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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 followed.

4 high level of incorporation was observed with leukocytes, mainly into the phospho-~
lipids and triglycerides. Incorporated palmitate took part in chain-lengthening
processes and some 14002 was produced during the incubations. Incorporation into the
lipids of erythrocytes was very much lower than that observed for leukocytes and low
leukocyte concentrations in red cell preparations accounted for a significant pro-
portion of 17—14g7palmitate uptaxe into the cell lipid. The importance of accounting
for the metabolic activities of residual leukocytes has been stressed. After allowing
for leuxocyte contributions, a significant incorporation of palmitate into erythrocyte
phospholipids, in particular Eposphatidyl choline and phosphatidyl ethanolamine, was
demonstrated. iowever, no significant uptaze into the small guantities of triglyceride
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 fractionated by serial osmotic hemolysis. Only
slight diféerences in cellular phospholipid or cholesterol content were found, and
cholesteroL:p?ospholipid ratios were constant in all fractions. No marked variation
in cholesterol ester, triglyceride, or free fatty acid concentration with cell age
could be detected.

Human red cells have been fractionated according to age by ultracentrifugation
over discontinuous albumin density gridients. The efficiency of such age separation
was examined by following the radioactivity distribution in the gradient when rat
cells were fractionated at intervals after administration of reticulocytes labelled
with Z—Mg7glycine° Considerable localisation of cells of particular ages in

specific density bands was observed. Variations in lipid composition and in fatty

”
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acid vptake 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 and all the other fractions, It is suggested that all the changes in 1lipid
content which occur in aging red cells could taze place during the transition from
reticuiocyte to erythrocyte.

Incorporations of libelled linoleate into intégt red cells, and linoleate
and palmitate into ghosts enriched with ATP and CoA have been examined. The major
cell lipids which tock up the acids were phosphatidyl choline, vhosphatidyl
ethanolamine, components terntatively identified as phosphatidic acid and diglyceride,
and an unidentified non-polar lipid. A wide range of behuviour has been observed
for d4ifferent normal cell populations, both in total uptaxze, and in the distribution
of the incorporated acid. In mcst cases uptake was predominantly into phosphatidyl

choline, but irn others uptakes into phosphatidyl choline and phosphatidyl
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ethanolamine were comparable. The observed range of bekaviour cun b
arising frem differsnces in concentrations of tre substrates reguired for fatty acid
innorpeoration in the plasma in which the cells or ghosts were incubated.
’

Tatty acid uptaXes into red cells and ghosts were also studied as a function of
cell age., A wide diversity of behav&our for d4ifferent blood samples was apparent,
In some case$, uptz2ke into 2ll components was essentiilly independent of cell age,
but in others, untakes into specific components showel definite trends with age.
Most noteworthyv were a marked increase with age in uptake into phosphatidyl
ethanolamine, with essentially constarnt uptake into phosphatidyl choline, and a
jecrease in uptake into phospratidyl choline with uptaxe into phosphatidyl
ethanolamine remaining constant. To account for the diversity of behaviour, it is
saggested that changes in either enzyme availability or conformation, affecting

cellular enzyme zctivity, occur as the cells age, and that only for certain pl;sma

concentrations of the substrates rejuired for fatty acid uptake, are these changes
¢

in enzyme =2ctivity evident,
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In = singzle study, bovine erythrocytes have been labelled in vivo with
Z’1427acetate, and levels of activity in the cell lipids followed. A decline in
free cholesterol ictivity, arising from rapid ejuilibration with plasma cholesterol,
has been demonstrated., A fall in z2ctivity that could be interpreted in terms of red
cells being able to exchange some tut not all of their phospholipids with plasma
counterparts has also been found, ¢

Roles for triglycerides and cholesterol esters in the erythrocyte, and
properties of the erythrocyte phospholipid transacylation meclianism have been

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

metabolism in red cell z2ging has been considered,
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INTRODUCTION
Several very good reviews on aspects of red blood cell metabolism have
recently been published1—10, including "The Red Blood Cell" edited by Bishop
and Surgenor, which brings together a numper of comprehensive papers on this
subject., As ai introduction to the present study of erythrocyte metabolism,
attention is confined to those aspects of cellular function which are either con-

cerned with lipid metabolism, or which appear at this stage to be pertinent to

the general problem of erythrocyte @ging.

General Red Cell Metabolism

A red cell begins its life as an erythroblast in the bone marrow. It is
considerably larger than a mgﬁure erythrocyte, contains a nucleus, mitochondria
and microsomes, and has the ability to perform a wide range of metabolic reactions11.
On shedding its nucleus, the cell becomes a reticulocyte, and either remains in
the bone marrow or is released into the circulation. Between 1 and 2 per cent
of circulating red cells are normally reticulocytes. Reticulocytes retain some

mitochondria and posses a functional citric acid cycle with associated com~

paratively high Qg2 values11. These cells can synthesise purine nucleo1:ides12’13

14,15

and they appear to retain some

ability to synthesise lipid from glycerol or acetate16’17. A number of the

18-21

and protein, in particular, hemoglobin,

enzymes found in erythrocytes exhibit greater activity in reticulocytes In

addition, reticulocytes also have higher nucleotidegz’23 and 2,3 diphosphoglycerate

contents than mature cellszA. They are larger and lighter than erythrocyteszs,
and ére repqrted to have higher lipid content26 and relatively more phospholipid
than cholester0127. On maturation, reticulocytes lose all mitochondria and
endoplasmic reticulum11, and the ability to oxidise pyruvatezo, and synthesise

16,29, 30
de novo nucleotides12’13, proteins15’28 and lipids (from glycerol or acetate) ' 9’3.

Even with these losses in metabolic activity, erythrocytes still retain a
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relatively wide array of enzymes” .

The primary source of energy in erythrocytes is obtained from anaerobic
glycolysis, which supplies about 90 per cen? of the total energy requirement11.
The hexokinase catalysed reaction does not appear to be saturated with respect to

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

cells, in considerable excess6’1o. The remaining 10 per cent of energy is derived
from glucose oxidation via the phosphogluconate pathway, or "hexose monophosphate

10,11

shunt" . Apart from acting as a source of both ATP and ribose-5-phosphate,

(for nucleotide synthesis), this oxidative pathway provides the cell with its only

32

mechanism for generating reduced NADPY

Energy Requirements of the Erythrocyte.

\
Oxygen transport by the erythrocyte proceeds as a result of concentration

33

gradients”” and hence causes no energy utilisation11. Inhibition of glycolysis,

however, leads to K* and ATP loss, an increase in methemoglobin, and changes in

34,35

About 30 per cent of the energy produced is used to maintain

5

sodium and potassium concentration gradients between cells and plasma®, There is

cell morphology

good evidence that these are effected by a Na+/K+ dependent ATPase located in the
36

cell membrane” . It has been observed that reduction in ATP levels causes changes

37,38

in erythrocyte shape, producing sphering . This evidence suggests that an
energy input is required to maintain the normal biconcave disc form. Glutathione
synthesis, which has an ATP requirement, can be performed by the erythrocyte39.
In addition, ATP is required to form coenzyme A derivatives of fatty acids, which
can be incorporated into‘phospholipids in the erythrocyte membrane4o’41.

Another energy requirement is for maintenance of hemoglobin, and some
enzyme and structural proteins, in a reduced form. Hemoglobin, incubated in vitro,
will convert to methemoglobin within a few days42, and concurrently, oxidation

15

of protein groups will gradually cause precipitation “, The cellrhas mechanisms

for combating both types of reaction., Of the two known mechanisms for reducing
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methemoglobin, one is NADH — dependent and the other NADPH- dependent. Under
42

normal conditions the NADHﬁ-dependent reaction predominates’ , In addition,

42,43

erythrocytes contain the enzymes catalase and glutathione peroxidase » both

capable of reducing cellular peroxides and thgs preventing hemoglobin oxidation.
Although glutathione peroxidase has been shown to combat oxidation by certain

drugs, the importance of these mechanisms in preventing methemoglobin production

in vivo has not been démonstrated42. Hexokinase and glyceraldehyde-3-phosphate
dehydrogenase, as well as other enzymes, require reduced -SH groups to remain

active11. Two -SH groups must also be preserved in hemoglobin., The cell requires

a supply of reduced glutathione (GSH) to protect these groups against oxidation22'44_49
In addition, Marks gﬁ_g;so have observed some protection of hemoglobin -SH groups
S5il

against oxidation by NADPH, not mediated through GSH. Jacob and dandl have

found that the cell membrane also contains protein =SH groups which are subject
to oxidation, and that oxidation of these groups in vivo causesremoval of the
cell from circulation. Similar results have been obtained by Mills and Buellsz.

In order to combat oxidative damage, it is clear that the cell must have
a supply of reduced pyridine nucleotides and glutathione. Regeneration of
reduced glutathione after oxidation specifically requires NADPH as a cofactor,
80 basically the requirement is for the two pyridine nucleotides. Although NADH,
required mainly for methemoglobin reduction, is regenerated during glycolysis,
the only means of regenerating 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 regulated primarily by GSHSS.

An interesting abnormality in red cell energy metabolism is glucose—6-
phosphate dehydrogenase deficiency. This condition, found in humans, is genetically

determined, and although it does not normally cause a shortened erythrocyte life~

span, it is associated with a susceptibility to hemolytic anaemia induced by a

L
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variety of oxidative drugs, and certain bacterial or fungal infectionssz. Examples
of such agents are primaquine, quininé, fava bean, infectious hepatitis, and many
others, As it is a key enzyme in glucose metabolism via phosphogluconate,
deficiency in this enzyme results in a low rate of generation of NADPH, and hence
GSH. Since a continuous supply of these cofactors is necessary to combat
oxidative damage to proteins,6 it appears that in glucose-6-phosphate dehydrogenase
deficiency, under normal gonditions, this requirement can be met, but in the
presence of high concentrations of oxidising agents, regeneration of GSH is too
slow to prevent oxidation of cell protein -SH groups, and the cells cannot survive,
Low levels of reduced GSH are normally associated with G6PD deficiency32.
Prins gi_g;54 also report an interestimg case of hemolytic anaemia associated with
erythrocytes in which the level of GSH was less than 10 per cent normal,

To summarise, the red cell metabolises glucose via two pathways, to
produce ATP and a supply of reduced pyridine nucleotides. ATP is necessary for
maintaining ionic concentration gradients, and its biconcave discoid shape, and for
synthesising glutathione, some phospholipids and possibly other compounds. Reduced

pyridine nucleotides are necessary to maintain certain cell constituents in a

functional, reduced state.

Lipids of Mammalian Erythrocytes

The composition and metabolism of mammalian erythrocyte lipids has been

30

reviewed very fully by de Gier and van Deenen” , and other recent reviews are also
available7'55. The great improvement in lipid separation and identification
techniques over the past 10 years has led to a relative wealth of literature on

56-72

the constitution of mammalian red blood cell lipids . Since at least 95 per

13

cent of the lipids are localised in the cell membrane “, the red cell is a very
useful system for investigating the role of lipids in membrane function. Lipid
accounts for approximately O.5 per cent of the total weight of the,red cell, and

40 per cent of the membrane or ghostso. In all species, the lipid consists of
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25-30 per cent cholesterol and 60-70 per cent phospholipid, the remainder
including small quantities of glycolipids74, and possibly triglycerides,
cholesterol esters, diglycerides and free fatty acids. The major phospholipids
are phosphatidyl choline (I), phosphatidyl ethanolamine (II), phosphatidyl
serine (III) and sphingomyelin (IV). Species differences in phospholipid
distribution exist, the most striking being observed with phosphatidyl choline,
which is the major phosphatide in some species, but is present in very low con-

57’ 58 ’61 964,68

centrations, or may even be absent, in ruminant cells Low

phosphatidyl choline levels are usually compensated by increases in sphingomyelin

levels, and accordingly, there is little variation in choline-containing phospho-
. . . 6 .

lipid, Fatty acid patterns also vary between species 3’75, but this has been

76

shown to be primarily a dietary and not a genetic effect' ~. Changes in fatty
acid pattern can affect erythrocyte permeability63’75’77-79.

The lipid composition of abnormal erythrocytes has also been studied,
and surprisingly few differences from normal have been detected. Acanthocytosis
(abetalipoproteinemia), in which plasma phospholipid levels are very low, and
sphingomyelin constitutes a relatively high proportion of the phospholipids, is
associated with a decreased red cell phosphatidyl choline content, and a
concomittant increase in sphingomyelin80’81. In patients with hepatic disease
and associated anaemia, Neerhout82 has observed varying degrees of elevation of
red cell phosphatidyl choline and cholesterol concentrations, He has also
examined red cell lipid levels in cases of plasma hyperlipemia and has been
able to demonstrate no deviations from normality83. No other cases of abnormal
lipid composition in hemolytic diseases, including spherocytosis and
glucose-6-phosphate dehydrogenase deficiency, have been detected30’84’85.
Normal lipid metabolism has also been observed in spherocytes41. Hence changes
in erythrocyte shape are not necessarily associated with changeg in either lipid
composition or metabolism,

Initiglly it was considered that red cells were able to synthesise
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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-

308992 93

synthetic reactions o Pittman and Martin”” have recently found 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

6,1
substrate for lipid synthesis1 ! 7. Phospholipid synthesis from phosphate is

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

75,76,95~101

has been shown by dietary experiments in vivo

studies in Vitr040’41’75’94’102

, and incorporation
y 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 reactions4o’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

1 1
linoleate > oleate and palmitate = stearate > laurate O 03. These differences

are more pronounced in whole cells than in ghosts102. The ability of intact

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

ethanolamine (LPE), whether present in the cells, or added to the medium, has

1,1
also been demonstrated4 ! 04. However, no phospholipase A activity can be

detected in the erythrocyte4o’41’1o4. Exchange of whole phospholipid molecules

105-1 . i
between plasma and erythrocytes has been observed94’ e 07. Sakagami et al 2
have reported the following relative rates of exchange: lysophosphatidgl choline >
106,107

phosphatidyl choline > sphingomyelin. Reed has found that in 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 the cells contain exchangeable and nonexchangeable

pools of each lipid and that exchangeable pools turn over at ratgs of about

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

erythrocyte lipids have been demonstrated94’102’1o4.

2+
A:  RCOOH +  CoasH -ATP/Mg RCOSCoA
thiokinase
LPC transacylase PC
RCOSCoA + LPE —, PE + CoASH

B: 2LPC —> PC + GPC

2LPE —— > PE + GPE

(GPC = glycerophosphoryl choline; GPE = glycerophosphoryl ethanolamine).
Mechanism A4, initially identified by Lands and coworkers in rat liver micro—
somes108’1o9’110, is 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
o¢-monoacyl, and saturated acids, @ -monoacyl glycerophosphatides as substrates1o9’119
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 isomer than

1,
on the acid already esterified ' 2.

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

favoured at high lysophosphatide concentrations and requires no ATP or

1
coenzyme A1O4. An erythrocyte lysophospholipase has also been detected 04.

1
Although Mulder and van Deenen 0e report low incorporations of fatty

. 114
acids into erythrocyte neutral lipids, Donabedian and Karmen and

Michaels et al115 have described high uptakes into triglycerides. Fatty acid

uptake into carnitine esters has also been observed116’117,
. ; 118
Red cell cholesterol cannot be synthesised in 51tu89’ . but can exchange

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 Brickdorfer
and Green122 to propose that hydrophobic bonding may be important in determining

the rate of exchange. No net uptake by cholesterol depleted cells121, or loss
123

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

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

124

cholesterol, and an increase in cell fragility .
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

125=127

also contains free fatty acids, lysophosphatidyl choline

phosphatidyl ethanolamine126’128. Whereas the former all exist as lipoproteins,

, and lyso-

the fatty acids and lysophospholipids are transported almost entirely bound to

. 129,1 . . . . .
albumin 29, 30. This form gives the red cells protection against lysis by the

31

free lysophospholipids1 « Plasma contains an active phospholipase A, which

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

which catalyses the reaction
Cholesterol + — 5 Cholesterol ester + LEC
is also present134’135.
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-
4

lipids for phospholipid metabolism in the membrane.
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R3 = long chain fatty acid. (Sphingomyelins contain quite a high proportion

of C=24 acids.)

The Erythrocyte Membrane

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

136,137

Danielli paucimolecular membrane model138. It was deduced from interpretation of

unit membrane hypothesis of Robertson » @ modification of the Davson-
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
membrane 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 the%e interpretations,

and to suggestions that the model requiresmodification, These doubts have
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been expressed by Korn139, for example, who stressed the unlikelihood of a
universal membrane, considering the diverse biochemical roles played by
membrancus structures including myelin, mitochondria, and plasma membranes,
and the widely different chem;cal composition of different membranes, both in 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 membrane-type interpretation. Iiore recent electron
microscopic studies, using negative staining or freeze etching techniques, indicate
the presence of repeating units140_144. Biochemical evideice now available also
suggests that modifications to the unit membrane hypothesis are necessary. It has
beenn shown that hydrophobic bonding between protein and lipid is important in

145-148

membranes, and miy even predominate over polar bonding The disassociation of

149-151

membranes to yield lipoprotein subunits favours an intimate association
between lipid and protein rather than the preseunce 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 o~helical

configuration152—15{.

158-160

Green and his associates have proposed an alternative membrane

wnich is more compatible with available biochemical evidence. This model considers
the membrane as a1 continuum made up of nesting or fused repeating units. The

units are considered to be lipoprotein complexes, similar in size and shape in a
particular membrane, but differing in chemical composition and function. #orm,

size and function of the repeating uuits 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 disassociite inner

mitochondrial membranes to give several different "
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lipoprotein electron transport complexes, which can reassociate into
membranous structures. These complexes contain both catalytic and core proteins,

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

and both types of protein are mecessary for assembly of the units16o. The

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

chondrial subunits, and for enzymic activity, but the actual constitution of the

1
phospholipids does not appear to be critical 60’161. There is similarity in

gross chemical and physical properties of the core proteins of the electron
transport complexes, a mitochondrial structural protein which appears to be

1
organisational in the oxidative phosphorylation mechanism 62, and structural

163

proteins isolated from other membranes . More detailed assessment of

information and interpretations favouring a model of a membrane composed of

158-160

repeating units has been well presented in reviews by Green and his associates
Although most of the information supporting this model comes from studies
on mitochondria and chloroplasts, there is some evidence available which

suggests similarities with the erythrocyte membrane. Various proteins and
lipoproteins have been separated from solubilised erythrocyte ghosts164-169.
Although characterisatjon is far from complete, the properties of several of the

proteins isolated are suggestive of aggregates of protein or lipoprotein sub-

170

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

protein which has comparable molecular weight and similarities in amino acid

; 1 .
composition to the mitochondrial structural protein of Criddle et al 62. This

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

17

the mitochondrial protein binds myoglobin « The infra~red absorption studies

152

, and optical rotatory dispersion and circular dichroism

58

of Maddy and Malcolm

studies of Lenard and Singer , suggest that the proteins in the red cell

membrane have partly a random coil, and partly «&=helical conformation. Similar
¢

conformations have also been suggested for chloroplast, mitochondrial, and
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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 Singer173 have
shown that the phosphorylated amines but not diglycerides, produced by the
action of phospholipase C on erythrocyte ghosts are released into solution.
Even though 70 per cent of 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 stablised 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 evidence for the
localisation of all integrated metabolic sequences in membrane repeating units174.
Any changes in the characteristics of the lipids, which are integral parts of
the units, and which probably influence their conformation by hydrophobic inter-

1
actions, could have profound effezts on these metabolic activities 60. Likewise,

changes in lipid metabolism could reflect conformational 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 cells of different ages from a normal circulating population. The
first method of approach 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 erythrocytes, and subsequently, when the reticulocytes have matured to young
erythrocytes, study of the properties of a younger than normal population of cells.,
However, doubts have been expressed as to the normality of reticulocytes produced
under such stress,175’176 and although the method is useful for obtaining
reticulocyte~enriched blood, it has distinct limitations in studying age changes
in erythrocytes,

In 1950, Dreyfus gj_g;177 observed that young red cells tended to collect
at the top of a column of centrifuged cells, and subsequently, other investigators
have demonstrated an increase in density with erythrocyte age25’178-180. Other
properties have been shown to differ in young and old cells, including sus~

25,178,181,182

ceptibility to osmotic hemolysis, and surface charge, as

183

demonstrated by electrophoretic mobility and

, agglutination by polylysine183
distribution between aqueous dextran and polyethylene glycol solutions184’185.
Various methods of fractionation have been devised, based on these properties.,
The most popular of these has been centrifugation, either at normal speeds177’180’186
or at high speeds,25’178’186’187 at which most investigators have reported

enhanced age separation., In contrast Prentice and Bishop186 claim that the degree
of age separation is independent of centrifugal force. An alternative procedure

for separation of erythrocytes according to age is serial osmotic hemolysis in
hypotonic NaCl solutions181. This technique has been used in one section of the
present investigation., Results suggest that the age separations achieved by
ultracentrifugation and serial osmotic hemolysis are comparable.,

Another method which has been used188, in particular by L8hr and

Waller gﬁ_g134, is based on the Ashby differential agglutination technique
originally used for measuring erythrocyte lifespan189. In this method, compatible

but distinguishable donor cells are transfused into a recipient, and donor cells

recovered at different times after tranéfusion, by differential agglutination of
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recipient cells, The donor cells initially have a normal age distribution,
but their mean age gradually increases, as no new cells 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. In 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 discussed above are either not very practical, or produce
enrichment of fractions with old or young cells, which is not very great.
Modifications which improve separation of ages have been made. One limitation
of the centrifugal separation method is cell trapping, which prevents alignment
according to true density. Accordingly the system is not at equilibrium,

179

Prankerd 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-

Pl have developed a

vides more support for the cells. Danon and Marikovsky
method for centrifuging over mixtures of phthalate esters, with densities within
the red cell range, which gives clear partition between two cell fractions.
Ultracentrifugation over albumin solutions appears to be the best method
available for achieving good erythrocyte age fractionation. Bishop and
Prentice192, 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 gj_g;193 have
investigated ultracentrifugation over a discontinuous density gradient of
isotonic albumin solutions, and obtained clearly separated erythrocyte fractions
with widely different mean ages.
As ultracentrifugation 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 modified slightly and
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used in the present investigation, tonstudy changes in the metabolism of red
cell 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 59E‘e at various times after intravenous administration of the

. 25,177-182,186,1 190~
isotope 2,177 »186,187,150 192. Since only immature cells can synthesise

1

hemoglobin <, labelled cells are those formed during isotope administration, and

59

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

59

there is cell breakdown during the study, reutilisation of ““Fe results in

isotope distribution no longer being the same as the distribution of the originally
labelled cells, An alternative method, used by Piomelli et al193, examines the

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

1_1497 glycine, Reticulocytes are the only circulating red cells capable of

synthesising heme or protein14, although erythrocytes can take up[a4q}glycine

194,195

into their amino acid pool and use it to synthesise glutathione The

cells can be returned to the circulation with only reticulocyte proteins

permanently labelled. Reutilisation of any 14

C released from the cell amino acid
popls and glutathione, or from broken down cells, 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 gj_g;193 have compared both methods, and found, in the rabbit, that

14C—glycine shows the localisation of older cell groups in particular density

59

when
fractions, Fe activity, (presumably because of reutilisation from broken down
cells), is spread throughout the cell population. Cells labelled with 14C-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.
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Metabolic and Physical Changes associated with Red Cell Aging

The red cell with its inability to divide, or when mature, to synthesise
proteins, and with its relatively simple energetics, is a very good model for
studying aspects of cell aging. The cell initially contains a full complement of
enzymes and cofactors, but although there is essentially no protein hydrolysis,
it is capable of existing only for a predetermined time. For mammalian
erythrocytes, this time is between 1 and 4 months196. Attempts 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 to be defined. There are several recent reviews on this subject6’8’1o’197.
Of the structural changes which have been observed in aging red cells,

y25,177-—180 25,178,181,182,198 |

increases in densit and osmotic fragility

183-185

already been discussed. A reduction in surface charge , which is due almost

entirely to ‘sialic acid residues199, also occurs., It appears that as they age,
the cells become smaller, and change shape slightly, decreasing in diameter and
increasing in thicknesszoo’201. However the size change that occurs on trans-
formation from a reticulocyte into an erythrocyte is considerably greater than
any changes occuring in the mature ce1125. Danon and Perk202 have examined
electron microscopically, ghosts from young and old populations of erythrocytes,
separated by centrifugation 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-
179,200,201.

fugation, have been reported These are only significant when

¢
calculated on a per cell basis, and not if related to cell volume or surface area,

Even then, the differences are small.  In view of the much higher lipid content
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of reticulocyte326, it is possible that the differences between red cell fractions
could be explained by variations in reticulocyte concentrations. No age
differences in the relative amounts of cholesterol and phospholipid, or individual
phospholipids, have been observed., Walker and Yurowskizo3 have examined fatty
acid patterns of lipids from rat red cells separated by ultracentrifugation, and
have reported small but significant differences between fractions. 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
fraction, The results were explained by postulating the presence of transacylases
with different specificities, and age-dependent activities. Relatively large
losses of both cholesterol and phospholipid, during in vitro storage under blood
bank corditions have been reported204.

There have been various reports, 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 reticulocytes to age variation is not defined., LBhr and

2ol 2 have observed decreases in enzyme

Waller and their coworkers
activities and in concentrations of various constituents with age of cells
separated by both differential hemolysis and differential agglutinaticn following
transfusion., It is unlikely that differences in transfused cells could be ex-
plained by levels of short-~lived reticulocytes. Different enzymes became
inactivated at different rates, the fastest rates being for glyceraldehyde-3-
phosphate dehydrogenase, glucose-6-phosphate dehydrogenase, phosphofructokinase
and 6-phosphogluconic dehydrogenase., Very much slower rates of inactivation of
hexokinase v ", lactic dehydrogenase and other glycolytic enzymes were

observed34. In contrast, Brok et 31210 report marked decreases‘in hexokinase

activity in the initial and final stages of erythrocyte aging. Marks and Johnson
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and coworkers obtained similar results to L8hr and ialler, 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. Naller1o 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
glycolytic rate. Similar conclusions have been reached by RapOport22 and

Brewer and Powe11212.

Contrary results have been reported by Tada §§_§;18, who were able to
relate the differences, between rabbit red cell samples, in activities of
aldolase, glucose=b6-phosphate dehydrogenase, lactic dehydrogenase, and other
factors to the different reticulocyte concentrations. Other enzymic activities

which have been reported to decrease in aging cells are catalase215-215, cholin-

213=215

esterase, glyoxalase213, and glutamic~oxalacetic transaminase 6. In

addition, slower rate of glutathione synthesis from 15N—glycine has been described

with older cellszo6’217°

Jass g§_§;216, L8hr and Waller206, and Rigas and Koler218 have found a
decrease in total, as well as reduced, glutathione, in aging cells, but
Wagenknecht219 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 g§_§;220. Allison215 observed an exponential fall in NADH in transfused
blood, but L8hr and Waller6 detected no change until the cells were guite 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 . 20
and then a gradual change in ATP:ADP, from about 5 to 1 . Bernstein ?

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

221 214

separated by differential hemolysis, and Syllm-Rapoport et a and Allison
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observed an ATP decrease in transfused cells. Brok §3_§121O observed a decrease
in ATP level with age roughly paralleling their decrease in hexokinase activity.
However Shojania giﬁg;24, although able to demonstrate higher ATP and
2y3=-diphosphoglycerate levels in reticulocytes, could demonstrate no difference

between cells at the top and bottom of a centrifuged column. There is some un—

certainty concerning variation in methemoglobin concentration. ialler et a1206

4 225

and Brewer et glzz observed an increase with age, but Beutler et al and

Betke et §1226 were unable to confirm this finding. Higher Na' and lower K and
2+ . : 8,10
Mg~ concentrations have been measured in older cells 5
Similar, but accelerated, changes have been observed in cells aged at
constant pH in vivo2o5’227.
Glucose-6b-phosphate dehydrogenase deficient cells in general have normal

229

or very slightly shortened lifespanszza, but Beutler et al have shown that on

exposure to an oxidising agent, it is the older cells which are selectively

2504231 pave related this to the higher

destroyed. liarks, Gross and coworkers
levels of glucose-6-phosphate dehydrogenase found in the younger cells. Electron
wicroscopic examination of a population of enzyme-deficient cells has revealed a

predominance of granular membranes, in ccntrast to the predominance of smooth

membranes in a normal population232 The cause of the difference is not known, but

since they have found swooth membranes to be associated with older cells, they
suggest that thers may bte some type of premature aging in glucose~6-phosphate
dehydrogenase deficiency.

Ir interpreting these results, consideration must be given to the
degree of separation of cell age achieved. It has been shown that in general
osmotic hemolysis and centrifugation give fractions enriched with young or old
cells, but the extent of separation depends on conditions. Differential agglutinat:
of transfused human blood yields cell samples with mean ages varying from about

60 to 120 days. It is quite possible that apparent similarities between old and
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young cells could be a result of poor separation.

It is apparent that the largest differences sc far detected between
young and cld erythrocytes are the activities of certain enzymes. EHEowever, as most
of these enzymes are present in considerable excess, the effect of this inactivation
may not be critical, and it is possible that other, smaller, changes centribute more
to the senescence of the cell,

The mechanism by which an erythrocyte is removed from the circulation
involves phagocytotis by cells of the reticuloendothelial systemg. Whether the
intact or hemolysed cell is phagocytised is not known. It appears that any badly
damaged cells 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.
Any theory on red cell aging must explain how old cells either hemolyse, or becone
altered and recognisable to these sites of destruction.

Various suggestions of possible causes of red cell aging have been

19

made. Marxs, Johnson et al suggest that a decrease in glucose-6-phosphate de-

hydrogenase, and hence a limited supply of NADPH could be important. Jacob and

51

Jandl” discuss the importance of reduced glutathione as an antioxidant, especially

in the protection of membrane ~3H groups. Reduction in ATP content, ard de-
naturation of membrane proteins hzve also been considered as causes of lipid loss,
osmotic chanzes, and changes in enzyme activitiess’197. More likely a series of
changes, rather than any particular one, is ultimately responsible for red cell

Buil® have formulated a theory in which an overall rundowmm in

death, Waller and L8hr
energy metabolism is considered as the major cause. They suggest that the overall

decrease in glycolytic rate, due to enzyme inactivaticn, and accelerated by reduced
ATP producticn, which does not become obvious until the human cell is about 60 days

old, causes a reduced supply of NADH and ATP. This results in increased methemoglobi

formation, a gradual K* and Mg2+ loss, and a gradual change in the shape of the

cell. A decrease in reduced glutathione concentration, caused by slower synthesis
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as the ATP level falls, and slower regeneration as the NADPH level falls, renders
the cell less able to combat oxidative changes to enzymes and membrane. They
suggest that a couwbination of all these changes eventually bring about cell
destruction, However the main problem remains unresolved, as to how the enzymes
become inactivated in the first instance.

A theory in which glutathione plays a primary role in erythrocyte aging
has been suggested51. Oxidation of membrane and enzyme proteins does occur if the
cellular glutathione lewel is reduced, and once membrane -SH groups have been
oxidised in vivo, the cell is removed by the spleen, before any change in glycolytic
rate or ionic composition is evident. However the spleen is not normally the major
site of red cell destruction. Jacob and Jandl53 have observed that the protection
given the cell by glutathione against an oxidising agent, such as acetyl-
phenylhydrazine, is not guite complete and some hemoglobin and NADPH is oxidised.

It is possible that a similar situation could exist in vivo, in which the built-=in
mechanism of the erythrocyte to combat oxidation is not 100 per cent efficient, and
irreversible oxidative damage gradually accumulates in the aging cell,

Many questions are still unanswered, and to produce a satisfactory
explanation of red cell aging, it is probably necessary to understand all the changes
which occur. 1In this respect, the functioning of the cell membrane reguires further
investigation, The erythrocyte membrane contains about 60 per cent protein and 40
per cent lipid, and there are indications that the protein may be more important in
determining its 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 effects on erythrocyte
metabolism. In this respect, Prankerd197 notes that membrane bound enzymes appear to
be more inactivated in older cells than soluble ones. At present insufficient

information is available on the membrane proteins to undertake an investigation into

their variation with age. However, the lipids, which are essential constituents of
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the functioning membrane, and which appear to have a rather specialised metabolism,
are sufficiently well documented for an investization into variation in their cou-

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

200,201,203

composition and metabolism have been reported , and the present study was

undertaien with a view to extending these results, andi ascertaining whether
alteration in lipid metabolism is a contributing factor to erythrocyte aging,

Changes in lipid metabolism could also refiect structural alterations in the cell

membrane.



MATERIALS AND EXPERILIENTAL METHODS

Materials

All solvents were distilled before use, and glassware was washed with
chromic acid. The following chemicals were used: 2,5 dipkenyloxazole (P.P.C.)
and 1,4 di (diphenylozazolyl) benzene (P.0.P.0.P.), {Nuclear Enterprises
Scintillation Grade); bovine serum aibumin, Cohn Fraction V, and coenzyme A4,
(3igma Chemical Co); aderosine triphosphate and trimyristin (Koch-Light);
cholesterol {BDH Laberatory Reagent, recrystallised); palmitic acid and oleic acid
(Bdl Laboratory Reagent); phosphatidyl choline ard phosphatidyl ethanolamine
(purified from egg); Merck silica gel G, (for thin-layer chromatography);
Koch-Light cilicic zcid 100-120 mesh, (for column chromatography).

Beckman DU zand Unicam 3PS00 3pectrophotometers were used.

A refrigerated centrifuge (i3E Mistral 2L) with swing-out head was used
for separating tlood plasma ard cells. The same centrifuge, at room temperature,
was used in the serial osmotic hemolysis procedurs. i refrigerated Sorvall
centrifure, with angle head, was used for sedimenting red cells and ghosts
after fractionatiorn by means of albumin gradients,

Thin-layer plates were prepared with 2 Desaga spreader.

Radioactive Compounds

15-14Q7 Glycine, (specific activity 21.5 mC/mmole), 17—14Q7 palmitic acid,
(specific activity 36.6 m7/mmole), and 17—14g7 linoleic acid, (specific activity
53.5 mC/mmole) were obtained from the Radiochemical Centre, Amersham.

The glycine (purity 99 per cent quotedl by the manufacturers), was stored
in aqueous solution at 40, and used within one month of arrival.

The fatty acids were stored in benzene at —150. Purities were determined

by TLC with the solvents used in later investigations and results are given in
Table 1 and Fig. 1. At least 95 per cent of the radioactivity in the palnitate

was located in the fatty acid spot, and there were no radioactive components
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TABIE 1. PURITY OF THT /A~ ACPALMITATE AND /T~ JC/LINOLEATT PREPARATIONS

fraction Per cent of total radioactivity Lipid with correspondirg |
Ra =
= 14 5 = 57 E |
-4 [i-1457
palmitate linoleate
3olvent Gysten HEA 70:30:1
I J.4 2 PL and other non-
migrating components
increasing Rp| III 1.5 7.9 Ch
Iv 0.4 2.1 Ch - FFA
v 95 86 UGN
v VI 1.5 0.3 TG and CE
Solvent System 7TMAW 65:25:8:4
I .01 .04 LPC and 3P
LT .02 .10 PC and PS
increasing Rp|( 177 .02 .12 PE
Iv >99.95 99.7 NL

TLC separations of each preparation were performed, and the distributions of
radioactivity on the gel performed. Abbreviations are tabulated in Appendix 2.
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with Rf's similar to any phospkolipids. Only 86 per cent of the linoleate
activity was recovered in the free fatty acid spot, and although there were no
components that could be mistaken for phospholirids, there were a series of
radioactive components running between the fatty acid spot and the origin. It
would appear that some autoradiolysis had occurred. Evidence that these
extraneous compounds were not taken up by red cells on incubation in plasma
comes 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 cell lipid extracts.

Gas chromatographic analysis of the methylated 17-1427palmitate pre-
paration showed that 95 per cent of the radioactivity was trapped in the column

eluate corresponding to the palmitate peak.

Experimental Methods

Blood Collection

Bovine blood {250 - 500 ml) was collected from Jersey cows either into
cne seventh its volume of acid-citrate-dextrose (AMD) or into heparin solution.
Rat blood was collected into one quarter its volume of ACD, The animal
was anaesthetised with ether and warmed under an infra-red lamp to stimulate
blood flow through the tail. 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 tail, a series of blood samples could be collected from the same animal.

Human blood was collected from healthy donors into heparinised tubese.

Samples were taken within 1-2 hours of eating,

Separation 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 cell-rich layer from the top of the cell column were collected
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separately. 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 gently stirred, to resuspend
the very top layer of celis and was aspirated with a Pasteur pipette. Red cells
were washed twice with an equal volume of 0.9 per cent NaCl. At each centrifugation
a white cell-rich layer was removed from the top cf the cell column. Cell
separation using this method was the best that could be achieved, but 1-5 per cent
of the original white cells were still present in the red cell preparations.

3ince even this low level of white cell contamination can contribute
significantly to fatty acid uptake by red cell preparations, the possibility of
using other methods of bovine blood cell separation was investigated. However,
passage of the blood slowly through cotton wool columns removed only few white

234

cells, and the addition of dextran to the blood did not cause rapid sedi-
mentation. The problems of blood cell sepazration, discussed in a review by
3parkes and Beutlerss, appear to be magnified when dealing with bovine blood.
Bovine erythrocytes exhibit a slow sedimentation rate, due to lack of rouleau
formation273, which gives rise to greater leukocyte dispersal. This cell property
could also be responsible for the absence of agglutination in the presence of
dextran,

Ultracentrifuzation using an angle head 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. Mulder and van Deenen102,
however, have employed this method, and report the elimination of all white cel;s
by removing the top third of the cell column. This method is probably preferable
in metabolic studies to making considerable corrections for residual leukocytes,
but it requires the removal of a sizeable young population of cells, and is un-

suitable in studies on variation in red cell metabolism with age. In the albumin

density gradient method for fractionating red cells according to age, which is
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described later, it is possible to trap the lighter white cells in a density
band above the red cells. Although precipitation of rat hemoglobin prevented
accurate counting of white cells, it appeared that for the rat, the method
brought about efficient white cell separation. Human white cells, however,
exhibited unusual differences in behaviour. Although during normal centrifugation
they collected 1t the top of the cell column, in the zalbumin gradient procedure,
they concentrated in one of the denser red cell bands. The albumin gradient
method cannot therefore be used for complete separation of human red and white
cells, and successive removal of cells from the top of a centrifuged column

appears to be the best available method.

Bnumeration of Cells

Red cell counts were made, after dilution in 0.9 per cent NaCl, with an
Improved Neubauer hemocytometer and a Lietz mizroscope {magnification x 400).
fhite cell counts were made at magnification x 100 after dilution in 1 per cent
acetic acid. Packed cell volumes (PCV's) were determined by centrifuging in
¥introbe hematocrit tubes at 3000 rpm for 30 min. Difficulty in counting rat
white cells was experienced, because of precipitation in acetic acid of
hemoglobin released from lysed red cells.,

For studies on human and rat blood, hemoglobin estimations rather than
red cell counts were routinely performed. The relationship between cell volume
and hemoglobin was determined in selected samples, and no variations between
individuals were detected in blood from 3 (human) or 4 {(rat) donors. Values of
hemoglobin per cell were calculated from standard hematological data. This
procedjure was less time consuming and more accurate than direct cell measurement.

af 500 cells are counted, purely statistical grounds give a stardard deviation

Hemoglobin (Hb) was estimated by the cyanmethemoglobin method236. Samples

were diluted to 5 ml with Drabkin's diluent ZECN (.05g), K3Fe(CN)6(.20g) and
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NaH003(1.Og) to 1 1 with wateg7, and the absorbance of the solutions read at

540 mp. Under these conditions,

Hb absorbance/.01 ml Packed cells/ml Hb absorbance/108 cells
packed cells
Human 42 .01 1.15 x 101° 37 & 102
(Refs. 237,238)
Rat .33 X .01 1.65 x 1019 .20 X .01

(Refs. 239,240)

Preparation of Red Cell Ghosts

Brthrocytes are impermeable to ATP and 009.241° During hemolysis the cells

become permeable, but on resuspension in an isotonic medium, the ghosts become
impermeable again. In order tco prepare ghosts enriched with ATP and CoA it is
necessary to 2dd these cofactors at the time of lysis.

Ghosts were prepared for incubation by lysing erthrocytes with an egual
volume of water containing ATP (4 pmoles/ml) and Coi (0.4 pwoles/ml), After
standing 10 min, the same volume of double strength Krebs-Ringer phosphate
(pH 7.4) solution (KRP)242 was added to return the system to isotonicity. The
final ATP and GCoA concentrations, after addition of plasma, were 1 pmole/ml

and 0.1 umole/ml respectively.

Incubation of cells and ghosts with labelled fatty acids

All incubations were carried out at 370 in gently agitated conical flasks,
plugged with cotton wool. In some bovine cell incubations, CO, was trapped by
attaching outlets from the flasks to tubes containing NaOH, and passing a slow
stream of COz-free air through the flasks.,

Bovine blood cells were incubated for 5 hr with 17—14Q7palmitic acid in
plasma, (total volumes about 30 ml and cell:plasma ratios 1:1), For one
incubation Krebs-Ringer phosphate medium (pH 7.4)242 was used. The ZT‘14Q7Palmiti°
acid in benzene (0.1 - 0.2 ml) was added to a small volume of plasma or to the

KRP solution, the benzene evaporated at 370, an aliquot taken for counting, and a
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known volume mixed with the cell suspension. At the end of each incubation,
the cells were separzted by centrifuging at 40. ifhen special efforts had been
made to remove white cells prior to incubation, the red cells were sashed twice
with isotonic saline at 40. Yhen red and white cells were incubated together,
plasma and white cells were collected separately as already described. Red cells
nwere washed three times with cold saline, ani the white cell fraction twice.
Radiocactivity in supernatants and washes was routinely measured.

Human cells or ghosts were incubated with either 17414Q7palmitate or
17;14Q7linoleate in mixtures of plasma and KRP. Benzene solutions of thes acids
(1-2 p in 0.1 = 0.2 ml) were evaporated to dryness, plasma immediately added,
and the tubes shaken for at least 15 min, at 370 to dissclve the acids. Aliguots
were taken for counting and addition to cell or ghost suspensions in KRP.

Cell (or ghost) : XRP : plasma ratios were about 1:2:1 and total volumes were
between 1 and 20 ml., 3pecific details for each study are given in the experimental
section. Incubations were carried out for 3 hr., After incubations, cells were
separated at 40, by centrifuging at 4000 rpm for 1C min, and were washed twice
with cold isotcnic saline. Ghosts were centrifuged at 40, at 20,000xg for

30 mins, and washed twice with cold saline. Supernatants were generally recen-
trifuged, to check on ghost recovery. Addition of albumin to the first wash

aided removal of excess labelled free futty acids from cells or ghosts.

Rat cells or ghosts were incubated with 17;14Q7palmitate. Cells from
individual animals were incubated in their ovm plasma, but pooled cells or ghosts
were incubated in XRP solution to avoid incompatibility reactions with plasma
antibodies. Incubations were carried out for 3hr, total volumes were in the
range 2-6 ml, and cell : medium ratios were between 1:2 and 1:5. Fatty acid

addition and washing methods were the same as for human incubations.

Behaviour of Rat Red Cells during Incubation

If rat cells were first fractionated by density gradient centrifugation
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in bovine serum albumin {B3A) solutions, and then incubated in KRP sclution,
considerable cell lysis and agglutination occurred and the cells became visibly
deoxygenated., This deoxygenaticn cculd be overcome by shaking. In addition,
if the cells were first incubsted in plasma, and then fractionated in a B3A
gradient, a high proportion either agglutinated or lysed. Thecse phenomena were
investigated further and the following information was obtained:
(1) Incubation of the cells for 3 hr at 370, in their own plasma, resulted in
no deoaygenation or agglutinaticon and lysis.
(2) 1Incubaticn of the cells in XRPF resulted in no deoxygenation or agglutination,
tut a small degree of lysis (1-2 per cent).
(3) Addition of BSA powder or solution to plasma caused the c21is to become
deoxygenated, but there was no lysis or agglutination in up to 8 per cent albumin
golutions,
{4) Addition of B3A to ¥iP solutions caused both deoxygenation, and agglu—
tination and lysiz, of tke cells. The amcunt cf lysis devended on albumin con-
sentration. (4 per cent lysis in 2 per cent albuain; 12 per cent lysis in 8 per
cant albumin),
(5) Overcoming deoxygenation by shaking did not reiuce lysis and agglutination.
(6) The cells could be either stoed in contact with 10 per cent B4 solution
for 15 min, or centrifuged over a B3A gradient, washed twice with XRP solution,
and then incubated in plasma or IRP solution, with no deoxygenation or
agglutination, and very little hemolysis (about 2 per cent) taking place.
These results suggest that:

(1) The presence of B3A or an impurity in the B3A preparation reduced the stability

of rat erythrocytes, possibly by antibody-antigen reaction. The presence of rat
plasma could eliminate this effect.

(2) The presence of B3A or an impurity in the B3A preparation caused hemoglobin

in rat erythrocytes to become deoxygenated. The fate of the oxygen is not known,
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but two possibilities can be suggested. Firstly, the presence of B3A could
have caused an alteration in eguilibrium constant for hemoglobin-oxygen binding.
If this were the case, reversal of this shift on shaking would reguire
explanation. Secondly, the oxygen could have been consumed. The identical
effects of ultracentrifuged albumin solutions and fresh powdered albumin
suggest that bacterial contamination is an unlikely cause of deoxygenation. How=
ever no explanation as to how the B3A preparation could stimulate oxygen uptaxe

by the red cells can be given,

Lipid Extractions

Lipids were extracted from red cells, ghosts, and incubation media containing
hemoglobin, with 20 vol of chloroform-isopropanol (7:11 v/v) by the method of
Rose and Oklander243. This solvent is preferable to chloroform-methanol in that
it extracts less pigment derived from hemoglobin, yet yields a good recovery of
cell lipid. Plasma and white cell lipids were extracted with 20 vol cf
chloroform-methanol (2:1 v/v) by the method of Folch, Lees and Sloane-Stanley244.
Some of the human red cell lipids were extracted uader nitrogen to prevent
autoxidation. 3olvents were removed in a Bilchi rotary evaporator below 4500.
Extracts were dissolved in chloroform-methanol (2:1 v/v), and shaken with 0.2
volumes KC1 (0.05M) to remove water—soluble impuritie3244.

Bovine lipids were evaporated to dryness, weighed, and stored in
chloroform-methanol solution at 4°C. Some human and rat lipids were evaporated
to dryness, immediately weighed, and dissolved in a known volume of chloroform—
methanol for analysis. Others were immediately transferred to chloroform-methanol

and stored under nitrogen, minimising the time during which the lipids were dry

and more susceptible to autoxidation71a Extracts were stored in CHClB - MeOH at

Quantitative Analyses

Total Lipid and Neutral Lipid Determinations
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Larger total lipid extracts (> 50 mg) from bovine cells, and neutral
lipid fractions separated by column chromatography, were weighed directly.
For smaller samples, a slight modification of the chromic acid oxidation method

245

cf Amenta was used. Duplicate samples containing 20-200 pg lipid were
evaporated to dryness, oxidised with a standard solution of potassium dichromaite
in concentrated sulphuric acid, and the colour change at 350 mp determined
spectrophotometrically., The amount of dichromate reduced, in oxidising the
lipid to carbon dioxide and water, is a measure of the number of reducing
equivalents per g lipid. This can be calculated#, and is found to vary between
classes of lipid (Table 2). However the difference between phospholipid species
is small, and the estimation is relatively insensitive to changes in chain
length and degree of unsaturation of fatty acids.

A knowledge of the lipid constitution of a sample must be xnomn before
it can be accurately gquantitated by this method. ¥or red cell total lipid
analyses, results were read from a curve corresponding to 70 per cent prospho-
lipid, 25 per cent cholesterol and 5 per cent glyceride. Agreement between pre-

dicted and experimental slopes of standard curves was observed for cholesterol

and trimyristin oxidation. No phospholipid standards were availzble, so the

*For example, reducing equivalents per g phosphatidyl choline containing

2 stearate groups, (MW = 789):

atoms oxygen required for complete oxidation

M7
- 129
© 789

. 163

reducing equivalents per g
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Table 2: Reducing eguivalents per g of comi.on red cell lipids

Lipid Class AT Reducing equivs/gn Remar«s
Tholesterol «220
Tholesterol ester .210 Mo difference if acid is 12:0
or 18:0
Glyceride + fatty acid .17C - .185 12:0 .170; 18:0 .184
llean .180 (0 13;:3 .17 tri{18:0) .182
Phosphatidyl choline 15 = 170 " di(12:0) .150; 4i(18:0 .15%
Lysophosphatidyl choline 135 = 155 12:0 .135; 18:0 .155
Pnosphatidyl ethanolamine 15 - .170 " 34i(18:0) .160 i.e. very little
»$gn difference from PC
Sphingomyelin .165 = 175 18:0 .167 i.e. very little
difference froum FC
Phosphatidyl serine A4 - 10 di{18:0) .152
Glycolipid present in {BZ A3 - 17

standard curve was inferred from those of cheolestercl and triglyceride.
3stimates of phospholipid in purified erythrocyte and plasma extracts, using
this stardard, were eguivalent to those obtained by phosphorus analysis. Agree-
ment hetween duplicates was regularly obtained, provided tubes were perfectly
clean, and care was taken to remove 111 traces of organic solvent,

There are some indications that total lipid estimations by this method
could be up to 10 per cent too low., Total lipid analyses for human red cells
were egqu:il to, or a little lower than, the sum of the meisured phospholipid and
cholesterol. These lipids normally constitute 90-95 per cent of the total
lipid. In addition, values for total lipid per red cell obtained using this
nethod were consistently a little lower than most literature values, whereas
lipid phosphorus and cholesterol levels were more in agreement, However com—
parisons between total lipid estimates in different samples are not affected by

a constant error,

Individual neutral lipids were analysed following elution from thin-layer

chromatograms, and compared directly with standards.
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Phosphorus determinations

)
246 uhich

Lipid phosphorus was determined by the method of Bartlett
employs perchloric acid digestion and aminonaphtholsulphonic sicid as reducing
agent, Results were expressed in terms of either micrograms or microeguivalents
phosphorus. Approximate weights of phospholipid (mg) were calculated (ugP x 25)
by assuming an average fatty acid chain length of just under Cq1g8. Wodifications
were necessary when analyses were carried out on samples adsorbed to silica gel.
Normally samples were digested over small gas flames, but when silica gel was
present, 2 sand bath was used to give even heating, and to reduce the likelihood
of bumping with consequent sample loss. The colour reaction is pH-dependent,
and if the pH is too high the reagents alone yield an intense blue product247.
If the usual gquantity of acid was used, silica gel also caused this intense blue
coloration, but if the quantity of acid was increased 1.5 times, the reaction
proceeded normally. 3ilica gel blaniks were low (absorbunce: .05 - .07) and,

provided no bumping occurred, good agféement between duplicates was obtained,

Some variation in blanks reduced accuracy with small samples.

Cholesterol Determinations

Cholesterol in total lipid extracts was determined by the Liebermann-—

Burchard reaction using the method of Abel et a1248. A disadvantage of this

method is the relatively large amount of sample rejuired {(about 0.1 - C.4 mg).
High accuracy was not possible when the method was used at the lower limits and

consequently cholesterol analyses on small samples were subject to relatively

large errors.

Column Chromatography

Bovine erthrocyte livids were separated on silicic acid columns,
(Borgstrdm249) into neutral and polar lipids. MNeutral lipids were eluted with

dry chloroform, and polar lipids consecutively with chloroform-methanol and
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methanol,

Thin-Layer Chromatography (TLC)

All lipid samples were separated on $.25 mm layers of silica gel &G.
Plates were activated at 110° for 1 hr and predeveloped in ether to reuwove
impurities. #or phospholipid separations, plates were reactivated and used
within 15 ain.

Solvent systems used for separating neutral lipids were250
hexane-ether-acetic acid (HEA) T70:30:1 (v/v/v)
hexane-ether-acetic acid 60:40:1 (v/v/v)
hexane-ether—-acetic acid 30:70:1 (v/v/v)

and for phosthelipid separatiouns,

chlcroform-methanol-acetic acid-water 65:25:8:4 (v/v/v/v) (CM¢H)251

chloroform-methanol—aninonia 14:6:1 (v/v/v) (Cul)

Components on analytical plates were visualised by spraying with iodine,

or with 20 per ceat sulphuric acid ard heating at 120°. Table 3 lists the
components which have been identified by comparing their positions with those of
standards. The incomplete resolution of cholesterol and diglyceride in these
solvent systems prevented the unegquivocal identification of possible diglyceride
componants in lipid mixtures. J3ome other components have been tentatively
identified by comparison of their chromatographic behaviour with published wvalues.

Preparative plates were sprayed with iodine, spots were marked, and

appropriate areas of silica gel scraped off either for direct analysis or
elution of the lipid components. The gel was transferred to narrow columns, and

neutral lipids were eluted with 10 ml chloroform-wethanol (2:1), phospholipids

with 5 ml chloroform-methanol (1:2) followed by 5 ml methanol.
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Tasle 3:

Identification of 1lipid comsonents separated by TIC.

Identified by direct compariscn
with standards

Identified frem knowm RF's and
predicted presence in certain
2xtracts

Phosphatidyl choline
Phosphatidyl ethanolamine
Cholesterol

Triglyceride

Pree fatty acid

Sphingomyelin
Phosphatidyl serine
Lysophosphatidyl choline

Tholesterol ester

Autoradiography

o)

intoradiographs of

thin-lzyer chromatographic separations of lipid

extracts were prepared by placing the plates in contact with Ilford h=ray film

in light-procf bcxes for 1-2 menths.

iedine ard plates vhotographed for ccmparison

- (=

esters were purified by TLO

i 3handon Thromatograyk, with an ipiezon (107

. 0 .
stationary phase zolumn (5' x 1/8") at 1977, argon carrier zas, and a

detector was used for separation of radiozctive components.

The lipi

d components were visual

#ith the Z~-rays.

triflucoride~metl:ancl, under
to %tke method of lorrison and

with HEZA 90:10:1 as solvent,

Apiezon

0

fa)

samples from the

chromitograph were collected from the detector outlet intc tubes containing

toluene-moistened glass wool,

niatal

polysster column (stationary phase 12,55 DEG3

Tor other analyvses, an Asrograrh Chromatograph
o S o 2042

on Gas Chrom P, dimensions 5' x 1/8")

c . .
at 1607, nelium c-rrier gas and hydrogen flame detector were used.

~uantitative Analysis of Lipids following Chromatographic Jeparation

Lipids extracted from bovine blood cells following incubation with
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_7—1 27palmitate were separated by column chromatography into neutral and
phospholipids., These fructions were sepzrated further by TLC using either
H%4 70:30:1 or CMAW as solvent, .Jhen analysis for phosphorus or by the dichromate
oxidation procedure, as w=2ll as radiozctive assay, were performed, components
were eluted and aligqucts of eluate analysed, #her only radioactive assay was
reguired, components wers counted directly on the silica gel., Generally
duplicite TIO separations were performed, but if insufficient sample prevented
this, analyses from one separation were carried out in duplicate,

Lipids extracted from 14C—acetate labelled bovine erythrocytes were
treated in a similar manner to above. Plasma liyids were separated directly by
TLC. To determine radioactivity distributions within ths molecules, cholesterol
esters and prospholipids were hydrolysed in wmethanolic XOH, and radioactivity
determined in ether extracts, before and after acidification, and in the residual
aqueous phase,

ifter fractionation of bovine erythrocytes zaccording to ige by serial
osmotic hemolysis, lipids were extracted from each lysate, and neutral and
phospholivids separated by column chromatography. Large samples {about 10 mg)
of neutral lipid were appliel as bands to 20 x 20 cm plates and separated by
TLC with HBA 70:30:1 as solvent. Iipid bands were eluted and duplicate dichromate
analyses performei on each eluate., In one case, the pnospholipids were separated
in duplicate with 7.IN as solvent, and each band eluted and analysed for phosphorus.

Total lipid extracts from human and rat blcod cells and plasma were
fractionated directly by TLC. Neutral lipids were separated with HEA 60:40:1
as solvent, and appropriate areas of silica gel were scraped directly into
ccunting vials for radioactive assay. Duplicate separations were performed on
each sample, After separation of the phospholipids in the total lipid extracts,
by TLC with 7TIIAW as solvent, phosprhorus and radioactivity determinations were

performed directly on the gel. Duplicate separations were performed for each
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type of analysis. Phosphorus recovery after TLC was assessed by measuring the
radioactivity in the neutral 1lipid spot at the solvent front. Xnowing the
radioactivity distribution between neutral and phostholipid, and the total radio-
activity and phosphorus in the samples, the amount of phosphorus applied was
calculated z2nd compared with the amcunt recovered., .ilthough such a determination
does not locate the source of any error found, it is 2 good check on the overall

accuracy of all the inalyses performed.

Radioactive Ccunting

A Packard Model 4000 scintillation counter was used for the studies on

bovine cells, and 2 Packard iodel 2000 was used for the remainder of the worx,

)

U]

Non-aqueous samples were counted in a solution (10 ml) containing FPC (5
and POPOP (C.05 g) in toluene (1 1). Aqueous or silicic acid-containing samples
were counted in a solution (10 ml) of PPO (5 g) and POPOP (0.2 g) in a mixture

of toluene (600 ml) and ethanol {400 ml). AQuenching was determined either with
standard (149)4toluene or by the channels ratio method. These metlods were
equally good measures of solvent guenching, but there was no reliable relationship
between channels ratio and the degree of colour quenching. Unjguenched

efficiences were about 75% in the toluenz scintillator, and 60j% in the toluene-
etharol scintillator, and background levels were about 20 and 40 courts/min
respectively,

The presence of silicu gel in the counting vials was four:d to have no
effezt on neutral lipid counts. The scintillator was probably sufficiently polar
to elute a2ll such lipid, and there was no increased guenching. Hor phospholipids,
however, more guenching was observed when silica gel was present, and even
after correction for this, counts were only J0-95 per cent of those in the
absence of silicaz gel. This effect was probably due to some type of self-
absorption, arising because the scintillation solution was insufficiently polar

to completely elute the lipid from the gel. Samples of phospholipid were counted
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both in the preserce and absence of silica gel, and the following relative
efficienies obtained:

phospholipid and any other components

at the origin after TIC separation in 2 X 4%

=4,

phosphatidyl ethanclamine {separated e

by TLC in CHAW); 95 =4

phosphatidyl choline (separated by TLC 54 * 4
[ — }L’

in CHAT).

These values were used as correction factors wher necessary.

1,

evolved during incubations of bovine bloed cells was precipitated
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’ The precipitate was coliected on a small disc of filter paper
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ani assayed fcr radioactivity in a liquid scintililztor. Rough estimate
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Red cell constituents labelled by incubation with “'f=glycine, (see pd4d ),

were analysed for radioactivity by a method based on that of Mahin and

Loftberg254. Up to 0.1 mi of sample was digested with T2 yer cent perchloric
acid {0.1 ml) and 30% hydrogen peroxide (0.2 ml) for 1 hr at 700T, in a tightly
stoppered scintilliation vial, After cooling, scintillatior solution {15 ml)
sorteining PPO (5 g) in a mixture of toluena (600 ml) and ethanol {400 ml) #is
added. The counting efficiency of the system was approximately 45i.

Bstimation of 14’7—glycine activity by this procedure and in toluene-ethanol-
PPO=-POPOF revezled that thers was no detectable glycine loss during digestion.
Digestion was necessary to decolorise the hemoglobin derivatives present and

generally solubilise the tissue. No POPOF could ve added to the scintillator as

it reacts with hydrogen peroxide to give a green product.

Fractionation of Bovine Srythrocytes by 3erial Osmotic Hemolysis

Red cell samples were subjected to a series of solutions of progressively

decreasing NaCl concentration, using an adaptation of the method of Simon and
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Topper181. Blocd from 2 animals was examined. Red cells were separated from
plasma and #ashed 3 times with isotonic saline. To the packed cells
{100-300 ml) was added twice their volume of the least hypotonic NaCl
solution (about 0.5 per cent). (Addition of NaCl solution tc cells, rather
than cells to Nafl solution, ensured that no cells were subjected to greater
hypotcnicity than any others. Release of contents from lysed cells causes a
slight increase in salt concentration). After standing 10 min, the intact cells
were sedimented by centrifuging irn a swing-out head for 30 min at 2100 rpm
{(1000xg). The supernatant was separated, the cells washed with isotonic NaCl
solution and recentrifuged. At a centrifugal force of 1000xg there was nc
aprreciable sedimentation of ghosts. A NaCl solution of slightly lower con-
centration was then addei to the cells, and the procedure repeated until 6 or
T fractions had been obtained., Hemoglchbin was estimated in each hemolysate and
wash.

There was considerable cell swelling in hypotonic solutions, and the
swollen cells became very dark and sticky. However on resuspension in an iso-
tonic medium, their normal colour and texture returned. Hypotonic phosphate
tuffers (pH T.4) caused the same changes.

ﬁach hemolysate and wash were combined, (total volume 100-1000 ml) and
evaporated under vacuum to a volume of 100-200 ml. Frothing of the protein
solutions made this procedure very difficult, and temperatures of up to 650
were necessary tc bring about evaporation within a reasonable time., Lipid was

extracted from the concentrates with 10 volumes of chloroform~isopropanol T7:11 (v/v)

Fractionation of Human and Rat Erythrocytes by Ultracentrifugation over a Dis-

continuous Albumin Density Gradient

Fractionation Method

193

The method was basically that of Piomelli, Lurinsky and #asserman 9

modified for use on a larger scale and with cells from different species. Red



Trapped white cells

Isotonic albumin
solution of in-
creasing density

Discrete bands of r

Densities of albumin sclutions were such that the lightest was interwmediate
betweer those of red and white cells (1.075), and the heavisst wus greater
thun that of red cells (about 1.110). Other densities were ir the range
1.079 = 1.090, with differences between adjacent solutions being abocut .0O2,
Jashed cells wzre layered over the aloymin gradient and the tube centrifuged
in 2 swing-out head at 25,000 rpm at 4°C for 15 min,

PIGURE 2: A YOR.AL RED CZLI. POPULATION ASTER ULTRACZNTRIFUGING OVER 4
DISCONTINUOUS ALBUMIN GRADIENT
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c2lls were collected, separated from plasma and most white cells, washed twice

with and then mixed with isotcnic saline to give about @ 75 per cent suspension.

3ix isotonic bovine serum albumin (B34) solutions were prepared, witn densities

ias between 1.075 and 1,110, The lowest density wazs intermediate between

nd write blood cells, the highest was greater than that of the

L]
()]
e
®

1s, ard the other densities were within the red cell range. A

ity gradient was prexarad at 4, by cerefully layering these

«t
b
@

in a 30 ml cellulose nitrate centrifuse tube. Interraces batween
albumin solutions were clearly visible, The cell suapension was carefully

over the alhumia, and the tube centrifugea at 4 in & Spiace Model L

£

layere

Ultracentrifuge, for 30 min a2t 25,000 rom in 2 swing-out hezd (3325). Up to

e

ml packed cells could be rppliec per tube without overlcoading.,
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After centrifuging, provided the conditicns were right, the tube coniained

albumin layers, no sedimented cells, and z fila ¢

red cell bands bpetwesn the
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ove the top alhumin lsyer (Fig., 2). The different red zell bands

eparately by piercing the vottom of tke tubve and
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contents to drip out. ilbumin was separuted from tie cells by miring with an

equal volume of isctonic saline w:d centrifuging for 10
zells, after washing twice with saline, wzre ready for further study.

!
i

Preparstion of Isotonic Albunin 3clutions

B3A powder was dissolved in water tc give an approximately 40 per cent
solution. The osmolality and density of the solution were measured, and the

ogmclality made up to 290 w Qsm by 2dding solid NaCl*, The osmolality was

*To calculate the amount of NaCl to add, it is necessary to know the amount cf
water in the solution, (since osmolalities ure measured per kg solvent). This
can be calculated from the solution density (d), volume (V) and the volume

occupied per g albumin. This latter value was calculated (from the relationship
between albumin concentration, determined from absorbance measurements at 280 mp,
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checked and if necessary slightly modified, and the density redetermined.
Solutions of the required densities were prepared by diluting the bulk albumin
with 0,92 per cent (290 = Osm) Nall solutiorn, The albumin conceniration in

hese sclutions was 30-40 per cent.

ct

Densities were measured at ZOOC, in a pyknometer standardised by
weighing water. The density of 0.92 per cent NaCl was 1.005 g/ml and there wis a
linear relationship between albumin concentration and solution density.
Osmolalities were measured with a Fiske osmometer. Ieasurements could
not be made on the concentrated albumin solutions, because of freezing problems.
Values wvere obtained for serial dilutions with water, but when dilution factors
were accounted for, it appeared that the higher dilutio;, the lower the apuarent
osmolality of the undiluted albumin. Such behaviour suggested that some inter-
action between albumin molecules was contributing to the measured osmolzality

value. An effect of this type would be more significant at higher concentrations,

B
v

and solution density), to be 0.73 ml/g, which agrees with the value determined
1
by Piomelli gt al 93. The generul relationship is:
Total volume V = Vy + V,

Total weight ¥ = d x V = Vi + HA

where Vy = volume of water
g = weight of water = Vy
V) = volume of albumin
7y = weight of albumin
and Vy = 0.73 WA
i Vy = v(1 jg%zidz

Ynowing the water volume, osmolality difference, and that a 0.54 wM NaCl solution

corresponds to a 1 m OCsm solution, the NaCl reguirement can be calculated.
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The nature of this effect has been investigated, and a means of correcting
measurenents to give true osmolalities proposed:

Consider M = T + a02

where M = measured apparent osmolality
T = true osmolality
C = albumin concentraticn
C2 R . . . o
2C~ = term involving interactions between albumin wolecules

The possibility of such a relationship was examined for two albumin
solutions, both of different osmolality but the same concentration (36% albumin,

d = 1.,100). Serial dilutions were made, and osmolzlities measured (Table 4).

Since T : Ty s T2 : T3 : T, = 1 : Dy s Dy s D3 : Dy
¢
wvhere the dilution is 1 : n
. 1
then My = 5; x T + alp
. 2
or DhMly, = T + abyCp

Hence a plot of DyM, v. DnCn2 should be linear with slope a and intercept T.
Such plots have been made for these two examples (Pig. 3). This approximation
appears to hold fairly well, since straight lines, with the same slope, can be
dram through both sets of points. Other albumin solutions have teen examined
and the same relationship holds for these also. 1In addition, when osmolalities
calculated in this way are used to estimate the amount of NaCl required to bring
a solution to a desired osmolality, good agreement between the amount of NaCl
predicted and that actually reguired is cbtained. ihen no correction is made,
these values vary widely. It would appear, therefore, that some interaction
between albumin molecules does affect osmolality measurement, and that by ma<ing
an approximate correction for this effect, true osmolalities can be estimated.
The necessary corrections at different albumin concentrations have been
calculated from Fig, 3 and are shown in Table 5.

Albumin of the guality required for density gradient centrifugation
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m ™ . -
Table 4. Effect of albumin concentration on apparent osmolality

Dilution sater Dilution ; Albumin ? Apparent
Pactor ! Concentration | Osmolality
D ! C | M
e |
Solution A 0 - 36 | not measurable
1:1 1.74 18 i 109 < 1
.74 ‘
1:2 2650 12 , 65 1
.74 '
1613 3.74 9 45 = 1
.14
3olution R 0 - 36 not measurable
1:1 1.5 18 152 9
.14
1:2 2.74 12y 70 = 1
074
1:3 3,74 9 49 = 1
114
1:4 4.74 741 37 21
.74

Table 5. Differences between true and measured osmoclalities in albumin soclutions

Albumin concentration {(per cent)

Osmolality difference (m Osm)

13
12
9
7

23
10

5

5

each cell fractionation.

dialysing for 1 da

The albumin powder was redissolved, and solutions were stored at —1500.

albumin had no cbvious adverse effects on cell fractionation.

is comparatively expensive, but it was possitle to recover it for reuse after

Recovered solutions were largely freed from salts by

y against at least 2 changes of water, and then freeze-dried.

Piomelli et a.l193 found that the use of Fraction V B3A powder, rather

Reusing
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Figure 3: Variation in Apparent Osmolality with

Albumin Concentration

than crystalline albumin, caused significant hemolysis of the oldest cells and
less reproducibility., WNo such hemolysis could be demonstrated in the present
study, perhaps because of differences in purity in the two commercial ZFraction V

e

albumin preparations,

Tollection of %ell Fractions

After ultracentrifugation, each tube was stoppered and held firmly with
its base resting cn the ftop of a short, narros polythene tube. 4n inlet
through the stopper was connected to a variable pressure head, and the bottom
of the tube was piercel with a syringe needle., The tube contents were allowed to
drip slowly through the narrow polythene tube. Clearly defined bands were
cleanly separated, provided the drop rate was slow enough to prevent streaming

down the centre of the tube, and the temperature was kept constant to prevent
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convective mixing. Cells did not stick to the walls of the centrifuge tube,

and sedimented cells were not displaced.

Critical Pactors in the Fractionation

(i) Osmwolality. 1% is extremely imgportan’t that solutions be strictly isotonic.
Any deviations cause cz2lls to shrink or swell, and hence changs in density. The
rel:tionship between age znd density for shrunken or swollen cells apgears
different from that for normal ce115257.
(ii) Temperature. The temperature dependence of cell density and albumin
solution density is not the szme, hence it is essential th7t the same constant
temperature is maintained for all fractionations. Temperature changes are
generaliv non-uniform throuzhout 2 solution, and cause convective mixing, so
must be avoided from the time the gradient is prevared until the fractions =are
separated.
{iii) Density. The renge of red cell densities in ore populatiorn is very small,
A density variation of .01 practically covers the whole range and four solutions
within this range are reguired to produce five rec cell bands. 3mall changes in
albumin density therefore cause considerable variation in cell distrivution.
Density determirations are accurate to within & .0005, but even this, combined
#ith inevitable slight dansity changes during gradient preparation, and probable
slight density variation between different cell populations, make it impossible
tc design a system yielding 5 ejual red cell bands.,

To reduce this problem, a preliminary run was always carried out on a
small scale before a large scale fractionation; {3 ml tubes were centrifuzed at
35,000 rpm in an 3%39 head for 10 min). If an uneven cell distribution resulted,

albumin solutions were modified, and the chances of getting 5 similarly sized

bands of red cells greatly improved.

Distribution of Rat Red and white Cells in the Albumin Gradient

The densities of albumin solutions required for separation of rat cells
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were in the range 1.090 - 1.075. +ihite cells were concentrated above the
d = 1,075 solution. Rough measurements indicated, in a case where most of the
white cells had been separated prior to fractionation, that zbout 20 per cent
of the remainder were in this layer, with the others in the top red cell layer.
(i.e. Only 0,1 - 0.5 per cent of the original white cells were present in red
cell fractions).

Reproducibility of red cell distribution is influenced both by slight
variations in solutiorn densities and differences between individuals. A4n
example of reproducibility is given in Table 6. These results suggest that

differerices between individual rats are mot very great.

Jistribution of Human Red and Vhite Cells in the Albumin Gradient

The albumin solutions necessary for human erythrocyte fractioration fell
within th2 density range 1.020 - 1.078., ZEven allowing for some variation dus
to uncertzinty of solution densities, it would appear that some difference does
exist in erythrocyte density distribution between individuals (Table T).

Tre behaviour of human white cells was unexpected. They tended not to
coilect in the d < 1.075 band, but rather in a band lying witkhin the range of
red cell densities. This phenomenon wae independent of whether or not most of
the white cells were removed prior to fractionation and conseguaently could not
be attributed to 2 smull atypical fruction of cells., Table 8 gives the resu:lts
ovtained for tso cell samples. The following are possible reasons for this
behaviour:

(1) white cells have a density within the red cell range;

(2) fracticnated white cells are non-viable, and the density of non-viable cells
is greater than that of viable ones;

(3) white cells either ingest or adsorb albuawin molecules, causing their

density to change.

The first appears unlikely because after normal centrifugation, the bulk
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Distribution of rat erythrocytes in albumin density gradients

Density Per cent of cells in fraction

Rash) & Rat B Rat C

1.09% - 1,085 24 23 38
1.085 - 1.083 38 35 36
1.083 - 1.080 27 29 16
1.080 - 1.075 10 10 6

< 1.075 2 )

| S S R |

Teble i

Disteibution

of human erythrocytes in albumiz densitly gradients

Dencity

JC e e % (o SO SR Ji2

> 1.020 17
1.020 - 1.088 20
1.088 - 1.086 9 16 22 30
1,086 -~ 1.084 4 14 5 11 20 21 15
1.084 - 1.082 11 1% 13 17 20 29 22
1.082 - 1,080 21 23 25 22 28 17
1.080 - 1.C78 44 25 40 42 16 11
1.078 ~ 1.075 10 22 5

Table 8.

Distribution of human white cells

after albumin

gradient frucztionation

WRS e
Albumin per cent total Albumin per cent total
density red cells white cells density red cells anite cel
¥ 105 x 10°¢
1,102 - 1,085 14 1.1 1.100 - 1.086 8 9
1.085 - 1.083 14 C.7 1,086 - 1,084 11 1.2
1,083 - 1.081 12 0,9 1.084 - 1.082 14 0.6
1.081 - 1.079 28 2ferd) 1.082 - 1,080 22 0.5
1.079 - 1.075 25 10 1.080 - 1.075 4z C.4
1,075 E 2.4 |
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of the white cells were clearly visivle 2t the top of the cell column, Likswise
5

the second, since freshly drawm blood benaved in thkis way, and also the

fractionated cells were wetatolicallyr active as showm D

chain fatiy acids., Consildaring the third possitility, it can be czlzulatea that
a witite cell lensity change from 1.075 to 1.037, would be effected by ze upbtass

of 2.2 jug albvumir (2 = 1,37) per 107 shite cells (volumwe 500 u7), i.e. appron-

: 3
imately 107 mclecules per cell,

o
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jensities, the heavier wshitzs celis sedimented completely. Under these coniitions,
yvhiite ~ell contamination of red zell prepurations could be reduced to = very low

level.

Zramination of %ke Relationship between ~ ensity and Age in Rat ded Tells
~ . oD < . /9 14,‘/ < ~ 9 o
A blood sumgle was insubated with /2 zlycine to produce labelled
reticuleocyte proteins The cells were reintroduced into the rat, arnd further

bleod saumples ware withdrawn at intervals following the administration. The red
cells in each blood sample were fractionated by the albumin gradient procedure,
and the tosal protsin radioactivity in each fraction determined.
Ra* blood (4 ml) was collected into heparin, and incubated with /2— _/g*g—

cine (10 pc) at 37° for 4 hr. The red cells yere semsrated by centrifuging at
40 for 15 min at 3000 rpm, washed once with cold 0.9 per cent laTl, and resuspended
in saline (hematocrit about 75). 3Sterile equipment and solutions were used, and
care Wis taken with manipulations to reduce the liielihood of contamination. of
the /2~ _/gljclne, 35 per cent was incorporated into the red cells, 38 per cent

of this being associated with cellular protein. The red cell suspension, containing

approximately 1.5 ml packed cells and 0.5 pC radioactivity in the cellular

protein, was reinjected into a branch of the jugular vein of the same rat.
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Blood samples {1-2 ml) were withdramm from the rat 2t intervals after
injection of the 1labelled reticuleocytes., .ashed red cells were fractionated
by the albumin density gradient procedure, using 3 ml centrifuge tubes and

1s

[

spinning at 35,000 rpm for 15 min. Fractions were collected and the ce

ashed free of albumin. Hemoglobin, total radiouctivity and protein r:udic-

5

activity were estimated in the normal cell population and in each fraction.
Prcteins were precipitated from cell lysites with 10 per cent
trichloroazetic acid (T7A) and the precipitate was washed once with distilled
water, digested, and assayed for radioactivity (see ©.39 ).* Precipitation of
vrctein and heme appearad ccmpleie, as no colour remained in the supernatant,
The absence of radioactivity in the surernatants from cell samples in whizh only

proteins should have bee:nr libelled, 3vpperts this interpretation.

#*Sephadex column chromatography and paper electrophoresis wers initially
examined as methods for protein seraration, but a hemoglobin precipitate
remained at the origin during electrophoresis, and formed an impenetrable layer
at the top of the Serhadex column. Although the precipitate could te dissolved
above pH 9, TCA precipitation was considered to be the most satisfactory method

to adopt.
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INCORPORATION 0O /i- ‘"'PLLNi ATE  INTO s LIPIDS OF

BOVING BLCOD OIBELLIH*

This investigation was undertaxen primarily to examine fatty acid ur

w

7 aerythroarta atrs ipid nit w te detenting & possiole physiologica
erythroeyte nevtral lipids, with a view to detecting a possiole physiolog 18

Tya
RY g b

) - 102 40
role for inese constituents. ulder and van Jeenen - and Cliviera and Vaughan =,
fhile investigating the uptake of fatty acids intc rei cell phospholirids, detected

1501 Y

wm

little irccrporation into esterified nevtral lipids, but the only detailed
114

has been that of Jonabedian and Karmen ', who reported high and variable

incorporations into triglycerides in human cells.
Palmitate uptake by lauxkocyte populations was investigaited basically
because it was found te be necessary tc acscount for tane presence of leusocytzs in

erythrocyte prepuarations,

Preparations of bovias erythrocytes, containing varying nuabers of

e

ither in plasae or Hrabs-Ringer-Fhosphate mediva {({{GF)

P

louxoeytes, were incubated el

_ M . . . ! - -
qith /1= "C/palinitic acid. Lipids sere subssquently sxtracted frow washed red and

shite cells, separated and aralysed. white cell cootributiorns to uptakes by red
cell preparations were estimated, palmitate uptaxe into the individuzl com-

ponentz of zach <ell tyre assessed,

Incornoratior into Leukoeytes

The levkocytes showed a4 very high incorporation of /1— 4§/palmitate into

SO o

their lipids (Table 9). In these results, account hias been taken of the presence

¥ (red cell:

of red cells in witite cell preparatioas from which lipids were extracted,
shite cell ratios varied from 2:1 to 20:1). Thesc levels of red cells made
negligible contributions to radioactivity uptake, but corrections for red cell
contributions to the extracted lipids have been made, It was possible to cerrect

with reasonable accuracy, as white cells contain about 50 times the lipid present

*The results of this work have been published (ref. 255).
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in red cells. TPlatelets were present but not enumerated,

Phosphiolipids and triglycerids=s were resyporsible for the majority of +he
uptake, the phespholipids atiaining the highest total activity and the tri-
glycerides the highest specific activity. Autoradicgraphs of the lipids
separated by TLC {(Figure 4) zhov tunese major spets, 2s well as fzint cholastercl

ter and diglyceride spots, but no radioactive zhelestercl, Diglyceride iz there—

fore primarily responsible fcr the radiocactivily of samples contairing ovoti

5

cholesterol and diglyceride, which could not be readily separatad before aralysis.
The other, slow-run.iing, radioictive components were not detectadble gravimetrically
and were not identified. One zculd be menoglyceride. Palmitate uptaxe oy the
phospholipids is summarised in Table 10, and an autoradiozraph of i TLC separztion
of the chospholipids is showr in Pigure 4. Cf the phocspholipids, phosphatidyl
choline incorporated the wmost radioactivity, followed by sphingomyelin, It seeus
unli'tely that the sphingomyelin ralioactivity could be attributed to lysc-
thosphatidyl ethanolamine (ahich covld exhibit similur TIC mobilities in btoth
solvent systems), in vies of the very low incorporation into phosphatidyl
ethanolanine, ore of the major phospholipid ccmronants. The TLC behaviour of the
renaining radiozctive components suggests that one is lyscphiosphatidyl choline
(running behind sphingomyelin in both solvents), and the other, phosphatidyl serine.

A further leukocyte sample, which was held for 8 hr at room tenpsrature
after collection, was incubated with palmitate., Incorporation was only C.3 times
that observed with fresh cells, and reduction of uptaxe into triglycerides was more
pronounced than into phospghiolipids.

It is possible to estimate approximate times reguired to renew the
palmitate in the different leukocyte lipids, by uptaxe of the free acid., Fatty
acid distributions in the individual lipid components are not knom, but by tuking
palaitate as comprising 25 per cent of the component fatty acids ir each case,

estimates can be made (Table 11). High turnover rates for some white cell lipids,
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particular triglyceride and phosphatidyl choline, are evident.

Only 65 per cent of the labelled fatty acids extricted frowm the cells was

palmitic acid. The remainder were longer chain (mainly Cqg) acids. Some radio-
- . 14 . . . . . .
activity vwas also recovered as "COp. A gualitative estimation showed that this

. ,, . 14 . :
amounted to roughly 20 per cent of the 'C incorporated inte the total leuitocyte
lipid.

After incubations were complete, plasma lipids were analysed for radioactivi
Although reductions in the specific activities of the plasmi free fatty acid were
demonstrited, no decreazes in fatty acid concentratioas could be shown. The
anilyses may not have beern sufficiently sensitive to detect small graviwstric
changes. Tlese results suggest that there is a mechanism for exchunge of fatty
acids between plaisaa and cellular 1lipids. This interpretaticrn is supported by

zas chromatogravhic anilysis of the free fatty acids exiracted from plasme after

(‘.n

incubation with leukocytes. Only 7O per cert of the latelled fatty acid was

Lo

paluwitic, the remaindesr being longsr chain (mainly D4g) acids. Therslors

1o

laukonytes can apparently synthesise labelied long chair acids from palmitie,

.

and releiase these into the plusma. About 5 per cent of the plasea radiouwctivity

was fcound ia the phosphelipids, whizh sugzeszts that the white call is akle to

(».

release intact phospholipiu wmolecules.

NDiscugsion of Leuxocyte Behaviour

lio othier studies on tne uptaxe of plasmz fatty acids by bovine vlood
leuikocytes have been reported, but similar studies on leuxkocytes from some other
animals and sources have been carried out207’208'222’223. ihen -comparing the
present results witk these, it should be remembered that white cell populations
are heterogeneous, ani trat their behaviour can depend on both the source of the
cells and the treatment given tkemss. The distribution of radioactivity found in
tovine blood leukocyte lirids is similar to that in human blood cells after

. . . 20
bation with labelled pzlmitate 8. It is also similar to the dis*ritution
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Table 9: Radioactivity Distribution in the Lipids of Bovine

. . = 14 o .
neubation with /1= ‘E?Pa;matlc Aecid

3]

=)

fhite Cells after

4
Ter cent of total Per cent cf total dpm ver 106 Srecifiz activity
lipid weight lirid radicactivity cells @Gpr/nz 10-3) °
T 1300 £ 150 4328
77 PE 3 14 £ 1 180 2 20 86 I 5
o1 323 49 %3 640 I 80 5723
- 8 1 30 3 290 % 60 160 = 30
| B 6 %1 120.3 13 24 7= 2
Ch+0G 7 E 1 ! GIp 80 X 20 13 L ges
I | — =

0

1
* 2300 X 50 mg/10°'" cells.

**The specific activity of pure DG would be considerably hizher than this.

ibbreviations are tabulated in Appendix 2. For incubztion conditions see p. 28 .

7hite cell concentrations varied betwsen 5 x 107 and 50 x 10

2ells per ml; higher

concentrations resulted in slightly lower radiouzctivity incorporations per cell.

Prom 9 tc 53 per cent of the medium activity was incorporated into the cells, The

1
total lipid was =xtracted, and separated in duplicate by TLT with FIZA 70:30:1 as

. + -
solvent. Results are the means (= 1 stanlard deviation) from 5

from 2 donors, and are related tc a medium having an initial /1-

i
14

ncubations of cells

Q?palmitate

c
activity of 10° dpm/ml, which corresponds to a pilwitic acid specific aetivity of

r;
8.0 x 107 dpt/ueqg.

Table 10: Radioactivity distritution in the Phospliolipids of White Cells after

. T
Incubation of the Cells with /1- 4§/palmitate

Phospholipid activity: 6400 dpm per 106 cells

Per cent cf Phosphorus

[

|

| PE 18

| PS 12

| PC 29
SP 32
LPC and other components 9

running behind 3P

Per cent of activity

4-2

10

EF..6

B

1+

I+

9
3
3

1+

Lipids were separated by TLC, solvent system CMAY 65:25:8:4.

(i 1 standard deviation) from 4 experiments.,

Results are the means
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The identification of P3 and LPC is only tentative.
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by a chain~elongation of pre-existing fatty acids.

Incorporation into Erythreocytes

The lipid compcosition of hovine erythrocytes is given in Table 12. This is
e R 4 64 . ,
simiiar te that obtained by de Gier and van Deenen ', and Hanrahan, watts and

59

Pappajohn””, although the latter report slightly higher iriglyceride and cholesterol
N 0 o R .

zster levels, Nelson7 reports similar phospholipid and chclesterol levels, but his

results suggest the absence of cholestercl esters and triglycerides from mammalian

erythrocytes, Incorporation of radioactivity into the lipids of the red cell

reparations is summarised in Table 13, and autoradiographs of TLT separations of the

—

igids zre showr ir. Figure 4. Albumin, which binds almost all the plasma free fatty

cids, arpearzd to have nc effect on fatty acid uptake bty the esterified lipids in

w

-

these experiments. Although the greatest provortion of red cell radioactivity was
present as unesterified fatty acid, comparatively high counts were recorded in the
phiospholivids, A sigrificant amount of radioactivity was associzted with the tri-
glyceride fracticn and only low activities were found in cther fractions. These

results show relatively high specific activities, and hence high incorporation rates,

(& o

for minor components such as triglycerides.

However, 1-% per cent of the original white cells were extracted along with the
red z<lls, and, as shown in Table 14, tlese were responsible fcor a significant
proportion of the radioactivity in the red cell extracts., #hen allowznce was wade
for this contritution from the white cells (Tables 15 and 16), the incorporation of
fatty acids into the phospholipids of rei cells was reduced but was still sigrnificant,
fJorrected 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 experimental error. ¥hether there was uptake into diglyceride,
or diglyceride zctivity was an artifact arising from trailing free fatty acids,
cannot be resolved, as radioactivity levels were too low to show on autoradiographs.

Contributions by white cells to individual prospholipid activities in red
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cell extracts are shosn in Table 17. Most components contained low activity and
wera subject to considerable correction for white cells, and accordingly the results
are liable tc comparatively large errors. The mean radicactivity distribution in
the red cell rhospholipids is given in Takble 18, and this generally agrees with that
: 102 | - " . e N .

of Mulder and van Deenen s who also found that most cf the laktelled fatty =a2cids
incorporated into bovine erythrocytes were present in the phosphatidyl choline and

o~

phosphatidyl ethanolamine fractions.

>

IS

Approxinate times reguires for renewzl of all tke palmitats in the erythrocyte
phosphatidyl choline and phosphatidyl ethanclamine, {(the only components showing
significant uptake), by uptake of the free acid from plasma can be calculated,

{Table 19). Turnover of these ccmponents was about 2C times slower tharn for analagous
white cell lipids. This suggests that under physiolsogical conditions, the hovine
erythrocyte could turr over the pilmitate in its phosphatidyl zholine severzl times
during its lifespan {100 days). In the same time, pzlmitate in phosphatidyl
ethanolawire could turn over less than once,

J#ith higher concentrations of white zells in the incubation system, there wasz a
decrease in the amount of radioactivity incorporated into the erythrocyte lipids
{(Table 2C). Compensation for this decrease could be effected by relating uptakes %o
the amount of radicactivity =added, after correcting for the amount taken up by white
cells, The lower relative incoryporations with higher white cell counts could have
arisen from either (a2) a reduction in substrate specific activity due to exchange of
inactive white cell fatty acids for labelled palmitate, or (b) a reduction in
substrate concentration due to net fatty acid uptake by the white cells. ‘Fhereas no
gross reductionsg in plasma free fatty acids were measured, evidence was obtained for
the exchange of white cell and plasma fatty acids, and accordingly the first alternative
would appear more likely.

After one incubation, the total erythrocyte fatty acids were separated by gas

chromatography and the radioactive components isolated. The fatty acids present
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were mainly oleic (40%), palmitic (24%), and stearic (20%) acids. Of the radio-
activity, 99% was still associated with palmitic acid. Hence in agreement with the
results of Mulder and Van Deenen102, on incorporation of linoleic acid into rabbit
erythrocytes, no evidence for any active fatty acid chain altering processes in the
erythrocyte could be demonstrated.

The autcradiographs in ®igures 4a and 4b also show the radioactivity dis-
tribution in the plasma lipids in 2 experiments. 4ibout 1-4 per cent of the plasma
activity was present in the phosrholipids, and this varied only slightly with the
number of white cells incubated. Most of the phospholipid activity was in each case
associated with phosohatidyl choline., Plasmz alone is unable to incorporate labelled

fatty acid into phospholipid102

y and as only a small increase in labelled plasma
phospholipid was associated with a large increase in white cell numbers, the ability
to exchange intast phospholipid molecules appears to be a property of both cell types.
This result supports previous evidsnce for exchange of scme rad cell and tlasma
lipid394’105—107.

The present study has shown that the presence of comparatively small numbers

of leukocytes in erythrocyte preparations can account for a high proporticn of the
observed irncorporation of plasma fatty acids into the cell lipids. 4n apgarently high
rate of fatty acid irncorporation intc red cell triglycerides can be interpreted
entirely in terms of contamination by ornly 2-5 per cent of the white cells normally
present in blcod. 3Such a result stresses the advisability of determining the extent
of leukbcyte presence in red blood cell samples before interpreting results of
experiments in terms of red cell properties alone. A similar situaticn arose in

the evaluation of erythrocyte synthesis from acetate, when it was shown that leukocyte

.. . 89-92
contamination was responsible for the observed lipid synthesis -9 .
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Table 12: Lipid Composition of Bovine Erythrocytes

i . ==}
Per cent of total weight i mg/1010 cells mg/ml packed cells
hes { 4.4 % 0.2 4.0 £ 0.2
PL 70 3 i 3.1 20,2 2.8 £ 0.2
ch 27 * 1 | 1.20 £ 0.07 1.08 £ 0,07
CE | 1 20,7 | 0.048 Z 0.03 0.043 % 0,03
g 1.0%0,7 | 0.044 £ 0,02 0.040 * 0.03
FPA | 1.2 2 0.8 | 0.053 T 0.03 i 0.048 % 0.03

<
7]
19

Lipids were extracted, and eithsr separated by column chromatography intc nevtral and
rhospholipids and the neutral lipids separated further by TLC in HEA (70:30:1), or
separated directly by TIC. 6 extracts were separated, analysed, each in duplicate,

. + 4 .
and results quoted zre the means of these, — 1 standard deviation.

~

Table 13: Radioactivity Distribution among the Lipids EZxtracted Irom Red Blocod “ell

Preparations after Incubation with /1- "C/Palmitic acid

dpm per 1010 red cells Rang= of
specific
astivitie
A B A D B i3 G H J | {dgm per ¢
1L 720C  770C  54CC 5000 5000 4800 11600 7300 T600| 100-180
IOk 4500 4300 3100 3800 3800 5400 8700 6300 3900 | 200C-2000(
P 2100 2700 1500 200 95C 1150 920 930 1500 30-20
TG 410 380 230 150 130 110 320 340 35| 140-1500
T L0 54 A7 25 25 2. 66 90 24| 20-250
Th + IG 190 310 2380 130 75 140 200 160 110 6~30
‘¥BT extracted

per 1070 RBC 1,23 1.2 0.55 0,29 0.26 0,25 Yot determined
x 10~

®or incubation conditions, see p. 28 . " The specific conditions for each experiment

were as follows:

A ¢ All but 5% of the ahite cells present in the original blood were serarated prior
to incubation,

B : Red cells were incubated with 5 times the number of white zells normally present
in blood. All but 1% of these cells were separated after inzubation,

C-F : %hole tlood was inaubated. 1-3% of the white cells were extracted.



~
Us

F=J: Mite zells were ceparzied hefore inwubatiorn., Yo czell counits rere male but
1=57 ¢f the original whits cells ware rrobably incubatsd ard extracted.
J i Jells sere incubated ir a YRP medium,
Hach experiment iz showm ssparafely, to show the depeudence of untake on the
n: ipi

h

About 2% of %

Table 14: Hadioactivity in the Red Oell Prsparation Lipids Attrikutable fto Ixtrachs
From Jkite Tells
) . — =
. P ) .
dpm due toc white c2llis p r "0 7 rsd cells
A B < J B =
g e ¥ o + P P G | e T
o, 1700 = 140 3500 = 230 1000 = 70 450 < 30 330 <« 20 370 - 2%
+ CAl + e + G
ik 270 £ 50 290 Z 49 160225 s80i1we %I 3524
+ + = = 5 .+ i + !
PL 880 2 100 1900 % 190 440140 240230 170220 180 = 20
+ + = * + o, i st o5
m 490 = 80 1000 = 230 250 - 30 110 - 20 130 - 50 195 - 20 |
25 4+ : £ &4 B i
om 24 = 9 32 L 27 1725 423 6 =5 423
— wim * oz e t 6 o & 30 &
Ch + DG 110 = 30 i60 - 35 110 - 20 30 - 25 = 14 20 -
Value e calculated fro 1@ knowm number of white cells contaminating red zell
ialiues are calculzted f the kno'm nuaber of white cells contaminating red celdl
erepzrations, and the radi anf1v1*; vptake by white cells from a medium having a
_ ) R , 4 L o '
- " 7%a1m“tate zotivity of 107 dpn/nl, and are guoted - 1 standard leviation,
Results given in this table and Table 13 are from the szme wxperiments,
Table 15: Radioactivity Incorp raued into Pure Erythrocyts Lipids, after Incubation
of the Cells with [1— Q/Palmitate
— _ e = ST 10 ]
dpm per 1C =~ red cells '
B B c D E____ B _ |

TL
FrA
PL
TG
I C
DG +

!
l Percentage
!

B

re
i

of

activity due

total
+to WBC

5500
4200
1200
~-80
50
80

24

4406
2900
1100
~20
20
170

19

4200
38C0

800
~400
20
150

&
-

120

O

Values are calculated from the

data in Tables 13 and 14.



Table 16: Radioactivity Distribution in Pure Brythrocyte Lipids :fter Incuoation
= =7 ,
of the Jells with /*- "2/Paluitite

| ! R I D ¥

! Per cent of total | Per cent of esterified dpm/101o cells | opecific activity

| lipid radio- | 1lipid raidioactivity dpn/ng

! O‘(.ﬁ-uvﬁ"}a |

| TL ‘ 4700 I 30 1000 £ 100

Y 78 % 5 3000 % 200 43000 I 15000

| PL : 20 %4 i ST 300 I 180 300 X 70

L oe - *o.5 | = He ) -

| cE 0.5%0.5 | 2% 20 ¥ 20 300 £ 300
OH+DG B.5E 9.8 i 25 120 £ 50 100 I 60

Values 1ire the mears of the results from the b studies giver in Table 15. They are

~ 14 . . b .
related to an external - “JJpaluitate concentration of 10 dpu/ml, and are ex-

+ R s
pressel - 1 sftandard devi:ition.
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= Tl =
Table 17: Distribution of f1- “Z/Palmitic acid in the Fhospholipids extracted
from Red Cell [reparations, with Corrections for ihite Cell Contributions.
: . =
Fercentage Total dpm/ WBC rB3C dpu/
|distribution 1010R5C contribution 1010x8C
Incubation 1 PL 2100 900 1200
BE | 2%q 250 30 220 X 150
P3 | 8 X5 170 60 110 X 100
BC |61 L3 1400 500 500 £ 150
| Bis 210 180 30 £ 50
LEC + : +
+ others| 3 %3 60 110 - 60 |
Incubation D PL 900 250 650 |
P2 1MZIo 100 10 90 X 50
P> 8 ¥y 70 10 60 £ 30
| o5%4 580 130 450 X 60
SP 2w 3 36 50 - o HD
. Othﬁf’; 126 100 40 60 X 60
Incubation £ PL 950 150 800
Bl 2% 210 10 200 < 100
P3 5% 5 50 | 10 40 ¥ 40
. +
FC 51 X 10 480 1. 20 33C - 30 |
|
5P| 16 % 10 150 : 40 110 I o0
thL-P(: 7% 10 20 50 £ 50
+ O 81’.‘31- _ -
Incubation # FL 1150 : 200 250
i + _
Fg 8y 50 10 80 = 50
- P3 X3 80 20 50 = 20
| m s2is ; 600 100 500 = 50
. +
sp 1516 | 170 40 130 = 50
LEC *q ? 210 20 190 X 70

+ others|

Phospholipids were sejarated by PLC with CHA¥ ©5:25:8:4 as solvent.
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Phospholipids

, . D
Per cent of Phosphorus

200 BB iz

PS 15 22

P2 4 i1

3P 57 =3

LPT + others L

Values 3
+ -
jquoted -~ 1 standard deviation,

re the means of the results of the 4 incubations given in Table 17, and are

Per cent of activity
22 X 12
614
60 X9
625
% 7

. . . = 14 5 R
Distribution of [1- 4Q/Palm1t1c Acid Incorperated into Bovine Red Cell

Phosphorus distribution values are the means of 8 analyses, performed during the

course of the study.

Table 19:

Estimation of Rates of Turnover of Palmitate in Bovine Erythrceyte Lipid

Coumpcnerts,
e
Component | dActivity taken up| Palmitate taken 5 Fatty acid | Palwitate in | Approximate

i in § hr counts/ up in 1 hr | in compon= | component I renewal
! min/1010 ®3n peq/101o RB~ [ entgpe;/ nez/10 C geet! time {dayg
| | 1010 rae
i . oz o . e

| = f
S 550 | 1.4 2 1074 ; 0.3 C.1 30
' PE 200 0.5 x 1 4 | 1.8 G2 170

*Fatty acid distributions taxen from de Gier and Van Deenen ,

g
Specific activity of ths palmitate in the medium wae approximately 8.0 x 107 dpm/uej.

Table 20: Effect of Increasing ‘White Cell Concentration in the Incubation System on

Uptake of ZT—14E7Palmitate into Red ell Phospholipids

[ Incubation

L S B D c A E

| ¥B" in~ubated per 107 RBC 14 170 320 260 1500
Per cent total activity _ 9 15 17 63
incorporated into #BC i

. RBC PL dpm/101o cells,

. (i) relatsd to total -

' activity in system 1200 i 650 550 &8

(ii) related tc toctal less
that taken up by WBC 1200 220 208 50 800

For descriptions of the conditions for each incubation, see footnote to Table 13,
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THE LIPTD3 OF BOVINE TRYTHROTYTES, 3EPARATED ACCORDING TG
AGE BY SERIAL OSwCTIC HWIOLYSI3

No role for the smzll quantities of cholesterol esters and triglycerides,
apparently present in mammalian erythrocytes, has been established., In the previsus
chapter it was not possiblie to show any significant fatiy acid uptake intc these
componerts, sc it is unlikely that they are intermeadiates in the metabclisam of other
lipids. Another hyvcthesis is +that triglyceriies or cholestercl =asters ars present
in the ce2ll as a swall bub important energy reserve, and that breakdown of one of
thzse components could be couprled with production of erergy necessary for maintaining
cell membrane functions. The regquirements of such a hypothesis would be that
cellular concentrations of the reserve components should decrease with cell age.

™wo studies on variation in lipid content #ith age of erythrocytes separated
by normai centrifug ataonzoo and wltracentrifuga tlonpo1 have been reported, btut nc
analyses of miror neutral lipids have been made. The present study wzs therefore
undertaken with the primary intern*tion of erxamining variation in triglyceride and

cholestlerol ester levels in erythrcecytes of different ages.

The Zxtent of Age Separation by Serial Osmctic
Hewolysis

Correlationr betwsen osmotic fragility and erytiirocyte age has teen -learly

2oM18 ] Sy . . . .
demonstrated™ "’ 78, ‘9, and it is a common hematological procedure in the diagnosiy
of anemiacs to use osmotic fragility curves as indicaters cf abnormal red czsll age

T . 256 - . : . o X
distribution . The normal procedure for measuring osmotic fragility involves the
addition of cells to a range of hypotonic salt solutions and measurement of the
relative proportions of intact to lysed cells in each solution. This procedure
effectively shows fragility differences, but does not actually separate the different
populations of cells,

Simon and Topper181 have modified the procedure to allow cell separation by

serial osmotic hemolysis. Cells lysed by the least hypotoric solution are
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Figure 5: Serial Osmotic Hemolysis of Human Erythrocytes
at Intervals after Administration of 59-Fe

{Simon and Topper ref.181)
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separated, the remaining cells subjected to the next dilute soluticn, and the process
is continuad until all the cells are lysed. 1In a study of the distribution of
D9?@—label’ed human red cell f particular ag i 5 i

e <€d human red cells of particular ages between the various fractions,
- - 181 ¢ . .
3imon and Topper were able to demonstrate localisation of different aged cells
(Migure 5), the mean age of each fractior increasing with increased fragility. J3ince
any D9Ee released from broken down cells 1s synthesised into new cells, distributions

22
of ““Fe gensrally underestimate the extent of localisation of cells of different

1 ' . L . .
ages 23 Hence the age separation achieved by serisal osmotic hemclysis should be

greater than that suggested by Figure 5.

This separation appears to be comparable to that obtained by ultracentrifugatior

and ar improvement on normal centrifugation. None of these procedures is 2s efficient
as ultracentrifugation over disccntinuous albuwmin density gradients, but the present
133

°

investigation was undertaken before publication of the method of Piomellii et al

‘:.'

S2rial osmotic heamolysis should effectively separate very young cells, and yield
other Iractions enriched sitih: ~ells of different ages. .w2lysis of hemolysates
should clearly demonstrate any differerices .n very wvoung cells, and any marked

vaciations in censtitution of mature erythrocytes.

Variation in Cellular Lipids with Osmotic Fragzility

3tudies on two cows were performedi. The results in Table 21 show, for each
aniwal, no significant difference in the amount of total lipid extracted fromw each
fraction. Any variations are within the experimental error, which in some cases
was relatively lurge vecause of difficulties ercountered with hemoglobin estimations,
The neuvtral and phosphelipid distributions, also given in Table 21, were constant
throughout all fractions,.

TLC separations are reproduced in Figure 6, and quantitative estimations of
individual neutral lipids sare giver in Table 22. No obvious trends in cholesterol
ester (Z%), triglyceride (TG), or free fatty acid (¥FA) content is obvious from the

thin-layer plates, although these soots are faint and thére is somes random
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intensity variation. The quantitative analyses, apart from some individiual
veriations, alsc suggest constant levels throughout .11 fractions. The error
estimates consider variation between duplicate analyses, and do not include
extractior and separation procedures., Prevention of contamination ani attainment of
high aczurazy was very difficult beczuse 2ach component was preseant 3t iz very low
level, aril dichromate analysis is relatively non-specific., However, with a feu
exceptions, similar TG and CZ levels were obtzined for sach fractlion, and thers vere
no2 variations which could be atitributable to cell aging.

The relative amounts of the major phospholipids {Table 23%), ard the TLC
phourhelinid sepirations (Figure 7), do not shtow any differences between fractions,
in excess cf those covered by the experimental error, The greater variation in FZ

levels was probably caunssd by some oxidative destruction during svaporation of

hemolysutes, (when it was necessary to maintain extracts at temverzivres ur to &57).

Gas chromatogravhic sepzratior of the phospholipid fatty acids revsaled iittle
: L I T, o~ - Ly 4 A\ = 3 DA s o
varistisn hetween different age fractions (Table 24;. Variitions in most acids were

small, and not significant, However a p.lmnilate : oleate ratio of 1:1 in the
voungest cell fraction corpared with 2 ratio cf almest 1:2 in ths cthers could be
signifizart, wnd could vesszibly arise from differences Yehbwsen bhone narrow and plagma
r\r“(1 r‘_\ﬁ_,?r"‘*, f;\:_' ]h']_""\ ‘t“"ﬂ Cells Can tal(i': Aan f?..t‘l:y ':'.C‘.;.'.il:;o ;’l'i‘. O".'.C,‘l',-ll al'a":-J .J,':i:;-
. = . 5 . u4
patterns resemble others ovtaineld for normal populations of hovine red -ellsbj’
3mall autciiduitive changes were probably responisible for variatior in lewvel of

linoleir acid, The lower 24:0 level an< hisher levels of T-20 azids in the C.42 per

14

cent NaCl hemolysate were probably artifacts, Cther studies cn hwean ana rat red

cells, sepzruted by vltracentrifvigation, huve suggested small 1ifferences between
. 201,203
young and cli cells in linoleate 2nd arachidonate levels™  ? .

200N s op
esterman et al“uo have reported cellul=zr total lipid differences of 0.7 mg,

201 = , . ; fracti
and van Gastel et alf differences of 1.3 mg between top and bottom fractions of

ultracentrifased human erythrocytes. The difference between middle and bottom



Cow A Cow B
Solvent System HEA 70:30:1
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3olvent System HEA 30:70:1
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Decreasing osmotic resistance and increasing cell age

Plates were sprayed with 20% sulphuric acid and charred. Major bands between
cholesterol and the origin are degradation products of cholesterol, and correspond
to a very small proportion of the total cholesterol. The band running between

triglyceride and fatty acid has not been identified.

FIGURE 6: TLC SEPARATIONé OF NEUTRAL LIPIDS FROM BOVINE ERYTHROCYTES SEPARATED
BY SERIAL OSMOTIC 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 T7: TLC SEPARATIONS OF PHOSPHOLIPIDS FROM BOVINE ERYTHROCYTES SEPARATED
BY SERIAL OSMOTIC HEMOLYSIS
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Table 21: Lipid Content of Bovine Erythrocyte Fractions Separated by Serial Osmotic

Hemolysis
Hemolysing| Per cent |No.cells |TL extracted| TL per 1010 Per cent | Per cent
NaCl con- | in super- |in super- mg cells NL PL
centration| natant natant
(per cent) x 10-10
& Cow A
o
7 4 0.51 821 33 Z6 Z1dens || = 2 | oS
Q
© | 0.48 52 R 90 £ dia B0 gE Il ZunEz | Eonp
&0 .
g ] 0.45 5 5 70 E 15 B | gt 2 || @ 2%
S | 0.42 20 X 1 82 85 382002 | 3222 | 6822
& + + + + +
9 0.39 9 -1 37 =B 4.3 - 0.3 28 = 2 72 = 2
o 24nE 4 98  Hg e |l Botes || 7oz
Cow B
[+}]
0 0,48 ey 8.3 3 46204 | 30X2 | 022
= | 0.45 fionk i 14 ts 43203 | 3122 | 6922
o | 0.42 7 8.2 S A% o5 || znd2 || 6o He
2 | 0.39 30 = 1 35.5 ) s ge || pIEe] | B U2
B + + + + +
o 0.36 20 - 1 2515 -4 3.8 = 0,2 29 - 2 71 -~ 2
(V)
510,33 21 %1 24.5 s 41%002 | 3122 | 6922
A 2.6 2 0.3 3.1 ¥ 1 48204 | 3022 |l 7022
12
Volume of packed cells fractionated: Cow A 325 ml (4.10 x 10 ~ cells)

cent recoveries.

estimated.

Cow B

100 m1 (1.20 x 1O12 cells)

Neutral and phospholipids were separated on silicic acid columns with 95 - 105 per

Abbreviations are tabulated in Appendix 2.

Errors in cell fractionation and lipid analysis have been
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Table 22: Neutral Lipids in Bovine Erthrocytes Separated by Serial Osmotic Hemolysis

Hemolysing NaCl B Per cent of Total Neutal Lipid
concentration Ch . FFA TG CE
(per cent)
§/r . Cow A
° 0.51 80 %3 82 5.3 £ 0.2 6.8 X 0.2
E’ 0.48 b ants 15 5.8 £ 0.5 BOKE B
w|  0.45 86 21  5.,5%0.2 4.3 2 0.2 530 A 53
= + + + +
e 0.42 80 X 2 11 X 4.5 % 0.2 el
§ 0.39 85%1 6.8%0.2 4.4 £ 0.2 e G5
< 0 8 *2 4.0Z%0.5 5.0 £ 0.5 5.0 % 0,2
-
Cow B
‘%’P 0.48 80 %1 7.7 ¥ 0.5 6.0 £ 0.2 6.5 0.5
~ 0.45 2@ 38 1005 2.7 40,2 5.5 4
o 0.42 8522 4.6 20.2 3.8 £0.5 6.5 0.5
& 0.39 9321  3.020.5 e ek 1) Blo 2
rg 0.36 | 92 %1 4.8 ¥ 0.5 187 J@,2 1.7 = o2
§ 0.33 912 3,72%0.2 2.6 X 0.5 2.9 % o.5
L 0 75 % 1 7.8 £ 0.2 5.2 £ 0.2 11.8 £ 0.5

Bach sample was separated by TIC with HEA 70:30:1 as solvent, and duplicate

dichromate analyses performed on each eluted band. Errors guoted are a measure of

the variation between duplicate analyses,

Table 23: Major Phospholipids in Bovine Erythrocytes Separated by Serial Osmotic
Hemolysis (Cow B).

Hemolysing NaCl Per cent of Recovered Phosphorus
concentration SP PE PS PC
(per cent)

0.48 54 = 3 2683 1523 512
0.45 6213 18 & g 17233 41
0.42 54 2 3 293 1422 331
0.39 55 = 3 22 %1 1923 3.5 % 0.5
0.36 58 X3 p2Rs) i 16 X 2 421
0.33 5123 2321 1412 522
0 o 24 11 13 % 1 2%0.5

Each sample was separated in duplicate by TLC in CMN. Bands were eluted and analysed.

Estimates of errors include both separation and analysis,
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Table 24: Comparison of the Major Fatty Acids Present in the Phospholipids of @ifferen
Populations of Bovine Erythrocytes. (Cow B)
Fatty Acid Components (per cent by weight)

Fatty acid
designation Hemolysing NaCl concentration

0.48% 0.45% 0.42% 0.39% 0.365% 0.33% 0%
16:0 14 15 14 15 15 15 18
16:1 2.2 1.6 1.6 1.1 1.7 2.5 2.5
17:0 ing 1.0 1.3 0.7 1.1 1.3 1.8
18:0 13 14 13 14 14 15 16.5
18:1 27 26 24 27 26 26 18
18:2 7.8 3.3 8.0 2.7 v 2.0 2.5
18:3&20:0 1.7 1.0 4.7 0.5 0.3 v 0.9
20: 1% - 0.5 4.4 v 0.3 = =
21:0% 1.5 - 2.3 1.4 1.1 1.3 1.0
22:0 4.9 4.9 6.5 5.5 5.4 5.2 5.4
25:0% v 2.0 - 1.4 2.1 2.8 5.0
24:0 + 20.4 21 26 15 ) 26 24 23
24:1% 3.4 3.9 3.0 5.8 5.2 4.0 3.6

*tentative designation

/present but not measurable

Other minor components each amounted to less than 1% of the total.

The reproducibility

of estimates from duplicate chromatographic separations was approximately L 5%«



PROPERTIES OF THE LIPIDS FROM RED .CELL POPULATIONS, FRACTIONATED
ACCORDING TO AGE BY DISCONTINUOUS ALBUMIN GRADIENT ULTRACENTRIFUGATION

Variations in lipid metabolism with red cell 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 also been studied. Investigations

of the lipid constitution of cells of different ages have been reportedzoo’201

, but
the improved age separation which 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 modifization of the method of Piomelli
gi_g;193, see ps40 ). The degree of separation achieved was assessed by fractionating
rat red cells at intervals after administration of reticulocytes labelled with
l§¥14g7%lycine.

Uptakes of 17—14g7linoleate and 17;14g7pa1mitate into ghosts from fractionated
cells were studied. Ghosts were incubated in plasma/Krebs-Ringer-phosphate solution,
in the presence of ATP and CoA. Linoleate uptake into intact, fractionated cells,
from a similar medium, lacking ATP and CoA, was also measuréd. The purpose of the
comparison was to examine whether variations in levels of these cofactors with age
could cause variation in the rate of fatty acid uptake.

Initial studies were performed on rat red cells, 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 populations. With human cells, no problems arose
from hemoglobin precipitation, or cell lysis and deoxygenation in the presence of
albumin., In addition, sufficient blood for each study could be obtained from one
human donor.

The problem of misinterpreting results, because of white cell contamination,
made it necessary to measure uptakes of palmitate and linoleate by white cells.

Corrections, (which were generally small), could then be applied to incorporations

into red cell preparations.
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As a basis for comparison of fatty acid uptake into different aged fractions,

normal populations of erythrocyte ghosts were also incubated with both labelled acids.

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

Ultracentrifugation

Reticulocytes labelled with [5—14g7glycine were administered to a rat., Red
cell samples were withdrawn at intervals, fractionated by centrifugation over
discontinuous albumin gradients, 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-
creasing density as the cells aged., Although relatively sharp fractionation of radio-
activity was achieved for the samples taken O, 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 osmotic variation. During this study,
the separation technique was still being developed, and it was subsequently found that
the albumin solutions used for the day 5 and day 22 separations had osmolalities of
310 and 325 mOsm respectively. Hence some cell shrinkage occurred during these

separations, and since density changes caused by cell shrinkage are probably not

207

However the distribution patterns seen in the other samvles show that rat red cells

related to age , the true distributions according to age were partly obscured.
are efficiently separated into fractions of different mean age by ultracentrifuging
over a discontinuous albumin gradient,

Bach blood sample taken (1-2 ml) removed a significant amount of the total
blood of the rat (20-25 ml). This would have stimulated the production of young,
unlabelled cells, and hence caused a bias towards the lighter fractions in the red
cell distributions in the density gradients. However the cells were removed every
15 days, and the cell life span is 60 days, so the changes in distribution should have

been slight. »
The results obtained by Piomelli et a.l193 for rabbit erythrocyte fractionation
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using this procedure are shown -in Figure 9. The rat cell fractionations,apart from
those affected by osmolality Qariation, are coimparable to these. Piomelli gj_g;193
have propcsed a model which fits their results, 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), considered 7 cell age groups distributed in
10 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 accbunt random destruction of the cells, i.e. that there are normally more

younger cells in circulation than older ones. Table 26 gives the mean ages of 5

equal fractions of rabbit erythrocytes calculuted by Piomelli et a.l193 from this

model, and also calculated from their experimental results, Approximations of the
mean ages of similar fractions of rat erythrocytes calculated from the results of the
present study, (assuming the same degree of random destruction of rat and rabbit
cells), and are given in Table 26. The latter are approximate, as distributions of
cells of only a few ages were measured. They also underestimate the separation of
different ages, since data from separations in hypertonic media have been included in
the calculations, Both the model and experimental data give very good separation of
mean cell age for the rabbit. Considering the approximations and data available for
calculation, the separation achieved for rat cells is probably equally good.
It is likely that human cells would be separated to a similar degree, After
centrifugation of human, rat or rabbit red cells, there is an excess of young cells

at the top, and old cells at the bottom, of the cell column. The albumin gradient

technique would be expected to improve this age separation for human cells, as it

does for rabbit or rat cells, On this assumption, the range of mean ages of 5 equal

human red cell fractions have been calculated (Table 26).
¥ith the achievement of such a variation, it should be possible to detect any
variability of cell 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 Radioac%ivity Among Rat Blood Cells of Different Density,
at Intervals After Z§;14g7glycine Labelled Reticulocyte Administration

Days after Density Per cent Relative Total Protein Total Protein
Adminis~ of cells HemoglokWin Radio- Radio~ activity activity
tration content activity® activity® Per unit Hb
° }'8%85 1 0.75 28500 18800 38000 25000
1.083 15 1.75 27000 9700 15400 5540
1‘085 38 4.40 46500 14700 10600 3340
1°os65 23 2.65 20500 5050 7800 1900
1’110 17 2.00 8800 2080 4400 1040
: Total cells 11400 3000
2 1'8g25 12 1.65 8300 8200 5100 5000
1086 16 2.35 15600 15500 6600 6550
1.088 39 5.50 17800 17500 3200 3150
1 7 1.05 2500 2180 2450 2150
1'1185 26 3.65 3650 3600 1000 950
* Total cells , 3050 2650
22 1.075 i 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
Lol Total cells 1750 1650
59 1.075 14 0.63 210 340
/oo 39 1.82 620 340
1.085 19 0.87 730 830
1epes 18 0.84 950 yse
ji-08% 10 0.46 750 1650
1908 potal cells 910 |
sl 2 5,55 420 120
[ oce 29 3.80 700 180
1.085 26 3.25 870 270
pood 15 2.00 1360 680
iieB 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

Mean Age (days)

193 Human
Cummulative per cent Rabbit Rat Lifespan
of cells from top of Lifespan 60-70 days Lifespan 60 days 120 days
density gradient From model _From experiment From experiment Interpolate
from rabbit
data
0~ 20 9 7 14 15
20 - 40 18.5 20 20 40
40 - 60 26 30" 26 60
60 - 80 39 35 30 15
80 - 100 51.5 50 38 100
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Table 27: A Summary of the Basic Conditions for Each Study
WRS Sex M Whole population of red cell ghosts incubated with linoleate

ghosts:plasma:KRP

plasma fatty acid activity:

RBC incubated:

wBC per 1010 REBC:

radioactivity recovered in ghosts:
total recovery:

1:0.87:2 (v/v/v)

1.20 x 106 dpm/ml
5.0 x 1010

6 x 102

4.4%

95%

CD Sex F

ghosts:plasma:KRP

plasma fatty acid activity:

RBC incubated:

WBC per 1010 RBC:

radioactivity recovered in ghosts:
total recovery:

1:1:2 (v/v/v)

1,46 x 100 dpm/ml
3,25 x 1010

1.5 x 103

6.4%

N%

Whole population of red cell ghosts incubated with linoleate_

WRS Sex M

ghosts:plasma:KRP

plasma fatty acid activity

RBC incubated:

WBC per 1010 RBC:

radioactivity recovered in ghosts:
total recovery:

1:0.87:2 (v/v/v)

1.64 x 10° dpm/ml
5.25 x_1010

6 x 102

4.1%

94%

JRS Sex M

cells:plasma:KRP 0.2:1.1:1.4 (v/v/v)

plasma fatty acid activity:

WBC incubated:

RBC incubated:

radioactivity recovered in cells:
total recovery:

0.72 x 106 dpm/ml
49 x 106

0.18 x 1010

19%

94%

White cells incubated with linoleate + CoA/ATP

Whole population of red cell ghosts incubated with palmitate

EJC Sex F

plasma fatty acid activity:

WBC incubated:

RBC incubated:

radioactivity recovered in cells:
total recovery:

White cells incubated with palmitate, ATP and CoA
cells:plasma:KRP 0.2:1:5

MIW(I)* Sex M
cells:plasma:KRP

plasma fatty acid activity:

density: 1.075 1.080
per cent of RBC: n
RBC incubated x 10~10 0.33

WBC per 102 RBC ' 1

radioactivity re- 0.90
covered in cells (%) ’
total recovery (%) g2

Red cells incubated with linoleate

(v/v/v)
2.10 x 106 dpm/ml
12,6 x 10
0.16 x 1010
4.2%
100%
1:1:2 (v/v/v)
2.82 x 10® dpm/ml
1,082 1.084
17 29 21.5
0.92 1.75 1.30
2. 5 3
0.62 0.61 0.52
89 92 89

1.086

1.110
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MIW(II)* Sex M Red cells incubated with linoleate

cells:plasma:KRP 1:0.5:2  (v/v/v)

plasma fatty acid activity: 4.60 x 106 dpm/ml

density: 1.075 1.0815 1.0835 1.085 1.0865 1,090
per cent of RBC: 10 Sh5S 16.5 12.5 18 18 29
RBC incubated x 107 '~: 0.43 1.25 0.95 1.40 1. 40 2.25
WBC per 102 REC: 3 3 3 3 3 3
Radioactivity re-

covered in cells (%): 3.6 4.5 2.9 2.6 3.5 8.5
total recovery (%): 95 96 95 98 98 69
GL Sex M Red cells incubated with.linoleate

cells:plasma:KRP  1:1:2 (v/v/v) .

plasma fatty acid activity: 4.75 x 106 dpm/m1

density: 1.075 1.079 1.0805 1.0815 1.0835 1.0865
Per cent of REC: 10 34.5 30 18.5 T

RBC incubated x 10-10, 0.63 2.12 1.85 1.15 0.45

¥BC per 105 RBC 2 2 2 1 1
Kadioactivity re-

covered in cells (%): 1.6 1.9 2.1 2.4 1.,

total recovery (%): 99 104 98 96 98

MIF(I)* Sex M
ghosts:plasma:KRP

Red cell ghosts incubated with linoleate, ATP and CoA

1:1:2.2

plasma fatty acid activity:

density:
per cent of RBC:

RBC incubated x 10-10,

¥BC per 102 RBC:
Radioactivity re-

covered in ghosts (%):

Total recovery (%)

v/v/v) 6
2.82 x 10° “dpm/ml

MI®(II)* Sex M
ghosts:plasma:KRP

plasma fatty acid activity:

density:
Per cent of RBC:

RBC incubated x 10-10,

BC per 102 RBC:
Radioactivity re~

covered in ghosts (%):

Total recovery (%):

CCW Sex F
ghosts:plasma:KRP

plasma fatty acid activity:

density:
per cent of RBC:

RBC incubated x 10-10,

WBC per 10° REC:
Radioactivity re—

covered in ghosts (%) :

Total recovery:

1.075 1.080 1.082 1.084 1.086 1,110
1 17 29 21.5 21.5
0.39 1.08 1.70 1.22 1.19
1 2 5> 3 5
e Zhil (0 2.9 2.7
70 78 85 83 90
Red cell ghosts incubated with linoleate, ATP and CoA
1:0.5:2 (v/v/v%
4.3 x 10° dpm/ml
1.075 1.0835 1.0855 1.088 1.0935 1.102
18755 15 29.5 24 1%
0.68 0.55 1.08 0.90 0.47
5 4 2 3 5
3.9 4.5 7.0 5.7 6.0
92 95 86 11 86
Red cell ghosts incubated with linoleate, ATP and CoA
1:1.5:3.3 (v/v/v)
gl -966 dpm/ml
1.075 1.080 . 1.082 1.084 1.086 1.105
16 28 20 20.5 16
1.05 1.85 1.34 1.35 1.07
"2 2 1 2 2
5.0 4.6 4.8 4.3 5.6
91 95 99 95 97




1T

vJc Sex M Red cell ghosts incubated with palmitate, ATP and CoA
ghosts:plasma:XRP 1:1:2.25 (v/v/Z)

plasma fatty acid activity: 3.62 x 10° dpm/ml

density: 1.075 1.080 1.082 1.084 1,086 1.110
per cent of RBC: 42 22 17 1 8.5

RBC incubated x 10~10; 3,15 1,65 1.32 0.84 0.62

WBC per 102 RBC: 2 5 T 20 210
Radioactivity re-

covered in ghosts (%): 2.4 2.7 2.7 2.9 6.5
total recovery (%): 89 88 86 86 87

GGM Sex M Red cell ghosts incubated with palmitate, ATP and CoA
ghosts:plasma:KRP 1:1:3.6 (v/v/v)

plasma fatty acid activity: 3.26 x 106 dpm/ml

density: 1.075 1.078 1.080 1.082 1.0845 1.102
per cent of RBC: 22 25 23 16.5 14

RBC incubated x 10~10; 2.50 2,80 2,60 1.87 1.60
WBC per 102 RBC: 8.5 8.0 745 7.5 553
Radioactivity re-

covered in ghosts (%): 7.5 4.0 3.7 3.4 4.5
total recovery: 108 107 101 96 99

EJC Sex F Red cell ghosts incubated with palmitate, ATP and CoA
ghosts:plasma:XRP 1:1:4.4 (V/V/g)

plasma fatty acid activity:2.10 x 10° dpm/ml

density: 1.075 1.078 1.080 1.082  1.084  1.086
per cent of REC: 10,5 44 31 10ad 3.6

RBC incubated x 10-10; 0.54 2.30 1.62 0.55 0.19

WBC per 105 REC: 0.5 0.5 0.5 0.5 1
radioactivity re-

covered in ghosts (%): 4.9 4.9 3,3 4.2 2.6
total recovery: 106 96 98 98 101

* Denotes separate blood samples

Abbreviations are tabulated in Appendix 2
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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 cells, or ghosts of the cells,
in each fraction. Details concerning fractionations are summarised in Table 27,
The levels of total lipid, phospholipid and cholesterol per cell are given in
Tables 28, 29 and 30, and also presented graphically in Figures 10,11 and 12. 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 cell
and ghost lipid extracts., In general, ghost preparations yielded more total lipid
than did cells, on a per cell basis, but there was closer agreement between cells and
ghosts for cholesterol and phospholipid. iﬁ addition, the amounts of lipids extracted
from different ghost preparations are less reproducible., This can be seen more
clearly in Figure 13 in which lipid levels are compared with one another, and with a
selection of literature values. The additional components in ghost extracts, (shown
by TIC), appeared to be triglycerides and cholesterol esters. However, if these
lipids were true ghost constituents, they should also be present in cell extracts,
and hence it is likely that the& arose from another source, probably plasma, It is
possible that ghosts could bind plasma lipids or lipoproteins strongly enough to with-
stand normal washing procedures. It is well known that the method of ghost
preparation can affect liopid recovery73. In this study it was necessary to use a
method yielding ghosts enriched with ATP and CoA, which may not have given complete
lipid recovery. These factors led to gréater variations in ghost as compared with
cell lipid parameters, and preventéd the use of data on ghosts as more than a guide fo:
assessing any age variation., Phospholipid leveis, however, were more reliable than

total lipid levels, and hence justified more detailed consideration.

The literature values for the lipid content of human erythrocytes show a
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less phosphatidyl etkanolamine (PE) than did others, and in fact showed phospholirid

T1

distributions similar to those obtained by Dodge and Prillips' for human red cell

lipids which had undergone varying degrees of autoxidation*. Phospholipid

66,67,172

distributions for other donors agreed closely with literature values #or
the dorors for which no autoxidation is evident (GL, MJW(II) cells and ghosts, EJC),
no variation in phospholipid constitution between fractions of cells of different
ages is evident. This is true for both cell and ghost extracts. This result agrees
with those of Westerman 93_3;200 and van Gastel gﬁ_g;201, who were not able to
detect phospholipid differences in fractions of centrifuged cells.

The fractionation by serial osmotic hemolysis of bovine red cells (pp'(53_69)
also revealed little difference in either lipid level or constitution. Westerman
gi_g;goo obtained differences of 0.7 mg, 0.4 mg and 0.18 mg per 1010 cells for total
lipid, phospholipid and cholesterol, between the top and bottom 10 per cent of a
column of centrifuged red cells, Van Gastel eﬁ_@l201 took the top, middle and bottom
15 per cent of a sample of ultracentrifuged red cells, Their differences between top
and bottom were 1,3 mg total lipid, 0.5 mg phospholipid and 0.2 mg cholesterol
per 1O1O cells, and between middle and bottom were 0.3 mg, 0.3 mg and O.1 mg. Both
groups measured small differences in cell dimensions between old and young cells,

and when 1ipid values were related to cell volume or surface area, differences mostly

1 .
became insignificant, or at least very low. Van Gastel et alzo regard their total

* Autoxidation of red cell lipids causes decreases in PE and phosphatidyl serine (P3)
concentrations, and apparent increases in sphingomyelin (SP) and lysophosphatidyl

choline (LPC) concentrations. This is due to PE and PS breakdown products

1 ! .
exhibiting similar TLC mobilities to 3P and LPC7 . After it was realised that

autoxidation was occuring, it was eliminated by extracting and storing lipids under

nitrogen, and always keeping them in solution. The conditions responsible for

autoxidation were either drying for 1-2 hr under vacuum, prior to weighing, or

o . .
storage in chloroform at 400 or -15 C for varying periods.
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lipid differences as least significant, because of inherent inaccuracies in the
determinations., Variations measured in the present study are of a similar order to
those of Westerman gi_glzoo and van Gastel §§_51201. In fact the enhanced age
separation has revealed no greater differences between ycung and old cells, and has

shown the biggest differences in lipid content to be between the very youngest and

[
/

the r%maining cells. As reticulocytes are considerably larger than erythrocytesz >
. . .26 s .

and contain more llp1d2 y 1t would appear that the transition between reticulocyte

and erythrceyte could account for most of the observed lipid difference between young

and old red cells.

Table 28: Total Lipid Extracted from Human Red Cells of vifferent Ages

Fraction
Donor Est,. I 11 III Iv v VI
_ Error increase in density and age N
f" cells
MIW(I) Z0.20 4,40 3.55 3.50 3.60 3.50 |
3L 20.15 3,80 3.45 3.40 3,35 |
ww(r1) | X 0.15 4.35 3.85 3,90 3.70 3,70 3.35 |
= 1
ghosts 5
Crw Xo.15 4.60 4.10 3.95 3.80 4.00 |
MIW(II) ¥ 0.20 6.30 7.30 5.10 4.50 4.80 :
MIW(I) 2 ¢ee 4.10 4.25 3.85 4.20 4.35
aeM £ @15 4,00 3,40 3.75 4.00 4.45 a
vJC 20,20 3,70 3,65 3,20 3,25 3,20 ?
EJC Io.15 3.90 4.20 4.60

Values are gquoted in mg per 1010 cells. Errors arising from extraction and
analysis are estimated. For fraction sizes and densities, see Table 1. These

results are presented graphically in Figure 10.
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Table 29: Phospholipid Extracted from Human Red Clells of Different Ages

r_ f Fraction
Donor Est. I II LT Iv v VI
Error increase ix density and age_ i
cells A
MIT(I) { 0.20 3,50 3.30 gy 3.35 3.40
GL - 0.15 3,65 3.40 3.40 3,25
i MIF(II) % 0.15 4.30 3.90 3.95 3.70 3.70 3.30
. ghosts
cow 2 0.15 4.55 3.85 3.80 378 3.90 |
MIW(I) Z0.15 | 4.20 4.50 4.10 3.10 3.50
MIW(I) ¥ 0.20 | 4.00 3.65 3.45 I55 3.80 1
GoM 20.15 | 3.9 3.20 H8G0) 3,65 %.90 f
VALY I 20.20 | 3.65 3.55 3.10 3,00 2.90 |
eJc ¥ 0.15 | 3.65 3.65 3.70

. 10 -~ . .
Values are guoted in peq per 10 cells, Errors arising from extraction and analysis
are estimated. Xor fraction sizes and densities, see Table 1. These results are

presented graphically in Figure 11.

Table 30: Cholesterol Extracted fronm Human Red Cells of Different Ages

T Fraction |
Donor Est. I II III Iv v VI
Irror increase in density and age,
cells
MIF(I) X 0.05 0.97 1.02 0.93 0.90
GL Z0.05 1.05 1,00 1.00 0.90 |
MIW(II) | < 0.05 1,02 0.97 1.00 0.94 0.94 |
ghosts
ooy X 0.05 1.15 1.00 0.95 0.95 1.00
MIW(I) 2 0.05 1.05 0.92 1,00 1.05
GGM X 0.05 0.90 0.80 0.92  0.95 1.00
vJC X 0.05 0.85 0.80 0.75 0.70 0.70

Values are quoted in mg per 1010 cells. Errors arising from extraction and analysis
are estimated. For fraction sizes and densities see Table 1. These results are

presented graphically in Figure 12.
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Table 31: Percentages of cholesterol and phospholipid in the lipid extracted

from human red cells of different ages

Donor Phospholipid Cholesterol
I II IIT IV A\ VI I II IIT IV v VI
increase in density and age increase in density and age_
| i |
cells |
MIW(I) 61 72 71 72 75 25 29 26 25 i
GL 74 76 16 75 14 27 29 29 30 26 t
MIW(II) 76 78 18 11 76 6 26,5 25 27 25 28 §
ghosts
Ccw e 43 78 15 i 25 24 24 24 24
MJIW(II) 52 48 62 55 55
MIW(I) 72 66 T0 65 68 25 24 23 24
GGM 74 73 T3 72 68 22 24 25 24 23
VJC 76 76 76 72 70 24 23 24 21 21
gJC 64 71 69 67 62

for fraction sizes and densities, see Table 1.

Table 32: Percentage Distribution of the Major Phospholipids in Human Red Cells

of Different Ages

R -} o - Fraégﬂ;{____
Donor | Phospho~ I II IR Iv \ VI
lipid | increase in density and age.
L ; ) )
i Per cent of Lipid Phosphorus
GL PE i 30 2.5 30 .5 3221 29 2 1 30 T2
PS«PC | 43 22 4221 42 21 Mz 223
SP 262 26711 25 21 271 22 21 21
S| S s o T2 . —
MJW(II)| PE I 30 } 1 27 } 1 29 5 0.5 29 E 0.529.5 = 1 34 = 1
cells | PS+PC |48 X 1 49.5 X1 4420.5 4511 46.5310.5 4371
SP 12253 "3 & 272 0.5 2621 24 = 0.5 £35 9905
MJW(II) PE : 28 } 1 29 E 2 29 ; 2 30 } 1 30 { 1 |
ghosts PS+PC]48:2 82 4932 47 = 2 ng -
SP |24 21 23 X 1 22 12 1 23 X 4 g
| o - = —
EJC PE 130 X1 39 E 1 30 } 1 31 { 2 30 = 2
PS+PC | 46 a2 nm 22 mzo M =2 44 = 2
SP 222 25,521 2721 25 22 }26 )
e | 2311 2 11 519 R




Tatle %2, cont,

Phospho- I II III v v VI
lipid |
ozl (R
cew PE 4.5 } 0.5 22.5 } 0.5 18.5 { 1 20.5 } 0.5 20 5 0.5 !
P3+PC | 38 1 4z 43 =1 4331 382
SP 29 2 1 30 = 0.5 30 = 1 30305 3222
IPC | 8.5 20,5 6 20.5 8.5=0.5 6=1 10 % 0.5
vJc PE ZYE 7 1721 15521 1621 17.5 21
PS 8 =2 732 8 ; 2 922 622 |
PC 3422 umta  mio %22 312
SP 26 2 2 28 2 2 28 = 2 2822 2732
LPC 11 %2 19 £ 2 14 %2 2E8 s
MIW(I) PE 16 5 2 20 E 1 18 E 1 13 } 1 17 E 1
cells | PS+PC 36 % 3 32 X 34 L2 B = A B2 2
SP I I < 30 X1 29 =2 =g =5
LPC 16 % 2 17 L 2 17 &% il Al 2
MJW(I )| PE 15 ; 1 20 E 1 18 { 1 22 { 1 16 { 1
ghosts | PS+PC| 33 21 37 22 34 = 2 %632 3722
i el Zah pEl 2] Gl ls
GGy B 262 19fo.5 16I1 16,53 0.521.5 2 0.5
PS+PC | 36 — 2 43 - 1 40 -1 e PR
SP 28 - 1 3111 3311 31.5:1 29:1 :
LPC 9L g 61 10 i.g 1321 10.5 1
| |

Phospholipids were separated by TLC in CMAW 65:25:8:4. 3ome distributions
were verified by TLC separations in CMM 14:6:1. Phosphorus analyses were carried
out directly on the silica gel. Each separation was performed in duplicate, and

errors between separations are estirated.
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Figure 10: Variation in Human Red Cell Total Lipid Content with Cell Age



RED CELLS

peq /10'0 cells

—s MIW MW Gl

| 2
[~ 4
3 -2
-2
-1
-0

GHOSTS

s MIW ccw GGM

0 50 100

5 MW viC

| (= TRy FEmens FRIeE FIEe |
¥ w

0 50 100 0 50 100
percent cells from top of density grodient

Figure 11: Variation in Human Red Cell Phospholipid Content with Cell Age



RED CELLS
mg 7100 cells

r\S MIW MIW GL
|

2

GHOSTS

15 MIW CcCw GGM

J 1

10

5 |

0 % N I

0 50 100 0 SN 100

15 e
!
o
-5 . |
I {
L ) L =

- 0 50 100

percent cells from top of densny gradient

Figure 12: Variation in Human Red Cell Cholesterol Content with Cell Age



References

263

Harris, Prankerd and Westerman

Phillips and Roome26h

Williams, Kuchmak and Witter

Dodge and Phillips71
65

2
de Gier and van Deenen, Verloop and van Gastel

Kates, Allison and James2

Munn and Crosby267

268

Erickson, Williams, Bernstein, Arvin, Jones and Macy
Hill, Kuskis and Beveridge[+

V¥ays and Hanahan

Dodge, Mitchell and Hanahan73
Farquhar65

. ) . 60
Reed, Swisher, Marinetti, and Eden

Parpart and Dzieman240

Westerman, Pierce and Jensen200

van Gastel, van den Berg, de Gier and van Deenen



T

mqg L b

CHOLESTEROL o :
. J: 8. % & %
o e_ O® o o 0 U
Fo S %+ ° e F o (&P | e
L

0 - e — e

_ PHOSPHOLIPID

oe e o ° e
4 Ooo. e * "o® 0®, o °° ¢ 1 ¢ ™ c?l
- e i [e) Qe o
N e K= s o °® 1 809 ®
i 1 ° a, © 4 s q
e 0] L ]
q
o
r T 1
1
|
! & . ] ® per ml
s packed cefls
f) - === &  EEn e, — - —
°
_ TOTAlL LIPID - ® °
f'o) T &
3 o
, B °® ® _|
e - ® ° e o) - - o)
o) o o o e O o | o
° ° o o °
B R o T Fo %P o o y 8 }r ) g e
mg | Ok CDO 0o o o .
0
3 o bt 7] 10
o O per 10
cells
2 -
1= -+ —4
0 ——
M{W M%W GL CD RS MJW CCW GGM VIC M%W EIC abcdefghi jkimno p
1
CELLS GHOSTS REFERENCE

Figure 13: Comparison of Amounts of Lipids Extracted from Red Cell Samples with Literature Values



3ed cells were fractiorated »y zibunmin gradient -

cells or ghosts, with /1-

compernents were identified 2nd estimated gquantitatively. In two studies, lipids

were alsc extracted from incubabion medis.

Erprazsion of esults

1. As can be seen in Table 27, medium radiocactivity concemtrations varied
i
between experiweats. In order to relute fatty acid uptaxes in different experimant:

Y 4 Y

t has beesn assumed that upteze was vroporticrnal to concentration., (This seeuns

[}
(o
e
3
§

i
[(

.

2
=
(D
‘_ J
L

e
()
155
[0)

9
Vo)
&
ul
ot
b

e of raiioactivity uptaze « JRI0CH/ x specific activit

« [/ 4c_mnoon]

8 A

Ivumin=Cabty zcid complexes,; and sencsnirations of n-m=aliumin

ds should remain essertially cunshart, Therefore the rate of radic-

.
e
o8
«©
\

activity uptake sho Li ve independent of olasma dilution riingly all uptakes

ave been relited to a plasmyr radiosctivily concentration of 107 dpm/mi.

)

r

— fa
Sinee the /i- 72/linoleate pres.ration used was only 385 per cent pure (zee pe

an apprcpriate correction has also been made for this,
2. For ccmparing properties of different cell fractions, radioactivity

ircorporaztions can be expressed in 2 variety of ways., Of these, regnlis expressed

either in terms of srecifie activities or per ueg phospholipisd are the mos



I e 3 PRy - o~ ! ot . 5 @
desiraklie, becuuse of tre varitions found in gb st

- .
2 e:11l basis are

z T =AMo .
2 In some cells were yresent io

PRTes (ot G 1 . = = . 5. & i . . .
activity uptazes. Accordingly white esll ~oniributions wers &s

appropriszte corrections nmale,

Gagd e 48 Vi "
Autoxidative chargss aocourred ir i 1ing PPactd ! i :
4. A& ditive changes ocgourred in some linid samples, 1ffecting primarily PE ard

ranion trealkdown has been assunied, ard ohserved and predicted PI levels uqed *c

O I, S - . I, ’ 3 :
obtain & correction factor for radicactis
Alvpgviasturetad ol = O o) 26 BE he pwd gl ITn

poiyumsstureted 22ids are more likely to he oxidised’ ', However, es arachidoss

tke major polyunsaturated a«=id present, and plospk .lipid meclecules
& HERRE

(@]
S
(9]
I
—+
(]
3
=
,...1_
483
£
(63
=
f o
(W)
(63
o
4
A0l
{
o
ol
"~
1]
.
[
o)
)
ea
(+
Gig
A
\
U
®
I‘J
o

chain, the assumption is probably |
(] o} { = m o~ .o B . . . - .
regsonable.® A similar tyve of assumption is involved ir the me.zurement of

ween

]
(o]

1ifi2 setivities., Both rorrected a4 uvncorrected PG radioactivities hav

phospholipid,

Fr

s are expressed in terms of specifiec activity or per ueq
-

sfter sllowing for white cell ~cotributions, znd normalising to a glasma activity

”~

b2

%) ~ . - . . N
of 10" Apr/ml., Date to which none of *these corractions has been applied are tabulated
in Apoendir 1,
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Ijentification of Radioactive Lipid Components

The identification of 1lipid components after TLC has been discussed (p._35).
Radioactive components were identifie$~both by comparing avtoradiographs with TL
plates from which they were prepired, and comparing the positions of radiozuctive
spots with standards.

Radioactive lipids identified in red cell extracts were:

1. Positive identification: free fatty acid (#FA), triglyceride (TG), phosphatidyl
choline (PC), phospkhatidyl ethanolamine {P3Z), and lysophosphatidyl choline {LEC)*,
(Migures 14-19),

2. Tentative identification: diglyceride (DG); two faint bands, one almost ahead of
and one almost behind cholesterol)were sometimes present, (FMigures 16,17). These
were tentatively identified as diglyceriie isomers. Phosphatidic acid {PA); in

most extracts there was evidence for a component running with or just behind the
sclvent front ir CMAW, and not migrating in HETA (see figures 16,13). It was first
postulated by comparing total phospholipid radioactivities measured after separation
using both solvent systemns, and later demonstrated by eluting the origin after HuA
separation, separating the components in CilA#, and measuring the solvent front
activity. Autoradiography of a 2 dimerrsionul TIC separation using both these solven
also showed presence of this componertt. It was not separated from the bulk
phospholipid by TLC in CMi 185:15:1, but avtoradiographs of CMN separations

(Migures 17,19) suggest that in this solvent it could run just behind SP. The com—
ponent was tentatively identified as phosphatidic acid, which exhibits similar TLIC
behaviour to that observed.

3, Not identified: One or two bands, migrating between cholesterol and the origin

in HEA, and between the solvent front and free fatty acid in oMy  (Figures 16,17)

have not been identified and are designated "components X"..

* Abbreviations are tabulated in Appendix 2,
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Some faint streaking in’the LPC,3P region can be seen in autoradiographs
of autoxidised samples.

3ince the 17-14§7linoleate was not completely pure (see p, 24), the juestion
arises as to whether thz= trace impurities could have been taxen up by the red cellss
This appears to be unlikely because (a) after incubation, the impurities were still
present, with no apparent reduction in concentration, in the medium (Figure 14),
and (b) no imp:rity bands were detectanle in the autoradiographs of the cell lipid

(Pigure 14).

Table 33: Incorporation of 140—Fatty Acids into Human Yhite Blood 7ell Lipids

Approximate white cell lipid levels: 500 mg TL/1O1o cells
50C peg PL/1O1o cells

ZT~14g7linoleate uptake(Donor WR3) 17-1427palmitate uptake(Donor =JC
Component | Per cent of Activity per Fer cent of lcgivity per
esterified 10° cells esterified 10° cells
activity (dpm) activity (dpm)
TL 4200 2800
TG 471 2 0.5 2000 5 2 1600
DG + \ 242 L 0. 3 60
L] —002 20 R 3 I
X }55 i 2J0E G5 60
PA 4.0 21,0 < 170 a0 & Ao 55
PE 2.3 2 0.3 100 1.6 £ 0.5 45
PS 0.9 2 0.5 40 0.9 £ 0.5 25
PC 39 Z 0.5 1600 25 £ f 800
SP 0.6 ¥ 0.1 25 6.0 £ 0.5 170
LEC | 0.9 0.1 40 71 < 003 30

Duplicate TLC separations with both HEA 60:40:1 and CMA¥ as solvents were performed.
Estimates of errors in separation and analysis have been made. Errors in white cell
counts are of the order 10-20 per cent. BExperimental details are given in Chapter 2

and Table 27, and data uncorrected for plasma activity concentrations ani red cell

contributions in Appendix 1, Table 33a.
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Table 34: Incorporation of /1- 42/1inoleate into Normal Populations of Human Red “el

Donor CD Donor WR3 ‘
Compon=| Per cent of Activity per 3pecific Per cent of Activity per 3pecific
ent esterified pey PL (dpm) activity esterified jueq PL {dpm) activity
activity dpm/ueg activity dpmjueg
L | . 17300 R 12200
TG 2.4 - 1 400 2.9 =1 350
DG
= }5.2 0.2 900 17.6 2 0.3 330 |
PA - 1 = 4.5 1 550 |
PE 10.5 = .3 1800 6000 6.5 20.2(7.0)  770(860) 3300
PC 80 - 0.5 14000 38000 70 - 0.5 8500 26500

Duplicate TIC separations with both HEA 60:40:1 and CMAW as solvents were carried

out. PA activities were estimated from differences in '"phospholipid" activity

between the two separations. Values for PE activities in parentheses have been

sorrected for autoxidation. &stimates of errors associited with separation, analysis

and correction for white cell zontribations have been made. HRrxperimental details

2
<

are given in fChapter 2 and Table 27, and data uncorrected for plasma activity

concentration and white cell contributions in Apvendix 1. All abbreviations are

tabulated in ippendix 2.

Table 35: Incorporation of 17—14§7palmit§te into a Normal Population of Human

Red Cell Ghosts, (Donor &RS)

Component Per cent of esterified Activity per meg Specific act-
activity PL (dpm) ivity dpm/ueq
o T
TG 1.4 21 150
1 13.5 X 0.5 1500
PA 9.0 X 1 1000
PE 8.7 X 0.3(10.0) 950(1100) 4200
C 58 £ 0.5 6400 20000

For the explanation of results, see

the footnote to Table 34,



Photographs sutoradiographs
Solvent System

o CE

HEA 70:30:1

CMAYW 65:25:8:4

5P
LPC

O 14:6:1

A B C D E F

FIGURE 14: TLC SEPARATIONS OF LIPIDS FROM HUMAN RED CELL GHOSTS (A) AND PLASMA (B)
AFTER INCUBATION WITH [T-”g’/'PALMITATE; RED CELL GHOSTS (C) AND PLASHA
(D) AFTER INCUBATION WITH /i~ C/LINOLEATE; AND WHITE CELLS (E) AND
PLASMA (F) AFPER INCUBATION WITH /T-'“C7LINOLEATE  (DONOR VRS)
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Linoleate and Palmitate Uptake by Human Red Cells

Cells from different blood samples showed considerable variation in fatty
acid uptake. This variation could not be accou;ted for by differences between
linoleate and palmitate uptaxe, or differences in the behaviour of cells and glosts.
Tor this reason, results for each set of insubations are presented separately.

Data on the uptake of both acids intc white cell lipids are given in Table 33,
As white cell levels in red cell preparations were very low, only approximate counts
could be made, and the order of the.fatty acid incorporation due to white cells
estimatel. However since it has already beer shown that fatty acid uptake into
bovine red cell TG is not significant, and comparison of observed TG activities and
estimates of white cell contribtutions suggest a similar situwation for humin cells,
white cell contributions to activities in other components were calculated from T&
activities and the radioactivity distrisutions in Table 33,

Tables 34 and 35 summarise the ircorrvoration of linoleate and palmitate into
normal populations of red cell ghosts. Photographs and autoradiographs of TLC
separations of lipid extracts from #R3 cells are shown in Figure 14. Both fatty aci
were predominantly taken up into PC, with slower uptaxe into PE, PA, DG, and probably
two other unidentified components. Overall linoleate uptaxe appeared to be slightly
faster than palmitate uptake. Other investigators Luve observed similar patterns of
uptake into PC and PE4O’41’102. Incorporation of fatty acids into red cell
diglyceride and phosphatidic acid has not been reported.

Incorporations into cells and ghosts, after fructionation according to age,
are given in Tables 36-38 (cells and linoleate), Tables 39-41 (ghosts and linoleate)
and Tables 42-44 (ghosts and palmitate), As well as the components listed in the
tables, free fatty acid fractions were also radioactive. Levels of free fatty acid
activity varied quite widely, depending on the efficiency of washing after incubati
Very small amounts of TG activity were measured, but were accountable for in terms

of white cell contamination. Apart from a trace of palmitate-labelled PS (see GGM,
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Figure 19) no incorporatior intc other cdmponents could be detected. Although low
activity (less than 2 per ceat of the total) was often meisured in other components,
it was never seen as discrete bands, andlwas most likely due to slight trailing of
other labelled ccmponents,

Photographs and autoradiographs of TLC separations of lipids from WR3, MJW(II,
cells and ghosts, NCW, VJC and GGM are shown in Figures 15,16,17,18,19 respectively.
Graphical representation of variations in fatty acid incorporation inte total
esterified lipid (Migure 20), phosphatidyl choline (Figure 21), phosphatidyl
ethanolamine {®igure 22), phosphatidic acid (Figure 23), and diglyceride and
components X (Figure 24) are given. @Migure 25 compares radioactivity distributions
in the esterified lipids, and Figure 26, PE : PC specific activity ratios.

From rates of uptake into the different cell lipids it is possible to
calculate times required for the renewal of all the palmifate or linoleate in each
component, These cal:xulaitions have been maide for uptalces into both normal populatior
and age fractions of cells and ghosts (Table 45), and show considerable varistion
between individuals in renéwal time for each component. In particular the difference
between 5 and 250 days for cell PE linoleate is noteworthy. Normil cells, incubited
in vitro under near physiological ccnditions appear to be able to turn over their
entire PC linoleate only once, or even less, in a lifetime (120 days). Their PG
linoleate turnover rate appears to vary from only about one third right up to 20
times per lifetime., Ghost turnover rates are considerably faster.

The main features of each set of incubations of fractionated cells or ghosts
are briefly as follows:

MIW(I) cells and linoleate: Total incorporation fell slightly with cell age.

This is attributable to a fall in ircorporation into PC, tle major labelled componen

Uptake into PE was relatively constant, but autoxidation effects tend to obscure the

true piecture. Radioactivities in other labelled lipids increased very slightly with

age. On a percentage basis, a decrease in PC was accompanied by an increase in
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other activities. The ratio of PE to PC specific activities increaised with cell age.

MJH(II) cells and linoleate: Total incorporations were higher than normally

observed with intact red cells. PE was responsible for most of the additional
uptake, and there was a marked increase in PE activity with cell age, (see Figure 195)
It appears that PC activity decreased slightly with cell age, NG nctivity increased,
and there were no definite trends in PA or X activities. Incomplete separation of
DG and X in the oldest fraction could account for its observed distribution. The
most striking feature is the marked increase in the per cent of activity associated
with PE, with corresponding decrease in PC, and 2s a result, the much higher ratio
of P8 to PC specific activity for older cells.

GL cells and linoleate: Apart from low activity in the small, oldest cell

fraction, there was an overall increase in fatty acid uptike with cell age.
Activities in all components of the oldest fraction were uniformly lower than would t
expected from 2 comparison with other fractions, and it is possible that this could
be due to an error in a fundamental measurement. Uptakes into both PC, the major
labelled component, and PE increased with cell age, but DG and X were relatively
constant, and PA low and variable. Variation in PA could in part be attributable to
errors in estimation. Percentage distributions were relatively uniform, but PE to K

specific activity ratios were slightly higher in older fractions,

MIW(I) shosts and linoleate: Linoleate incorporation was predominantly into

Pt, and this showed a slight decrease with cell age. Uptake into PE could have
decreased slightly, but again autoxidation effects tend to obscure the true picture.
PE to P7 specific activity ratios were essentially constant, and no obvious variatio

in uptake into minor components is evident.

MJW(II) ghosts and linoleate: The same overall pattern as that for uptake in

MJA(II) cells is evident. There was a marked increase in uptaké into PE with age,
and virtually no change in uptake into PC (see Figure 16). Uptakes into minor com-

ponents varied a little, with that into PA increasing slightly with cell age.
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CCW(I) ghosts and linoleate: Uptake into all esterified lipids was essentiall

constant, whether expressed in terms of absolute uptake or percentage distribution.
Combined DG and X activity was higher than usual. Autoradiography skows this
activity to be evenly divided between two components (figure 17).

VJC ghosts and palmitate: As a relatively large number of white cells

accumulated in the densest red cell fraction, and mude a large contribution to fatty
acid uptake, accuracy of red cell data for this fraction is limited., Nevertheless a
generally constant pattern of total incorporation is evident. Uptake into PE was
fairly constant and that into PC decreased very slightly with cell age. Uptakes
into PA, DG and X were higher in older cells. PE:P specific activity ratios were
eazsentially constant. High TG activity due to white cell contaminatiorn can be seen
the autoradiographs (Tigure 18).

GGM ghosts and palmitate: There was a slight increase in total fatty acid

uptaxe with age, mainly attributable to uptake into PE, PC activities were constant
and consequently there was & marked increase in PE:PC specific achivity ratio with
cell age. Activities of all components in the second olcest sample were uniformly
lower then expected from comparison with other fractions, possibly because of an
error in a fund.imental measuremert., DG and X activities aprarently decreused, and
P4 activity increased with cell age. Autoradiogravhy shows a low uptake into P3 in
111 fractions., PE activities were higher than uverage, and the overall picture

resembles that for MJIW(II).

EJ0 ghosts and palmitate: Again total activities were essentially constant,

and there were no marxed variations with age in PC or PE activities, either in

terms of absolute or relative uptake. DG and X activities decreased slightly with

cell age. Pluctuations in PA activity were due, at least in part, to inaccuracy

of lipid separation.
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FIGURE 16: TLC SEPARATIONS OF LIPIDS FROM GHOSTS OF HUMAN RED CELLS,
FRACTIONATED ACCORDING TO AGE, AFTER INCUBATION WITH [T-14_C_7L1N0LEATE
(DONOR MJW(II))
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FIGURE 15: TLC SEPARATIONS OF LIPIDS FROM HUMAN RED CELLS FRACTIONATED
ArCCORDING TO AGE, AFTER INCUBATION WITH 17—14Q7LINOLENTE

(DONOR MJW(II))
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€ 17: TLC SEPARATIONS OF LIPIDS FROM GHOSTS OF HUMAN RED CELLS, FRACTIONATED
ACCORDING TO AGE. AFTER INCUBATION WITH /T-™C71.TNOTRATR (DONOR COW)
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FIGURE 18: TLC SEPARATIONS OF LIPIDS FROM 3710373 OF HUMAN RED CELL3, FRACTIONATED
ACCORDING TO AGE, ATYER INGUBATION WITH /T- “C7PALMITATZ  (UONOR VJC)
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FIGURE 19: TLC SEPARATIONS OF LIPID3 FROM GHO3T3 OF HUMAN RED CELL3, FRACTIONATED
ACCORDIVG TC AGE, AFTER INCUBATION WITH Zi;14g7PALMITATE (DONOR GGM)
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Table 36: Incorporation of 41-1 g/linoleate into Human Red Cells Fractionated According to Age,
(donor MJW(I))

—

density range of cells

e p+n

1.075 1.080 1.082 1.084 1.086
Perceﬁfage distrigaéion of the radioactivity in the esterified lipids
+ + + + +
DG + X 6 = .5 9.5 g 13.5 3 .5 16 5 il 21 M
PA 17 ;2 15 > 2.5 14 =5 29 = 5 38 M
PE 58N & 1 9.0(12) 7 2.5 8.5(13) 7 1.5 10.5(21) 7 .5 10(16) ¥
PC 59 = N.5 55 2 1.5 55 7 1.5 30 s 1 18 :
SP + LPC 15 11 A 10 * 14 L 12.5 1
Activity per peq phospholipid (dpm) )
TL (esterified) 2100 1550 1450 1250 1350
DG + X 125 150 200 200 280
PA 350 300 200 360 520
| PE 105(165) 145(185) 125(185) 130(250) 135(230)
PC 1230 850 800 370 250
SP + LPC 310 175 150 170 170
| Specific activity (dpm/neq) -
| PE 650 700 700 1000 800
| PC

3500 2800 2300 1050 780

These results are presented graphically in Figures 20 - 26, For an explanation of results, see the
footnote to Table 34,



95.

— QIS —
Table 37: Incorporation of /1= C/linoleate into Human Red Cells Fractionated According to Age,
(Donor MJW(II))

density range of cells 1.090
15875 1.0815 1.0835 1.085 1.0865 *
Percentage distribution of the radioactivity in the esterified lipid
+
DG = 4.3 % 0.2 10.5 7 0.2 10.0 ¥ 0.2 8.8 1 0.2 1B & o
X 4,1 5 0.2 Selt e 0.2 Ste 5 3 0.2 4,8 % 0.2 3.7 2 0.2 2.2 T O.
PA i 9 3 165 T g 1=0 10 & 1.0 14 = 1.0 10 £ 1.0 6.5 L
PE ‘ 30 = 0.5 31 7 1.5 45.5 2 0.5 bo - 1.0 55 < 0.5 8o - 1.
PC \ 5 - 1.0 b9 - 1.5 28.5 - 0.5 32 = 1,0 22 = 0.5 9.6 - 0.
Activity per meq phospholipid (dpm)
~
| TL(esterified) 3500 2550 2900 3000 4150 11700
DG 110 110 300 300 360 130
i X 140 140 160 145 150 260
PA 310 280 290 420 4oo 760
PE { 1050 800 1320 1200 2300 9400
i PC 1900 1250 820 960 910 1120
- , [ . .
| Specific activity (dpm/ueq)
] PE 1 3500 3000 4500 4100 8000 27500
l PC | 5400 3500 2700 3000 2650 3800

These results are presented graphically in Figures 20 - 26. For an explanation of results, see the
footnote to Table 34,
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Table 38: Incorporation of /1- (C/linoleate into Human Red Cells Fractionated According to Age,

(Donor GL)
density range of cells [
1.075 1.079 1.0805 1.0815 1.0835 1.0865
‘—E;;;é;;;ée distribution of the radibactiv;tg-ig_th; ;Sggrified_lipias
DG 5.7 ; 0.3 7.0 ; 0.3 75 ; L3 o2 ; 0,3 8.0 E 0.5
X ] 11.0 "+' 003 10.5 : 003 12.8 ; 003 9.2 ; O.} 17 ; 005 |
PA | 3.5 7 3.0 6.5 1 1.0 2¢5 3 1.0 8.0 z 2.0 Bl T 2
PE - 75 7 045 8.5 7 0.3 8.5 < 0.5 10.0 = 1.5 10.0 - 0.5
PC 72 =1.0 68 < 1.0 68 - 0.5 66 - 0.5 62 = 0.5
Activity per peq phospholipid (dpm) o o
TL(esterified){ 1480 1950 2100 2400 1080
DG ’ 85 135 160 125 85
X 160 210 270 220 185
PA 50 125 50 190 50
PE 110 165 180 240 110
PC 1070 1350 1450 1600 670
Specific activity (dpm/meq)
PE 360 540 560 820 370
PC 3400 4300 4800 5200 2100

These results are presented gréphically in Figures 20 - 26. For an explanation of results, see the

footnote to Table 34,
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Table 39: Incorporation of L?—1497linoleate
Age (Donor MJW(I))

1.075 1.080

into Ghosts of Human Red Cells Fractionated According to

density range of cells
1.082 1,084 1,086 1.110

Percentage distribution of the radioactivity

in the esterified lipids

|
i

DG + X 1.8 Y o.B 2.2 2 0.3 .2 0.3 3.8 > 03 5.6 > 0.3
PA 4.0 1.0 o5 : 1.0 5.5 1.0 2.0 Z 1.0 7.5 1.0
PE 5.2(9.5) i 0.5 5.1(7.0) + 0.3 3.8(5.5) 7 0.3 4,4(5.5) 2 0.5 4,1(7.0) 7 0.3
PC | V2 7 1.0 85 ;1.0 85 - 1.0 85 ;1.0 75 g g
SP + LPC 13.2 Z 0.3 3.3 < 0.3 3.3 to.3 e £ 0.8 7.4 0.3
Activity per meq phospholipid (dpm)

TL(esterified) 7500 6700 6600 6400 5600

DG + X 135 150 280 245 310

PA 300 300 360 125 410

PE . ; 390(720) 350(470) 255(360) 285(350) 240(390)
PC 5800 5700 5600 5400 4200

SP + LPC 970 220 220 270 410
Specific activity (dpm/)leggﬁr o -
PE i 2600 1750 1450 1300 1500

PC 18500 17500

17500 17200 13000

These results are presented graphically in Figures 20 -~ 26. For an explanation of results, see the

footnote to Table 34,



Table 40: Incorporation of éT—1ug7linoleate into Ghosts of Human Red Cells Fractionated According to
Age (Donor MJW(II))

| density range of cells
| 1.075 1.,0835 1.0855 1.088 1.0935 1,102
! Percentage distribution of the radioactivity in the esterified lipids
+ +

DG 3.8 1 0.5 3.6 1 0.2 2.3 3 0.2 2.2 7 052 1.1 7 0.2
| X 301 ; O.Z 3.2 : O.2 1.3 _‘; 092 2.2 '+' 002 101 ; O.2
| PA 1 - 2.0 8 1 1.5 B = 1.9 8 2 2.0 10 7 1.0
| PE 16 7 0.5 38 < 0.5 43 2 1.0 49 2 1 56.5 3 1.0

PC 63 - 2.0 Lé - 0.5 Lks - 1.0 35 -1 30 - 1.0

Activity per meq phospholipid (dpm)

TL(esterified) 3500 3900 .. 6600 7500 7500

DG 130 140 150 160 80

X 105 125 85 160 80

PA , 380 320 540 600 760

PE 540 1500 2850 3800 4200

PC 2150 1800 2950 2600 2250

Specific activity (dpm/ueq) .

PE 1900 5000 9800 12200 14000

PC 6200 5200 8200 7600 6600

These results are presented graphically in Figures 20 - 26. For an explanation of results, see the

footnote to Table 34,
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Incorporation of 11—1 g7linoleate into Ghosts of Human Red Cells Fractionated According to
Age (Donor CC¥)

Table 41:

99.

density r%hgé o%néells -
1.075 1.080 1.082 1.084 1.086 1.105
Percentage distribution of the radioactigg;;miﬁhthe.eéterified-1ipids
DG + X 20 = 0.5 23.5 3 0. 21.5 T 0.4 2b T 0.k 26 2 0.k |
PA 945 7 1.0 8.0 =1 1.5 10 7 1.5 8.5 £ 2.0 9.0 7 2.0
PE 801 CJ 0.3 505 - 003 5.7 e’ 003 5\:“" - oo} 5¢9 — 003
| (8.7 (6.6)+ (8.3)+ (7.0), (8.0}
PC | 58 =~ 0.5 60 ~ 0.5 57 = 0.5 58 = 0.5 58 = 1.0
Activity per meq phospholipid (dpm) - o
TL(esterified) 12000 12500 12800 14000 13200
DG + X | 2400 2950 2750 3300 3500
PA i 1100 1000 1250 1250 1250
PE i 970 700 720 750 800
I (1050) (850) (1050) (1000) (1100)
PC ! 6900 7500 7200 8000 7700
 Specific activity (dpm/weq) -
PE 3900 3150 3900 3600 3900
PC 20000 22000 21000 23000 22000

These results are presented graphically in Figures 20 - 26,

footnote to Table 34,

For an explanation of results, see

4 0
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Table 42: Incorporation of 41-1 g/palmitate into Ghosts of Human Red Cells Fractionated According

to age (Donor VJC)

100.

These results are presented graphically in Figures 20 - 26.

footnote to Table 34,

density range of cells
1.075 1.080 1.082 1.084 1.086 1.110
Percentage distribution of the radioactivity in the esterified lipids
DG | 3.0% 0.5 3.5 2 0.5 3.8 2 1.0 M § 10 W K 20
PA E e 220 1M1 1 3.0 8.5 7 2.0 18.57 3.0 18 <+ 4.0
PE | 10 Z 0.5 9.8 = 0.5 7.2 - 0.5 5 H N » 12,0
(12.5) (15.9) (12.5) (9) , (1),

PC 67 = 2.0 66 < 1.0 60 = 1.0 45 2 2.0 41 < 4.0
e @ &&= 1 3.8 ¥ 6.5 4,5 = 0.5 12 = 1.0 Lol = (la@ 1.0 - 1.0
Activity per neq phospholipi&"(a;m) -
TL(esterified) 3800 3900 3600 4700 4800
DG | 115 140 130 520 520
X | 210 250 340 620 1000
PA | 370 430 280 850 800
PE ; 370 380 250 230 300

; (460) (600) (430) (430) (500)
PC 2500 2600 2000 2050 1900
LPG + SP | 115 180 4oo 180 50
Specific activity (dpm[p;q) : _ - _ e

| \ !
PE i 1750 2200 1550 1450 1800 f
PC | 7400 7700 5800 5800 5800

SN -————

For an explanation of

results, see the
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Table 43: Incorporation of V/ C/palmitate into Ghosts of Human Red Cells Fractionated According
to Age (Donor GGM)

density range of cells
1.075 1.078 1.080 1.082 Lol Lo te
?é;;éhtage distribution of the radioactivity in the esterified lipids
DG + X | 1005 7 0.5 8.8 7 0.5 6.8 = 0.5 6.7 3 0.5 5.6 3 0.5
PA 505 :_ 1.0 700 : 1'0 9.5 ; 1.0 11.5 _T_ 1.0 805 ; 1.0
PE 13.5 =1 105 13 = 0,5 13.5 = 0.5 2k - 0.5 305 = 0.5
N (18), (23) , (35) , (37) ,
PC 61 e 1.0 62 = 1.0 5l+ T 1.0 L8 T 1,0 L9 e 1.0
SP + LPC ; 3.8 ~ 0.5 L,5 - 0.5 9.7 - 0.5 75 ~ 0,5 5.5 - 0.5
Activity per neq phospﬁéilgié-(gb;i
° TL(esterified) 5400 6200 6600 4300 7200
S DG + X 570 550 L60 290 Loo
< PA 300 450 600 520 600
PE 720 830 220 1050 2200
(1100) (1500) (1500) (2600)
PC 3300 3800 3500 2050 3500
SP + LPC 200 280 630 320 390
‘ Specific_;;;{;ity (dpm/peq) - - o - .
! PE 2800 L4400 5600 5700 i 10200
] PC 10200 10400 10400 6300 10000

These results are presented graphically in Figures 20 - 26. For an explanation of results, see
footnote to Table 34,
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Table L4: Incorporation of éT—1ug/pa1mitate into Ghosts of Human red Cells Fractionated According
to age (Donor REJC)

density range of cells
1.075 1.078 1,080 1.082 1.084 1.086 |
]

—

Percentage distribution of the radioactivity in the esterified lipids

DG 8.7 7 0.5 6.5 1 0.3 6.1 1 0.3 5.5 3 0.5 4.5 1.0 |
X 5.2 1 2.0 2.0 ;0.5 1.2 7 0.3 2.0 - %2 - ;0.5 '
PA 600 ; 200 - ; 1.5 1.0 : 1.0 7.0 : 105 1.5 ; 105 l
PE 11.7 7 3.0 12.8 7 0.5 14 - 0.5 12.2 7 0.5 19 2 1.5 [
PC 56 CJ 2.0 71 b1 1.0 72 — 1.0 65 = 1.0 68 - 200 |
+. . S— g R — — . e = = — S
i Activity per peq phospholipid (dpm)
TL(esterified) 7200 8900 8400 7400 7600
e 630 570 520 410 330
X 370 180 100 150 -
PA 450 = 80 550 110
| PE 830 1150 1200 910 1450
R 4100 6300 6100 4800 5200
Specific activity (dpm/neq) e
| PE 2700 3600 3900 3000 4000
PC 14000 21000 21000 17500 17500

These results are presented graphically in Figures 20 -~ 26. For an explanation of results, see the

footnote to Table 34, j
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Table hi: Estimation of Approximate Rates of Linoleate and Palmitate Turnover in Human Erythrocyte or
Ghost Lipid Components, as a Result of Uptake of the Free Fatty Acid from Plasma

' Component | Activity taken up ig | Plasma FFA taken up Linoleate (or Fraction re- Renewal
‘ 3 hr from plasma,10 per hr (peq per pegq palmitate) in placed per hr time
! dpm per ml (dpm per cell PL) x 10 component (Per cent) (days)
| ‘ peq PL) neq/neq PL |
' Cells and linoleate
PC 500~1500 2~6 0.15 «013~,04 100-300
PE (normal) 200 0.8 0.045 .018 . 250
PE (high uptake) 1000-9000 L-36 0.045 .09-.8 | 5-45 |
|
Ghosts and linoleate
PC 3000-8000 12-50 0415 «15=.35 12-30
PE (normal) 500-1000 2=k 0.045 .07=.13 30-60
PE (high uptake) 500-4000 3-25 0.045 «07-.55 7-60
J e
| Ghosts and palmitate _
PC 2500-5000 15-30 0.15 «07-.15 30-60
PE (normal & high 500-2500 j 3-15 0.045 JOb=,2 20~100
uptake) - {

Data used in calculations:

Plasma FFA concentration257-259 0.8 peq per ml*

Linoleate260,261 45 0.12 upeq per ml

Palmitate260:261 2b e 0.19 peq per ml

A plasma radioactivity concentration of 10” dpm per ml is equivalent to:Linoleate specific activity
8 x 106 dpm per neqs;
Palmitate specific activity
5 x 10° dpm per neqe

Red cell’phospholipids 67,72
PC 25 total 23%’ linoleate ! 0,15 neq linoleate per neq PL
) 32;. palmitate 0.21 ueq palmitate per pmeq PL
PE 307 total 7.5% linoleate 0.045 neq linoleate per meq PL
12.5/% palmitate 0.075 neq palmitate per peq PL
*Plasma FFA concentrations can vary over a wide range, (normally about 0.3 - 1 ueq/ml). As uptakes

appear proportional to fatty acid concentration, they would vary accordingly.
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Zomparison between Different Blood Samples

Cn comparing *the differert sets of ircubations of red cells or zlhos
plasma favty acide, it is obvious that 2 wide range of tehaviour is possible, For
an ATP and Jod édependent process, it would be expected itrat upiake into ~ells o
which these cofactors were not zdded would be lowsr than that into enriched ghosts.
Lower uptakes were observed Zor twe of the cell samnles, but for the other, the
extent of fatty ucid incorporation was nowmparzble te that for ghests,

On the averzge, linolesie urtaike into ghosts was slightly higher than
palmitate uptzaze. Howasver variaticn between individuals was too great tc assess the
difference,

Uptaite of a particular ze.id would appear to depend on cell cencerntration,

+3

here is some correlation betweer untake inte total esterified lipid {Pigure 20) and

cell dilutiorn during incubation:

czll dilution
cells + linoleate MIY(I) 1:4 = GL 1:4 > i{IT) 1:3.5
ghosts + linoleate GOV 1:5.8 > MIF(I) 1:4.2 > WIT{II) 1:3.5
shosts + palmitete BJIT 1:6.4 > GaM 1:5.6 > VJT  1:4,25

L

Variation hetween setsz of incubations is particularly evident for the

14

distribution of the fathy acil taken up, betwsen the differert cell lipids., Fowever

§0s

this carnot be explained in terms of differences betwesn pzlmitate and ilincleate
uptake or between untaxe inte cells and ghosts,
Rlood samnles were tazen from 2ll donors skortly .fter breakfust, hence

variations in plasma compositio

=4

1 would be exvected., As the esterification reactiocns
under study make use of extermal substrates, ramely free fatty acide wnd lyscphosphe-
lipids 4Ty 10*’103, variations iu concentrations cf these would considerably influence
both total incormoratior rate and the distribution of the incorporated fatty acid.
variaticn in plasma constibution could have two 2ffects. MMirstly, different sets

of incubations have been compared by assuming that uptake of a fatty acid is pro-
portional tc its concentration. If this were not sc, the lower plusma specific

activities wo1ld be asgsociasted with higher incorporaticns. However no such
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correlation is evident. GSecondly, concentrations of plasma lysophospholipids, and
precursors of diglycerides and the unidentified nonpolar lipids (X) if present,
could vary independently. This would affect both the overall futty acid uptake,

and the distribution of the acid taken up.

Variation in Fatty Acid Uptake with Cell Age

The relationship between fatty acid uptake and red cell age also varied
corsiderably between different blood samples., For incorporation into FC and PZ, the
folliowing relationships have been observed:

(a) Yotk remain constant with age,

(b) Dboth increase slightly with age,

(c) an increase with age in uptake into PE with a constant uptake into PC,

(d) a constant uptake into PE with 2 decreasing uptake into PC,

On this basis there are two fairly distinct types of behaviour; with the tfirst, the
ratic of PE:PT specific activities increases markedly with -ell age (¢ ard 4), but
with the secord, this ratio remains virtually unchangei (a2 wnd b). Uptakes into F3,
DG and X were mostly constaant or slightly increasing with zge, although in two cases
uptakes into DG and X decreased slightly. No correlation between the behaviour of
these components :nd either PC or PE is evident,

Although plasma variztion could acccunt for variztion between different sets
of incubations, it alore cannot account for variation between different fractions
of the same cell population, as all fractions were incubated in identicul media,
Behaviour does not appesr to be necessarily characteristic of a particular donor.
Two blood samples were removed it different times from the same donor (MJW), and both
cells and ghosts from each incubated. Although cells and ghosts from the same blood
sample behaved similarly, there was a marked difference in behaviour between the
two samples. In addition, behaviour is apparently independent of the fractionation
procedure, as both MJW(II) fractionations were carried out independently.

Before suggesting possible interpretations of these results, it should be
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ascertained that the observed differences in red cell age dependence of fatty acid

uptake are genuine. Firstly the accuracy of results in any incubation should be
considered. Estimates of errors arising out of TLC separation, guantitative
analysis, and correction for white cells have been made znd are shomm in the tables.
Measurements of total activity per unit phospholipid should be reproducitle to
within X 5 per cent. These errors are inaufficient to explain the observed
variations between cell fractions. Becauss of the method of sstimation, PA radio-
activities are the least reliible. Radioactivity uptakes are relatel to the amount
of phiospholipid extracted, and hences no error would have been introduced by uniform
lipid loss during extraction. There is no evidence for gain of extraneous
phospholipid (Figures 11,13) causing erroneously low uptakes.

A possible source of error is in the constitution of the incubation systeins.
These systems were prepared by adding proportionate amounts of KRP and plasma to
packed cells, and errors in meusurement of these volumes would have been greatest for
the smallest cell samples., Dilution errors should not have affected concentrations
of fatty acid available for uptaxe into the cells, (as dissociation of the albumin-
fatty acid complexes accompanies dilution). However as it appears that cellular
acyl transferases were not saturated , fatty ucid uptaxes would have been
dependent on cell concentration (see p.128), and hence affected by errors in
dilution. It is very unlikely that such errors would be large and able to account fo
the ranges of incorporation observed. In addition, percentage distributions of
esterified activities should be unaffected by any errors in cell dilution.

In the studies in which different fractions show a wide range of behaviour,
variation does appear to occur progressively with age rather than randomly, hence
there appears to be no cause to doubt that the major variations in fatty acid uptake
with age are real., 35mall variations, especially in minor components such as PA, DG
and X%, could be attributable to experimental error,

Another possibility that should be discussed is whether the lack of variation

in uptake with cell age observed in some experiments could be due to lack of
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significant age fractionation. The same density gradient centrifugation technigue
was employed in all experiments, solutions were always isotonic, and albumin
densities were modified to suit the particular cells. Definition of cell bands was
clearer in some separations than in others but these bands were always discernable.
Although small variation in the efficiency of age separation could thus have arisen,
there is no reason why any marxed differences, or lack of separation, should have
been ichieved.

It seems3 reasonable, therefore, to assume that genuine differer.ces in
behaviour of red cells of different ages hive been observed. As these differences
cannot be explained solely in terms of substrate concentrations in the incubation

medium, they must be due to different capabilities of young and old cells.,
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Incorporation of Labelled Fatty Acid into the Lipids in Human Plasma

When plasma was incubated alone with 17—14Q7palmitate or 17—14g7iinoleate,
radioactive components in lipid extracts were similar to those present before in-
cubation, (see p. 24),and no radioactivity corresponding to any phospuolipid could
be detected. However, after incubation with either acid in the presence of red
cell ghosts, some activity was present in plasma PC and LPC (Figure 14).

The relationship between radioactivity released into plasma and age of red
cell ghosts 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 amounts of trailing fatty acid. PC activities were significantly 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 results.

Table 46: Radioactivity Distributions in Plasma Lipids after Incubating with

— 14 =
Human Red Cell Ghosts of Different Ages and 11— 4g/Pa.lmitate (Donor GGM)

T

Percentage of Radiocactivity |
- ___solvent front PE PO LPC =
Plasma incubated alone >99.9 .02 .02 .02 :
Plasma incubated with cells ,
Fraction I 99.7 .078 .18 .035
II 99.7 .085 .15 .025
increasing III 99.7 .085 .16 .026
v 99.8 .082 .10 .034
DL EeS v 99.5 12 .25 12

Plasma lipids were extracted and separated by TLC with CMAW 65:25:8:4
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Lipid Content of Rat Red Cell Populations with Different Mean Ages

General information on incubations and fractionations is summarised in Table 47.
Of the three fractionations only one was suitable for studying variation in lipid
levels. Data from Rats C are presented in Figure 27 and Table 48, in which a com—-
parison is also made with data from normal cell populations and with literature
values, Lipid levels in tke cells of different ages varied in the ranges observed
for normal populations, and agreement with literature values is good. It appears
that there was a slight decrease in cell phospholipid and total lipid with age, and
that this decrease occurred mainly between the two youngest fractions. Distributions
of both phospholipids and neutral lipids, although fluctuating somewhat, showed no
definite trends with age. Results are therefore in agreement both with those
obtained for albumin gradient fractionation of human red cells, and serial osmotic

hemolysis of bovine cells.

Tab;gﬁgg: Variation in Lipid Coutent of Rat Red Cells, fractionated According to Age

Y

Rats C 1
increasing age of cells Normal cell |
: pop- Literature Value
ulations
(a) (o) {c)

Total lipid i _

n8/1010 bells | 3410 2.65 2,95 2.5  2.90 |2.8510.1 | 3.15
izgjfg?éigiils 2,40 2.10  2.20  2.05 2.15 | 2.45 105 2.75 61
;223%8?8922113 0.75 0.70  0.85 0.65 0.80 | 0.8 % .05 | 0.79 28
| Fer c;ﬁZIEZEZ_ 61*1 64%1 602 6222 s822(65% 67 61

' Cholesterol 2421 2721 2922 24 %1 28,2 2| 24 & 25 28

| FRa 61 pan EER JEH 5.3 | | -

| TG T3 BEg 5 =2 522 5272 | |-

| CE 7£1 3Z1 522 421 6=2 | b=

|

‘Percentage distribution of gajor phgspholip}ds 1 B

PE 2922 2122 3022 26=-2 23-3 fg =2 §2 17-23
| PS + + + + + 2| -2 14

= 56%f2 632 59X1 60=2 65 - 3I 82 | 8 56-65
'SP - 1652 16X1 1122 1421 122211231 L3 18-22

Neutral lipids were separated in duplicate by TIC in HEA 70:30:1, phospholipids in
CMAW 65:25:8:4. Estimates of errors arising from chromatographic separation and
analysis have been made.
(2) Mean of 3 cell samples

gB,7O

(b) Nelson o 580
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Figure 28: Incorporation of Palmitic Acid into the Lipids of Rat Red Cells

of Different Ages (Rats D)



dpm /peq PL

1074 B L
15
10
-
B [? DG + X
-0 |—o |
~- 8
PC
-6
PE
- 4
= PA
=2
-0 J |
(4] 50 100 0 50 100 0 50 100
percent cells from top of density graodient
Percent Total Activit PE
y log pC
~50 PC PE PA DG + X 4=
=40 .24
=30 0
=20 -2
-0 .'l -6 T T L] T
o S 0 50 100
increcsing cell  age

Figure 29: Incorporation of Palmitic Acid into the Lipids of Rat Red Cell

Ghosts of Different Ages (Rats E)



111,

Variation in Uptake of Palmitic Acid with Age of Rat Red fells

Data are presented in the same way as for experiments with human cells,

Incorporation and fractionation conditions are summarised in Table 47,

Normal Cell Populations

Uptakes into white cell lipids are shown in Table 49. Total uptake was of
a similar order to that observed for human white cells, but TG activity was con-
siderably lower. Incorporations into red cells, and ghosts to which ATP and CoA were
added after preparation, are shown in Table 50. Although white cell contamination
reduced quantitative accuracy in the cell incubation, both cells and ghosts
incorporated the acid predominantly into PC, and to a much lesser extent into PE,
PA, and probably DG. Traces of LPC activity were also detectable. After incubations,
supernatant lipids were extracted and analysed. Some PC and LPC activity was

evident with PC activity amounting to about 0.2 per cent or the total.

Cell Populations of Different Ages

Radioactivity incorporation into fractions of red cells, separated according
to age after incubation with palmitate, is shown in Table 51 and Figure 28. ILipids
were extracted from cells wihich had not been washed free of albumin following
density gradient fractionation. Hence any lipids present in the albuwin were als0
extracted, and for this reason, radioictivity incorporations are related to cell
numbers. Almost all uptake was into PC, and it appears that there were roughly
equal decreases in PE and PC activities with cell age. Considerable cell

ag:lutination occurred during incubation and fractionation. The relationship betweer

cell age and agglutination is not known, and tne densest, agglutinated fraction

probably does not contain only the oldest cells. It is also possible that some

alterations to other cells occurred, which could affect age-density relationships.

As a result of the difficulties encountered in this experiment, cells were sepirated

before incubation in subsequent studies.
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Table 47: Summary of Conditions for Separation and Incubation of Rat Red Cells.

Rat A: Incubation of Red Cells and White Cells with [T— C/palmltate.

| .
i Red and White cells were incubated together in plasma, with activity 1,27 x 1O6dpm/ml ’
| cells:plasma = 1:1.42 v/v
Red cell extract IR0, px 1010 rae
1.2 x 10% iBC per 1010 REC
thite cell extract 17 x 100 WBC |
1,1 x 108 RBEC per 10° WBC |
| Radioactivity recovered in RBC  3.0% i
Radioactivity recovered in WBC 10.8%
overall recovery 98w

e o i

Rat B: Incubation of Red Cell Ghosts with /1— C(Palmltate.

———— -

thosts were prepared by hemolysis in hypotonic phosphate buffer (Dodge et al?a)
They were separated but not washed and ATP and CoA  were added to give final
| concentrations of about 4uM and O.%uM respectively.

Ghosts were incubated in plasma, ~ith activity 1.08 x 1O6dpm/ml
ghosts:plasma 1:2
ghosts extracted Dle® X 1010
iBC per 1010 REo 0.4 x 100
Radicactivity recovered in RBC 5%
LOverall recovery 954

Rats G: Analysis of Iipids from the pooled red cells from 4 rats after fractionation
of the cells according to age

(=

density 1.075 1.081 1.083% 1.085 1.087 1.108 f
| per cent of RBC 16 25 21 25 12 |
'RBC extracted x 10~10 2,45 3.75 3,2 3.9 1.8 |

Rats D: Cells from 4 rats were incubated separately 5l plasma with f1— C/palmltatv.

Bach sample was fractionated iccordlng to age and the pooled frictlona anzlysed, ]
Incubation prior to separation resulted in some cell agglutination and sedinentation |
during ultracentrifugation. 3Sedimented cells were sep:rated and extracted. Cells '
were not washed free of albumin before extraction. !

1

p
Average plasma activity: 1.22 x 10odpm/ml {(0.91 = 1.56)

density 1.075 1,081 1,083 1,085  1.087 1.108 |
per cent of RBC 13 19 21 20 25
RBC extracted x 10710 0,81 1,20 1,30 1,20 1.55 5e08% |

No white cell counts could be made.
wjgglutinated cells.

Rats E: Cells from 4 rats w=re Iractionated according to age.

. , T I 3 .
ATP and CoA enriched grosts Lrom pooled frazctions were incubated with /1- "C/paluitate

in xRP oH 7.4, contalnlng O per cent albumin. )
Meilum activity: 1.09 x 10 dnm/nl
ghosts: HRP = Her i
density 1.075 1.079 1.081 1.083 1.085 1,103 i
Per cent of RBC 2 51 32 9 5 |
RBC incubated 0.21 5.3 3.4 0.8 0.55 |
x 10~10 l
!

No white <ell counts could be made. ]
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Ghost Populations of Different Ages

Table 52 and Figure 29 show the incorporation of palmitate into age fractions
of red cell ghosts. Uptaxes were higher than that into the norwal gtost population,
probably because ATP and CoA)added at the time of lysis, were able to penetrate
into the ghosts. Some loss of lipid ana gain of impurity occurred in the smaller
samples, but as there appeared to be little gain in phospholipid, by relating uptakes
to PL levels, errors from this source should be minimised. It appears that there was
a decrease in uptake into PC with age, and relatively constant uptake into PE. The
ratio of PE : PC activity increased mar<edly with age, as in some human studies.
Incubations were carried out in KRP with added albumin. Lysophospholipids and free

129,130

fatty acids, which occur in plasma as albumin complexes y would be present in

the albumin, and therefore available as substrates.

Both these studies, therefore, conform to the general pattern observed for

humarn cells and ghosts, although experimental inadequacies do not allow as critical

an assessment.
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. = 14 =
Table 49: Incorporation of /1- 4g/palmitate into rat white blood cell lipids (Rat A)

| Component

Activity per 1

TL
CE
TG
DG+X
PA
PE
PS
PC
SP
Lpc

Per cent of Activity
in Esterified Lipids
120.5

8.7 g 0.5
505 7 Oo2
ik
6.0 T 0.2
1.0 - 0.1
64 % 1
1.4 0.1
0.5 2 0.1

Contributions by red cells were negligible.
Brrors in white cell counts could be = 207,

concentration are givern in Appendix 1, Table 49a.

|

|
g

Table 50: Incorporation of 17—14Q7palmitate into Normal Populations of Rat

Red Cells and Red Cell Ghosts.

NData uncorrected for plasma activity

Red Cells Rat A

Red Cell Ghosts Rat B

| Component Per cent of Activity per Specific Per cent of Activity
activity in peq PL (dpm) activity activity in  per ueg
| esterified dpm/ueq esterified PL (dpm)
| lipids lipids
|
| 1700 £ 300 11000 X
i G _ _ EOO
hig +
| DG+ 13 23 240 3,2 } 0.2 350
PA - T4 = 9z2 1000
P? i = 5 130 550 1.0 = 0.2 100
D 4 I 2 60 -
BC 6124 1200 2500 81 X2 9000
SP 2 -2 50

Uncorrected data

is given

in Appendix 1, Table 50a.

dpeci
actis
dpm/1

45

1900(¢
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Table 51: Incorporation of / 1- 4g/palmitate into Rat Red Cells Fractionated
According to Age (Rats D)

———— s e — . — e S— e -—

density range of cells

1.075 1.081 1.083 1.085 1.087 1.108

Percentage dlstrlgutlon of the radloact1v1t¥ in the esterlfled lipids . +

PE | 8.0 - O 5 2.3 i 0.5 2.4 n 0.5 1.5 I 0.5 2.7 - 0.5 3.0+ 05
e |85 o5 55tos 35 o5 %5 o5 95 Tos % 109
. Activity per 101 cells (dpm; accuracy in TL % 10%)

TL(esterified) 12200 8700 6400 6200 8400 14200*
| PE 1 1000 200 150 100 250 450
| PC ! 10800 8200 6000 6000 8000 13500

*Sedimented cells

These results are presented graphically in Figure 28, Uncorrected data is given
in Appendix 1.

Table 52: Incorporation of_[T—14g7palmitate into Ghosts of Rat Red Cells,

Practionated According to Age (Rats E)

- [

den31ty range of cells !

1.075 1.079 1,081 1,083 1.085 1.103% i

Percentage distribuEion of the ra adi oact1v1t¥ in the ester rified llplds :

Bé lom 1 9.3 2 0.5 2.5=0.2 4.6 -0.4 6.0=0.5 15 I 0.5 |

PA |48 2 2,0 14 *2,0 15 } 2.0 13 2.0 207120 |

PE 14 0.5 27 70.5 30 0.5 3 0.5 3370.5 |

PC 44 0.5 44 205 38 20.5 3% =05 19-05

Activit er uneq phospholipid (dpm)

TL(eatezlgled? & gaoogo : 145080 116000 108000 70000
DG or X ! 17000 5200 6200 6500 10000
PA | 33000 20000 17000 12000 14000
PE | 26000 38000 35000 39000 23000
PC ' 79000 62000 44000 39000 12500

These results are presented graphically in Figure 29. Uncorrected data is given

in Appendix 1,
i



METABOLISM IN _VIVO OF BOVINE ERYTHROCYIE LIPIDS LABELLED
1
§1TH 4C—ACFTATW*

This investigation was instisated when a cow was given an intravenous
infusion of 14C—aceta.te, primarily to study milk lipid production., Since eryturocyte
and plasma lipids would also become labelled, a study was made of the fate of the
radioactivity incorpcrated into the erythrocyte lipids. OCnly one aniwal was
available for an entire study, so caution must te observed in interpreting the result
directly and the value of the study is uwore as a guide for interpreting reluated
studies on red cell lipid metabolism. However it was possible to perform a pre-
liminary investigation, involving two red cell samples, on a siumilar animal, to
compare this with the main study.

Bovine erythrocytes have a lifespan of about 107 days196. mature rei cells
cannot synthesise lipids from acetate or phospholipid precursors, but can exchinge a
variety of lipid components for plasma counterpmrts7’30’94. In an animal administere:
1—1497acetate, radiosctivity could suter the erytarocyte lipids either by direct
synthnesis from acetate prior to waturation, or by replicement of lipids of miture
cells by radiouctive plasma lipids, synthesised at other sites in the body.
Incorporated radiocactivity could be lost by exchange with plasma constituents,
metabolic breakdowm, or removal with the cell at the end of its lifespan.
1414Q7Acetate administered to a cow is rapidly metabolised, and most of the radio-
270

sctivity is quickly lost by oxidation or milx production , S0 persisting radioactiv

lipids would be predominantly tnose synthesised at the time of acetate administration
d B

¢/Acetate (10m” in isotonic saline) was infused into the jugular vein of a

Jersey cow, over a 24 hr period. Blood samples were collected at intervals after

infusion, and the red cell and plasma lipids extracted and the radioactivity in

individual components measured.

*The results of this investigation have already been published, ref. 269,



17,

Results and Discussion

Table 53 shows the lipid constitution of the blood samples analysed. The
reproducibility obtained in these analyses indicates that variation in absoiute
amounts of cell or plasma lipid could not be responsible for observed differences in
radioactivity differences.

The disappearance of radioactivity from thne erythrocyte total lipid,
cholesterol, and phospholipid fractions during the study is shown in Figure 30. 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 cholestero.

or phospholipid. On day 15, the triglyceride and free fatty acid fractions each con-
tained 1 count/min/101o cells or 15 counts/min/ug; in later samples activities were
less than half this. No cholesterol ester activity was detectable in any sample.

The 1#14d7acetate dose was not high enouzh to acc.rately assess turnover of these
components. In the preliminary study, red cells withdrawn 31 days after acetate
infusion had a phospholipid activity of 37 I 2 and a cholesterol activity of

19 i 5 counts/min/1010 cells, and after 72 days tne phospholipid activity was 33 = 2
and the cholesterol activity 11.5 - ) counts/min/1010 cells. The rates of dis-
appearance of both components compare well with those observed in the main study.

A comparison of red cell and plasma phospholipid and cholesterol specific
activities is given in Table 54. No activity was detected in any other plasma lipid.
As in the dog and human118-121, the plasma free and esterified cholesterol, and
erythrocyte free cholesterol appear to be in equilibrium with each other, but not
with the erythrocyte esterified cholesterol.

The fall in radioactivity of the erythrocyte cholesterol with time produced a

271

similar curve to that typically obtiined for plasma cholesterol : an initial
changing slope due to slow and variable rates of eguilibrium between the different

body cholesterol pools, followed by exponential decay representing true metabolic
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Table 53: Lipid Content of Blood Samples Collected from 14C—Aceta'te Labelled Cows
Time after Erythrocytes , Plasma
i:ﬁi;i;:_ g::aio%épld iﬁgsgﬁgf Choisizirol Cholesterol  Phospholipi
Etration(da.ys) cells (mg) lipid Per cent
15 495 61
34 4.9 64
61 I 4.95 62 54 27 10
100 | 5.0 65 53 29 9
114 | 5.0 64 51 29 10
135 ! 4.95 64 54 28 8
755:???;;;115in3ry study) -
31 4.3 71
72 ! 50 69
Table 54: Specific Activities of Erythrocyte and Plasma Cholesterol and Phospholipid

il5 34 61 100
| Brythrocyte esterified 0 £ 5 0 % 9
cholesterol
| Erythrocyte free sh¥ 2 ZRHL WwEAA @Ag~f
cholesterol
Plasma esterified 586 G031
cholesterol*
. .Plasma free cholesterol 14 =1 7.5 Lt
| “Erythrocyte phospholipid 17 £1 17 %71 1621 152 1
[ Plasma phospholipid 6 29 M3 .5

Days after 1—14Q7acetate administration

114 135
7.5 .5 4.5%.5
7.0 %1 5& .5
1M I4 457 .5
10.5}‘7“’ '9.5‘{ .5
3,0 &£ 5 12,0 % .5

#Qalculated from total cholesterol ester activity less fatty acyl céﬂ%fibutions,

and corresponding toc at least 97% of the total activity.

Components were separated by TLC in hexane-ether-acetic acid 70:30:1

BEach separation was carried out in duplicate, and results are quoted I 1 standard

deviation as counts/min/mg.
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turnover. This is shown in the log plot in ®igure 31. The slope of the graph
suggests that eguilibrium was achieved after about 40 days, and a1 cholesterol half
life of about 45 days. No other data on bovine blood cholesterol turnover have
been reported, but for comparison, humun plasma cholesterol takes aoout 60 days to
equilibrate, and then exhibits a hilf-life of 50-100 days271’272,

Prom Figure 30, it is evident that although plaswi phospholipid activity
fell very gradually during the experiment, red cell phosphiolipid activity fell as if
it were influenced by two processes. [irstly there appeared to be a gradual fall
paralleling that in plasma, and secondly a sharper drop between 100 and 114 days
after acetaie 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 expliined by the existence of some erythrocyte lipid
constituents capable of replaceme:nt by plasma counterparts, and others which remain
intact throushout the life of the cell. {Althoush, the two rates of fall of phos-—
pholipid ectivity are clearly present in the aniumal studied, confirmation in another
animal would be desirable befors considering detailed irterp:etation).

The distribution of isotope between fatty acyl and non-fatty acyl wmoieties of
the erythro:zyte phospholipid is shown in Table 55. If the phosphnolipids were
uniformly labellei, about 65 per cent of the activity would be in the fatty acids.

The lower levels found could result from some phospholipids being rewoved from the

cells less readily than their fuatty icid constituents.

Table 55: Location of Radioactivity in Krythrocyte Fhospholipids

Days after £q14g7acetate Per cent activity in the
administration fatty acids
15 46
<+
34 51 =
100 51 % g

Phospholipids were hydrolysed in methanolic KOH and tne fatty acids extracted.

Each result is quoted X the estimated error.
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The cell phospholipids, examined in two samples, showed very similar
distributions of isotope (Table 56), and no localisation of isotope in any one
fraction is evident. The main difference is the lower phosphatidyl choline activity
in the later sample. Low counts prevent any detailed interpretation of these results.

That some erythrocyte phospholipids can be replaced in part or whole has

already been demonstrated by in vitro incorporation studiesd0r41+102,104,105-107 and

in vivo dietary studies75’95_101. The results of this investigation are in agreement
with these observations. They suggest that some erythrocyte phospholipid
constituents cannot be replaced during the lifespan of the cell, and that the fatty
acid constituents can exchange slightly more readily than the whole phospholipid
molecules.

Tiow radioactivity levels prevent more detailed interpretation of this study,
but to achieve sufficiently high activity in cattle, tihie radioactivity dose would

not be practicable. dowever a similar experiment in a smaller animal given a

relatively higher dose of 1—14g7icetate could prove valuable.

Table 56: Distribution of Radioactivity Throughout the krythrocyte Phospnolipids

I
: !

' Percentage of Phospholipid Percentage of Phospholipid
g Wieight Radioactivity
| After 15 days Alter 34 days
PE 25 & 2 I =2 16 = 2
PC 4 1 8 %1 319
SP | 5723 62 X 2 80 * 3
PS 1522 i g
Others 131 gl g 14%

Phospholipids were separated by TLC with CMN as solvent. Bach result is gquoted

I the estimated error.



GENERAL DISSUSSION

The initial aim of the present investigation was to examine the role of the
metabolism of red cell membrane lipids in the process of erythrocyte aging. In order
to pursue this aim, rates of incorporation of exogenous free fatty acids into the
individual cell lipids were investigated. Cells were fractionated according to age
in early studies by serial osmotic hemolysis and in subseguent experiments by ultra-
centrifugation over discontinuous albumin density gradients. ®rom examination of
the separated fractions, information was obtained on the dependence of both lipid
constitution and fatty acid uptake on erythrocyte ige. A study of the turnover of
erythrocyte lipids in vivo was also made. The purpose of this general discussion,
is to group together relevant experimental results and to consider specific aspects

of red cell lipid metabolism,

hetabolism of @Wsterified Neutral Lipids in the Erythrocyte

Palmitate or linoleate incorporated into erythrocytes is present almost
entirely in the phospholipids. After correction for white cell contributions, no
uptaze into triglycerides, in bovirne, rav, or human red cells, could be demonstrated,
and incorporations into cholesterol esters were very low or absent. Altnough there
was enhanced fatty acid incorporation into phospholipids of red cell ghosts incubated
with ATP and CoA, there was still no significant incorporat.on into trigiycerides or
cholesterol esters.,

These results extend the work of Mulder and van Deenen102, who inc.bated
rabbit erythrocyte ghosts with labelled fatty acids and by scanning a thin-layer
chromatogram, observed little activity corresponding to any esterified neutral lipid.

15

In contrast, Donabedian and Karmen114, and Michaels et al1 have reported considerab
incornoration of labelled fatty acids into the triglycerides of human erythrocytes,
These incorporations were very sensitive to incubation conditions and subseguent

treatment of the cells. The differences between their results and those obtained

in the present study could be due to the extent to which allowance has been made
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for the preserice of white cells in the incubation system. ot |had [focn Shewd Hlias
standing for 8 hr before incubation reduces upta<e into #hite cells to about 30 per
cent, but has little effect on red cell incorporation. white cell levels in the

114

human erythrocyte preparations used by Dorabedian and Karmen were of the saue order
as those in the bovine red cell vpreparationsused in the present study, and such levels
were found to contribute significantly to fatty acid uptake.

It appears, therefore, that renewal of erythrocyte triglyceride and probably
cholesterol ester fatty zcids by uptaze from plasma is eituer not possible, or oi an
extremely low ordsr and hence not detectable by the present methods., After
incubation with [T—14Q7palmitate, the specific activity of bovine erythrocyte tri-
glycerides was much lower, and that of cholesterol esters no higher, than the total
phospholipid specific activity, and both were considerably lower than those of
phosphatidyl choline and phosphitidyl ethanolamine, the only phospliolipids showing
significant uptaxe. It has been postulited that possible roles for ainor neutral
lipids ir the erytirocyte could be as intermedistes in the transter of fatty acils to
other major erythrocyte lipid constituentsBO. However tie cbserved specific
activities do not support their involvement in transfer of plasma fatty acids to
red celi phospholipids. In addition, the very low cholesterol ester activity would
suggest the absence of cholesterol-lecithin acyltransferase, an eizyme present in
nrlasma, and in some other tiSSues135.

There is some evidence fcom the studies with bovine red cells, aiu more
substwntial evidence from studies with hum.n cells and ghosts, for fatty acid uptake
by one or two componernits with similar thin-layer chromatographic mobilities to
dizlycerides. 3uch incorporations cannot be interpreted in terms of white cell con-
tamination. 3ince labelled fatty acid incorporation into a component which is
probably plosphatidic acid has been demonstr.ted, it is likely that labelled digly-
ceride is formed by the =3ctioi: of phosphatidic acid phosphatase, which has been shown

28

by Hokin and Hokin 2 to be present in red cell ghosts. In contraist to other systeus

diglycerides are not reguired by the erytihrocyte for synthesis of triglycerides
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or major PhOSPhOlipidS94. However Hokin and tio‘z{inzaz’z83 have also demonstrated the
presence or diglyceride kinase in the red cell membrane. This, combined witi the
prosphatase, constitutes the phosphatidic acid cycle, the net reiction of which
is the hydrolysis of ATP,

The other human red cell lipids which toox up some liocelied fatty acid could
not be identified. These components were not detectable on thin-layer pliates
sprayed with iedine or sulphuric acid, and exhibited different wobilities Frou mono-
slyceride,

If cholesiercl esters or triglycerides were present in the erythrocyte
membrane as essential energy reserves, they would be expected to undergo relatively
ripid turnover, or, if they were critical determinants of erythro:yte lifespan, their
councentrations should gradually fall to zero as tne celi ages. DNo detectable t.urnover
ot either constituent could be demonstrated. Variation wich age in the levels of
these componernts has been investigated, coth in bovine erythrocytes separated by
serial osmotic hemolysis and rat erythrocytes separuted by albumiry gradieat centri-
fugatiori, Although measurements fluctuated 1 little because of difficulties in
accurately analysing 3uch minor components, no significant decrease with age iu eithe:
triglyceride or cholesterol ester could be detected. ige separations should have uveer
suffizient to show if either ccomponent were substantially reduced in the older cells,
It is unlikely, therefore, that either of these componeints functions as an energy
reserve in the red cell.
According to Nelson7o, erythrocytes co:taiu no triglycerides or cholesterol
esters. He suggests that these components are present only in extracts contaminated
with white cells or plasma. Information obtained in the piresent study would not
support this contention. FRirstly, extracts of celis fractionited by serial osmotic
hemolysis contained as much of these components after 15 saline washes as they did

after 3 washes. Triglyceride and cholesterol esters were also present in white cell-

free hemolysates of well washed erytrnrocyues. Secondly, it was shown tnat after
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administration of 14C~acetate to a cow, cholesierol ester specific activity was
significantly lower in red cell lipid extracts than in plasma extracts. Thirdly,
although levels of white cells in red cell preparations were sufficient ©o account
for all fatty acid uptake into triglycerides, they were nct high enough to account
for all the triglyceride extracted. Against these argumeants it could be proposed that
some plaswa components could be so strongly bound to the erytarocytes so as not to
be removed by saline washing, and in the case of cholesterol ester, not in eguilibrium
with plasma couriterparts. However, if such close association exists between erythro-
cytes and these triglycerides and cholesterol esters, they are more realistically
cellular constituents. Variation in levels observed in different investigations could
be due to unalytical difficulties, rather than the variable presence of pliasma or
white cell contaminants.

It would appear that these classes of lipid are true red cell coustituents,
Althoush it has been shom that they are unlixkely sources of energy, or intermediutes
in phosplhiolipid or cholesterol metabolism, it has not been possible to dewonstrate
alternative cellul:r functions. Pernaps this i3 simply vecause of tlie existence
of specific triglyceride and cholesterol esster binding sites in the cell mne.brane,
arnd apart Trom filling these sites, they fulfil ..0 physiological role. However in

this capacity they couldl be iwportant contributors to memorane conformation.

Incorporation of Fatty Acids into Erythrocyte Fhospholipids

ZT—14g7palmitate, taken up froi plaswa intc bovine erythrocytes, was founid to
be almost exclusively iocalised in the phosphatidyl choline (o0 per cent) and phos-
phatidyl ethanolamine {20 per cent) fractions. Approximate %times rejuired for the
cells to renew all the palmitate in these components, by uptage from plasma, were 30
and 170 days respectively. The ratio of phosphatidyl ethanolamine to phosphatidgl
choline activity is higher than generally found for fatty acid uptaxe into most

mammzlian erythrocytes or ghosts4o’41’102. However bovine erythrocytes are very low

in phosphatidyl choline, and for this reason, a proportionately lower
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incorporation into this fraction, in bovine cells, as also found by kiulder and van
Deenen102, would be expected.
The existence of phosphatidyl choline in ruminant erythrocytes has been

57,58,08 59,64,61

report the preserice of low con-

doubted ©y some authors » but others

centrations, as found in this study. In addition, significant uptaxe of labelled
palnitate into bovine phosph=tidyi choline has been observed, Although Olivera

and Vaughanao were unable to detect any fatty acid uptage into phosphatidyl cnoline
in sheep ghosts, Robertson ani L;a.ndsA1 observed, when lysophosphatidyl choline was
added to the system , a fatty acid urtake of a similar order as that for cells of
other species. Heiice wnder physiological conditions, i.e. in the presence of plasma
coantaining fatty acids and lysophosphatidyl choline, phosphatidyl choline synthesis
in erythrocytes of both species could occur. This implies the presence of
phosphatidyl chcline in ruminant erythrocytes, bui it is possible that there is
relatively rapid release into plasma of the synthesised molecules, and as a consejuence
the cellular concentrations remains very low. 3uch conditions would correspo:rd

to high turrnover rate.

In human and rat erythrocytes, or ghosts enriched with ATF and CoA, most of
the uptaike of plasma pzlmitate or linoleate was into phosphatidyl cnoline and
phosphatidyl ethanolamine. Upta¢e into irnother component, with thin-layer
chromatographic mobilities resembling phosphatidic 2cid, and tentatively identified
as such, wais 1also observed. Uptakes into ghosts were higher than into cells, but no
differences between the two in radioactivity distlribution were apparent. There was,
however, considerable variation between individuals both in total incorporation and
particularly in the distribution of the acid taken up. The most 3trising differences
were in the ratios of uptage into phosphatidyl choline and pnosphatidyl ethanolawine,
In some cases these were comparable, in others uptake into phospnatidyl choline
was ten times the greater. The nature of the uptasge appeared to depend on incubation
conditions rather than specific donor. Although incorporation of linoleate was

slightly higher thin palmitate, no dependence of radiocactivity distribution on



126.
the nature of the acid was apparent. Hosever dependence of total uptake per cell
on fatty acid concentration and on cell concentration was evident. Such variation
has not been reported for uptate into ghosts or cells from synthetic media rather than
40,41,10 , 1

from plasma '’ 3, but liulder and van Deenen = also observed wider ranges of
uptaxe from plasma media.

i . 102 . .

ffulder and van Deenen also observed the same order of difference as in the
present study for uptaxe of plasma linoleate and palmitate into the phosphatidyl

103

choline of rabbit red cells or ghosts. However #¥aku and Lands observed tnat

acylation of 1-acyl glycero-3-phosphoryl choline (1-acylGPC), the predominant pl.sma
lysophosphatidyl choline isomer, with linoleoylCoA was about T times faster than
with palaitylCoA, in buffered suspensions of human ghosts. It is possible that
variation between media is responsible for these ratio differences.

Patty acid uptaike into erythrocyte phosphatidyl choline and pkosphatidyl
94,103,

ethanolamine proceeds via the following reictions

RCOOH + Cof3H + AP —— RCOSCoA + AMP + FP
RCOSCoA + LPC or LPE —— CoASH + PC or PE
274

Tands and Hart hive observed phosphitidic acid formation in liver microsoies via

a similar transacylation mechanisms
RCO3CoA + LPA —— > PA + CoA3H
Although this mechanism has not been demonstrated, presumably it could also operate
in the erythrocyte.
Specificity with regard to lysopliosphiolipid isomer has been observed, and
this does not ippear to be identical in microsomal and erythrocyte systewms. For liver

108-112,274

microsomes , specificities are different for lysophosphatidyl choline,

lysophosphatidyl ethanolamine, and lysophosphatidic acid isomers, which suggests
03

the involvement of more than one transacylase. HWaxu and Lands report that in

human ghost suspensions, 1-acylGPC is preferentially acylated by uasiturated rather
than saturated acids, but very little acylation of 2-acylGPC oczurs. In contrast,

Mulder and van Deenen102 report that the bulk of the labelled palmitate in-
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corporated from plasma into rabbit red cells or ghosts via this mechanism is

1

localised in the 1-position. No information is available on the specificities of

acylation of lysophosphatidyl sthanolamine and lysophosphatidic acid by

erythrocytes.

It is suggested that the variatior. in fatty acid uptake by red cells

observed in the present study can be explained by:

1.

Linoleate uptike by human erythrocyte ghosts being slightly faster than
palmitate uptake.

Independent variations in plasmi concentrations of free fatty acid and
lysophospholipid substrates giving rise to variations in both fatty acid in-
corporation and distribution of the acid incorporated.

Cell enzymes not being saturated, and hence any increase in cell concentration
(i.e. enzyme concentration) not resulting in an equivalent increase in total
fatty acid uptake.

this explanation to hold, the followin. conditions must be satisfied:

Plasma substrates must be available for esterification by the cells.

Plasma lysophospliolipid and free fatty acid levels must vary, both between
individuals and in one individval at different times.

Substrate concentrations must vary within a range for wshich cell enzymes aire not
saturated,

It is obvious that fatty acids idded to plasia can be incorporated into red

cells or ghosts, and increases in fatty acid uptaze cells or ghosts hive been

observed on addition of exogenous lysophospnitidyl chioline or lysophosphatidyl

ethanolamine

41’102. Plasma substrates are therefore avail:ble for esterification by

erythrocytes.

lipid)

cent in humans), and lysophosphatidyl ethanolamine

Mamuwalian plasma contains free fatty acids (about 5 per ceunt of the total

275, lysophosphatidyl choline (20 per cent of the phospholipid in rats, 8 per

1
Lo 28. The findings of Mulder and



128,
. 102 R

van beenen would suggest the presence of 2-acylGPC, which has been fouad in

. e 276 . - , L. 281 i
rat tissue and in plasma uader some conditions , as well as 1-acylGPC, in
plasma. No information is available on the plasma lysopnospnatidyl ethanolamine
isomers, or on the occurrence in plisma of lysophospiiztidic acid. Plasma free fatty
acid levels vary inversely with glucose level and are thus lowered during glucose

. 260,2 o—
absorption : 75. Phospholipid levels vary between individualsz7. Sie and ilso

apsear to increase during lipid absorptionzBB, although the extent to which lysophlios—
pholipid levels are affected is not «xnown. It is possible that variation iu
s.03irxzte levels counld arise in the cells theuselves. They ire such minor con-
stituents that a demonstration of this would be very difticult, b t co:.staucy of other
cell lipid constituents as igainst varianility in plasmz iipids would suggest that
variations in plasma lysophospholipid concentrations are more lixely.

iith regard to the saturation of cell enzymes in the present investigatiowu,

03

iz 1 . .
dagxu and Lands have observed for humin ghosts 2t similar concentrations to those

in the prese t study, proportionality between esterification rite and l-acylGiC cou- |
gentration up to about o0 pM und linolecylfoAconzentration up to about 10 pbi.

Although total concentraiions of plasma pilmitate and linoleate are abcut 100 uM,

albumin hinding reduces the concentrations of the free svecies to about .01 per cent

of this 29. The total concentration of lysophospusitidyl choiire is about 600 pii, and
= . e’hanol- P SO — T i uit adbuiis Ginling
that of lysophosphatidy. amine ~ considerably icwer than tris, but aloumin olnding

130

again results in much low=r concentrations of the free species o Assuding tual tie
Kp values of waiu and L;mdsm3 are similar for different lysophosp:molipids and fatty
acils, it can be seen that concentraticus of free lysopnospholipids should have wveen
well below 60 pii and in the rate incluencing range, and eveu in the presence of exces
(lod and ATP, free fatty acid conceutrations would h.ve been too low for the cell
enzymes to be saturated with acylCoA. Hence the cell enzymes should not have been
saturated with respect to fatty acid or lysophospholipid substrates, providing only
the uncomrlexed species are able to react. Under physiological conditions this

situation would be acrentuated even more, as cell conceutraitions would be 2 to 3
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times higher. Avaziluble information therefore suprorts the postulated explanation
- — iz _lk

for individvael wvariati in Fattv 5 - ~ g 14
for indivijual variations in fatty acid uptake into erythrocytes, and suggests that
variations in plasma lysoptospholipid levels onerr, toth betwesn individuals, and

at different +imes in ore indicvidual,

It i oft

(]

¥ A2t deroaa oy b 1 o .‘ B .
1 2onsidered that erythrocyte metaheiic sotivity is 2losely con—

trolled by the relative constincy of tle plasmz envirorment. However for lysopkospho-

[

esterificution within the zell menbrune, this ioes not aprear 1o be so,

15 k) 5

Activity 15 markeily infTluenced by fluctuations in plazma free fatty awcid or lys. .-~

phospholipid concentrations. Times rejpuired for turnover for .11 the lirvoleate in

rom 10C to 300 days, =ud

ct
)
<
£

L]
b1y

hunan red cell phosphitidyl cheline have hzer fouid
in phosphatidyl ethunol:mine, 10 to 250 days. Times for gost: -re shoster but show
similar variations., Palmitate turnover rates in bovine srythrocyte phosphatiiyl
cheline are sli htly faster than in humans, but beeauze of the much lower cellul.r
concertravion, they corrvespond to similar rates of fatiy acild upt.te., Jince the

‘ed o supply con—

-

ol anism involves the hydrolysis of ATP, the cell may be regui

giderably mors energy under zsome plasina coaditions. IF snbostrate concoentrations

were partieularly hicsh, this demand could conceivably plice the cell under considecs b
stress,
Relesse of pliosphiolipids, specifically phosphatidyl wnd lysophosplhatidyl choli

from bovine, humazn unc rat red cells into plusmz has beer ohserval, Juck resgults

105-107

are in accord with previous rer.rts of pnuspholipid exchange . Erytirocgytes

lazk phosphclipase A4O’41,102. Hence for erythrocyte lipiu levels to zemzin constant
every zcylation involving the uptake of pl:smy substrates must be accompunied by the
equivalent loss of liacyl lipids, presumably by release into plasma., Thus the
mechanism constitutes a cycle which can be represented:

DPlasma Erythrocyte

¥FA + LPC or LPT or LPA AT%

PC or PE or PA AMP
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_Ee"ulatl* floles for the Erythrocyte Lysophospholipid Acylation Mechanism

- ~: Pl 3. 3% 1 vy
property of the erythrocyte

The ability to esterify 1y
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membrare, It is peszible, =z2lthouzh not prover, that this could be a gerer.l proparty
of all cell membranes, Fossible rcles for, and ~onceguences of, this mechanioa can

Lysophespholinids caa destrey red cell membrane function and

*
. 1214
BES S S I Gind g ooy o o e PRI o~ _ .o Alg
Although in plasms altumin binding counteracts thic toanicity 5 y this protection amay
=i i 3y £ 74 & W't 't T ol Ter=) e 411192 anA var )ewsr a 134 FSOTR 14 VNt o
no 0E Sul L iar at increased concentrations. Lulder and van Jegr.en aave suggedSia

izt both the asylotior mechanism and the ability to transfer an aciu from oue
lysophospholipid molecule to ancther could be means by wiich the red sell prutects
itself igainst damwge by lyscphospliolipids.

the mechanism can be considered ac the conversion of plasma

Fy

The net resi:lt ¢

fatty acids and moncaeyl phospholipids inte plasmy dizecyl phospholipids. There are
at least two mectanisms oz the reverse reaction, firstly by phospholipase A
acticn132’153 and seconily by the acticen of chelasterol-lecithin acylirans erase135,
whick catzlyses aeid transfer Lrom the 2-positior of p watidyl choline @o

- . o . * o Bl A . g 5 i’ e N L TR s . N
sholisstarol, and which results in the Build up of T-acylSDT.  The red cell couliu be

responsible Cor the reacylution of 1-avylGPC. Thez overall reaction would then be

PRSP ) | 5 i ] 1 P + P ) s A= 4 Aahim 1 aat ays +
the synthesis, in plasm., of ciclestercl esters frow f«tly acids and chonlzsterel, a
25 1
3 . - . T e P
thie expe s of rei cell aTF, Glomset has sugsesied the possible invelvement ol th

cholesterol esterification mecshanisa in membrane cholesterol removals clolesterol
could be piz:el up from membranes, by lipoproteius wish free sites producea by ester—
ification of other cuolesterol molecules, and thus be trunsported to the liver for
catabolism. Membrane sholesterul could be replaced by syntresis within tre cells 4G
red cells canrof synthesise oholester0189’118, and no depletion in celi cholesterol
1svel is observed in vivo, removal of red cell menmbrane cholesterol must be

accompanied by choiesterol transfer from plasma. However lysOphospholipid ester-

ificution by red cells need not be concerred with resctions of their own cholesterol,
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but could be the means by % ich plasma lysorhosphiolipids, fermed during uptake of
cholesterol froa other tissuss, are reacylatea.

Alternatively, deucylation of phosphatidyl ~holine rather ithar cholsstercl

esterificution could be the primary function of plasma cholssbercl-lz.ithin asyl

transfer, If phospholipid tarnover, reguiring uptake of exogencus fatty azidsz and

- : 3 5 ; -~ ;
lysophostholipids, were neceusary for membrane funetion, this Flasiza reastion eould

r

transacylation aprears to be a coyelis proces: betweer c2lls cod plasua,

there i3 ths interesfting possibility that it could be invelved in z transport proces:

£} . =

Any substunces selectively bound o moncacyl bul not diacyl phuspholipids could te

transported into the c¢ells, released dicinr esterificstion of tlie currier, and re-

tuinei imer lerivative ic releused., However such u condition is highly

gueculative as no zsubgtanee eapable of siotive or facilitated transport irnto the red
c2ll is kaowr huve such bindiang afl inities,

It hag been shown thit erythrccyie transscylation
nlasma substrite corcertrations., A feature of this is the apparent lack of cuntrol
the cell over the reastior rates. Hence it would seem more ligely that tho mechaniss
is irvolved in maintenance of stable wnlamea concentrations, ruither thaw primacily in
cel. metaholism. Ov these csrounds hypotheses rejuirine the reaovel of lysoyphospho-
mezh misn, either because of their toxicity to the cells or their

lipids viaz this

rroduction dnring cholesterol esterification, are favoured,

Variation in Lipid Composition with Erythrocyte Age

I+ has beern shown that the total lipid content of human red ceil samples

v

decreased slightly with mean cell age, The pattern of this decrease is such that it

could be interpreted as the only time wher chunges in red cell 1iPid content
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occur being the transition from reticulocyte to erythrocyte. Results of other
investigations could also be explained by this hypothesi826’2oo’201. Reticulocytes
are larger than erythrocyteSZS, and contain internal membranous structures. On
maturation, when these structures disappear, a drop in cell lipid content would be
expected to occur,

No variation in the relative amounts of lipid components with cell age wus
apparent, Experimental accuracy was not sufficient to eliminate the possibility of
nminor changes in lipid distributiocn or total cell lipid. However, considerable age
separation was achieved, and only very small changes could have avoided detection.

It has been suggested that lipid loss could be responsible for the increased
density of old erythrocytes179. However an erythrocyte with density about 1,08 conta
only 0.5 per cent lipid with average density about 1.00. It is obvious that loss
of the entire cell lipid would cause a negligible change in cell density. A far more
likely cause of the observed increise in density with cell age is the decrease in

t25’200’201’179, and hence increase in cellular

cell size but not hemoglobin conten
hemoglobin concentration. Since hemoglobin has a relatively high density, cell
density should also increase.

It seems unlikely that changes in lipid composition in aging red cells cause
major modifications to cell structure and function. The difference in appearance of
young and old cell membranes, observed by Danon and Perkzoz, more likely arises from

conformational changes involving reorgunisation of interu:cting lipids und proteins,

rather than differences in lipid composition.

Fatty Acid Uptake into Red Cells as a Function of Age

Human erythrocytes have been fractionated according to age and either cells
or ghosts incubated with labelled palmitate or linoleate. The fatty acids were taker
up, predominantly into phosphatidyl choline and phosphatidyl ethanolamine, but also
into phosphatidic acid,diglyceride and an unidentified nonpolar lipid. No constant

pattern of variation in uptake with age has emerged, and the different patterns are
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Table 57: Summary of the Types of Relationship between iatty acid Urtage and
Erythrocyte Age

Donor | Cell Type | Oubstrate FC PE PA e X
now ghosts linoleate —_— - —_— -
ZJC ghosts paimitate = — v 3
TAls ghosts | palmitate — — 0 T T
GL cells linoleate 0 a2 0 — =
MIW(I) ghosts linoleate y S — A
MTH(I) cells linoleate l — — 2
MIW(IT) ghosts linoleate — T ~ _ S
MIW(II)| cells linoleate — T' A T -
GCM ghosts palmitate _ T N 4

I

Uptake per ueq cell or ghost phospholipid

in~reasing markelly with age

T increasing slightly with age
—— no change with age

v decreasing slightly with age

l decreasing murxedly with age

Table 58: Mechanism for Fatty Acid Uptake into Lrythrocyte Phospholipids

thiokinase e
A 4+ CcA + ATP - “— 3 Acyl-Coh + AMP

acyltransfera§§§s) o

Acyl-Coa + LPT
LPE > PE
LPA PA

Possible variable factors affecting rates of fatty acid uptake:

b

Constant under all Possible variation between Possible variation within

conditions studied different populations a population
ATP, CoA, Cell incubatior

ATP, CoA, ghost

incubations
Plasma ["A Cell FA

Plasma LPC,LPI,LPA Cell LPC, LPL, LPA
thiokinase activity

acyl-Col

acyltransferase activitie:
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summarised in Table 57. Two broad classes of behaviour are evident; one with
incorporation into phosphatidyl ethanolamine about 10 per cent or less of the total,
and the ratio of phosphatidyl ethanolamine to phosphatidyl choline activity
essentially unéffected by cell age; the other with higher phosphatidyl ethanolamine
incorpeorations, and ratios skowing a marked increase with cell age, Generally total
fatty acid uptakes were unch:nged or increised to varying extents with cell age.
However in two studies on cells from the suame blood s:mple there was a decrease, so
all three behiviour patterns must be possible., Zimilaur results were obtained in
gstudies on rat blood.

Differences in the patte:n of age dependence of fatty acid uptake do not
correlate with whether intact cells or CoA and ATP enriched ghosts were incubated, or
whether the acid was palmitic or lirnocleic.,

An explunation of this complex hehaviour pattern is not immediately appirent.
However a consideratiocn of tle mechanism of fatty acid uptaxe skows potential sites
of viriability between cells of different ages. This information is examined in
Table 58 for uptake into phosphatidyl choline, phosph.tidyl ethanolamine, and phos-
phatidic acid. Mechanisms for uptake intc other components have not been elucidated,

Althcough there could be cellular ATP and Coi concentration variations with age
the lack of distinetive behaviour differences between cells and ghosts enriched with
these cofactors suggests that variation in fatly acid uptake with age is not a result
of changes in ATP or 7oA levels.

Exogenous substrates are available for tre esterification reaction, and as
cells in the absence of added lysophospholipids can still incorporate fatty acids,
endogenous substrates must ulso be available4o’41’102. As cell and plasma fatty
acids undergo rapid exchange, and fatty acid uptake seems to be proportional to
concentration, any variation in cellular level should not affect the amount of radio-

1
active aci¢ taken up from the plasma. Concentrations of 4C-acyICoA should therefor:

be directly related to thiokinase activity.

Rates of fatty acid uptake into different erythrocyte phospholipids are
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affected by concentrations of their lyso derivatives. Depending on relative
availability, either cellular or plasma concentrations could dominate in rate
determination. Although in humans, lysophosphatidyl choline is about 5 times more
concentrated in plasma than in cells67’72'126’127, plasma need not be necessarily
the prime lysophospholipid source. However it would appear likely that plasma is the
main source, because there is no known mechanism for lysophospholipid production
within the red cell. The extremely low fatty acid uptake into the phosphutidyl
ethanolamine of erythrocyte ghosts from a buffered saline mediumAO, compared with
uptake from plasma, also favours plasma being the major source of lysophosphatidyl
ethanolamine. PFrom this evidence, and the observation that there are no detectable
variations in major red cell phospholipid levels with age, it is unlikely that
variations in cellular lysophospholipid concentrations are responsible for variations
in fatty acid uptake with age. Lysophospholipids provided primarily from plasma can
cause only interpopulation variation in fatty acid uptake. Variation with age must
then be a4 result of changes in levels of enzymic activity.

Both these factors, namely variation in enzymic activity with cell age
coupled with variation in substrate concentration between plasmas, could account for |
the observed range of dependence of fatty acid uptake on red cell age.

It has been shown that normal plasma lysophospholipid levels are sufficiently
low that cellular acyltransferases should not be saturated, (see p.lgEO. This means
that, assuming plasma is the main source of these substrates, an increase in enzyme
concentration would not bring about an equivalent increase in reaction rate. Under
these conditions, var%ation in enzyme levels between cells of different ages could
exist without causing a difference in rate of fatty acid uptake into the cells. If,
however, lysophospholipid concentrations were higher, enzymes could approach
saturation, and increased uptuke into those cells with higher enzyme activities
would result. If plasma lysophospholipid, particularly lysophosphatidyl ethanolamin

concentrations were elevated under some conditions, increases in erythrocyte
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phosphatidyl ethanolamine acyltransferase and possibly phosphatidic acid acyltrans-
ferase activities, and a decrease in phosphatidyl choline acyltransferase activity,
with cell age, could account for the major 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. It
requires that MJW(II) and GGM plasma lysophosphatidyl ethanolamine and MJ#(I) plasma
lysophosphatidyl choline concentrations were high. Until it has been demonstrated
that alterations in lysophospholipid levels are capable of causing changes in the
relationship between fatty acid uptake and erythrocyte age, this explanation must be
put forward as speculative. However Walker and Yurowski203 have also proposed the
existence of erythrocyte acytransferases with different specificities and age-
dependent activities, from studies of rates at which dietary changes influence fatty
acid composition of cells of different ages.

Aa increase ¢n aging in the ability of the red cell to acylate lysophosph.tidy:
ethanolamine and a decrease in ability to acylite lysophosphatidyl choline is
suggested. An increase in enzymic activity wilth age is an unusual occurrence in a
cell which is incapable of protein synthesis. However such an increase could be
brought about, not by an increase in the number of enzyme molecules, but by either an
increase in availability of existing molecules, or an alteration in conformation and
improvemert in catalytic ability of existing molecules. As these eunzymes are
membrane-localised, it is conceivable that changes in conformation of the membrane
itself 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 changes in activity of more than one enzyme, rather than a change in
specificity of a single enzyme.

An increase in acyltransferase activity, accompanying erythrocyte aging, shoul
therefore be indicative of changes occurring in the conformation of the cell membrane

In considering whiether the ability to carry out iipid turnover is a determinan



137.
of erythrocyte lifespan, it has been shown that:
(1) The rate of turnovgr is very susceptible to chuanges in environmental conditions.
(2) The relationship between tu;nover and cell age also appears to 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 alteration in ability to esterify fatty
acids is in any way responsible for erythrocyte aging.

With regard to the primary cause of erythrocyte aging, the importance of
maintenance of membrane function has been considered8’197. It has been suggested6’1
that a gradual decrease in glycolytic activity occurs on aging, and that this,
coupled with the effects it produces, could ultimately be responsible for cell death.
The importance of maintaining cellular constituents, and in particular membrane
proteins, in a reduced state has also been demonstrated51’55. There is convincing
evidence that both the glycolytic and pentose phosphate pathways are membrane
localised in the erythrocyte174. Chinges in membrane conformation could markedly
alter activities of these and any other membrane bound enzymes, and could initiate the
gradual rundown in energy metabolism proposed by L¥hr and Naller6’1o. Perhaps the
incomplete oxidative protection given to the cell by glutithione observed by Jacob anc
Jandl53 under certain conditions in vitro, is parulleled in vivo, and oxidative
alteration of membrane conformation initiates tue aging process.

In the preseut investigation evidence has been obtained which suggests that

conformational changes to the erythrocyte membrane occur on aging.
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APPENDIX I:

RAT ERYTHROCYTES

Table 33a:

BASIC DATA FOR FATTY ACID. INCORPORATION

WRS

RBC contribution is negligible.

INTO HUMAN AND

Incorporation of Labelled Fatty Acids into Human White Cell Lipids

LT-1qg7linoleate uptake into total esterified lipid: 3000 dpm/1O6 cells.

EJC

Significant RBC contributions,
(dpm per 10° WBC per 106 dpm/ml plasma)

TL TG DG X PA
WBC + RBC 3200 1600 90 70 65
RBC 380 10 25 10 12

1 l+ 7 3 K3
41-1 C/palmitate uptake into total esterified lipid:
estimated from uptake

PE

95
50

6600 dpm/106 cells.
into EJC ghost lipid

PC
1050
260

= 14
Table 34a: Incorporation of 41-1 C/linoleate into
Human Red Cell Ghosts

Normal Populations of

CCw(II)

Uptake into total esterified lipid: 25,200 dpm/ueq
Significant WBC contrigutions, estimated from data
(dpm per ueq PL per 10° dpm/ml plasma)

PL
in Tables 27 and 33:

TG (only significant contribution) RBC + WBC 490
WBC 80
£
; WRS
| Uptake into total esterified lipid: 15,600 dpm/peq PL.

Significant WBC contributions, estimated from data

(dpm per peq PL per 10 dpm/ml plasma)

in Tables 27 and 33:

TL TG DG+X PA PC
RBC + WBC 34000 2100 2550 1500 23000
{ WBC 2500 1200 140 90 950
. = 1k . i .
Table 35a: Incorporation of /- g7pa1m1tate into a normal population of

Red Cell Ghosts

i —
| WRS
|

' Uptake into total esterified lipid: 18,700 dpm/peq
| Significant WBC contribugions, estimated from data

(dpm per 1070 RBC per 10° dpm/ml plasma).
TL TG DG+X PC SP
RBC + WBC 30000 1350 3800 16500 970
WBC 1600 920 80 480 100

PL
in Tables 27 and 333
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Table 36a: Incorporation of AT~1ug7iinoleate into Human Red Cells
Fractionated According to Age (Donor MJW(I))

density range of cells

1.075 1.080 1,082 1.084 1.086 1.110

Uptake into total esterified lipid dpmépeq PL

6000 4500 4500 3700 4400
RBC and WBC activity per 1010 RBC per 106 dpm/ml plasma
B 7500 5500 5200 4400 5300
TG Lo 150 190 110 300
DG + X 450 500 670 670 1000
PA 1230 1000 670 1200 1800
PE 350 470 420 430 470
PC 4350 2850 2800 1330 1050
SP 480 280 200 210 8
LPC 620 300 280 370 2

Significant WBC

contributions, estimated from

distribution in Table 33:

TL
TG
DG + X
PA
PE
PC

85
4o

55

340
160
20

140

L20
200
25

TG activities*

260
120
15
10

100

680
320
35
25
15
260

and the linoleate

*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,

- 14 —
Incorporation of 41—1 g/linoleate into Human Red Cells Fractionated

Table 37a:
According to Age  (Donor MJW (II))

N density range of cells
1.075 1.0815 1.,0835 1.085 1.0865 1.090

Uptake into total esterified lipid dpm/peq PL

- 17600 12400 14500 14500 18400 56000
RBC and WBC activity per 1010 RBC per 106 dpm/ml plasma

i 16400 10500 12400 11600 15600 L0000
TG 540 280 L60 210 120 680
DG 520 Lyo 1240 1120 1340 480
X 660 540 660 540 560 900
PA 1400 1100 1200 1600 1600 2600
PE L4600 3100 5200 4500 8500 31000
PC 8600 5100 3600 3700 3500 L300

Significant WBC contributions estimated from TG activities* and the linoleate

distribution in Table 33:

TL
TG
DG + X
PA
PC

1200
550
60
50
450

650
300
4o
30
250

950
450
50
ko
350

450
200
20

170

200
100

80

1500
700
80
60
600

*This assumes uptakes to be a fifth to a half that observed for WRS white cells
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_ 4 —
Table 38a: Incorporation of 41—1 C/linoleate into Human Red Cells Fractionated
According to Age (Donor GL)

density range of cells

1.075 1.079 1.0805 1.0815 1.0835 1.0865

Uptake into total esterified lipid dpmépeq PL

7900 10300 11100 12100 5700
RBC and WBC activity per 1010 RBC per 10b dpm/ml plasma
TL 6200 7300 8000 9000 3950
TG 450 480 380 320 150
DG 330 480 570 450 280
X 620 710 950 800 600
PA 230 470 200 700 165
PE 430 570 630 870 370
PC L4200 4700 5200 5800 2350

Significant WBC contributions estimated from linoleate uptake into WRS cells
(Table 33).

TL 850 850 850 L4o 440
TG 400 400 400 200 200
DG + X 4o 4o 4o 20 20
| PA 35 35 35 20 20
| PE 20 20 20 10 10
|PC 320 320 320 160 160

' - 14 =
Table 39a: Incorporation of /1- C/linoleate into the Ghosts of Human Red Cell
Fractionated According to Age (Donor MJW(I))

density range of cells j

1.075 1.080 1.082 1.084 1.086 1.110

Uptake into total esterified lipid dpm‘peq B, {

21000 18800 18500 17900 15700 |
RBC and WBC activity per 1010_RBC per 10b dpm/ml plasma '
TL 30500 26000 23200 23000 21500
TG 80 65 50 60 100
DG + X 540 sS40 950 900 1250
PA 1200 1100 1250 Lyo 1750
PE 1550 1350 850 1000 900
PC \ 23000 22000 19500 19500 16200
SP + LPC 4000 850 760 950 1600
Significant WBC contributions estimated from uptake into WRS cells (Table 33)*
TL 400 800 1300 1300 2100
TG 200 400 600 600 1000

*These estimates of TG activities are about 10 times the observed activities.
As the MJW cells were stored overnight before incubation, such a decrease in
WBC incorporation would be expected (see p. 52). Since TG activities were so
low, WBC contributions to uptakes into other components would be negligible, an
corrections are required.
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=l
Table 40a: Incorporation of /1~ C/linoleate into Ghosts of Human Red Cells

Fractionated According to Age (Donor MJW(II

))

density range of cells

1.102 _ J
|

|
|
|

1.075 1.0835 1.0855 1.088 1.0935

Uptake into total esterified lipid dpm/meq PL

15000 16800 28500 32500 32500
RBC and WBC activity per 1010 RBC per 106 dpm/ml plasma
TL 14500 17500 27000 23500 26000
TG 100 100 100 300 < 280
DG 580 620 640 520 280
X L60 540 380 520 280
PA 1800 1400 2200 2000 2600
PE 2400 6400 11800 11200 14800
PC 9400 7800 12200 8200 7800

— - = ,|

Significant WBC contributions estimated from uptake into WRS cells (Table 33)*
1Uf, 2100 1700 800 1300 2100
TG 1000 800 400 600 1000

*Estimates of TG activities are much lower than those observed.

footnote as that to Table 39a applies.

The same

- 14 =
Table 41a: Incorporation of /1- C/linoleate into Ghosts of Human Red Cells

Fractionated According_to Age (Donor CCW)

1075 1.080 1.082 1.084

Uptake into total esterified lipid dpm%peq PL

W 23500 24500 25000 27000

10

RBC and WBC activity per 10 RBC per 106 dpm/ml plasma
TL 53500 48500 49000 51000
TG 340 k10 280 380
DG + X 11000 11500 10500 12200
PA 5050 4100 5050 4400
PE 4400 2650 2850 2950
PC 31500 29000 28000 30000
Significant WBC contributions estimated from uptake into
TL 800 800 4Loo 800
TG Loo Loo 200 Loo

~

No other WBC contributions are significant,.

density range of cells

1.086
26000

52000
410
12500
4400
2900
29000

WRS cells
800
4oo

1.105

(Table 33)




Table L42a:
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= 14 : :
Incorporation of /1= C/palmitate into Ghosts of Human Red Cells
Fractionated According to Age (Donor VJC)

density range of cells

1.075 1.080 1.082 1.084 1.086 1.110

Uptake into total esterified lipid dpm/yeq PL

14400 15900 14300 21500 57500
RBC and WBC activity per 1010 RBC per 106 dpm/ml plasma
TL 14500 15500 12500 17500 43000
TG 500 900 900 2100 16500
DG 430 510 L50 1550 2200
X 800 950 1100 1850 3600
PA 1400 1500 900 2800 3100
PE 1400 1400 800 770 1300
PC 9500 9500 6800 7200 14000
LPC + SP 430 650 1300 830 2100
WBC contributions estimated from TG activities* and the palmitate distribution
in Table 33
TL 900 1600 1600 3700 29000
TG 500 900 900 2100 16500
DG 20 30 30 80 650
X 20 30 30 80 650
PA - 30 30 70 600
PE - 25 25 60 450
PC 250 450 450 1000 8500
LPC + SP 60 120 120 250 2000

*This assumes to be between half and one times that observed for EJC white

cells

Table 43a:

Incorporation of L?;1qg7palmitate into Ghosts of Human Red Cells
Fractionated According to Age (Donor GGM)

density range of cells

1.075 1.078 1.080 1.082 1.0845 1,102

Uptake into total esterified lipid dpm/yeq PL

20200 22800 23500 16500 25000
RBC and WBC activity per 1010 RBC per 106 dpm/ml plasma
TL 24000 22500 25500 18500 30000
TG 2600 2200 2400 1350 1350
DG + X 2300 1880 1680 1200 1650
PA 1200 1400 2200 1950 2400
PE 2850 2600 3150 4000 8600
pd 13500 13200 13200 8600 14500
8P + LPC 980 1100 2400 1400 1700
Significant WBC contributions estimated from uptake into EJC cells (Table 33)
TL 2400 2200 2100 2100 1500
TG 1400 1300 1200 1200 900
DG + X 110 100 100 100 70
PA 50 45 40 40 20
PE 40 35 30 30 20
PC 700 650 550 550 400
SP + LPC 170 160 140 140 90 5




Table Lba:
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Incorporation of 47-14§7pa1mitate into Ghosts of Human Red Cells
Fractionated According to Age (Donor EJC)

density range of cells

1.075 1.078 1.080 1.082 1.084 1.086

Uptake into total esterified lipid dpm/peq PL

15300 18700 17800 15500 16000
RBC and WBC activity per 1010 RBC per ‘10{-J dpm/ml plasma
TL 19500 32000 24000 27000 28500
TG 650 650 370 830 1500
DG 1650 2050 1450 1480 1300
X 1000 610 280 S50 -
PA 1100 - 280 1850 370
PE 2300 4100 3400 3200 5400
PC 10700 22500 17000 17500 19500
Significant WBC contributions estimated from uptake into EJC cells (Table 33)
TL 140 140 140 140 280
TG 80 80 80 80 160

No other contributions are significant

Table 49a: Incorporation of LT—1qg7palmitate into Rat White Blood Cell
lipids (Rat A)

Uptake into total esterified lipid: 9000 dpm/1Q10 WBC

— 14 -
Table 50a: Incorporation of 41—1 C/palmitate into Normal Populations of

Rat Red Cells and Red Cell Ghosts

Rat A (cells)

Uptake into total esterified lipid: 6000 dpm/Peq PL
White cell contributions (dpm per 1010 RBC)

TL TG DG+X PA PE PS PC SP
RBC + WBC 15000 850 1350 300 1000 300 10500 250
WBC 10500 950 600 1200 600 100 6800 150

Rat B (ghosté)

Uptake into total esterified lipid: 16500 dpm/peq PL

White cell contributions (dpm per 1070 RBC per 10° dpm/ml plasma)

TL TG DG+X PA PE - PC
RBC + WBC 23000 250 800 2000 350 18000
WBC 2800 250 160 300 160 1800




AD0

ey Al =
Table 51a: Incorporation of /1~ C/palmitate into Rat Red Cells
Fractionated According to Age (Rats D)

density range of cells
10 1.075 1.081 1.083 1.085 1.087 1.108
TL dpm/10 cells 14000 10000 7300 7500 10500 17000
TG 140 70 4o 10 4o 80

No WBC counts could be made, but very low TG activities indicate that
negligible uptake was due to WBC contamination.

- 14 -
Table 52a: Incorporation of 41-1 g/palmitate into Ghosts of Rat Red
Cells Fractionated according to age (Rats E)

density range of cells
1.075 1.079 1.081 1.083 1.085 1.103
TL dpm/peq PL 200000 158000 127000 118000 76000
TG 8000 1600 1300 2800 2300

| No WBC counts could be made, but TG counts suggest that WBC contamination
was low. More contamination of the lightest fraction is likely.
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APPENPIX 2: ABBREVIATIONS

AMP adenosine monophosphate

ATP adenosine triphosphate

BSA bovine serum albumin

CE cholesterol ester

Ch cholesterol

CMAW chloroform-methanol-acetic
acid-water

CMN chloroform-methanol-ammonia

CoA(CoASH) coenzyme A

DG diglyceride

dpm disintegrations per minute

FFA free fatty acid

GPC glycero-3-phosphoryl choline

GPE glycero-3-phosphoryl
ethanolamine

GSH reduced glutathione

GSSG oxidised glutathione

Hb Hemoglobin

HEA hexane-ether-acetic acid

KRP Krebs-Ringer-phosphate

LFA lysophosphatidic acid

LPC lysophosphatidyl choline

LPE lysophosphatidyl ethanolamine

LPL lysophospholipids

MeOH methanol |

NAD+$NADH) nicotine adenine dinucleotide

NADP (NADPH) nicotine adenine dinucleotide
phosphate

L neutral lipid

PA phosphatidic acid

PC phosphatidyl choline

PE rhosphatidyl ethanolamine

FL phospholipid

BiS phosphatidyl serine

RBC red blood cell

SF solvent front

SP sphingomyelin

TCA trichloroacetic acid

TLC thin-layer chromatography

WBC white blood cell

X unidentified radioactive lipids

16:0, 18:0, 18:1 etc. fatty acid with 16(18,18) carbons and 0 (1
double bonds.
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SUMMARY

1. Bovineerythrocytes andleukocytes have been incubated with [1-14C]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
phospholipidsand triglycerides. The processes appeared to involve an exchange rather
than a net uptake mechanism. Incorporated palmitate took part in chain-lengthening
processes and some *CO, 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 [1-*C]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.

INTRODUCTION

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 erythrocyte’2. In addition 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 lipids!. The turnover of either triglycerides or cholesterol esters has not
been studied in detail. MULDER AND VAN DEENEN2? and OLIVEIRA AND VAUGHAN?,
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 [1-*C]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 contribution®. However, at least 959, of the lipid is localised in the cell
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 [1-1¢C]pal-
mitate uptake by the leukocytes, and this information is also reported.

MATERIALS AND METHODS

[1-*4C]Palmitic acid, with a specific activity of 36.6 mC/mmole 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 959, of the
palmitate radioactivity was recovered in the free fatty acid spot. Autoradiography
showed no radioactivity elsewhere on the plate. Using gas chromatography, g5,
of the radioactivity was trapped in the column eluate corresponding to the palmitate
peak.

All solvents were distilled before use. Koch-Light silicic acid, 100-120 mesl,
activated for 12 h at 110°, was used for column chromatography, and Merck silica
gel G was used for thin-layer chromatography. Layers were predeveloped with ether
to remove impurities and activated at 110° for 1 h before use. For phospholipul
separations, plates were used within 15 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 togetlicr
in abnormal proportions, the blood was spun in an MSE swing-out head centrifugc
for 30 min. at 3000 rev./min. Most of the upper plasma layer was separated, and the
remaining plasma plus a white cell-rich layer from the top of the cell column were
collected separately. A tube with a side opening was used to aspirate horizontal
layers. The red cells were washed 3 times with an equal volume of 0.99%, NaCl. \t
each centrifuging, a white cell-rich layer was removed from the top of the cell columu.
Using this method, 1-59, of the original white cells were present in the red ccll
preparations*.

Red cell and white cell preparations of known composition were incubated in
plasma (total volumes about 30 ml) with [1-!4C]palmitic acid. For one incubation
a Krebs-Ringer phosphate medium (pH 7.4) was used. Cell to plasma ratios were

* Because the degree of radioactivity incorporation was affected by the presence of white cells,
the possibility of using other methods of cell separation was investigated. Passage of the bloud
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 heid
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.
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approx. 1:2. The [1-14C]palmitic acid (1-2 #C) in benzene (0.5-1 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 mixed with
the cell suspension. Incubations 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 CO, was trapped by passing a slow stream of CO,-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 0.9%, 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 19, acetic acid.

Red cell lipids were extracted with 20 vol. of chloroform-isopropanol (7:11, v/v)
by the method of RoSE AND OKLANDER®. Plasma and white cell lipids were extracted
with 20 vol. of chloroform-methanol (2:1, v/v) using the method of ForcH, LEES
AND, SLOANE-STANLEY®. Solvents were removed in a Biichi rotary evaporator below
45° and the lipids were washed?, evaporated to dryness, and weighed.

The neutral and polar lipids of the erythrocytes were separated on silicic acid
columns using the method of BorGsTROM!®. Neutral lipids, which had been eluted
with dry chloroform, were separated further by thin-layer chromatography using
either hexane—ether-acetic acid (70:30:1, v/v/v) or (30:70:1, v/v/v) as the devel-
oping solvent!l. 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-conc. ammonia (14:6:1, v/v/v) or chloro-
form-methanol-acetic acid—water (65:25:8:4, v/v/v/v)!2. Plasma and white cell
lipids were separated directly 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 narrow glass column for elution.
Neutral lipids were eluted completely with 10 ml of chloroform-methanol (2:1, v/v)
and phospholipids with § ml chloroform-methanol (1:2, v/v) followed by 5 ml
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 (15 mi) containing PPO (5 g) and POPOP (o.05 g) (Nuclear
Enterprises) in toluene (1 1). Aqueous or silicic acid-containing samples were counted
in a solution (15 ml) of PPO (5 g) and POPOP (0.2 g) in a mixture of toluene (600 ml)
and ethanol (400 ml). Quenching was determined either with standard [¢C]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 AMENTA!3. Duplicate fractions of eluates containing 20-200 ug 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 BARTLETT?, and *CO, was estimated by precipitation as BaCO, (ref. 15).

Lipid samples for gas-liquid chromatography were methylated by the method
of MorRrISON AND SmiTH!®. A Shandon Chromatograph, with an apiezon stationary
phase column at 197°, argon carrier gas, and a *Sr detector was used. Samples from
the chromatograph for radioactive assay were collected from the detector outlet into
tubes containing toluene-moistened glass wool.

RESULTS

Leukocyte incor poration of [1-1C]palmaitic acid
' The leukocytes showed a very high incorporation of [1-*C]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 [1-1C]PALMITIC ACID

Cells were incubated in plasma as described. White cell concentrations varied between 5-10® and
50-106 cells per ml. When the concentration was high, the radioactivity incorporated per cell was
slightly lower. From g 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/v/v). Results are the means from 5 incubations, each quoted + 1 standard deviation,
and expressed as incorporation per 10! cells from a medium having an initial [1-*C}palmitatc
activity of 10% counts/min per ml, which corresponds to a palmitic acid specificactivity of 8.0-10*
counts/min per mg.

Percent of total Pervcentoftotal Counts|min per Specific activity

liprd weight lipid vadio- 10! cells X 10™%  (counts[min per

activity mg x 1073)
Total lipid* 1300 + 150 43 + 8
Free fatty acid 7+ 2 14 £ 1 180 4+ 20 86 + 5
Phospholipid 58 +£3 49 + 3 640 + 8o 37 + 3.3
Triglyceride 8+ 1 30 + 3 390 + 60 160 + 30
Cholesterol ester 6 + 1 1 +0.3 13 4+ 4 7 + 2.5
Cholesterol and diglyceride 21 + 1 6 + 1 80 + 20 13 4+ 2.6

* 300 + 50 mg/10!° cells.

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. 1a and 1b)
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. 1c. 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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Fig. 1. Autoradiographs of thin-layer chromatographic separations of total lipid extracts from
bovine erythrocytes (RBC), leukocytes (WBC) and plasma, after incubation with [1-¢C]palmitic
acid. The identification of phosphatidyl serine and lysophosphatidyl choline is only tentative.
a. Solvent system hexane-ether—acetic acid (70 30.1, v/v/v). b. Solvent system hexane—ether—
acetic acid (30 70 1, v/v/v). c. Solvent system chloroform-methanol-ammonia (14°6.1, v/v/v).
Abbreviations: CE, cholesterol ester; TG, triglyceride; FA, free fatty acid; DG, diglyceride;
C, cholesterol; NL, neutral lipid; PL, phospholipid; PE, 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 major
phospholipid components. The thin-layer chromatographic behaviour of the remaining
radioactive componentssuggests 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 C,;) acids. Some radioactivity was
also recovered as *CO, A qualitative estimation showed that this amounted to
roughly 20%, of the *C 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 709,
of the labelled fatty acid was palmitic, the remainder being longer chain (mainly C,s)
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 anv leukocyte component was very slight. A red cell
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contains about one-fiftieth of the amount of lipid presentin 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 incor poration of [1-1*C]palmitic acid
The lipid composition of bovine erythrocytes is given in Table II. This is

TABLE II

LIPID COMPOSITION OF 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 (70:30:1, v[v/v), or separated directly by thin-layer chromatography. 6 extracts were
separated, analysed, each in duplicate, and results quoted are the means of these, i+ 1 standard
deviation.

Percent of total weight mg[10° cells

Total lipid 4.4 £ 02
Phospholipid 70 + 3 3.1 + 0.2
Cholesterol 27 + 1 1.20 + 0.07
Cholesterol ester 1.1 + 0.7 0.048 + 0.03
Triglyceride 1.0 + 0.7 0.044 + 0.03
Free fatty acid 1.2 + 0.8 0.053 + 0.03

similar to that obtained by DE G1ER AND VAN DEENEN!?, and HANAHAN, WATTS AND
PappajoHN?8, although the latter report slightly higher triglyceride and cholesterol
ester levels. Incorporation of radioactivity into the lipids of the red cell preparations
1s summarised in Table III, and autoradiographs of thin-layer chromatographic
separations of the lipids are shown in Figs. 1a and 1b. 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, 1-59%, 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 DEENEN?®, who also found that most of the labelled fatty
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TABLE III

RADIOACTIVITY DISTRIBUTION AMONG THE LIPIDS EXTRACTED FROM RED BLOOD CELL PREPARATIONS AF
INCUBATION WITH [1-4C]PALMITIC ACID

jncubations were carried out as described. The specific conditions for each experiment were as follows: (i)
but 5% of the white cells present in the original blood were separated prior to incubation. (ii) Red cells v
ncubated with 5 times the number of white cells normally present in blood. All but 19, of these cells v
eparated after incubation. (iii)—(vi) Whole blood was incubated. All but 19, of the white cells were separ:
ifter incubation. (vii)—(ix) White cells were separated before incubation. No cell counts were made but 1-
of the original white cells were probably incubated and extracted. (vii) The cells were incubated in a Kre
Ringer phosphate medium. About 2%, of the total radioactivity was recovered in the red cell lipids. White ¢
which were present during the incubations incorporated from 8-63%, of the total [1-4C]palmitate, and cat
, corresponding decrease in the amount available to the red cells. By relating red cell uptakes to initial ra.
wctivity concentrations less the amounts taken up by the white cells, 7.e., the concentrations at the end of
xperiments, different incubations are comparable. Each experiment is shown separately, to show the depende
)f uptake on the degree of white cell contamination. Each lipid extract was separated in duplicate by thin-lz
hromatography. Results are expressed in terms of radioactivity per 10!°cells taken up from a medium has
1 [1-1C]palmitate activity of 10° counts/min per ml, or a palmitate specific activity of 8.0 10%® counts/min
ng, at the end of the incubation.

Counts [min per 101° ved cells Range o
Expt.i Expt.ii Expt.isi Expt.iv Expt.v Expt.vi Expt vii Expt. viti Expt. ix SPecific
actwite:
(counts|
. per mg)
P
[otal lipid 7200 7700 5400 5000 5000 4800 11600 7900 7600 100—18
‘atty acid 4500 4100 3100 3800 3800 3400 8700 6300 5900 3000~20
‘hospholipid 2100 2700 1500 900 950 1150 920 930 1500 30—-9¢
‘riglyceride 410 580 230 150 130 110 320 340 35 140-15
‘holesterol ester 70 54 47 25 25 24 66 90 24 20-25
‘holesterol and
diglyceride 190 310 280 150 75 140 200 160 110 6-3c

Vhite cells ex-
tracted per
10" red cells 1.33-10% 1.2 10° 0.55 10® 0.29-10° 0.26 10% 0.25-10® Not determined

TABLE IV
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 10!® white cells from a medium having a [1-'4C]palmitate activity of 10%
counts/min per ml, and are quoted 4 1 standard deviation. Results given in this table and Table III
are from the same experiments. In Expt. i, the white cells were incubated separately with [1-14C]palmitic
acid.

Counts [min due to white cells per 10*° ved cells

Expt 1 Expt i1 Expt. it Expt.iwv  Expt. v Eapt v
Total lipid 1700 + 140 3500 4 230 1000 + 70 450 + 30 390 + 30 370 + 26
Fatty acid 270 + 50 290 + 40 160 + 25 80 + 10 76 - 10 35 + 4
Phospholipid 880 + 100 1900 + 190 440 4+ 40 240 + 30 170 + 20 180 + 20
Triglyceride 490 + 8o 1000 + 230 250 + 30 110 + 20 130 + 50 115 4 20
Cholesterol ester 20 + 12 32 + 27 174+ 5 4 1+ 3 6+ 6 4+ 3

Cholesterol and diglyceride 110 + 30 160 + 35 110 + 20 30 + 6 25 4+ 14 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 [1-1C]PALMITIC ACID

Values are calculated from the results shown in Tables III and IV. They are the meansofthe6
incubations, are related to an external [1-*4C]palmitate concentration of 10% counts/min per ml
which corresponds to a palmitic acid specific activity of 8.0-10° counts/min per mg, and are
quoted + 1 standard deviation.

Percent of Counts|min per Specific activity

total lipid per 10" cells (counts [min

radioactivity per mg)
Total lipid 4700 + 30 1000 + 100
Free fatty acid 78 £ 5 3600 + 200 43000 4 15000
Phospholipid 20 4+ 4 900 + 180 300 4+ 70
Triglyceride — + 0.5 — + 20 —
Cholesterol ester 0.5 + 0.5 20 + 20 300 4+ 300
Cholesterol and diglyceride 2.5 + I.1 120 £ 50 100 + 60

TABLE VI

RED AND WHITE BLOOD CELL PHOSPHOLIPID ACTIVITY DISTRIBUTION AFTER INCUBATION OF THE
CELLS WITH [1-4C]PALMITIC ACID

Cells were incubated as described. Phospholipids were separated by thin-layer chromatography
with chloroform-methanol-acetic acid-water (65:25'8 4, v/v/v/v) 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 Rg. White cell contamination has been accounted for in calculating the red
cell radioactivity distribution. The mean results from 5 (red cell) and 4 (white cell) experiments
are quoted + 1 standard deviation.

Percent of phosphorus Percent of actwvity

Red cells W hite cells Red cells* W hate cells**
Phosphatidyl ethanolamine 21 18 22 + 12 4.2 = 0.6
Phosphatidyl serine 17 12 6 + 4 6 4 2
Phosphatidyl choline 6 29 60 + 9 60 + 9
Sphingomyelin 50 32 6 + 6 20 = 3
Components running behind

sphingomyelin 6 9 7 +7 10 + 3

* goo phospholipid counts/min per 10 cells.
** 6.4 10°% phospholipid counts/min per 10'° cells.

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 (409%,), palmitic (249,), and stearic (20%,) acids. Of the radio-
activity, 999%, was still found associated with palmitic acid. Hence in agreement with
the results of MULDER AND VAN DEENEN?, on incorporation of linoleic acid into rabbit
erythrocytes, no evidence for any active fatty acid chain altering processes in the
erythrocyte could be demonstrated.

The autoradiographs in Figs. 1a and 1b also show the plasma radioactivity
distribution in 2 experiments. About 1-49%, 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

It 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 2-5%, 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 BUCHANAN?® 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 BEUTLER®. 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? The lack of rouleau formation by bovine erythro-
cytes causes their slow sedimentation?®', 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 2—-5%, of leukocytes in erythrocyte samples. MULDER
AND VaN DEENEN?®report the removal of all white cells from blood of different species,
including cattle, by a method involving ultracentrifugation of the cell suspension at
100000 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 cells??, it is probably preferable
in metabolic studies to making considerable corrections for residual leukocytes.

Bovine erythrocytes were found to take up [1-**C]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 (609%,) and to a lesser extent phosphatidyl ethanolamine (209%,) contained
most of the incorporated radioactivity. Similar experiments by other workers, who
studied rabbit or human erythrocytes or ghosts®:¢.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 DEENEN?3, might be
expected.

In this study, at least some of the red cell phospholipid molecules, particularly
lecithins, are apparently releasedinto the surrounding plasma. Results obtained for
erythrocytes from other species are in agreement with this finding®-2.

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 AND VAN DEENEN?, 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 chromatograpl,
Our results suggest, therefore, that the renewal of erythrocyte triglyceride ap(
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 activity
of the red cell triglycerides was found to be much lower, and that of the cholesterol
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 lipidsin overall
cell metabolism, these results do not support a postulate that theyactasintermediates
in the transfer of plasma fatty acids to erythrocyte phospholipids.

High incorporation of plasma palmitic acid into bovine leukocyte lipids has
been found. The phospholipids, especially phosphatidyl choline, and the triglycerides
were largely responsible for this uptake, but other components were involved to u
lesser extent. Results suggest that exchange rather than net uptake took place. The
{1-1C]palmitate incorporated appeared to be quite actively metabolised, both t.
longer chain fatty acids and to *CO,. No other studies on the uptake of plasma fattv
acids by bovine leukocytes have been reported, but similar studies on leukocytes from
some other animals and sources have been carried out?—%*. 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 them®. The distribution of radioactivity
found in bovine blood leukocyte lipids is similar to that in human blood cells after
incubation with [**C]palmitate?. It is also similar to the distribution in rabbit poly
morphonuclear leukocytes from peritoneal exudate, after incubation with labelled
fatty acids, reported by ELsBacH?"-2%. The present findings seem to be representative
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 cells
on resuspension in an inactive medium. However EvaNns AND MUELLER??, although
able to measure net uptake of fatty acids by guinea pig peritoneal exudate leukocytes,
found no significant uptake into the blood leukocytes from the same animal. The
differences between our finding that bovine blood leukocytes can release radioactiv.
fatty acids to their plasma surroundings and the results of ELsBACH would appear
due to a difference in behaviour of leukocytes from different sources. ELSBACH alsn
demonstrated production of #CO, and radioactive water soluble products, but therr
have been no other reports of chain lengthening of labelled fatty acids. The existence
of such a process is substantiated, however, by the finding of MirRAS, MANTZOS AND
Levis* that most of the [1-1*Clacetate incorporated into human leukocyte lipid s
effected by a chain-lengthening process.
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NOTE ADDED IN PROOF (Received December 29th, 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 inour
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. Clin. Invest, 46 (1967) 1047.
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Metabolism in vivo of bovine erythrocyte lipids

A rather unique opportunity arose for us to study a Jersey cow which had been
given a 24-h intravenous infusion of 10 mC of [**Clacetate. 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 107 days. Of their total weight,
0.5% is lipid, largely phospholipid and cholesterol, and small amounts of tri- and
diglyceride, cholesterol ester, free fatty acid and glycolipid®2. Mature red cells cannot
synthesise lipid from acetate, but exchange of some lipid molecules, or their fatty acyl
moieties, between cells and plasma can occur?-¢. In an animal administered {*4]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. [*C]Acetate administered to a cow
is rapidly metabolised, and most of the radioactivity is quickly lost by oxidation or
milk production?, so persisting radioactive lipids would be predominantlv those
synthesised at the time of acetate administration.

Blood (z50 mlj was withdrawn into ACD. Erythrocytes were separated from
leukocytes and plasma and washed three times in 0.99, 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. 1. Disappearance of radioactivity from bovine erythrocvte lipids % viro, following administra-
tion of (1-4Clacetate. TL, X X, total lipid radioactivity, CH, O 0O, cholesterol; PL,
° ®, phospholipid. The standard error in each determination, carried out in duplicate, is
shown.
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developed with hexane-ether-acetic acid (70:30:1, v/v/v); phospholipids were devel-
oped with chloroform-methanol-conc. ammonia (14:6:1, v/v/v). 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. 1. 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
15, the triglyceride and free fatty acid fractions each contained 1 count/min per 10
cells or 15 counts/min per mg; in later samples activities were less than half this.
No cholesterol ester activity was detactable in any sample. The [*¢Clacetate dose was
not high enough to accurately assess turnover of these components.

TABLE 1

SPECIFIC ACTIVITIES OF ERYTHROCYTE AND PLASMA CHOLESTEROL AND PHOSPHOLIPID
Each determination was carried out in duplicate, and results are quoted 4- 1 standard deviation
as counts/min/mg.

Days after [*¢C)acetate administration

I3 34 61 100 IIg4 135
Erythrocyte esterified cholesterol o+ 5 o+ 5
Erythrocyte free cholesterol 80+ 3 27 +2 1541 1041 7.5+=05 45+05
Plasma esterified cholesterol* 154+ 1 10+ 7.0 X1 5 + 0.5
Plasma free cholesterol 14+ 1 7.5+1 I +4 4.5 + 0.5
Erythrocyte phospholipid 1741 1741 1641 1541 10541 9.5 + 0.5
6+1 33+o05 30+£05 20405

Plasma phospholipid

acyl contribution.

«

* Calculated from total cholesterol ester activity less fatt

A comparison of red celi 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 human®#¢, the plasma free and esterified cholesterol and erythrocyte
free cholesterol appear to be in equilibrium 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 cholestercl®, an initial
changing slope due to slow and variable rates of equilibration between the different
body cholesterol pools, followed by exponentia: decay representing true metabolic
turnover Equilibrium was achieved after about 4o days, and a cholesterol half-life
of about 45 days is suggested. No other data on bovine blood cholesterol turnover
have been reported, but for comparison, human plasma cholesterol takes about 60
days to equilibrate, and then exhibits a half-life of 50-100 days®.

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 100 and 114 days after acetate administration. At this time,
cells produced during isotope administration were reaching the end of their lifespan.
If thisis 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 15, 34
and 100. In each case between 469, and 519%, (mean 49 + 59%,) 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 15 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 [*¢C]-
acetate. A decline 1n 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 aiso 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 North Medical Research Foundation
for a grant supporting this investigation, and also Mr. G. F. WiLsoN for collecting
blood samples.
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