

1 

of c el l s  in fract ion 
Rat B Rat C 

23 38 

35 36 

2 G  / 1 6  

1 0  6 
2 3 

Table 7 .  Di st .ribution of hu:nan eryt'c.roc;yt e s  in albumin d en s ity grad.ient s 

Den dty 

> 
1 .0 90 -

1 . 088 -

1 . 086 -

1 . 084 -
1 . 082 -

1 .080 -

1 . 078 -

1 . 0 )0 
1 . 088 

1 . 086 

1 . 084 

1 . 08 2  
1 . 080 

1 . 078 

1 . 07 5  

Fe:---
t!::JC """1 · '1 •. U''J1'.J. 

4 1 4  

1 1  1 6  

3 1  2 3  

44 25 

1 0  22 

c ent of c .-�lls in fr:--.ct ion 
r" T  
..:d.J . JC :""! ,.... ••• '· , . I ·.'J ' 'i1 ".iJ .V2 

1 7  

20 

9 1 6  22 30 
r 1 1  20 21 1 5  0 

1 3  1 7  20 29 22 
2 5  22  28 1 7  

40 42 1 6  1 1  

5 

Table 8 .  Distribut i on of human wh it e cells aft er albumin gr1.di ent fr..�. ::: t ion!it ion 

IVI?.S VJC 

Albumin per c ent t ot al Albumin per c ent total 

den sity red cells  whit e cells den sity red cells :1hit e c�l 
x 1o-5 x 1 o-o 

1 . 102 - 1 . 08 5  1 4  1 • 1 1 . 100 - 1 . 086 8 9 
1 . 085 - 1 . 083 1 4  O c 7 1 . 086 - 1 . 084 1 1  1 .  2 
1 o 083 - 1 .081 1 2  0 . 9 1 . 084 - 1 . 082  1 7  0 . 6  
1 . 081 - 1 . 079  28 2 . 4  1 . 082 - 1 .080 22 0 . 5 
1 . 079 - 1 . 07 5  2 5  1 0  1 . 080 - 1 . 075 42 0 . 4  

1 o07 5 3 2 o 4  
- - -
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of the •'l'hit e  c e l l s  we.ce c learl,y v isibl e eit tbe t op of tr�e cell c olumn . L1. <(ew1 s e  

tte s ec ond. , since  freshly dra;m bJ·loor'! be.• , ''l. V P� 1' rt -'-,,t._. l· q "'· y "YJ "l ' tl... • _ . - - - - L � ,t�. , "" . ... J..L so �:. e 

fr -.ct i onat ed. c el l s  ;:;ere tnetabo l ic g, l l:r act:i. v e  a.s �ho rm by their up"t. e.ke �f long-

chain f�t ty ac ids . Cm. si l erin[ the thirJ D03siti lity , it c an be c �loul �t eu t�at 

a ·.ic:.it e cell. Jensit. �r c!:",.>..nt:;e from 1 . 0 7 5  t o  1 . 037 , Noul ::i be e.:::�fe.:!ted. uy all upt a i> 3  
; � 

of 2 . 2 pg albumin (d. =  1 . 37 )  per 1 0"' :1hite c e l l s  (volume 500 p" ) ,  i. . e . ap}Jro:Y.-

i:aat ely 1 0
8 

mo l ecul e s  per c el l . 

The .iif.L:i.cult :!. e s  pre s er t e 'l by tl"e c ompa::-a'bl e  :!Josi t i on ing of reJ 3.Dd whit e 

c el l s  in an albumin gradient trere rnin i!ilised by pri or remov al of t�. e bu l .< of tt.e 

.vhit e c ell s . Ir.. addit ion ,  i f  tt e l:. i gh est al bumin de:r3ity just eY c eeded rei c e  ... l 

ien si t i es , the hea.vi er vhi t 8  c ells � <:dim•mt ej � omplet ely . t:nder ttese c on ii t i ons , 

Nhite � e:!.l s ont a.min'1-t i on of re(i ::: el i. prepc1ra.t i on s  c ou l ·i be redu c ed. t o  3. 'i ery lv ,·r 

l evel . 

�x '=.mim.tt c.•fl _of "':.t e �elat i �n shin between .0en si+. v  3.Yld •\.ge hl2 Hat Je-1 Gel l s  

�� blood s ·!mpl e  ·Nas in :)ubat t:d :J i tb [2-1 4�/glycine t o  produce b .bell e i  

reti c�ulor::yte proteins .  'J.lh e  c e l l s  were reint roduc•;:d into the r<J.t , a.n•i further 

blood :;; .. ..rnpl e s  iF:Jre withdrawn at int erval s following the a.t.lmini str3.t i on . The red 

c e ll s  in each blood sampl e  ·were fract ion':l.t ed by the albumin gradient proc: edure , 

and th e tot3.l protein radio::�.ct ivity in each fract ion det ermined. . 
- 1 4 -

Rat blood ( 4  ml ) was collected int o h epar in , and. incubat ed with L2- Q/gly-

cine { 1 0  p c )  !:l.t 37
° 

for 4 hr . The r ed c e l l s  .ver e  sep .. .,rat ed by c ent rifuging at 

4
° 

for 1 5  min at 3000 rpm , washed onc e  with c o ld 0 . 9  per c ent N aGl , and resu spended 

in s!:!.l ine (hematocrit about 7 5 ) . St eri le equipment and solut i ons were used , and 

c :1re w:1.s  t aken with manipulat i on s  t o  redu c e  the l i kel ihood of contaminat ion .  O f  

- 1 4 - t the L2- Q/glycine , 36 per c ent was incorporat ed into the red c e ll s ,  38 per c en 

of thi s  being assoc iat ed with c e llul ar prot ein . The red c el l  su spen s i on ,  c ontaining 

approximately 1 . 6 ml packed c ell s and 0 . 5  pC radio.J.ctivity in the c e l lu lar 

prot ein , was reinj ected int o a branch of th e  jugular vein of the same rat . 
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Blood :O "impl e s ( 1 -2 ml ) were withdrawn fr om the r 'l.t �t int erval s aft er 

in j ect ion of the l 3,bell ed r et i culocyt e s .  .iashed rej c e l l s were fract iondt ed 

by the albumin den sity gradi ent pro c edure , using 3 ml c ent rifu€:e tubes and 

spirL"ling at 3 5 , 000 rpm for 1 5  min . .l!'ra.ct i on s :1ere c ol lect ed and the c ells 

washed free of albumin . Hemoglobin , t ot al r adio�c t ivity ,md prot ein r:::.dio-

J.ct i vi t y  were est im.::Lt e u  in the norm:tl cell popu l at i on and in each fract ion .  

Prct ein s vvere prec ipit at ed fro•n c e l l  lys:1t e s  with 1 0 per c ent 

t r i chl oro':l.cet i c  acid (T8 A. )  an d th e prec ipit at e was wash ed onc e  •:iith di st i l l ed 

'Nat er , digest ed , and as sayed for radi oact i vit y  ( see p . 39  ) . * Prec ipit at ion of 

prot ein 3.nd heme appeared c ompl et e ,  as no colour rema.ined in the su·pernatant . 

Th e 3.bsenc e of r =1di oa.ct iv ity in the supern..1t an t s  from c el l  sampl es in which only 

prot eins shoul d  hJ.ve been l.J.belled , support s thi s  int erpret at ion .  

*Sephadex column chroro3.toEraphy an d  paper el ect rophore s i s  were init i a l ly 

examined as methods for prot e in separat i on , but a hemoglobin precipitat e  

remained at the origin during elect rophoresi s , and formed an impenet rab l e  layer 

at the top of the Sephadex column . LUtbo:lgh the pr ecipitat e c ould be dia solved 

above pH 9 ,  TCA prec ipit at ion was con s i dered t o  be the most sat i sfactory method 

to adopt . 
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BOVHT:t; BLCOJ CEL13� 

This  in vest i gat i on >HS un:ierta .. � en primari ly to examine fatty ac id upt:1�e 

by er:ythroc�·t -5  n eut ral lipids , ''i th a vi ew t o  det ec:t ing a pos s i bl e  physiologic c�l 

role for t li e s e  c onstituent s .  •. 1 "  d 
. 1 02 J' ':U aer an v an Oeenen 1 C ,  . . , 1 . tLO an.:. 11 1 VJ. era aua. ' augnan · , 

r.l! ile inve st i5at ing the upb . :�e of fatty 3.c ids intc re·i c el l  phospho l ir: i d s , det eet '3d 

litt l e  :..r:corporat i cm into e st eri f i ed neu t ral l ipids , but the only det ail ed st·c..:ty 

h3.s been that of .Jonabedian and l·:armEm 1 1 4 ,  ,vho report ed high and variable 

in,�orporat ions int o t riclyc er id.es in human c el l s .  

Palmitat e uptake by l eu�ooyt e populat ion s ·,.·1'3. 3  invest i g.:J.t e'l basicall,y 

bece.u s e  it w::Ls found to be necessary to ac c ')unt for t.ne presenc e of l surl:ocyt ·::: s in 

0r;:,rr.b ro c yt e  prep. ;.ration s .  

Prepar<d i c,n s o f  b o  .;ine er,;rthrocyt e s ,  -:o ont c:.ini::.1t; varying nmnbers of 

l �u.:.Co•.:: ;yt e::: , ·1ere inc'J1n.t �·.i eith er in p l a. s ;na. or �J'ebs-Rincer-Phusphat e medium ( .G.P) 

· i 1 F1 1 4,... -/ " · t · · · .'Tl ; -� , - J pJ...Lilll J.c a� l d .  - - Lipids .vere sub seq"'-eut ly '3xt r3.ct ed frol{j .vashe'i red a.1"1d 

wh i t e  c ells , s ep J.r9.t ed and analysed. .-ihi-t e c sll c o:0.+. :::·i  lmt i ol' S to upt o ��es by red 

rell preparg,t i ::m s  Ner e 8 st i:mat ed , and palmitat e  upt a :-ce int o  th e i:c.d i v i du J.l c orn-

pon er,t s of each r_: ell ty-r e  as s e s sed . 

Incornorat :i o:u into Leukocvt e s  --- -- � -

- 1 4 ·-

The l eu kocyt e s  sLo tted a v ery high inc orporat :i on of L1 - ypal mi t at e  into 

their l ipids (Table 9 ) .  In these result s ,  a.ccount lns been taken of the presenc e 

of red c el l s in wh it e  c el l  prepar .:J.t ions from which l ipids were ext ract ed , ( red c ell : 

.vhite c el l  rat ios vari ed from 2 : 1 to 20 : 1 ) .  The s e  levels of red c el l s  male 

n egl i gi b l e  cont ribut i on s  to rad i o -:�.ct i v it y  upt aKe , but correct ions for red c ell 

c ont ribution s  t o  the ext racted lipids have been made . It was possible t o  c orrect 

with rea sonab l e  accuracy , as whi t e  c el l s c ont ain about 50 t ime s the l ipid pres ent 

*The resu l t s  of thi s work have been pub l i shed (ref. 255) o 
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in red c el l s .  Pl:J.t elet s were pre s ent but not enumerat ed .  

Pho spholipids ru1d triglyc erides were respoLsible for the m�jority of 

upt ake , the pho spholipids attaining the higtest total activit�r and the tri-

glyc eri des the highe st specific act ivity . \utoradiographs of the l ip i ds 

sep'J.!'9.t ed by TLC (Figure 4)  aho 7 the s e  maj or spot s ,  'l.S ·:ell a s  fa.int chol e st erol 

ester and dig·lyc aride spot s ,  but no radi oact ive 0hole st erol . Di gly·-:: eride i 3  ther-e-

fore primarily respon s ible for the radioactivity of samples c ont aining both 

chol est erol an:i diglycer ide , whi ch c ould not be readily sep�1.rat ed before analy si s . 

Th e other , sl ow-run ; ing , radi o ;�.c t ive c omponent s were not detectabl e gravimet rically 

::L'1d Ner e not i 1ent ified . One c culd b e  monoglyc eri de . P:.il mi t at e  upt� K:e by the 

pho spho l ip i d s  is summari aed in Tab l e  1 0 ,  ::Lnd an autoradi o:sraph of 'l TLG separ :;.t ion 

of the phospholipids i s  shmvr in :?ignre 4 .  O f  tb e phospho l ip) d.s , phospha.t iclyl 

choline incorporated the most ra.dio.1c t i  vit y ,  L llo·,ved by sphingom�relin . It seellls 

unl i  !r:_ely th�t th e sphbgomyelin r.'1:lioJ..ct ivi ty coul l be a.ttr ibut ed t o  lyse-

phospha.tidyl ethanolamine ( ·nhi cb cou l d  e::J1 ibit simi L.1.r TLC mobi l it i es in both 

solvent syotems ) , in view of the very low in8 orpo!'at ion int o phosphat i dyl 

ethan oLun in e ,  o.c e of t.he maj or ph ospholipid c omponent s .  The TLC behaviour of the 

r em,�ining radio'?-..ctive c omponent s sugf:est s thB.t one i s  lysopL o sr1bat i dyl cho U n e  

( rnnn inp, behind sphingomyelin i n  "both so lvent s ) ,  lin d the other , pho sphat idyl s erin e .  

A further leukocyte sample , which was held for 8 hr at room t er::�:t•erature 

aft er coll ecti on , rne.s inc:ub ·1.t ed with p 3.lmit u.t e .  In corporat i on w:1.s only 0 . 3  t imes 

that ob served with fre sh c ell s ,  3.D:i reduct ion of upt ake int o t riglyc eride:> was more 

pronounced than int o pho sphol ipids . 

It i s  po ss ible t o  estim�te approximate t imes re��ired to renew the 

palmitat e in the different l etL�ocJ� e lipid s , by uptake of the free ac i d .  Fatty 

ac i d d i st r ibut i o n s  in the individual l ipid component s are not kno'rm , but by t :J.king 

palmitate  as c omprisin� 2 5 per c ent of the c ompon ent fatty ac i d s  in each c ase , 

e st imat e s  can be made (Table 1 1 ) .  High turnover rates for s ome white c ell lipids , 
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i n  part i cular t riglyc eride and phosphat i dyl choline , are ev ident . 

Only 6 5  p er c ent of the label l ed fatty acids extrJ.c t ed. from the cells was 

palmit ic ac id . The remain:ier wer e  longer chain (mainly C1 e .)  ac i ds . Some radio­

act ivity 7ias al so rec ov ered as 1 4co2•  A. qvalitat ive e st imat ion showed that this 

amount ed t o  rot<ghly 20 per c ent of the 14c inc orporat e d  int o  the t otal l eukocyt e  

lipi d . 

Aft er incubat ion s  wer e c omp l et e ,  plasuta lipids were analyseJ. for radi oact ivi 

Although reduct ion s in the spec ific act iv i ties o f  the plasma fre e fatty ac i d  were 

demonstr·,J.t ed , no decreases in fatty ac id conc entrat i o� s  c ould. be shmm . The 

an :.1lyses :na;r not have been suffi c i ently sen s itive to detect smal l rrrav iru et ric 

cb wges . TL e s e  res1_, 1t s sugg e st that there i s  a mechanisrn E'er exchJ...i1be of fatty 

1.c i d s  b etween pl :1sma awl c ellul ar lipids . Th i s  int erpret at ion i s  support &J. by 

gas chrom=ttoGraphic .:.lW•l y s i s  of the free fatty aci:is ex"t rc.:.ct ed from plasrua :J.ft er 

in c::ub:J.t ion with leukocytes . Only 70 per c e:r't of the l :i"bell ed fatty ac id ·.·re..s 

palmit ic , the r emainder b eing lone;er chain ( mair: ly C1 e )  acids . ThE:rel'or'3 

l eu.�w:;�rt e s  c an 3.pparen t l y  s,yuthes i s e  lCJ.bellecl long ct �1ir. ac ids frorn palnit i�"' , 

rr::J.::3 £'ou.nll in the :rto spholipids , wLi::::h st. g,;e :::t s  t"r1at til e ·Nhi t e  e -el:;_ i s  ctble to 

rel ease int J.:;t pho spb o l i p i :.:. t!lol ecu l es . 

ni scu s::lion of Leu ,<o:_:yt e Behavim.t r 

No oth er st udi es on the upt ake of plasm.::.. fatty ac i •ls by bovin e Gl oocl 

l eukocyt e s  kl.'.re been report ed , but s imil.:1r studies on l eukocyt es from some oth er 

. 207 ' 208 ' 222 ' 223 !:1 . 
th an imal s a.Yld sourG e s  hav e b e en ('.arr1. ed out • 1111en - c ompar1.ng e 

present result s 1vitl: th e s e , it should be remembered th :J.t whit e c e l l  popu lat ions 

are heterogeneous , an i tr.at their b ehaviour c an  depend on both tb e sou rc e  of the 

c el l s a.nd the t reatment given them 58 • The di s t ribut ion of radioact ivity four..d in 

bovine blood l eu :wcyt e li-pid s i s  simi l ar to that in humw blood c el l s  a ft er 

i n .-�ubat i on with b .belled p:.:.lmi tat e
208 

It i s  al so simi l "1.r t o  the di s+.ribut ion 
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Table 9: Radi o act ivity Di stribut i on i :n  the Liilids of Bovin e ihi t e  Cells aft er If 1 Ll -Incubat i on with _ - �.Q/Palmit i c Add. 

lrer c ent of total Per c ent cf tot al dpm :per 1 06 
Jpec i fic activitv lipi d weight li:r: id radicactivity c ells (dpm/mg x 1 0-3 ) � 

TP' 1 300 + 1 50 43 
+ 8 - -

741 �, �  7 + 2 1 4  
+ 1 1 80 + 20 86 + - - J:: - L: . ... 

-' 

PL 53 
+ 7; + 3 640 

+ + - 4 9 - - 80 ··7 - 3 -' "" '  

'PG 8 
+ 

1 30 + 7; 390 + 60 1 60 ;- 30 - - ./ - -

jE 6 + 1 1 + 0 . 3  1 3  + 4 7 + 2 o 5  - - - -

Ch+X ') 1  + 
1 6 + 2 80 + 30 p, 

+ 4-.H � '  - - - "" 
l___ 

� 300 + 50 mg/1 01 0 cells . 
it*The spec ifi c activity of p11 re DG -.vould be c on s i d'3rabl;y higher than thi s .  

Abbrevi at i on s  are t abu lat ed. in Appendix 2 .  For incub?.t i on c ondit i on s see p .  28 • 

"Thite cell r: on,:: entrat :Lon s varied bet .veen 5 x 1 06 and 50 x 1 06 0 ell s p er ml ; higher 

c on c entrat i on s  result ed in s l igh t ly lo·.ver radio:;:.ct ivity inc orporat i on s  per c ell . 
?rom 9 to 63 per c ent of the med.i..um act b i  ty :�as incorporat ed int o tt9 c ells . The 
t otal �ipid was ext re.cted , and sep<.:..rated in dup l ic ::�.t e  by TLC with EEA. 70 : 30 : 1  as 
solvent . Result s are the me::1ns (! 1 stan :lard deviat i on ) from 5 incubJ.t i ons of c e l l s  

from 2 donors , and a.re related t o  a me:.lium h.1.ving an in itial LT-1 4g_/palmitat e  
act ivity o f  1 05 dpm/ml , which c orrespond s t o  a. p..ilmitic · c id specific activity of 
8 . 0  x 1 05 dpm/peq . 

Table 1 0 :  Radioacti vity distr ibut ion in the Phospho l ip i ds of .fuite Cells  after 
- 1 4 -

Incubat i on of the C e l l s  'Ni th f1- £/palmitat e  

6 Phospholipid act ivity : 6400 dpm per 1 0  cells 

PE 
PS 
ro 
SP 

LPC and other component s 
running behind SP 

Per c ent cf Pho spho ru s 

1 8  
1 2  
29 
32 

9 

Lipids were separated by TLC , solvent system CMA'N 6 5 : 2 5 : 8 : 4 .  
(! 1 standard deviat ion ) from 4 experiments .  

Per c ent o f  activity 
+ 4 . 2 - 0 . 6 

6 + 2 
60 + 9 

20 + 3 

1 0  ! 3 

Result s are the means 



Plaema W8C 

W8C R8C 

CE 

TG 

FA 

@2 
-

- - PI. •. • , · 

RIC 
CE 
1G 

FA 

DG 
CI-I 

PL 

. wac 

I 

NL 

FA 
PE 

PC 

SP 
PS 
LPC 

HEll. 70 : 30 : 1  HE.\ 30 : 70 : 1 CMN 1 4 : 6 : 1  

3olvent 3yst em 

The identificat i on of P::l and LPG i s  only t ent at ive. Abbreviat ions are tabulat ed. 
in Ap:pendi:r.: 2 .  

FIGURE 4 : i-�.UTOR,iDIOGRAPHS OF TLC SEPARATION 3  OF TOTAL LIPID3 E'ROM BOVIl!E 

ERYTHR00.YTE3 (RBG ) , LEU :\OGYTES (W:W: )  • .U>JD PLA '3MA 



by a ch �in-elongat i on of pre-exi sting fatty ac ids . 

Incorporat i on into Erythro cytes 

The lipid c omposit i on of bovine erythrocyt es is given in T able 1 2 .  Thi s i s  

- 6 4  
sim i - ar t o  that obt ained by d e  Gier an d van Deenen , and Har!a.b.a.n , i'latt s  and 

P . bn 59 1 appaJ O • , a though the latt er report sl ightly higher t riglyc eride and ch o l e st erol 

est er l evel s . N el son70 repo rt s simi lar phospho lipid and chol e st ero l  levels , but his 

results suggest the absence o f  chol est erol e sters and t riglyc erides from mammalian 

er;ythro cyt es . Il:.corporat ion of ra.dioac t i  vi ty into the lipids of the red c ell 

preparati ons i s  summari sed in Table 1 3 ,  and aut oradi ographs of TLG s eparat ions of the 

lipi d s  �r e sho·,vn ir, Figure 4 . Albumin , 'Nhi ch bincls almo st all the plasma fre e  fatty 

acids , ar-peared to have n o  effect on fat ty ac i d  uptake by the est erified l ipid s in 

these experiment s .  Although the gr eat e st proport ion of red cell radioactivity wa.s 

pre s ent as tmest erifi e:i fatty ac i d ,  comparat ively high G Olmt s ?.rere rec orded in the 

pr1ospholipids . A s i gn i fi c ant amount of rad.i o acti vi t ;y was assoc i '3..tei :�i th the tri-

glyc eride fr8.ct i on a.nd only low act ivit i e s were found in other frac t i on s .  The s e  

result s show relat i vely high spe c ific act ivit i es , and henc e high inc o rporat i on rat e s , 

for minor � 0mpon ent s such as t riglyc er i d e s . 

Hov:ever , 1-5 per c ent of the od ginal whit e c el l s  wer e ext racted al on g with the 

red -::: ell s ,  and ,  as showr; in T able 1 4 , tr_ese were respon sibl e for a signi fi cant 

proportion of the radi oa.cti vi ty in the red c ell extract s , Nhen allow<.Ulce was made 

for thi s c ont ribut ion from the whit e cells (Tables 1 5 and 1 6 ) , the incorporation of 

fatty ac ids into the phospho lipids of rel c el l s was reduce.:l but was st ill signi ficant . 

r;orrected values showed no signi fi cant incorpo rat i on into t riglycerides , and the 

amount o f  radi o3.ct i vi ty in other neut ral lip i ds ( excluding free fatty ac ids ) was so 

low as to be within the experimental error . ·.fuether there was uptake int o diglyc eride , 

or diglyc eride act ivity was an �rt ifact ar i sing from trailing free fatty ac i d s , 

c annot be resolved , as radioact ivity l evels were too low to show on autoradiogra.ph s .  

Cont ribut ions by whit e c e l l s  t o  indivi dual pho spholip id act ivities in red 
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c ell ext ract s are shown in Tabl e 1 7 . Most c omponent s contained low act ivi ty aJld 

·.7ere sub j ect t o  c onsiderable c orrect i on for whi t e  c e ll s ,  and acc ordingly the resu l t s  

are l i able t o  comparat ively l arge error s .  The mean ra.d.ioact ivity di nt ribut i on in 

the red. c el l  pbospholipids is given in Tab l e  1 8 ,  and thi s generally ag!·ee s '.7ith that 
1 0 2  

o f  Mul der and van Deenen , who al so found that most o f  the labelled fatty adds 

inc orporat ed into bovine erythrocytes were p.re s ent in the phospha.t idyl chol in e  and 

pho sphat idyl ethanolamine fract i on s .  

Approxi:>1ate times requ ires for renew::tl o f  all th e palmi t a.t e  in the erythro 0yte 

pho sphatidyl choline and phosphat i dyl ethanola.mine , (the only c omponent s showi ng 

s i gn i fi c a.nt uptake ) ,  by upt ake of the free ac i d  from plasma can be cal culat ed ,  

(Tabl e 1 9 ) .  Turnover of the s e  c omponent s was about 20 t imes slowe:- than for an 3.l a.gou s 

whi t e  c e l l  l ipids . Th i s  sugge st s that unde!:' physiologi cal c ondit ions , the bovine 

erythrocyt e c ould turn over the p almitat e in it s pho sphn.t i dyl choline several t imes 

during it s l i fe span ( 1 00 days ) .  In the same t ime , p3.lmitat e  in :pho sphat i dyl 

etha..rwlamine c ould turn over less  than on c e .  

Nith hit;her c onc entra.t ions o f  whit e �� el l s  in the inc:ubat ion sy .ot em , tbere .'/3.S a 

decrease in the amount of r::J.d i oact i vi ty inc o rpon.t ed into the erythrocyt e lipi d s  

(Tabl e 20 ) .  C ompen sat ion for thi s iecrease could. be effected by relat ing upt akes to 

the amount of radioact ivity added , aft er c orrect ing for the amount t aken u p  by ·.vhi t e  

c el l s .  The lo·rver relat ive inc orpo rat ion s  1•!i th h igher white cell c ount s c ould hav e 

ari s en from either (a )  a r educt ion in subst rat e specific activity due to exchange of 

inad ive whi t e  c el l  fatty ac i d s  for labell ed palmit at e ,  or ( b )  a reduct i on in 

sub strat e concentrat ion due t o  net fatty ac i d uptake by the whi t e  c el l s .  ·.'fuereas no 

gro s s  reduct ions in plasma free fatty ac ids were measu red , evidenc e was obtained for 

the exchange of white c e l l  and plasma fatty ac i ds , and ac cordingly the first alt ernat ive 

woul d  appear more likely . 

Aft er one incubat i on ,  the t ot al erythrocyte fatty acids were s eparat e d  by gas 

chromat ography and the radioact ive component s i so l at ed . The fatty ac ids p re s ent 
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were mainly oleic ( 40�) , palmitic ( 241v) , and st earic ( 20%) acids . Of the radio-

act i vity , 99'7� was st ill assoc iat ed with palmitic ac i d .  Hen c e  in agreement 1vith the 

lt f M ld , ,, D 1 02 . t resu s o u er ana. ' an eenen , on 1.nc orpora ion of lino l eic ac id into rabbit 

erythrocytes , no evidence for any ac t ive fatty ac i d  chain alt ering proc esses in the 

erythrocJ� e  could be demon strat ed . 

The aut oradi ograph s in Figures 4a and 4b also show the radioac t ivity di s-

t ri but ion in the pl asma lipids in 2 experiment s .  .<i.bout 1-4 per c ent of the plasma 

:'l.cti vity was pre s ent in the phospholipi ds , and this varied only s l ight ly with the 

numb er of whit e c ells incubat ed . Most o: the phospholipid ac t i vity was in each case 

associat ed with pho s�hat i dyl choline . Pl a sma alone is unabl e to incorporat e labelled 

f tt . d . t , , l . . d 1 02 
d 1 11 . . 

1 a y aC l' 1n o pno spno 1p1. , an a s  on y a sma 1ncrease 1.n labe l ed pl asma 

phospho lipid r:1as associat ed with a large increase in ·"hite c el l  nurubers ,  the abi lity 

t o  exchange int act phospholipid molec ules appears to be a property of both c el l  t ype s .  

Thi s  result support s previou s  evidenc e for exchan§;e o f  some red c ell and plasma 

1 . . d 
94 , 1 0 5-1 07 

. l.pl. 9 • 

The pre s ent study has shovm t hat the pr e sen ce of c omparat ively small numbers 

of l eukocyt es in erythrocyte preparat i on s C3.Il acc ount for a high proporti on of the 

observed in c orporat ion of plasma fatty ac i d s  into the c all lipids . An apparent ly high 

rat e of fat ty ac i d  inc orporat ion int o  red c ell triglyc erides can he int erpret ei 

ent i !'ely in t erms of c ontamination by only 2-5 per c ent of the whit e cells normally 

pre s ent in bloo d .  Such a result st resses t h e  advi sab ility of det ermining t h e  e.xtent 

of l eukocyt e pre s ence in red blood c el l  sampl es before int erpreting results of 

experiment s in t erms of red cell propert i es alon e .  A simi lar s ituat ion aro se in 

the eval uat i on of erythrocyt e 

c ont aminat i on was responsible 

synth e s i s  from :1cetat e ,  when it was shown that l eukocyt e 

1 •  ' d  th 
. 8 9- 92 

for the observed -kP� s�1 e s 1. s  • 
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Table 1 2 :  Lipid Composition of Bovine Er��hrocyt e s  

r -

L 
- � Per c ent 

-

of total 

- ---·,--------- - - ·  

I PL i 70 + 3 

Ch I 27 + 1 

CE 1 . 1  + 

weight ' 1 '"'  
1 0 

, 1 rng, V C 9 J.  S 
+ 4 . 4 - 0 . 2 
+ 3 . 1 - 0 . 2 
+ 1 . 20 0 . 07 

i 0 . 048 + 0 .03 
TG 1 • 0 + 0 0 7 I 0 .  044 :!:: 0 .  0 3 l 

'----?-FA_-'--___ 1
_

._2
_

.:_o_.
_
8 

_
__

_ 

....L_[ __ o_._o_5�3 .: o .  o 3 _ 

I 

mg/rnl packed c ells 
+ 

4 . 0 0 . 2  
+ 

2 . 8  0 . 2  

1 . 08 + 0 . 07 

0 . 043 + 0 .03 
0 . 040 

+ 
0 . 03 

+ 
o . o 4e o . o3 

Lipids were extract ed 1 and either separat ed by column chr-:>matogra.phy int o n e1.;.t ral ar.d 
phospholipids and the neutral lipids s eparat ed further by TLC in REA ( 70 :  30 : 1 ) ,  o:!' 

s eparat ed direct ly by TLC . 6 extract s ;vere sep�rated,  analysed , each in riuplicat e ,  
and result s quot ed are the mean s of the se ,  :!:: 1 star.dard :leviation . 

Table 1 3 :  Radi oact ivity D i st ribut ion amoYl e; the Lipids Extracted .Lrom Hed Blood '": ell 

Preparation s  aft er Incubation with LT-1 4£/Palr!:itic :wid 

dpm per 1 0 1 0 
red � ells  l ang� o: 

spec ific 
a<::: t iv it ie .  

\ B c D E F G H J {d.pm per c •1. 

TL 7 200 1700 5400 5000 5000 4800 1 1 600 / 900 7600 1 00-1 80 

:!'F \ 4500 41 00 3 "1 00 3800 3800 3400 8700 6 300 5900 )000-2000( 

PL 2 1 00 2700 1 500 900 950 1 1 50 920 930 '1 500 30-90 

TG 410 580 230 1 50 1 30 1 1 0  320 340 3 S· 1 40-1 500 

tjE 70 54 47 2 5  2 5  24 66 90 24 20-250 

Ch + DG 1 90 3 1 0  280 1 50 75 1 40 200 1 60 1 1 0 6-30 

:.rnr; extr:l.ct ed 
per 1g 1 0 RBC 1 . 33 1 . 2 0 . 55 O o 29 0 . 26 0 . 2 5 Not determin ed 
X 1 0-

For incu bat i on c oniit i on s , s ee p .  28 • - The spec i fic condition s  for each experiment 

?rere as follows : 
A : All but 5% ·::>f the nr�i t e  c ell s present in the orie;inal blood were sep:u-at ed prior 

to incubation .  

B Red c ells were incubat ed vri th 5 t imes the number of whit <::: cells normally present 

in blood . All but 1 5(,  of these c el l s were separat ed after in·::ubation. 

C-F : Whole t lood was in.:::ubat ed. 1 -3% of the white cells were extrac:ted. 
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c_',.-J :  11i t e  cells r.ere eep::o.r:!.t ed ·before in ::ubat i or , �i o c ell c ount s .<:ere ma.ie but 
1-5;:) cf tl1e orifin:kl �rl1i t e  c ell s r.'9l"'e pl'""Ob3.bly in.c:·ubat sd .:;.r: d  e;{tra.�.;-ted. 

:�ells .rere incubc .. t ed irr a '<RP mediwn � 

de3·ra0 cf 'Hhit 2  c ell c Gntamine.t ion .  Lip i d s  
( s:->l ed HK:� 70 : 30 : 1 ) ,  Uptakes are rel at ed 

'·18!'e se:pe.ra.t eJ. in d:: .. i.})lic at e by Tl:� 
- � .ci. -t o  a medium having a L1- ' ·;:_/pal!P.:'. :tc.te 

C' 
::.ct ivi ty of ·10 .J  J.pm/:nl , (pal . •  ita:t e  Syec ifis .;:.c� i. v i  ty S . C  x 1 05 (�p:u1;}1eq) at t?'"e Gtd of 

Abo�1t 2:·b of tl:.e total radioact ivity 'T::l.S rec overed. in t h e  c A l l  ; r "  ds - - - - .!:' -'· • 

Taol e 1 4 :  Radio::>.ct ivity in th•.:: Red. Cell Pr eparat ion Lipi:ls Att ri h t ?.bl e  t c  :::Cctra.c+. s  
f:::·om . it it. e <: ell s 

d.pm due t.c white c el l s  p 
.... 
V _) 

1 0  r 1 0  "" red - r c el l s  
F 

TL 

PL 
TG 

270 : 50 
880 + 1 0C  

+ 490 - 80 
+ 20 1 2  

'1 1 0  + 30 

290 
1 900 

+ 

+ 
40 
1 9C 

1 000 + 230 
32 + 27 

1 60 + 35 

1 000 ,.. 70 
1 60 :.: 2 5  

+ 440 40 
+ 250 - 30 
+ 1 7 5 

1 1 0  + 20 

450 + 30 
80 � 1 0  

240 + 30 
1 1 0 2: 20 

+ 4 3 
30 + 6 

390 + - ----+--30 370 - 26 
+ 76 - 'lO 

no + 20 
+ 1 30 - 50 

6 + 6 
25 + '! 4  

'1 80 + 20 
+ 1 1 5 - 20 
+ 

4 - 3 
20 + 8 

I 

--------------- _ ____ _ ____________________ __:. 

·.ralues are c alculat ed from the kno :m nutnt•er 0f \vh i te cells c ont a.min 3.t :i.ng red c el l  

pr ep'l.ration s , ::m d  th8 radioactivity U}!t fl..t{e by white c el l s  :rem a ;nedium ha ving a 

/-1 1 4n-/ 1 · t  t 
' ·  · t "" 1 n5 ' 1 1 • · d + 1 -'- d "' ' · + "  "- ' - � pa_m:. a e 2.C't lVl y O.L � ap.:rv m_ , an a are quo"t e - oh 3XJ. a.r,_._ ,:,8VHl. .. J.on . 

Res1J lt s given i�1 thi s  t able an d Table 1 3 are from the sc.me •::xperiment s .  

Table 15:  Radioactivity incorporat ed into Pt:t r e  Erythrocyte Lipids , afJs er Incubat i on 
- 1 4 -of th e C ells ,.,i th L1 - .Q/P.almi tat e  

, - --

-

------1 o1 0 
' ll dpm per rea ce s 

hL--1 FFA 
I PL 

TG 

CE 
DG + Ch 
Percentage of total 
activity due to WBG 

A 
5500 
4200 
1 200 
-80 

so 

80 

24 

B 
4200 
3800 
800 

-400 
20 

1 50 

45 

c 
4400 
2900 
1 1 00 

-20 
30 

1 70 

1 9 

D ----- --
4500 
3700 

6 50 
40 
20 

1 20 

9 

E F 
4600 _____ 4400 -
3700 3400 
800 950 

20 
50 

8 

20 
1 20 

8 

Values are c alculated frol!l the data in Tables 1 3  3.Ild 1 4 o  
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Tab l e  1 6 :  Radioact ivity Di st ribut i on in Pure Erythl'ocyt e Lipids dt er Incu oat i on 
- 1 4 -

of the Cells l'lith !.�- ]./Pa.l mit J.t e  

Per c ent of tot al Per c ent of esterifi ed 
l i p i d  ndio- l ipi d  r�di o �ct ivity 

ac.+ . v l ;.. 

'1'1 

.B'Jt'A + 78 - 5 
+ 91 + 

5 PL 20 - 4 -

TG + 
0 . 5 

+ 2 -

CE + 
0 . 5  - 0 . 5  

+ 
2 - 2 

GH+DG 2 . 5 
+ 1 • 1 1 1  + 

5 - -

-------·----- --

dpm/1 0 1 0 cells 3pe c i .:Zi c 
dpm/mg 

+ 
1 000 

+ 
4700 - 30 -

+ 
3o00 - 200 

+ 
4 3000 -

+ 1 80 300 
+ 

900 - -
+ 

20 
+ 

20 - 20 
+ 

300 -

1 20 + 
50 1 00 + - -

.1C t i" i ty 

1 00 

1 5000 

70 

300 

60 

Values :1re the meB.T'.s of the r e sult s frum the 6 studi es giv en in Table 1 5 . 'rh ey are 
- "1 .:1 - . . ) 

r el 1t ei to an ext ernal [� - 1fpahntat e  c onc ent rat 1. on of 1 0  dpw/ml , and are ex-

pressei .! 1 standard devid.t i on .  
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'l'able 1 7 :  
- 1 4 -

Distribut ion of L1 - ..2,/P:�.lmi t i c  Ac i d  in the Phospholipids ext ract ed 

from Hed r� el l  Preparat i on s ,  with Correctiond for .Vbit e Cell C ontribu1; ion s . 

Percent age 
di st ribut ion 

Incu bat ion <t PL 

PE 
I PS 

PC I 
I 3P I LPC 1 

+ others ! 
Incubat ion D PL I PZ 

P3 
PG 
SP 
LR'! 

+ others 

Incubat ion E PL 

1 2  + 7 

8 + 5 

67 . + 3 

1 0  + 6 

3 :!: 3 

1 1  + b 
8 + 4 

. 
+ o 5  - 4 

4 + 3 

1 1  + 6 

PE I 22 :!: 1 0  

P 3  
PC 

�PE 

SP 
LPC 

+ others 

8 + 5 
7 + 4 

52 :!: 5 

1 5  + 6 

1 8  + 7 

T ot al d-pm/ 
1 01 orllic 

2 1 00 

2 50 

1 70 

1 400 

2 1 0  

60 

900 

1 00 

70 

580 

36 

1 00 

950 

2 1 0  

2 1 0  _l 

.iBC 
c ontri but ion 

900 

30 

oO 
500 

1 80 

1 1 0 

250 

1 0 

1 0  

1 30 

50 

40 

1 50 

1 0 

1 0  

90 

40 

20 

200 

1 0  

20 

1 00 

40 

20 

Phospholipids were sef ·arat ed by TLC >lith Cl, 7l 6 5 : 25 : 8 : 4  as solvent . 

nBC dpm/ 
1 01 oRBc 

1 200 

220 + 1 50 

1 1 0 :!: 1 00 

900 + 1 50 I I 
+ 

30 50 

- :!: 60 

6 50 

90 + 50 

60 
+ 

30 

+ 60 4 50 
+ 

40 

60 + 60 

800 

200 :!: 1 00 

40 :!: 40 
3)0 ! DO 

1 1 0 :!: bO 

950 

80 
+ 

50 

60 + 30 

500 + 50 

1 30 :!: 50 

1 90 :!: 70 
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Table 1 8 :  Di stribut ion of [i-1 4.£7Pa.lmitic .\.cid Incorporated. int o Bovine Red Cell 

Phospholipids 

r- - - - -- -
Per c ent of Phosphorus Per cent of acti vity 

PE 23 + 2 + - 22 - 1 2 
PS 1 5  

+ 
2 6 + - - 4 

PG 4 
+ 

1 60 + - - Q 
3P 57 

+ 3 6 + 6 - -
LPG others 1 + 

1 '7 + + - I - 7 

Valu es 3.re the means of the result s of the 4 i:ncubation s given in Table 1 7 , aild are 
quoted 2: 1 st 9.11d.ard deviat ion . 
Phosphorus di stribution values are the means of 8 analyses , perforoed during the 

c ou rs e of the study . 

Table 1 9 :  Est imation of Rates of Turnover of Pal.ni tat e in :Bovine E rythrc c;yt e  Lipid. 

Component s .  

I Corn!)onent 

I 

Activity taken up j Palmit at e taken I l!,atty add. 
in 5 hr c ount s/ 'j up i n  1 hr in comuon-
min/101 0 ROC peq/101 0  RES fnt p.eQl 

Palmi t at e  �n
- , Approximate 

c omponent . renewal 
peq/1 010 RBG* / t ime ( day� ! 

L --J 
I ---;;-- I I PE I ' I 

I 1 01 0 RBr. 
----------t---------,,--- - - - -- -

I -4 550 1 . 4 X 1 0  0 . 3  
-4 200 0 . 5  X 1 0  1 . 8 

-----'---
64 *S'atty ar:id di stributions taken from de Gier and V<-J.n Deenen • 

0 . 1  

0 . 2  

30 

1 70 

<:; 
Specific activity of the palmit a l; e  in th8 medi um was approximat ely 8 . 0 x 10-'  dpm/)leq . 

Table 20 : Effect of Increasing Whit e C e l l  Concentration in the Inr;ubat.ion 3ystem on 
- 1 4 -

Uptake of L1 - £/Palmitat e into Red r:ell Phos:phol ipids 

Incubat ion 

B 1) c A E 

.mr; inr:ubat ed per 1 04 RBC 1 4 1 70 320 260 1 500 
Per c ent total act ivity 9 1 5  1 7 63 
incorporated into 'NBC 

1 0 RBC PL dpm/1 0 cells ,  
( i )  related t o  total 1 200 750 650 550 280 

activity in system 
-

( i i )  relat ed to t ot al l e ss 1 200 800 800 6 50 800 
that taken up by WBC 

For descriptions of the conditions for each incubation,  s e e  footnot e to  Table 1 3 o 



THE LIP1DS OF BOVINE ERYTHROGY'r:ES ,  3EPJ\..ll.i\.'l'ED ��CCORDING TO 

1\.GE BY SE1U A1 os.mTIC HB!.IOLYSI S 

No rol e fo� the small quantit i e s of chol est erol esters and t riglyc eri des , 

apparent ly pre s ent in m3.lllnnlian erythrocyt es , has been establ i sh ed .  I n  t:1e previou s 

chapter it was not po 8 s ibl9 t o  shmv any sitrnific a...rJ.t fatty ac i d  uptake into the s e 

co!!lponent s ,  so it i s  unli':<elJr that they are int ernediat es in the metab o l i scn of other 

l i pids . -�other hypothe si s is that t r i glyc er i ie s  8r chol esterol 8 st ers are present 

in the c el l  as a swall out import ant energy reserve , and that breakdo·.vn of one of 

these compon ent s c ou l d  b e  c oupled with production of energy n ec e s sary for maintaining 

c ell membrane functions .  The requirement s o f  such a hypothe s i s  woul d  b e  that 

c el lulo.r c oncent rat ion s of the reserve component s should dec rease wi th c el l  a5e .  

rr .,m st udi e s on variat ion in lipid c ontent :ri t h  age o f  erythrocyt es s eparat ed 

' , t . f t .  200 
d 1 t .... . f t .  201 h b + d b + oy norma.L c en r1 uga J.on an l.L rac en u rl uga 10n ave e en repor - e  , U u  n<' 

analyses of minor n eu t ral li-pids have been mad e .  Th e prese•1-: stu dy ·s2.s therefore 

undert 9.ken ·,vi t.h the prim::�.ry int en-'; i on of ex 3.lllining var i 3.t j  on in t r iglyc eride and. 

cho l e s t erol est�r level s in er;ythrocyt e 3  of dif feren t  age s .  

Th e Sxt ent of Age �epa�at i on by Serial Osmot ic 
H eu10lys i s  

Correlat i on between osmotic fragilit y and erytl�rocyt e age has been ·� learly 

demon st rat ed2 5 ,  1 78 , 1 7 9 ,  9.nd. it is a c ommon hema.tologic al proc edure in the diagno s i s  

of anemias to u s e  o smotic fr3.gil ity curves a s  indi cators of abnorm�l red c �ll age 

distribut ion256 • The normal procedu r e  for meas�ring osmot ic fragi lity invo l ve s  the 

additi on of c el l s  to a range of hypot onic salt solutions and measurement of the 

relative proport ions of intact to lysed c el l s  in each solution.  This proc edure 

effectiv ely shows fra�i l ity differences , but do es not actual ly separat e the different 

populat i on s  o f  cells .  

Simon and Topper1 81 have modified the proc edur e t o  allow c ell separ�t ion by 

ser ial o smot ic hemoly si s . Cell s ly sed by the least hypot oni c  solution are 
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separated , the remaining c e l l s  subj ected t o  the next dilut e solut ion , and the proce s s  

i s  continued unt i l  all the c el l s  are lyse d .  In a study o f  the di stribut i on of 
59 Fe-labelled human red c e l l s  of pa�t icular ages b etween the variou s  fract i ons , 

,., .  d m 
1 8 1  

::>lmon an .:. opper were abl e  to demon strat e locali sat i on o f  different aged c ells 

(Figure 5 ) , the mean age of each fract i on increasing with increased fragility. .Sinc e 

59 any Fe released from broken do;m c el l s  i s  synthesi sed int o ne.ll' c ell s , distribut ions 
"'9 of ./ Fe general ly underest imat e the ext ent of local i s at ion of cells of different 

ages 1 93 •  Hen c e  the age s eparat ion achi eved by seria.l o smot ic hemolysi s should b e  

great er than that suggest ed by Figure 5 . 

Thi s  separat i on appears t o  be comparable to that obt ained by ultrac ent rifugcd ion 

and ar: improveillent on normal c entrifugat i on .  Non e  of these proc edu res i s  as efficient 

as ultracentrifugation over disc )ntinuous albumin den sity gradient s ,  but the pr·esent 

investigat i on was undertaken before publicat i on of th e method of Piomelli et a1
1 93 

o 

3erial os1noti c  hemolys i s  shot;_ld effect ively separat e very young c el l s , and yi eld 

other fractions enriched Nith �ells of different ages . futaly s i s  of hemolyset es 

shou ld c learly dernon st r::J.te any differen r:.:es _ .n very young c e ll s ,  'ind any marked 

VG.riat ion s  in c on s t itut ion of mature erythrocyt e s .  

Variat i on in C ellular Li�ds wi�h.__ Osmoti c  Fragi lity 

Studies on t wo r:ows were performeJ . The result s in Table 21  sho w ,  for each 

animal , no signific an t  difference in the amount of t otal lipid extrac t ed from each 

fraction .  1\ny variat i ons are within the experimental error , which in some cases 

was relatively lart:e because of difficulti e s  encow1t erec.l with hemoglobin est ination s o  

The n eutral an i  pho spholipid di stribut ions , also given in ��able 21 , were con stant 

th roughout all fractions , 

TLC separat ions are reproduced in Figure 6 ,  and quantitative est imat i ons of 

individu.al neutral lipids IJ.re giver.. in Table 22 . No obvious trends in chol e st erol 

e st er (G�) , t riglyc eride (TG) , or free fatty ac i d  (FFA) c ont ent is obvi ous from th e 

thin-layer plat e s , although these s-oot s are faint and there i s  some random 



intensity variat i on .  The 1uant itat i v e  an alyses , apart from some indivi iu 3.l 

v:;.riat i on s , al so sugge st c on st ant l evels throucs-hout J.ll frac t i on s . The error 

est imat e s  conside:r.· variat ion bet·.veen dupli c at e  analys e s , and do not include 

ext raction an i separ'=l.t ion pro(; edures . Pr event ion of C!ol:ta.mination an :i  att ':l.inment of 

hieh ac �'Jra�y was very difficult because each component -m3.s pre s ent at 3. very lo· . .,. 

level , ar i dichromat e analysi s i s  relat ively non- spec ifi c . Hm·1ever , with a fe·.? 

ex� eption s , si:nil ar TG ar..d Cl!: l ev e l s  ·rrere obtained for each fraet ion , ani th ert:: ·.rer·e 

no vari 1tion s  �1hich C' ould be at tributable  to c.ell aging . 

The relative :1movnt s of the :na j o r  pho spholipids (Tabl e 23 ) , ar:cl the TLC 

pho spholi:!::li d s ep ;.rat i on s  {::?ig;ur e  7 ) , do not sl:ow :my differer� c e s  between frast i on s , 

in exc e s s  of tho se c overed h.;y the exp eri:ne:.Jtal error . The great er variat i on i!l FS 

levels :r3.s probably c an sel by some oY- i dat ive destru c t i on du rin g  evaporation of the 

.he:1�oJ.ysw.t es , (when it ·vas neces sary to mai:d ::lin ext ract s at t em:per::;.tJ;.r·c� s U:f: to 65°) . 

v:1.r i:..:.t i ::m be� .�·e-=n different :10-2 fr2.c t i ons (T ·.1.ble  24) . '! .:1.d ..!.t ion s  i::-: mo::;t ac i d. s  :.-e.::· e  

sm3.1 1 , ci.fc:i not sie-nificant . Howe'rer a p . lr1Hat 8 : oleat G  rat i o  of 1 : 1  in the 

�'ouneest c e ll fract ion, c c:rpa.r ed with :J. r::1t i o  of d.lr!!c st 1 : 2 2.n t�P. �the:cs)  cm, ld be 

sicr�i fL:ar. t ,  :�r�d c c.·uld pos 3 ibly a.ci se from di ffe:r.en-� e s  t et ·N·2E'D b::n:e na rrow :?..r vl rl :::..sTrt:::. 

r:; 9 6t. 
p :1+,tern s r e s embl e  othr�rs o-bt 'lin e l  fo r normal popvl"l.t i on '3 of h0vin e red •; el l s -' - ' 1 •  

3mal l  aut oxid.J. �;iv-= chances were probably r espon siole for variatio:r in le'lel of 

linol ei c :1c i d ,  The l o·:rer 24 : 0  l ev e l  a rv� hisher l evels of :::-20 ar� i ds i n  the 0 . 42 per 

c ent N aCl hemolys1.t e  1.''!82.'8 probab ly art ifaG t s .  Other studi e s  on human 3Jl d  rat reJ. 

c ell s ,  sep:::.rated by 1- lt rg,c ent rif1 ' B'at i on , l1 a.ve sugt:ested small differen c es bet .qeen 

]: • :1. t 1 1 201 ' 203 
Jroung and 0 l .:i  c el l s  in lin o l eat e ::md ara:: n· on ''· e eve s • 

':iest erman et a1200 h 9.v e  r eport ed c el lul::.r t otal lipid di fferen .-.: e s  of 0 .  7 mg , 

and van G :l.S t el et al 
�01 

differ enc es of 1 .  3 mg b etween top and bottom fracti ons of 

ul t rac en t r i f·J.ced human erythroc�yt e s .  The di fferenc e bet-;veen mi ddle and bottom 
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cholesterol and the origin are degradation products of cholest erol , and correspond 
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FIGURE 6 :  TLC SEPARATIONS OF NEUTRAL LIPIDS YrlOM BOVINE ERYTHROCYTES SEPARATED 
BY SERIAL om�OTI� HEMOLYSIS 
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Plates• were sprayed with 20% sulphuric acid and charred . Pigment contamination of 
some samples arose from hemoglobin breakdown prior to  extraction. 

FIGURE 7 :  TLC SEPARATIONS OF PHOSPHOLIPIDS FROM BOVINE ERYTHROCYTES SEPARATED 
BY SERIAL OSMOTIC HEMOLYSIS 



Table 21 : Lipid Content of Bovine Erythrocyt e  Fractions Separated by Serial Osmotic 

Hemolysis 

Hemolysing · Per cent No . cells TL. extracted TL per 10 1 0  
Per c ent 

NaCl con- in super- in super- mg cells NL 
cent ration natant natant 
( per cent ) x 1 o-1 o . 

Q) Cow A bO a:l 
r-i //'. 0 . 51 8 :!: 1 33 1 20 + 6 + 31  + 
r-i - 3 . 7 - 0 . 3  - 2 
Q) + + + + () 0 . 48 22 - 1 90 360 - 1 8  3 . 9  - 0 . 2  3 1  - 2 
bO - + 285 :!: 1 5  + 2 9  :!: 2 l=l 0 . 45 1 7  - 1 70 4 . 1 - 0 . 2  

·rl • 
IQ 0 . 42 20 :!: 1 31 5  :!: 1 5  + 32 :!: 2 ctJ 82 3 . 8  - 0 . 2  Q) M 0 . 39 9 :!: 1 37 1 58 + 8 + 28 + 2 () - 4 . 3  - 0 . 3  -

,;:: 
24 � + + + ·rl 0 1 98 370 - 1 8  3 . 8  - 0 . 2  30 - 2 

Cow B 
Q) bO 0 . 48 7 + 1 8 . 3  + + 30 :'.: 2 ctJ I - 38 . 5  - 3 4 . 6  - 0 . 4  

r-i 0 . 45 1 2  + 1 1 4 + 3 + 31 + 2 r-i - :t9. 2  - 4. 3 - 0 . 3  -

Q) 
7 :!: 1 44 � 

+ + () 0 . 42 8 . 2  4 5 - 4  - 0 . 5  3 1  - 2 
bO 0 . 39 30 :!: 1 35 - 5 1 58 :!: 8 + 29 :!: 2 l=l 4 . 4  - 0 . 2  

·rl 
IQ 0 . 36 20 + 1 23 . 5  8 9  :!: 4. 3 . 8  + 2 9  :!: 2 rn - - 0 . 2  
Q) 

21 : 1 1 02 :!: + + M 0 . 33 24 . 5  5 4 . 1 3 1  2 () - 0 . 2  -
l=l 

2 . 6  : 0 . 3  1 5  :!: + + 
·rl 0 3 . 1  1 4 . 8  - 0 . 4  30 - 2 

1 2  
Volume of packed c ells  fractionated: Cow A 

Cow B 

325 ml (4 . 10 x 1 0  cells)  

1 00 ml { 1 . 20 x 1 01 2  
c el l s )  

Per c ent 
PL 

69  � 2 
6 9  :!: 2 
7 1  � 2 
68 :!: 2 
72 + 2 -

+ 70 - 2 

70 � 2 
69  :!: 2 
69  � 2 
7 1  :!: 2 
7 1  :!: 2 
6 9  � 2 
70 : 2 

Neutral and phospholipids were separated on silicic acid columns with 95 - 105  per 

cent recoveries.  Errors in c ell fractionation and l ipid analysis have been 

est imated . Abbreviations are tabulated in Appendix 2 ,  
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Table 22 : N eutral Lipids in Bovine Erthrocyt es Separat ed by Serial Osmotic Hemolysis 

Hemolysing NaCl - Per c ent of Total N_euizal Lipid 
concentration Ch . FFA TG CE 

( per cent ) 

<ll ' Cow A bO ('() 0 . 51 80 
+ 

3 8 + 
2 + + - - 5. 3 - 0 . 2  6 . 8  - 0 . 2  ,...; 

,...; 0 . 48 77 
+ 

3 
+ + 

6 . 0  .: 2 <ll - 1 1 . 5 - 1 5. 8 - 0 . 5  0 + + + 0 . 45 86 1 + 
bO - 5 - 5 - 0 . 2  4. 3 - 0 . 2  5 . 2  - 0 . 2  
t: + 1 1  .: 1 + + •rl 0 . 42 80 - 2 4. 5 - 0 . 2  4 . 1  - 0 . 5  m ('() 

0 . 39 85 .! 1 6 . 8  .: 0 . 2  + + <ll 4. 4 - 0 . 2  4 . 1 - 0 . 5  14 0 0 86 .! 2 + + + t: 4 . 0  - 0 . 5  5 . 0  - 0 . 5  5 .0  - 0 . 2  
•rl 

Cow B 
<ll 

0 . 48 80 .! 1 bO eO 
+ 

7 . 7 - 0 . 5  + 
6 . 0  - 0 . 2  6 . 5 .: 0 . 5  

0 . 45 91 .! 2 + 
2 . 7  

+ + 
,...; 3 . 8  - 0 . 5  - 0 . 2  2 . 5  - 1 
,...; 

85 .! 2 4 . 6  .: 0 . 2  + <ll 0 . 42 6 . 5 .: 0 . 5 0 3 . 8  - 0 . 5  
bO 0 . 39 93 .! 1 + + + 
Q 3 . 0  - 0 . 5 1 . 9 - 0 . 2  1 .  7 - 0 . 2  

·rl 
0 . 36 92 .! 1 + + + (/) 4 . 8 - 0 . 5 1 . 7 - 0 . 2  1 . 7 - 0 . 2  Ql <ll 
0 . 33 91 .! 2 

+ 
2 . 6  

+ + 14 3 . 7 - 0 . 2  - 0 . 5  2 . 9  - 0 . 5  0 t: 0 7 5  .! 1 + + + ·rl 7 . 8 - 0 . 2  5 . 2  - 0. 2 1 1 . 8 - 0 . 5  

Each sample was separat ed by TLC with HEA 70 : 30 : 1  as solvent , and duplicat e  

dichromate analyses performed on each eluted band.  Errors quoted are a measure of 

the variat ion between duplicate analyses . 

T.abl e  23 : Maj or .P,hospholipids in Bovine Erythrocytes Separat ed by Serial Osmotic 

Hemolysis (Cow B) . 

Hemolysing NaCl Per c ent of Recovered Phosphorus 
concentration SP PE PS PC 

(per cent ) 

0 . 48 54 .: 3 26 + 
3 1 5  .! 3 5 .! 2 -

0 . 45 ,62  .: 3 1 8  
+ 

2 1 7 .: 3 4 .: 1 -

0 . 42 54 .: 3 
+ 

29 - -3 1 4  . .! 2 3 ! 1 

55 .! 3 22 .! 1 1 9 .! 3 
+ 

0 . 39 3 . 5  - 0 . 5 

0 . 36 58 .: 3 22 .: 1 1 6  .! 2 4 ! 1 

0 . 33 57 ! 3 23 .! 1 1 4  .! 2 5 ! 2 -

0 60 .: 2 24 .: 1 1 3 .! 1 + 2 - 0 . 5  

Each sample was separat ed in duplicat e  by TLC in CMN .  Bands were elut ed and analysed. 

Est imates of errors inc lude both separat ion and analysis . 



Table 24 : Comparison of the Major Fatty Acids Present in the Phospholipids of �i.ffe.Fen 
Populations of Bovine Erythrocytes .  (Cow BJ 

Fatty acid 
designation 

0 . 48% 

1 6 : 0 1 4  

1 6 : 1  2 . 2  

1 7 :0  1 . 5  

1 8 : 0  1 3 

1 8 : 1  27 

1 8 : 2  7 . 8 

1 8 :  3&20 : 0  1 . 7 

20 : 1* -

21 : 0* 1 . 5  

2 2 : 0  4 . 9 

23 :0* ./ 

24 :0  + 20 . 4  21 

24: 1 *  3 . 4  

*tentative designation 
�present but not measurabl e  

0 . 45% 

1 5 

1 . 6 

1 .0 

1 4 

26 

3 . 3 

1 . 0 

o . 5 
-

4 . 9  

2 . 0 

26 

3 . 9  

Fatty Acid Components (per c ent by weight ) 

Hemolysing NaCl concentration 
0 . 42% 0 . 3�,.b 0 . 36% 0 . 33% O% 

1 4  1 5 1 5 1 5 1 8  

1 .  6 1 . 1 1 . 7  2 . 5 2 . 5  

1 . 3  0 . 7  1 .  1 1 . 3 1 . 8 

1 3 1 4  1 4  1 5 1 6 . 5 

24 27 26 26 1 8  

8 .0 2 . 7  ./ 2 . 0  2 . 5 

4 . 7  0 . 5  0 . 3  ..; 0 . 9  

4 . 4  ./ 0 . 3  - -

2 . 3  1 . 4 1 • 1 1 . 3 1 .0 

6 . 5  5 . 5 5 . 4  5 . 2  5 . 4 

- 1 . 4  2 . 1  2 . 8  5 . 0  

1 5 23 26 24 23 

3 . 0  5 . 8  5 . 2  4 . 0  3 . 6  

Other minor components each amounted t o  less than 1 %  of the total . The reproducibilit� 
of estimates from duplicate  chrom�tographic separations was approximately � 5% .  



PROPERTIES OF THE LIPIDS FROM RED . CELL POPULATIONS,  FRA.CTIONATED 
ACCORDING TO AGE BY DISCONTINUOUS ALBUMIN GRADIENT ULTRACENTRIFUGATION 

Variations in lipid metabolism with red cel l  age have been examined, in order 

to investigate the possibility of a relationship between membrane function and cell 

age . Variations in lipid level and composition have �lso been studied . Investigations 

f th 1 . 
200 201 o e lpid constitution of cells of different ages have been reported ' , but 

the improved age separation IThich could be achieved in the present study should allow 

more accurate  assessment of the observed variations . 

Cells were separated according to  age by ultracentrifugation over a dis-

continuous albumin density gradient , ( a  slight modifi8ation of the method of Piomelli 

et al1 93 , see p . 4 0  ) .  'I'h d f t ·  h. d d b  e egree o separa lOn ac leve was assesse y fractionating 

rat red cells at interval s  after administration of reticulocytes labelled with 

[2-1 4.Q./glycine.  

Uptakes of L1-1 4Q/linoleate and LT-1 4Q7palmitate into ghosts from fractionated 

cells were studied. Ghosts  were incubated in plasma/Krebs-Ringer-phosphate solution ,  

in the presence o f  ATP and CoA. Linoleate uptake into intact , fractionated c ells , 

from a similar medium , l�cking ATP and CoA, was also measured. The purpose of the 

comparison was to examine whether variat ions in levels of these c ofactors with age 

could cause variation in the rate of fatty acid uptake . 

Initial studies were performed on rat red cell s ,  but in view of the problems 

which arose when dealing with rat blood (p . 29 ) ,  it was decided to centre the 

experimental work on human red cell population s .  With human cell s ,  no problems arose 

from hemoglobin precipitation , or cell lysis and deoxygenation in the presence of 

albumin . In addition , sufficient blood for each study c ould be obtained from one 

human donor. 

The problem of misinterpreting results ,  because of white c el l  contamination, 

made it necessary to measure uptakes of palmitate and linoleate by white cells . 

Corrections , (which were generally small ) ,  c ould then be applied to  incorporations 

into red cell preparations . 



As a basis for comparison of fatty acid uptake into different aged fractions , 

normal populations of erythrocyte ghost s were also incubated with both labelled acids o 

Variation in �of P2£ul��ions of _�at Red�ells S�arated ��bumin Gradient 
Ultrac entrifugation 

. - 1 4  -Reticulocytes labelled with L2- Q/glyc ine were administ ered to a rat . Red 

cell samples were withdrawn at interval s ,  fractionated by centrifugation over 

di scontinuous albumin gradient s ,  and the radioactivity in each fraction analysed 

{Table 25 and Figure 8 ) . The radioactivity was initially concentrated in the 

lightest red cell fraction ,  but gradually became concentrated in fractions of in-

c reasing density as the cells aged . Although relatively sharp fractionation of radio-

activity was achieved for the samples taken 0 ,  39 and 55 days after administration, 

fractions of the day 5 sample , and more particularly the day 22 sample, were not as 

well-defined . This was probably a result of o smotic variation. During this study� 

the separati on technique was stil l  being developed , and it was subsequently found that 

the albumin solutions used for the day 5 and day 22 separation s  had osmolalities of 

3 1 0  and 325 mOsm respectively . Hence some cell shrinkage occurred during these 

separations , and since density changes caused by cell shrinkage are probably not 

related to age257 , the true distribution s  acc ording to age were partly obscured . 

However the distribution patterns seen in the other sam�les show that rat red c ells 

are efficiently separated into fraction s  of different mean age by ultracentrifuging 

over a discontinuous albumin gradient . 

Each b lood sample taken ( 1 -2 ·ml ) removed a significant amount of the t otal 

blood of the rat ( 20-2 5  ml ) .  This would have stimulated the production of young , 

unlabelled c ells , and hence caused a bias towards the l ighter fractions in the red 

cell distributions in the density gradie�t s .  However the cells were removed every -

1 5  days , and the cell life span i s  60 days , so the changes in distribution should have 

been slight . 

The results obtained by Piomelli et a11 93 for rabbit erythrocyte fractionat i on 



using this procedure are shown �n Figure 9 . The rat cell fractionation� apart from 

those affected by osmolality variat ion ,  are comparable to these.  Piomelli et al1 93 

have propo sed a model which fit s their result s ,  and from this model they have 

calculated the mean ages of the cells in the different fractions . The model for 

rabbit cells ,  ( lifespan 60-70 days ) , c onsidered 7 cell age groups distributed in 

1 0  hypothetical layers , 40 per cent of the cells in each group concentrated in 2 

consecutive layers ,  and the rest distributed normally on either side. The model also 

took into account random destruction of  the cel l s , i � e .  that there are normally more 

younger cells in circulation than older ones . Table 26 gives the mean ages of 5 

equal fract ions of rabbit erythrocytes calculated by Piomelli .et al1 93 from this 

model , and al so calcuL1.ted frorri their· experimental results.  Approximations of the 

mean ages of simi lar fractions of rat erythrocytes calculated from the result s of the 

present study , (as suming the same degree of random destruction of rat and rabbit 

cells ) ,  and are given in Table 26 . The l att er are approximat e ,  as di stribut ions of 

cells of only a few ages were measured . _They also underest imate the separat ion of  

different age s ,  since data from separat ion s in  hypertonic media have been included in  

the calculati on s .  Both the model and experimental data give very good separation of 

mean cell age for the rabbit . Considering the approximation s  and data available for 

calculation , the separation achieved for rat cells  is probably equally good . 

It i s  likely that human cell s would be separat ed to a similar degree o Aft er 

c entrifugati on of human , rat or rabbit red c ells , there is an excess of young cel l s  

at the top , and old c ells at the bottom , · o f  the c ell column . The albumin gradient 

t echnique would be expected to improve this age separation for human c ell s ,  as it 

does for rabbit or rat cells .  On this assumption ,  the range of  mean ages of  5 equal 

human red cell fraction s  have been c al culat ed (Table 26 ) .  

With the achievement of  such a variation , it should be possible to detect any 

variability o f  c ell  properties with age. Likewise  any parameter which shows little 

or no variation between fractions would be unlikely to vary with cell age. On this 
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surmise, the lipid composition of , and fatty acid uptake by , different density 

fractions of red cells have been examined. 

Table 25 :  Distribution of Radioactivity Among Rat Blood Cells of Different Density, 
at Intervals After L2-

14Q/glycine Labelled Reticulocyte Administration 

Days after Density Per cent Relative Total Protein Total Protein 
Adminis- of cells Hemoglobin Radio- Radio- activ.i.ty activity 
tration content activity* activity* Per unit Hb 

0 1.075 7 0.75 28500 18800 38000 25000 1. 0805 15 1.75 27000 9700 15400 5540 1. 083 38 4.40 46500 14700 10600 3340 
1. 085 23 2. 65 20500 5050 7800 1900 
1. 0865 17 2.00 8800 2080 4400 1040 1. 110 Total cells .11400 3000 

5 1.075 12 1. 65 8300 8200 5100 5000 
1. 0845 16 2. 35 15600 15500 6600 6550 
1.086 39 5 - 50 17800 17500 3200 3150 
1. 088 7 1.05 2500 2180 2450 2150 
1. 0895 26 3.65 .. 3650 3600 1000 950 
1 • 110 Total cells 3050 2650 

' 

22 1.075 7 0 .-35 230 650 
1.091 28 1.43 2000 1400 
1.0965 16 0. 84 1800 2150 
1.0985 49 2. 50 5000 2000 
1. 110 Total cells 1750 1650 

39 1. 075 14 0. 63 210 340 
1. 081 39 1. 82 620 340 
1. 083 19 0.87 730 830 
1.085 18 0.84 950 1140 
1 . 087 10 0.46 750 1650 
1. 108 Total cells 910 

55 1.075 3 0.40 125 310 
1. 081 26 3 - 35 420 120 
1. 083 29 3. 80 700 180 
1.085 26 3. 25 870 270 
1. 087 15 2.00 1360 680 
1. 108 Total cells I 410 

-

*After day 5 ,  total and protein radioactivities were identical. 
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Table 26 : Comparison of the Mean Ages of Fractions  of Rabbit , Rat , and Human Red 

Cells ,  Separated by Density Gradient Centrifugation 

Cummulative per c ent 
of c ells from top of 

density gradi ent 

0 - 20 

20 - 40 

40 - 60 

60 - 80 

80 - 1 00 

Rabbit1 93 

Lifespan_ 60-70 days 
From model From experiment 

9 7 
1 8 . 5 20 

26 3�Y-

39  35 

51 0 5 50 

Mean Age ( days ) 

Rat 
Lifespan 60 days 

From experiment 

1 4  

20 

26 

30 

38 

Human 
Life span 
1 20 days 
Interpolate 
from rabbit 

data 

1 5  

40 

60 

7 5  

1 00 
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Table 27 : A Summary of the Basic Conditions for E ach Study 

WRS Sex M Whole population of red cell ghost s incubated with linoleate 
ghost s : plasma: KRP 1 : 0 . 87 : 2  {v/v/v) 

plasma fatty acid activity : 1 . 20 x 1 06 dpm/ml 
RBC incubated : 5 . 0  x 1 01 0  
WBC per 1 01 0  RBC : 6 x 1 05 
radioactivity recovered in ghosts :  4 . 4% 
t otal recovery : 95% 

CD Sex F Whole population of red cell  gho$t S incubated with linoleat e 
ghost s : plasma: KRP 1 : 1 : 2 {v/v/v) 

plasma fatty acid activity : , 1 . 46 x 1 06 dpm/ml 
RBC incubated : 3 . 25 x 1 o1 0  
\VBC per 1 01 0  RBC : 1 . 5 x 1 05 
radioactivity recovered in ghost s :  6 . 4% 
t otal recovery : 91 % 

WRS Sex M Whole population of red cell ghost s incubated with palmitate 
ghost s : plasma : KRP 1 : 0 . 87 : 2  (v/v/v) 

plasma fatty acid activity 1 . 64 x 1 06 dpm/ml 
RBC incubated:  5 . 25 x 1 01 0  
WBC per 1 01 0  RBC : 6 x 1 05 
radioactivity recovered in ghost s :  4 . t% 
t otal recovery: 94% 

WRS Sex M White cells incubated with linoleat e + CoA/ATP 
cells : plasma : KRP 0 . 2 : 1 . 1 : 1 . 4 (v/v/v ) 

plasma fatty acid activity:  0 . 72 x 1 06 dpm/ml 
·WEe incubated : 49 x 1 06 
RBC incubated:  0 . 1 8  x 1 o1 0  
radioactivity recovered in c ells : 1 9%  
t otal recovery: 94% 

EJC Sex F White cells incubated with palmitate ,  ATP and CoA 
cells : plasma : KRP 0 . 2 : 1 : 5 (v/v/v) 

p lasma fatty acid activity : 2 . 1 0 x 1 06
6 

dpm/ml 
WBC incubated:  1 2 . 6  x 1 0  
RBC incubated:  0 .16 x 1 01 0  
radioactivity recovered in c ells : 4 . 2% 
t ot al recovery:  1 00% 

MJW( I ) *  Sex M Red c ells incubated with linoleate 
c ells : plasma: KRP 1 : 1 : 2 (v/v/v) 

2 . 82 x 1 06 dpm/ml 
-, 1 . 082 1 . 084 

plasma fatty acid activity :  
1 . 080 density:  1 . 0 7 5  

per cent o f  RBC : 1 1  
0 . 33 

1 

1 7  29 21 . 5 
RBC incubat ed x 1o-1 0  
WBC per 1 o5 RBC 
radioact ivity re­
c overed in c ells (%) 
t otal recovery (%) 

0 . 90  

92 

0 . 92 1 . 7 5  1 . 30 
2 . • 5 3 

0 . 62 
89 

0 . 61 
92 

0 . 52 

89 

1 . 086 
21 . 5  
1 .  3 5 

8 
0 . 65 

91 

1 . 1 1 0 
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MJW(I I ) *  Sex M Red c ells incubat ed with linoleate 
c ells : plasma : KRP 1 : 0 . 5 : 2  (v/v/v) 
plasma fatty acid activity:  4 . 60 x 1 06 dpm/ml 
density : 1 . 075 1 . 081 5 1 . 0835 1 . 085 
per cent of RBC : 5 . 5 1 6 . 5  1 2 . 5  
RBC incubated x 1 o-10 : 0 . 43 1 . 25 0 . 95 
vrnc per 1 05 RBC :  3 3 3 
Radioactivity re-
c overed in cells (%) : 3 . 6  2 . 3  2 . 9  
total recovery (%) : 95 96 95 

GL Sex M Red cells incubat ed with, linoleat e 
c ells : plasma : KRP 1 : 1 : 2 (v/v/v) , 

1 8  
1 . 40 

3 

2 . 6  
98 

1 .0865 
1 8  

1 . 40 
3 

3 . 5  
98 

1 . 090 
29 

2 . 25 
7 

plasma fatty acid act ivity : 4 . 7 5  x 1 06 _ dpm/ml 
density : 1 .075 1 . 079 1 . 0805 1 . 081 5 1 . 0835 

1 8 . 5 
1 . 0865 

Per cent of RBC : 10  34 . 5  
RBC incubated x 1 o-10 : 0 . 63 2 . 1 2  
WBC per 1 05 RBC 2 2 
Radioactivity re­
covered in cells {%) : 
t otal recovery {%) : 

1 .  6 
99 

1 . 9 
1 04 

30 
1 . 85 
2 

2 . 1  
98 

1 . 1 5  
1 

2 . 4  
96 

7 
0 . 45 

1 

1 . 1  
98 

MJW( I ) *  Sex M Red c ell  ghosts incubated with 
'(v/v/v) 

linoleat e ,  ATP and CoA 
ghost s : plasma : KRP 1 : 1 : 2 . 2  
plasma fatty acid activity:  
density: 1 . 075 
per c ent of RBC : 
RBC incubated x 1 o- 10 : 
WBC per 1 o5 RBC : 
Radioactivity re­
c overed in ghost s (%) : 
Total recovery (%) 

2 . 82 x 1 06 'dpm/ml 

1 1  
0 . 39 
1 

3 . 3  
70 

1 . 080 1 . 082 
1 7  
1 . 08 
2 

3 . 1 
78 

29 
1 . 70 
3 

3 . 0  
85 

1 . 084 1 . 086 
21 . 5  
1 .  22 
3 

2 . 9  
8 3  

1 . 1 1 0 
21 . 5  
1 . 1 9  
5 

2 . 7  
90 

MJW( II ) *  Sex M Red cell ghosts incubated with linoleat e ,  ATP and CoA 
ghost s : plasma : KRP 1 : 0 . 5 : 2  ( v/v/va 
plasma fatty acid activity : 4 . 3 x 10  dpm/ml 
density:  1 .075 1 . 083 5  1 . 0855 1 .088 1 . 0935 1 . 1 02  
Per c ent of RBC : 1 8 . 5 1 5  29. 5 
RBC incubated x 1 o-10 : · 0 . 68 o .  55 1 . 08 
WBC per 1 05 RBC : 5 4 " 2 
Radioactivity re­
c overed in ghost s (%) : 
Total recovery (%) : 

3 . 9  
92 

4. 5 
9 5  

2 4  
o .  90 
3 

5 . 7  
77 

ccw Sex F Red c ell  ghost s incubated with linoleat e ,  ATP 
ghosts : plasma: KRP 1 : 1 . 5 : 3 . 3  (v/v/6 ) 
p lasma fatty acid activity:  1 . 97 x 10  dpm/ml 
density : 1 . 075 1 .080 ' 1 . 082 1 . 084 1 . 086 
per c ent of RBC :  1 6  28 I 20 20 . 5  
RBC incubated x t o-1 0 : 1 . 05 1 . 8 5  1 . 34 1 . 3 5  
WBC per 1 05 RBC : 2 2 ' 1 2 
Radioactivity re-

4 . 6  c overed in ghosts (%) : 5 . 0  4 . 8  4. 3 
Total recovery: 91 9 5  9 9  95 

1 3  
0 . 47 
5 

6 . 0  
86 

and CoA 

1 . 1 0 5  
1 6  
1 . 07 
2 

5 . 6  
97 
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VJC Sex M Red c ell ghost s incubated with 
ghost s : plasma : KRP 1 : 1 : 2 . 25 (v/v/6) 
plasma fatty acid activity:  3 . 62 x 10  dpm/ml 
density :  1 . 07 5 1 . 080 1 . 082 

palmitate,  ATP and CoA 

1 .084 1 . 1 1 0 
p er cent of RBC : 42 22 1 7  
RBC incubated x 1 0-1 0 : 3 . 1 5  1 o 65 1 . 32 
WBC per 105 RBC : 2 5 7 

1 1  
0 . 84 
20 

1 . 086 
8 . 5 
0 . 62 
210 

Radioactivity re-
c overed in ghost s  (%) : 2 . 4  2 .  7 2 .  7 
tot al recovery (%) : 8 9  88 86 

2 . 9  6 . 5  
86 87 

GGM Sex M Red cell ghost s incubated with palmitate ,  ATP and CoA 
gho st s : plasma : KRP 1 : 1 : 3 . 6  (v/v/v) 
plasma fatty acid activity :  3 . 26 x 1 0° dpm/ml 
density : 1 . 07 5  1 . 078 1 .080 
per cent of RBC : 22 2 5  23 
RBC incubated x 1 o-10 : 2 . 50 2 o 80 2 . 60 
WBC per 1 0  5 RBC : 8 .  5 8 .  0 7 o 5 
Radioactivity re­
covered in ghosts  (%) : 
total recovery : 

7 - 5  
1 08 

4 . 0  
1 07 

3 - 7  
10 1  

EJC Sex F Red c el l  ghost s  incubated with 
gho st s : plasma : KRP  1 : 1 : 4 . 4  (v/v/6) 
plasma fatty acid activity : 2 . 1 0 x 1 0  dpm/ml 
density : 1 . 075  1 . 078 1 . 080 
per c ent of RBC : 1 0 o 5  44 31 
RBC incubated x 1 o-10 : 0 . 54 2 . 30 1 . 62 
WEC per 1 05 RBC : 0 . 5 0 � 5  0 . 5  
radioactivity re-
covered in ghost s  (%) : 4 . 9  4 . 9  3 . 3  
total recovery: 1 06 96 98 

* Denotes separat e blood samples 
Abbreviations  are tabulated in Appendix 2 

1 . 082 1 . 0845 
1 6 . 5 1 4 
1 .87 1 . 60 
7 . 5  5 . 5 

4 . 5 
99 

1 o 1 02 

palmitate ,  ATP and CoA 

1 . 082 1 . 084 1 . 086 
1 0 . 5  3 . 6  
0 . 55 0 . 1 9  
0.,  5 1 

4 . 2  2 . 6  
98 1 01 
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Lipid Content of Human Red Cell Populations with Different Mean Ages 

Nine red cell samples were fractionated according to age by albumin gradient 

ultracentrifugation ,  and the lipids extracted from the c ell s ,  or ghosts of the c ells , 

in each fraction . Details c oncerning fractionations are summarised in Table 27 o 

The levels of total lipid , phospholipid and cholest erol per c ell are given in 

Tables  28 , 29 and 30 , and also presented graphically in Figures 10 , 1 1  and 1 2 .  The 

percentages of cholesterol and phospholipid in each extract are given in Table 31 . It 

was not possible to analyse for cholesterol in some of the smaller samples. 

Variation between Donors 

On inspection ,  it is apparent that there were some differences between c ell 

and ghost lipid extracts .  In general , ghost preparations yielded more total l ipid 

than did cells ,  on a per cell basis ,  but there was c loser agreement between cells and 

ghost s  for cholesterol and phospholipid .  In addit ion ,  the amounts o f  lipids extract ed 

from different ghost preparation s  are less reproducible . Thi s  can be seen more 

clearly in Figure 1 3  in which lipid levels are compared with one another , and with a 

selection of literature values .  The additional components in ghost extracts ,  ( shown 

by TLC ) , appeared to be triglycerides and cholesterol esters . However , if these 

lipids were true ghost constituent s ,  they should also be present in cell extract s ,  

and hence it i s  likely that they arose  from another source , probably plasma. I t  i s  

possible that ghost s could bind plasma lipids O f  lipoproteins strongly enough to with­

stand normal washing procedures.  It i s  well known that the method of ghost 

preparation can affect li�id recovery7 3 • In this study it was necessary to use a 

method yielding ghosts enriched with ATP and CoA, which may not have given c omplet e  

lipid recovery. These factors led to grkater variation s  in ghost as compared with 

c ell lipid parameters , and prevent�d the use of data on ghosts as more than a guide foJ 

assessing any age variation. Phospholipid levels , however, were m0re reliable than 

total lipid level s ,  and hen c e  justified more detailed c onsideration. 

The literature values for the lipid content of human erythrocytes show a 
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l e s s  pho sph at idyl ethanolamin e ( PE )  than did other s ,  an d in fact sh oVTed phospholipi d 

di s t ribu t i on s  s imilar t o  tbose obt ain e d  by Dodge and Pb i l li:ps7 1 for human red c el l  

l i p i d s  whi ch had undergone varying degrees o f  autoxi dat ion* . Pho sphol ipid 

66 67 72 d i st ribut ions for other donors agreed c losely witb l it erature values ' ' 
• ?or 

the dor> ors for which no aut oxi dat i on is evident ( GL ,  MJN( I I )  c ell s an d ghost s ,  EJC ) , 

no variat i on in pho sphol ipi d constitut ion bet ween frac t i on s  of c e l l s  of different 

age s is evident . Thi s i s  t rue for both c ell and gho st ext ract s .  Thi s  result agrees 

200 201 
wit h  tho s e  of West erman et al and van Gast el et al , who were not able t o  

det ect pho spholipid differenc es i n  fract i on s  o f  c entrifuged c ell s .  

The fractionat ion b y  serial o smot ic hemolysi s of bovine r ed c e l l s  {pp . 6 3-6 9 )  

al so reveCJ.l ed little difference in either lipid level or c on st itut ion . West erman 

et a1
200 

obtained differen c es of 0 . 7  mg , 0 . 4  mg and 0 . 1 8  mg per 1 0
1 0  

c ells for t otal 

l ip i d ,  pho spholipid and cho l est erol , between the t op and bot t om 10 per c ent of a 

c olumn of c entrifuged red c ell s .  Van Ga st el �
201 

t ook the t op , mi ddle and bot t om 

1 5  per c ent o f  a sampl e of ult rac ent ri fuged red c el l s , Their di fferen c e s  b etween t op 

and bottom were 1 . 3 mg t ot al lipi d ,  0 . 5  mg ph o sphol ipid and 0 . 2  mg chol est erol 

per 1 0
1 0  

c el l s ,  and between middle and bott om were 0 . 3  mg , 0 . 3  mg and 0 . 1  mg. Both 

groups measured smal l di fferenc es in c ell dimension s  bet ween o l d  and youn g c ell s ,  

an d  when l ipid values were relat ed t o  c ell volume o r  surfac e area , differen c e s  mo st ly 

b e c ame in si�1i fic ant , or at least very low. Van Gast el et a1
201 

regard their t ot a l  

* Aut oxidat i on of red c ell lipids c auses decreases i n  PE and phosphat idyl serine (PS) 

c on c ent rat i on s , and apparent inc reases in sphingomyelin ( SP )  and lysoph o sphat i dyl 

choline (LPC ) conc ent rat ion s . Thi s  i s  due t o  PE and PS breakdom1 product s 

exhibiting s imi lar TLC mobilities t o  SP and LPc
7 1

• After it was reali sed that 

aut oxidation was occuring , it was e l imin at ed by ext racting and st oring l ipids under 

nit r ogen , and always keeping them in solut ion . The con dit ion s respons ible for 

aut oxidat ion were either drying for 1-2 hr under vacuum , prior to weighing , or 
. 

40 1 0 f . . d storage in chloroform at C or - 5 C or vary�ng p er�o s .  
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lipid di fferenc es as least s i gnifi cant , b ecause of inherent inaccurac i e s  in the 

det ermination s .  Variat ions measured i n  the present study are o f  a similar order t o  

tho s e  o f  'Nesterman et a1200 and v an  Gast e l  �20 1 • In fact the enhanced age 

separati on ha s r evealed no gre at er di fferen c e s  bet ween young and old cells ,  a..'l'ld has 

shown the biggest di fferen c e s  in lipid content to be between the very youngest and 

th e r�maining c ells . As ret i culocyt es are c on si derably larger than erythrocyt e s 2 5 , 

and contain more lipid26 , it wou ld appear that the tran si tion bet ween ret i culocyt e  

and erythrocyt e  c ould acc ount for �ost o f  the observed lipid di fferenc e between young 

and old red c el l s o  

Table 28 : Total Lipid Extrac t ed from Human Red Cells of Di fferent Ages 

Fraction 
Donor Est . I II I I I  IV V 

Error inc rease in den si t;y and age 7 
c ells 

MJW ( I ) 
+ - 0 . 20 4 . 40 3 - 5 5 3 . 50 3 . 60 3 . 50 

GL 
+ 3 . 80 3 - 45 3 . 40 3 . 3 5 - 0 . 1 5  

MJ\V ( I I ) 
+ 4 . 3 5 3 . 8 5 3 . 90 3 . 70 3 . 70 - 0 . 1 5  

gho st s  
G�W + o .  1 5  4 . 60 4 . 1 0 3 . 9 5 3 . 80 4 . 00 -

MJW( I I )  
+ 0 . 20 6 . 30 1 .  30 5 . 1 0 4 .  50 4 . 80 -

MJ'N( I )  
+ O o 20 4 . 1 0 4 . 2 5 3 . 8 5 4 . 20 4 . 3 5  -

GGM 
+ 0 . 1 5  4 . 00 3 . 40 3 . 7 5 4 . 00 4 . 45 -

VJC 
+ 0 . 20 3 . 70 3 . 6 5 3 . 20 3 . 2 5 3 . 20 -

EJG 
+ o .  1 5  3 . 90 4 . 20 4 . 60 -

V I  

3 . 3 5  

1 0  Values are quot ed in mg per 1 0  cell s .  Errors ari sing from ext rac t i on and 
analysis are est imated.  For fraction sizes and densities , see Table 1 . These 

result s  are present ed graphically in Figure 1 0 .  



82.  

Table 29 : Phospholipi d Extrac t ed from Human Red Cells of Dif:ferent Ages 

- - -- ·-

Fract i on 
Donor Est . I I I  I I I  IV V 

Error increase in density an d age 

+ c el l s  
MJiV( I ) -:;: 0 . 20 3 . 50 3 . 30 3 . 25 3 . 35 3 . 40 
GL - 0 . 1 5 3 . 65 3 . 40 3 . 40 3 . 25 

VI 

r,1J?i( I I )  � 0 . 1 5  4 . 30 3 . 90 3 . 95 3 . 70 3 . 70 3 . 30 
-

• gho st s  

CC'.V � 0 1 5  4 . 55 3 . 85 3 . 80 3 . 70 3 .  90 + • 
MJiV ( I )  - 0 . 1 5  4 . 20 4 .  50 4 . 1 0  3 . 1 0  3 . 50 
MJW ( I )  

+ 4 . 00 3 . 6 5 - 0 . 20 3 - 45 3 . 55 3 . 80 
+ 

GGM - 0 . 1 5  3 . 90 3 . 20 3 . 55 3 . 6 5 3 . 90 
VJC � 0 . 20 3 . 65 3 . 55 3 . 1 0 3 . 00 2 . 90 + 

EJC - 0 . 1 5  3 . 65 3 . 6 5 3 . 70 

1 I 
1 

1 0  
Value s  are quoted in peq per 1 0  c el l s .  Errors ari s ing from extract ion and analys i s  

a r e  e st imat ed . For fract i on siz e s  and d ensit i e s ,  s e e  Tabl e  1 .  These r e sult s are 

present ed graphically in Figure 1 1 .  

Tabl�: Ch o l e st erol Ext rac t ed from Human Red Cell s of Di fferent Ages 

Fraction 

Donor Est . I II I I I  IV V 

:Srror in crease in density and age 

c e l l s  

MJW( I )  
+ 0 . 97 1 . 02 0 . 93 0 . 90 - 0 . 05 

GL 
+ 1 . 05 1 . oo 1 . 00 0 . 90 - 0 . 05 

MJW( I I )  
+ 1 . 02 0 . 97 1 . 00 0 . 94 - 0 . 0 5  

gho st s  

ccw + 1 . 1 5  1 . 00 0 . 95 0 . 95 1 . 00 - 0 . 0 5  
MJW( I )  

+ 1 . 05 0 . 92 1 . 00 1 . 05 - 0 . 0 5  + 0 . 90 0 . 80 0 . 92 0 . 95 1 . 00 GGM - 0 . 0 5  
VJC 

+ 0 . 8 5  0 . 80 0 . 7 5 0 . 70 0 . 70 - 0 . 0 5  

V I  

0 . 94 

Values are quote d  in mg per 1 01 0  
c ell s . Errors ari sing from extraction and ana ly s i s  

a r e  e st imat e d . For fract ion s i z e s  and den s i t i e s  see Table 1 .  These result s are 

present ed graph i c �lly in Fi �tre 1 2 .  
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Table 31 : Percentages of cholest erol and phospholipid in the lipid extracted 

from human red cells of different age� 

Donor 
I II 

Phospholipid I 
III IV V VI I 

Cholesterol 
II III IV V VI 

incr�ase in density and age� I increase in density and age� 

cells 
MJW ( I )  61 72 7 1  72 7 5  25 29  26 2 5  
GL 74 76 76 75 74 27 29  2 9  30 26 
MJW(II)  76 78 78. 77 76 76 26 . 5  2 5  27 25 28 

-

ghosts 
ccw 76 73 74 75  75  25  24 24 24 24 
MJW( II)  52 48 62 55 55  
MJW ( I )  72  66 70 6 5  68 25 24 23 24 
GGM 74 73 73 72 68 22 24 2 5  24 23 
VJC 76 76 76 72 70 24 23 24 21 21 

EJC 64 71 69 67 62  

For fraction sizes and densities , see  Table 1 .  

-

Table 32 : Percentage Di stribution of the Major Phospholipids in Human Red 0ells 

of Different -�es 

Donor Phospho-
lipid 

GL PE 
PS+ PC 
SP 
LPC 

MJW(II)  PE 
cells PS+ PC 

SP 

MJW( II)  PE 
ghosts PS+ PC 

SP 

EJC PE 
PS+ PC 
SP 
LPC 

I I I  

30 � . 5  30 � . s 
43 ;!: 2 42 � 1 
26 � 2 26 ! 1 + + 0 . 5 - 0 . 2  1 . 5  -Q5 

30 :!: 1 27 ;!: 1 
48 :!: 1 + 49- 5 - 1 
22 :!: 2 23 :!: 1 

28 � 1 29 ! 2 
48 � 2 48 ! 2 
24 ! 1 23 :!: 1 

30 � 1 3 1  ! 1 
46 :!: 2 41 :!: 2 
22 :. 2 25. 5 � 1 

2 :!: 1 2 - 1 

---- -

Fraction 
III IV V 

increase in densit� and age1 

Per cent of Lipid Phosphorus 

32 � 1 
42 � 1 
25 ! 1 + 1 1 . 5 -

+ 29 - 0 . 5  + ' 
44 - o .  5 + 27 - 0 . 5 

29 ! 2 
49 ! 2 
22 ! 1 

30 :!: 1 
41 :. 2 
27 � 1 

2 � 1 

29 � 1 30 � 2 
41 � 2 42 � 3 
27 � 2 27 ! 1 

3 !  2 1 � 1 
+ + 29 - 0 . 5  29. 5 - 1 + 6 + 45 - 1 4 . 5 - 0 . 5  + + 26 - 1 24 - 0 . 5  

30 � 1 30 :!: 1 
47 � 2 47 :!: 2 
23 ! 1 23 � 1 

3 1 :!: 2 30 :!: 2 
41 :. 2 44 :!: 2 
25 ! 2 ]26 :. 2 
3 � 1 

VI 

34 :!: 1 
43 ;!: 1 + 23 - O o 5  

I 
I 
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Tab l e  32, cont . 

Phospho� I I I  III  
lipid 1 IV 

+ 20 . 5  - 0 . 5  
43 .:!: 1 + 

V VI 

CCW PE �4. 5 ! 0 . 5  22 . 5 ! 0 . 5  1 8 . 5 ! 1 
PS-tPC 38 ! 1 · 41 ! 1 43 ! 1 
SP 29 ! 1 30 ! 0 . 5  30 ! 1 
LPC 8 • 5 ! O. 5 6 ! 0 .  5 8 .  5 .:!: 0 .  5 

30 - 0 . 5  
6 .:!: 1 

20 ! 0 . 5  
38 ! 2 
3 2 ! 2 
1 0  : o . 5  1 r-------�----------------------------------------------- ----------� 

VJC PE 
PS 
m 
SP 
LPC 

21 .:!: 1 1 7 ! 1 1 5 . 5 .:!: 1 1 6 .:!: 1 1 7 . 5 ! 1 
8 .:!: 2  7 ! 2  8 ! 2  9 .:!: 2 6 ! 2  

34 .:!: 2 34 � 2 34 ! 2 35 .:!: 2 33 .:!: 2 
26 .:!: 2 28 .:!: 2 28 .:!: 2 28 .:!: 2 27 .:!: 2 
1 1 .:!: 2  1 3 .:!: 2  1 4 .:!: 2  1 2 ! 2  1 5 :!: 2  

r-------4------------------------------------------------------- - -
MJW( I )  
c ells 

PE 
PS+ PC 
SP 
LPC 

1 6  + 2 20 :!: 1 1 8  :!: 1 1 3  :!: 1 1 7  .:!: 1 
36 .:!: 3 32 ! 2 34 .:!: 2 34 :!: 2 32 .:!: 2 
32 ! 2 3 1 ! 1 30 .:!: 1 29 .:!: 2 30 ! 2 
1 6  .:!: 2 1 7  ! 2 1 7  :!: 2 23 .:!: 3 2 1 .:!: 2 

r-------+-----�------------
MJW( I  ) 
ghost s 

PE 
PS+ PC 
SP 
LPC 

1 5  .:!: 1 20 .:!: 1 1 8  .:!: 1 22 :!: 1 1 6  + 1 
33 ! 1 37 .:!: 2 34 .:!: 2 36 ! 2 37 + 2 
28 .:!: 1 35  :!: 2 36 :!: 1 30 :!: 1 36 .:!: 1 
24 :!: 1 9 :!:  1 1 3  .:!: 2 1 2  .:!: 1 1 1  ! 0 . 5  

1-------+1 ----�------ - -- --- ----- --

GGM I PE 
PS-tPC 
SP 
LPC 

26 + 2 
36 .:!: 2 
28 .:!: 1 

9 ! 2 

1 9  .:!: 0 . 5  
43 ::!: 1 
31 .:!: 1 

6 + 1 

1 6  .:!: 1 
40 .:!: 1 
33 .:!: 1 
1 0  .:!: 2 

+ + 1 6 • 5 - 0 • 5 21 • 5 - 0 • 5 
39 .:!: 1 39 .:!: 1 

+ + 31 . 5 - 1 29 - 1 
1 3 .:!: 1  1 0 . 5 : 1  

Phospholipids were s eparated by TLC in CMAN 6 5 : 25 : 8 : 4 . Some di stribut ions 

were veri fied by TLC separat ion s in CMN 1 4 : 6 : 1 .  Pho sphorus analyses were carri ed 

out direct ly on the silica gel . Each separat ion was performed in duplicat e ,  and 

errors bet ween s eparati ons are estirn3.t ed . 
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�i.ed c ells  were fractionatei by �l bumin gradient t�l trac entrifugatim:. , and. 

incubat ed either as intact c ells or gl:ost s ,  with [1-1 4�;7linoleate or 
- 1 4 -L1- C/pa.lmi t at e .  Table 27 sum11arisea s eparat i on a.r:.d. incubat ion c on :i it i ons for 

each study . Li:pi ds trere extradei from washe.i c ells  or ghost s ,  and radio::tcti ·n 

c ompcP..er-ct s \'Te!'e i.der:.t i fied s.nd est imat ed quanti tat i·v ely o I:n t ·,vo studi e s ,  _i:pids 

wer e al so ex-t rac:t ecl fron incubat ion media. 

Expres si or! of ::?.esul t s 

1 .  As c an be seen in Table 27 , medium radioact ivity concentrat ions v :..ried 

bet..,.;.;en e:xperime:1t s .  In or:ier t o  reL:.t e fatty acid u:pta.t;:es in different experi . .  O:::lJt ::> 

it has been .:is sumed that upta �e \'Ta 3 pr:.;portior...tl t o  con c aHt :cJ.t icn . (This s•::ems 

sa C .- ro:t �d .  C�tlc� _ _ l ..it. i ons 01 p . 123 Sl)_ggest -tJ·�2.t "G.: .. e as su.mpt ion is just i fi ed. . ) In tl:is  

c a s e , 

l'-::> .st o :: th e free .fatty etc i d:s It 

a.::: t i c.ri tJ 11:pt a:<<:. sh01 Li be in ·leper..dent Gf ulas:m.:). dilut ion. . .<'.::: � �rd.i:::"gly 8.ll urtakes 
h · t t ·  � 1 n' - f '  h:1.Ve heen !'el_t ed t.o a pl�LSID:.I. r :tdio::.C i:. 1.Vity C O::-l '� en ,ra c on OI - d.Uffi n.l .!. a  

- 14 - . ( :3inc e the L1- ·Q/linole.:tt �J p-re�Lrat J.Oet ·.seJ. .,1as only 13 5  per c er•t piJ r e  z r�e 

an approp.c · at e  c orrect ion has also been mftde for this . 

2 .  !"or ccmpa.rinz· propert i es o f  :ii fferent c e l l  fr::�.ct ion s ,  r'.l.dioact.i vity 

d . . t 
n a Of t";.e ".e , l ·�:Ji t lt s  El]�pC8S.3ed ir: r;orpor':l.t i ons can oe 8Xllresse ll'l  3. V:ll'l 8  �r C·I ·.v ys . L -

ei i.her in t erms of s_r-ec i fi r: activiti es or p8r p eq _p} o spt o l il i d.  a.re tte m•)s-'-



dE:s:i rabl e ,  "bec c:.u s e  o f  tl e va.::·i  t ions :f.Jm- d in gl• st. li"rJi ci recoveri es . Upt a:ces on 

are ::L:f.fe -.: t  i by lipi d lo3s , ar. O. 

' 

r-Y"' V-- lir;id ba::;i .s , "by the 

In s ome inc:vbat ions , eno; .gr 1vhite c �lls were pr esen-:- to ·, o'lt d.but e t o  :::ad.io-

and. a:ppu.rePt SP ::md 1PC l eve_s increased.  In Ol'der t. c· correet for PE �utoxiC. ..... t icm 1  

ra!l ·lofll breakdmm ha s been as..:;u:�;e:J. , a.;" d ohser�v e::J_ and p.reiicted P::£ l evel s 11 .-: eJ ""i c  

obt air. a e: orc·ectj on farJto::- fer .r �::.dio::�.c t i v i t �L e s . '1'h i s  i s  c n l y  a!"� o..ppro:;.imc.lt ion , a s  

pol.),.J2., S'i.tu rt:.t ed '.lC l (lS a1·e ::wrr3 likely to be o.::i cE s ed 7 1 • Hml'ev cr , as ara._�i · i d.o.:: ·7.i.t e i s  

one� s o;.tur'l.t ed u.nd. •::m e un s;;:.t<H'J.t ed. f:�.tt-y ac i d.  rJhain , the as snmpt ion i s  probEtbly 

reason'!.ble .  * A similar t ;y:pe o.f !:l.Ssumpt i on is involved i:r. tbe meccSl.cremer,t of 

quot ed.  

aft er allo7T:i.n!S :or ?rhit e cell n snt ribu t i ons , 3-Yld no r'l1'1 l i sine;· t o  a pl '.l.sma :wt i  vity 

(-
of 1 0 ' r.lpm/ml . �a.ta t :::J 'Nll i·�l-1 non e  of these c orre�t i ons h·1s "been ·:l.pplied 3.re t 'lbl.<.l o.t ed 

in tl.p:pen diY 1 .  

·lf. An att empt '!Vas made t o  exami:r. e aut o:ddat i ve cbrm ges in P"3 labelled Ni tr. pal mit at e  

and linoleat e .  H owever proloneed st anding in air 'lt room t empe:!."ature or at 1 5° 

fail ed in th i s  case t o bring about any ehanges ,  ancl no correction fac t or s  c oull be 

obtaine J. .  



Ident i ficat ion of Radi oact ive Lipi d Component s 

The identificat ion of lipid component s after TLC has been discussed ( p .  3 5 ) • 

• 
Radioact ive c omponent s were identi fied •both by comparing autor:J.di ographs with 'rL 

plat es from whi ch they were prep :tre d , and comparing the po s it i on s of radio ·;.ct ive 

spot s with standards c 

Ra1ioactive l ipids identi fi ed in re1 c e l l  ext r act s wer e :  

1 .  Po sit ive identification : fre e  fatty acid (l."FA) , t riglyc eri de (TG) , phosphat idyl 

choline (PC) , pho sphat i dyl ethanolamine ( PE) , and lysophosphatidyl choline {LPC ) * ,  

( Fi gures 1 4-1 9 ) . 

2 .  Tentat i ve identi fication : diglyc eride (DG) ; two faint bands , one almost ahead oj 

��d one almost b ehind chol est erol) were somet imes pres ent , (Figur es 1 6 , 1 7 ) . These 

were t entat ively ident ified as t.liglyc eri -ie i somer s .  Phosph d.ti dic qcid ( PA) ; in 

most ext ract s there w�s evi denc e  for a c omponent running with or j ust behind the 

solvent front in CJVlA\1 , and not migrating in HEt\. ( see .Figures 1 6 , 1 9 ) .  It was first 

po stul at ed by c omparing tot al pho spholipid radioact ivit ies measured aft er sep�rat ion 

u sing both solv ent syst e:ns , and l ater demon strat ed by elu t ing the origin aft er HEA 

separat i on ,  separat ing the c ompon ent s in Cllll\.!i ,  and m e3.suring the solvent front 

act ivity . Autoradi ography of a 2 dimension::J.l TLC separat i on using both these sol ven 

also showed p1.' esen c e  of this componerlt . It was not separat ed from the bu lk 

pho sphol ipi d by TLC in CM.A 1 8 5 : 1 5 : 1 ,  but autoradioBTaphs of CMN separations 

( Figure s 1 7 , 1 9 ) suggest that in this solvent it c ould run just behind SP . The c orn-

ponent was t entat ively i dentified as pho sphat idic aci d ,  which exh ibit s simi l ar TLC 

behaviour to that observed .  

3 .  N ot ident ified : One o r  t wo bands , migrat ing between cholest erol and the origin 

in REA, and bet'.veen the sol vent front and free fatty acid in CMN ( Figures 1 6 , 1 7 )  

h:J.ve not been ident ifi ed and a.re designat ed "compon ent s X" . · 

• �bbrevi at ion s  are t abu l at ed in Appendix 2 .  
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Some faint streaking in the LPC: , SP region c an  be seen in autoradiographs 
• 

of autox i di sed sample s .  

Sinc e the [1-1 4.Q/l inoleat e was :hot complet ely pure ( see  p .  24 ) ,  tl.te quest ion 

ari s es as to whether the t rac e impurities c ould have been t aken up by the red c ell s o  

Thi s  appears to b e  unlikely becau s e  ( a )  after incubation ,  the impurities were still 

present , with no apparent reduct ion in concentrat ion , in the medium ( Fi gure 1 4) , 

and (b) no imp·_cri ty bands were det ect 3.bl e  in the aut oradiographs of the c ell lipid 

( Figure 1 4 ) .  

Table 33 : Incorporation of 1 4c-Fatty Ac ids into Human ·,Vhit e Blood 8ell Lipids 

Approximat e white c el l  lipid l evel s :  
1 0  500 mg TL/1 0 c ells 

Component 

TG 

DG 
X 

PA 

PE 

PS 

PC 

SP 

LPC 

- 1 4 -L1 - £/l inoleat e 
Per c ent of 
esterified 

act ivity 

+ 
47 - o .  5 

] 5 . 5 :!: 0 . 2  
+ 4 . 0  1 . 0 
+ 2 . 3  0 . 3  

0 . 9 :. 0 . 5  
39  + 0 . 5 

+ 0 . 6  0 . 1  
+ 0 . 9  0 . 1 

10 500 p eq PL/1 0 c el l s  

uptake ( :9onor 
Ac�ivity per 
1 0° c el l s  

( dpm ) 
4200 
2000 

. 230 

.. 1 70 
1 00 

40 
1 600 

2 5  

40 

�VRS)  
- 1 4 -L1 - Q/palmit ate  

Per c ent o f  
esterifiel 

activity 

57 :!: 2 

2 . 2  : 0 3 . - � . 
2 . 2  - 0 . 3 

+ 2 . 0  1 . 0 
1 . 6 + 0 . 5  
0 . 9 

29 
6 . 0 
1 . 1  

+ 0 . 5  
+ 1 
:!: 0 . 5  
+ 0 . 3  

uptake ( Dor. or 
1\.c� i vity per 
1 0  cell ::: 

( dpm) 

2800 
1 600 

60 
60 
55 
45 
2 5  

800 
1 70 

30 

EJC 

Dupl icat e  TLC separat ion s  with both HEA 60 : 40 : 1  and C1�W as solvent s Wbre performed . 

Estim'3.t es  of errors in separat ion and an alysi s have ·been m3.de . Errors in '"hi t e  c ell 

count s are of the order 1 0-20 per c ent . Experiment al det a i l s  are given in Chapter 2 

an d Tab l e  27 , and data uncorrect ed for plasma 3.ctivity concentrations  and red c ell 

contributions in 1 ppendix 1 ,  Table 33a.  



Table 34 : 

89 . 
- 1 4 - � 

Incorporat i o� of f1- .Q/l inoleat e int o N o rmal Populat i on s  o f Human Red Gel 

Donor CD Donor WR3 

Compon- Per c ent of Act ivity per Spec i fi c  Fer c ent o f  Act ivity per 3pec i fic 
pey_ PL ( dpm) ent est eri fi ed activ ity est erified peq PL ( dpm )  act ivity 

activity dpm/peq act ivity dpm/;ueq --
TL 1 7300 1 2200 
TG 2 . 4  + 1 400 2 . 9  : 1 3 50 -

' 

DG ] 5 . 2  
+ 0 . 2  900 ] 7 . 6  + 

X 
- - 0 . 3  930 

P:\. + 1 4 . 5 
+ 1 550 - - - -

PE 1 0 . 5 + 
0 . 3 1 800 6000 6 . 3  + o .  2 ( 7'. 0 )  770 (860 ) 3300 - -

80 : + pc: 0 . 5 1 4000 38000 70 - o . 5 8500 26500 

puplicat e  TLC separat i on s  with both H E !\.  60 : 40 : 1  and CMA·,v as sol vent s 1vere c arried 

out . P.� activities were e st imat ed from di fferences in "pho spholipi d "  activity 

bet ween the t wo s eparat i on s . Valu e s  for PE act i vit ies in parent h e s e s  have b e en 

Jorrec t ed for aut oxidat i on .  8st imat es o f  errors a s s oc i �t ed with separat ion , analysi s 

and correc t i on for white cell J on t ri b(lt ion s  have been made . Experimental det a i l s  

are given in Ch �pt er 2 and Table 2 7 , and dat a uncorrected for plasma ac t iv ity 

c on c ent rat im1 and •Nhite c ell c ont r i but i on s  in Appendix 1 .  All abbrevi at ion s  are 

t abllla t ed in �TJ:f1'3ndix 2 .  

Tab l e  35 : Incorporat ion of £1-14�ypalmit�te int o a Normal Populat i on of Human 

Red Cell Gh o st s ,  ( Donor 'NRS) 

Per c ent of e st erified Spec i fi c  act-Component Act ivity per peq 
::�.ct i  vi ty PL ( dpm ) ivity dpm/pec; 

·-------------· - - --

TL 1 1 000 

TG 1 .  4 + 1 1 50 -

� }  + 1 3 . 5  - 0 . 5 1 500 

PA + 9 . 0 - 1 1 000 

PE 8 . 7 + 
- 0 . 3 ( 1 0 . 0 )  950 { 1 1 00 )  4200 

PG 58 + 
- 0 . 5  6400 20000 

For the expl anat i on of result s ,  s e e  the footnot e to T able 34.  



Sol vent System 
Photographs Autoradiographs 

CE 

TG 
HEA 70 : 30 : 1 

A B C D E F A B C D E F 

FIGURE 1 4 : TLC SEPARt\TIONS OF LIPIDS FROM HUMAN RED CELL GHOSTS (A) AND PLASMA (B)  
AFTER IN f:UBATION 7/ITH [f-1 4Q/PALMIT_'l.TE ;  RED CELL GHOSTS ( C )  AND PLASMA 
(D )  AFTER INCUBATION WITH [I-1 4Q.7LINOLEATE; AND WHITE CELLS ( E )  AND 
PLASMA (F) AFTF..R INCUBATION lfiiTH f_f-1 4f7LINOLEATE ( DONOR \'iRS) 
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Linoleate  and Palmitat e Uptake by Human Red Cel l s  

Cells from different blood samples showed c onsiderable variation i n  fatty 

acid uptake . This variation could not be acc ount ed. for by differences between 

linoleat e  and palmitat e uptake , or differences in the behaviour of cells  and ghost s .  

E'or thi s  reason , result s for each set of incubat ions are present ed separat ely. 

Data on the uptake of both ac ids into whi t e  c ell lipids are given in Table 3 3 ,  

A s  white cell levels in red cell preparations were very low , only approximate c ount s 

could be m'3.de , and the order o f  the· fatty acid  incorporation due to  white  c ells 

estimat e i .  However s ince it has �lready been shown that fatty acid  uptake into 

bovine red c el l  TG i s  not significant , and c ompari son of observed TG activiti es and 

estimat es of white c ell c ontributions suggest a s imilar situation for human c ell s ,  

white cell contributions to  J.ct ivities in other component s were calcuL1t ed from T G  

activi t i e s  and the radioactivity distributions in Table 33 . 

Tables 34 an d  3 5  summari se the in0orpor�t i on of linoleat e and p almitat e into 

normal popult�.t ions of  red c ell  ghosts . Photographs and autoradiographs of TLC 

separat ions of lipid ext ract s from NRS cells  are shown in Figure 1 4 .  Both fatty aci 

were predominantly t aken up into PC , with slower uptaKe into PE , PA , DG> and probably 

t w·o other unidenti fieJ c omponent s .  Overall  linoleate uptaKe appeared t o  be slight ly 

faster than nalmi.tat e  uptake . Other invest igators h3.ve observed similar patterns of 

. 40 41 1 02 upta�e 1nto PC and PE ' ' • Incorporation of fatty acids into red c ell  

di..glyceride and phosph:J.t idic acid  has not been report ed . 

Incorporation s  into cells and ghost s ,  aft er fra.ctionation acc ording t o  age , 

are given in Tables 36-38 (cells  and linoleate) , Tables 39-41 ( ghost s and linoleat e )  

and Tables 42-44 (ghost s an d  palmitat e) . A s  well as the c omponent s l i st ed in the 

t ables , free fatty ac id fraction s  were also radioactive . Levels of free fatty acid  

act ivity varied quite widely , depending on  the  e fliciency of washing after incueati l  

Very small amount s o f  T G  activity were measured, but were ac countable for in  t erms 

of whit e cell contaminat ion.  &part from a trac e  of palmitate-labell ed PS ( see GGM , 
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Figure 1 9 ) no inc orporat i on into , other c omponent s c ou ld be d et ect e d .  Althoue;h l ow 

activity (less than 2 per c en t  of th e tot al ) was often me�sured in other c ompon ent s , 

it was n ever s e en as di sc ret e bands , and was mo st likely due t o  sl ight trailing of 

other label l ed c ompon ent s . 

Photographs and aut oradiographs o f  TLC separat ions of lipi ds from :ms ,  l'.!JW( n :  

c el l s  and gh o st s ,  GC W ,  VJC an d GGM are sho wn  in Fi gures 1 5 , 1 6 , 1 7 , 1 8 , 1 9  respect ivel y .  

Graphic �l rep r e s entat i on o f  v�riat ion s  i n  fatty ac id inc orporat i on int o t otal 

e st eri fi ed lipid ( Figure 20 ) ,  pho sphat i dy l  choline ( Figure 2 1 ) ,  phosphat idyl 

ethan ol�mine ( �i gure 22) , pho sph::�.t i di c  ac i d  ( Figure 2 3 ) , an d diglyc eride an d 

c ompon ent s X ( Figure 24) ar e given . Fie;ure 2 5  c ompares radio�ct ivit y di st ribut ion s 

in the e st erifi e d  l i oids , and J!'igu re 26 PE : PC specific ;J,ct ivitv rat i o s . 4 1 V 

From rat e s  of upt ake int o the di fferent c ell lipi is it i s  po s sibl e  t o 

c'llc u b .t e  t imes r equi red for the ren e wal of all the palmi tat e or linol eat e  in each 

c omponent . The s e  c 3.l �uL 1.t ion s have b een ID ·J.de fo r upt a�ces into both normal popu lat ior 

and age fr9.c t i on s  of c el l s and ghost s (Table 45) , and show c on si derab l e  V '1.riat i on 

b et ween individua l s in r enew3.l time for each c ompon ent . In p ...>.rt i c ub .r the di ffer encE  

between 5 an d  250 day s for cel l  PE l in ol eat e i s  not ewo rthy . N orm �l c el l s , incub �t ed 

in vit ro ur. der n ear physiol ogical c on di ti on s  appe�r t o  be �ble to turn ov er their 

ent i re PC linole at e  on ly onc e ,  or even les s ,  in a li fet ime ( 1 20 days ) .  Th eir PE 

l in o l eat e turnov er rat e app ears t o v ary from on ly abou t one third r i eh t  up to 20 

t ime s p er l i fet ime . Ghost t urnover rat e s  g,re c on si derably fast er . 

Th e main features o f  each s et o f  incuba.t i ons of frac t i on:1t ed c el l s  or gh o st s  

are bri e fly a s  fo ll ows : 

MJW(I ) c e l l s and l inol eat e :  T ot al inc orpo rat ion fe l l slightly with c e l l  age . 

Thi s i s  attribut able to a fall in inc orporat i on int o PC ,  tLe ma j or labelled componen 

Upt ake int o PE wa s reht ively c onstan t , but aut oxi dat ion effect s t end to ob scure the 

t ru e  pi ctu re .  Radioacti vi t i e s  in other b.be l l ed l ipids inc reased very sl ight ly with 

age . On a p erc ent a0e basi s ,  a dec rea se in PC was ac c ompanied by ru1 in crea se in 



92 .  

other :J.ct i v it i e s .  The rat i o  o{ PE t o  PC specific act ivities incre-J.sed rith cel l  age . 

MJ'Ii( I I )  cells an d  linoleat e :  Total inc orporat i on s  were higher t h an  normally 

observed with intact red cell s .  PE was responsible for most of the additional 

uptake , an� there was a marked inc�ea se in PE activity with c ell �ge , ( see Figure 1 5 ) 

It appear s that PC act i vity decreg,sed slight ly with cell age , DG ·1ctivity inc rease.i , 

and there were no definite trends in P A  or X act ivit ies . Inc omplete separat i on of 

DG and X in the oldest frac t i on c ould account for it s ob served distribution .  The 

most striking fea-ture i s  the marked in c rease in the per cent of act i v it y  a s s ociate d  

with PE , with c orrespon ding decrease in PC ,  and as a result , the much h igher rat i o  

of PE to PC specific activity for older cell s . 

QL c e!�and linoleat e :  Apart from l o w  act ivity in the small , o ldest cell 

fract i on ,  there was a.n ov er9.l l inc reas e  in f;J.tty ac i d  upt 1ke with cell age . 

ict ivities in all c omponent s of the oldest fract i on were uniformly l ower than wou l d  l 

expected from � compari son with other fract i on s ,  and it is pos sible that this c ould 

be due to an. error in a fundamental mea surement : Uptakes int o  both PC ,  the ma j or 

labelled component , and PE increased with cell age , but DG and X were relatively 

c on st ant , and PA low and variable. V ariat ion in PA could in part be attributable t o  

errors in estimat ion . Percentage distributions were rel atively uniform , but P E  to PC 

spe0ific act ivity rat ios were slightly higher in older fractions . 

MJW( I )  rhosts an d linoleat e :  Linoleat e inc orporat i on was predominantly into 

PG, and this showed a slight decrease with cell age . U ptake int o  PE c ould have 

decreased slightly, but again aut oxidation effect s t end to obscure the t ru e  pictur e .  

PE t o  PC specific activity ratios were e s sentially c on st an t , and n o  obvious variatio: 

in upt ake int o  minor component s i s  evident . 

MJW( I I )  ghost s and l inoleat e :  The same overall pat t ern a s  that for uptake in 

MJW ( I I )  c ell s i s  evident . There was a marked increase in uptake int o  PE with age , 

and virtually no change in upt ake int o  PC ( see Figure 1 6 ) . Uptakes int o  minor com­

ponent s varied a l it t l e , with that int o  PA increasing slightly with c ell age . 
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CCW ( IL_g:host s and linol eat e :  Uptake int o all est erifi ed lipi d s  was e s sent ial ] 

con st ant , whether expre s sed in t erms of absolut e uptake or perc entage distribution.  

Combined DG and X act ivity was higher than u sual . Aut oradiography shows thi s  

act ivity to b e  even ly divi ded between t wo c omponents { E'ie;ure 1 7 )  o 

'JJC gho st s  a.YJ.d palmitat e :  A s  a relat ively l arge number o f  ;7hi t e  c ell s 

�c cumu l �t ed in the dense st red c ell fract ion , and made a large c ont ribut ion t o  fat ty 

ac id upt ake , ac curacy of r ed c el l  dat a for thi s fraction is l imit ed. Neverthel es s  a 

general ly constant pattern of t ot al incorporat ion is  evident . Uptake int o PE was 

fair ly c on stant and that into PC decreased very sl ightly with c el l  age . Upt 9.kes 

into PA., DG an d X wer e  higher in older cell s .  PE : PC spec i fi c  acti vity rat i. os were 

e s sent i all y constant . Hit?;b TG act ivity due t o whi t e  e el l  r.ont g,ming,t i on can be seen 

the aut org,di of,'raph s ( Figure 1 8 ) . 

GGM gh o st s  and p�lm?.:_tat e :  There wa s a ::;light inc r e ase in t ot al fatty ac i d  

upt J.ke with :i�e , mainly at t ribut abl e  t o  uptake into PE . PC act ivit i es were constant 

and c on s equ ent ly there was a marlcei in c r ease in PE : PC spec ific ac:t i  vi ty ratio Ni th 

c ell age . Act iv it i es of all component s in the second o l ci e st samp l e  were uni fo rmly 

l ower thc.�."l exp ected from comrnri son with other frac t i on s ,  po ssi bly because of an 

error in a fu:J dJ.ment al measur ement . DG an d X 'lc t i  vi t i e s  ap:pare1 1t ly dec r eused , an d 

P ll.  '.J.cti vi ty increased with c el l  age . Aut o radiography shows a l o w  upt ake int o PS in 

'lll fr 'lct i on s . PE act ivit i es were higher than averace , u.n d the ov erall pi cture 

resembles th·1t for MJW( I I ) . 

�t; ghost s and pa.lmitate : !\.gain t ot al activit ies were e s sent ial l y  con st ant , 

and there were no marked vari at ions with age in PC or PE act ivit i e s ,  either in 

t erms of absolut e or relat iv e  uptake . DG ;md X activities uecreased slieht ly with 

c el l  age . Pluctuat i ons in PA ac tivit y were due , at least in part ,  to inac curacy 

of lipid separat ion . 
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T ab l e  3 6 :  - 1 4 -
I n c o rporat i o n  o f  L1 - £/l i n o l e a t e  i n t o  Human R e d  C e l l s  Frac t i o n a t e d  A c c o r d i ng t o Age , 

( d o no r MJ W ( I ) ) 

--

1 . 075 1 . 080 1 . 082 
- - ---

d e n s i t y  range o f  c e l ls 

1 . 084 

P e r c e n t age d i s t ribu t i o n  o f  t h e  radioac t i v i ty i n  the e s t e r i f i e d  l i p i d s  

DG + X 
PA 
PE 
PC 
S P  + LPC 

6 
1 7  
5 ( 8 )  
59 
1 5  

+ 
- . 5 
:!: 2 
! 1 + - 1 . 5 
:!: 1 

+ 9 . 5  -
+ 1 9  -

9 . 0( 1 2 )  ; 
55 -

1 1  + -

1 
2 . 5  
2 . 5 
1 . 5 
1 

- --·-- ·---·· -- ----- ----
Ac t i v i ty pe r p e q  pho spho l i p i d  ( d pm ) 

TL ( e s t e r i f i e d ) 21 00 
DG + X 1 25 
PA 350 
PE 1 05 (  1 65 )  I PC 1 230 
SP + LPC 3 1 0  

S pe c i fi c  ac t i v i t y  ( dpm/p e q ) 

PE I 650 
PC 3500 

- - -

1 55 0  
1 5 0  
300 
1 45 ( 1 85 )  
85 0 
1 75 

700 
2800 

·- -

+ 
1 3 . 5  + . 5 
1 4  - 3 
8 . 5 ( 1 3 ) ; 1 . 5 
5 5  - 1 . 5 
1 0  ! 1 

1 6  
29 
1 0 . 5 ( 21 ) 
30 
1 4  

---- ------ �-· -· --- -- --· --

1 4 50 
200 
200 
1 25 ( 1 85 )  Boo 
1 5 0  

700 
2300 

' 
1 250 

200 
3 60 
1 3 0 ( 25 0 )  
370 
1 7 0  

1 000 
1 05 0  

! 1 
! 3 
:!: . 5 
! 1 + 1 

1 . 08 6  1 

+ 21 - 2 
: 4 3 8  

1 0 (  1 6 )  :!: 2 
1 8  :!: 1 + 1 2 . 5  - 1 

1 350 
280 
520 
1 35 ( 23 0 )  
250 
1 70 

Boo 
7 8 0  

Th e s e  r e s u l t s  a r e  pre s e nt e d  gra ph i c ally i n  F i gu r e s  20 - 2 6 .  Fo r a n  explana t i o n  o f  r e s u l t s ,  s e e  the 

fo o t no t e  t o  Tab l e  34 . 
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Table 37 : - 1 4  -Incorporat ion o f  L1 - £/linoleate into Human Red Cells Frac tionated According to Age , 
( Donor MJW ( I I ) )  

1 . 075 1 . 081 5 1 . 0835 1 . 085 
density range of c el ls  1 090 1 . 0865 • 

-: 

- ------- -- -- ------------------------! 
Perc entage distribution of  the radioac tivity in  the esterified lipid 

I + + + + DG 3 . 2  + 0 . 2  4 � 3  + 0 . 2 1 0 . 5  + 0 . 2  1 0 o 0  + 0 . 2  
X 4 . 1  - 0 . 2  5 . 4  - 0 . 2  5 . 5  - O o 2  4 . 8  - 0 . 2  + + + + PA I 9 - 1 . 5 1 1  -+ 1 . 0 1 0  - 1 o 0 1 4  - 1 . 0 + + + PE 

I. 
30 � 0 . 5  31 - 1 . 5 45 . 5  -+ 0 .5  40 - 1 . 0 + . + + PC 54 - 1 . 0 49 - 1 . 5 28 . 5  - 0 . 5  32 - 1 � 0 

Ac tivity per  peq 
I TL ( esteri fie d )  

DG 
X 
PA 
PE 
PC 

phospholipid 
3500 

1 1 0  
1 40 
3 1 0  

1 050  
1 900 

- --·---1l- Specific  ac tivity ( dpm/peq )  
PE 1 3500 
PC I 5400 

-·-----··- -

( dpm ) 
2550 
1 1 0  
1 40  
280 
Boo 

1 250 

3000 
3500 

2900 
300 
1 60 
290 

1 320 
820 

4500 
2700 

3000 
300 
1 45 
420 

1 200 
960 

4 1 00 
3000 

8 . 8  
3 . 7  
1 0  
55 
22 

' 

� 0. 2 :! 0. 2 
! 1 . 0 
: 0 .5  
:!: 0 . 5  

4 1 50 
360 
1 50 
400 

2300 
91 0 

8000 
2650 

+ 
1 . 1  -
2 . 2  � 
6 . 5  :!: 
80 :!: 
9 . 6  :!: 

0. 2 
0 . 2  
1 .  0 
1 . 0 
0 . 5 

1 1 700 
1 30 
260 
760 

9400 
1 1 20 

27500 
3800 

-·------·--------�---------------------

These  results  are presented graphic ally in  Figures 20 - 26.  For an explanation o f  results , see  the 
I 

footnote  to Table 34 o 



. 

\() ()'\ 

Table 38 : 
- 1 4  -Incorporation o f  L1 - Q/linol eate into Human Red Cells Frac tionated According to Age , 

--·- -- --

( Donor GL ) 

1 . 075 
- ----- ---

1 . 079 
---

1 . 0805 
density range o f  c ells 

1 . 08 1 5  1 .  0835 
-----�--

Percentage dist ribution o f  the radioac tivity in  the esterified lipids 

I DG 
X I PA 
PE 
PC I 

+ 
5 . 7  + 0 . 3  
1 1 . 0 - 0 . 3  + 3 . 5  - 3 o 0  + 7 .5 - O o5 + 72 - 1 . 0 

+ 
7 .. 0 + 0 . 3  
1 0 . 5  - 0. 3  + 6 . 5  + 1 . 0 
8 . 5  - 0 . 3  
68 ! 1 . 0 

Activity per peq phospholipid ( dpm ) 
TL ( esterifi e d )  l 
DG I 

X 

I PA 
PE 
PC 

1 480 1 950 
85 1 35 

1 60 2 1 0 
50 1 25 

1 1 0  1 65 
1 070  1 350  

--- ---- -------

Spe ci fic  ac tivity ( dpm/peq )  
PE I 360 540 
PC 3400 4300 

+ 7 .5 + 0 . 3  
1 2 . 8  + 0 . 3  
2� 5 
8 � 5  
68 

- 1 . 0 + 
- 0 . 5  + - 0 . 5  

2 1 00 
1 60 
270 
50 

1 80 
1 450 

560 
4800 

5 . 2  + 
+ 0 . 3 

9 . 2  + 0 . 3  
8 . 0  + 2 . 0  
1 0 . 0  + 1 . 5 
66 - 0 . 5  

2400 
1 25 
220 
1 90 
240 

1 600 

820 
5200 

+ 
8 . 0  - 0 . 5  + 1 7  + 0 .5  
4 . 5  + 2 
1 0 . 0  - 0 .5  
62  ! 0 . 5  

1 080 
85 

1 85 
50  

1 1 0  
670 

370 
21 00 

1 .  o865 

These results are presented  gr�phically in Figures 20 - 26 .  Fo r an explanation o f  resul t s ,  see the 
footnote  to Table 34 o 
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Tabl e  39 : I n c o rpo rat i o n  o f  L1- 1 4Q/l i n o l e a t e  i n t o  Gho s t s  o f  Human Red C e l l s  Frac t i onated A c c o rding t o  
A g e  ( Do n o r  MJ W ( I ) )  

d e n s i t y  range o f  c e l l s  
1 . 075 1 . 080 1 . 082 1 . 084 

P e r c e nt age d i s t r i b u t i o n  of the rad i o ac t i v i ty i n  the e s t e r i f i e d  l i p i d s  
DG + X 
PA 
PE 
PC 
SP + LPC 

1 .  8 + - O o 2  
4 . 0  : 1 . 0  
5 . 2 ( 9 . 5 )  ; 0 . 5  
77 :;: 1 . 0 
1 3 . 2  - 0 . 3  

2 . 2  : 0 . 3  + 4 . 5 :;: 1 . 0 
5 . 1 ( 7 . 0 ) - 0 . 3 :.-- + 85 :;: 1 . 0  
3 . 3  - Oo 3  

4 . 2  
5 . 5  
3 . 8 ( 5 . 5 )  
85 
3 . 3  

: 0 . 3  
: 1 .  0 
: 0 . 3  + 
- 1 . 0  
: 0 . 3  

--- --------- --------- ------ - --- -- ------

Ac t i v i t y  per ?eq 
TL ( e s t e ri f i e d ) 
DG + X 
PA 
PE 
PC 
SP + LPC 

pho s pho l i p i d  ( d pm ) 
7500 

1 35 
300 
39 0 ( 7 2 0) 

5 800 
97 0 

6700 
1 5 0  
3 00 
3 5 0 ( 4 7 0 )  

5 7 00 
220 

6600 
280 
360 
255 < 3 60 ) 

5 600 
220 

3 . 8  + - 03 
2 . 0  ! 1 . 0 
4 . 4 ( 5 . 5 )  ! 0 . 5  
85 : 1 . 0 
4 . 2  : 0 . 3 

6400 
245 
1 25 
285 < 35 0 )  

5 4 00 
27 0 

1 . 08 6  1 . 1 1 0 

5 . 6  + + 0 . 3 
- 1 .  0 7 . 5  

4 . 1 ( 7 . 0 )  ! 0 . 3 
75 ! 1 .o 
7 . 4  ! 0 . 3  

5 600 
3 1 0  
4 1 0  
240( 390 ) 

4 200 
4 1 0  

- - - - - .. - ----------------· - -- ------ · 

S pe c i fi c  ac t i v i t y  ( dpm/p e q )  

1 PE 

I PC 
'------- ---

2600 
1 8500 

1 750 
1 75 00 

1 450 
1 75 00 

1 3 00 
1 7200 

---------- -- ----- -- -- ------------

1 5 00 
1 3000 

-· - --- ----

T h e s e  r e su l t s  are pre s e n t e d  graphi c al l y i n  F i gu r e s  20 - 2 6 .  Fo r an explana t i o n  o f  re sul t s ,  see the 
fo o t no t e  to Table 34 .  
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Table 40 :  Incorporation of  L1-1 4£7linoleate into Ghosts o f  Human Red Cells Fractionated  According to  
Age  ( Dono r MJW ( I I ) )  

1 . 075 1 . 0835 1 .  0855 
density range of cells  

1 o 088 1 . 0935 r------·------------------------·- --·------- - -- ·-- --

Percentage distribution of the radioac ti vi ty in the e s t e r i f i e d  lipids 
DG 
X 
PA 
PE 
PC 

�--· 

+ + 3 . 8  + 0 .5  3 . 6  + 0 . 2  
3 . 1  + 0 . 2  3 . 2  + 0 . 2  
1 1  - 2 . 0 8 + 1 . 5 
1 6  � O o5  38  + 0 . 5  
63 - 2 . 0  46  - 0 . 5  

Act ivity p e r  p e q  phospholipid ( dpm ) 
TL ( esterifi e d )  3500 
00 1 30 
X 1 05 
PA 380 
PE 540 
PC 2 1 50 

-- --------------

Spe c i fic ac tivity ( dpm/�eq ) 
PE 1 900 
PC 6200 

3900 
1 40 
1 25 
320 

1 500 
1 800 

5000 
5200 

2 . 3  
1 . 3 
8 
43  
45  

..... 

+ + 0 .2  
- O o2  + + 1 . 5 
+ 1 . 0 
- 1 . 0 

6600 
1 50 
85 

540 
2850 
2950 

--·-----

9800 
8200 

+ 
2 .. 2 + 0 .,2  
2 . 2  + 0 .2  
8 + 2 .0  
49  - 1 + 
35 - 1 

7500 
1 60 
1 60 
600 

3800 
2600 

1 2200 
7600 

1 . 1  
+ 
+ 0. 2 

1 • 1 + 0 . 2  
1 0  + 1 . 0 
5 6 . 5  + 1 . 0 
30 - 1 . 0 

7500 
80 
80 

760 
4 200 
2250 

1 4000 
6600 

1 . 1 02 

These result s  are present ed  graphically in  Figures 20 - 26 .  For an explanation o f  results , see the 
foot not e  to Table 34 . 
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Table 4 1 : Incorporation o f  i1-1 4£7linoleate into Ghosts o f  Human Red Cells Frac tionated According to 
Age ( Donor cc ·:; ) 

-- - --· -- ---- -----· 

density range o f  cells 
- -, I 

1 . 075 1 . 080 1 . 082 1 . 084 1 . 086 1 . 1 05 
---··-�--·- --

Percentage distribution o f  the radioac tivi ty in the e sterified lipids 
+ DG + X 20 + 0 . 5  

PA 9 . 5  + 1 . 0 
PE 8 . 1  - 0 . 3  

PC I 
( 8 .. 7 � 
58  - 0 . 5  

+ 23 . 5  + Oo5 
8 . 0  + 1 . 5 
5 o 5  - 0 . 3  
( 6 . 6 ) + 60 - O o 5 

Act ivity per peq phospholipid ( dpm ) 
TL ( e sterified )  1 2000 1 2500 
DG + X I 2400 2950 I PA 1 1 00 1 000 
PE I 970 700 

+ 
2 1  .. 5 + 0. 4 
1 0  + 1 ,. 5 
5 . 7  - O o 3 
( 8 . 3 ) + 
57 - 0 . 5  

1 2800 
2750 
1 250 
720 

24 + - o .4  
8 . 5  + 

+ 2 . 0  
5 o 4  - O o 3 
( 7 . 0 ) + 
58  .., Oo 5  

----

1 4000 
3300 
1 250 
750 

+ 26  + o.4  
9 . 0  + 2 . 0  
5 . 9 - 0 . 3  ( 8 . o� 
58 - 1 . 0 

I 

I 1 3200 
3500 I 1 250 
800 I ( 1 050 )  ( 850 )  ( 1 050 )  ( 1 000 ) ( 1 1 00 )  

PC I 6900 7500 7200 8000 7700 � ------------- ----· ----
Spec i fi c  act ivity ( dpm/?eq )  
PE 3900 3 150  3900 3600 3900 
PC � 20000 22000 21 000 23000 22000 

-------

The se re sults  are presented graphically in Figures 20 - 26 . For an explanation of  result s ,  see 
footno�e to  Table 34 .. 
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Table 42 : I ncorporation of  L1-1 4£7palmitate into Gho sts o f  Human Red Cells Frac tionated  According 
to age ( Donor VJC ) �--------

1 . 075 1 . 080 1 . 082 
densi ty range of c ells  

1 . 084 1 . 086 1 . 1 1 0  

I 

Percentage distribution of  the radioac tivity in the esterifi e d  lipids 
i + + DG 3 . 0  :;: 0 .5  3 . 5  + 0 .5  I X I 5 .. 5 + 0 . 5  6 . 5  + 0 . 5  I PA 1 0  - 2 . 0  1 1  + 3 . 0  + PE 1 0  - 0. 5 9 . 8  - 0 . 5  

( 1 2 . � ) ( 1 5 . � ) 
PC I 67 + 2 . 0  66 + 1 . 0 I LPC + SP I 3 . 0  ... 0. 5  4 . 5  - 0 . 5  

_______!__ 

Ac tivity per peq pho spholipid ( dpm ) 
TL ( esterifi e d )  3800 3900 
DG 1 1 5 1 40  
X I 2 1 0  250 
PA I 370 430 
PE I 370 380 

( 460 ) ( 600 ) 
PC 2500 2600 
LP6 + SP I 1 1 5  1 80 

S pecific  ac tivity ( dpm/peq ) 
I 

PE I 1 750 2200 
PC I 7400 7700 

_1._ - - -------

+ 
3 . 8  - 1 . 0 + 1 0  + 1 . 0 
8 . 5  + 2 . 0  
7 . 2  - 0 . 5  
( 1 2 . � ) 
60 + 1 . 0 
1 2  - 1 . 0 

3600 
1 30 
340 
280 
250 

( 430)  
2000 

400 

1 550 
5800 

+ 
1 1  + 1 . o  
1 3  + 1 . 0 
1 8 . 5:;: 3 . 0  
5 - 1 . 0 
( 9 )  + 
45 + 2 . 0  
4 . 0  - 1 . 0 

4700 
520 
620 
850 
230 

( 430 ) 
2050 
1 80 

·--

1 450 
5800 

·- �-----·- +--· --· -- �- -- ----------- -

+ 
1 1  + 2 . 0  
22 - 2 . 0  
1 8  

+ 
+ 4 . 0  

7 - 2 . 0  
( 1 1 ) + 

4 1  + 4 . 0  
1 . 0 - 1 . 0 

4800 
520 

1 000 
800 
300 

( 500 ) 
1 900 

50 

\ 
1 800 
5800 

These results  are presented graphically in Figures 20 - 26 .  For an explanation o f  result s ,  see  the 
footnote  to Table 34 . 
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Table 43 : Incorporat ion o f  L1-1 4£7palmitate into Ghosts o f  Human Red Cells Frac tio nated According 
to Age ( Donor GGM ) 

density range o f  c ells  1 .  0845 1 . 1 02 1 . 075 1 . 07 8  1 . 080 1 . 082 
------

Percentage di stribution o f  the radioac tivity in  the esteri fied lipids 
DG + X 
PA 
PE 

PC 
SP + LPC 

I + 1 1 0 . 5  + 0 . 5  
5 . 5  + 1 . 0 
1 3 o 5 - 0 . 5  

+ 

I 61  + 1 . 0 
3 . 8  - 0 . 5  

- --------·--

+ 
8 . 8  + 0 . 5  
7 . 0  + 1 . 0 
1 3  - O o 5  
( 1 8 )  + 
62 + 1 . 0 
4 . 5  - 0 . 5  

Activity per p e q  phospholipid ( dpm ) 
TL ( e sterified 1 5 4 00 
DG + X 5 7 0  
PA 300 
PE 7 20 

PC I 3 3 00 
SP + LPC 200 

Spec i fic  activity ( dpm/peq ) 
PE I 2 800 
PC 1 0200 

6 200 
550 
4 5 0  
830 

( 1 1 00 )  
3800 

280 

4400 
1 0400 

6 . 8  
+ 
- 0 . 5  + 9 . 5  - 1 . 0 + 

1 3 . 5 - 0 . 5 
( 23 ) + 
54 + 1 . 0 
9 . 7 - 0 . 5  

6600 
460 
600 
920 

( 1 5 00 ) 
3500 

630 

5 600 
1 04 00 

6 . 7  
+ + 0 . 5  

1 1 . 5 + 1 . 0 
24 - 0 . 5  
< 35 ) + 
4 8  + 1 . 0 
7 . 5  - 0 . 5  

4300 
290 
520 

1 05 0  
( 1 5 00 ) 

2050 
3 2 0  

5700 
6300 

5 . 6  + + 0 . 5  
8 . 5  + 1 . 0 
3 0 . 5  - 0 . 5  
( 37 )  + 
49 + 1 . 0 
5 . 5  - 0 .. 5 

7 200 
4 00 
600 

2200 
( 2600 ) 

3500 
390 

1 0200 
1 0000 

These results  are presented graphically in Figures 20 - 2 6 .  For an explanation  o f  results , see 
footnote  to Table  34 . 
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Table 44 : 

------�- --

Incorporation o f  L1-1 4£/palmitate into Gho sts o f  Human red Cells Frac tionat ed  According 
to age ( Donor EJC ) 

- --
density range of  cells  

- - -- -

1 . 075 1 . 078 1 . 080 1 . 082 1 . 084 -l  1 .  o86 1 

Percentage distribution o f  the radioac tivity in the esterified  lipids 
DG 
X 

I PA 
, PE 
I PC 
I 

+ 8 . 7  + 0 . 5  
5 . 2  + 2 . 0  
6 o 0  + 2 . 0  
1 1 . 7 + 3 . 0  
56 - 2 . 0  

6 . 5  + + 0 . 3 
2 . 0  + 0 . 5  

- - 1 . 5 + 1 2 . 8  + 0 . 5  
7 1  - 1 . 0 

t Activity per peq phospholipid ( dpm ) I TL ( esteri fied ) 
I DG I 
i X 

I PA 
PE 
PC 

7200 
630 
370 
450 
830 

41 00 

Spec i fic  act ivity ( dpm/�eq ) 
PE I 2700 
PC 1 4000 

8900 
570 
1 80 
-

1 1 50 
6300 

- ·- - -- --

3600 
21 000 

+ 6 . 1  + 0 . 3  
1 . 2 + 0 . 3  
1 . 0 - 1 . 0 + 1 4  + 0 ,.5 
72 - 1 . 0 

---

8400 
520 
1 00 
80 

1 200 
61 00 

3900 
21 000 

+ 5 . 5  + 0 . 5  
2 . 0  + 0 . 2  
7 . 0  + 1 . 5 
1 2 . 2  + 0.5 
65 - 1 . 0 

7400 
4 1 0  
1 50 
550 
91 0 

4800 

3000 
1 7500 

+ 
4 . 5  + 1 . 0 

- - 0 . 5  + 
1 . 5 + 1 . 5 
1 9  + 1 . 5 
68 - 2 . 0  

7600 
330 

1 1 0  
1 450 
5200 

4000 
1 7500 

These results are presented graphically  in Figures 20 - 26 .  For an explanation o f  resul t s ,  see the 
footnote  to Table  34 . 
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T ab l e  45 : E s t i m a t i o n  o f  Approximate Rat e s  o f  L i no l e ate and Pal m i t a t e  Tu rno v e r  i n  Human Eryt hro c y t e  o r  

Gho s t  L i p i d  Component s ,  a s  a R e s u l t  o f  Uptak e  o f  t h e  F r e e  Fat t y  A c i d  from Plasma 
�-� - -- ,- - -- ----- ------- ---- ------ 1 -- ---- ---
1 Component 

t---

PC 
PE ( no rmal ) 

1 Ac t i v i t y  t ak e n  up i g 3 h r  from plasm a > 1 0  
dpm p e r  ml ( dpm p e r  I p e q  PL ) 

5 00-1 500 
200 

P E  ( h i gh up take ) 1 000-9 000 

PC 3 000-8 000 
PE ( no rmal ) 5 00-1 000 
PE ( hi gh u p t ake ) 5 00-4000 

PC 25 00-5 000 
PE ( no rmal & h i gh 5 00-25 00 

uptak e ) 

Dat a  u s e d  i n  c al c u l a t i ons : 
Plasma FFA c o nc e nt r a t i o n257-259 
Linol e a t e 2 6 0 , 2 6 1  1 5 ·; 
Palmi t a t e2 60 , 2 6 1  24; 
A plasma r a d i o a c t i v i ty c o n c e n t r a t i o n  

I Plasma FFA t ak e n  up 
p e r  hr ( p e q  per p e q  
c e l l  PL ) x 1 o5 

-- _ ___ _J 
C e l l s  and l ino 

2-6 J o . 8  
4-36 

1 2-50 
2-4 
3-25 

1 5 -30 
3 - 1 5  

Gho s t s  and l i n  

Gho s t s  and pal 

o . 8  p e q  per m l *  
0 .. 1 2  p e q  p e r  m l  

L i no l e a t e  ( o r 
pal m i t at e ) i n  
c om po nent 
}leq/,ueq PL 

l e a t e  

o l e a t e  

m i t a t e  

- -
0 . 1 5  
0 . 045 
0 . 045 

0 . 1 5 
0 , 045 
0 . 045 

0 . 1 5  
0 ,. 04 5  

0 , 1 9 �e q p e r ml 
o f  1 0  dpm per m l  i s  e qu i v a l e n t  

Frac t io n  r e -
p l a c e d  p e r  hr 
( Pe r  c en t ) 

- -
. 01 3 - . 04 

. 01 8  
. 09- . 8  

. 1 5- . 35 

. 07 - . 1 3  

. 07 - . 55 

. 07 - . 1 5 

. 04 - . 2  

Red c e l l  _ph o spho l i p i d s  67 7 2  P C  3 3 �  to t al · 23% l i no l e a t e  ' 

t o � Lino l e a t e  spe c i f i c  ac t iv i ty 
8 x 1 06 dpm p e r  p e q ; 
Palm i t a t e  spe c i fi c  ac t i v i t y  
5 x 1 06 d p m  per p e q . 

0 . 1 5  p e q  l i n o l e a t e  p e r  p e q  PL 
0 . 21 p e q  palm i t a t e  per p e q  PL 
0 . 045 p e q  lino l e a t e  p e r  p e q  PL 
0 . 075 }l e q  pal m i t a t e  per }l e q  PL 

PE 30i to tal 
3 2;:. palmi t a t e  
7 . 5�{ l i no l e a t e  
1 2 . 5�" pal m i ta t e  

* Plasma FFA c o nc e ntrat i o n s  can vary o ve r  a w i d e  range , ( no rmal l y  abo u t  0 . 3  - 1 ue q/ml ) .  A s  uptak e s  
appe a r  pro p o r t i o nal t o  fat ty ac i d  c onc e nt rat i o n , they w o u l d  vary acco rdingl y .  

I 
: 

! 
I 

I 

I 

Renewal 
t i m e  
( d ay s )  

-�· 

1 00-300 
250 
5-45 I 

j 

1 2-30 
30- 60 

7-60 
I 

I 
3 0- 60 I 

I 

20-1 00 
___. 
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F i g u re 2 0 : I nco r p o r a t i o n  o f  L a b e l l e d  F a t t y  A c i d s  i n t o  t h e  T o t a l  E s t e r i f i e d  

L i p i ds i n  H um a n  R e d  C e l l s  o f  D i f f e r e n t Ages 
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F i g u re 2 1 :  I n c o r poration of label led Fatty A c i d s  i nto Phoaphatidyl C hol i n e  

i n  H u m a n R ed Cel ls  o f  Different Ages 
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J 



C e l ls 
dpm t .ueq Pl 

+ linoleote 

E MJW MJW G L  1 2 

� CJ [ ,._,! r==t..., 

Ghosts + linoleote 

1 5 M J W  MJW ccw 
1 2 

10 

5 c=C1 0 � 
Ghosts + Palmitate 

t: VJC GGM E J C  

� I I I • l n n, 
0 5 0  100 0 50 100 0 5 0  100 

percent cells from top of density gradient 

F i g u re 2 3 :  I n c orporati o n  of Labe l l ed F a tty Ac i d s  i nt o  P hosphati d i c  

A c i d  i n  H u m a n. R e d  Cel l s  o f  Different Age s  
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Figure 2 4 :  I n c o r po r a t i o n  of l a b e l l ed F a t t y  Acids i n t o  D i g l y c e r i d e s  and 

Compo nents X i n H u m a n  Red Cel ls  of D i fferent Ages 
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F i g ure 25:  Percenta g e  D i st r i b u t i o n  of Fatty Ac id s  Esterif ied b y  Hu man Red 

C e l l s  o f  Differe n t  A g e s  
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Activity R a t i o s  in H u m a n  R e d  Cells  of D i fferent Ages 
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':.!_ompa£ison between _Di fferm>t Blood Sampl es 

On comparing the di fferent set s o f  ir:..:-:ubat ions of rei c ells or ghost s wi-th 

pL .srna f ;.tty s.ci d s ,  it i s  obvl· OU S that :�� '•"l. ri e _,.. .�"1ge o�f" l e'· ' ' V . l � 
. . , l - ., """ u.. • . - - fi,� 1.0 ·u. J. S  pOSSl  0 0 o "'or 

an ATP Stn d. C:oA dependent proc es s ,  i t  would. oe expected tr_at uptJ.l{e into r:E.:lls to 

Lo ·::e!:' vpta.kes were ob s erved :or twc o f  tLe c ell  s a.mpl.r� ;:; ,  but fOl' "-;b .:: oth t-Jr , +he 

ext ent of fatty :.:..cid  i:1corpor·c.�t ion ?18. 8 r:oli1parabl e  to that f·:ir Lho3t s . 

On the .:...vera[e , lbolsat e upt a :<-a int o 5ho st ::; v;as slie;ht ly hit:her than 

palmitat e upt"'-�<e.  Hmrever variat i on b etwe�m indiv i d.u:�. l s  was t oo great t �  a. s s e s Eo  the 

di ffere!lc e . 

Upt a:<e of a p 'irt i cu ld.r .:.0i d  wJuld ·1ppe<1.r t o  derend on r: ell conce11tration . 

There i s  some �orrelat i on bet·11eeL upt ake into t otal esterifieJ. l ipid ( ?it_Ure 20 ) and 

c e l l  d.ilutior; dur ine intJubat i on :  

c ells + l inoleatc 
ehost s + lin olea:te 

c sll -:l..i lut ion 
T.1J'·I( I )  1 : 4 = GL 1 : 4  > E,LV( I I )  1 : 3 . 5  

1 : 5 .  8 > ··.!J',\' ( I  ) 1 : 4 • 2 > ,,.J .7 ( I I  ) 1 : ) • 5 
1 : 6 • 4 > GG-M 1 : 5 .  6 ) '1 JC 1 : 4 . 25 

Var i ?..t i orJ between se+. s of incub9-t ion s :.. s p...trt ic'-<LJ.rl�' evid-ent for· th9 

d i st ri but i on of the fatty ac i l  t s.b.m up} between the di ffe.cer t c ell lipi is . 1-i ::. ue<: er· 

+.hi s  c ar.. n ot be explain ed in t erms of di fi'-arenc <Os  bet weer p?..lmitu.te aTJd. linol eat c 

Blood. samples '.'I ere t •.H.en frmn a.ll cion or::: s.tor+.ly .... ft er breakf.:.:.st , h el 1 r- e 

var:i. at i o� s  in :pJ a srn:1 c o mposit i on 1vould be ex:EJee t e :l .  As the est erifi cat i oH re:J.c t i on s  

un :lor· study make u s e  of e:-:t err.<-�.1 s . b st rat e s , namely free fatty ::tc i d s  .:1n d  lyso:pho sphc� 

lipids41 ' 1 02 ' 1 03 ,  .-ariat ion s in c onc entrat i ons of these wou ld c on::JiJ.�::ra1Jly ir, fluen ::: e 

both t otal incor:porat i o:r.. rat e and the dist ribution of the inc or1Jorat e fatty acid. 

ari-"'.t ion in plasrn3. c on st i tu tion c ould h.:1ve two effect s .  Firstly,  di fferer:t s et s  

of incubat ion s  have been c omp·1re i  by acsuming th:1t U])take of a fatty ac id i s  pro-

port iowLl t o  it s concentration . I f  thi s  were n ot so , the lower pL:�.sma spec i fi c  

activit ies w o  1ld be assoc i.:J.ted with hi gher in ·� orpo rations . Howev er n o  such 
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c orrelat i on i s  evident . Secondly , c onc entrat i on s  of plasma lysophosphol ipids , and 

p recursors of :iiglyc erides and the unident i fied nonpob.r lip i d s  (X) i f  pre sent , 

c ou l d  vary independent ly . Thi s  would affect both the ov erall fatty acid uptake , 

and the distribut i on o f  the ac id taken up . 

Variat i on in Fatty Ac i d  Upt ake with Cell Age 

The r elat ionship between fat ty ac i d  upt ake and red c ell age al so v ar i ed 

c or� si derably b etween di fferent blood samples .' For incorporat i on int o  FC and PE , the 

following r elat ionsh i p s  hav e  been ob s erved : 

( a )  both remain c onstant with age , 

( b )  both i n c r ease s l i ght ly with age , 

( c )  an inc rease with age in uptake into PE with 'l. c onstant uptake int o PC ,  

( d)  a constant up take int o PE with a decreas in g upt ake int o  PC .  

On this basis  there 3.re t wo fai rly di stind t ypes of b eh aviour ;  with the first , the 

raJ"io of PE : PC spec ific act i v i t i e s  increases markedly vrith � el l  age (c and d) , but. 

wi th th e s ec on d , thi a rat io remaiEs vi rtu al ly unchange:i (a. i.J.nd b ) . Upt akes int o P A ,  

DG and X were mo st ly con stant o r  sliehtly inc reasing \7i t h  age , although in t wo c ase s 

upt akes int o DG 3.rld :X. decreased s l i ght ly . No c o rrelat i on betwe en th e behaviour of 

th e s e  component s J.n d eith er PC o r  FE i s  evident . 

Al th ::m rrh p l <J. srn:J. vari at i on c ou l d  ac c ount for vari ·�t ion b etwe en different set s  

o f  incubat ions , it alon8 c annot ac c ount for vari at ion bet we en di ffc;rent fract i on s  

o f  the s am e  c e l l  popu l at i on , as a l l  frac t i on s  were incubat ed i n  i dent i c .;�.l med i a .  

Behavi our do es not appe�r t o  b e  n ec es sari ly charac t er i st i c  o f  a p articular donor . 

Two b l o o d  sampl es were removed J.t di f fer ent t i m e s  from the s<1me donor (MJW ) , an d both 

c e l l s  an d  gho st s from each incubat ed. Although c e l l s  and gho st s from tbe s ame blood 

s 'lmpl e  .beh :J.ved s imi larly , there was a m.'J.rked di ffer en c e  in b eh avi o•.tr b et ween th e 

t wo s ample s .  In addit i on , b eh avi our i s  apparently in dependent o f  the fract i on at i on 

pro c edu r e , as both MJW( I I )  frac t i onat i on s  were carried out in dependently . 

B efore suggest ing p o s s ible int erpr etat i ons o f  the s e  r e sult s ,  it should be 
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asc ert ained that the observed di fferences in red c ell age dependence of fatty acid 

uptake are genuine .  First ly the accuracy of resu l t s  in any incubat ion shou ld be 

con s i dered . E st imat es of errors arising out of TLC s eparat ion , quantitative 

analysi s ,  and c orrect i on for white cells have been made and are sho .vn in th e t abl e s .  

Measuremen t s  of t ot al :wt ivity per unit pho spholipid should be reproduc ible t o  

within .:!: 5 per � ent . These errors ..ire insuffi c i en t  to explain the observed 

vari at ion s between c ell fractions . Bec au s e  o f  the method of est imat i on ,  Pil. radio­

aot i  vit ies 3.re the least reli':l.ble . Radioact ivity uptakes are relat e j  t o  the amount 

of phospholipid extracted , and henc e no error wou ld have been introduc ed by uni form 

lipid loss  during extrac t i on .  There i s  no evidence for gain o f  ext raneou s 

phospholipid ( Figures 1 1 , 1 3 ) causing erroneou sly low uptakes .  

A po ssible sourc e o f  error i s  in the con stitution o f  the incubat i on systems . 

These systems were prepared by adding p roportion ate amount s of KRP and plasma to 

pac ked c ell s ,  and errors in me:.�.surem ent o f  thes e volumes would have b e en great est for 

the small est c ell  samples . Di lut ion errors should not have affec t ed concent rat i ons 

of fatty ac i d  avaihble for upt ake into the c ell s , (as di s soc iat j_on of the alblAmin­

fatty ac id comp l exes acc ompanies dilution ) . However as it appears that cellular 

acyl transferases were not saturat ed , fatty '.l,c id uptaKes would have been 

depen dent on cell conc entrat ion ( see p .1 28 ) ,  and henc e affect ed by errors in 

dilut ion . It i s  very unlikely that such errors would be large and abl e  to account fo 

the ranges o f  incorporat ion observed . In addit ion ,  perc entage di st ribut ion s of 

e st erifi ed act ivities should be unaffect ed by any errors in cell dilut ion. 

In th e studies in which di fferent fractions sho·R a wide range of behaviour ,  

variation does appear to oc cur progressively with age rather than randomly , hence 

there appears to  be no cause to doubt that the major variat i ons in fatty ac id uptake 

with age are real . Small variat ions ,  e spec ially in minor components such as PA, DG 

and X,  could be attributable to experimental error. 

Another possibility that should be discussed is whether the l ack of variat ion 

in uptake with cell age observed in some experiment s could be due to lack of 
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significant age fract ion�tion .  The same density gradient c entrifueat ion t echnique 

was employed in all experiment s ,  solution s  were always isotonic , and a.lbumin 

densities were modified to suit the particular cells o  Definition of  cell  bands wa.s 

clearer in some separ�tions than in others but these  bands ;vere always discernable . 

Although small variation in the efficiency of age separation could thus h�ve ari sen , 

there is  no reason why any marked differences , or l ac k  of separation ,  should h..l.ve 

been ::l.chieved. 

It seems reasonable ,  therefore , to as sume that genuine differer"ces in 

behaviour of red c ells  of different ages h�ve been observed . As these differences 

cannot be explained solely i n  t erms of substrate concentrations in the incubation 

medium , they must be iue to different capabilities of young rutd old c ell s .  
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Incorporation of Labelled Fa!�Acid into the Lipids in Human Plasma 

- 1 4 - - 1 4 -When plasma was incubated alone with l1- £/palmitat e or l1 - Q/linoleate ,  

radioactive c omponent s in lipid extract s were similar t o  those present before in-

cubation ,  ( see p .  24) , and no radioactivity corresponding t o  any phospholipid c ould 

be detected. However , after incubation with either acid in the presence of red 

cell ghost s ,  some activity was present in plasma PC and LPC (Figure 1 4) .  

The relationship between radioactivity released into plasma and age of red 

cell ghost s  was investigated and the results are presented in Table 46 . Percentages 

of activity in the phospholipids were very low, and hence very sensitive to very 

small amount s of trailing fatty acid . PC activities were signifi 8antly higher than 

the control , but PE and LPC activities were less conclusive. No correlation with 

age of the incubated cells could be deduced from these result s .  

Table 46 : Radioactivity Distributions in Plasma Lipids after Incubating with 
- 1 4 -Human Red Cell Ghost s of Different Ages and L1 - QfPalmitate (Donor GGM) 

Percentage of Radioactivity 

sol vent front PE PC LPC -
Plasma incubated alone > 99 . 9  . 02 . 02 . 02 
Plasma incubated with cells 

Fraction I 99 . 7  . 078 . 1 8  . 035 
I I  99 . 7  . 08 5  . 1 5  . 025 

inc reasing Ill 99 . 7  . 08 5  . 1 6  .026 
IV 99 . 8  . 082 . 1 0 . 034 

cell age V 99. 5 . 1 2  . 25 . 1 2  
- .  

Plasma lipids were extracted and separated by TLC with CMAW 6 5 : 25 : 8 : 4 
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Lipid Cont ent of Rat Red Cell Populat i ons with Different Mean Ages 

General informat ion on incubat ions and fracti onat ion s i s  summari s ed in Table 47. 

Of the three fract ionat ions only one was sui t able for studying variation ll1 lipid 

level s .  Data from Rat s C are present ed in Figure 27 and Tabl e 48 , in which a c orn-

pari son i s  also made with data from normal c el l  populations and with lit erature 

vqlues . Lipid level s in the c e l l s  o f  different ages varied in the ranges ob s erved 

for normal populat ions , and agreement with literature values is good . It app ears 

that there was a slight dec rease in c el l  pho sphol ipid and t otal lipid with dge , and 

that thi s decrease occurred mainly between the two youngest fract i on s .  Distribut i on s  

o f  both phospholipids an d  neutral lipids , a lthough fluct�ating somewhat , showed no 

definit e t rends with age . Result s are therefore in agreement both with thos e  

obtained for albumin gradient fractionat ion o f  human red c el l s ,  and serial o smotic 

hemolysi s of bovine c el l s .  

Table 48 : Variat ion in Lipid Cont ent of Rat Red Cel l s ,  Fract ionat ed Ac c ording to Age 

Rat s C 
increasing age of cells 

Total lipid 
mg/1 01 0 c e l l s  3 . 1 0  2 . 65 2 . 95 2 . 55 

I
! Pho sph�Bipid 2 . 40 2 . 1 0  2 . 20 2 . 0 5  peq/1 0 c e l l s  

I Cholest erol 6 5  
mg/1 o1 0 c el l s 0 . 7 5 0 . 70 0 . 8 5  o .  

Per c ent Pho s- 6 1  ! 1 64 ! 1 60 ! 2 62 ! 2 
pho l ipid 

Cho lest erol 24 ! 1 27 ! 1 29 ! 2 24 ! 1 
Ffi'A 6 ! 1 3 ! 1 4 � 1 4 ! 1 
TG 7 ! 1 3 ! 1 5 - 2 5 ! 2 

2 . 90 

2 . 1 5  

0 . 80 

Normal cell 
pop­
ulat ions 

(a 2  
2 . 85 ! 0 . 1  

2 . 45 ! .05 

0 . 68 + . 05 

65 ! 2 
24 ! 3 

Literature V aluE 

�� L  _{_cl 
3 . 1 5  

2 . 75 

0 . 7 9 

67 
2 5  

61  

28 

61 
28 

CE 7 ! 1 3 ! 1 5 ! 2 4 ! 1 
��--------�--�������--�---------+---------+----------- -

58 ! 2 

28 ! 2 
5 ! 2 
5 + 2 
6 + 2 

Perc entage 
PE 
PS 
re 
SP · 

distribut i on l 29  ! 2 
56 + 2 
1 6  + 2 

- - 4 - -- -

of maj or phospholipids 
21 ! 2 30 ! 2 26 ! 2 
63 ! 2 59 ! 1 60 + 2 

+ .1 6 - 1 1 1  : 2 1 4  + 1 

23  ! 3 

6 5  + 3 

1 2  + 2 

24 ! 2 
1 6  ! 2 
48 ! 2 
1 2  ! 1 

22  
1 4  
48 
1 3  

1 7-23 

58-63 
1 8-22 

Neutral lipids were s eparat e d  i n  dupl icat e  b y  TLC i n  HEA 70 : 30 : 1 ,  phospholipids in 

CMAW 6 5 : 25 : 8 : 4 . E st imat es of errors ari sing from chromat ographic separat i on and 

analysi s have been made . 

( a )  Mean o� 3 c el l  samples 
( b )  N e l son 8 , 70 hA ?h? 
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Vari at i on ��J[Etake of�almiti� Acid _��� Age of Rat Red r ell s 

Data are presented in the same way as for experiment s with human c ell s .  

Incorporation and fractionat ion c ondit ion s  are summari sed in T �ble 47 . 

N ormal C el l  Populations 

U ptake s into white c ell lipids ar e sho1m in Table 4 9 .  Total uptake was of 

a similar order t o  that observed for human white c el l s ,  but TG act ivity :1as c on­

s i derably lo ner . Incorporat lons int o red c e l l s , and gho st s  to nhi ch A1'P and CoA were 

added aft er preparat ion ,  are sho ::n in Table 50 . Although whit e cell c ontaminat ion 

reduc ed quant itat ive ac curacy in the c el l  incubat i on ,  both c el l s  and ghosts 

inc o rporat ed the acid predomin Etnt ly int o PC, and t o  a much l e s s er ext ent into PE ,  

PA , and probably DG .  Trac es of LPC act ivity .vere al so d etectable. (\ft er incubat ion s , 

supernat ant lipids were extract ed and analysed . Some PC and LPC act ivity was 

evident) with PC activity amount ing to about 0 . 2  per c ent of the t otal . 

C e l l  Populat ions of D�fferent Ages 

Radioact ivity incorporat ion int o fract ions of red c el l s ,  s eparat ed acc ording 

to age after incubat ion with palmi b .t e ,  is shoTro. in Table 51 and Figure 28 . Lipids 

were ext racted from c e l l s  whi ch had not been washed free of albumin follo ·.ving 

d ensity gradi ent frac"tiond.t ion . H en c e  any lipids present in the al bumin were J.L.>o 

ext ract e d , m1d for thi s reason , radio �ct ivity in corporat i on s  are relat ed to c el l  

numbers . Almo st all upt ake u a s  irtto PC ,  and i t  appears that there were roughly 

equal decreas e s  in PE and PC act ivit i e s  with c el l  age . Con siderable c ell 

ag,;lut ination oc curred during incubat ion and fractiona.t i on .  The relati onship bet weer 

c el l  age and agglut inat i on i s  not known ,  and the d ensest , agglut inat ed fract i on 

p robably doe s  not c ontain only the o l d e st c el l s .  I t  i s  al so pos sible that s ome 

alt erat i ons to other c el l s  oc curred , whi ch c ould affect q,ge-density relat i on ship s .  

A s  a re sult of the difficulties enc ountered in thi s experiment , c ells were s ep �rated 

b efore incubat ion in subs equent studi e s .  
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Table 47 : Summary of Condit ions for Separat i on and Incubat ion of Rat Red Gell s .  

Rat A :  Incubat ion of Red Cel l s  and Whi t e  C e l l s  with [1- 1 4
Q/palmitat e .  

Red and Whi t e  c ells 
c el l s : plasma = 

Red c ell extract 

-;r 
were incubat ed t ogether in plasma , with activity 1 . 27 x 1 0 °dpm/ml 1 : 1 . 42 v/v 
3 . 0  x 1 01 0  RBC 
1 .  2 x 106 'NBC p er 1 01 0  RBC 

'1fuite cell extract 1 7  x 1 06 \VBC 
p er 1 06 WBC 

3 . 0�b 
1 . 1  x 108 RBC 

Radioact ivity recovered in RBC 
Radi oact ivity rec overed in ;VJ3C 1 0 . 8/o 
overall recovery 98% 

Rat B :  
Gho st s were prepared by hemolysi s i n  hypot on i c  pho sphat e buffer (Dodge et al73� 
They wer e s eparat ed but not washed and ATP and C oA were added to give final 
c onc entrat i on s  of a.bout 4p.M and 0 . 3p.M respectively . 

Gho st s were incubat ed in plasma , Ni th activity 1 . 08 x 1 0
6 

dpm/ml 
ghost s : pla sma 1: 2  
ghost s extracted 3. 0 x 1 01 0  
HBC per 101 0  RBC 0 . 4  x 1 06 
Radioact ivity rec overed in RBC 5/v 

i Overall rec overy 95� 

Rat s C :  Analysi s o f  I ipids from th e pooled red c el l s  from 4 rat s aft er fractionat i on 
of th e c e l l s ac c ording to aG·e 

I r· density 1 . 075 1 . 081 1 . 083 1 . 085 1 . 087 1. 1 08 ·r 
p er c ent o f  RBC 1 6 25 21 25 1 2  

�! R_BC ___ ex_t_r_a_c_t_ed __ x __ 1_o
-
_

1
_

o 
____ 

2_._4_5 _____ 3_._7_5 ______ 3_. 2 _______ 3_. _9 ______ 
1_._8 ________ ! 

. - 1 4 - . 
Rat s D :  C el l s  from 4 rat s -�fere incubat ed s eparat ely L1 plasma <Vl th 11 - Q/palmJ. t at e .  

Each sampl e  was fractionated acc ording t o  a�e --;�d -th� pooled fracti on s an�lysed-. --� 
Incubat i on prior t o  s eparat i on resulted in s ome c ell a.gglut in,;�.t i on and s edimentation I 
during u l  t rac entrifu.gat ion . Sediment ed cells were sep �rat ed and extract ed . C ells / 
were not Hashed fr ee of al bumin be�ore extraction . I 
-� verage p lasma ac t ivity : 1 . 22 x 1 0  dpm/m l  (0 . 91 - 1 .  56 ) 

density 1 . 07 5  1 . 081 1 . 083 1 . 085 
per c ent o f  RBC 1 3  1 9  2 1  
RBC ext rac t ed x 1 o-1 0  0 . 81 1 . 20 1 . 30 

No �1hi t e  c e ll c ount s c ould be m-'3.de . 
·«-Agglut inat ed c el l s .  

1 . 087 
20 
1. 20 

Hat s E :  C e l l s  from 4 rat s were fraction::J.t ed a.ccording t o  age. 

1 . 1 08 
25 
1 . 55 5 . 0 5·-'<-

ATP and CoA enriched gLo s t s  from pooled fract ion s 
in KRP pH 7 . 4, containing 0 . 5  per c ent albumin . 

were incubat ed ·rvith �f- 1 4q/palmitat e 

r--· - -r- . 

i;1edium act ivit y :  1 . 09 x 1 0°dpm/Hll 
ghost s :  I(RF = 1 : 4 

density 1 . 07 5 1 . 079 
Per c ent o f  RBC 2 
RBC incubat ed 0 . 21 

x 1 o-1 o  

51 
5 . 3  

1 . 081 

N o  whi t e  cell count s c ould be made . 

32 
3 . 4  

1 . 0 83 1 . 085 
9 
0 . 98 

5 
0 . 55 

1 . 1 03  
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Gho st Populat i on� of Di fferent Ages 

Tab l e  52 and Figure 29 show the inc orporation o f  palmitat e int o age frac t i on s  

o f  red cell gho st s .  U pt akes were higher t han that int o the normal gho st populat ion , 

probably becau s e  �TP and CoA , added at the t ime of lysi s ,  were ab l e  to penet rat e  

int o the ghost s .  Some loss of lipid and gain o f  impurity occurred in the smal l er 

s amples , but as there appeared to be litt l e  gain in pho spholipi d ,  by relat ing uptakes 

t o  PL l evel s ,  errors from thi s sourc e shoul d  be minimi sed . It appears that there was 

a decrease in uptake int o PC with age , and relat ively c onstant uptake int o PE . The 

rat io of PE PC activity increased mar �edly with age , as in some human studi es . 

Incubat ions wer e  carri ed out in IDRP with added albumin . Lysopho spholipids and free 

fatty ac ids , whi ch oc cur in plasma as albumin c ompl exes
1 2 9

'
1 30

, would b e  present in 

the albumin , and therefore available as sub st rat e s .  

Both these studi es ,  therefore , c onform t o  the general pattern ob serv e d  for 

human c e l l s  and gho st s ,  although experiment al in�dequac ies do not allow as critical 

an assessment . 
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Table 49 : -- 1 4  -Incorporat ion of L1 - Q/palmitate into rat whi t e  blood cell lipids (Rat A) 

Component Per c ent of Activity Activity per i in Esterified Lipids 1 o6 cells ( dpm) 
TL 6900 + 
CE 1 - 0 . 5 I 70 + 
TG 8 . 7 - 0 . 5  I 600 I 
DG+X + 

I 5 . 5 - 0 . 2  400 
P I\  1 1  :!:: 1 i 7 50 I 

PE 6 . 0  :!:: 0 . 2  400 
I + 

70 I PS 1 . 0 - 0 . 1  

I R:: 64 :!:: 1 4400 + 
SP 1 . 4 - 0 . 1 1 00 
LFC; + 

0 . 5 - 0 . 1  30 
,_ - ·-

Cont ributions by red cells were negli�ibl e .  
Errors in white cell count s  could b e  - 20�6 . Dat a uncorrec t ed for plasma activity 
c oncentration are given in Appendix 1 ,  Table 49a . 

Table 50 :  - 1 4 -
Incorporation of L1- Q/palmi tate into � ormal Populat ions of Rat 
Red Cells and Red Cell Ghost s .  

Red Cells Rat A Red Cell Gho st s  Rat B 
Component Per cent of 1\.ctivity per Specific Per c ent of Activity 3peci 

activity in peq PL ( dpm) activity activity in per )leq acti' 
est erified dpm/,.ueq est erified PL ( dpm) dpm/.J. 

lipids lipids 
TL 1 700 ! 300 1 1 000 

+ 
-

TG 500 

DG+X 1 3  :!:: 3 240 + 
3 . 2  - 0 . 2  3 50 PA. + 

9 :!:: 2 - - 4 1 000 
PE 7 ! 3 1 30 550 + 

1 . 0 - 0 . 2  1 00 45C PS 4 :!:: 2 60 
f0 67 :!:: 4 1' 200 2500 81 :!:: 2 9000 1 900( 
SP 2 :!:: 2 30 

Uncorrected data is given in Appendix 1 ,  Table 50ao 
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- 1 4  ... Incorporation of { 1 - £/palmitat e into Rat Red Cells Fractionat ed 

�-- -

According to Age (Rat s D) 

1 . 07 5  

--·- ---- - --- - - - - - -- -

1 . 081 
density range of c ells 

1 . 083  1 . 085 1 . 087 
Percentage di stribution of the radioact ivitv in the esterified lipids 

1 . 1 08 

PE . + + '1- + + 
I I 

8 . 0 - 0 . 5  2 . 3 - 0 . 5 2 . 4 - 0 . 5  1 . 5 - 0 . 5  2 . 7 - 0 . 5 
+ + + + + 

1 - PC 
8 9 

1
- 0 • 5 _2? - 0 • 5 9 5 - 0 .  5 96 - 0 .  5 9 5 - 0 .  5 

+ 3 . 0  + 0 .5 
94 - 0 .5 

1 A ctivity per 1 0  ° cells ( dpm ; ac curacy in TL ! 1 0�) 
TL( est erified)  1 2200 8700 6400 
PE I 1 000 200 1 50 
PC I 1 0800 8200 6000 

J 
*Sedimented c ells 

6 200 
1 00 

6000 

8400 
250 

8000 

1 4200* 
450 

1 3500 

These result s are present ed graphic ally in Figure 28 . Uncorrect ed data is given 
in Appendix 1 • 

Table 52 : Incorporation of L1-1 4Q7palmit at e  int o Ghost s of Rat Red Cell s ,  

Fract ionat ed �ccording t o  �ge ( Rat s �) 
--------····- --- - ----- - --- - - -- .. - -

den sity range of c ells 
1 . 07 5  1 . 07 9  1 • 081 1 • 08 3 1 • 08 5 1 . 1 03 

Perc ent age 
DG or X 
PI\ 

di stribution of the radioact ivit;r_ in the est erifi ed 11 9 . 3  : 0 . 5  2 . 5  : 0 . 2  4 . 6  - 0 . 4  6 . 0  : 0 . 5  
1 8  : 2 . 0  1 4  : 2 . 0  1 5  : 2 . 0  1 3  : 2 . 0  

i 1 4  : 0 • 5 27 : 0 .  5 30 : 0 • 5 36 ::!: 0 .  5 
44 ::!: 0 . 5 44 ::!: 0 . 5  38 ::!: 0 . 5  3b ::!: 0 . 5  

PE 
PC 

�------------
Activity p er peq phospholipid ( dpm) 
TL ( est erified) 1 80000 1 45000 
DG or X 1 7000 5200 
PA 33000 20000 
PE 26000 38000 
PC 7 9000 6 2000 

1 1 6000 
6200 

1 7000 
3 5000 
44000 

1 08000 
6500 

1 2000 
39000 
39000 

lipids 
+ 1 5 - 0 . 5  
+ 20 - 2 . 0  
+ 33 - 0 . 5  
+ 1 9  - 0 . 5  

70000 
1 0000 
1 4000 
23000 
1 2500 

These result s are present ed graphically in Figure 2 9 .  Uncorrected data i s  given 
in Appendix 1 • 



MEI'A.BOLI 3M IN VIVO OF BOVINE ERYTHROCyrl'E LIPI DS LABELLED 
NITH 

1 4C- i\ Ct<-:<rAT 8*-

Thi s inve st igat ion was in stiga !J ed when a c o w  was given an int ravenous 

· r · f 1 4c t · 1n u s1on o -ac e ate ,  pr1marily t o  study milk lipid product ion . Sin c e  erythrocyte 

and plasma l ipids would al so bec ome labell ed , a study was made of the fate of the 

radioact ivity inc o rporat ed into the erythrocyt e lipids . On ly one ani mal was 

av ailable for an ent ire study , so caut i on must be observed in int erpret ing tbe result 

direct ly and the value of the study is tnore as a gui de for int erpret ing rel :J.t ed 

studies on red c el l  l ipid met abolism .  However i t  'flas possible t o  perform a pr e-

l irninary invest igat i on ,  invo lving t wo red c el l  samples , on a simiL1r animal , t o  

c ompa.re thi s  with the main studyo 
1 ,- 6  Bovine erythrocyt e s  have a li fe span o f  about 1 07 days ':} • luatu re r e d  c ell s  

c annot synthe s i s e  lipids from acet at e  o r  pho spholipid precursors , but can exchange a 

. t f 1 . . d t +' l -'- t 7 ' 30 ' 94 va.r1e y o·  lpl c omponen s J. Or p a sma c oun v erp.:1r s • In an animal J.dmin i st ere• 
-1

4
-!_ _Q/ac et at e ,  r::tdi o c-;.ct i vi ty could eJ.t er the erytnrocyt e  l ipids either oy direct 

synthe si s from ac etat e prior to Ula.turat i on ,  or by repLw eruent of lipi d s of m .>.ture 

c e l l s  by radio,-.ct i ve plR.sma li pi ds , syn -�hesi s ed at other sit e s  in the body . 

IncorporJ.t ed radioac t ivity c ould be l o st by exchJJ'lg·e 'fli th pL1sma con st ituent s , 

metabo l i c  breakdown , or removal with tLe c el l at t!1e end of .i.t s  life span .  

F-1 4c7A c et at e  admini st ered t o  a cow i s  rapi dly met 3.bolised , and most o f  the radio­

act ivity is 1ui c kly l o st by oxidat ion or milk product ion270 , so p er s i s t ing ra.dioact iv 

lipids woul d  be p r edominant ly those synthesi sed at the t ime of ac etat e admin i strat ion 

!_-1 4Q7�c et at e ( 1 0mC in i s ot onic saline ) was infu sed into the j ucu l ar v ein o f a 

Jersey c ow , over a 24 hr peri o d .  Blood samples were c o ll ect ed at int erval s after 

infu si on ,  and the red c ell and plasma lipids ext ract ed and the r adioact ivity in 

individual c omponent s  measuredo 

*The result s  of thi s  invest igat ion have already been publi shed , r ef .  269 o  
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Result s and Discus sion 

Table 53 shows the lipid constitution of the blood samples analysed . The 

r eproduc ibility obtained in these &nalyses indicat es that variat ion in absolut e 

amount s of cell or plasma l ipid c ould not be responsible for observed differences in 

radio':J.cti vi ty differences . 

The disappell.rance of radioactivity from the erythrocyte total lipid , 

chol e st erol , and phospholipid fract ions during the study i s  shown in Figure 30 . As 

the cow was not available  unt il a fortnight aft er the infu sion ,  no earlier samples 

c ould be taken . The total activities , and spec ific activ ities , of the cholest erol 

est er , triglyc eride .md free fatty ac id fractions were loNer than those of cholest ero: 

or phospholipid . On day 1 5 , the t riglyc eride and free fat ty ac id fractions each c on­

tained 1 count /min/1 o 1 0 c e l l s  or 1 5  c ount s/min/mg ; in later sampl es act i vit i e s  were 

l e s s  than ha.lf this . No cholesterol est er activity was detectable in any sample . 
-1 4 -The f.. Q/ac etat e dose wa 3 not high enough to ac e .. rat ely assess turnover o f  these 

c omponent s .  In the prel iminary study , red cells  withdrawn 3 1 days aft er acet at e  

infu sion had a phosphol ipid activity o f  37 ! 2 an d  a cholesterol act ivity of 

1 9  :; 2 count s/min/1 01 0 c el l s , and after 7 2  days tne phospholipid activity was 3) 
+ 2 

+ 1 0 and the chol Gst erol act ivity 1 1 . 5 - 2 count s/min/1 0 c ell s .  The rat es of dis-

appearance  o f  both componen t s  c omp�re well with those observed in the main study . 

A compari son of red c el l  ru1d plasma phospholipid and cholest erol spec ific 

activities is given in Table  54 . N o  act ivity was det ect ed in any other plasma lipid. 
1 1 8-1 2 1  As i n  the dog and human , the pl�sma free and est erified cholest erol , and 

erythrocyt e free cholest erol appear t o  be in e·1uilibrium with each other , but not 

with the erythrocyt e e st erified chdl estero l .  

The f�ll in radioactivity of the erythrocyt e  cholesterol with t ime produc ed a 

similar curve to that typically obt �ined for plasma cholest erol271 : an initial 

changing slope due t o  slow and variable rat es of ey_uilibriwn between the different 

body cholesterol pools ,  fol lowed by exponenti al decay representing true metabolic 
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Table 53 :  1 4  Lipid Content of  Blood Sampl es Collected from C-Ac etat e La.belled Cows 

Time after Erythrocyt es Plasma 
ac etat e  Total Tipid Per c ent Cholesterol Chol esterol Pho spholipi 
adminis- per 1 0  ° phospho- ester 
tration ( days )  cells {mg) lipid Per c ent 

I - -·----
1 5 4 . 95 6 1  

I 34 4 . 9 64 
6 1  4 . 95 62 54 27 1 0 

1 00 5 . 0 6 5  53 29 9 
1 1 4  5 . 0 64 51 29 1 0 

1 3 5 4 . 95 64 54 28 8 
-· ·-

Cow B ( preliminary study) 

31  4 . 3 7 1  

72 s . o  6 9 

Specific Act ivities of Erythrocyt e and Plasma Cholest erol and Pho spholipid 

Days after £1 4_g_/a.c etate admini stration 

1 5  3 4  61 1 00 1 1 4  1 3 5 
r---------------------------�------�------------

0 + 5 0 + 5 Erythrocyt e e sterified 
cholest erol 

Erythrocyt e  free 
cholest erol 

I Plasma esterified 
cholest erol* 

l8o + 3 

Erythrocyte phospholipid 1 1 7 1 
Plasma phospholipid 

I 

27 + 2 1 5 + 1 

1 5 :: 1 

1 0  + 1 

+ 1 0  - 1 

_ ___ 1 4
�

::_1� 7 .  5 ; 1 
1 7 ! -1 1 6 - 1 1 5 - 1 

6 + 1  3 . 3 ! . 5 

7 . 5 :!: . 5 

7 . o  :!: 1 

4 . 5 + . 5 

5 + • 5 

__ 1�1 �+�4--�4�·�5�+� · 5 
1 0 . 5! 1 9 . 5 ! . 5  

+ + ) . 0 - . 5  2 . 0 . 5 I Plasma free cholest erol + 

'------------------------'L-------------------------------------- ---· --

*Calcuh.t ed from tot '3.l choles·cerol e ster act ivity less fatty acyl c ontrj_butions , 

and c orresponding to at least 97% of the total activity. 

Component s were separated by TLC in hexane- ether-acetic acid 70 : 30 : 1  

Each separation was carried out in duplicat e ,  and result s are quot ed ! 1 standard 

deviat ion as count s/min/mg. 
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turnover . Thi s i s  shovm in the log plot i n  Figure 31 . The sl ope o f  the graph 

suggest s that e quilibrium was achi eved aft er about 40 days , and a cholest erol half 

life of about 4 5  days .  N o  oth er dat:'l. on bovine blood chol e st erol turnover have 

been report ed , but for compari son ,  human pl asma ch ol est erol t ake s about 60 day s t o  

equilibr::J.t e ,  and then exhibit s a h':ilf- l i fe of 50-1 00 days27 1 ' 27 2 . 

From Figure 30 , it i s  evident that althou gh plasill3. pho spholipid ac t i v i t y  

fell very gradually during the experiwent , r e d  c el l  phospholipid ac tiv ity fel l  as if 

it were influenced by t wo proc es ses .  First ly there appeared t o  be a gradual fall 

paralleling t.ha.t in pl ·.1sma , and secondly a sharper drop between 1 00 and 1 1 4 days 

aft er 3.e et tl.t e administrat ion .  t thi s t ime , cells produced during isotope 

admin i s t rat ion were retl.ching the end of their li fespan . If thi s i s  a t rue picture 

of the situat ion , it could b e  expLdned by the exi st ence of sooe erythrocyt e l ipi d  

c onst ituent s c apable of r eplac eme! 1 t  b y  plasma c oun t erpart s ,  and others which remain 

intact throug-hout the life of the cell . ( Althouc-h , the two rat es of fall of pho s-

pholipid act ivity are c learl,y present in the animul studied , confirmat ion in an other 

animal would be de sira b le b efo re con sidering det ail ed ir.i.-c erp.::etat i on ) . 

The di st ribut ion of i sotope bet ween fat ty acyl and non-fatty acyl u1oiet ies of 

the erythro Jyt e phospholipi d. is shown in Table 5 5 .  I f  the phospholipicls were 

uni formly label l e l ,  :.tbout 65 per c ent of the act ivity would be in the fatt y  ac id s . 

The lower l evels found c ould result from some pho spholipids being removed from the 

c e l l s  l e s s  r eii.dily than th eir fatty l.cid c onst ituent s . 

Tab l e  5_2 : Location of Radioact ivity in F;rythrocyt e Pho spholipids 

Days 
--1 4 -

aft er L Q/ac et at e  Per c ent act ivity in the 
admini strat i on fatty acids 

f-
1 5  46 :: 5 

+ 
34 51 - 5 

L 
1 00 5 1  + 5 -

Pho spholipids were hydrolysed in methanolic KOH and tne fatty acids ext ract ed.  

Each result is quoted ::!: the e st imat ed error . 



1 20 o 

The cell phospholipids , examined in t wo satnpl es , showed very simila.r 

distributions of i sotope (Tabl e 56 ) ,  and no localisation o f  i sot ope in any one 

fract ion is  evident . The main difference i s  the lo,ver phosphati dyl choline activity 

in the lat er samp l e .  Low count s prevent any detailed int erpretation of these result s .  

That some erythrocyte pho spholipids can b e  replaced i n  part or whol e  has 

already been demon strat ed by in ':::itro incorporation studies40 , 41 , 1 02 , 1 04 , 1 0 5-1 07 and 

in vivo dietary studies7 5 , 95-1 0 1
• The result s of thi s  inve st igation are in agreement 

with th ese obs ervat ions . They suggest that some erythrocyt e pho spholipid 

constituent s cannot be replac ed during the l i fespan of the c ell , and that the fatty 

acid con st ituents can exchange slightly more readily than the whole phospholipid 

molecul es . 

Low radio 'ict ivity levels prevent more detailed int erpretat ion of this study , 

but to  achi eve sufficiently high act ivity in cattle , the radioac t ivity dose would 

not be pract icable . However a simi lar experiment in a smaller anim::J.l given a 

rel�tively higher dose o f  L-1 4Q7�c etate c ould prove valuable . 

Table 56 : Di st ribut ion of Radioac tivity Throughout tl1e Erythrocyt e  Phospnolipids 

Perc entage of Phospholipid Perc entage of Phospholipid 
iVeight Radioact ivity 

Aft er 1 5 days •\.ft er 34 days 
+ + 2 1 6 + 2 PE 23 2 1 7 -

+ 8 
+ 1 3 

+ 
1 PG 4 - 1 - -

+ 62 + 2 SP 57 - 3 - 80 + 3 -

+ 1 1 + 
PS 1 5  - 2 - 2 

+ + 
1 1 + 1 Others 1 - 1 2 -

Pho sphol i pids were separated by TLC with C1m as sol vent . Each result i s  quot ed 
� the est im�t ed error . 



GENERAL DISCUSSION 

The initial aim of the present investigati on was to examin e  the role of  the 

metabolism of red cell membrane lipids in the process of erythrocyte aging. In order 

to pursue this aim , rates of incorporat ion of exogenous free fatty acids into the 

individual cell  lipids were investigat ed. Cells were fractionat ed according t o  age 

in early studies by serial osmotic hemolysis and in subsequent experiment s by ultra-

centrifugation over discontinuous albumin density gradients .  From examinat ion of 

the separated fraction s ,  information was o btained on the dependence of both lipid 

const itution and fatty acid uptake on erythrocyt e �ge . A study of the turnover of 

erythrocyte lipids in vivo was also made . The purpose of this general di scussion , 

is  to group together relevant experimental result s and to c onsider specific aspects 

of red cell lipid metabolism9  

!l;etabolism of Esterified Neutral Lipids in the Erythrocyte 

Palmitat e or linol eat e incorporated into erythrocJ� es i s  present almost 

ent irely in the phospholipids . After correction for white c ell  contributions , no 

uptaxe into triglycerides , in bovine , ra� , or human red cel l s ,  could be demonstrat ed , 

and ineorporat lons into cho l esterol esters were very low or absent . Al tbough tl1ere 

was enhanced fatty .3.cid incorporation into phospholipids of red c el l  gho sts  incu bat ed 

with ATP and CoA ,  there was st ill no significant inc orporat :wn into -criglycerides or 

chol esterol esters . 

These results  extend the work of tviulder and van neenen 1 02 , who inc v�.bated 

rabbit erythrocyte gt.osts with labelled fatty acids and by scam1ing a thin-layer 

chromatogram , observed l ittle activity corresponding to any est erified n eutral lipid. 

In contrast , Donabedian and Karmen1 1 4 , an d  Michaels et al
1 1 5  have reported c onsiderab 

incorporation of labelled fatty acids into the triglycerides of human erythrocyte s .  

These incorporations were very sensitive to incubation conditions  and subsequent 

t reatment of the c ells.  The difference s  between their results and those obtained 

in the pre s ent study c ould be due to the extent to which allowance has been made 
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for the pres ence o f  whit e  c el l s  in the incubat i on syst em . It has been shown that 
st an ding for 8 hr before incubat ion reduc e s  upta ,<e into whit e cell s to about 30 per 

c ent , but has lit t l e  effect on red c el l  inc orporat ion . .ihi t e  c el l  lev el s in the 

human erythrocyt e preparat i on s  used by Donabedian ��d Karmen 1 1 4  were of the same or der 

as tho se in th e bovine red c el l  :preparat i ons used in the pr e s ent study , and such l e v el s  

wer e  found t o  c ont ribut e signi fi c ant ly t o  fat ty a.cid uptake . 

It appears , therefo re , that r enewal of erythrocyt e t ri glyc eri de and probably 

cho l e st erol e st er fatty ac ids by upt a�e from plasma is either not po s s i b l e , or of an 

ext remely low order and h enc e not det e c t a b l e  by the present methods . Aft er 

inr::ubat ion with {1-- 1 4Q/pa.lrnitat e ,  the spec i fic act ivity of bovine erythroc yt e tri-

glyc eri des wa s much lower , and that of cho l e s t erol e s t e r s  no higher , than the total 

pho sphol ipid s:pec i fi c  3.ct i  vi  ty, an d both were c on s id erab ly l o 1ver than tho s e  o f  

pho sphat idyl choline and pho sph _tt i dyl etha.n old.min e ,  the on ly phospho lipids sho·.ving 

si gni ficant upt ake . It ha3 b e en po stuL1t ed th':lt p o s s i b l e  ro l es for ninor neu trJ.l 

l i pi rl s  ir:. th8 e rythrocyte c ou l d be ::�.s int GrmedL it e c>  in the t ran s fer of fatty ac i l s  t o  

other maj or erythro c yt e  l ipid c on st i tuent s3° . Ho :reve r  the o b s erv ed spec i fi c  

act i.vi t i e s  d o  not support th e i r  invol vemeLt iu t ran s fer o f  pl asma fatt�r aciJs t o  

r e d  c el l  pho spholipi d s . In C:l.dd i t i on , the very l o w  cho l e st erol ester activity wo�.<ld 

sugg-est the absenc e of cho l e st ero l - l ec ithin acylt ran sferas e ,  an e11z;yrne pre s ent in 

1 d . th t •  1 3 5 p a sm � ,  an 1n some o er 1 s su e s  • 

There i s  some evidenc e f com the studi e s  wi th bo vine reri c el l s , aw.1 more 

sub st mt i ·il evi denc e  from st udi e s  with hum.:Ul c ell s ancl gho s c s , for fJ.t ty ac i d  uptake 

by one or two c oi'J.:ponents �fi th simil :�r thin-l ayer chromatograph i c  mo b i l i  t i e s  t o  

di,o;lycericle s .  -=>uch incorporA.t i ons c annot be in·�erpr ec;ed in t e rms of white c ell con-

t amin 1.t i on .  Sin c e  label l e d  f :1tty ::J.c i d  inc orporg.t i o11 into a. c omponent whi ch i s  

probably plwsphat idic d.c i d  has b e en d emon s t r l.t ed , i t  i s  l ikely that Ltbe l l e d  digly­

c er i de i s  formed by the 1.ct iOI 1  of pho sphat i d i c  ::1.c i d  pho sphat as e ,  which has b e en shoWl'l 

by Hokin and Hokin28 2 to be pre s ent in r ed c ell gho st s . In c ont r..tst t o  other sy st emf 

diglyc erides are not required by the erythro cyt e for synth e s i s  of t riglyc erides 
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o r  major pbospholipids94 . H o�'e"er HoK' ; n  and w ok; n282 , 283 1 .. • ... .u ... 1ave also deruonst r<3.t ed. t b e  

pres en � e  of diglyceride Kinase in t h e  red cell Ulembra.ne . Thi s ,  combined with the 

phosphata.se , constitc<.tes  the phosphaticlic acid cyc l e ,  the n et re:1ct ion of which 

is the hydrolysis of ATP .  

The other hum=tn red cell lipid s whi ch t o o.k up s C�me l :tbelled fatty acid coL<ld 

not be i dent i fi e d . The s e  c omponent s ·nere not det ec tabl e on thin-layer pl:1t e s  

sprayed with io din e or su lphuric '-.l.c i cl ,  an d.  exhibit e d differer!.t mo oili t i es .froui mono-

glyc eride . 

If chol e s i; ero l e st er s  or triglyc eri d es were pre s ent in the erythro cy t e 

membrane '1S e s s en t inl energy reserve s , they would be expec t e d  to un dergo r elat iv ely 

r�pid turnover , or , if they ;vere c rit ical det erminant s of erythro ,:;yt e life sp an ) their 

co( lcentr:.ltions should gradtu.l ly fg,l l to z ero a.s the c e l l  ar;as .  No det ectable t _trnov er 

of eitLer c on st ituent c ou l d  be demon strated . Variation wi ch age in the level s of 

the se c omponent s has been inve st igat ed , both ir1 bovine erythrocyte s separat ed by 

serial o slliotic hemu lysi s and rat erythrocyt es s epar..1t ed by al buruili gr . .:J.di ent c entri-

fugation . U tho ugh mea surement s i:'lu stuat ed .:1 l ittle becat<se of difficult i es in 

accurately an::J.lysing such minor c ompon ent s ,  no signific<mt dec rease with i:ige in ei thE:r 

triglyceride or chol e s t ero l ester could be det ect ed . fl.ge separations should hd.ve o eer 

suffi c i ent t o  show i f  either c ompon er1t were substantially reduced in the older c ell s o  

It is un likely, therefo re , that either of these ;;omponent s functions a s  an energy 

reserve in the red c el l . 

A.ccording to Nel son 70 , erythrocyt es e o  1tain no triclyc eri des o r  cho l e s 1; erol 

esters . He sugge st s 1;hat the se c omponent s are pres ent only in extract s  cont aminat ed 

with whit e c ells or plasma . InformJ.t ion obtained in the p ..:·e s ent study wou l d not 

support this contention . Firstly,  extract s of c el l s  fract ion.J.t ed by serial o smotic 

hemolysi s c ontained as much of these component s 3.ft er 1 5  s ciline washes as they did 

aft er 3 wa.shes . Triglyc eride and chol est erol e st er s  were also pres ent in whi t e  c ell-

free hemolysates of wel l  w3.shed erythrocy t;es .  Secondly ,  i t  wa.s show!l tiiat aft er 
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d . . t t .  1 4  a mJ.n J. s  ra J.on o f  C -acet at e  t o d. c ow , chole s t erol est er spec ific activity wa s 

s i g:fl i ficantly l ower in red c e l l  lipid extract s than in plasma extract s .  Thirdly , 

although l evel s of white c el l s  in red c el l  preparat i on s  were suffic i ent -eo ac c ount 

for all fatty ac id upt:ike into t riglyc er i des , they were not high enough t o  ac c ount 

for all the t ri glyc eride ext rac t e d . Again st these argument s it c ould be propo s ed that 

some p b . sraa c omponent s c ould be so strongly bound to the erytbrocy t es so as n ot t o  

b e  r emoved b y  saline w:1 shin g ,  and in the case of cho l e st erol e st er ,  not i n  e quili brium 

with p l a sma c ow1t erpart s .  H owev er ,  i f  such c l o s e  as soc iat i on exi st s between erythro-

cyt e s  and the s e  t riglyc eri des and chol est erol ester s , they are more real i s t i c al ly 

c e l lular c on st i tu ent s .  Vari at i on in levels observed in different invest igat i on s  c ould 

be du e t o  analyt i c al d i ffi cul t i e s , rather than the variab l e  presence of pLisma or 

white c e l l  c ontaminant s .  

I t  wou l d  appear that the s e  c l a s s e s  o f  lipid are t ru e  red c e l l  c onsti tuern s . 

Al thou.::;h it has been shoNn that they are un lixely sources of energy ,  or int errnediu.t es 

in pho sph o lipid o r  chol est erol metabol i sm ,  it has not been p o s s ible t o  demon strate 

alt ernat ive c: e l lu l.�r fv.nction s .  Per:naps thi s i s  s imply ·o ec au se o f  the exi st enc e  

of spec i fi c  triglyc eri de and cho l e s t erol ester binuing sit e s  i n  the c el l  Lle .. cbrane , 

and 'lp�trt from fi l l ing these sit e s , they fulfil 1,0 physiologi c al rol e .  However in 

thi s c -3-pac ity t h ey c ou l d  be important c ontribut ors to mern orane c onformat i on . 

Incor.:..E,orat ion o !_:[attY.�£i d � -:i�1�!Q�ig�o c;y:!�_Ph o s:e.�2.��:e.i ds 

[i-1 4
.Q7palmi tat e ,  t ake11 up froill p l asl!la int o bovine erythrocyt e s , was foun J to 

b e  a.lmo .;;t exc lu s i vely loc al i s ed in the pho sp!FJ.t idyl choline ( ciO per c ent ) and phos­

phat i dyl ethanolamine ( 20 per c ent ) fract i ons . A.pproximat e t imes re.1uired for the 

c e l l s  t o  r en ew all the palmit �t e  in t h e s e  c omponent s ,  by upt ake from plasma , were 30 

and 1 70 day s r e spec t ively . The rat i o  of pho sphat i dyl ethanolamine to phosphat i d�l 

choline activity i s  higher than generally found for fatty ac i d  upt aKe into most 

40 , 41 ' 1 02 
mammalian erythrocyt e s  or gho st s • However bovine erythrocyt e s  are very low 

in pho sphatidyl cholin e ,  and for thi s r eason , a proporti onat ely l ower 
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inc orporation in to thi s fract i on ,  in bovin e c el l s , as :J.l s o  found by r�iulder an d  van 

1 02 Deenen , woul d  b e  expect ed . 

The exi st en c e  of pho sphat i dyl 
57 c;s os doubt ed by some authors ' / ' , but 

c entration s ,  as found in thi s study . 

cho l in e  in ruminant erythrocyt e s  h a s  been 
59 6 4 6 1 others ' ' report the presence of l o w  con-

In addi t i on ,  significant uptake o f  l abelled 

palmi t at e  into bovine phosph:d idyl cho line has b een observed . Although Olive;r a 

and Vaughan
40 were un abl e  t o  detect any fatty acid uptake into phosphci.t i dy.l cholin e  

4 1  i n  sheep gho st s ,  Robert son and Lands observed , when lysophosphat i dyl cho l in e  was 

added t o  the syst em , a fatty acid uptake of a s imilar order as that for c el l s  of 

other spec i e s . H en c e  under phy siologic �1 c ondit i on s , i . e .  in the pre s enc e of plasma 

c ontaining fatty ac i ds and lysopho sphat i dyl cho l ine , phosphat i dyl choline synthesi s 

in erythrocyt es of both spec ies c ould oc cur . Th is implies the presence o f  

phosph"t t i dyl cho line i n  ruminant erythrocyt es , but it i s  possib l e that there i s  

r elat iv r:)ly rapid relea s e  int o p lasma o f  t h e  s;ynthe si sed mo lecul e s , and as a c on saquenre 

the c e l lular con c entrat i ons remain s v ery l o w . Such conditions ·Nou.ld c orrespo:: .. d 

t o  high turnover rat e .  

In human and rat erythroc y-t e s ,  o r  gho s t ::�  enri ched with A.TP and C o A ,  most of 

the upt ake of pl <:.sm<3. p-:l.lmi t at e  or linol eat e was int o phosphat idyl choline and 

pho sphat idyl ethanolamin e .  U pt a �e int o .JL other c omponent , with thin-layer 

chromatographic  mobi l i t i e s  resembling pho sphat i di c  acid,  and t entat ively i dent i fied 

as such , w"l.s "l.lso ob s erve d . Upt ake s into gho st s were higher than int o c el l s , but no 

differen c e s  between the t wo in r adi o.1.ct ivity di stribut i on wer e apparent . There was , 

however , c on si der::l.b l e  variat i on bet ween indiv i dual s both in t ot al incorporat i on and 

part ic,.tl arly in the distr ibut i on of the ac i d  tak en up . The mo st striking di fferenc e s  

were i n  t h e  rat io s  o f  upt ai<e int o  pho sph·1t i dy l  choline and phosphat i dyl ethanolc1Uline o  

In some cases thes e  were c omparab l e , in others uptake into pho sphat idyl choline 

was t en t imes the great er . The nature of the upta�e appeared to depend on incubat i on 

c ondit i ons rather than speci fic donor . �lthough inc orp orat i on of lin o l eat e  was 

s light ly hieher than palmit at e , no dependen c e of radioactivity di stribut i on on 
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the nature of the ac id was apparent . However dependence of total upt ake per c ell 

on fatty acid c on c entrat ion and on c el i c onc ent rat ion was evi dent . Such var-iat ion 

has not been report ed for upta:<e into gho st s or c el l s  from synthet i c  media rather than 

from ph . sma
40 ' 4 1 ' 1 0 3

, but 1.'\ulder and van Deen en 
1 02 

also observed wi der ranges of 

uptake from plasma medi a .  

1 02 
imlder and van Deen en also obs erved th e same order of di fference as in the 

pr e s ent study for uptake of plasma l inoleat e and palmi t ate into the pho sphat i dyl 

chol ine of rabbit red c el l s  or gho st s .  Ho wever Waku and Lands 
1 0 3 

observed that 

acylat ion of 1 -acyl glyc ero- 3-phosphoryl chol in e  ( 1 -acylGPC ) , the pr edominant pl �sma 

lysopho sph�t i dyl cho line i s omer , with linol eoylCoA was about 7 t imes fast er than 

wi th pa.L:1i tylCoA , in buffered suspen s ions of human gho st s .  I t  i s  possible that 

vari at i on bet ween media i s  r espon s i b l e  for these rat i o  differ enc e s .  

Fatty acid uptake int o erythrocyt e pho sphat i dyl cholin e  and pho sphat i dyl 

eth::molamine proc e eds via the following r e .1ct ions
94 , 1 0 3

: 

RCOOH + C o i\ SH  + �'l'P ---'> rtCO SC o �  + :\li-1P + PP 
H.COSCo l\. + L:PC or LPE ----'7 C o 4.0H + PC or PE 

T .ands and Hart
27 4  

h :1-ve obs erved pho sph .:1.t i d i c  ac id format ion in l iver micro somes vi'3. 

a similar t r ru1 s acyla.t i on m echan i sm :  

RCO SCoA + LPA -- 7>  PA + CoA SH 

,U though thi s mechani sm has not been demon st rat e d ,  pre sum:-.t.bly it c ou l d  al so operat e 

in the erythrocyt e  • 

.Spec ific ity with r egard to lysopho spho l ip i d  i s omer has been ob s erve d ,  and 

t h i s  does not ':tppear t o  b e  i dent ical in micro somal a.nd erythrocyt e syst ews . For l iver 

1 08- 1 1 2 , 27 4  
· f · · t ·  d ' ff t f 1 hosph t l' dyl cho l l' ne mi c rosomes , specl lCl l e s  ar e l eren or ysop a. , 

l ysophosphat i dyl ethanolamin e , and lysopho sphat i dic acid i s omer s , whi ch suggest s 

th e involvement of more than one t rans 3.cyla s e .  Waku and Land s
1 0 3 

report that in 

human ghost suspen sion s ,  1 -acylGPC is preferent ially acyh.t ed by uns.J.turat ed rather 

than saturat ed acids , but very litt le acylat i on of 2-acylGPC oc .:.:urs . In c ontrast , 

.Mulder and van Deenen 
1 02 

report that the bulk of the lab e l l e d  P '..l.lmi t at e  in-
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corporat ed from plasma into rabbit red c ells or gho st s  via thi s  mechanism i s  
I 

loc 9.li sed in the 1 -posit ion . N o  information is  a.vailable on the specificities  of  

acylat ion of  lysophosphati dyl ethanolamine and lysophosphatidic acid by 

erythrocyt es . 

It is  suggested that the variatior, in fatty acid uptake by red cells 

observed in the present study can be explained by:  

1 .  Linol eat e  upt ::l.ke by human erythrocyt e ghost s  being slightly fn.ster than 

palmitat e uptake . 

2 .  Independent variations in plasmJ. concentrations o f  free fatty a.cid and 

lysophosphol ipid substrate s  giving rise to variat ions in both fatty ac id in-

c orporation and distribution of the acid inc orporat ed . 

3 .  Cell enzymes not being saturated,  and hence any inc rease in c el l  c on c entrat i on 

( i . e .  enzyme conc entration )  not resulting in an equivcJ.lelJ.t increase in t otal 

fatty acid uptake . 

-�·or thi s explanation to hol d ,  the fo l l o win.o£ conditions must be satisfied : 

1 .  Plasma S Llbstrates must be available for esterifi c at i on by the c el l s . 

2 .  Plasma lysophospholipid an d  free f;1tty acid l evels must va.ry , both bet·neen 

in dividual s  and in one indi vidual a·G different t imes . 

3 . Substrate c onc entration s  mu st vary within a range for 1'lhich cell enzymes :.�.re not 

satura ted.  

It i s  obvi ous that fatty acids ':l.dded to plasm.'J. can be  inc orporated. into red 

c el l s  or gho st s ,  and increases in fatty acid upta�e c ells or ghost s h�ve b een 

observed on addit ion of exogenous lysophosphJ.tidyl choline or lysophosphat i dyl 

. 41 1 02 
eth anol amlne ' • 

erythrocyt e s .  

Plasma substrat es are therefo r e  avail . ..1.b l e  for est erificat i on by 

Mam.1ta.li3.U plasma c ontains free fatty acids ( about 5 per c ent of the t ot al 

lipid)
27 5

, lysophosphat idyl choline ( 20 per c ent of the pho spholipid in rat s ,  8 per 

. 1 2 5-1 28 
c ent in human s ) , and lysophosphat i dyl ethanolamln e  • The findings of Mulder and 
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") 1 02 van I eenen would suggest the presenc e of 2-acylG.PC , wti ch has been :fout1d in 

rat t .  
276 28 1 � s sue and in plasma u 1der some c ondit i ons , as wel l as 1 -acylGPC , in 

pb .sma . No inform::1t i on i s  availab l e  on the plasma lysophosph!1t i dyl eth:mol :1.mine 

i somers , or on the occurrence in pLl. sma of lysophospha.t idic a.c i d .  Plasma free fatt y  

a c i d  level s vary inver sely with glu.c o s e  l evel and 3.re thus l owered during Glu c o s e  

. 2 6 0  2 7 5  27 ab s orpt � on ' 
• Phospholipid lev el s vary bet w·een individual s  o-278 and 1.lso 

appear t o  incre:1.se during lipid ab s o rpt i on2 3 3 , "1.1 though the extent t o  which lysopho s­

pholipid l evel s are affect ed i s  not kno wn . It i s  possible that variat i on ill 

s 4b s L r �.t e l evel s co t.lld ari se in the c el l s  thelilselves . 'J.'hey .tre such minor c on-

sti tuent s tha c a demon st ration of thi s would be very difficult , b .t eo '  . st a11cy of other 

c el l  l ip i d c on s  l:;i tuent s ·'lS :1gain st var i J. t) i l i  t y  in phsm:-. lipids wou l d  suggest t h.:tt 

var i at i ons in pla sma ly sophospholipid c onc em; rat ions are more l i,\:ely . 

· 'ith reg 'l.rd t o  the saturat i on o f  c el l enzymes in the present invest igat i on ,  

:laku and Land s  1 03 h -:1v e  ob served f o r  hum:.1.n gtw st s ::�.t s imi lar c onc ent rat i ons t o  tho s e  

i n  the p r e s e. t study , proport i onal ity bet we en esterifi c :1tion r :.>.t e md 1 -acylGPC c on-

c ent rat ion up to :1.b01 ... t 60 pM &J.d l inol eoylG oA c on 8 ent ratj_ on up t o  J.bout 1 0  r. � . 

Although t ot al con n ent r :'J. c i on s  of plasm3. p -tlmi t at e  ·J.nd linol eat e  are :.�.buut 1 00 pM, 

al bumin binding reiu c e s  the c onc entrat i on s  of tb e free spec i e s  t o  a bout 0 . 0 1 per c ent 

f th . 
1 2 9 0 :L S  • 'l'he total c mw ent rat i on o f  lys opbo .::rpl.t.J.t i d.yl chol in e i s  about 600 p.: , ..1.nd 

th t n l h l t d ' e+.}).a.nol- . :1 bl l th t• . b t l . ., . ndl" ng t:1 o.c ysOJ:L Osp u · :L y_. <1m1.n e c on s:L ' era '-Y o Ner an r..1. s ,  u a. ouDun 01. · · 

J.�tlin re su l� s in mu Gh luw�r c onc el;t r :'l.t ion s of the free spec i e s 1 30 • .  l. s s .Aminc, tr,., L tl. e 

Km value s of ti ::dru and L.:mds 1 0 3  are s irni l iir for differer,t lysopho spllOl ip i u s  and fat t y 

aG i :ls ,  j t  c an be s een that c on c ent rat ions of free lys ophospholipids should hd.ve ueen 

well b e l o w  60 px:, anl in the rat e influenc ing range , .md eveti in the p L'e s ei.!. C e  of exc e s  

C o l\  an d  :\.TP , free fatty .:tc id c on c entrat ions wou l d  h w e  been t oo lo;; for the c ell 

en zymes t o  b e  sat u rat ed with acylGo A . Henc e the c el l  enzymes should not hav e  b e en 

sC:Lh.r .1t ed with r e sp ect t o  fatt y  ac i d  or lysopho spbol ipid sub st n.t es , prov i uing only 

the unc omp l exed spec i e s  :1re able to rea8t . Under phy sj_ologi c al c ondition s  thi s 

situat i on wou l d  be a.c 8 entv. at e d  even more , as c e l l  c onc entr.:l.t ions woultl be 2 t o  3 
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lipid esteri£'ic .... t i on within tll e -:: e l l  me::J.br,!n e � th i s  ioes not a:p!Je'.ir t o  b e  3 0 • 

�·v�t i vity i s  m3.r}::e .Ey i nflu <:)YJ .-;e•l by flu ctu::Lt ion 3  in pla sma free fatty uc i J or lys _,_ 

ph o spholi11 i i  c on c cm trat i on s . Times re .r• . . ired for t c-.r;_ wer for _ll the l il o l eat e ir• 

huru::m rec. cell pL o 8pt. ·.,t i :lyl cho l in e  h :.ive been fOUi td to v c1.ry from 1 00 t o  300 day"> , ::in d  

i n  ph o sphat i �:yl etb .noL�mirJ e ,  1 0  to 250 d 1.ys . Times fo r gl o st ::,  :.:::- e sl; o ,_·t er but show 

simi l J.r v:J.ri.·:Lt i on s . Pc1lmi tat e  turnover r3.t e s  in bovine er.:rtli rocyt e  pl1o .:;· Lat. i iyl 

ch ol:i YJ e  J.re slic.;ht. l:y fast er th m in hum •tns , b1:.t. her ':i.u s e  of the mudl l o ;:ur c e l l u l  tr 

e o  . c e�· tr3."t i on ,  tYey c o rro3r;)nd t o  simi l ::.r ra;�.es of fJ.t ·.-.y a.ci :l  upt .� ce. Ji n c e  t h e  

si derab ly more enere;y und er sow.e pl3. sm3. C' 0::1di t i on s , I f  SP b.:>trat e c on ·:: ,�.:o t r a.t i ou s 

:1er c part i c, .tLtrly h i :Ih , thi s de"\a· .d c 0uld .:: on e9i vably pL1.c e the c e ll · mder c on s i de.c ..:.o: 

s t r es s .  

from bovine ,  human Cill cl rat red c ells i11 't o pL ... sm3. h<13 beer. o 11 serv e l .  ..:.te:�t resc.l t .3  

f . . , . ' d l 1 0 5- 1 07 :1re iro ·1c , o rd with IJreviou s  re:r,__.rt .:; o p1"' ..3p• : 0.1.lp1. ' exc 1 ance • ErytJ .rocyt e s  

l 1:� k  p w spho lipase 
40 , 41 , 1 02 

H en c e  for erythrocyt e l il'Ll. l evel.3 t o  r em·�in const ant 

e'!ery '.!.Cyla.t i on invo l ving tl1e upt uke of pl :,sma substrat e.3 must be n.c eomp ,.._n i e J  by the 

equ L valent l o s s  of Ji acyl lipi ds , presumably b rel e as e  i'J t o  plasm::1 . 'l'hu s the 

mechanism con st itut e s  a cyc l e  which can be represent ed : 

Plasma Erythrocyte 

FFA + LPC or LPE or LP:\. ATP 

1 l 
PC or PE or PA �p 
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.3peculat i ve Holes _for the Er·;rthrc(!yt e L;rsopl:ospholipi d !,cyL:l.t ion Mechanism 

Th e abi lity to esterify lycopho spho lipi:ls i s  a :pr'-·re.:r:tj• of tl1e erythrocyt e 

membr'l.r.. e .  It i n  pos s i b l e , although not prover.. , that this could b e  El. ger.er ..:.l propart;y 

of all .:: ell mai�br2.ne s .  Pos3i blc roles fo!.' ,  a.nl �on .:;;e'i:.< enc e s  of, thi s .:nc:.;h:1.r1i :....1! ca�1 

c e  sugeested. 

Lysopho spbolil)ids c .:10  :les � .::.:-oy !'ed ·.; e l l  memtra-rle fvncti o:r. :.11:d c .J.·.lse hcrnol.y si §31 • 

• ,1-th ot<o·'·l� i�l pla.:>mu.. c.lt1..11dn hindinb" C 'Jt-nt erci.C t :'l t r l· � -'- � · ; � l· + v 1 3 1  tl · + · ... . - - '" � '•'-"' - J  vJ 1 1l J pr0 � 8C � l CJ, ll!Cl.� 

n o7 be su ff'  c i ent at incre<J.sed co-r.c en t r· :;.c; i or:.s . ;•iulier and van Je�r. en 1 04 ha.v e sv.g6es-� a 

that both tr e ar.:;ylJ.t i or, .:nechanis:n an d t�'lc alJilit;y -t o  tra.J.1 si'er a.:l ac :i. u.  :rom o:ue 

l.)rsopLo.>pl1olipiJ. mol ec,;. l.:;:  t u  <J.n "ther c oul::l be mean 3 b;y which the red c ell r·ut ect s  

it self .ig:dn st d.rJ.:n.J.ge by lys o:phosp�.olipi ds . 

The net res ·  · 1 t o.f the rned, ani sm can be c on � i d.e!'01 :1s th0 <.:• • •  v<::r-.:.:io! .  of pl<.:o.�mc.. 

> .L ""' " 1 .. � 
t.1e 1::� t i on c ':.' cl< c,l ;:; .,-t. erol- lec i t hir. acyl t r:J.r_s.fe!.'o.se ) .,., , 

c. 10l.�s t erol  1 n.n U. ;1r : i cr. res: tlt s in tl ''-"  l�uild ur o :  1 -:J.c;ylGPr · . '"'h e r eJ c <;ll c u' :. u. be 

tl.:.c exre· s e  o: !'el c ell .>.'fF . 

c oul·  be pi-::: .-:eJ u:r from :nembr :l.f e s ,  b l i  oj; ru; c:ir .s ·ui 0h free s i t e s  pro d1 ; e :.i  b:;· e ::;t er-

i .:i c ·1t i on of otl1er C1,o e st erol �nolecu l e s  1 an d thus be t r  ..�.ns ort e ·  t o  the liver for 

catabol i sm . Hembrane :::hole st ervl c o·_tl cl  be rep l 1. c e  by ..;yntr L: Si s  v1i ·�hin t!.e c e l l .  A:. 

8 9 , 1 1 8  l red. c el l s  cd.n .ot syntr e ;:; i s e  chol8st. erol , ar:d no deplet im. in c ell eh les"t e o 

l. w el i s  observed in vivo , remo ral of r e d  c ell membrane ch olest erol must b e 

ac c omp.J...YJ.ied b./ cho l esterol tran sfer from plas11a . HoVTever ly s pb o sp} I o lipid e st er­

i fi c :.t i on by reel c ells nee:i not be c onc ern ed. .vi th rea.ct ion ::; ;:£' their own ch o l e st erol , 
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but coald be the means by ';7} 1. c -1-:t J.;' l ·- t .'-'_ ' 11 -'l l " c;o-r.'n o ::lp'rtol i  ' d  1' d d . 
t - -"' - "  - · · - .; .._, :- - _ •l s ,  - orme ur·lng up a:.-;:e O I 

chol e s t erol fro;;I other t issu.:ls , are !'eacylat ed. 

J • f' i . es··· er·l l C :.J.  ; lon C Ol_;_lj_  be -the 1J l' ima t•v f1m :: t i on of �Jla s�c.a chol � -� -�� <"''' -l-1  ,, . l· i l  ··L' · " " '' �  l: "' J """' ...., ._, . ..... u __ ...., .. .J .� • •  £. -··�.J ... 

level s , 1'ut l e s s  th:m 1 0  per c ent :Ior•;!:>,l .::!1ol8.:,t erol ester l e,, e l s ) , .vLJ k.�.v e r ., 
' t , - � 2.7 ::J ?8C aemo1 s r ..! O l e  pl .1. sm·-i l �?-0- i thi"l-cho .l est "Jrol i.::.·::y l  t:::a: sr sr .J.s e ,  'ire al s o  ""nemic ' �  ' - • 

• :, _J tr3.as.J.c ·1 -1-: ion appe:.J.rs t o  be a �yc l:: � proce s .3 bet weer c e?l l s  .:1u: pl -iS!!..il ,  

. b er: tt e l:i ;__;,: :;,  ::__ 1.e:h v:.t 5_ ; e  i s  

c ell i s  kDO\v! +,o h :1ve such r)indint � f  �i n i t i e s . 

::l2.SI'1a snb str tt e ccr, •:: '?.l"i .r::.t i Oi l S .  

i ::;  ir 'rolved ir, m�Lint enmw e o.f st:-tble �lasrD.:l. c ..Jn ; er: t rat iou s , r :J.·:J-: er i_.h��-, �Y!.'itn:.J._cil,y in 

e eL_ mot aho1i1Jm . Or tLe se croHnds hypothes <::.:; re :J.l•irLw tll(; re.n,Jval r ::: lysorho �pho-

lipids vj � thi s me�h � i so ,  either beca� s e  of their t oxi c ity t o  �he �ells or their 

produ.__� t i on dnring chol cs-'.: erol esterificat i on ,  are favoured. 

Variat i on in Lipi d COiliJ20S�_-�ion with Erythrocyte Age 

It has been shown that the t otal lipid c ont eLt of hum an  red c ell s amples 

decre!-l sed slightly with mean c el l  ·:tge . The patt ern of thi s decrea.se is such that it 

c m.tl d  be i nt erp reted as th e on ly t ime wher ch:1nges in red e el li id cont ent 
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o c cu r  being the t ran s i t i on from reticuloc yt e t o  erythro cyt e .  Results 

inve st igat i ons c ou l d  al s o  be explain ed by thi s hypothe sis26 , 200 t 20 1 • 

of other 

Ret icu locyt e s 
are larger than eryth rocyt e s 2 5 ,  an d c ont 3.in int ernal membranous structures . On 

maturat ion , wh en these structures di s appec1r , a drop in cell lipi d c ont ent wou l d  be 

expected t o  o c c u r . 

No variation in the r elat ive amount s of lipi d  c omponent s with c e l l  age was 

appc1rent . Exp eriment a l  accuracy was not suffi c i ent to elimin at e the po s s i bi l it y of 

minor changes in lipi d di st ribution or totc�.l c el l  lipid . However , c on s i dera-ble age 

s ep3.ration was achi eved , and only v ery small changes c ould have avoided det ect ion . 

It has been sugge st ed that lipid l o s s  c ou l d  be respon s ible for the inc reased 

density of olJ erythro c yt es 1 7 9 •  However an erythrocyt e wi th den sity about 1 o 08 c onta 

on l y  0 . 5  p er c ent lipid with average den s ity about 1 . 00 . It is obvi ou s  that loss 

of the ent ire cel l lipi d would c au s e  a n egl igibl e change in c e l l  den s i t y .  A far more 

l i k8ly cau se of tb e observ ed increase in den sity with c el l  age i s  the decrec1se in 

25 200 20 1 1 7 9 . . c el l  siz e  but not hemoglobin cont ent ' ' ' , and hence 1nc rease 1n c e l lu l ar 

h emoglobin concentration . Since hemoglobin has a relatively high den sity , c el l  

den sity shoul d  � l s o  inc r ease . 

It seems unl i kely tha:t changes in l i p i d  c omposit ion in aging red c e l l s  cau s e  

m3.j or modi fi c at i ons t o  c e l l  st ructure and funct i on . The difference in appearanc e of 

young and old c e l l  m embrru te s , obs erved by Danon and Perk20 2 ,  more l ikely arises from 

c on format ionq,l changes involving reorgan i s'-it i on of inter:te t ing l ipids u.nd prot ein s ' 

rather than differenc es in l ipid c omposition . 

Fatty �cid Upt a ke into Red Cell s  as a Function of Age 

Human erythro c yt es have been fract ionat ed ac cording t o  age and either c el l s  

o r  ghost s incubated with labelled palmit at e  or linoleat e .  The fatty acids were taker 

up , predominant ly into phosphatidyl choline and pho sphc1t idyl ethanolamine ,  but also 

int o  phosphat i dic aci d , diglyc eride and an uni dent ified nonpolar lipid . No c onstant 

pattern of variation in uptake with age has emerged , and the different patterns are 



1 33. 

Tabl e_.TI: Summary of the 'Dypes of Relationship b etween E'atty Acid  Uptake and 

Erythrocyte Age 

Donor Cell Type Substrat a  PC 

f]r;W ghost s  linoleat e  -

EJC gho st s palmitate  --

VJC ghost s palmitate --

GL c ells  linol eat e 1' 
MJW ( I )  ehost s linoleat e j, 

MJW ( I )  c ell s  linoleat e 1 
�-�JW{ II )  gho st s linoleat e --

EJW(II ) c ell s linoleate  --

GGM gho s t s  palmitat e  --

Uptake per ueq c ell or gho st phospholipid 

I in �reasing mar kelly 'Ni th age 
t increasing slightly with age 

n o  change with age 

J- decreasing s l i ghtly with age 

1 decreasing markedly with age 

PE PA DG X 
- -- --

-- - .j.. -J-
- 'i' T 1 

1' 1' - -

-- - 1 1' 
-- -- 1' ll' 

T /f' -- -

I t 1 -

T 1" � 

Tab!�_58 : Mechani sm for Fatty Ac i d  U ptake into Erythrocyt e  Pho spholipids 

FA + CoA + ATP thi okinase Acyl-CoA + .AMP 

AGyl-CoA + LPC 

LPE 

LPA 

acylt ran sferase ( s )  PC 

PE 

PA 

Po s sible vari ab l e  factors affecting rat es of fat ty acid  uptake : 

Constant under all Po ssible var i at i on bet ween Pos3ible variation within 
conditions stu d i ed different populat ions a popul at ion 

ATP, CoA , ghost A.TP,  Co ' Cel l  incubat i on 

incubations 

Plasma :l!,A Cell FA 

Plasma LPC , LPE , LPA Cell LPC , LPE , LP 

thi okinase activity 

acyl-Co. 

acyl t ran sferase ac t ivitie: 
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summari sed in Tab l e  57 . Two broad clas ses of beh avi our are evi dent ; on e with 

incorporation int o pho sph at idyl ethan ol amin e about 1 0  per c ent or less of the t otal , 

and the rat i o  of pho sphat idyl ethanolamine t o  phosphatidyl choline activity 

essent ial ly unaffect e d  by cell age ; the othe r with higher ph o sph�t i dyl ethan o l amin e 

incorporations , and rat ios sh owin g a mar keel inc re3.se ·;ri th r: e l l  age . Gen eral ly t ot al 

fatty a c i d  upt akes were unch �need O L' inc rE:ns ed t o  varying ext ent s  wi tl: c el l  ae;e o 

However in t wo studi e s on c e l l s  from th e s ::une blood S !..mple there was a · ecrease , so 

al l three b eh wj_our patt ern s mu st be p o s s i. bl e . 3iJ c.il ·�r resu l t s  were obt ain el in 

studies on r�t bl ood . 

Differ en c e s  in the pat t e.::n of age dependen c e  of fatty ac i d  upt ake do not 

c o rrelat e  vli th whether i n t act c el l s  or CoA and ATP en ri ch e d  gh o st s  were incub 3.t ed , or 

wh eth er the ac i d  was palmi tic or l ino l ei c . 

An e):pb.n 'it ion o f  th � s c omp l ex b ehaviour patt ern i s  not immedi at ely app3.rent . 

Howev er a c on si d erat i on o.f tbe mechanism o f  fatty acid u pt ake st ows pot enti al s i t e s  

of v·tri abi l it y  betwe en c ells of di f fe r ent age s . Th i s  in format i on i s  examin e d  in 

T able 58 for uptake into phosph at i dyl ch o l in e , pho sph .�t i dyl eth3.nolamin e , and phos-

phatidic ac i d . Mechani sms for upta :<:e into other c ompon en t s  h av e  not been eluc idat ed .  

1 though th ere c ould b e  c e l lular TP and CoA c one en tration vari at i on s  with age 

the lack o f  di st inct i v e  behavi ou r  d i fferenc e s  bet ween cells and ghost s enriched with 

thes e c o fact o r s  sugge s t s  that v ar i at i on in fatty ac id uptake ·:ri th 1ge i s  not a r e su lt 

of chanue s in ATP or �o l evels . 

Exogenou s sub s trat es are av3.i l ab l e  for the est e ri fi c at i on react ion , and as 

c e l l s  in t h e  ab s enc e of added lysophospholipi ds c m  st i ll inc orp •.•rat e fatty acids , 
. 40 , 41 , 1 02 l l  d l f tt endogenou s substrat e s  mu st al so be ava1 l ab l e  • A s  c e  an p asma a Y 

acids undergo rap id exchange , and fat ty acid upt ake s eems t o  be proport ional to 

c oncentration , any variat ion in cellular level should not affect the amount of radi� 

act ive acic taken up from the plasma . Conc entrations of 
1 4

c-acylCoA should therefor1 

be direct ly relat ed to tl1iokinase act ivity. 

Rate s  of fatty ac id uptake into different erythrocyt e phospholipids are 
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affect ed by c onc entrations of their lyso derivat ives . Depending on relative 

avai labilit y ,  either cel lular or plasma concentrations c ould dominat e in rat e 

determinati on . Although in humans , lysopho sphat idyl choline is  about 5 times more 

t t d . 1 th . 
11 

67 ' 7 2 '  1 26 ' 1 27 concen ra e ln p asma an ln c e  s , plasma need not be necessarily 

the prime lysopho spholipid sourc e .  However it would appear l ikely that plasma is  the 

main sourc e ,  because there is  no kno\vn mechanism for lysophospholipid product ion 

within the red cel l . The extremely low fatty acid uptake into the phosph..tt i dyl 

ethanolamine of erythrocyte gho st s from a buffered saline medium40 , compared with 

uptake from pl asma , also favours plasma being the maj or source of lysophosphatidyl 

ethanolamine . From thi s evidenc e ,  and the ob servation that there are no det ectabl e 

variat ions in maj or red cell pho spholipid l evels with age , it is  unlikely that 

variation s in cellular lysophospholipid c on c entrat ions are r esponsibl e for variat i on s  

in fatty aci d  uptake with age . Lysopho spholipids provided primarily from plasma c an  

cause only interpopulation variation in fatty ac id uptake . Variat ion with age must 

then be � result of changes in l evel s of enzymic act ivity. 

Both these fact ors ,  namely variat ion in enzymic act ivity with c ell age 

coupled with variat ion in sub stra-c e concentration between plasmas , could ac c ount for 

the observed range of dependenc e of fatty acid uptake on red cell  age o 

It has been shown that normal plasma lysophospholipid levels are suffic i ent ly 

low th�t c ellular acyltransferases should not be saturat ed ,  ( see P • l2� · This mean s  

that , as suming plasma is  the m:-iin sourc e of these sub s trat e s , an increase i n  enzyme 

concentrat ion would not bring about an equivalent inc rease in react ion rat e .  Under 

these c onditions , var�ation in enzyme level s between cells of different ages could 

exi st without causing a di fference in rat e of fatty ac id upt ake into the c e l l s .  I f, 

however , lyaophospholipid c onc entration s  were higher , enzymes c ould approach 

saturat ion , and increased uptake into tho se cell s with higher enzyme activit ies 

would resu lt . If plasma lysophospholipi d , part.i.cularly lysopho sphat idyl ethanolamin 

c on c entration s  were elevat ed under some c ondition s , increases in erythrocyt e  



phosphat idyl ethanolamine acyltransferase and possibly phosphatidic aci d  acyltrans­

ferase activities , and a decrease in phosphat idyl choline acyltransferase activity , 

with c ell age , could account for the maj or differences between studies . 

Such a hypothesis is supported by increases in uptaKe into phosphatidyl 

ethanolamine with age being associated with higher overall uptake into this lipid. Ii 

requires that MJW ( I I )  and GGM plasma lysophosphatidyl ethanolamine and MJW ( I )  plasma 

lysophosphat idyl choline concentrations were high . Until it has been demonstrated 

that alterations in lysophospholipid levels are capable of causing changes in the 

relat ionship between fatty acid uptake and erythrocyte age , this explanation must be 

put forward as speculat ive . However Walker and Yurowski203 have also proposed the 

existence of erythrocyt e  acytransferases with different specificities and age­

dependent act ivit ies , from studies of rates at which dietary ch�ges influence fatty 

acid composition of cells of different age s .  

A.n increase o n  aging in the a.bili ty  of tbe red cell to acylo.te lysophosphJ.tidy� 

ethanolamine and a decrease in ability t o  acyl�te lysophosphatidyl chol ine i s  

suggest ed. An increase in enzymic activity with age is an unusual occurrenc e in a 

cell which is incapable of protein synthes i s .  However such ru1 increase could be 

brought about , not by an increase in the number of enzyme molecules ,  but by either an 

increase in availability of exi st ing mol ecul e s ,  or an alteration in c onformat ion and 

improveme�t in cat alytic abi lity of existing molecules . As these enzymes are 

membrruie-localised, it is  conceivable that changes in conformation of the membrane 

it self could bring about either of these changes . Since in some studies  an increase 

in total esterification rate with cell age was observed, it would seem more likely 

that there are chMges in activity of more thru1 one enzyme , rather than a change in 

specificity of a single enzyme . 

kn increase in acyltransferase activity,  accompanying erythrocyt e aging, shoul 

therefore be indicative of changes occurring in the conformation of the cell membrane 

In considering whether the ability t o  carry out lipid turnover i s  a determinan 
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of erythrocyte li fespan , it has been shown that : 

( 1 )  The rat e of turnov�r i s  very susc eptible to changes in environmental condition s .  

( 2 )  The relat ionship between turnover and c ell age al so appears t o  be influenced by 

environmental conditions.  

( 3 ) No changes in cell lipid composition with cell age , as a result of this mechanism 

are apparent . 

On these grounds , it is  unlikely that an alt erat ion in abi lity to e s t erify fatty 

acids is  in any way respon sible for erythrocyt e aging . 

With regard to the primary cause of erythrocyte aging , the import anc e of 

maint enance of membrane function has been con sidered8 ' 1 97 • It has been suggest ed6 ' 1 0 

that a gradual decrease in glycolytic act ivity oc curs on aging,  and that thi s ,  

coupled with the effect s  it produc es , could ultimately be responsible for cell deatho 

The importance of maint aining cellular c on stituent s ,  and in part ic ular membrane 

prot ein s ,  in a reduced stat e has also been demonstrated51 , 53 • There i s  convinc ing 

evidence that both the glycolytic and pentose pho sphat e pathways are membrane 

loc ali sed in the erythroc yte1 74• Changes in membrane c onformat ion could markedly 

alt er activit ies  of these and any other membrane bound enzymes , and could initiat e  the 
6 ' 1 0 th gradual rundown in energy metabolism propo sed by L�hr and Waller • Perhaps e 

inc omplete oxi dat ive prot ect ion given t o  the cell by glut .:Lthione observed by Jacob anc 

Jandl53 under c ertain condit ion s  i n  vitro , i s  par.1l leled i n  viv o ,  and oxidat ive 

alt erat ion of membrane conformation ini t i::Lt es the aging proc ess.  

In the prese1 1t invest igation evidence has been obtained which suggest s that 

c onformational changes to the erythrocyte membrane occur on agingo 
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APPENDIX I :  BASIC DATA FOR FATTY ACID . INCORPORATION INTO HUMAN AND 

RAT ERYTHROCYTES 

Table  33a : Incorporation of  Labelled  Fatty Acids into Human White  Cell Lipids 

WRS 
- 1 4  - 6 L1 - £/linoleate uptake into total esteri fied lipid : 3000 dpm/1 0 cell s .  

RBC contribution is negligibl e . 

EJC 
L1-1 4Q/palmitate uptake into total e steri fied lipid : 6600 6 dpm/1 0 cell s .  
Signi ficant6RBC contributions , est imated from uptake into EJC ghost  lipid 
( dpm per 10 WBC per 1 06 dpm/ml plasma ) 

TL TG DG X PA PE PC 
WBC + RBC 3200 1 600 90 70 65 95 1 050 
RBC 380 1 0  25 1 0  1 2  50 260 

Table 34a : Incorporation o f  L1-1 4Q/linoleate into Normal Populations o f  
Human Red Cell Ghosts  

CCW ( I I )  
Uptake into total e sterified l ipid : 25 , 200 dpm/ueq PL 
Signi ficant WBC contrigutions , estimated from data in Tables 27 and 33 : 
( dpm per ueq PL per 1 0  dpm/ml plasma ) 

TG ( only significant cont ribution )  

WRS 

RBC + WBC 
WBC 

PL . 

490 
80 

Uptake into to tal esterified l ipid : 1 5 , 600 dpm/?eq 
Signi ficant WBC contri�utions , e sti�ted from aata 
( dpm per peq  PL per 10 dpm/ml plasma ) 

in Tables  27 and 33 : 

TL TG DG+X 
RBC + WBC 34000 21 00 2550 
WBC 2500 1 200 1 40 

PA PC 
1 500 23000 

90 950 

Tabl e  35a : ' Incorporation o f  L1-1 4Q7palmitate into a normal population o f  
Red  Cell Ghosts 

WRS 
Uptake into total esteri fied  lipid : 1 8 , 700 dpm/peq PL 
Significant WBC contributions , estimated from data in Tables 27 and 33 ; 
( dpm per 1 01 0  RBC per 1 06 dpm/ml plasma ) .  

RBC + WBC 
WBC 

TL TG DG+X 
30000 1 35 0  3800 
1 600 920 80 

PC 
1 6500 

480 

SP 
970 
1 00 
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Table 3 6a :  Incorporation o f  L1�1 4£7linoleate into Human Red Cells 
Frac tionated According to Age ( Donor MJW ( I ) )  

Uptake into 

RBC and WBC 
TL 
TG 
DG + X 
PA 
PE 
PC 
SP 
LPC 

r--· 

a.ensJ.ty range o f  
1 . 075 1 . 080  1 . 082 

total e sterified lipid dpm/feq  PL 
6000 4500 4500 

1 . 084 
c e�ls 

1 . 086  

3700 
activity per 1 0  1 0  RBC per 1 06 dpm/ml plasma 

7500 5500 5200 4400 
40 1 50 1 90 1 1 0  

450 500 670 670 
1 230 1 000 670 1 200 
350 470 420 430 

4350 2850 2800 1 330  
480 280 200 21 0 
620 300 280 370 

- ·--

1 . 1 1 0  

4400 

5300 
300 

1 000 
1 800 
470 

1 050 
580 

Significant WBC c ontributions , est imated  from TG activities*  and the linoleate 
distribution in Table 33 : 
TL 85 340 420 260 680 
TG 40 1 60 200 1 20 320 
DG + X - 20  25 1 5  35 
PA - ... 1 5  1 0  25 
PE .. - 1 0  .. 1 5  
PC 35 1 40 1 60 1 00 260 

*This assumes  uptakes to be a fifth that observed for WRS white  cells . Lower 
uptakes were probably due to the absence of  ATP and CoA in MJW samples .  

Table 37a :  

Uptake into 

RBC and WBC 
TL 
TG 
DG 
X -

PA 
PE 
PC 

Signific ant 
distribution 
TL 
TG 
DG + X 
PA 
PC 

- 1 4 -Incorporation of  L1 - £/linoleat e  into Human Red Cells Fractionated  
According to Age ( Donor MJW ( I I ) )  

' density range of  c ells  
1 . 075 1 . 08 1 5 1 . 0835 1 . 085 1 . 0865 1 . 09 0  

total esterified lipid dpm/peq PL 
1 7600 1 24 00 1 4500 

activity per 1 01 0  RBC per  1 06 dpm/ml 
1 6400 1 0500 1 2400 

540 280 460 
520 440 1 240  
660 540 660 

1 400 1 1 00 1 200 
4600 3 1 00 5200 
8600 5 1 00 3600 

WBC contributions estimated from TG 
in Table 33 : 

1 200 650 950 
550 3 00 450 
60 4 0  5 0  
50 3 0  40  

450 250 350 

1 4500 1 8400 5 6000 

plasma 
1 1 600 1 5600 4 0000 

21 0 1 20 680 
1 1 20 1 340  480 
540 560 900 

1 600 1 600 2600 
4500 8500 31 000 
3700 3500 4300 

activities *  and the linoleate 

450 200 1 500 
200 1 00 700 
20  - 80 
... - 60 

1 7 0  80 600 

*This assumes  uptakes  to be a fifth to a half that observed for WRS white  cells 



Table 38a : 

Uptake into 

RBC and WBC 
TL 
TG 
DG 
X 
PA 
PE 
PC 

Significant 
( Table 33 ) .  
TL 
TG 
DG + X 
PA 
PE 
PC 

Table 39a : 
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- 1 4  -Incorporat ion of /1 - C/linoleate into Human Red Cells Frac tionated 
According to Age -( Don;r GL ) 

1 . 075 
total 

density range of  
1 . 079 1 .  0805 

esterified lipid dpm/peq  PL 
7900 1 0300 1 1 1 00 

1 .  081 5  

1 2 1 00 
ac tivity per 1 0  ,b 1 0  RBC per 1 0 dpm/ml plasma 

6200 7300 8000 9000 
450 480 380 320 
330 480 570 450 
620 7 1 0  950 800 
230 470 200 700 
430 570 630 870 

4200 4700 5 200 5800 

cells 
1 . 0835 

5700 

3950 
1 50 
280 
600 
1 65 
370 

2350 

WBC contributions estimate d  from linoleate uptake into 

850 850 850 440 440 
400 400 400 200 200 
40  40 40  20  20  
35 35 35 20 20 
20 20 20 1 0  1 0  

320 320 320 1 60 1 60 

1 . 0865 
-

WRS cells 

- 1 4  -Incorporation of  /1 - C/linoleate into the Ghosts  of  Human Red Cell 
Frac tionated  According-to Age ( Donor MJW ( I ) )  

- -- - -

Uptake into 

RBC and WBC 
TL 
TG 
DG + X 
PA 
PE 
PC \ 
SP + LPC 

Significant 
TL 
TG 

density range of c ells 
1 . 075 1 . 080 1 . 082 1 . 084 

total esteri fied lipid dpm/peq  PL 
21 000 1 8800 1 8500 1 7900 

ac t ivity per 1 01 0  RBC per  1 0b dpm/ml plasma 
30500 26000 23200 23000 

80 65 50  60  
540 540 950 900 

1 200 1 1 00 1 250  440 
1 550  1 350  850  1 000 

23000 22000 1 9500 19500 
4000 850 760 950 

WBC contributions estimated  from uptake into 
400 800 1 300 1300 
200 400 600 600 

1 . 086  

WRS 

1 . 1 1 0 

1 5700 
-

21 500 
1 00 

1 250 
1 750  
900 

1 6200 
1 600 

cells  ( Table 33 ) *  
2 1 00 
1 000 

* These estimates  o f  TG activities are about 1 0  times the observed ac tivities . 
As the MJW cells  were stored overnight be fore incubation ,  such a decrease in 
WBC incorporation would be  expected  ( se e  p .  52 ) .  Since TG act ivities were so 
low ,  WBC contributions to uptakes into o ther components would be negligible , an 
corrections are required .  
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Table 40a : - 1 4  -Incorporation of L1 - £/linoleate into Ghosts  o f  Human Red Cells 

Uptake into 

RBC and WBC 
TL 
TG 
DG 
X 
PA 
PE 
PC 

Frac tionated  According to Age ( Donor MJW ( I I ) )  

density range of cells  
1 . 075 1 . 0835 1 . 0855 1 . 088 1 . 0935 

total esterified lipid dpm/?eq  PL 
1 5000 1 6800 28500 

act i vity per 1 01 0  RBC per 1 06 dpm/ml 
1 4500 1 7500 27000 

1 00 1 00 1 00 
580 620 640 
460 540 380 

1 800 1 400 2200 
2400 6400 1 1 800 
9400 7800 1 2200 

32500 
plasma 

23500 
300 
520 
520 

2000 
1 1 200 
8200 

32500 

26000 
< 280 

280 
280 

2600 
1 4800 
7800 

1 . 1 02 

Significant WBC c ontributions estimated  from uptake into WRS 
---1 

cells  ( Table 33 ) * 1 
TL 2 1 00 1 700 8oo 1 300 21 00 I 
TG 1 000 800 400 600 1 000 

* Estimates o f  TG activities are much lower than those observed .  The same 
foo tnote as that to Table 39a applies .  

Table 4 1a :  - 1 4  -Incorporation of  /1 - C/lino leate into Ghosts  of  Human Red Cells 
Frac tionat ed Ac co;ding-to Age ( Donor CCW )  

1 . 075 1 . 080 
density range of cells  
1 . 082 1 . 084 1 . 086 ------------- ----------

Uptake into 

RBC and WBC 
TL 
TG 
DG + X 
PA 
PE 
PC 

to tal esteri fied lipid dpm/peq PL 
_ill.Q9 _ _ _ ?.!:f-59..9 -�-OQQ 

ac tivity per 1 01 0  RBC per 1 06 dpm/ml 
53500 48500 49000 

340 4 1 0  280 
1 1 000 1 1 500 1 0500 
5050  4 1 00 5050 
4400 2650  2850 

31 500 29000 28000 

plasma 
51 000 

380 
1 2200 
4400 
2?50 

30000 

26000 

52000 
41 0 

1 2500 
4400 
2900 

29000 

1 . 1  05 

Significant WBC contributions estimated from uptake into WRS cells  ( Table  33 ) 1 
TL 8oo 8oo 4oo 8oo 8oo 
TG 400 400 200 400 400 

No o ther WBC contributions are signi ficant . 
'---------------------------- --- - - � -
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Table 42a : Incorporation o f  /1 - C palmitate into Ghosts o f  Human Red Cells 

Frac tionated Acco;ding-to Age ( Donor VJC ) 

Uptake into 

RBC and WBC 
TL 
TG 
DG ' 
X 
PA 
PE 
PC 
LPC + SP 

density range o f  c e lls  
1 . 075 1 . 080 1 . 082 

total e sterified lipid dpm/peq PL 
1 4400 1 5900 1 4300 

1 . 084 

21500 

activi ty per 1 01 0  R�� per  1 0
6 

dpm/ml plasma 
1 4500 1 55 00 1 2500 1 7500 

500 900 900 21 00 
430 5 1 0  450 1 550 
800 950 1 fOO 1 850 

1 400 1 5 00 900 2800 
1 400 1 4 00 800 770 
9500 9500 6800 7200 
430 650 1 300 830 

1 . 086 1 . 1 1 0  

57500 

43000 
1 6500 
2200 
3600 
3 1 00 
1 300 

1 4 000 
21 00 

WBC contributions e stimated from TG ac tivities*  and the palmitate distribution 
in Table 33 
TL 900 1 600 1 600 3700 29000 
TG 500 900 900 21 00 1 6500 
DG 20 30  30 80 650 
X 20 30  30  80  650 
PA 3 0  30 70 600 
.PE 25 25 60 450 
PC 250 450 450 1 000 8500 
LPC + SP 60 1 20 1 20 250 2000 

* This assumes to be  between hal f  and one times that observed for EJC white 
c ells 

Table 43a : Incorporation of  L1-1 4£7palmitate into Ghosts  o f  Human Red Cells  
Fractionated According to  Age ( Donor GGM ) 

Uptake into 

RBC and WBC 
TL 
TG 
DG + X 
PA 
PE 
PC 
�p + LPC 
Significant 
TL 
TG 
DG + X 
PA 
PE 
PC 
SP + LPC 

density range of  c ells  
1 . 075 1 . 078 1 . 080 1 . 082 

total esterified lipid dpm/peq PL 
20200 22800 23500 1 6500 

ac tivity per 1 01 0  RBC per  1 06 dpm/ml plasma 
24000 22500 25500 1 8500 
2600 2200 2400 1 350  
2300 1 88 0  1 680 1 200 
1 200 1 400 2200 1 950 
2850 2600 3 150 4000 

1 3500 1 3200 1 3200 8600 
980 1 1 00 2400 1 400 

WBC contributions estimated from uptake into 
2400 2200 21 00 21 00 
1 400 1 300 1 200 1 200 
1 1 0  1 00 1 00 1 00 
50 45  40  40  
40  35 30 30 

700 650 550 550 
1 70 1 60 1 40 1 40 

1 .  0845 

25000 

30000 
1 350 
1 650 
2400 
8600 

1 4500 
1 700 

EJC cells  
1 500 
900 
70 
20 
20 

400 
90 

1 .. 1 02 

( Table 33 ) 

. 
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Table 44a : Incorporation o f  L1-1 4£/palmitate into Ghosts o f  Human Red  Cells 
Fractionated According to Age ( Donor EJC ) 

Uptake  into 

RBC and WBC 
TL 
TG 
DG 
X 
PA 
PE 
PC 

Significant 
TL 
TG 

density range of  cells 
1 . 075 1 . 078 1 . 080 

total esterified lipid dpm/peq PL 
1 5300 1 8700 1 7800 

1 . 082 

1 5500 
activity per 1 01 0  RBC per 1 0b dpm/ml plasma 

1 9500 32000 24000 27000 
650 650 370 830 

1 650 2050 1 450 1 480 
1 000 61 0 280 550 
1 1 00 - 280 1 850 
2300 41 00 3400 3200 

1 0700 22500 1 7000 1 7500 

WBC contributions estimated  from uptake into 
1 40 1 40 1 40 1 40 
80 80 80 80 

1 . 084 

EJC 

No other contributions are significant 

1 . 08 6  

1 6000 

28500 
1 500 
1 300 

-
370 

5400 
1 9500 

cells ( Table 33 ) 
280 
1 60 

Table 49a : - 1 4  -Incorporation o f  L1 - £/palmitate into Rat White  Blood Cell 
lipids ( Rat A )  

Uptake into total esterified lipid : 1 0  9000 dpm/1 9 WBC 

Table 50a :  - 1 4  -Incorporation o f  L1 - £/palmitate into Normal Populations o f  
Rat Red Cells and Red  Cell Ghosts 
------------------------------------- , 

Rat A ( c ell s )  
Uptake into total esterified lipid : 6000 dpm/peq PL 
White  c ell contributions ( dpm per 1 01 0  RBC ) 

TL TG DG+X PA PE PS 
RBC + WBC 1 5000 850 1 350 300 1 000 300 
WBC 1 0500 950 600 1 200 600 1 00 

Rat B ( ghosts )  
Uptake into total esterified lipid : 1 6500 dpm/pe� Whit e  c ell contributions ( dpm per 1 01 0  RBC per 1 0  

TL TG DG+X PA 
RBC + WBC 23000 250 800 2000 
WBC 2800 250 1 60 300 

PC SP 
1 0500 250 
6800 1 50 

PL 
dpm/ml plasma ) 

PE 
350 
1 60 

PC 
1 8000 
1 800 
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Table 51 a :  - 1 4 -Incorporation of /1 - C/palmitat e  into Rat Red Cells 
Fractionated  Acco;ding-to Age ( Rats D )  

density range of  cells  
1 . 075 1 . 08 1  1 . 083 1 . 085 1 . 087 1 . 1 08 1 0  TL dpm/1 0 c ells  1 4000 1 0000 7300 7500 1 0500 1 7000 

TG 1 40 70 40 1 0  40 80 

No WBC counts could be made , but very low TG activities indicate that 
negligible uptake  was due to WBC contamination.  

Table  52a : 

TL dpm/peq PL 
TG 

Incorporation of /1-1 4c/palmitate into Gho sts of Rat Red 
C ells  Fract ionat ed according to age (Rats E )  

density range of cells  
1 . 075 1 . 079 1 . 081  1 . 083 1 . 085 1 . 1 03 

200000 1 58000 1 27000 1 1 8000 76000 
8000 1 600 1 300 2800 2300 

1 No WBC counts could be made , but TG counts suggest that WBC contamination 
was low .  More contamination o f  the lightest fraction i s  likely . 



1 59 

APPENDIX 2 :  ABBREVIATIONS 

AMP 
ATP 
BSA 
CE 
Ch 
CNAW 

CMN 
CoA( CoASH )  
DG 
dpm 
FFA 
GPC 
GPE 

GSH 
GSSG 
Hb 
REA 
KRP 
LPA 
LPC 
LPE 
LPL 
Me OH NAD+�NADH ) NADP ( NADPH ) 
NL 
PA 
PC 
PE 
PL 
PS 
RBC 
SF 
SP 
TCA 
TLC 
WBC 
X 

adeno sine monophosphate 
adeno sine triphosphate  
bovine serum albumin 
cholesterol ester 
chole sterol 
chloro form-methanol-acetic  

aci d-water 
chloroform-methanol-ammonia 
coenzyme A 
diglyc eride 
di sintegrations per minute 
free fatty ac id 
glyc e ro-3-phosphoryl choline 
glyc e ro-3-phosphoryl 

ethanolamine 
reduc e d  glutathione 
oxidised  glutathione 
Hemoglobin 
hexane-ether-ac etic a�id 
Krebs-Ringer-phosphat e 
lysopho sphatidic acid 
lysophosphatidyl choline 
lysophosphatidyl ethanolamine 
lysophospholipids 
methanol 
nicotine adenine dinucleotide 
nic o t ine adenine dinucleot ide  

phosphate 
neu tral lipid 
phosphatidic acid  
phosphatidyl choline 
phosphatidyl ethanol amine 
phospholipid 
phosphatidyl  serine 
red blood c ell 
sol vent front 
sphingomyelin 
trichlo roac etic  acid 
thin-layer chromatography 
whit e  blood c ell  
uni denti fied  radioact ive lipids 

1 6 : 0 , 1 8 : 0 , 1 8 : 1  etc . fatty aci d  with 1 6 ( 1 8 , 1 8 )  carbons and 0 ( 1  
double bonds . 
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SUMMARY 

r .  Bovine erythrocytes and leukocytes have been incubated with [r-14C] palmitic 
acid, and the incorporation of the fatty acid into each cell type has been followed. 

2 .  A high level of incorporation was observed with leukocytes, mainly into the 
phospholipids and triglycerides. The processes appeared to involve an exchange rather 
than a net uptake mechanism. Incorporated palmitate took part in chain-lengthening 
processes and some 14C02 was produced during the incubations. 

3 · Incorporation into the lipids of erythrocytes was very much lower than that 
observed for leukocytes. Low leukocyte concentrations in red cell preparations 
accounted for a significant proportion of [r-14C]palmitate uptake into the cell lipid. 
The importance of accounting for these leukocytes has been stressed. 

4· After allowing for leukocyte contributions, a significant incorporation of 
palmitate into the erythrocyte phospholipids, in particular phosphatidyl choline 
and phosphatidyl ethanolamine, was demonstrated. However, no significant uptake 
into the small quantities of triglycerides or cholesterol esters present in the erythro­
cytes could be detected. 

I NTRODUCTION 

Phospholipids and free cholesterol are the major lipids present in mammalian 
erythrocytes. It has been established that the cholesterol and much of the phospho­
lipid can exchange with similar components of the blood plasma, but that they 
cannot be synthesised by the erythrocyte1• 2. In adciition to these lipids, erythrocytes 
contain small amounts of glycolipids, triglycerides, cholesterol esters and unesterified 
fatty acids. A role for the minor neutral lipids has not been defined, although it has 
been suggested that they may act as intermediates in the turnover of the major 
erythrocyte lipids1 .  The turnover of either triglycerides or cholesterol esters has not 
been studied in detail. MULDER AND VAN DEENEN3 and 0LIVEIRA AND V AUGHAN', 

while investigating the uptake of radioactive long chain fatty acids into red cell 
phospholipids, detected little incorporation into esterified neutral lipids. Since the 
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uptake of a small amount of labelled substrate into a minor cellular constituent may 

represent a high turnover rate, a detailed examination of [r-14C]palmitate incorpora­
tion into erythrocyte neutral lipids was undertaken, with a view to detecting a pos­
sible physiological role for these constituents. 

It is generally accepted that the energy requirements for erythrocytes are 
primarily met by anaerobic glycolysis, and that the cellular lipid does not make a 
significant contribution5.  However, at least 95% of the lipid is localised in the cel l  
membrane·\ and it is possible that a lipid component could be a source of maintenance 
energy for the membrane itself. This possibility has been considered in interpreting 
the results of the present study. 

As the presence of leukocytes in erythrocyte preparations affected the level 
of palmitate incorporation, it was necessary to determine the nature of [r-14C]pal­
mitate uptake by the leukocytes, and this information is also reported. 

MATERIALS AND METHODS 

[r-14C] Palmitic acid, with a specific activity of 36. 6  mCJmmole was obtained 
from the Radiochemical Centre, Amersham, and stored in benzene at -4°. Using the 
thin-layer chromatographic technique employed in this study, at least 95% of the 
palmitate radioactivity was recovered in the free fatty acid spot. Autoradiography 
showed no radioactivity elsewhere on the plate. Using gas chromatography, 95" 0 
of the radioactivity was trapped in the column eluate corresponding to the palmitate 
peak. 

All solvents were distilled before use. Koch-Light silicic acid, roo-rzo mesh,  
activated for r z  h at I I 0°,  was used f01 column chromatography, and Merck silica 
gel G was used for thin-layer chromatography. Layers were predeveloped with etht·r 
to remove impurities and activated at I I0° for I h before use. For phospholipid 
separations, plates were used within IS min of activation. 

Blood was collected from Jersey cows into one-seventh of its volume of acid­
citrate-dextrose. If red and white cells were to be incubated separately, or togetl icr 
in abnormal proportions, the blood was spun in an MSE swing-out head centrifuge 
for 30 min. at 3000 rev. Jmin. Most of the upper plasma layer was separated, and t l 1r 
remaining plasma plus a white cell-rich layer from the top of the cell column Wl ' f"l' 
collected separately. A tube with a side opening was used to aspirate horizon ta l  
layers. The red cells were washed 3 times with an equal volume of  0 .9% NaCL \ t  
each centrifuging, a white cell-rich layer was removed from the top of the cell colum n . 
Using this method, I-5 %  of the original white cells were present in the red ct· l l  
preparations* 

Red cell and white cell preparations of known composition were incubated i n  
plasma (total volumes about 30 ml) with [r-14C]palmitic acid. For one incubation 
a Krebs-Ringer phosphate medium (pH 7-4) was used. Cell to plasma ratios wrrc 

• Because the degree of radioactivity incorporation was affected by the presence of white cel l s. 
the possibility of using other methods of cell separation was investigated. Passage of the blnod 
slowly through cotton wool columns removed only few white cells, and the addition of dextran 
to the blood did not cause rapid red cell sedimentation'. Ultracentrifugation using an angle ht·:l< l 
was also regarded as unsatisfactory because the mixing of upper cell layers on deceleration 
necessitated the removal of large quantities of erythrocytes with the leukocytes. 

Biochim. Biophys. A cta, 152  ( r g68) 255-265 
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approx. I : 2 .  The [I-uC] palmitic acid (I-2 f-lC) in benzene (0.5-I ml) was added to a 
small volume of plasma or to the Krebs-Ringer phosphate solution, the benzene 
evaporated at 37°, an aliquot taken for counting, and a known volume mi..xed with 
the cell suspension. I ncubations were carried out for 5 h at 37°, in gently agitated 
conical flasks, either plugged with cotton wool or with outlets to tubes containing 
NaOH, in which C02 was trapped by passing a slow stream of C02-free air through 
the flask. At the end of each incubation, the cells were separated by centrifuging at 4° .  
When special efforts were made to remove white cells prior to incubation, the red 
cells were washed twice with o.g% NaCl at 4°. When red and white cells were incu­
bated together, plasma and white cells were collected separately as described. Red 
cells were washed with cold saline 3 times and the white cell fraction twice. Cell 
counts were made on each sample using an Improved Neubauer counting chamber. 
White cells were stained with methylene blue in I %  acetic acid. 

Red cell lipids were extracted with 20 vol. of chloroform-isopropanol (T r r ,  v fv) 
by the method of RosE AND 0KLANDER8• Plasma and white cell lipids were extracted 
with 20 vol. of chloroform-methanol (2 : I ,  v fv) using the method of FoLCH, LEES 
AND, SLOANE-STANLEY9• Solvents were removed in a Biichi rotary evaporator below 
45° and the lipids were washed9, evaporated to dryness, and weighed. 

The neutral and polar lipids of the erythrocytes were separated on silicic acid 
columns using the method of BoRGSTROM10 Neutral lipids, which had been eluted 
with dry chloroform, were separated further by thin-layer chromatography using 
either hexane-ether-acetic acid (70 : 30 : I ,  v fv fv) or (30 : 70 : I, v fv fv) as the devel­
oping solvent1 1 .  Phospholipids, which had been eluted from the silicic acid columns 
with chloroform-methanol and methanol, were separated by thin-layer chromatog­
raphy using either chloroform-methanol-cone. ammonia (14 : 6 :  I, v fv fv) or chloro­
form-methanol-acetic acid-water (65 : 25 : 8 :  4, v fv fv fv) u Plasma and white cell 
lipids were separated directl y  by thin-layer chromatography. Analytical plates were 
sprayed with iodine, or 20% sulphuric acid and charred, and the spots were identified 
by comparing their positions with those of standards. Autoradiographs were prepared 
by placing the plates in contact with Ilford X-ray film for 6 weeks. Preparative plates 
were sprayed with iodine, and the silicic acid containing each lipid band scraped off 
either into a vial for scintillation counting or into a n arrow glass column for elution. 
Neutral lipids were eluted completely with IO ml of chloroform-methanol (2 : r ,  v fv) 
and phospholipids with 5 m l  chloroform-methanol (I : 2,  v fv) followed by 5 m! 
methanol. Equivalent results were obtained by counting a lipid sample either ad­
sorbed to silicic acid or after elution from it. 

A Packard model 4000 scintillation counter was used. Non-aqueous samples 
were counted in a solution (IS  mi) containing PPO (5 g) and POPOP (o.os g) (Nuclear 
Enterprises) in toluene (r 1) . Aqueous or silicic acid-containing samples were counted 
in a solution ( I S  ml) of PPO (S g) and PO POP (0.2 g) in a mixture of toluene (6oo ml) 
and ethanol (400 ml) . Quenching was determined either with standard [14C] toluene 
or by external standardisation. The normal background activity was approx. 25 
counts /min. 

Total amounts of lipid in samples were determined using a modification of the 
method ·of AMENTA13 .  Duplicate fractions of eluates containing 20-200 11-g lipid were 
evaporated to dryness, oxidised with a standard chromic acid solution, and the colour 
change determined spectrophotometrically. Standard graphs of weight versus absor-
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bance change were determined for each class of lipid. Phosphorus was assayed by the 
method of BARTLETT14, and 14C02 was estimated by precipitation as BaCOa (ref. IS} .  

Lipid samples for gas-liquid chromatography were methylated by the method 
of MORRISON AND SMITHH A Shandon Chromatograph, with an apiezon stationarv 
phase column at I9J0, argon carrier gas, and a 90Sr detector was used. Samples fro�1 
the chromatograph for radioactive assay were collected from the detector outlet into 
tubes containing toluene-moistened glass wool. 

RESULTS 

Leukocyte incorporation of [I-1'C]palmitic acid 

' The leukocytes showed a very high incorporation of [r-14C]palmitate into their 
lipids (Table I) . No other studies have been reported of fatty acid uptake into bovine 

TABLE I 

RADIOACTIVITY DISTRIBUTION AMONG WHITE BLOOD CELL LIPIDS AFTER INCUBATION OF THE CELLS 
WITH (r -�<C]PALMITIC ACID 

Cells were incubated in plasma as described . White cell concentrations varied between 5 · 106 and 
50· 106 cells per ml. When the concentration was high, the radioactivity incorporated per cell was 
slightly lower. From 9 to 63% of the medium activity was incorporated into the cells. ,The total 
lipid was extracted and separated by thin-layer chromatography with hexane-ether-acetic acid 
(70 · 30 .  1, v fv jv). Results are the means from 5 incubations, each quoted ± I standard deviation, 
and expressed as incorporation per ro10 cells from a medium having an initial [ r -�<C]palmitatc· 
activity of ro5 countsfmin per m!, which corresponds to a palmitic acid specific activity of 8.o · r o '' 

countsfmin per mg. 

Total lipid* 
Free fatty acid 
Phospholipid 
Triglyceride 
Cholesterol ester 
Cholesterol and diglyceride 

* 300 ± 50 mgfro10 cells. 

Percent of total Percent of total 
lipid weight lipid radio­

activity 

7 ± 2 
58 ± 3 

8 ± I 
6 ± I 

2 I  ± I 

I 4  ± I 
49 ± 3 
30 ± 3 

I ± 0 . 3  
6 ± I  

Counts fmin per Specific activity 
ro10 cells x ro-• (counts fmin per 

mg x ro-3} 
1 300 ± I 50 

I 8o ± 20 
640 ± 8o 
390 ± 6o 

I 3  ± 4 
8o ± 20 

43 ± 8 
86 ± 5 
37 ± 3 - 3  

! 60 ± 3 0  
7 ± 2 . 5  

1 3  ± 2 . 6  

leukocytes with which these results may be compared. The phospholipids and tri­
glycerides were responsible for the majority of the uptake, the phospholipids attaining 
the highest total activity and the triglycerides the highest specific activity. Auto­
radiographs of the lipids separated by thin-layer chromatography (Figs. ra and rb) 
show these major spots as well as faint cholesterol ester and diglyceride spots, but 
no radioactive cholesterol. Diglyceride is therefore primarily responsible for the radio­
activity of samples containing both cholesterol and diglyceride, which could not be 
readily separated before analysis .  The other, slow-running, radioactive components 
were not detectable gravimetrically and were not identified. One could be mono­
glyceride. Palmitate uptake by the phospholipids is summarised in Table VI, and 
an autoradiograph of a thin-layer chromatographic separation of the phospholipids 
is shown in Fig. r e .  Of the phospholipids, phosphatidyl choline incorporated the most 
radioactivity, followed by sphingomyelin. It seems unlikely that the sphingomyelin 
radioactivity could be attributed to lysophosphatidyl ethanolamine (which could 
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b c 
Plasma WBC RBC WBC 

d • •  C E  ... . Nl 
Plasma WBC RBC TG 

CE • FA 
· oG FA 

PE TG c 

PC 

• • • FA 
� SP 

... " PS 
- Pl • •  Pl LPC 

Fig. I. Autoradiographs of thin-layer chromatographic separations of total lipid extracts from 
bovine erythrocytes ( RBC) , leukocytes (WBC) and plasma, after incubation with [I -"C]palmitic 
acid. The identification of phosphatidyl serine and lysophosphatidyl choline is only tentative .  
a .  Solvent system hexane-ether-acetic acid (70 30 . I ,  vfvfv) .  b .  Solvent system hexane-ether­
acetic acid (30 70 I ,  v fv fv) . c. Solvent system chloroform-methanol-ammonia ( I 4  · 6 .  I ,  v fv fv) . 
Abbreviations : CE, cholesterol ester ; TG, triglyceride ; FA, free fatty acid ; DG, diglycerid e ;  
C, cholesterol ; N L ,  neutral lipid ; PL, phospholipid ; P E ,  phosphatidyl ethanolamine ; PC, phos­
phatidyl choline ; PS, phosphatidyl serine ; SP, sphingomyelin ;  LPC, lysophosphatidyl choline. 

exhibit similar thin-layer chromatographic mobilities in both solvent systems) , in 
view of the very low incorporation into phosphatidyl ethanolamine, one of the maj or 
phospholipid components. The thin-layer chromatographic behaviour of the remaining 
radioactive components suggests that one be lysophosphatidyl choline (running behind 
sphingomyelin in both solvents) , and the other, phosphatidyl serine. 

Only 65% of the labelled fatty acids extracted from the cells was palmitic 
acid. The remainder were longer chain (mainly C18) acids . Some radioactivity was 
also recovered as 14C02. A qualitative estimation showed that this amounted to 
roughly 20% of  the 14C incorporated into the total leukocyte lipid. 

After incubations were complete, the plasma lipids were analysed for radio­
activity. Although reductions in the specific activities of the plasma fatty acid were 
demonstrated , no decreases in fatty acid concentrations could be shown. The analyses 
may not have been sufficiently sensitive to detect small gravimetric changes. These 
results suggest that an exchange occurs between the fatty acids of the plasma and 
cellular lipids. This interpretation is supported by gas chromatographic analysis of 
the fatty acids extracted from plasma after incubation with leukocytes. Only 70% 
of  the labelled fatty acid was palmitic, the remainder being longer chain (mainly C18) 
acids. Therefore leukocytes can apparently synthesise labelled long chain acids from 
palmitic, and exchange these for plasma fatty acids. About 5% of the plasma radio­
activity was found in the phospholipids, which suggests that the white cell is able 
to release intact phospholipid molecules. 

Although white cell samples for lipid extraction normally contained red cells 
(ratio of red to white cell counts 2 to 20),  the contribution of radioactivity by red 
cell components to that of any leukocyte component was very slight . A red cell 
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contains about one-fiftieth of the amount of lipid present in a white cell, and accord­
ingly it was possible to obtain fairly accurate lipid weights for white cells by an 
appropriate correction. Platelets, although present in the white cell fractions, were 
not counted. 

Erythrocyte incorporation of [I-14C]palmitic acid 

The lipid composition of bovine erythrocytes IS pven in Table I I .  This IS 

TABLE I I  
LIPID COMPOSITION O F  BOVINE ERYTHROCYTES 

Lipids were extracted, and either separated by column chromatography into neutral and phospho­
lipids and the neutral lipids separated further by thin-layer chromatography in hexane--ether­
acetic acid (70 : 30 : I ,  v fv fv) , or separated directly by thin-layer chromatography. 6 extracts were 
separated, analysed, each in duplicate, and results quoted are the means of these, ± I standard 
deviation. 

Total lipid 
Phospholipid 
Cholesterol 
Cholesterol ester 
Triglyceride 
Free fatty acid 

Percent of total weight 

70 ± 3 
27 ± I 

! . I  ± 0.7 
! .0 ± 0.7  
! . 2  ± 0.8  

mgjro10 cells 

4 · 4 ± 0.2  
3 . 1  ± 0.2  

! . 20 ± 0.07 
0.048 ± 0.03 
0.044 ± 0.03 
0.053 ± 0.03 

similar to that obtained by DE GIER AND VAN DEENEN17 ,  and HANAHAN, WATTS A N D  

PAPPAJ OHN18, although the latter report slightly higher triglyceride and cholesterol 
ester levels. Incorporation of radioactivity into the lipids of the red cell preparations 
is summarised in Table I I I ,  and autoradiographs of thin-layer chromatographic 
separations of the lipids are shown in Figs. ra and r b .  Albumin, which has been shown 
to bind fatty acids in plasma, appeared to have no effect on fatty acid uptake by the 
esterified lipids in these experiments. Although the greatest proportion of red cell 
radioactivity was present as unesterified fatty acid, comparatively high counts were 
recorded in the phospholipids. A significant amount of radioactivity was associated 
with the triglyceride fraction and only low activities were found in other fractions. 
These results give relatively high specific activities, and hence high incorporation 
rates, for minor components such as triglycerides. 

However, r-5 % of the original white cells were extracted along with the red 
cells, and, as shown in Table IV,  these were responsible for a significant proportion 
of the radioactivity in the red cell extracts. When allowance was made for this contri­
bution from the white cells (Table V) , the incorporation of fatty acids into the phos­
pholipids of red cells was reduced but was still significant. Corrected values showed 
no significant incorporation into triglycerides, and the amount of radioactivity in 
other neutral lipids (excluding free fatty acids) was so low as to be within the experi­
mental error. Some of the counts isolated with cholesterol probably arose from con­
tamination by trailing fatty acids on the thin-layer plates. 

The distribution of radioactivity among the red cell phospholipids is shown in 
Table VI. Most components contained low counts and accordingly the results are 
liable to comparatively large errors. However, the results, in general, agree with 
those of MuLDER AND VAN DEENEN3, who also found that most of the labelled fatty 
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TABLE Ill 
R�DIOACTIVITY DISTRIBUTION AMONG THE LIPIDS EXTRACTED FROM RED BLOOD CELL PREPARATIONS AF 

iNCUBATION WITH ( I -1'C)PALMITIC ACID 

Incubations were carried out as described. The specific conditions for each experiment were as follows : (i) 
but s %  of the white cells present i n  the original blood were separated prior to incubation. (ii) Red cells , 
1ncubated with 5 times the number of white cells normally present in blood. All but I %  of these cells ' 
;eparated after incubation. (iii)-(vi) Whole blood was incubated. All but I %  of the white cells were sepan 
after incubation. (vii)-(ix) White cells were separated before incubation. No cell counts were made but r ­
of the original white cells were probably incubated and extracted. (vii) The cells were incu bated in a Kn 
Ringer phosphate medium. About 2 %  of the total radioactivity was recovered in t h e  red cell lipids. White < 
which were present during the incubations incorporated from S-63% of the total [ r -"C]palmitate, and cat 
a corresponding decrease in the amount available to the red cells. By relating red cell uptakes to initial ra· 
)Ctivity concentrations less the amounts taken up by the white cells, i .e . ,  the concentrations at the end of 
,xperiments, different incubations are comparable. Each experiment is shown separately, to show the dependE 
1! uptake on the degree of white cell contamination. Each lipid extract was separated in duplicate by thin-1< 
;hromatography. Results are expressed in terms of radioactivity per 1010  cells taken up from a medium ha' 
1 [ 1-14C ]palmitate activity of 105  countsfmin per ml, or a palmitate specific activity of S.o · 1 0 5  countsfmin 
mg, at the end of the incubation . 

rota! lipid 
'atty acid 
'hosphohpid 
"riglyceride 
'holester'ol ester 
:holesterol and 

diglyceride 
Vhite cells ex-

tracted per 
1010 red cells 

TABLE IV 

Counts fmin per I010 red cells 

Expt. i Expt. ii Expt. iii Expt. iv Expt. v Expt. vi Expt. vii Expt. viii Expt. ix 

7200 7700 S400 jOOO sooo 4Soo 1 r 6oo 7900 7600 
4500 4 1 00 3 1 00 3Soo 3SOO 3400 S700 6300 5900 
2 1 00 2 700 I 500 goo 9SO I I 50 920 930 I 500 

4 10 sBo 230 1 50 1 30 I IO 320 340 35  
70 54 4 7  2 5  2 5  2 4  66 go 24  

190 3 I O  2SO I j O  75 I 40 200 1 60 1 10 

1 .33  · Io0 1 .  2 ro• o .5s Io6  0.29 · I 06 0.26 · I06 0 .25 · ro6 Not determined 

Range o 
specific 
activitie: 
(counts/' 
per mg) 

1 00-! 8  
3000-20 

30-gc 
1 40-I S  

20-2S 

6-30 

RADIOACTIVITY IN THE RED CELL PREPARATION LIPIDS ATTRIBUTABLE TO EXTRACTS FROM WHITE CELLS 

Values are calculated from the known number of white cells contaminating the red cell preparations and 
the radioactivity uptake per I o10 white cells from a medium having a [ 1 - "C] palmitate activity of r o' 
countsfmin per ml, and are quoted ± r standard deviation. Results given in this table and Table I I I  
are from the same experiments. I n  Expt. i ,  the white cells were incubated separately with [ I -"C] palmitic 
acid. 

Total lipid 
Fatty acid 
Phospholipid 
Triglyceride 
Cholesterol ester 
Cholesterol and diglyceride 

Counts fmin due to white cells per Io10 red cells 

Expt. i Expt. ii Expt. iit Expt. iv 

1 700 ± 140 
2 70 ± so 
SSo ± lOO 
490 ± So 

20 ± 1 2  
I I O  ± 30 

3500 ± 2 30 
290 ± 40 

1 900 ± I90 
1 000 ± 230 

32 ± 27 
I 60 ± 35 

I OOO ± 70 
1 60 ± 25 
440 ± 40 
2 SO ± 30 

1 7  ± 5 
I I O ± 20 

450 ± 30 
So ± 10  

240  ± 30 
1 1 0 ± 20 

4 ± 3 
30 ± 6 

Expt. v 

390 ± 30 
76 ± 1 0  

1 70 ± 2 0  
1 30 ± so 

6 ± 6 
2S ± 1 4  

Expt. vi 
3 70 ± 26 

35 ± 4 
1 80 ± 20 
1 1 5  ± 20 

4 ± 3 
20 ± 8 

--------------------------------------------------

acids incorporated into bovine erythrocytes were present in the phosphatidyl choline 
and phosphatidyl ethanolamine fractions. 

With higher concentrations of white cells in the incubation system, there was 
an apparent decrease in the amount of radioactivity incorporated into the erythrocyte 
lipids. A probable explanation is that the comparatively rapid exchange of the plasma 
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TABLE V 

RADIOACTIVITY DISTRIBUTION AMONG PURE ERYTHROCYTE LIPIDS AFTER INCUBATION OF THE CELLS 
WITH (r -14C)PALMITIC ACID 

Values are calculated from the results shown .in Tables III and IV. They are the means of the 6 
incubations, are related to an external [ r-14C)palrnitate concentration of ro5  counts fmin per ml 
which corresponds to a palmitic acid specific activity of 8 .o · 105 countsfmin per mg, and are 
quoted ± I standard deviation. 

Total lipid 
Free fatty acid 
Phospholipid 
Triglyceride 
Cholesterol ester 
Cholesterol and diglyceride 

TABLE VI 

Percent of 
total lipid 
radioactivity 

78 ± s 
20 ± 4 
- ± 0.5 

0 .5  ± 0 .5  
2 .5  ± I . !  

Countsfmin per Specific activity 
per I010 cells (counts fmin 

per mg) 

4 700 ± 30 1000 ± 100 
3600 ± 200 43ooo ± I sooo 

goo ± I 8o 300 ± 70 
- ± 20 
20 ± 2 0  300 ± 300 

1 20 ± so IOO ± 60 

RED AND WHITE BLOOD CELL PHOSPHOLIPID ACTIVITY DISTRIBUTION AFTER INCUBATION OF THE 
CELLS WITH ( I-14CjPALMITIC ACID 

Cells were incubated as described. Phospholipids were separated by thin-layer chromatography 
with chloroform-methanol-acetic acid-water (6S : 2 5 " 8 4. v fv fv fv) as developing solvent. Syn­
thetic phosphatidyl choline and phosphatidyl ethanolamine (L. Light and Co. )  and sphingomyelin 
extracted from sheep brain were used in identification ; phosphatidyl serine was tentatively 
identified from its RF. White cell contamination has been accounted for in calculating the re�l 
cell radioactivity distribution. The mean results from 5 (red cell) and 4 (white cell) experiments 
are quoted ± r standard deviation. 

Percent of phosphorus 

Phosphatidyl ethanolamine 
Phosphatidyl serine 
Phosphatidyl choline 
Sphingomyelin 
Components running behind 

sphingomyelin 

Red cells 

2 I  
I 7 

6 
so 

6 

* goo phospholipid countsfmin per ro10 cells. 

White cells 

I 8  
I 2  
29 
32  

9 

** 6.4 · I 06 phospholipid countsfmin per r o10 cells. 

Percent of activity 

Red cells* White cells* *  

22 ± 1 2  4 · 2  ± 0.6 
6 ± 4  6 ± 2 

6o ± 9 6o ± 9 
6 ± 6 20 ± 3 

7 ± 7 10 ± 3 

fatty acids with the leukocyte lipid components leads to a reduction in the specific 
activity of the fatty acids being incorporated into the erythrocytes. 

After one incubation, the total erythrocyte fatty acids were separated by gas 
chromatography and the radioactive components isolated. The fatty acids present 
were mainly oleic (40% ) ,  palmitic (24 %) , and stearic (2o%) acids. Of the radio­
activity, 99 % was still found associated with palmitic acid. Hence in agreement wit h 
the results of M uLDER AND VAN DEENEN3,  on incorporation of linoleic acid into rabbi t 
erythrocytes, no evidence for any active fatty acid chain altering processes in the 
erythrocyte could be demonstrated. 

The autoradiographs in Figs. ra and r b  also show the plasma radioactivity 
distribution in 2 experiments. About I-4% of the plasma activity was present in the 
phospholipids, and this varied only slightly with the number of white cells incubated. 
Most of the phospholipid activity was in each case associated with phosphatidyl 
choline. Plasma alone is unable to incorporate labelled fatty acid into phospholipid•, 
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and as only a small increase in labelled plasma phospholipid was associated with a 
large increase in white cell numbers, the ability to exchange intact phospholipid 
molecules appears to be a property of both types of cell. 

DISCUSSION 

I t  has been shown that the presence of comparatively small numbers of leuko­
cytes in erythrocyte preparations can account for a high proportion of the observed 
incorporation of plasma fatty acids into the cell lipids. An apparently high rate of 
fatty acid incorporation into red cell triglycerides can be interpreted entirely in terms 
of contamination by only z-s % of the white cells normally present in blood. This 
result stresses the advisability of determining the extent of leukocyte presence in red 
blood cell samples before interpreting results of experiments in terms of red cell 

properties alone. A similar situation arose in the evaluation of erythrocyte lipid 
synthesis from acetate, when BucHANAN1a and others showed that leukocyte conta­
mination was responsible for the observed lipid synthesis. The problems of blood cell 

separation are discussed in a review by SPARKES AND BEUTLER20. Difficulties are 
magnified when dealing with bovine blood, which exhibits a slow erythrocyte sedi­
mentation rate, giving rise to greater leukocyte dispersal, and no erythrocyte aggre­
gation in the presence of dextran 7• The lack of rouleau formation by bovine erythro­
cytes causes their slow sedimentation21 ,  and it could be the same property of the cell 
surface which prevents their aggregation in the presence of dextran . 

The method employed, of removing the upper layer of cells after successive 
centrifugations, still left a final z-s% of leukocytes in erythrocyte samples. M uLDER 

AND V AN DEENEN3 report the removal of all white cells from blood of different species, 
including cattle, by a method involving ultracentrifugation of the cell suspension at 
I OO ooo X g and removal of the upper third of the cell column. Although this results 
in the removal of a sizeable young population of red cells22, it is probably preferable 
in metabolic studies to making considerable corrections for residual leukocytes. 

Bovine erythrocytes were found to take up [I-14C]palmitic acid from the sus­
pending medium. Apart from highly radioactive unesterified fatty acids associated 
with the cells, the remaining activity was located in the phospholipids. Phosphatidyl 
choline (6o% )  and to a lesser extent phosphatidyl ethanolamine (zo%) contained 
most of the incorporated radioactivity. Similar experiments by other workers, who 
studied rabbit or human erythrocytes or ghosts3• 4 • 23 ,  have resulted in higher incor­
porations into phosphatidyl choline and lower into phosphatidyl ethanolamine. How­
ever, these erythrocytes contain much more phosphatidyl choline than do bovine 
cells, and for this reason , a proportionately lower incorporation into bovine phospha­
tidyl choline, as found by US and also by MULDER AND VAN DEENEN3, might be 
expected. 

In this study, at least some o f  the red cell phospholipid molecules, particularly 
lecithins, are apparently released into the surrounding plasma. Results obtained for 
erythrocytes from other species are in agreement with this finding24-26. 

No isotope incorporation into the erythrocyte triglycerides and only very low 
incorporation into the cholesterol esters could be demonstrated. These results are 
supported by the work of MuLDER A ND VAN DEENEN3,  who incubated rabbit erythro­
cyte ghosts with labelled fatty acid, and qualitatively found little activity corre-
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sponding to any esterified neutral lipid by scanning a thin-layer chromatograph. 
Our results suggest, therefore, that the renewal of erythrocyte triglyceride and 
probably cholesterol ester fatty acids by uptake from plasma is either not possible 
or of such a low order that it was not detected by our methods. The specific activit\· 
of the red cell triglycerides was found to be much lower, and that of the cholesten;l 
esters no higher, than the total phospholipid specific activity, and both were con­
siderably lower than those of the individual phospholipids exhibiting the highest 
incorporations. Hence with regard to the role of these minor neutral lipids in overall 
cell metabolism, these results do not support a postulate that they act as intermediates 
in the transfer of plasma fatty acids to erythrocyte phospholipids. 

High incorporation of plasma palmitic acid into bovine leukocyte lipids ha-.. 
been found. The phospholipids, especially phosphatidyl choline, and the triglycerides 
were largely responsible for this uptake, but other components were involved to a 
lesser extent. Results suggest that exchange rather than net uptake took place. The 
[ r -14C]palmitate incorporated appeared to be quite actively metabolised, both to 
longer chain fatty acids and to 14C02. No other studies on the uptake of plasma fatt_\· 
acids by bovine leukocytes have been reported, but similar studies on leukocytes fr01 1 1  
some other animals and sources have been carried ouP7-30. When comparing our 
results with these, the non-homogeneity of white cell samples must be considered , 
and differences in leukocyte behaviour have been found, depending on both the 
source of the cells and the treatment given them20 The distribution of radioactivit \· 
found in bovine blood leukocyte lipids is similar to that in human blood cells after 
incubation with (14C]palmitate30. It is also similar to the distribution in rabbit poly­
morphonuclear leukocytes from peritoneal exudate, after incubation with labelled 
fatty acids, reported by ELSBACH27• 28. The present findings seem to be representativt· 
of general leukocyte behaviour. 

In his experiments, ELSBACH was unable to detect significant release of labelled 
phospholipid into the incubation medium, or a release of radioactivity from the cel l'  
on resuspension in an inactive medium. However EVANS AND M uELLER29,  although 
able to measure net uptake of fatty acids by guinea pig peritoneal exudate leukocyte�. 
found no significant uptake into the blood leukocytes from the same animal. Tbv 
differences between our finding that bovine blood leukocytes can release radioactiw 
fatty acids to their plasma surroundings and the results of ELSBACH would appe;1 r 
due to a difference in behaviour of leukocytes from different sources. ELSBACH abu 
demonstrated production of 14C02 and radioactive water soluble products, but then· 
have been no other reports of chain lengthening of labelled fatty acids. The existenc1· 
of such a process is substantiated, however, by the finding of M IRAS, MANTZOS AN I •  
LEVIS31 that most of the [r-14C] acetate incorporated into human leukocyte lipid is 
effected by a chain-lengthening process. 
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N OTE ADDED IN PROOF (Received December zgth, 1967) 
A recent paper* reports a considerable incorporation of labelled fatty acids 

into the triglycerides of human erythrocytes . The extent of the incorporation was 
very sensitive to incubation conditions and subsequent treatment of the cells. 

It is suggested that differences between the results reported in this communica­
tion and in the paper by DoNABEDIAN AND KARMEN could be due to the extent to 
which allowance has been made for the presence of white cells in the incubation 
systems. Our results with bovine red cells showed that standing for 8h before incuba­

tion reduced the uptake of fatty acids into white cells to about 30% , but this proce­
dure had little effect on red cell incorporation. The white cell levels in the human red 
cell preparations of DoNABEDIAN AND KARMEN are of the same order as those in our 
bovine red cell preparations, and such levels were found to contribute significantly 
to fatty acid uptake by the cells. 

* R. K. BONABEDIAN AND A. KARMEN , j. C/in. Invest., 46 { I 967) I047·  

REFERENCES 
I J. DE GIER AND L. L. M. VAN DEENEN, in C. BISHOP AND D. M.  SuRGENOR, The Red Blood Cell, 

Academic Press, New York, I 964, p. 243 .  
2 P .  WAYS AND C. F. REED, Scand. ].  Haematol. Ser. Haematol. ,  I D  ( 1 965) 34 ·  
3 E .  MULDER AND L.  L. M. VAN DEENEN, Biochim. Biophys. A cta, ro6 { 1965) Io6. 
4 M. M. 0LIVEIRA AND M.  VAUGHAN, J Lipid Res . ,  5 ( 1 964) ! 56. 
5 C .  BISHOP, in C .  BisHOP AND D .  M. SuRGENOR, The Red Blood Cell, Academic Press, New York, 

1 964. p. I 47 · 
6 J .  T DoDGE, C. MITCHELL AND D. J .  HANAHAN, Arch. Biochem. ,  roo ( 1963) 1 19. 
7 W .  A. SKooG AND W. S.  BEcK, Blood, I I ( 1956) 436. 
8 H. G.  RosE AND M. 0KLANDER, ] Lipid Res., 6 ( 1965) 428. 
9 J FoLCH, M. LEES AND G. H .  SLOANE-STANLEY, J Bioi.  Chem. ,  226 ( 1 957) 497. 

10 B. BORGSTROM, A eta Physiol. Scand.,  25 { I952) I O I .  
I 1 E .  LEVIN AND C .  HEAD, A nal. Biochem. ,  IO { I 965) 23 .  
I 2  V P. 5KIPSKI, R .  F PETERSON AND M. BARCLAY, j Lipid Res . ,  3 { 1 962) 467. 
I 3  J S. AMENTA, ] Lipid Res , 5 { I964) 2 70. 
I4 G. R .  BARTLETT, ]. Bioi.  Chem. ,  234 { I 959) 466. 
I 5  M.  CALVIN ,  C.  HEIDELBERGER, J C. REID,  B. M. ToLBERT AND P. F YANKWICH, Isotopic Car-

bon, John Wiley, New York, I949. p. I J 4 .  
I 6  W R .  MORRISON A N D  L.  M. SMITH, j Lipid Res . ,  5 { I964) 6oo. 
I 7  J DE GIER AND L. L. M. VAN DEENEN, Biochim. Biophys. A cta, 49 { I96 1 )  286. 
I 8  D .  J HANAHAN, R. M.  WATTS AND D .  PAPPAJOHN, ] Lipid Res . ,  I ( r 96o) 42 r .  
1 9  A .  A.  BUCHANAN, Biochem. ] . ,  75 ( 1 960) 3 1 5 .  
2 0  R .  S .  SPARKES AND E .  BEUTLER. J A m. Oil Chem. Soc., 4 2  ( 1 965) 665 . 
2 1  0. W ScHALM, Veterinary Hcmatology, Lea and Fcbiger, Philadelphia, Pa., 2 n d  ed. ,  1 965, 

p.  2 19. 
22 D. A.  RIGAS AND R.  D. KoLER, J Lab. Clin. Med., 58 { I961 )  242 .  
23  A .  F RoBERTSON AND W E. M. LANDS, J Lipid Res . ,  5 ( 1964) 88 .  
24  C. F. REED, J Clin. Invest., 38 ( 1959) 1032 .  
2 5  T SAKAGAMI, 0.  MrNARI AND T 0RII ,  Biochim. Biophys . A cta, 98 ( 1 965) 356. 
26 E.  MuLDER AND L.  L. M. VAN DEENEN, Biochim. Biophys. A cta, 106 (1 965) 348. 
27 P. ELSBACH, Biochim. Biophys. A cta, 70 { 1 963) 157 .  
2 8  P. ELSBACH, Biochim. Biophys. Acta, 84 ( 1 964) 8.  
29  W H .  EvANS AND P. S.  MUELLER, ].  Lipid Res. ,  4 ( 1 963) 39. 1 
30 C. J MIRAS, D. L. FILLERUP AND J F MEAD, Nature, 1 90 ( r 96 I )  92 .  
3 I  C. J.  MIRAS, ] .  D .  MANTZOS AND G. M. LEVIS, Biochem. Biophys. Res. Commun. ,  1 9  { I 965) 79·  

Biochim. Biophys. A cta, I 52 ( 1 968) 255-265 



�eprmted trom Biochimica et Biophysica Acta 
Elsevier Publishing Company 

Amsterdam 
Printed in The Netherlands 

BBA 53166 

Metabol ism in vivo of bovine erythrocyte l ipids 

SHORT COMMUNICATIONS 

A rather unique opportunity arose for us to study a Jersey cow which had been 
given a 24-h intravenous infusion of ro mC of [14C]acetate. Only one animal was 
available, but results are reported, not necessarily for direct interpretation, but more 
as a possible guide for interpreting related studies on red cell lipid metabolism. Blood 
samples were collected, and the fate of the radioactivity incorporated into the red 
cell lipids investigated. 

Bovine erythrocytes have a lifespan of about ro7 days. Of their total weight, 
o . s %  is lipid, largely phospholipid and cholesterol, and small amounts of tri- and 
diglyceride, cholesterol ester, free fatty acid and glycolipid2•3 .  Mature red cells cannot 
synthesise lipid from acetate, but exchange of some lipid molecules, or their fatty acyl 
moieties, between cells and plasma can occur3-6 .  In an animal administered [14]acetate, 
radioactivity could enter the erythrocyte lipids either by direct synthesis from acetate 
prior to maturation, or by exchange of cell lipids for radioactive plasma lipids, which 
had been synthesised from acetate at other sites in the body. Incorporated radio­
activity could be lost by exchange with plasma constituents, metabolic breakdown, 
or removal with the cell at the end of its lifespan. [14C]Acetate administered to a cow 
is rapidly metabolised, and most of the radioactivity is quickly lost by oxidation or 
milk production7, so persisting radioactive lipids would be predominantly those 
synthesised at the tim� of acetate administration. 

Blood (zso m!) was withdrawn into ACD. Erythrocytes were separated from 
leukocytes and plasma and washed three times in o.g% saline. Methods of lipid 
extraction, separation and analysis were similar to those reported in a previous 
paper". Neutral lipids were separated by thin-layer chromatography on silica gel G 
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Fig. r .  Disappearance of radioactivity from bovine erythrocyte lipids in vivo, following administra­
tion of [r -HC]acetate. TL, x -- x ,  total lipid radioactivity , CH, o--0, cholesterol ; PL, 
e--e, phospholipid. The standard error in each determination, carried out in duplicate, is 
shown. 

Biochim. Biophys. A cta, 1 52 ( 1968) 4 1 2-4 1 4  



SHORT COMMUNICATIONS 4I3 

developed with hexanc-ether-acetic acid (70 : 30 : I ,  v fv fv) ; phospholipids were devel­
oped with chloroform-methanol-cone. ammonia ( I4 : 6 : I , vfvfv) . The proportion of 
radioactivity in the component fatty acids of the phospholipids or cholesterol esters 
was determined following hydrolysis in methanolic KOH . 

The disappearance of radioactivity from the erythrocyte total lipid, cholesterol, 
and phospholipid fractions during the study is shown in Fig. I .  As the cow was not 
available until a fortnight after the infusion, no earlier samples could be taken. The 
total activities and specific activities of the cholesterol ester, triglyceride and free 
fatty acid fractions were lower than those of cholesterol or phospholipid. On the day 

IS,  the triglyceride and free fatty acid fractions each contained I count/min per I010 

cells or rs countsjmin per mg ; in later samples activities were less than half this. 
No cholesterol ester activity was detactable in any sample. The [14C] acetate dose was 
not high enough to accurately assess turnover of these components. 

TABLE I 

SPECIFIC ACTIVITIES OF ERYTHROCYTE AND PLASMA CHOLESTEROL AND PHOSPHOLIPID 

Each determination was carried out in duplicate, and results are quoted ± I standard deviation 
as countsfmin jrng. 

Days after [14C]acetate administration 

Ij 34 61 IOO II4 I35 
Erythrocyte esterified cholesterol 0 ± 5 o ± s 
Erythrocyte free cholesterol So ± 3 27 ± 2 ! 5  ± I IO ± I  7 -5  ± o.s 4·5 ± 0 5 
Plasma esterified cholesterol• I5 ± I I O  = I  7 .0  = I  5 ± o.s 
Plasma free cholesterol I 4  ± I 7 ·5  = I  I I  ± 4 4 ·5 ± o.s 
Erythrocyte phospholipid 1 7  ± I 1 7  ± I  r 6  ± I I 5  ± I  I O  . .) ± I  9· 5 ± o. s 
Plasma phospholipid 6 ± I 3- 3  ± o.s ) .0  ± 0.5  2 .0 ± o. s 

• Calculated from total cholesterol ester activity less fatty acyl contribution .  

A comparison of  red cell and plasma phospholipid and cholesterol specific 
activities is given in Table I. No activity was detected in any other plasma lipid. As 
in the dog and human4•6,  the plasma free and esterified cholesterol and erythrocyte 
free cholesterol appear to be in eq uilibrium with each other, but not with the erythro­
cyte esterified cholesterol. The fall in erythrocyte cholesterol activity with time 
produced a similar curve to that typically obtained for plasma cholesterol8 ,  an initial 
changing slope due to slow and variable rates of equilibration between the different 
body cholesterol pools, followed by exponent1a1 decay representing true metabolic 
turnover Equilibrium was achieved after about 40 days, and a cholesterol half-life 
of about 4S days is suggested. No other data on bovine blood cholesterol turnover 
have been reported, but for comparison, human plasma cholesterol takes about 6o 
days to equilibrate, and then exhibits a half-life of so-roo days8. 

Although the plasma phospholipid activity fell very gradually during the exper­
iment, the red cell phospholipid activity fell as if it were influenced by two processes. 
Firstly there appeared to be a gradual fall paralleling that in the plasma, and secondly 
a sharper drop between roo and II4  days after acetate administration. At this time, 
cells produced during isotope administration were reaching the end of their lifespan. 
If  this is a true picture of the situation, it could be explained by the existence of some 
erythrocyte constituents capable of exchange with plasma counterparts, and others 
which remain intact throughout the life of the cell. 
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The distribution of isotope between the fatty acyl and non-fatty acyl moieties 
of the erythrocyte phospholipid was determined for samples taken on days rs,  34 
and r oo.  In each case between 46% and s r %  (mean 49 ± s%) was associated with 
the fatty acids. If the phospholipids were uniformly labelled, this figure would be 
about 65 %· The lower levels found would result from some phospholipid molecules 
being removed from the cells less readily than their fatty acid constituents. 

The cell phosphatides, examined on days rs and 34, showed very similar distri­
butions of isotope, and no localisation of isotope in any phosphatide was evident. 
Low counts prevent any detailed interpretation of these results . 

In a single study, bovine erythrocytes have been labelled in vivo with [14C]­
acetate. A decline in free cholesterol activity, arising from rapid equilibration with 
plasma cholesterol, has been demonstrated. A fall in activity that could be inter­
preted in terms of the erythrocyte being able to exchange some but not all of its 
phospholipid with plasma counterparts has also been found. The availability of only 
one animal and insufficient detail concerning individual phosphatides, prevents a full 
explanation of this behaviour at present. 

The authors wish to thank the Palmerston Iorth Medical Research Foundation 
for a grant supporting this investigation, and also Mr. G. F. WILSON for collecting 
blood samples. 
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