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"""-. The exchange of lecithin between rabbit erythrocytes and serum has 
" 

bee~~vestigated. The erythrocyte lecithin was labelled in vivo by adminis- ~ 
" " 32' 32 

tration ~3 P04 which resulted in the acquisition of [ Pl leeithin by the 

. 3 
eells primari by exchange, and in vitro by esterification with [ H] palmi-

tate, ,;t{14C1 Iinole e or [14c linolenate. The rate of exchange in vitro of 

erythroeyte [32p ] phosp lipids was independent of specifie 6erum lipo~rotein 

fractions, but was related t " the serum plus pholipid concentration. Analysis 

of the in vitro erythrocyte inward and outward exchange rates :f [3pP] 
) 

lecithin revealed that only 55% of the cellular lecithin p~l takes part in 

, the exchange. A similar conclusion ean be reached by comparison of the frac-

tionai exchange rates of the ~cyl-
32 Q 

and P-labelled erythrocyte lecithin, or 

by comparison of the ratio of acyl 
32 

to P radioactiv~ty of the er~throcyte 

lecithin with the ratio found in the serum after exéhange in vitro. "These 
/ ~ / 

data indicat~d that the proportion of the acyl-labelled erythrocyte ~ecithin 
! 

pool (± S.E.M.) capable of exehange was 53 ± 5%, 64 ± 12% and 95 ± 6%'t/when 

esterified with [14C] linoleate, [3H1 palmitate and ~1,4C] linolen~te, r"espec-, 
, , 

tively. Intravenous injection of labelled erythroéytes showed that in vivo 
;. ;>, ---

[14C] linoleyl lecitH~n was somewhat less exehangeable than [3H] palmityl 

1 ~ . 32 / 
lecithin, which exchanged at about the same rate a!'1 [ P] lecithin.-- e 

~', .... ~ .... .1\ 

differences in the ptoportion of the acyl-labelled èrytht;ocyte leeithin pool 
// ,1 

undergoing, exchange could not be attributed to the preferential exchange of:'a 
f 

if; i particular molecular species of Itcithin, although the tetraenoic lecithin .did 
• 'l.1 r"~ 
• 1 

f,a exchange to a relatively greater degree. This suggests that ceUular Iecithin 
• J 

• iJ r / 

formed by esterification of linolenate is found only in the portion of the 
/ 

" 1 
pool avail4ble for exc~ange, while tha~ formedjby esterific~on of linoleate 

a~d probably palmitate is distributed throughout the entire lecithin pool. The 

/ / 

/ 
1 / 
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fractional exchange rates of aIl labelled lecithins were greater in old 

erythrocytes than in young cells, but the relative differf'!nces in the frac-

tiooai exchange rates of these labelled lecithins did not vary with red cell 

age. The fractionall~~cl'iange rate of [32r1 lecithin olf isolated erythrocyte 

membranes was three'times that of the lecithin 'of intact,cells. However, the 

3 difference in fractional exchange rates between [ H] palmityl-Iecithin or 

[l4C1 linoleyl-lecithin and [.?2p] lecithin is reversed in the membranes. 
, ' 

These observations suggest that a portion of the total cellular lecithin pool 
, ' 

becomes availableror exchange only upon disruption of the erythrocyte, and 

may be located in a relatively inaccessible portion of th~, melllbrane such as 

the ioner surface • 
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ABSTRACT 

Nous avons étudié les échanges de leç,ithine entre le sérum et les 

éryt?rocytes chez le lapin. La lécithine érythrocytaire est marquée in vivo 

32 "~32 
par administration de Na3 P0

4 
ce qui entraine l' entree de [ PJ lécitnine dans 

les cellules, surtout par éChange. Le marquage !!!. vitro se fait par estérifi

cation avec le [3HJ palmitate, le [l4C1 linoléate ou le [l4C1 linolénate. Le 

\ taux d'échange in ~itro des, [32p ] phospholipides érythrocytaires est indepen

dant des fractions lipoprotéiques sériques spécifiques, mais il est relié a 
la concentration des phospholipides dans le sérum. L'analyse des quantités 

de [32p] lécithine qui entrent et qui sortent des érythrocytes par échange 

in vitro révèle que seulement 55% du pool lécithinique cellulaire prend part -,-

à cet échange. La tnême conclusion est obtenue par compàraison des taux d'échange 

, 32 , ~ ~ d 
de 1 acyl- et de la P-lecithine erythrocytaire ou par comparaison u rapport 

32 ~ 1) 

entre acyle et P dans la lecithine érythrocytaire avec ce même rapport dans 

'. le sérum après l'échange in vitro. Ces résultats montrent que la proportion , 
du-pool de lécithine érytaJ1ro~ytaire acyl-marquée (± erreur !/standard de la 

moyenne) capable d'échange est de 53 ± 5%, 64 ± 12% et 95 ± 6% selon que 
Il 

l'ésterificat1on est faite avec le [14C1 " lino1éate, le [3~i] palmitate ou le 

[14 1 " C linolenatEt. L' inj ection, intraveineuse in ~ d'érythrocytes, ~rqués 

que la [14C1 linoléyl-lécithine échange moins que la [31i] palmityl-lécithine, 

laquelle échange à peu, près à la m~me vi cesse que la [32p] léci thine. Les 

différences dans la proportion du pool de lécithine ér~throcytaire acyl- -;<. 

marquée sOUmise à l'échange ne peJvent être attribuées à Ir échange préfér-

1 
fi ~i J.. "1 ..,' 1 

entie dr une espe,ce molecu aire particuliere de lecithine, bien que a 

lécithine tétraéno;lque soit échangée à un taux r~lativement· pl~-; grand. ( Ceci 

suggère que la 'lécithine cel~ulaire formée par estérification---d-u--l-in~l:él'utte----

" ne se trouve qué' dans la portio'n du pool dhPonible, pour écha~gè, alors que la . - ~ 

1 
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lécithine fortnée par estérification du linoléate et probablement du palmitate 
\ 

. 
est distribuée à travers· l~ pool entier de lécithine. Les taux d' échang~ 'de 

toutes les lécithines 'marquées sont plus élevés dans les érythrocytes âgés 

que dans les jeunes globules, mais les différences des taux d'échange de ces 

.. ,. '1 [32] .. l'A 1ecithines ~rquees par rapport a a P 1ecithine ne varient pa~ 'avec age 

du globule rouge. Le taux dl échange de la [32p ] lécithine des membranes 

érythrocytaires isolées est 3 fois plus él~vé que celui de la lécithine de~'/'\ 
cellules intactes. 

d'échange en tre la 

Cependant, dans les membranes, ,la difftence dans les taux 

[3H1 :palmityl-1éc~thine ou la [ 14C] 1inoléy1-1écithine et 

le [32p 1' lécithine est contraire. Ces observations suggèyênt qu'une partie 
"\,--n_~-r...c:'"'I...~ .... r 

de la lécithine c~llulaire totale devient disponible pour échange- seulement 

après rupture des érythrocytes et que cette lécithine serait localisée dans 

'une portion relativement inaccessible de la membrane, telle la surface interne . 
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1. INTRODUCTION 

The mamrnalian erythrocyte is an unusual cell sinee it is anucleate (1). 
1 

lt has a definite species-dependent life span (2). When it is first released 

into the circulation from the bone marrow as the reticulocyte, the cell con-

tains only RNA (1), mitochonctria, and microsomes (3). At this stage the red 
... "" .... 

cell i8 still capable of lipogenesis (4,5). However the intracellular organ-

elles are lost within 36 hrs. (1), and in the absence of the organelles, 

__ lipo_g~nes_is Jby--the- -red 'cell do es not occur (4,5). The pathways by which the 

mature erythrocyte may renew it~ phospholipids are quite limited. Our 

laborato~y has been interested in the mechani§ms by ~hich the phospholipid 

renewal may occur particularly with reference to in vivo red cell age. __ 

------>-------------------------------;--.--<--~----~ 
Previous studies of the Lands esterification pathway have been published (6,7). 

The present study examines the pathway of exchange of phospholipid between 

the erythrocyte and serum-particularly in terms of the participation of 

phospholipids derived from the Lands esterification pathway in this1process. . -
This study~s been presented (8) and .bas led to a recent publication (9). 

1.1 The Red Blood Cell - General Description 
f 

1.1.1 The Reticulocyte 
Q é 

The reficulocyte:ls the la-st stage of development of th~'-erythrocyte 

before'''maturity an~_. normally is the only innnature form pres~nt/.in the' cir

culation. It is more adhesive than the mature erythrocyte and this property 
~ 

may account for its tendency to remain in the bone marrow under nQ~l con-

ditions (10). The circulating reticulocyte matures in 1-2 days depending 

on the species (11)' and compr~ses o~ly about 1-2% of the total circulating 

red cells (10). 

Because the anucleate reticulocyte still conta~ns RNA, which ia 

present mostly as free ribosomes (12), ~t re~~ns the ability to synthesize 

proteins. Althpugh it can produce various proteins (12-15), including tho~ 
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2 

of the membrane (14,15), most of the protein aynthesized by the reticu10cyte 

ia globin, which a10ng with heme, is necessary for hemog10bin production (1). 

The reticu10cyte still possesses mitochondria and microsomes'and therefore 
" 

the e1ectron transport Chai~ and the Krebs cycle are still functiona1 (3). 

There is a1so evidence that the reticu10cyte can synthesize lipid 

de ~ (5,16-18), The reticulocyte i8 20% 1arger in volume (19), con tains 
, 

more water, and at 1east 50% more 1ipid than the mature erythrocyte (20,21). 

In addition to the reduction in volume and 10ss of water and 1ipid upon 

maturation, "stress" or macroreticu10cytes have been shown to 10se up to 

'25% of their llemog10bin (20,22). However, in other studies in which 1!10r
/ 

mal erythro~ytes were separated according to'age, the youngest, ret1cu1ocyte

rich f~action contained no more hemog1obin than a~y of the other fractions, 

aIl of which contained the same amoun~ of hemog10bin (23-29). As the 

~ -
reticu10cyte matures, it expe11s its ~itochondria by the mechanism of 

~" \ extrusion, .Vacuolè~ develop in an irr~gular fashion and surround individ-
.l'~ A 1 

ua1 mitochondria. As the vacuoles grow larger they join to form 1arger 
/ 

vacuoles containing severa1 mitochondria. The membrane! af these vacuoles 

then fuse with the plaSma membrane of the cel1, resu1ting in the expq1-
Î .~ 

sion of the mitochondria (26). 

1.1.2 The Erythrocyte 

~. The mature erythrocyte i8 a biconcave ce11 about 8.5 ~ in diam-

eter, 1 ~ thick at the centre and about 2-5 ~ thick,at the rime lt con

tains no RNA or subce11u1ar organelles (27) and thus is not capable of 
, 1 

respiration. Thë erythrocyte' depends main1y on glycolysis for its energy 

, requireménts (1). In addition the erythrocyte no longer has the abi1ity 

to synthesize 1ipid de ~ (5,16-18). As,the mature erythrocyte ages, 

its metabo1ic activities decrease with~ genera1 decrea8e in activity of 

.. 

j 
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its enzymes. It èontinues <9 ;'::"ter. li~id (1) and becOII);i. more o~
t~Êally fragile (28). Although there is a small amount ~f random destruction 

(29), most erythrocytes survive to the end of ,their life span. In the rabbit 

t~e erythrocyte circulates for about 65 days (30), after which time it i8 

destroyed in the reticuloêndothelial system (31). 

1.2 Erythrocyte Lipid Composition 

1.2.1 Total Lipide 

Since the erythrocyte is devoid of any ~rganelles (27), essentially 
, \ 

aIl ofothe cellular lipid is found in the plasma membrane. The lipid con-

stitutes about 40% of the drY,7ight of the erythrocyte membrane (32).,/ 

Table l represents the average vAlues for the lipid content of 14 differen~ 
/ 0 

species of erythrodYte, including man~ taken from an excell~ntrecent review (33). 

TABLE l 

Average Lipid Content of the Mammaly!~ 
~ \ 

Lipid " Lipid Content ~ndard error Range 
(mgm/ml of mean (mgm/ml) 

packed cells) 

"4.9"8 ±0.2 t, / / 4.0 - 6.1 Total Lipid 
" ,~. 

1.32 ±O.OS /~:;, 1.0 - 1.5 
, ( 

2.90 ±0.3 ') 2.6-4.0' 

, 
Cholesterol 

Phospholip1d 

Deapite some variatiOn for the ph~pholip1d values,.the l1pid 
• f 

~ 

content of erythrocytes fs remarkably consistent and similar for aIl the 
J - , , 

species. ~ genera1, of the_;~al lipid content, neutral lipid accounts 
t , , 

for about '10% ,,(34,35). At least' 80-90% of this has been reported to be 

free cho1est~r~l, the remainder being made up of cholesterol esters, free 
, . 

fatty ~cids, an~ mono-, di- and triglycerides (34,36,37). Nelson agreed / 

with these findings, but showed in a single experime~t that when sheep 

erythrocytes were washed ten times with phosphate buffer, on1y cholesterol 

{ 0 1 
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could be detected (38). Phospho1ipid genera1ly c~stitutes about 60% of the 

total 1ipid of mamma1ian erythroçytes with the remaining 10% accounted for 

by g1yco1ipids (39). 

1.2.2 Phospho1ipids \ 
\ 

extreme1y'~por:ant and co 1ex type of 1ipid. In addition to the major 

BbOSPhOliPids,~orming 50-60% of the erythrocyte lipid (39), are an 

--:=--- ..... ',)' 
classes of phospholipids li~e~'be1ow in Table II, there are other known ., 

• f 

classes of phospholipids [ego ~bo~phatidyl-serine derivatives (40) and 
J ) 

cardiolipin (35)] as well as manyunknownPhospholipids which are present 

in trace amounts (41). Table II out1ines the dis 
! 

erythrocyte phospholipids of severa1 typical mammalian ruminant and no 

ruminant species. For each species the values given are the means 

. 
1east four separate studies which were compiled by Nelson (33) • 

TABLE II 

Distribution of Erythrocyte Phospholipids 

Species Percentage of Tota1~ospholipids 

LPC Sph. PC PS+PI PE PA Other 
-----

Rat 4.8 16.2 47.8 10.3 24.2 0.2 

Rabbit 0.2 20.9 37.0 10.6 30.8 1.6 

Man " 1.6 29.8 - 30.6 14.8 27.2 1.8 

Cow --- 52.5 6.4 13.0 22.8 0.4 3.4 

Sheef - 0.4 52.3 3.3' ~2.8 28.9 0.8 3.2 
, 

lt is obvious that lysolecithin, phosphatidic acid, and other 

------components are p~nor quantities in both numinant and non-ruminant 
______ --------- ' 1 • 

_________ ~ Thé relative amounts of phosphatid~lethanolamine, ~nd phosphatidyl-, 

------. inositol and -serine--are similar among the various species. On the other 

hand the relative lecithin and sphingomyelin contents are highly variable. 

In general, the ~uminant erythrocyte has a lo~-lecithin content, whereas 
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in the non-ruminant cell the l~eithin content, ia high. Thé sphingomyelin 

content v~ries inversely with the lecithin content and so that percentage of 

choline-containing phospholipids (lecithin and sphingomyelin) is rather eQn-. 
stant, generally about 45-65% of the total pho.phohpid (33,.. 

- --, ---~~---

Fatty Adds 

! 
The fatty acid composition of the erythrocyte has been of great 

interest tgr many years and has beeu extensively studied. The historieal 
... v ... -t 

work has been thoroughly reviewed (39). Nelson ·(33) has provided an exce1leht 
... 1 • -

review or the more'1.'recent data and the reader 18 referred to It for detailed 
1 

InfOrmati'on. 

IbQ Q.y~flFee,te appears ta fiave a fatty acid composition which 

general1y ls not remarkab1y different from that of other tis~ues (33). 

A1though there is considerable variation from species to species, there 

seems to be a basic difference between ruminant and non-ruminant specles.) 

In eontras~ to the non-ruminant erythrocyte, notably that of the rat, which 

contains a largl amount of arachidonic acid, the ruminant erythrocy~e ~on-

t~ins little arachidonié acid and a somewhat reduced amount of palmitic 

acid and a correspo~d~ngly greater quantity of-mano-unsaturated fatty acid, 

",' p~tieulafly .oleie aeid. 

~ 

The fatty aeld eomp~sition of e:ythroeyte leeithin varies aeeording 

to the species, hut in general palmitic, stear~e, oleie and 1ino1eie aeid 
" ~ 

1 
accounts for 80-90% of aIl the lecithin fatty acid'(39,42-44). Recent1y, 

through the use of .-~rgentation chromatography and ~as-liquid. chromotography 
,. ~ \-

,\ 
it has become possiole to anall8e~~be indi~idua1 mo1ecul~r species of 

'" . 
erythroeyte 1ecithin (43-45).c Table III gives the mole per cent composition 

of these species in man, rat and rabb~: In general the major molecular 
f 

speeies are similar for eaeh mammal. Any mplecular species of leeithin 

''1 

, t' 
-' 
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• TABLE III 
, 

Major Mo1ecu1ar Species of Erythrocyte Lecithin. 

Fatty Acids 
Position Position Man Rat Rabbit 

------- --~o----- 1 -- ----l--- (24) (25) (26) (24) 
\ , , 

16:0 16:0 9.5 4.2 20.2 10.3 

18:0 16:0 3.7 1.3 4.3 3.0 

, 16:0 16:1 1.8 1.0 -, 

1 16:0 18:1 14.0 27.2 14.5 '19.5 , 
V, 18: 0 16:1 1.8 1 

18:0 18:1 4.4 2.3 0.8 

20.4 19.5 12.4 24.0 

18:0 18:2 11.3 8.5 5.6 17.8 ;, 

18:1 18:2 9.3 1.4 0.7 • -'" -
16:0 18:3 \ 1.0 ) 

<l> )2.8 '\ 
18:0 18:3 1.0 ) 

16:0 2.2-: 3 3.9 2.1 " 0.4 ) 
)4.1 

\ 18:0 20:3 .1.3 0.5 0.3 ) "-

16:0 ' 
',' 

- -20:4 6.6 - - --- -8 • 5- -~ 2.o--~ ---~-----

.' \, 
18:0 20:4 3.4 3.6 7.5 1.4 , 

. '\ . , 
~. , 

18:1 20:3' 0.4 0.8 

18:2 18:2 '. 
0.6' 2.7 ' ~, 

~ 

16:0 20:5 0.8 0.5 

18:1 20:4 1.1 0.8 . 

16:0' . 22:6 2.7 4.0 

18:0 22:6 0.6 2.3 
& 

• 18:2 20:4 0.7 3.0 
c' 

o 
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which ~oes not have a fully saturated fatty acid in position l of the molecule 

is quantitatively minor. Unsaturated fatty acids are generally in position 

2. The only major fully saturated molecular species is dipalmityl lecithin 

which is quantitatively quite significant in the rat erythrocyte, and 

distearyl lecithin is absent. Individual polyunsaturated molecular species 

of leeithin are present.in minor quantities possibly beeause there would be 

a need to avoid peroxidation in a system which active1y is ipvo1ved in 

oxygen exchange (45). 
1 

1.3 The Erythrocyte Membrane 

J.3.1 Structure 

In the {tille siuEe Corter afirt Grendêl (46) ann D~n1elli artd 
-----

Davson (47) firat proposed the bilayer model for membrane structure many 

years,ago, many models have been presented and reviewëd~(48,49). Recently q 

\ 
Singer, after analysing these models (49), concluded that a fluid mosiac 

st~ucture of alternating globular pro teins and phospholipid bilayer is the 

Qnly one consistent with' thermodynamic restrictions and the known data (49,50). 

This new concept'has sinee gained wi'de acceptance in general, and in terms 

of the erythrocyte membrane in particular (51-56). Because of this and the 
~~~- \ ... *' ... f.\ (' 

fact that a di~cuss1on of the many models of membrane structure 1s beyond 

the scope of this review, only the~luid mosiac model will be outlined. 

In this model, the erythrocyte membrane 1s a lipid,bilayer into 

which are imbedded molecules of globular proteins.· These proteins may 
. -

in one extreme be loosely associated with the surface of the bilayer, aS 

is the case with spectrin, or in the other extreme penetrate the membrane -comp1ete1y from one side to the other as'is the case with a 100,000 mo1ec-

ular we1ght protein and a sia1og1ycoprotein (53,54,56). A schematic diagram 

-of the erythrocyte membrane ia in F~gure 1. This model requires that the 
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Figure 1. F1u1d Mosaic Mode1* of Membrane Struc (5)(9) 
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• protein componertts be amphipathic, that is, be structurally assymetric with 
,<'0:. 
~J ~ ~. ~ 

both polar and no~-polar regions. The polar or hydrophi1ic regions, which 
",,' -.. 

would be relativ~ly-rich in ionic amino acid residues and contain any pro-

\ ' 
tein pOlysaccharide residues present, wou1d be ~referentially located either 

on the external side or the cytoplasmic side of the membrane. The non-

polar o~ hydrophobie portion of the protein, containing .polar amino acid 
-

residues could He assoeiated with the lipid interior. The lipid bilayer is 

amphipathic as weIl, with the polar part of the phospholipid molecule exter-

nally oriented ,toward the aqueous environment, and the non-polar fatty Reid 

moiety directed toward the centre. The edneept of intrp'sion of proteins 
l--____ -:-----:-;---:-~~~-:-:-_.~~~_:_-_:____:-.I 

into the hydrophobi~ Interior of the membrane 18 central for the model (50). 

1 

1-

• 

• 

In the case of the erythrocyt~'membrane, the sialoglycoprotein, for example, 

traverses the lipid bilayer with the polar amino-terminal part of the mole-

cule and sialle acid residues on the outslde o~ the membrane, and the car-

boxy-terminal portion, also containing polar amino acid residues on the 

cytoplasmie side. Spanning the membrane' is a region high ,in a-helieal c~l!_-___ _ 

tent, eontaining about 30 amino acid resid~es. Most of them are hydrophobie 

'" and l:le within the hydrophobie eo~*the- membrane (55,56). A detailed 

description of the erythrocyte proteins, which 18 beyond the scope of this 

outline, has been given recently in an excellent review by Juliana (54). 

Up to 40% of hutnan erythrocyte membrane protein is in the right-handed"'-d-
• ~J. ~ 

helical conformation (57) and Singer sugges~ that therefore the Integral 
{ , 

pro teins of intact membranes are ~arge1y globuial rather ~read out 
,;' , 

as a th in sheet (50). The peripheral proteihs, which are on1y loosely con-

nected with the membrane surface, Day be bound to Integral pro~eins as weIl 
.J" 

as lipid. They are nOt thought ôf as being an important part of the membrane 
.' 

structure and are ~asily~removed by merely wa~hing wlth a chelating 8&ent 

-: 

" " (. ... " 

%~ " 
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or a buffer,of high ionic strength (50). 

Although the amino aci~ composition and the conformation of the 

proteins precisely determine their orientation with respect to and-the degree 
o 

of intercalati?n into thl!membrane 

and may move about from ~e part of 

surface, the proteins are quite mobile 

the membrane surface to another (50) . 

• .-! 
Proteins account for no more than"about 30% of the total membrane surface 

area (58). Thus, there is no extensive system or organization of proteins 

and hence no long-range order, a1though short-range local organization is 

likely. Thus, random distribution and arrangements or proteins in the 
~ 

membrane are the norm (50). 

n 

Protein-lipid interactions appear to play an important role in 

membrane functions. Most~emb e phospholipid is in the bilayer at a dis

tance from,any,protein mo1ec e, such that little if any interaction occur~. 

However, a small' fraction f the lipid -is adjacent" to the protein and inter~ 
CJ --".. 

acts with it. An interesting consequence of this is the fact that simultan-
-

eously in the membrane many phospholipid Molecules interactovery little if 

at aIl with protein, whi1e other phospho1ipid~inLer~~~~~~~~~~~--------1 
I-----------"~--

• 

the protein (50). Both properties appear to be necessary and lead to various 
/" 

membrane properties. Extensive hydrolysis of the phospholipids of the intact 

erythrocyte into diglyceride with phospholipase C profoundly affects the 

physical state of the residual lipid but haB no apparent èffect on~the average 

conformation of the membrane proteins (59). On the,other hand, the membrane 

-' 

pro teins of sheep ~rythroaytes, which contain a high proportion of sphingo-

myelin, '-preferential1y bind sphingomyelin when presented with a mixture of " 

lipids (6b). In many membrane systems, membrane-bound enzyme~ ~equire lipids, 

often specifie phospholipids for activation (61). 
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Since the lipids and pro teins of the membrane can be separated by 

organic solvents, their interactions must be weak and non-covalent, involving 
ô 

~lectrostatie or ionic interactions, hydrogen bonding, London-van der Waals 

forces·and hydrophobie bonding (61a). 

\ 
:t;.~se interactions are pr.obably important ~ the s,tructura1 role 

of the different phospholipid~ in the membrane. Anionie phospholipids such 

as phosphat~dylserine and ~hoSPhat~~~eOl might be distributed dif~ 

from zwitterionic phosphol~ds, >i~ch ~S(PhosPhatidylcholine, in areas " 

/ 
near membrane proteins due to the influence of e1ectrostatic interactions. 

.~ • " ( f 

,_", .. " These interactions are considered to Dccur through the side-:by-side juxta ... 
position of anionie lipids and the eationie residues of protein and these 

. 
interacting ionic groups would remain in contact with "wal\er. It is possible 

too that the difference in size of the zwitterionic group (compare leeithin 
9 

with phosphatidylethanolam1ne) may also be the distinguishing feature 

between two otherwise very similar phospholipids (49) •. For proteins with 

-1 
apolar amino acid residues, as wel~ as for lipids, exposure of apolar regions 

and groups to water ia thermodynamically unfavourable. As, a çonsequence. 
~ 

these groups tend to arrange themselves in such a way that they eluster 

together exciuding wate~ (thus fo~ing hydrophobie bonds), therefor~ deereasing 
, ' ' 

the energy state and fDcreaa1tl1 tht!-' erttropy of the whole system (the membrane). 

Also, formation of these hydrophobie bonds results in inereasing stabiliza

tion of peptide hYdr<6~en bonda within these apolar areas, aince water, which 

{ 
r 

" 

~~---------------_ .. _~.~ ... _- --~, 

-' _·_·_·--·t7--·~rs;1-êomietU;;;-of hydroge~'b-~nd formation, is exc1uded and the a-helix is 

the favoured conformation for hydrophobie polypeptides (6,la). Thus, 'a lipid 

bilayer with an apolar core in intimate hydrophobie contaet/with the apolar 
1 

••• amino acid residues of"the memb~ane proteins is thermodyn~mically the most 

favoured structure. Zwaal and van Deenen in recombination experiments 
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. -~ 

of membrane Iipids and proteins, concluded that both e1ectrostatic and hydro-, 

phobic interactions were invo1ved (62). 
t~, ' 

1.3.3 The Role of Lipid in the Membrane 

In the fIuid.mosaic model the fluidity ~f the membrane is depen
\ 

dent on the lipid component. The fatty acid moiety of the phospho1ipids 

appear to be invo1ved. The fatty açid chains may be in a re1atively fluid 

state where they have a great dea1 of rotational and vibrational freedom or 

in a relative1y c10sely, packed ordered structure in which motion is 

restricted (51,54,55). At a particu1ar temperature, the lipids pass through 

a phase change from the fluid to the liquid crystal1ine state or vice versa 

(54,55). The transition ternperature of the membrane phospholipids is likely 

a function of the polar group, the fatty acid moiety, and the cholesterol 

content of the ~embrane (55). Genera11y, the shorter the chain length and 

the greater the degree of unsaturation, the lower transition temperature is. 

lt has been sugge$ted that as the saturated hydrocarbon chains get shorter, 
'l,"" J. 

there is a ~ectease in London-van der Waals forces, allowing a greater 

mobility of the ëbains (63). This is basica11y true for phospholipids with 

unsaturated fatty acids as weIl (63), since such lipids have lar~er cross

sectiona1 areas and therefore pack less effectively between cholesterol 

moleéules and against protein molecules (51). Since phospholipids con~ 
'\ 

taining unsaturated fatty acids are lIOre bulky than the saturated phos-
l ' , li) 

(1 " 

pho1ip~ds, the bilayer containing these phospholipids will tend to be more 
________ , ____ ,~, __ . __ .,~ _________________ . ______ __jllIIr_-__I 

permeable to non-electrolytes (51,55,63). The suggestion of variability in 

fluidity of some areas of the membrane compared to others ~ght be advan-

tageous, due to the fact that membtane functions requirtng tlifferent degrees 

of fluidity might 'be operative simultaneously (55' • 

The concept of the a~metrical distribution of phospholipids 

• 
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across the erythrocyte membrane has been proposed recently (64), primarily 

hased on the labelling of erythrocytes and ghosts with the n~n-penetrating 

reagents 4-aceto-4'thiocyano stilbene disulphonate (65) and formylmethionyl 

(sulphone)methylphosphate (64). Gordesky and Marinetti have since reached 

essentially the same conclusions using yet another non-penetrating probe, 

trinitrobenzenesulphonate (66). Zwaal et al. in 1973 reviewed (67) their 

own extensive ,studies as weIl as those of others on ,the differential hydro-

1ysis of membrane phospholipids in intact erythr~cyte and ghosts by various 

phospholipases. AlI of these'investigations, ahd those which they have done 
e;., , ,~ 

since, which included the technique of freeze-etch electron microscopy (68), 

further substantiated the concept of membrane phospholipid assymetry. 
0::' 

. ; 1.""' 
The-~eneral_vlew appears to be that the outer layer of the bilayer 

consists mostly of cho1ine-containing phospholipids (53,55,68), although up 

to 20% of the cellular phosphatidylethanolamine may also be present (6B).~ 

In erythrocytes with a low sphingomye1in coptent (e~. guinea P~iëg~)~tbwe~----______ ~ 

external layer will be.mostly lecithin, whereas in erythrocytes with a low 
, , 

lecithin content (cow and sheep cells), the outer layer wou1d consist main!y 

of sphingomyelin (6B). In this context, it has been c1aimed that essentially 

only sphingomyelin tan; be detected by :J-mmunological means on the surface of ' 

sheep erythrocytes (69) and ox and sheep célls, in contrsst to those of the 

guinea pig, are resistant to haemolysis by phospholipases A2 and C (68). 
, '1 ' 

f 
The inner layer consists lIO#Jtly of phosphatidylethano1amine and hos 

serine although a small fraction of the choline phospholipide may aleo be 

~resent (53,64,68). Bretscher has suggested that protein may help make up 

the volume deficit of the inner half since more protein is associated"with 

the inner surface of the erythrocyte membra~e than the outer surface (53,64) • 

He further speculated that because of the difference in fatty acid composition 
.... 



\j 

• 

• 

l . 

14 

<of the various phospholipid classes, the fatty acid composition of the ~ner 

r' 
surface is more unsaturated than tp,e external, resulting pe,;rhaps in a less j 

h 
o ' , 

'" ~:. ordered env;i.~onment which might' bé tbet~er for accommodating pro teins , com-
.' 1 

1 

pared to that of the outer layer (53). 
1 

For the prC?posed 4symmetry to exist, it would have to be very 

stable. Any diUusion of phospholipids from one side of the bilayer to 

the other would have to be slow enough not 'to disturb -the partition (64). 

Kornberg and McConnell have shown in synthe tic bilayers that pho~pholipid 

molecules diffuse laterally across the surface very rapidly (70). The 

-6 neighbour exchange rate was of about 10 seconds (71). Howe~~, migration 

of these phospholipids from one side of the bilayer to, the other _ ("flip-

flopl1) is very slow (at 30°C the half life is about 6 hrs.) (72). Bretscher 

(53,64) speculated that in the erythrocyte membràne the presence of chol
'1 • 

esteraI and pro teins which'penetrate both lipid layers will bo~h decrease the 

rate of "flip-flop" to a point whera tha rate may he- measure$i in weeks or 

months. 
-, -, 

) 

Cholesterol fo~ an lntegial part of the erythrocyte membrane and 
, 

has a.profound effect on its properties. Cholesterol and phospholipid inter-

act close1y in sUch a way that the long axes of the cholesterol and the,hydro

carbon chains of the phospholipid are nearly perpendicular to the surfa~' , 

of the membrane (73-75). The interaction betwe~n the 1llo1ecules is complex l' 

(73,75,76) • It-is thought that there is an ionic interaction between th 
...~_ .. « 

, 
moleeule, but more dominant is the hydrophobie interaction of the phospholipid 

fatty acid chains \)'ith cholesterol (73, ~5). 
- . , 

Chofesterol apparently aIt ers the fluidity of membrane fatty acid 

chains in a complex manner (77,78).. As a result, at physiologieal temper-

, 
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atures the erythrocyte membrane is less fluid tban the completely fluid or 

"melted" state but tOOre fluid than the liquid crystalline or "ice-like" 

state (54,75). 
, 

The latter states exist ab ove and below the "transition" 

temperature reapectively of pure phospholipids (54,55). The effect of 

cholesterol ts achieved by a direct steric interaction of the cholesterol 

with the fatty: acid moiety of the membrane phospholipids (75)'. The trans

~ion temper~ture of the saturated acids i8 decreased while that of the 

unsaturated fatty acids is increased (75,79,80). 

van Deenen recently suggested that in a mono layer with cholesterol 

present, natural phosphol1pid species having one unsaturated fatty acid 

constituent present undergo a reduction in molecular size (63). This seems 

applicable to the erythrocyte membrane, since,>quantitatively most species of 

erythrocyte leclthin have the above structure (43,44) and the permeability 

of the erythrocyte membrane varies with the cholesterol content. The lipid .. 

bilayer is compressed and the permeability decreased when the guinea'~~r~ 

red ceU is loaded with cholesterol (81,82). Conversely, cholesterol de- ""t 

pleted erythrocytes become more permeable (83). 

It has been suggested some tlme ago, that cholesterol Is assym-
t / 

etrically distrib~ted over the eryth~ocyte membrane surfac~, being con-.. 
centrated around the periphery of the biconcave dise (84). Reeently however, 

data has been presented which sugges,ts that while it may have local organ

ization, cholesterol ove raIl is ran 

surface (85). Obviously~ this ia a problem which needs further attention. 

ln ait y case, ,the amount of cholesterol pre'sent in the erythrocyte membrane 
1 

appears to affect the shape of the cell. The cholesterol content of the 

red cell can easily vary within a wide range with prop~tional changes in 
1 1 

1 1 

membrane sufface area. Incubatfu~hs of normal red ceUs ~ith seracrf'varylng 
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cholesterol concentration result in ohanges in erythrocyte cholesterol con-

tent, and there is a close correlation between t~s~ changes and osmetic 

fragility, which is a reflection of membrane surface area (86). Although 

the overall picture ia still unclear, the increase in cholesterol content 

in certain diseases may be responsible for the formation of abnormal and 

f 
sometimes bizarre changes in -red ce Il shapes. In hepatocellular disease 

the cholesterol content i8 great1y increased. sometimes up ~o 75%,,~th no 
, flo 

concomitant lincrease in phospholipid content (87). The erythrocyte becomes 

"spurred" or covered with spike-like projections (88,89). Obstructive 

jaundice is ac~ompanied by the fo~tion of so-called ta:get~eIIS. This 

"targetting" of the erythrocyte wly be due to a 25-50% increase -in c~llular 

cholesterol accompanied by percentage increase in phospholipid which is 

_, _about balf~,Q..f- that of cholesterol (90,91). 

1.4 Erythrocyte Lipid Renewa1 and Metabo1ism 

Upon maturation from the reticu10cyte stage, the erythrocyte loses 

Hs capabllity for lipid biosynthesi$ de nova which includes that of f,atty 
, --

acid and other neutral lipids (7,17,92,93), phospholipids (17,93), and 
t 

cholesterol (94). Fatty acide are not synthesized ~~ from acetate due 

to the absence of acetyl-CoA carbo~se (4,16). Tbere is no de ~ 
J 

pathway in mature erythrocytes for the aynthesis of phospholipids due to 

l" 108s of CDP choline:1,2-d:1:glyceride phosphocholine transferase and CDP-
,~ 1 

di 1 ceride:inositol 

these ~portant pathways the erythrocyte does have three major mechanisms 

of lipid renewal available to i-t:. esterification of fatty acids with , 

lysolecithin (7,95-97), exchange of cellular phospholipid with plasma 

phospholipid (98 .... 100), and ex<;hange of free cél1ular cholesterol wit~,. that 

l, of plasma (101-103);, . 
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Esterification of Fa~ty ACidB': ' 

1.4.1.1 Mechanism 

The pathway in which free fatty acid iB eateriiied with lysolecithin 

was qriginally proposed by Lands in rat liver microsomes in 1960 (104) and 
/ 

first detected in erythrocytes by Miras et a~ one year later (105). The . , 
J • r. , 

reaction ia as lollows: 

o 
Il 

R-C-OH + CoASH + ATP 
free fatty acid 

fi thiokinase, R-C-SCoA + AMP + PPi 
fatty acyl CoA 

CHOOCR 
1 

RCOSCoA + HO-CH 

lyso1ecit~in acyl CoA 
acyltransferase , 

Fattyacyl 1 
CoA ' CH20P03-C1I2-CH2N(CH3) c 

lys01e ithin 

RCO H +CbASH 

bH2-0P03CH2CH2N(CH3)3 
lecithin 

The Lan~~.Esterification Pathway 

Miras et al showed that in addition of phospholipid, there was sreat incor

poration of fatty acid in~o neutral lipids. However, Winterboum and Batt (112a) 

have Sho,J that leucocytes incorporate' fatty ac1d much mo~e rapidly than 
( 

etythrocytes and that aIl of the raiioactivity found in the neutral lipids 
l 

could b~' accounted for on the basis of leucocyte contamination. Therefore, , 

since-Miras et al uaed whole blood, their reBults are questionable and one 

-Lne érythrocytes of fhose workers who reported incor-

poration into neutral 1ipids, may have been contaminated with leucocytes (105-

109) . 

lt has been demonstrated that rat and rabbit erythrocytes which 

,are high in lecithin. incorporate f~tty ~,id to a greater extent than human 
- :t 

... 

/ --' J------::-------
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erythrocytes which have a lower lecithin content. Ovine and bovi~e erythro-

l ' 

cytes, whi~h contain very small amoufttls of lec1thin, incorpora te very little 
- # ~l 

fâtty acid (96,'110). 
t .~---

- 1 It has been suggested that these differences are more 
" , 

due to the relative per-meabi1ities of the erythrocyte membrane to free fatty 

acid than to the relative abundance of the receptor for this precursor, sinee 

hetllO'lysates of rabbit and -ox incorporate fatty acid at the same rate (96). 

The mechanism by which free fatty acid is taken up by the erythro

cyte membrane and esterified has been extensive1y studied.._' Goodman (111) / 

originally suggested that free fatty acids are tr~nsfered from serum a1bumin 

to the receptor binding sites on the surf~ce of the ceU, aIL of which have 

the same binding affinity, and in a manner which is independent of metabolic 

activity (111). Donabedian and Karmen (108) have also ~uggested that this 
t' 

occurs and that it constitutes the firet step ~f the meehani.sm of fatty acid 

esterification. This step is rapid and reversible and the distribution of 

free fatty acid between albwnin and the cells depends on the relative atoount 

of each. Additiona11y, the distribution for each individual fatty acid is 

, 0 

different and appears to be unre~ated to the esterification rate for __ each 

acid. The rate of esterification ia proportional to the fatty acid conc'en-
" 

trà~ion in the medium. The second step involves the actual incorporation 
1 

by ~~i~rification. Shohet et al (112) have studied the overall mechanism in 
,> 

detail. In agreement with the previous studies .they euggest that the trans-
I 1 

, < 
~ 

fer ..... of fat.y acid from albumin to the superficial me rane...p90l "~;!:.t,_"_J..ÀQB _____ -

Independant of cellular' energy, and ls extrac~able b~ defatted albumine The 
; 

r, 

second stép, whlch involves transfer of free fatty acid ,from pool "FI" to 
i , 

"F2" appàrently requires ATP /. Fatty ad~d in pool "F2'~ lB l~ccessible to 1 

removal by albumine The authors did Dot suggest how the cellular energy 

requl!ed for the transfer ie spent, since t~ fatty'acid in this ;001 i8 still 
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unesterified. However, they did state that the "F1-F2 step" may involve an 

opening up of the- membrane al1~wing the third step, the actua1 esterifica

tion, whieh a1'so has a requirement fOr ATP, to proceed j!t a maximal rate, 

Shastri and Rubinstein (6) a1so suggested that the incorporation step may 
1 ' ,.;( 

be rate-1imiting. Shohet et àl-calcu1ated that the total energy cost of 
1 

esteripcation to the cel.! is 5% of that ~erived from glyco1ysis (112). 

When erythrocyte "ghost" prepaTations are incubated with free 
~ ~ 

fatty acids, ATP and CoA must be added to the medium for esterification 

to proceed (96,110,113), Intact erythrocyt~s require no added cofactors 

(2, 7):altho~gh one report claims otherwise (113)./ Such a case wou1d 

require the transfer of the very large CoA mo1ecule across the membrane, 

an unlike1y situation. Ç> 

The esterification enzyme, 1ysolecithin acylCoA ~cy1transferase 
, , 

has been demonstrated to exhibit specific:lty both with re'spect to the fatty 1 ., - ~ , 
/ 

acid precursor (96,97,108,110,114) and to the posityn on the 1yso1ecithin 
0, 

// -
mo1ecu1e to which the fattY,acid is esterified (95,96,113,114). In gen-

era1 for rat, man and rab bit, 1inoleic acid 1's esterified more rapid1y 1-- " 

than any other fatty acid (96,97,108,110,114), a1tho~h in rat at'achidonic 

acid is ,estedfied equa11y fast (97). Al! in fatty acid composition (115), 

the rat appears to ~e the exception" Although .1inoléic acid i8 in each -
,,-

/ 

case esterified the most rapid1y, the exact order of relative esterification 
\\ 

/ ' , 

rate for the other va
1 
ious f~tty acids appears to vary co~~erab!y with .jJ.'-----I 

the speciel'l (96,97, 
-' 

In general, however, the unsaturated acids a're 
;' 

esterified more r~idlY, and 1auric (12:0) and myrisJtic acid (14:0) ~re 

esterified very?ttle, if at a11 (95,96,97,108), Borlne erythrocyte~ '. 

esterify lino1 ie and linolenic acid equa11y weIl, and oldc and arachi-

donie acid 0 1y somewhat 1ees 80 (97). 
! 

Thus t the transferase enzyme from 

\., 
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this source is not quite as specifie, or there ma.y be more than one enzyme. 
\ " 

1 
Positionally, Ilysolecithin acylCoA acyltransferase esterifies 

the ,fatty acids at.' pO,sition 2 of the lysolecithin mo1ecule, in sost species 

(9~,97 ,113). In the rabbit however, while 92% of the linoleic, and 84% ..",g' 

of th~ oleie acid is esterified at position 2, only 9% of ,the palmitie acid 

is thus esterified. In other words, ~1% of thi~ fatty,actd is es~erified 
o 

at position 1. Waku and Lands (97) have suggested that, for human erythro-
,'i):< 

eytes ,at 1east, the cellular "acy1transferases eould be the signifieant 
, 

enzymatic factor contro11ing the fatty acid c,omposit;ion at the 2-position". 

These workers successfu11y, predieted the fatty aèid composition of this 

position from a knowlé4ge of the esterification rates and plasma. free fatty 

acid composition. 

1.4.1.2 Diet and Other Extracel1ular Effects 
y 

• 
~ny studies have been earried out on the effects of various fat 

j 

diets on erythrocyte lipids. These diets have included butterfat, which 
. . 

contains lArge amounts of short chain fatty acids, cocoanut oil ('5Ô% 1auric 

acid) , castor oil whicly con tains 80% -l2,OH-octadec,..9-enoic acil, li ~on

mammalian fatty acid (116), corn oil (59% linoleic acid) (117)\ and other 

diets which are fat fr." As ~rly as 1959. 1< ,wa; 'ound that ~ co.;. 011 

diet doubled the erythrocyte 1inoleic acid content over a matter of two 

years and it was assumed that this was due to incorporation during ·syn-

thesis of new cells (118). However, 

unsaturiated fatty acid content could be e1evated with a similar diet in 
r ., 

10 days (119). In 19,63 Farqu~r and Ahrens (120) noted that equi1ibrium 

~ f 

bet'ween dietary and erythrocyte lino1eic ac.id is achieved in 4-6 weeks, 

a rate slower than that for plasma but higher than that of adiposé tissue • 

ijo c~an8e in total 1ipid, phospho1ipid' or cholesterol cotitent was noted. 
/' n 

on 
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Mu1der et al (96) found 'that when the diet of a ra1iJ;U.t--ma±fi·~:t-a~1-n-e"d-o-n-c-o-c-o----'--'" 

anut oil (lauric acid) was s~itched to corn oil (linoleic acid), the lin-

oliec acid content in the red'cell d~b1ed within 10 days, mainly in 

lecithin and phosphatidylethano!amine. 

Significattt1y, despite the cocoanut oi1 diet, the lauric acid 

content was never significantly increased a1though the plasma 1evel was. 

Both Farquhar and Ahrens (120) and Mulder et al (96) noted that changes 
,l 

in oleic acid dontent were reciprocal with those of ,1in01eic acid. It 

was also conc1uded that these changes occurred rapiaiy enough that 1t , 

cou1d not.be solely due to maturation of the red cells in the bone marrow 

(96,120). A butterfat diet, which is rich in short chain f~tty acids does 
. 

not cause a;change in the erythrocyte short chain fatty aci~ composition 

(116). In fact, fat freé diets and diets deficient in 1ino1eic acld in 
, 

general resu1t on1y in a very 1imited change in the erythrocyte fatty acid 

composition. The deèrease in lino1eic acid content is accompanied by a 

corresponding increa~e in the oleic acld content. Addtc~~aal1y, the con-
, 

centration ot arachidonic acid decreases (42,121,122), and ihis is due to 

the fact that, in the rat for example, arachidonic acid is synthesized from 

linoleic acid. This abili~y ,is reduced or missing in the sheep, and the 

arachidonic acid conc~ntration does not v.ry (24). Also 1n essentiaL fatty 

acid' deficiency, eicosotrienoic acid (20:3) appears and it is norma1ly 

absent from the eryth~ocyte (42.ll6,121-123). Tt has been s1.tggested tbat 

these changes in erythrocyte fatty acid composition are restricted.most1y , 

to 'lecithin and phosphatidy1ethano1amine (42,122,124), but it has also been , 

pointed out that the changes in e~ythrocyte fatty adid c~mposition with 
/ , , 1 

-'" diet is a1so species-dependent, particu1ar1y when comparing ruminant 
• ' ~ 1 

erythrocytes with non-ruminants (121). There i8 1itt1e doubt that in the 
" 
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specific fatty acid changea the specificity of the 1ysophospholipid acyl 

CoA acy1transferase enzymes of the erythrocyte is heavily imp1icated (96, 
< 

121,122,124). This is further reinforced by Waku and Lands observa~ 

tions that the fatty acid composition can be predicted fram a know1edge 

-of the enzyme specificity and the leve1s of the various fatty acids in 

plasma (97). 

As weIl as changes in the extrace11u1ar concentration of fatty acids 

there are other factors which can affect fatty acid esterification. Sev-

eral gro~ps of workers have reported that addition of lyso1ecithin to the 

medium in which ~1=herhemalysates (96,113,114) or intact erythroeytes (6) 
, 

were incubated, stimulated the rate of fat~y aéid esterifieation. lt 
~ 

was suggested that lysoleèithin acted by making the membrane mor~ ~ermeab1e 

to fatty acid (t). Oliviera and Vaughan (95) however, could not show this 

effect with hemolysates and su~g~sted that the endogenous levelof'1yso-

1ecithin was sufficient tq satura""te the systea; 

Severa1 potent~al inhibitors-of the este~ifica~ion pathway have 

been studied. Cupric ion has been .hown to be an effective inhibi~or (95, 

125), as has p-ch1oromercuribenzoate (126}. The evidehce concer~NaF 

1s conflicting (110,126). 

1.4.2 Exchange of Phospholip~d 

Exchang~ of phospho1ipid between erythrocytês and plasma was 

first desc~i~ed many years ago by 'Hahn and Hevesey (98). Th 

tha t the prO;~~lY slow, that---not aIl of the phospholipids ,of ' 

the erythrocyte were invo1ved and specu1ated that perhaps the non-

exchangeable fraction was located in the "deeper layera af the corpuscle 
~ 

'membrane". 15 yeara ago severa1 papers on phospholipid exchange were 

pubUBhed. in which labelled acetate WB. used aa a' t"aceT in Whole ~lOOd 
j 

, , , 

J 1 

1 

1 

1 

1 

1 

-1 
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(127-130) • Rçwever, these "Same authors a1so showed that most of the 

acetate was incorporated by the leucocytes (~3l) and this is consist~nF 
. 

with the current view that mature erythrocytes ére incapable of incorp
! 

orating acetate into ]J.pids (4). 
~~ l 

Thus, their resu1ts must be interpreted 
1'" / 

with considerable caution • 

Currently, it is cons~dered that sinee erythrocytes are ineap-
J 0 ~] 

able of syntnesizing lipids de ~ (4,5) and s·ince during exchange there 
~ ~ 

is neither gain nor loss of the exchanging phospholipid from the celJ.. (100, 
- ~,;I 

132), phospho1ipid exchange between the erythroeyte and serum involves 

the intact molecule of the cell and its corresponding species in the 

serum (99,100,126,132,133). Except for the lyso derivatives used in the 

esterification pathway, 1t has been shown that a variety of' possible phos
) 

pholipid precursors are not incorporated (126,134). Thes~clude inOrgan~c 

J • 
phosphate, CDP-choline, choline, ethano1amine, serine, 1nosito1, glycerol, 

a 
diacylglycero1, glycerylphosphate, phosfhoryl choline, and glyeerylphos-

, phor§icholine. The various ph9sRho1ipid classes exchange at differenè 
,J -""v 

rates depending on the species of $rythrocyte. In man and dog, Reed, has 
J > JI"- ' , .. > 

shown that ~rythrocyte lecithin ana sphingomye1in exchange with their vor- . 

responding species in plasma, but phoephatidy1serirte does not exchange, 

and phosphatidyletkanolamine on1y ~lightly so. He suggested that the 

latter two phospholi~ids.do not exehange weIl due to the 1ack of these 
:t 

~la8ses 1n plasma (100). The fin4ings were essèntia!1y confirmed hy 

Shohet (126), a1though he showed that phosphatidylethanolamine i8 Bome-

l '. 
what more, exchang~ble.;. '. Additiona1~y, he found that 1yso1ecithin, lyso-

( . . 
phosphatidy1ethau91amine, .and phosphatidylinositol did na. exchange at 

Q • 

a11 • Mulder and van Deenen (134) reported that rabbit erythrocytes exch4nge ... .. 
" main1y lec1thin but also some lysolec1thip with ser"_ When .sheep erythro-
, 

o 

, 
," 

'" , 
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cytes were incubated with 32P-1abelled rabbit plasma there was, on'ly a 

very slight transfer of phospho1ipid, main1y as 1yso1ecithin into the 

cells (134). i The, t'a~~ erythrocyte appears to be somewhat unusual in that 

1yso1ecithin is the main phospholipid participating in exchange and it 

exchan"ges extreme1y rapid1y (99,133-136). Sphingomye1in and 1ecithin a1so 
1 

exchange but at a much slower rate (99,134-136). ,. It has very recent1y 
CJ 

been implied that 1ecithin ia the main ph08pho1ipid èxchanged between serum 

and the erythrocyte of the pig (137). 

C , With the exception of 1yso1ecithin, ,which in the rat ls exclWp.ged 

- -'almost instantaneous1y (133), phospholipid in genera1 is exchan.ged qU!.t8-""'--
(/ ~---. ....-----

slow1y, about l%/hr. (98,100,133) , in a manner independent of metabolic 

energy (133). ~~- ~\ 

I~ has long bean su.p~~"~ngeabla and non-e~Ch.ngeable 
pools of erythrocyte phospholfpid exist (98,130,134), but they have been 

quantitated on1y recently for two species (100),._ For examp1e, Reed founn' 

that in man a.nd dog, ollly' about 60% of cellular 1ecithin i8 avai1able for 
r .,J'. 
, [) 1 

excharige. In human célls on1y 30% of the sphingomyelin i8 exchangeab1e', 

while dog erythrocyte sphingomye1in is 75% exchangeab1e (100)_ 

Sinae the fraction of serum l1poproteins ~hich has a density 

greater than 1. 21 (including albumin) corièains at 1east half of the total 
-{. 

serum 1ysolecithin (138) it is not sU'rprc1sing that rat eQthrocytes have 
~ l 0 

been found to exchsnge lys01 ecitb·1n mostly lo1ith th:Ls serum lipoprotein 

fr\:action (136,139). Other observations indicate that other cellular phos- , 
~~--- l\ 

ph~'Hp:i,ds, maiàly lecithin and sphi.ngomye1in preferentia11y exchange with 
,~ 

c ... \ thos~ of high depsity lipoprotein (Hf)L, d - 1.063 - 1.2il) (136',139,140). 

This wou1d imp1y that there are, two phospho11pid pools in the serum. _R.eed 

has tlkde an intensive study of the characteristics of leeithin and sphin-

\ 

! 
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gomyelin exchange between the human erythrocyte and serum both in vitro and 

.!.!:.~. Hb data is consistent with a system in which the erythrocyte has 

two pools and the serum has only one, which i9 entirely exchangeable (100). 
, " 

Reeq (100) has suggested that one of the major factors affecting 

exchang~ of phospholipid between the erythrocyte and se~um is the presence 
• --1 

of the participating phospholipid in the serum. Of course, this is neces-

sary for exchange of any phospholipid to be possible, but by the same token 

the phospholipid composition of the erythrocyte is likely to have ~ bearing 
-; . 

,\ 

,on exchange as well (134). No mention has been made of the effect .of varying 
') 

the concentration of lipoprotein in the serum on the rate of phospholipid . ~ 

exchange. 
.. \ 

Within a given phosphollpid class, the relative abundance of a 
\ 

particular molecula~, spe~ies in the cell or serum may have an effect. 'As 

weIl as these quantitative factors, certain qualitative aspe~ts have to be 

considered. The nature of the binding of a phospholipid molecule to a 

membrane protein, Le.; elect;rostatic :Lnteractions ,vs./hydrophobic bonding 

is likely to have an effect on th~availability of the phospholipid mal-, 

ecule for exchange (61,100). Perhaps even more important in this respect 
• <> 0 

, may b~ the physical position of the phosph61ipid molecule in the membrane 

Ç4:l-, 100) • In additio~to an asaymmetric distribution of certain phospho-, 

lipids ;lu. the erythrocyte membrane (68) it Is possible, although it bas 

not been commented on in the literature, that certain molecular'species 

of any given phospholipid may also be âssymmetrically or!ented 4n ~he 
• 

erythrocyte membrane. Finally, the state of the I!lembrane which may change 
.. .. "" -.> 

as the erythrocyte ages may also hav~~h effect on the ,exlhang~ of phos-

pholipid between-=the=reà --=œil and seIUDri 

<) 

{I -; 
" 
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1.4.3 Other Pathways 

In addition to the major pathways of lipid renewa1 availab1e to the 

erythrocyte, there have been reported severa1 mino~ pathways of varying degrees 

of importance. 

Perhaps potentially the most important p8~h~ay of these i8 the 

Erb1and-Marinetti pathway: 

2 lyso1ecithin lysolecithin 1 1 1thi + 1 1 h h 1 ho1ine acy1transferase eç n g ycery p osp ory c 

In this reaction, which was first described by Marinetti et al (141) for 

rat liver, two 1ysolecithin mo1ecules condense tb forro one of 1ecit~in and 

one of glycerylphosphorylchollne ~ithout any requirement for'ATP or CoA (142--

144). The Most ideal cond~tions for this pathway to be operative signifi-

cant1y appear to be those in which the pH is acidic and the 1yso1ecithin con-

ce~rati~n 1s relatfvely h1gh (145). Mulder and van Deenen (114) first 

reported the existense of this pathway in the er1throcyte, but it has been 

shown that under normal physiological conditions, it contributes litt1e to 
-; , . 

the 1ipid renewal_of the red cel1, compared to the fatty acid esterification 

'" reaction (126,144). 

Despite some reports to the contrary (146-148), it i8 generally 

agreed that inorganic phosphate 18 incorporated only slightly -by the erythro-

~ cyte solely into phospbatidic acld (33,149-152), th~ough the action of a 

dig1yceride kinase (1490,.150), and into dl- and triphosphatidy11nositol (153) ~ 

\ lt is possible that in sheep erythrocytes other tra~e and as yet unident-

ified phospholipids may also con~~n phosphorus derived from inorganic 

phosphate (154).' • In the nucleated ery,throcyte of fowl, inorganic phosphate 

-
---Ls---:1..ncot'porat@G- intQ mo-st----.ajur=phospho-11p1ds==i:n: vttro--{l55.156) -and 1n - -
~ (157). ~ ~itro, phosphatidic acid and phosphatidylglycero~ had very 

high specifie activities (155,156), but in ~ they were weakly labelled 

(157) • 

, : 
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Phospholipase A activity has not been demonstrated in the untreated 

intact erythrocyte despite repeated attempts (95,110,113,134,158). 

Polonovski's grQup c1aimed recent1y that rat hemo1ysates treated with 1 M 

NaC1 (159) and human erythrocytes and hemo1ysates treated with trypsin, 

deoxycho1ate, or 1 M NaC1, (160), have phospho1ipase A activity. These 

authors have a1so suggested that human erythrocytes undergoing he~lysis 
" . 

after being' subjected to à pro1onged incubation in isotonie media with 

plasma or a NaCl solution, exhibit phospho1ipase A activity (161). The 

significance of this activity in relation to physio1ogiea1 conditions is 

uncertain. 

Mu1der and Van Deenen have demonstrated the presence of lysophos-
;. 

, 

pho1ipase in the rabbit erythrocytes and suggested that its activi~y-----· 

be significant in the,event of fai1ure of the esterification pathway (144). 

In the, rat liver, the pathway in which phosphat'idylethano1amine 

is successive1y methylated at the amino group, through the Mediation of S-

adenosy1methionine to produee 1ecithin, has been demonstrated (162). 

" However, in the ery'throcyt the Methionine acti'trâting enzyme ie absent 

and there i~ significant incor ration of 14C-1abel1ed methy1 groups into 

1ecithin, sphingomye11n, methy1ate ~hosphatidylethano1aminea and to some 

extent lysolecithin. through the act~ethYl transferase. but only 

when S_[Me_14C] adenosy1 me thionine is added to the system (163)~-~" 
, 0 " 

Polonovski and Wald have recently suggested that the human ~thro-

cyte eontains a trig1yceridase. In order to show acti.ity if was necess~, 
to use a~ hemolysate and to emu1sify the substrate with Triton X-lOO. Serum 

l' 
~- -reporte 

.- .. _--------~-------
<5- a lipase which attacks l,2-diglycMde formed after phoapho1ipase C "treat .. 

ment of ~at erythrocytes (165). 
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1.4.4 Cholesterol Ex~ange ! 
---

Exchange of éholesterol, which takes place b n the érythro-

cyte and serum,1ipoproteins, is a very rapid process, reaching equi1ibrium 
j 

in vivo in about 8 hrs. (166). There is no energy requirement for the e~-

ahange (166), which involves free cholesterol but not esterified cholesterol 

(167)., The erythrocyte can exchange its unesterified cholesterol with, 
J 

plasma, isolated 1ipoprot&in preparations, and artificial dispersions of 

lecithin-cho1estero1 and -sterol (168-173). When erythrocytes are incu-

bated with cholesterol-deficient serum or lipid dispersions, the cell mem-
~ 

brane can become up to 60% depleted of cholesterol (171,172) with a con-
:Il' 

comitant increase in osmotic fragility and glycerol permeability (174). 
, , 

The original cholesterol content and_fragility can be restored by incu-

bation with plasma or lecithin-cholesterol dis'persions (172,174). 
( , 

Despite its rapid rate and lack of an,energy req~irement, the 

cholesterol exchange between the 11poprotelns and the erythrocyte aoes not 

constitute a simple system. AlI of the low density'l1poprotein (LDL) free 

cholesterol (171), but only about 60% of the high density lipoprotein (BDL) 

free cholesterol (170) and a variable amount of erythrocyte cholesterol' 

(depending on the species) (83,167,171), ~s avai1ab1e for exchange. 

Apparently tbe non-exchangeable erythrocyte cholesterol ls essent1al for 
, 

cellular integrlty (175). d'u011ander and Chevallier (103) have recent1y 

proposed a model in which the serum lipoproteins (HDL and LDL) e~hange 

cholesterol with the erythrocyte and with each other as weIl. They alsQ , 

suggested that most of the cholesterol which 18 ~8terified ln the serum 
1 

" 

'1:ransferase comes from the \ 

~ J. 

. ., 
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1.5 Serum LipoproteIns and Phospholipid Metabolism 

AlI of the major 
. J 

serum ~ipids, which include free fatty acids, 

1.5.1 Lipoproteins 

phospholipids, cholesterol, cholesteryl esters and triglycerides are tran-
, ~ t' 

sported complexed with proteine While the free fatty acids and lysolecithin 

are mainl! bound to albumin, the o~her lipids are carried in the macromol-
r"-

ecular serum lipoproteins. The protein and phospholipids serve as the ' 

solubilizing agent which keep the neutral lipids in solution as they are 

transported in the circulation (177), There are four major families of 

circulolltlng lipoproteins. These ate summarized in Table IV (178). The 

following abbreviations are used in this Table: 

VLDl.. ~ v.ery low density lipoprotein, 

LDL - low density ~ipop~otein , 

HDL - ~igh density lipoprotein 

Sf -OLipoprotein Flotation Rate in Svedburg units (10-3 cm/sec/dyne/ 

gm) in a NaCl solution of density 1.063 sm/ml. 
1 

Chylomicrons~riginate in the gastrointestinal tract and serve to 

transport dietary triglycerides from the intestine through the thoracic duct 

into the'bloodstream and eventually to the tissues. They consiat main!y 

of triglycerides with sma!1 a~unts of other lipids and,protein, ~d like~y 
1 j,;t - C 

are spherical'in shape. The phospholipids al~~'with the protein form the 
1 ~" 

outer membrane-of the spheri~al particle, the cOTé of which contains mainly 
-

tri~~ê. but also a small amount of cholesterol ester as well {179'!; 

density lipoptoteins are a class of lipoprotein rich 
-- --~- --- ---- -----

en ogenous in origin (178). 

lipoproteins are heterogeneous in their physica! propetties,.....resembling 

chylomicrons in one extreme, and low density lipoproteip in the other. The 

\ .. 

., 

(, 

1 

0, 
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30 :. TABLE IV 
j 

Properties and Composition of Major Lipoprotein Families 
,- , ' 

Chylomicrons VLDL LDL HDL 
-- :' 

Density (gm/ml) < 0.95 0.95-1.006 
1 

1.019-1.063 1.063-1.21 

Sf > 400 20-400 0"'12 .., 
, 

Molecu1ar Wt. 109 _ 1010 5-10 x 10 6 "2.5 x 10 6 200,000 
,If' 

, 0 

750 - 10,000 Mo1ecu1ar Size (A) 300 - 800 205 - 220 75 - 100 
1 

Turnover Rate 
f 5-15 min 6-12 hr 2-4 days 3 ... 5 days (Ha1f LHe) 

Lipoprotein Constituents 
~, 

% Dry Weight 

( Protein ~ 1-2 10 25 45-55 
1 , 

Triglyceride 80-95 50-1<0 10 3 . 

• Free Cholesterol 1-3 10 8 15 

Esterified Choles,tero1 2-4 5 37 22 

Phospholipide 3':"6 15-20 22 .' 30 
:l ... l'I 

? <1 -} <1 Carbohydr~~, 
'., 

r':'l'i ''', 
.... 

.' 
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predominant lipid of this ~lass 1s triglyceride and the density oi'indiv

idual VLDL partièles is re'lated to the relative amounts of triglyceride 
", 

and protein present. The protein moiety is made up of a number of quan-

-titative1y major and minor c~onents (180,181), which are a1so found in 
. 

LDL and,HDL (182). Structura1ly 1t is considered that VLDL is spherical 
1 

in shape 'and has a neutral 1ipld core which la surrounded by a thln layer 
~ 

of proteln and pho,spholipid (178). 

" 
Low density 1ipoprotein i8 particula~ly rich in cholesterol and 

lts esters (Table IV). lt ia derived 801e1y fro, the metl1bolism of VLDL 

in the serum (183). The LOt partic1e appears to be a spherica11y-averaged 

structure consistlng of a lipld bilayer ceated with a layer of protein and 
. 

presumably phospholipid which,are present on'.~th the inner surface and 1, 
the outer surfa<;e of the bilayer (184). 1his is in ;:ontrast to the total 

/. J structure of VL&Jand. chy1omicrons (178~ 179) • In the LDL structure, the 

cholesterol mOiety of the cholesterol esters ia associated with the Pfotein 

and some of the polar groups of the phospholipids are exposed to the plasma 
.~ ~ , 

t184). LOL is physica1ly heterogeneous, components ranging from the ~ighter 

triglycerlde-r1c~ VLDL-like partic1es.1n one extrema through to a heavie~ 

HDL-1ike component (18~.,~~~ 

H1gh density lipoprotein 1s present in the serum as two sub-classes 
, 

HOL2 (d.î.063-I.l25) ana ,HDL3 (d.l.12S-l.21). As a class DDL ls higher iu 

proteine and phospholipid than any other lipoptotein. The cholesterol con

tent ie abo high al though not as high as in LDL (Table IV). HDL2 bas le88 

protein, triglyceride and free fatty acids, but more cholesterQI than HDL3 ,! 

units 

probably linked together by .... lipids through' non-polar bonding 80 that the 

. 
o 

, , 



1 

1---------

• 

" 

32 

hydropn~5~c portions of the prote1n and pnospholipids, as weIl as the 

neutral lipids are ~r1ented away from t~e aqueous ~nvironment. In this 
\ ' 

thermodynamically stable structuré the polar areas of the pr~tein-and the 
, ~ , 
polar groups of the phospholipid are in contact with the water (187). A 

possible alternate structure for HDL has been suggested to be that of an 
1 

organ1zed sY6tem of micelles (187). HDL is seçreted by the li~r (188) 
/ 

and apar~lfrom lipid,transport, 1~8 exact funct10nal rol~ 1e unknown (187). 

It is known tnat an HDL peptide 1s an activator of serum lipopro~ein lipase 
J 

(189) and that 1ec1thin-cholesterol acyltransferase is associated w1th HD~ 

(190) • 

1. 5. ~ Serum Phospholipid Metabolism 

Phospholipid metabolism in the plasma appears to be quite limited. 

No es~erification or condehsation~ pathways analogous to those found in the 

erythrocyte have been observed~ysophospholipase activity appears to be 

negligible (191,192). In post-heparin plasma of man a phospholipase which 
o 0 

sel~ctively hydrolyses phosph8tidy1ethanolamine has been described (193,194) 

and in heparinized rat plasma.a p~ospholipase,hydro1yses 1ecithin signif

icant1y (195,196). Th ... post-hepar1n phospholipaàes have litt le of no 
(1 

activity in normal plasma. By contrast, a simi1ar enzyme has tieen found 

in normal human plasma which hydrolyses lecithin (197) and in normal rat 
i 

'plasma which hy4r01yse~ phosphatidylethanolamine (192). The reason for 

these appar~nt1y contradictory observations is unclear. The contradiction 

may be real but it is alao possible the heparin is having'some direct effect 

on the phospholipase or 18 cauBing the 'release of another pho.spbQlipase. or 

appears to, vary with 

species. Indeed, It ls possible that, in SQ$e species, there 

may be virtually no phospholipase actlvity in normal plasma. 

\ 
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One pathway of plasma phospho1ipid metabo1ism wti1ch has been 

doeumented for many differ~t species (198,199-201) is the reaction first 
o } 

described by Glom.et et al (202,203), the enzymatie tran,fer of fatty 

acid from lécith~n to cholesterol. 

,"CllÔCOR 

Rocok 
b~2-0P03-Ch0l1~e 

Lee:J:thin 

+ 
HO Cholesterol 

Leeithin-Cholesterol 
Aeyltransferase 

?HOCOR -r 
HO-rH 

CH2-0P03-Cholin~ ___ -~-- :-. 

, / 

L:~~ ROC Cholesteryl Ester 
-- -

, 0 , 

, ' 

This acyltransferase reaction i6 specifie for lecithin only (204) and Obly 
, , ' 

the fatty aeid in position 2 is transferred (203,205). Although there 

appears to be little specificity with regard to the species of sterol (206), '" . 
the enzyme does show preference for certain epecies of fatt:y aci4s, depen-", 

~ 

ding on the species of animal (200,207-210). In rabbit plasma, the relative 

rate of ~f~nsfer of fatty acids in descend1ng order.1a l~leate > arac~~ 
fi ~ ~ .. 0 

idobta. >' oleate. > palmitate (200,208). The trate of ,linoleate transfEtt' has 

been estimateJ at 6.8% over a 20 .h~. ~at1on (208). 

Under notmal physiologieal conâit10ns LCAT 1s well suit~a to 

~~====~~~~~~~~t~rr,an~-u8~f~e;r~of' fatty acid and from 1ec1 

1mum rate. In rat (211) and human (212,213) serum àt 1east, the optimWn 
l ' f . () " 
pH 18 between 7' and 8 and a pH be10w 6.0 inactivates the enzyme (198). 

. ' 

o 
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The reaction also prQceeds more rapidly in isotonic saline than in either 
\ 

- more dilute or concentrated salt solutions (2l3,2l~). Although LCAT readily 

becomes oxidized when partially purified,'it appeaJs to be quite stable 

under normal conditions in the plasma (198). On the other hand, if exper

imental co~ditions require the ina~tivat~on of the enzyme withou~hangi~g 
normal plasma c~~ditions, heating at 56-60°C f~O min. is quite effec

tivé (215). LCAT is inactivated bpt the capacity of the,plasma lipoproteins 

to act as subsFrates 1s unaltered (216). 

1.5.3 Summary of Erythrocyte and Serum Phospholipid Metabolic 

and Renewal Pathways , ..... 
The patbways of phospholipid renewal and metabolism-are summarized 

in Figure 2 • 

1.6 Membrane Alterations With Red Cell Aging 
'4 

1.6.1 Total Lipid Content and Composition 

The fact that the lipid content and composition change as the red cell -

matures and ages hâê.been known f~r many years. Reticulocytes were first 
, 

shown to contain more lipid than the mature erythrocyte ,in 1950 (217). 
• r 

Since then a number of ~tudles have been made (7,20,21,218,219) and young 
Q 

reticulocy,tes have beenoreported to conta in anywhere from 1.5 (21) to 4 (20) 
, \ 

t1mes as'~bh phospho1ipid as matùre ce1ls. Tbe contribution of 1ecithin 
.. , 

10ss to the overa11 lOss of phospho11pid ~pon red ce1l maturation a8ems to 

be in dispute. Raderecht (219) suggested that lecithin is preferentially 

\ lost, 'Shatti~ and Cooper (20) could f1nd nO,chang~ in ee~lu1ar pbospholipid 
, ' < 

\ composition, an~ Warrendorf and Rubinstein (7), reported that the lecithin 
" 

content 18 greater 1~-~ture erythrocytes than ret+lc~uff-l~o~c~'y~the~s~.~~~~~-n~-~-~--~~====~ 

cholesterol is not as p~~~iGnateli great a~ that of phosphofipid (20,219) • 

Ret.~ ........ ;v ... cholester0l:phospholipid (C:P) ratio tban mature 
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Figure 2 
, 

Schematic Oiagram of Pathways of Phospholipid Renewal and Metabolism in the Eryth~ocyte and 
Serum. 
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erythrocytes (20,21) but the C:Pvratio for their respective plasma membrane. 

is the same (20). lt has been suggested that much of the reticu10cyte lipid 

is lost when the phosphol'ipid-rich, choleBtèro~-poor organellés are lost 
~ b 

from these cells' (20,21), but Warrendorf and Rubinstein noted that these 

organelles contained little lipid when-compared to .the tot~l ~ipid of the 

l ' , 
plasma membrane (7). Shattil and Cooper noted that the spleen also has 

a role in this lipid loss but the mechanism is not known (20). 

After the erythrocyte matures it conti~ues to lose lipid although 
-

the amount. lost i8 relatively small (22~-222). Loss of cholesterol Is sig~ 

nificant when expressed in terms of per single cell as weIl as per unit 

surface area (221,222). Total 1ipid and phospholipid 10ss appear to be 

significant only when expressed on a single ceU ba'sis rather than per unit 
. 

surface area (221,222). Lipidoloss from the mature ~rythrocyte as it ages 

appears to be on a proportiona1 basis, such that the lipid composition~f 

the cell does no~_change with age (222). 
, 

1.6.2 Red Cell Shape Alteration with Age' 

The biconcave shape of the e'rythrocyte ia- depandent on an excess 

of surface area relative to cell volume (223,224). ..... 
• J 

This biconcavi.ty lends 

to ,the ceU an almost infinite ability to bend and deform (225) which the 

erythrocyte must do~in passing through the narrow chan~ls of the spleen 
. \ 

'(225,226). The erythrocyte membrap.e has.only ~ very limited abili.ty of 
\ . 

stretch and the b4concave shape circ~eat8 this problem (223). As the 

red cell ages, the 1ipid is lost (220-222), accompanied by a depletion of 

j 

J 

p==~~-~~-=---~. -l.int-rac-ellular. ATP (227,228), .audace aru ilil dec~~ase~ (229),' and the erythroëyte 

tends to'become spherical (230). The erythrocyte in t 
• ,.' ., 1 

Hs deformability with the result that Ù ls susceptible to entrapment and'-... . 
destruction in' the microcir,culation of the spleen' (226). 

, , 

Th. adverse pH,.. ( 

l' 

" 
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conditions of the spleen may further aggravate the erythrocyte's lack of 

( 
deformability (226) and the low levels of ATP likely reduces the deoxygenated 

- 0 

senescent red cell!s chances of survival of the effects of stagnation. in 

the spleen in the same way (224,~26). 

Likel~,dué to a 10s8 of deformability of the membrane the osmotic 
-t

fragility of the erythrocyte increases with age (231-232) and destruction 
. J ,_ 

of the senescent eell by osmotie hemolysis or by direct physieal perforation 
. 

likely occurs to some extent (229). 

In an electron microscopic study of erythtocyte membranes, Danon 

and Perk (23p) noted that the young membranes were granular, relatively 

thick, and generally had large concentric f~ldings, while membranes f'rom 

old cells were "smooth and thin", less'granular, and had mostly radial 

foldings. Later studies"' (232,234) s}1Owed the the young erythrocyte mem-

brane contained a large number of long'filamentous protrusions, which in 

old cell membranes were almost non-existant. These observations are con-

sistent with the pro cess of fragmentation, which Weed and Reed (229) have 
J 

suggested as the méchanism for the symmetrical less of lipid with increasing 
~ 

erythroey~e age. It had been previou~ly suggested that membrane fragments 

may be lost ~ep;atedly without haemolysis (225), with a resulting increasing 
~ 

sphering of the erythrocyte each t~e (229). Whi}è fragmentation itself 

may not be fatal to t~e cell, it ~y, along with decreasing ATP concentration 
\ J ' 

(227,228) and possible 10s8 of mambrane-&,ound enzyme activity, predispose 
lI; .......... / \.' ~ 

~he cell to further fragme~tion with the final deleterious consequence 
~ 

of inability to traverse spJtfnie microcirculation (fragmentatièn hemolysis 
t . 

~ h' 
and/tir pliagocyttisiST (229). 

1.6.3 Fatty Acid Composition Cbanges 

The fatty ac!d composition of the)erythrocyte appears to change 
.: 

J 

'i 



• 

• • 

'. 
.. 

38 , 

with age. It has been noted the cells of patients with reticulocytosis are 

low in linoleic acid (235,236). An early study of age-related fatty acid 

composition changes indicated that in general the ~ontent of unsaturated 

fatty acids increase while that of the saturateq fatty acids decre~sel w~th 411 
; 

age (237). van Gastel et al (238) on the other hand, noted that while the 

/ ' linoleic acid content is'slightly higher in old cells, the arachidonic con-
- 1 

tent ls decreased somewhat. In agreement with this, Phl1l1ps et al (239) 

recently found that fpur: of the five fatty acids s,tuàied with chaine of 18 

carbons or less (stearic acid being the exception) increase in content with 

the age of the erythrocyte and aIl 19 fatty acids with 20 carbons or more 

show a decrease. The authors suggeeted that while the change in content of 

not every fatty acid longer than 20 carbon atoms ie statistically significant, 

the direction of change of this group of fatty acids ia very significant • 

Walker and Yurkowski (122) studied change in the erythrocyte fatty acid 

composition -in erythrocytes from rata fed different diets._ TheYI found that 

significant differences occur with~Bge on aIl diets and the pattern depends 

on the particular fatty acid and its concentration, and on the natu~e of 

the diet. They osuggesteq that the fatty acid esterification pathway ia 

involved and that the activity of the acyltransferase enzyme changes with 

the age of the erythrocyte. 

1.6.4 Esterification of Fatty Aé1ds 

A aumber of other ~nvestigatorB have studied the esterification of 

fatty acids in relation to erythrocyte age: The reticylocyte incorpora tes 

fatty acid into le~ithin'at a rate which 18 four times that of the mature 

erythroc-yte (7, 240) .-----wa~rendorf an(f~ubinatein found that by far mose Qf 

,1 the fatty acid i8 -incorporated into the plasma membrane but a very small 
\ 

amount is taken up into the mitochondria. Elevation of the ATP levei by 

----

, 

.1 

1 
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50% or depletion of it to mature cell concentration has no effect. The 

authors con~luded that although esterification of fatty acid by the retic-
. 

ulocyte is much more a~tive than that by the mature erythrocyte, it follows . \ ' 

\ \ 1, -
the 'same pathway and is ess,enti.ally restricted to the plasma mémbrane. , 

~_. r 

Severa1 laboratories (6,241,242), have shown that. the o1dest ~gment of ~he 

erythrocyte population esterify fatty acids at ~ reduced rate compared to 

the remainder. However, if the hemolysates 'of Lld celis are suppiied witt 
, ' 

~ # 

ATP (241) or the _tntact old cel~ are supplied with glucose (6), the difference 
o ~ \ 

in esterification rate i8 abolished. Î!he reactivity of the ~y1transferase 
"'----' 

sy§tem'therefore appears. to be depéndent on the availability of endogenous 

ATP (6,241). .. 

,1.6.5 Dther Lipid Pathways 

1argely 

Dther pathways of lipid r~*wal and metabolism have remained 
,·'r' :l:>-
"l, -v 

unstudied in relation to' the age of the red cel!. Ferber et al 

(242) have reported that lysophospholipase activity is diminished by about 

half in old erythrocytes. Sloviter et ~l, (94) have shok, .that cholesterol 

biosynthesis and exchange take place in the reticulocyte and that the 

system 18 quife compîë~- -VirtualTy n~ work has been reported comparing the 
. 

exchange of phospholipid in reticulocytes, or young and old erythrocytes. 

2. MATERIALS AND METRons 

Materials 

[9,IO_3H1 palmitic acid, (1_14C] linoleic acid and [59Fe1 ferrou8 
1" ... ,1 

1''''" ":1 
1 

citrate were obtained from' New England Nuclep.r Corporation" Boston, Mass., 
, ' 

; ~ 

""[1_14C] l:tit~lenic acid fjbm Amersham/S,earl~ Corporation, Chicago, Ill., 

32 and Na3 P04 from Charles E. Frosst and Co., Montreal, Quebec. 

Bovine ~erum albumin (BSA), Fraction v, was purchased from 

, , 

Nutritional Biochemical Co., Cleveland, Ohio. Phospholipid's were obtained 

'>\ 
,1 
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from Nutritional Biochemical Co., Serdary Research Laboratories, London 

72, Ontario and Supelco lnc., Bellefonte, Pa. Double distilled water, 
r-!..~1 '" t1: 

produced by an aIl g11ss system, and used in preparation of a buffered 
d 

saline with glucose solution to be described later was obtained through '.' 

the courtesy of Dr. Peter Weldon, Department of Physiology, McGill Universioy .• 

Millipore filters and equipment were purchased from Mil1ipore 

Corporation, Bedford, Mass. 

PPO (2,4-diphenyloxazole) and POPOP [1,4-bis-2-(5-phenyloxazo1yl 

benzene)] were obtained from Packard Instrument Company lnc., Downers Grove, 

Ill., or New England Nuc1ear Corporation. The liquid scintillation phos-' 

phor cocktail was prepare4 as follows: 9 'gm PPO, 0.3 gm POPOP in 3 litres 

toluene. 
'. 

S:Hica Gel powder s were purchased from Machery, Nagel, and Co., 

Duren, GermaJlY. 
, 
l 
1 General resgertts, aIl of which were reagent grade, and supplies were 

t \ , , 

obtained from Fisher Scientifiè ~~. Ltd., ,or Canadian Labontory Supplies' Co. "' 1" , 
1 H. 

Ltd., Montreal, ~ebec. 
':;, .. 

'~ . 
Rabbits were supplied _hy Canad.i.an--Breed:lng Farms, St.- CGnst-ant. 

Quebec. 
. 

2.2 Preparation of Labelled Material 

,2.2.1 In vitro Exchange Experiments 

32 l(j) mCi of Na3 P04 were injected intraperttoneally or intraven-
1\ t) , 

,ously into 5-10 lb. male New Zealand ~ite rab~its. Three to four days 

1ater the blood was removed by cardiac puncture' using 0.25 M sod:lum citrate 

as the a~ticoagulant. The erythrocytes-were washed 3-4 tintes with ice-cold' 
, 1 

',:. 
isotonic saline, removing the buffy coat along with the top 10% of the 

erythrocyte column each time. One 'volume of packed wash'ed 32P-labelled 
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erythrocytes was incubated in 5 volumes of Krebs Ringer bi'èa~bonate"b\1ffer 
'- . '",,-

" "-
pH 7.4 (prepared by the méthod of De Lùca and Chen (243) contai~ing 8 mM''''' • 
glucose for 2 hrs. at 37°C, with a gas phase of 95% 02' 5% CO2• 30llCi' 

[9,10_3H1 palmitate and lOllCi [1_14C1 linolenate or [1_14C] lino1eat~, 

bound to defatted bovine serum albumin by a modification of the method of 

Milstein and Driscoll (244), were added per ml of incubated packed cells. 

The defatted a1bumin was prepared by the method of Chen (245), dialysed 

:.agai~st water' for two days with at 1east two changes of dialysate and 

:lyophilized. After the pre-incubation the erythrocytes were washed at 1east 

3 Umes with 2% defatt;ed BSA in Krebs-Ringer bicarbonate buffer to remove 

ùnincorporated free fatty acids. For experiments involving erythrocyte mem
.) 

branes, "ghosts"wen prepared from the labe11ed. ce1ls 'by successive freezing 

and thaw~ng in an acetone-dry ~e bath and a Warm water bat~peCtiVe1Y, 

three times. The membranes were repeatedly pelleted by çentrifugation at 

10,800 xg for 10 min. and washed with isotonie saline unti1 the ,supernatant 

was nearly colour1ess. At this point, the memb~ane pellet was colourlesa ... 

or slightly pink. , 

-------,----
-~--.--;-----;----:--;-~------- - ---

Unlabelled ' ser~, require<rrOr the exchange incubations was obtained 
, , , 

after coagulation of b100d colleoted by cardiac puncture from 18 hr. fasted 

rabbits. Prior to use, this aerœn was centrif,uged at 20,000 xg for 20 min. 
\ <> 

to remove platelets, leücocytes, and other ~on taminants. Serœn lipepro- . 

teins were fractionated by the method of Havel et al (246), using an •• lnterna-

tional B-60 preparative ultrace.ntrifuge with a SB 283 rotor- at 100,000 xg 

2.2.2 In Vitro Exchange vs. Red Cell Age Experimenta o 
'18-20 1IC;t'of Na3 32po 4 were inj ected intravenously iota 6-10 lb. 

. rabbits. In one experiment 40 llC 59Fe citrate had been injected a few days 
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prior to this (247). The blood was collected a~ already described above 

32 
either 24 or 40 hrs. after Na3 P04 injection. The erythrocytes were wash~d 

3-5 times wi.th a buffered saline 801\1tion containing glucose (8.10 gm NaC1, 

1.22 ga Na2HP04~ 0.1937 gm NaH2P04~H20, 2.0 gm glucose in 1, ~itre double

distilfed water, pH 7.4, 291 mOsm/kg H20) (248) by the method of Prentice 

and Bishop (247). After each centrifugation aIl except the last centimetre 

of supernatant was aspirated and a cotton-tipped stick was rotated at th~ 

top of the red cell SQlumn. The leucocytes, b~t not the erythrocytes ~dhered 

to the cotton. Thus, the leucocytes were quantitatively removed, without 

any 108s of red cells. , 

,The washed red cells were fract.ionated according to age by u1tracen-

trifugation on a discontinous BSA density gradient using a slight modification 

of the method of Piomel1i et al (248) to be described 1ater. The erythro-

cyte fractions and the control populations were pre-incubated with labe11ed 
l' ,~ 

free fatty'acids as already described, except for the following modification. 
1 

135 }Jeiof BSA-bound [9,10-3Hl pa~mitate and 45 lle! [1_1.4C] l1:noleate were incu-

i~, ~, bated in 17 tn1 medium per gram o~ erythrocyte haem~globin. AH o=-'t=-::h=-e=-:r=-------p=-=r:..=e=-..;. _____ _ 

fo------ --~~~:bation a~d washing conditioo$ ~ere identical. \ The unlabe11ed serum for 
fi,-L!, ' _____ -

~: 1 - --

~':.; these experiments was prep~ -described in t~e pr~eeding section. 
__ --- 1 

Haçoglobin ~~~ne~~by the method of King (249) as modified by 

Brownstone and Denstedt (250). 

2.2.3 In Vivo, Exchange Experimenta 

Erythrocytes of donor'rabbits were 1abel1ed in the phospholipids 

with 32p and radioactive fatty acida as a'lreSdy deacribed for the 

If!ltandard" .!!l vitro exchange experiment,s. In a~dition, during the last 

half hour of the preincubation with the labelled free fatty acids, the cells 

were 1abelled with 51cro4 by the metho,d of Mayer et al (251). 2jiCi. of 5lcro4 

M .;t. 
... '1" 
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per ml.preincubation mixture were added to the preincubation suspension. 

Incorporation of radioactive chromate was stopped five minutes before the 

~nd of the preincubation by addition of ascorbic acid (1 mg/ml preincuba-

tion mixture). The cells were then separated from the medium and washed 

with defatted BSA as already described. 

-' 
2.3 Separation of Red Cells According to Age . ... 

,~ 

Separat~on of red cells according ta age by ultracentrifugation 

on a discontinuous BSA densfty gradient was carried out by the method of 

Piomelli et al (248) with certain modifications, Impurities were first 
r-

removed from the BSA before preparation of the concentrated solutions. 

Insoluble particles ~ere separated from BSA by mill~pore filtration (0.8 V 
1 

pore size) of 5-10% solutions and dissolved ions were then removed by 
6 

dialysis against distilled water for two days with at least two changes 

of water. The BSA wa~ then lyophilized prior to use. Osmolarity adjust-

ments of the concentrated ~SA solutions tO,~sm/kg H20 measured with 

an Advanced Osmometer Model 600-5 (A~V~~~~~ Instruments Inc., Newton 
---,' , 

High1and;,- ·~ss.) ~~~~ addition of solid NaCl, and dilutions were 

made with 0.92% Nàc1 (291 mOsm): procedures suggested by Winterbourn and 

Datt (252). The·~ltracentri~gation of the gradients at lOO,OOQxg 

for 50-60 min. st 4°C was prededed by a short centrifugation (10 min.) at 

10,OOOxg to prevent any possible clumping at the first interface of the 

gradient. 

2.4 Exchange Incubation Procedures 

2.4.1 In Vitro Exchange Experimente 

/ 

One volume of labelled erythrocy~e~ or the membranes obtained from one 
, ' 

volume of theee cella we~e incubated with 4 volumes of serum or!~~um,lipopro-

tein solutfon for 4 hrs. at 37°C under an atmosphere of air. After, incubation, 
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,the serum was removed and the cella were then washed 4 ~mes with 2 volumes 

~ of co1d isotonie saline each ttme. This washing prodedure, necessitated by 

total volume restrictions~f the subsequent lipid extracts, was found to 
, 

quantitative1y separate the serum from the erythrocytes. The washings ~ere 

extracted together with the serum fraction. In the ~ ~ exchange vs. 

erythrocyte age experiments, the exchange incubation conditions were iden-

tica1 except that 17 ml se~um per gm erythrocyte haemoglobin was used. The 
1 

1ipids 'of the ce11s or mtmbranes and serum were extracted, fractionated, 

and quantitated. See Appendix for ·detai1s. 

2.4.2 In Vivo Exchange Experiments 

15-20 ml of ?5% suspension of the quadrup1y 1abelled (3R, 14e, 

32Pt 51Cr) erythrocytes were injected' intravenously by the ear vein per 

recipient rabbit. 'Thirty minutes 1ater a 5 ml samp1e of blood was taken 

for a "zero time" control. Thereafter 5 ml samples were taken at interva1s 

for up ta 5 days. The'erythrocytes of each samp1e was quantitated in terms 

of total mgm haemoglobin and a small aliquot was ta~en for the counting of 

the radioactivity due to 5lCr • The rest of t~ sampie was then used for 

extraction~and analysts. 

2.5 Analytica1 Procedures 

Ce1l and serum 1ipids were extracted by the method of Folch et al, 

1 
(253) and evaporated to dryness under nitrogen. To avoid possible contamin-

. . 
ation with radioactive free fatty acids, the lipids were redissoîved in 

ehloroform and separated into neutral lipids and'phospbolipids on silicic 

acid co1umns, Mal1inckrodt ,100 mesb, activated ove~ight at 1l0-l20oC 

according to tbe prodedure of Rirsch and Ahrens,(2~4). To aIl lipid extracts 

was added 2,6-di-tert buty1-p-cresol (BHT) in a final concentration of 

50 mg/IOO ml. The antioxidant was a1so added tQ the phospholipid fraction 

... i 
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aft~r the silicie acid ehromatography. The lipid extrad~s were manipulated 

or stored under nitrogen wherever possible. The phospholi'pids were separated 

by thin layer chromatography on a binder-f:ee ailiea.gel, MN-Sil!ca Gel 

N-~. uaing the Bolvent system of Skipski et al (255) and marked after 

being visualized with ~odine vapour. After de-iodination (upon standing) thf! 

bands were scraped off ahd the phospholipids eluted by the method of Wood el-~l 

(256), yielding recoveries of 85%. In some experiemnts, lecithin (PC) was 

to be further separated into molecu1ar species of differing degrees of unsat-

uration. PC waa separated from other phqspholipids as above and visualized 

with a water spray., The PC was then eluted as a'!?ove, after the bands had 

dried and was s,parated into thé molecular species by argentation thin layer 

chromatography on MN-Silica Gel N (257). These bands were earefu1ly scraped 

off and the 1ipid quantitatively e1uted with successive 10 ml portions of 

ch1oroform~ethano1-acetic acid water 100:60:16:8, chloroform-methanol 1:1 

and finally methapo1. The eluates were washed iree of dye and silver iQns 

by the method of Arvidson {257} with· a recovery of radioactivity of 70%. 
a 

Triple:labelled samples were 'counted in a Packard Tri~arb Model 

3003 liquid scintillation spectrome~er using PPO-POPOP ~ture in toluene 

as the phosphor. Corrections were made for crossover and quenching. Decay 

of 32P1 'was corrected back to the time of incubation for the in vitro exp er-

- ;. 
iments and to time of injection of radioactive erythrocytes into the recipient 

rabbits for the !!!. ~ experiments (addurate to 1ess than 6 hrs.). Lipid 
o 

phosphorus was estimated J:>~ a modification of the metbod of Bartlett (258). 

The modification entai1ed the use of 0.6 ml concentrated percbloric acid in' 

the digestion of the samples so that it wou1d be complete in less than 10 min. 

instead of after several hours • 
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3. Results 

3.1 Behaviour of Phospho1ipid Exc~ange wi th Time 

Since the incubation conditions for studying phospholipid exchange 

in vitro have not yet become standard in the '!iterature, a study was under-
,-- l 

taken to de termine a conven1ellt-" incubation time. ' 

Exchange of phospholipid from "erythrocytes labelled in vitro after 

32 
administration of Na

3 
P04 and .!!!. vitro by incubation for ,2 hrs. with BSA-

14 ~ bound [1- Cl 1inoleate, was observed in vitro with time. As shown in 

Figure 3, exchange of phospholipid 1ab-elled by' both methods was"Unear for 

at least 6 hrs. confirming the findings of Reed (100). Therefore, a 4 hr. 
,--~/ / 

incubation period was ~ed as a convenie~t incubation time for subsequent 

etudies. During these incubations there was no significant change in the 

quantities of phospholipids present in the erythrocyte, a finding which is 
~, 

consistent with an exchange process, rather than a, net transfer. 

3.2 ,Exehange of Bhospholipid with Specifie Lipoproteins 

Serum phospholipids are transported throughout the body by the 

circulating lipoproteins. Since these lipoproteins are metabolical1y and 

phospholipid exchange preferentially takes place with any specifie 1ip-

oprotein or merely depends on the phospholipid content of the incubation 

- . 
medium. Varying quantitie.s, of VLDL, LDL, and HDL i~ separate samples were 

incubated with erythrocytes which had been labelled in v1'Vlk,after injection 
- ---- ~---------~---'----'---I 

.32 withNa
3

P0
4

• The data in Figure 4, which ~epresents the combined results 

of two experiments, sftow that the rate of 'exchange of phospholipid' is not 
a 

influeneed by any particular lipDprotein fraction. lt ie, however, propor-

tional to the concentration of phospho1ipid in the incubation medium. 
) 

Figure 5 ie, a plot of specifie activity of the labe1led phospholip1d 

, 
, ' 
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time (hrs) 

o 
o 

6 

o 

Figure 3: Time course of 1abe11ed poospho1ipids from eryth,ocytes 

in 
'F 

experiments. , Incubation conditions: Washed 32P-1abe11ed ;rythro

cytes vere pr~incubated.in Krebs-Ringer bicarbonate buffer~ pH. 7.4, , 
t.J 14 

containing 10 )lCi [1- ,Cl linoleate bOUJi).d to albumin, and 8 mM glu- l 

cose with a hematocrit of 20%. After 2 hrs. the cella were washed 
o , , 

with a defatted-albumin eontaining medium, and divided up into 1 ml 
'-

:~aliquots. Each 1 ml aliquot was incubated with 4 ml serum for 0, 2, 

4, or 6 hrs. The serum lipide wer,e then extracted and the phospho

lipicls separat""~d from the total Iipïd extract. The radioactivity 

of the serum phospholipids of each sample ,was then counted and 

the results plotted 'againsx time. i 

1 

, 1 
=n- 7 'f Dezs M rD r '3 " 
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• VERY LOW Dë:NSITY LlPOPROTEINS 

LOW .. • • - HIQH " " /. 
• 

fj 

100 150 

p9 lipîd P per incubation flask 
- , 

Acquisition of [32p] phospholipid from rocytes by 

varying amounts of serum lipoproteins 0:- VLDL, ~: LDL, 0: HDL. 

The data are accumulated v es from two separa te experiments. 

Incubation condition~l ml of washed 32p~elled erythrocy~es 
o • 

--~ ----

were incubated with 4 ml of lipoprotein solution for 4 hrs. at 37°C. 

Lipoprotein solutions consisted of lipoproteins dissolved in Krebs-

R1nger bicarbonate buffer, pHJ.4. Lipoprotein phospholipid con

centrat~o~ i6 e~ressed as ~g' lipid P per incubation flask. Control 

samples consisted of 1 ml cells incubated with 4 ml buffer alone 

for 4 hrs; 
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LD~ .: HDL. ~The data are accum-

ulated values from two sep~rate expertments. 
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appearing in the lipoprotein solution after incubation against the 1 id 

pnosphorus content of the solution. The specifie activity of the be1leà'"" 

phospho1ipid present in the lipoprotein solution after excha~ge i extremely ~ 
-:J' - .',' 

high at low m~diuBf1iPid ph~sphorus le~e1s but it,decreases rap d1y ~~ the 
/' 

medium lipid phosphorus concentration i~creases, ~until finall j the medium 

lip.id phosphorus concentrat~on has little further effect on he specifie 
." 

activity. 

3'.3 The Fate id Precursors 

and Serum After Exchange 

As a first step in the study of excha~ge be ween the rabbit erythro-
, 

cyte and serum of phospholipid deriyed from various radioactive fatty acid 

precursors as weIl as that labelled with 32p ~y ! 
change in vivo, a deter-

mination was made of the.fate of these various 1 bels in'the erythrocyte and 

serum after exchange. Erythrocytes labelled ~ vivo with 32p by,exchange 

.were incubated with radioactive free fatty a ds and th en with serum for 

4 hrs. Table'V i1lustrates the distributio of 1abe1 du~ to th~s~precursors 

in the phospholipids of the erythrocytes. Since the amount of label exchanged 
, 

1-_______ --'"i,...n'-"'-"'-truLB.erlDD over 4 hrs. 18 quite 6ma~ , e 

" ! 

,', 1 

distribution of erythrocyte radioactivfty before and a~fer exchange. lt may 

be obterved that regardless of the ptcu~sor, most of the label was inc~rpor
ated.into the lecithin fracti9n of the ~throcyte. Thesè'observatio~s are 

in agreement wtth previous data (6). ~e incorporation into PC averaged 
,.~- 0 

about 70% for aIl precursors excep~ palmitate, a larger proportion of which, 

interestingly, was always incorporated Intoithe phosphatidylefhanolamine. 

No other erythrocyte. phospholipids contained a '-si~ifica~t proportion of 

radioactivity. The pattern of incorporation of 32p ~nto the cell hS 4lOt 

remarkably different from that of labelled linoleate o~'linolenate. In aIl 
-

1 
;f" 

) 

2, 

CI, 
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• TABLE V 

Distribution of Radioactivity and Lipid Phosphorus in Erythrocytes 

Follo~ing Exchange of Labelled Erythrocyte Phospholipids. 

,. 
32p [3H1 [

14
Cl [14C1 

L:t.Pid 
Phospholipid , Palmitate Linoleate Linolenate P 

<t 
.~ . ., 

% radioactivity %.)JgP 
"" '} 

.. ~ "'f 

L 

Lysolecithin 1 1 1 1 2 -, 
l 

Sphingo 
mye lin 8 1 3 2 21 tfl 

Lecithin. 71- 54 66 "73 39 
,-

Phosphatidy1 
serine 

/ 
+c;phosphatidyl 

inositol 3 4 ·5 4 7 

" .• Phosphatidy1 
ethanolamine 17 41 26 21 29 

The datJl are the means 0 3 to ~ experiments with S .E.M. <3%' in each of the 

larger percentages (>20%) 

albumin-bound free fatty acids unfer th~ folloving ~onditions: Hematocrit 20%~ 
l' 

) , ' 

Krebs-Ringer bicarbonate buffe't; pH' 7.4, containing 8 mM glucose and 10 lICi 
" . 

[1_14C] linoleate t1f [l-14Cl linolen4te and 30 )JCi [9-10-3H] palmitate .. After 
J ~ 

2 hrs. the cella were washed w1th a 4efatted a1bumin-containing medium aoo 1 ml 
1 

~ \ 

of packed cells reincubated with 4 ml serum at 37° for 4 hrs. For the control, 

1 ml of packed cells were mix-el'l with 4 ml serum and then aeparated immediate'ly. 

See Appendix for fur~her details. 
1 1. 

'. 
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-

cases, lecithin Ylas the main phospholipid labelled in vivo or in vitro, but -- - '" 

lecithin constitutes only 39% of the total erythrocyte' pho~olipids, a value 

which ia in agreement with those found in the literature for rabbit erythro-

cytes (33). Table'r'VI shows that in tHe serum after exchange, lecithin con

tained by far'.-the most radioactivity ( at leas'ê 80%). By contrast serum 
, 

phospholipid is 'on:ly 59% lecithin. Apart from a small amount of label in 

PE containing radioactive palùiitate of linoleate, no other serum phospholipid . 

was significantly labelled. 

3.4 Comparison of Exchange Into and OUt of the Erythrocyte 

Although leci~hin is the main phospholipid involved in exchange, '.'~.'l

not aIl of the erythrocyte lecithin Is available for exchange (100,134). ,~ 

of 

Reed has made a quantitative estimate of the exchangeable lecithin present: 

in the human and dog eryth~ocytes (lOO). In these calculations, a compar-

ison uwas made of the fractional exchange rates of lecithin from the erythro-

cyte (outward \ exchange) with that. of lecithin exchanged into the erythrocyte 
') 

from the serum (inward exchange). The estimates of the actual amount of 
ç 

" erythrocyte lecithin turned over in eaëh direction by exchange were based 

~---un- tne--gp-edf:tc~tivtt1es o~ tne 32P-";labe1.1ed~ecithi.n fbund in the serum 

and cell after exchange in 'parallel incubations. ' Since lecithin is neither 

lost nor gained by the erythrocyte during 'exchange, the calculated amount of 

lecithin turned over going ~n each direction should be identical. In the 

event that two pools of cellular lecithin exiBt, one of which does not 
, () 32 . 

exchange, the <specifie activity of the erythrocyte P"labelled lecithin 

used to calculate the fractional turnover will be too low. In the present 
~ 

s~udy, using rabbit erythrocytes and serum, a si~ilar set of experiments 

were done. Two parallel incubations were set uPi' one in which 32P ,-labelled 

erythrocytes were ineubated with unlabelled serum sa that exçhange of labe1l-~d 

" 
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TABLE VI 

1 

Distribution of Radioactivity and Lipid Phosphorus in Serum Follo~ing 
, 

Exchange of Labelled Erythrocyte Phospholipids. 

4
1 

<r:0 
Phospholipid 32p ' [r~Hl Palmitate [l4C1 Linoleate 

Lipid 
[l4C] Linolenate P 

Lysolecithin ' 9 

Sphingo myelin 8 

Lecithin ~ 

Phosphatidyl 
serine + 

phosphatidyl 
inositol 

Phosphatidyl 
ethanolamine 

2 

2 

3 

1 

82 

3 

11 

f 

% radioactivity % l1gP 

2 1 27 
L 

2 1 7 

80 92 59 

3 2 3 

13 4 3 

, 
The ,data 'are the mean of 3 to 5 experiments with S.E.M. <3% in each of the 

larger percentages (>20%). 

Incubation Conditions: As in Table V. 

-----"-------------ïG:;--~-.-ry"-;,,' ~--------- ----------- --~----

,,, 
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lecithin was in the outward direction, and the other in which unlabelled 

. 32 h 
erythrocytes were incubated with P-labelled serqm, so that exchange of 

labelled lecithin was in the inward direction. The~ata enabling calcula-.. 
tian of th~ erythrocyte Iecithin pools are shown in Table VII. An average 

inward exchange ra~e was determined to be 3.5% while that in the outward 

direction was 6.5%, giving an average ratio of inward to outward exchange 

rate of 0.,55. This value is similar to that obtained by Reed (100) for h~n 

and dog erythrocytes. These data suggest that the value for the ,specific \ 

" 
activity of the erythrocyte lecithin used for the calculation of the outward 

exchange rate, which was based on the total cellular 'lecithin content, is 

too low and only slighb~y more than half of the erythrDcyte lecithin is 

actua11y taking part in exchange. 
, 

3.5 Participation of Erythrocyte Leci~?ins Derived by Esterification of 

Various Free Fatty Acids in Exchange 

In light of t~e finding that only part of the erythrocy~ lecithin 
\ -

is available for exc~n~e, it was decided ta examine the involvement i~-, exchange 

with serum lipoproteins, of lecithin formed by the Lands esterification path-
" 

way. Exchange of these lecithins was compared to that of the lecithin in the 

cell labelled with 32p mainly by exchange in vivQo The procedure de~cribed , --
\ in the Methods section was followed and the lecithin of the cells and serum 

were analysed from two points of view. 'Firstly, the isoto.ic ratios, 3H/32p 

and l4c/32p, for each labelled fatty acid precursor, in serum and cell were 
l._~ _____ ~ _ 

---------------
calculated and compared. In the second approach the rates of exchange for . 

each precursor were calculated and compared. Table VIII aummarizes the data 

and analyais derived from the first point of ,view. 
32 ' 

S1nce [ P] leci,th1J,). was 

incorporated into the erythrocyte in VLVQ_OVer 4il-pe.r-i-od--of--several -<laya' l'Y 
- - - --- - - -~~ - --

exchange, it represents the pool of cellular lec1thin which takes p,art in , , 

.' --------------- - ----- --



TABLE VII 

Comp'arison of the inward and outward exchange rates of erythrocyte [32p] 

content Inward exchange ~ Outward exchan~e , Ratio: ~J Expt. 
seecific activit~ fractional s~eciffc actlvit~ fractional 

turnover turnover rate raite Cell Serum Cell Serum Cell Inward/Outward 

. 119 ~/flask Cpm/llg P % q:rn/llg p 
1 168 24 3800 140 3.7 55 21-00 5,. r .65 
2 1nn 40 3000 100 3.3 17 1200 7·13 .45 
Average 

3.5 . 
6.~ .55 

\ 

Incubation conditions: 1 Outward Exchange - l ml 32P-Iabelled erythrocytes were incubated with 4 1 
unlabelled'serum for 

- LI"I 
LI"I 

• 

. 
~ 

Inward Exchange 1 

" 

l 
~\ 

4 hrs. at 37°C1 Cells and serum of control samples separated 1mmediately 
after mixing. " 

32 1 l ml unlabelled cells were incubated with 4 ml P-Iabflled 
1 

1 at 37°C. Cells and serum of control samples were sepatated 

mixing. 

• 

serum fOT 4 hrs. 

immediately after 

• 



56 

• TABLE VIII 

The Ratio of Fatty Acid (14C or 3H) to 3~p in Serum and Cel1 
l'J 

Lecithin Following Exchange Between Erythrocytes 

and Serum. 

Fatt~ acid/P ratio * Ratio ** 
Esterified Fatty Acid 

A B 

\ 
serum cells A/B 

r 14 Lino1eate- C 3.0 5.7 0.53 ± 05 (10) 

\ 14 , 
Linolen,ate- C 3.3 3.0 .94 ± .06 (5) 

3 Pa1mitate- H 5.8 6.9 .64 ± 12 (11) 

) 

• * data from a typica1 experiment 

** u mean ± SE of tnê number of experiments indicated in parenthesis 

Labèl1ing and incubation conditions: As in Table V. 

/1 

------~------------------
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One can calculate the isotopic ratios of radioactive fatty acid-

32 containing lecithin/ P-labelled lecithin for both the serum and celle Ii 

the ratios for the serum are the same as that of the celi as is the case for 

14 ' ' 
[ Cl lino1enate-containing Iecithin, then it would appear that virtually aIl 

of this lecithin is available for exchange, and when one divides the serum 

ratio by the cellular ratio the final value ls equal to unltt. If, howeve~. 

only pa~t of the fatty acid labelled lecithin in the erythrocyte is available , 

for exchange, then the final ratio of serum ratio ta celi ratio will fa11 

below unity. For example, only 53% of the [14Cl linoleate-containing lecithin 

is exchangeable. These ratios were calculated as below. 

where As = the epm of acyl-Iabelled lecithin in serum • 

Ae =: the epm of acyl-I~belled lecithin in the erythrocyte. 

Ps the cpm of 32 ' in = P -labelled 1ecithin serum. 

P ... e the cpm of 32p -Iabelled 1ecithin in the erythroeyte. 

In the second approach to analysing the isotopie data of the serum 

and erythrocyte, the rates of exchange for eaeh-'labelled lecithin were cal-

culated as below: 

Â 
Fractional exchange ~ate of fatty acid lâbelled 1eeithin _ 8 ' 

SA~(a) 'Me 

Fractional exchange rate of 32P-labelled lecithin • Ps 
SAe(p) °Me 

where SAe(a) ... specifie activity of acyl-labelled erythroeyte lecithin. 

SAe{p) ... specifie activity of 3~P-label1ed erythrocyte ~cithin. 

Me - quantity of erythrocyte l-eeithin." 

The fractional rat~8 of exchange for each labelled lecithin are shown in 
- -' 

/ Table IX. About 6% of the 32P-labelled erythrocyte lecithin and r14C] lin
.... 

olenate-containing lecithin were exchanged during the four hour incubation, 
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3 < 1 [l4Cl lin-but only about 4% of the [ Hl palmityl lecithin and 3.5% of the 

oleyl lecithin exchanged. 

These rates may be compared by calculating the relative exohange 

rate. f 
The relative'exchange rate is the fractional exchange rate of erythro-, 

cyte acyl-labelled lecithin divided by the fractional exc,hange rate of 32p_ 
/ 

labelled erythrocyte lecithin. 

As" f Ps relative exchange rate .. ~--~~ 
SAe(a)·Me SAe(p) "Me 

A ~Me! JJ "Me s s = -=--
Ae Pe 

c .. AsjAe 
Ps Pe 

Thus, in Table IX comparison of the fractional exchange rates of 

32P-Iabelled erythrocyte lecithin with the fatty acid-labelled lecithins 

shows that while lecithin formed by esterifi~tion of [l4C) linolenate exchanged 

14 ' ~-
at the same rate, [ C] linoleate-containing lec1thin and [tl] palmitate-

containing lecithi~ exchanged at rates'only 53% and 64%, respectively, of 

, ·32 
that of, P-labelled erythrocyte 1ecithin. 

These relative exchange zates are numerically equal to the "ratios 

of the serum to cell isotope ratio,s" and therefo.re taken to~ther these two 

14 analyses suggest that, for example, only 53% of t~e [ C] linoleate-contalning 

lècithin in th~ rabbit erythrocyte i8 available for exchange. Since~ however, 

the relative rate of exchange is. an easier term to deal with, it alone will ~ 

be subsequently used. 

The observation that 53% of the cellular lecithin produced by el:J_~~I'':" ____ ._ 

iffcatictl of -[14(:] -linole~te ~~ -available for exchange corresponds to the 

size of the exchangeable pool of the total cellular lecithin, which was deter

mined by comparison of the rates of inward and outward exchange of 32P-1abelled 

~-~-------------- -------

r-' 
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lecithin. This would suggest that linoleate esterifiesj-the 1ihole cellular 

lecithin pool. On the other hand, linoleate, which when esterified, has a 

relative exchange rate not significantly different from 1.0, anJ it therefore 
, , . 

---- ---------- -- ----- ------

appears to label only the cellular lecithin pool which can take part in 

exchange. The relative exchange rate of the lecithin labe11ed with [3HJ 
b 

palmitate was significantly less than l~O [p<O.05] but this value showed con-

siderable vari~tion from experiment to experiment. Shohet (158) has noted 

that the exchange of human erythrocyte lecithin labelled by esterification of 

[14C} palmitate was slower
l 
than that of le~i~hin 1abelled with [3HJ palmitàte 

which was incorporatèd by exchange with a lipid emu1sion. However, a much 

< longer incubation was necessary in order to show this difference. 

3.6 Examination of Possible Sources of Artefacts 

The possibility that factors quite unrelated to phospho1ipid exbhange 
• ·C 

may have been responsible for the differences in the amount of lecithin con-

• 
taining, the various radioactive fatty acid residues, appe4ring in the serum was 

considered. Several possible-such sources of artefacts were e~mined. lt 
, , 

was considered possib~ that a phospho1ipase which specifically hydrolysed 

on1y certain species of lecithin, might be present in the serum. To test this 

~OSS1bility serum labelled ~ vivo_with 32P-labelled phospho1ipids,' by injec-

32 tion of Na3 P04 , was incubated at 37°C for 4 hrs. In another check, erythro-

cyte lecithin labelléd with [14C] lino1eate, [3n] palmitate and 32p was . 

---.... emmnul~i-ed--ill Ja: ebs"'-Rirrger 1iicarbonate -bufter by sonication on- rceandwas 
" 
• , 

then incubated with serum for 4 hrs. The results of these checks are found 

in-Tablê-X~in Parts-A and B respectively. Part A shows that no phospholipid 

was hydro1ysed more than 6% and th~ hyflrolysis of 1écithin was on1y'4%, with 

the product appear~ng as 1Yso1ecithin. Part B of Table X shows that the ratio 

of the radioactivity of neither fatty acid label ~o 32p changed after 

4 hrs. of incubation. Thus, it was reasonable to conclude 
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TABLE X 

Effect of 4 hr. Incubation at 37°C on Phosph01ipid 

in the Serum 
o 

A 32P-1abelled Serum 

Phospholipid -32 % Change from Initia! Cpm in P-labelled se~r~um~ ____ _ 

Lysolecithin 

Lecithin 

Sphingomye1in 

Phosphatidy1 serine ) 
Phosphatidy! inosito!) 

\ 

\ 

Phosphatidy1oethano1amine 

B 

+ 4%.) 
) of Initial Lecithin Cpm 

- 4% ) 

- 2% 

- 6%. 

- 2% 

Sonicated Labe!1ed Erythrocyte Lecithin 

Esterified Fatty Acid 
\) 

3 14 32 
% Change in Ratio of [ Hl or [ Cl Fatty Acid 1 p'.", 

. 14 . , 
[ Cl Lin01eate < 0 

." 

[3U] Palmitate + 5% 

Incubation conditions: Part A - Serum labelled in vivo with 32P-labelled phos-

32 ph01ipids after injection of Na3 P04 was incubated at 37°C for 4 hrs. The 

hydro1ysis prpducts except for lysolecithin were not detectab1e witb 

system used - but on1y the possible'hydro1ysis of !ecithin was of concern since 

the~eci~hin is the major phpspholipid excbangedby the rabbit erytbrocyte.~, . 

'; !4 3 
Part B - Lecithin fro~ 1 ml o~ erythrocytes labe11ed with [ Cl lino1eate, [ Hl 

32 L b 

pa~mitate, and P was emulsified in O.4·~ Krebs-Ringer bicarbonate buffer by 

-~onication and then incubated with 3.6 ml serum for 4 hrs. 
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14 that the differe~~ in the fractiona1 excha~ge rates between [ Cl 1inoley1-

3 32 
l~thin or [ Hl palmityl-lecithin and [ p] lecithin, and the resulting dif-

ferences in l4c or 3H/32p ratios between the erythrocyte lecithin and that 

found in the serum following exchange, was not an artefact due to the presence 

of phospholipase,in the serum. Many investigators (113,134,160) have shown 

that normal erythrocytes do not contain phospho1ipase activity. 

Lecithin cholesterol acyltransferase in the serum i5 known to 

have a high specificity for 2-linoleyl 1ecithin (200~08). The possibility 

isotope ratio was ,considered unlikely since incubation of erythrocyte lipids 
r -

in sérum for 4 hrs. had no effect on the isotope ratios (Table X). In any 

case, this possible source of artefact waS ruled out by the observation that 

inactivatiop of the enzyme by heating the serum at 50°C for about 1 hr. (259) 

prior to i4s use in exchange experiments had no effect on the resu1ting iso-

topa: ratios in the serum. 
~ 

~, ') \ 

With the elimination of these various factors, two exp1anations 

can be of,fered to accou1lt for the apparent existence or -two pools 0l lecithin 

in the erythrocyte, only one of which is avai1able for exchange with serum 

lecithin. It is possible, first of aIl, that only certain specifie molecular 

species of erythrocyte 1ecithin are exchangeable. Second1y, ~he physical 
, 

locat:fon of a 1OO1ecule of l~cithin in ,the membrane ,(Le., the inner surfacee 

vs. the outer -surface -Gf--the -membrane) or-the nature of the binding of ttie--______ --.llJ~_L1JLJ:_u.u..L.c:..I;:..- 'r, 

• 
lecithin mo1ecule ta the membrane may be responsible for the mo1ecule's abi1ity 

(or 1ack of it) to exchange. 

3.7 Invo1vement of Mo1ecula~ 'Species of yecithin in Exchange 

The possibi1ity that only certain molecular species of erythrocyte 

,take part in exchange was examined by subdividing the lecithin of the'cel1s and 
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serum after exchange into their mo1ecu1ar species according to the degree of 

unsaturation. Table XI i11ustrates the resu1ts of two such experiments. 

Most of the 32P-1abe11ed 1ecithin was located in the dienoi~ species (which 
" 

may contain some trienoic 1ecithin as we1l). The remainder of the [32p ] 

1ecithin was found mainly in the saturated and ~noenoic fr~ction. This pat-

tern of 1abe11ing amon~the spe~i~s of_lecitbin in the erythrocytes earreo 

ponds fairly we11 to their quantities as spoWn by Van Go1de et al (43). 

32P-1abe11ed 1ecithin appearing in the serum after'exchange was a1so found to 

be mostly in the dienoic fraction. Somewhat 1ess label appeared in the sat~ 
- -- - -- - --- - - - - -- ---: - :32-- - - .. - ----- --- -

urated and monoenoic species of serum [ Pl lec\thin than was origina11y in 
« 

this fraction in the erythrocyte. On the other hand, there was dramatically 

>more 
32 < 

[ Pl 1ecithin acquired by the tetraenoic fraction of serum 1ecithin than 

was initia1ly in the corresponding species in the ce11. lt is rea1ized too, 

that this species of ce1l lecithin represented a very smal1 percentage of the 

[32P1 cellular 1ecithin. 

Ha1f of the [3H1 palmitate waS fSbnd to be esterified in the dienoic' 

fraction of the cellular 1ecithin. The saturated and monoenoic species'accoun

ted for most of the remAinder of the [3H] palmityî cellular lecithin. There 
\ 

was a slight decrease in the distribution of [3H1 pa1mity1 1ecithin into these 

species in the serum following exchange. As with the 32P-1abelled 1ecithin, 

a1though the tetraenoic fraction of [3H1 pa1mitate-containing lecithin ac-

counted for very 1itt1e of the 1ecithin th ~he erythrocyte,~ere was a 8ig-
-------------------- -----
_nificantly increased amount of this label appearing in ~he tetraenoi~ species 

in the serum. Thus overall, a similar pattern of labe11ing in both the~erum 
1 

and ce1l emerged for the 32P-1abe11ed and [3H1 pa1mitate-labe11ed lecitbins. 
, . 

-14 . \1 
Upon esterification [ Cl lino1eate was distributed pr1mari1y.~into 

the dienoic species of erythrocy.te lecithin, with most of -the remainde~ ester

ifying into tetraenoic lecithins. However, upon exchange into the serum, a 

• 

o 
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PC species 

Sa tura ted and 
Olonenoic 

Dieno;c and 
trienonic 

Tetraenoic 

Hexerfoi c 

Polyeno;c 

Total PC 

r ,{ 0 

1 ! . 
, ,1 
! ' \ ' TABLE XI l' ' , 

Distribution of m~lecular species of la~elled erythrocyte PC fOll0Wii' 9 exchange 
1 1 • h 1 

l ' , Wlt serum. . ': " 
,1 ' 'l' 1 

1 

3'2p 1 

1 

[~H]Palmityl-PC ( 14 ' [ , C]li n()Jenyl PC 
EXpt.;-J-- -- ülpt.2 

Ce 11 s Serum Cel lis Serum 
x-- t.T - Expt .'7 

Ce, i s Serum Ce ils Serum 

[14CiLinOleY1 PC 1 

. Expt. Expt.2 ~ 
Cells Serum Cells Seru 

Expt.1 tXp~~ 
Cells Serum Ce1ls ,Serum 

22 12 

63 57 

4 

,: 4 

6 

53 

15 

6 

10 

3. 1 

1 
l, 

1 
1 

i -, ; 
1 

1 
! 

231 
1 

60
1 

5 

5 

71 

20 \ 

1 

11 31 1 
' 1 

23 

, 

59 52 1 
1 52 
1 

12 2 9 

9 6 ' 6 
1 

9 8 1 10 

1. 2 289 4.3 

% radioactivity \ 

29 25 

52 42 82 48 79 

3 17 14 40 16 

6 8 1 3 2 

10 8 3 9 3 

c. p.m. x 10-3 

155- 2.8 128' \ 3.2 153 

1 

l , 
1 

~ 
. 1 

-
1 
t 

_ 52 1 

37*t~ 

4 

3 

3.5 

\) 

11 - • ·,-9 

4 

59 

5 

27 

,26 59 

64 2.8 

9 

5 

57 

29 

52 

9 

8 

22 
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3.2 

Incubation conditfons: As in Table V 
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large increase in the percentage of the [14Cl linoleyl lecithin in the tet

raenoic fraction resulted in an almost even'distribution of the linoleate-

containing lecithins between the dienoic and tetraenoic fractions. Only a 

minor amount of radfoactivity appeared in the higher unsaturated lecithins. 
-----~~--

Six per cent or' the [32pl lecithin of the erythrocyte was exchangeà\ 
l: 

in each experiment, as sho~' in Table X~. The .~~dioactivity found'in the tet-

14 raenoic species of [ Cl linoleyl' lecithin was approximately that which would 

be predicted if one assumed that 6~of the corresponding lecithin species in 

the erythrocyte took part in exchange during the 4 hrs. of iûC:\ubation'. For 

14 example, ±n-exper±titent~'l;- ~h~re shou1d- ~b-e about--BûO cpm of [ ~-+-~Hno-l-eyi-~ ---- - ~ 

~ 

lecithin present in the serum, and 1100 cpm were found~ Simi1arly in exper-

iment 2, one shou1d expect about 1500 c~ and 1300 cpm were present. By 

contrast, the labe1led erythrocyte dienoic species wa~ exchanged into the 

serum at a rate weIl below 6%-and accounts for the lower a~ount of the total# 

U ' erythrocyte [ C] 1inoiey1 1ecithin exchanging into the serum, compared to . ~ 

that ~~ 32P-label1ed lecithin. With [32P1 lecithfn and [3Hl palmityl lecithin, 

exchange of the dienoic species is not as assymmetric with.re~pect to t~e 
II 

overall exchange, despite the fact that these species a1so'contain the major-
,/ 

ity of radioactivity for each label. ~Therefore, the behavior observed for , 
0 [14C1 the di~noic linoleate-~ontaining lecithins i& not characteristic of aIl 

dienoic species. The slower exchahge rate of the dienoic [14C1 lino1eyl 

lecithin is not due to a lack of their corre~ponding species in serum, since 

~ 

... 

t------~-------~~ ~ ~-~~ -~ 

• 

they constituté about 50% of the total rabbit plasma lecithin, almost aIl of 

which contains linoleate (43). 

14 . 
Most of the L. Cl linolefiate esterified by th~ erythrocyte was found 

, , 
·in the hexenolc species of l~cithin and the remainder wa~ mainly present in 

\' , '0 ,-,-./ l 
l '.' 

the polyenoic fraction. The"hexenoic fraction did not exchange as readily as 
'r\' ". 
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the more highly unsatura~d spêcies but this was compensated by the rapid 

,exchange of the high1y,unsaturated lecithins. The differential distribution 

of radioactive fatty a~id precursors in the erythrocyte 1ecithins of various 

degrees of u~saturation af_ter estet'it:lç~_tj.Qn, when cons1 dered with lecithin 

exchange patterns which.varied according to the precurso~, suggest that the 

. '. site or mechanism of esterification may be an important determinant of the 
~ 

aval1ability ~f esterified erythrocyte \lecithins for exchange. 
f, ' ,. 

3. Lecithin Between Er 

and Serum . \. 
-------- --

---: ~ -po-ssIb1-lÜy that the exchangeable pool of ~rythrocyte lecithin 
, ~ ... 

may be located at the outside surface of the membrane wnile the non-exchangeable 

pool is inaccessible.tc'serum lecithin by being si~uàted on the iuner surface 

.\ 
was entertained. Membranes- which were prepared from erythrocytes lahelled 

, .' 
32 ' 3 . '14 ' 

'in vivo with P and in vitro with [ H] palmitate and [ C] linolea.te as . ---

already described, wet'e incubated with serum for 4 hrs. ~ A, paralrel in.cubation 

'with serum of a corresponding aliquot of the intact cells from which these 

membranes were prepared served as the control. 

The ,distribution of radioactivity among the serum phospholipids was 

first determined and compar~ with that of the control: Table XII shows that 
'.f -' 

,... ~ j .... 

the exchange of phospholipid~etween serum and erythrocyte membrane prepara-

'tions i6 quite similar to that for the intact celle The relative amount of 

lysole~Jthin exchanged from membranes was increased, but when the -averall 

0 __ -)' ----- - --dis~;ibu~ion is considered, this increase was not g:eat. The exchange of 32p_ 

~ labelled PhOS~idYI~th~nOlamine was greater'for the membrane.preparations\ 

32' • as weIl. The percentage of P-radioactivity which appeared in the lecithin 

fraction after exchange f~om the membranes was somewhat lower than t~t 'of the 

~ntact cells. However, the relative increase in the amount of label appearing 
J 
1 

1 . , 
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TABLE XII < 

. '.listribution of R.adioactivity in Serum After Exchange of Labelled 

Erythrocy.te Membrane Phosp~Jlipids. 

3 ( H] Palmitate 14 [ C] Linoleate 

Phospholipid Membr ane In tac t 
Preparation Cèll 

Membrane InUlct 
Préparation Celi 

Membrane Intact 
Preparation Gell 

Lysolecithin 8 4 4 2 13 7 

Sphingomye4n 2 2 2 2 4 B 

Lecithin 67 70 80 84 66 82 

Phosphatidyl- ..... 
serine + ~ 

Phosphatidyl 1 

inositql 4 5 3 • 3 5 , c l 
p 

Phospha tidyll.. 
/ 

"12 ethano1amine 19 '19 11. 9 2 
f .0/; 

.:; 

Values represent the mean of 3 expet~ments. In each inC~boatn sample, 

• 
membranes 'obtained from 1 ml of packed erytProcytes were incubated with 4 m+ 

serum at ,37°C fpr 4 hrs.' These membranes were obtained from etythrocytes 
.. , 

) , 
.~ 

labelled as described in Table V. 1 ~ aliquots of intact cells from the 

sa~e eryth.rocyte> preparation were also incubated with 4 ml serum °at 3rC 
" 

° for 4 h~s. so that the exchenge of labelle~cithin by the membranes could 

------,~-i;bfEe compsl"'e-d wîl::n that by lUtact cells. - "Zero time controls" were run for 

both membrane and intact ce II incubatio~s i.e., membranes and intact cells 

.'-
{-

were separated from the ser~f their resP(tive samples immediately after 

mixing. 

r( , . , . 
l, • -L 

" '} . 

b 

'" '.' / , 

\ , 
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i 
in the lysolecithin and phosphatidylethanolamine fraction accou~s for aIl of --
the decrease in lecithin radioactivity and it is probable that overall shift 

in the proportions is due to th~ increases,in the relative quantity of 32p_ 

radioactivity present in the former ~wo frActions rather than a dec~ease in 
r 

the latter fraction. 

Although not shown, the distribution of radioactivity in the mem-' 
o 

brane preparations was simil~ to that of the intact ~rythrocytes. The s~ll 
\~' \ 

)- 1. " 
~hanges in the exchange pattern of rad~oactiv{ty that did occur were li~Jy 

,-.1 .. , 

, 
due t:o some alteration done ta the mem~ranes, during hemolysls. Table Xl).I 

gives a comparison of the fractiona1 exchange rates and the relative exchang~l 

rates of the erythrocyte membrane preparations versus those of the intact cells. 

It can be noted that the fractiona~'rates of exchange of [32p ] lecithin, [l4C1 
,-

3 lino1ey1-lecithip an9 [ Hl palmityl lecithin betwe~n the intact cells serving 

as contraIs and the serum ~is within the range of the larger group shown in 

-Table IX. The fractional exchange rates between eryt~rocyte ghosts and serum 
~. 

of [32Pl Iecithin, fipwever, was three-fola higher. This large inèreas~ in 
< , 

exchange rate is not caused by loss of lipid from ~he membrane dur~ng incuba-

tian with serum. 
\ 

For two of the' experiments given in Table XIII, the specifi'c 

activities we~~ determined, for the erythrocyte and me~brane'~cithin before 
l' 

" 

and after the 4 hr. incubation. After incubation the specifie activity bf 'the ", 

erythrocyte 1ecithin had decreased by 5 ± 0.8%' and that of the "ghost!' leeithin 

had been reduced by 21 ± 4.2%: These' calculations were made by using the 

specifie activities of aIl of the lecithin labels, so that n = 6. The decreases 

in specifie activitie~ c6r~~~pènd t~ bhe'tespective fraetion~l exchang~ rates 

found for the inta~t erythrocytes and the membrane preparations. .,. . 

Wben 'the relative rates,of exchange were calcurat~d from the frac-
" , 

tionai exchange rates, it was found that the values for the exchange of [tH] 

\.. 

. ' 



- \ 

• 

• 

• /:-. 

69 

TABLE XIII 
o 

32 -
Exchange of Acy1 and P-Iabelled PC in Intact ErythroGytes 

\ and Membr~nes. 

[3H1 ~~lmi;:y1-PC r14
cl Lino ley1-::EC..-, 

fractiona1 exchange (% 1 4 hr. ) 

Intact cel! 6.2 ± 0.2 3.6 ± 0.8 3.0 ± 0.1 

Membranes 17.1± 2.6 22.2 ± 2.6 20..4 ± 2.1 

relative exchange rates 
~ 

Intact cells \, 1. 0 "0.57 ± 0.16 0.46 ± 0.04 
\ : 

Membranes 1.0 1.27 ± 0.05 1.23 ± 0.08 

* Values represent the ~ of 3 experiménts ± S.E. Each experiment cpmpared 

the exchange of' labe1led PC of the intact erythrocytes with membranes pre

pared from an aliquot of the same cell preparation. 
, 

Incubation conditions: As in Table X:Ù. Erythrocyte membranes equiva1ent ta 
J 

l ml of packed cel1s were added to each incubation flask. 

" 

"..) 

\ 

/ 

1 -
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" , 14 

palmityl lecithin and [ C] linoleyl lecithin of the membrane preparations 

.- were both significantly greater than unit y (p<0.05). These values tnay be 
\ 

compared with the corresponding values obtained for the intact 

were about 0.5. Thus, it appears that when ery~hrocyte ghosts 

cells, w~ 

are prepa~', 

not onlY....!s the fractional rat~e of lec.i..thi-n-gt;e-a-tly inereased, ----------,--------

• 

• 

but any restrictions in exchange of lecithin derived by esterification of 
0_-

palmitate or linoleate compared to 32P-labell~d lécithins is abolished. 

These results suggest that architecture of the erythrocyte membrane is 

responsible for these relative differences in excbangeability. 

lt was thought that these resûlts would be coniirmed by exchange 
... 

experiments in which inside-out vesieles were incubated. with "werum. These 

32 vesicles would be expected to exchange very little if any [ Pl lecithin with 

the serum, sinee labelling oecurs by exchange (100) and PC trans-bilayer migra~ 

tion i8 slight (53). The method of Steck et al (260) was used in an attempt 

to prepare the inside-out vesicles. The pattern of separation of the inside-

out and right-side out vesicles after ultracentrifugation on the dextran : 

density gradient was clear and identical to that obtained by the authors. 

Steck et al (260) showed that inside-out vesicles prepared from human 

erythrocytes are resistant to the action of sialidase, but right-side out _.,' ,~, 

vesicles are note However. when the susceptibility of the rabbit inside-
- - - - _~ - • 1 

out and right-side out vesicles were compared, 'they were found to be very 

similar. This suggested that the inside-out vesicles were quite leaky, 

perhaps reflecting a basic species difference in the resealing abilityof 

the membranes. When the vesicle preparations wefe incubated with serum, 

to those obtained ~ith ordinary erythrocyte ghosts 

• 
While this projectowas in progress, a patient who was being treated 

y • "32 
for polycythemià by injection of ~a3 P0

4
, at the Royé! Victoria Hospital, 

\ 
Montreal, became available fbr donation of a sample'of blodd. Art exchange 
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experiment using his erythrocytes was attempted, but the erythrocyte lecithin 

32 was not labelled heavily enough with P, however, to provide a clear in4i-

cation of the [14Cl linoleyl/[32pl ratios 'in serum lecithin after exchange. 

3.9 Exchange of Lecithin by Young and 01d Erythrocytes 

As erythrocytes age in vivo, membrane lipid i8 lost (221,222) and 

eventually membrane alterations may occur prior to destruction in the spleen 

(229). In view of these fàcts and the results which suggest that membrane 

architecture is important in the exchange of erythrocyte lecithin with serrtm, . 
experime~ts were performed which compared lecithin exchange in young and ~ld 

erythrocytes. 
f ~. 

Cells labelled in vivo after i~ction of Na3 32P04' and sep-

density gradient, were labelle~ ~vitro by arated according to age on a BSA 

3 
_,~~terification of [ Hl palmitate 

14 - '~-4,. 
and [ Cl linoleate and incubated with ~~v._ . 

for 4 hrs. A comparison of the distribution of radioactivity due to the 
! 

various precursors- incorporated into the young and old red ce,lls is shown in 

Table XIV. Esterification of [3Hl palmitate into the cephalin fraction was 

greater in the'Qld red cells than in the young cells. 
/ {~ , 

,;. 

The patte~ of incor-

poration of r4CJ linoleate among the cellular phospholipids did not.vary sig-

nificantly with the age of the cell. This observation is in agreement with 

previous findings reported by this laboratory for young and old human erythro-
. 

cytes (6) and for rabbit reticulocytes and mature rabbit erythrocytes (7). 
~~ 

---.. 

--- - - -- Mo-re rad!oaeti-vi~ue- t:~2p-Wâï:lTotiÎl.d in Elie cephalinTr~tlon-o{y~~ng r;ci -'- ---

cells than in old red cell~. The differences in the behavior'of the incor

poration of these various precursors a~related to the age of the red cell ie 

unclear. 

Aithough the pattern of incorporation of the various precursors into , 
red ce Il phospholipid may vary with the age of the red cell, there appears to 

be no age-related .,variation in the pattern of èxchange of the cellular phos'" 

Q • 
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1 TABLE XIV ',' 

iO~ of Radioacti~ity 1~ Red Cells afte~ Exchange of label1ed ~hO~PhOliPidS _Of YoUng"and . 

01 d Red C~ 11 s ' l-, -

l[li 

<b.' 

\ 

'! 

[l4C1 Linoleate 32p [3H] Palmitate 

Phospholipid Expt. 1 Expt. 2 Expt. 1 Expt.? \ Expt.l Expt.2 

Young 01d Young O~d Young 01d Young 'Ol~ Young Old Young ~~1d 

Q 

lysolecithin -T---~---- ~---------~----- :1----- 1 1 : 1 2 1 ~ 

Sphingomye1in 2 3 4 ~ ~ 2 3 3' 3 6 8 5 ~ 
~ ~o 

Lecit~in 70 43 71 60 78 69 75 77 68 76 66 ?5 

Cephal in 27 53 ... 25 36 19. 27 21 19 2S 14 28 20' 7 

\ _____ _'_____________ 1 

l ,e , 
Incubation condition\s: As in Table V. ' \ 

", 

::> 

• • , 

" 

, , 

c< 

\ 

• .J., 
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pholipid into serum. Table XV illustrates the distribution of radioactivity 

found in serum phospholipfds,after exchange incubations with young and old 

red cells. For each of [3Hl palmitate, [14C] linoleate, a~d 32p the exchange 
1 

response with respect to age was the same. There was no significant change 

in the pattern of phospholipid exchange with the age.of the red celle 

Since it has been considered that the changes in the erythrocyte 
q 

membrane which oœur with age might hav~ an effect on lecithin exchange des-

pite the fact that the overaii exchange pattern might not be affeçted, the 

fractional exchange rates and the relative exchange rates of [3k1 palmityl-, 

[14(} linoleyl-, and [32p] lecithin and old red cells were examined. The 

results are given in Table XVI. The unfractionated red cell population con-

sisted of erythrocyte aliquots taken from the same sample of re~ ce~ls prior 

to partitioni~g according tg age. Thesl cells were then pre-inqubated with 
, " 

the radioactive free fatty acids and then incubated with serum under the 

same conditions as the young ,anJ old cell fracti;ns. The frac~onal. rates 

, 32 3 14, 
of 'exchange o~ [ P]-, [ Hl palmityl-, and [ cl linoleyl-lecithins in the 

l ' ç ~ 
young cell fraction (the youngest 10% of tpe ~hole population) were lower 

than the respective values of the unfractionated whole population but were 

not statistically significantly different'from these values. Further, the 

fractional exchange rates of both populations of erythrocytes fell within 
" 

the .range found in Jh~_!~.rger series (Table IX) +------ .------- ---- .- -

J-------~ -------tOnm--the other-hlmd the oldest 10% of the recr cell population ex-

• 

changed labelled 1ecithins with seri at fractional rates which wel'e about 

double :hat of the unfractionated p~u1àtio~. Deapite-this l~rge increase in ----.. 
3 14 32 the fractional rates of exchange of [ Hl palmityl-,-[ Cl linol,yl-, an~ [ pl 

lecithin with red cell age, the rates of exchange of the acyl-Iabelled lecithins 

32 t 
relative to thàt of [ ~ecithi~'for aIl celi population remained at about 

0.5,. 
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0 0 

-Distribution c f Radioactivity in Serum after Exchange of labelled Phospholipids i-n--Voung and Old Rel , 
- $- 1 c f Radioactivity in Serum after Exchange of labelled Phospholipids i-n--Voung and Old Red Cel1s. i 

1 . . , , 
, 

~ 

i , 
~ 

~ -
, . 

3: 3H}- Pa l mi ta te é14cJ-Linoleate -- - -------Phospholipid E xpt.l. Expt.2 _~xpt.l Expt.2 Expt. 1 Yo ung Old Young Old Young Old Young" Old i . Young 0 Old 

3H}- Pa l mi ta te é14cJ-Linoleate 32p 
E xpt.l. Expt.2 _~xpt.l Expt.2 Expt. 1 Expt'1 2 '0 ung Old Young Old Young Old Young" Old i . Young 0 Old Young Old 

! ! ~ ~ 

i , \ 
1 Lysolecithin 10 7 7 2 6 4 l 1 , 10 8 
1 

-
Sphi~gomyelin 5 L 2 2 4 1 l 2_ 1 0 

, 
~ 8 5 

i \ 
0 , 

1 

1

5 
0 7 7 2 6 4 l 1 , 10 8 7 

1 
-

5 L 2 2 4 1 l 2_ 1 0 

, 
~ 8 5 - '4 '5 . 

lecithin 59 68 83 76 81 80 97 93 79 80 

" l 0 

3 7 
Cephalin 26 24 8 20 9 15 4 , 

" ..:T 
0 , , 

" 

- , . 
t 

9 68 83 76 81 80 97 93 79 80 87 Sa 
1 

J. " 0 -
1 2 5 - 24 8 20 9 15 l 4 3 7 7 , 

" 0 , , , 
, , 

(, (, 1 

/ 

1 

!f ( . ~ 

~ / 

1 ~ 

1 ;-..- .... , 
i 

< r- -,,--' , -• , 
-

" . \ Incubation conditions as in Table v / 
1 

1 

,] . -i 
< , 

1 - , , 
-

" , ; as in Table v / 
1 " 

, 
/' 

, 
1 ,.. , 
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1 
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TABLE XVI 
~ , 

IImnnrlr; son of exchange of acyl- and 32p_l abe 11 ed PC ; n young an~ ag erythrocytes 

Cell Pop~tion 
e \'h''tnJ ... "-'I_W'j- _n_"-,,èZ- ,,_w_ \1- ',J' - "1-1 

r3H]palmityl-PC - [14cjlinoleyl-PC .. 

Young 711 + 0.3 3.1 + 0.3 0.43 + 0.06 --... 
Old 13.5 + 1.5 

3.0 + 0.2 

'&.3+0.7 7.8 + 1.9 

0.42 + 0.04 

0.47 + 0.02 0.55 + 0.08 
1 

Unfractionated 819 + 0.4 3.6 + 0.8 3.2 + 0.4 0.'\9 + 10.09 0.36)+ 0.04 
~ 

--' 

'"' 
,...r 

The values represent mean of four determinations + S.E. 'Incubation conditions as in le v Il 

.... , 

"-
" 

" 

/"1 r 

--~ 

..... 
" '. 

'" 
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3.10 Exchange of Lecithin Between Erythrocytes and Serum in vivo 

A study was conducted of', the exchange of lecithin between erythro-, , 

1 32 
cytes and serum in vivo. Erythrocytes were labelled in vivo with P after <:l 

32 injections of Na
3 

P04 and in vitro by esterification of [3fI] palmitate and 

~ ________________ ~[1_4-C~]~1_i_n_O_le~a!t~e~.~T~h~e~c~e~1~lUs~w~eur~e~a~d~dii~t~iorun~a~lLl~y~luaùb~e~lLlue~d~w~i~t~h~51~C~r~O~4~iHn~oHr~dhe~r~-------

• 

" , 

• 1-

; 

to correct for 10ss of radioactivity due to the usua1 disappearance of cells 

from the circulation. Decay curves of the isotopes from the erythrocytes arè 

shown in Figure 6., The disappearance of 5lCr was slow and graduaI over the. 

period of the experiment indicating a normal rate of remova1 of erythrocytes 

from the circulatory system. 32 The loss of radioactivity of [ Pl lecithin, 

[3H1 palmityl lecithin and [14C] linoleyl lec~thin from the circulation was 

more rapid. 

Whèn correction is made for the e~ythrocytes from 

the circulation, the decay curves showing 

[3H1 palmityl lecithin, and [14C1 linoleyl lecithin due 

be drawn with the aid of a standard linear and' the half-
" 

life values of the fractional rates of'exchange of labelled lecithin 
,,"c 

calculated. These values are shown Th.e act~l fractional 

J 1 

exchange rates varied cçnsiderably from one e periment t~ another and were 
'1 

~much lower than the corresponding in vitro va14es. When the relative rates 
_ ---,<------- - - --- - ---'- - - - ------ d--

of lecifhin exchange in vivo were calculated, there was a remarkable consis-....... , --
-------------~----~------------------"~'----------~3,-------~ 

tency of The average relative rate of [ H] 

palmityl lecithin was not different f om that of [,32p ] l~ithin. However, 

relative' rate of [l'4C1 linoleyl-iecit:hin (0.90) was significantly lower than ' 

that of [32p] lecithin • 

r 

" ·i • 
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1Labrlled Lecithin Decay-in vivo. 

'51' 3 
• ,CrO 4' .: . [ H] palmityl lecithin, 0: 

120 140 

____ Â_-'- ___ _ 

[14Cl linoleyl lecithi~ 
32 A: P~label1ed lec:l:th~J1. Erythrocyte Îecithins,were label1ed as 

.\ .... l· 

in figure 5 and the çells ~ere ~dditional1y labelled with 51tr04 

; near the end of the ~~ estert~ication. The erythrocytes 

were injected into a rabbit and 5 ml samples taken at gi;ven"time 

intervals. 

. ., 
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TABLE XVII 

Relative Rates of in vivo Exchange of-Lecithins 

3 1 14, Containing [H Palmitate and [ Cl Linoleate 

Labelled 
Precursor Exc:.han e Rate % / hr * Mean ± 

I! 
EXEt.l 

[3HJ Palmitate .97 

14 [ Cl Linoleate .91 
~ 

32po 1:>" .99 
4' 

,", of .... -~ Ratio 

3HP?, .98 

.14C/32p .92 

\ 

Ex~t.2 EXEt.3 

.70 .182 

.56 .,71 
• 
" 

.64 /80' 

Exchange---l?a.tes 

1.08 

.88 

l.Q2 

.89 

4 

'\ 

Q 

-

1.03 ± 

0.90 ± 

S.E. 

.03 

.01 

* corrected for erythrocytes temovéd from the circulation 

, '" 
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.. 
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4. DISCUSSION 

32 In considering exchange experiments, it was assumed that P-

1abelled phospholipids are incorporated into the ci~culating erythrocyte 

in vivo primarily by exchange. 32 During erythropoesis ~ome [ pl is probab1y 

in pids of deve10ping red 
~ , 

cells, but this accounts ier'only a sma11 percentage of the'tota1 phospho-

1ipids in the who1e erythrocyte population. 
ri" 

Additiona11y, the rabbits ~er~ 

32 
exsanquinated on1y 3-4 days after injection of Na

3 
P04 • tfterefore, since 

the t;abbit erythrocyte is genera11y considered to have a "life ;wan of 65 days 
l 

in the circulation, the 3-4.day time period ~epresents 'a maximum possible 

contamination of 5-6% of the total circu1àt'ing population by newly released 

red cells. When these labelled erythrocytes were collected they were washed 

by aspiration of leucocytes alon~with the top 10% of the red cell column at 

least three times in succession. Thus, the reticulocyte population and to 

a 
sorne extent the young mature red cell population were greatly reduced. Since 

1 

the population of erythrocytes which was ~sed for the exchange incubation con i 

32 sisted entirely of essentia11y mature cells, the [ Pl phospholipid radio-
( . 

activity present in these cells was incorporate~ almost comp1etely by exchange. 

32 
A smal1 amount of the [ Pl phospholipid may have been incorporat"èd by ester-... 0 

1 32 
ification o~ [ Pl lysolecithin. However, qualltitative1y the [32p ] lecith,in' 

derived fra, thiS" source w~uld not amount to much aince serum [32p,l lyso-
,\' , 

lecithin is ~resent in serum in' concentrations of less than 10 per cent of 
~ \ 

32 the P-1~bel1ed serum 1ecithin levels and the rate of fatty acid est~rific~-

tian and phospholipid exchange are, rougMy the Bame (158). In the e.rythro-
p 

32 " 1 
cyte, [ Pl lècit~in caccounts ~or over 70% /l.of the labellec;l pl:tosphalipid. This 

roughly ~or~esponds to the distribution ?;fab'Ùled lec'it~~ :~ng the serum 

phospholipidB, but lecithin àcco,unts f~r only about 40% of' t~ to/tal erythro~ 
\ " 

- -- -- -'---

.. 
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cyte phospholipid phosph()rus. Therefo~e essentially aIl of the labelled 

lecithin of the erythrocyte appears to be incorporated from the serum by 
f' 

~ 

exchange. Erythrocytes can be labelled by exchange of phospholipids in vitro 
, ~ , 

with,..labelled serum, lsolated lipoproteins or with emulsions of lipids 

obtained from either plasma (IOO), or erythr0cytes (158). In this study 
.-::..--"-------j 

however, the in vivo method of labelling was used becau8e phospholipid 
~ \ , 

exchange ;ls a slow process (about l%/hr (100,133), and a lengthy in vitro 
, --

incubation would be required to ob tain a st1fficient desr:ee of labelling of 
~ ,. 

th,e cells). Erythrocytes ,labelled in vivo would be strongly labeIled and 

be closer to i~J.0pic equilibrium with labelled phospholipids of the serum. r 

1 

Thus, the distribution of the label would correspond much b~tter .to that of 
v ' 

the plasma and the erythrocyte ~uld become much' more highly labelled in vivo 
, " 

th~n in a relatively; short in vitro incubation. From a practllical standpoint . ~. ~ . 
too, is the fact, that ,the erythrocyte preparations would be 'subjected .to "much 

.. ob ' 

~ , 
less in vitro. and manipulative abuse which, in certain experiments, was crit-

" 
ical for the preventation of ~ignificant haemolysis • 

, , 
Early in this study, a timf curve oJ phospholipid, exchange was per-' 

formed to determine a convenient incubation period. The tlinearity of the 

, 'D " • 
response was not surprising :Ln view of the f~ct that pho'spholipiÇl ,exchange 

i8 a 'tather slow process, ha~in~ a turno~er tim~ 
4" ~. 

,\ ' ! lt wes originall~ thought that because 

"ÎipoPllot]ein clas'ses of the serum, ~ne particular 
i 

). " 
which is measJJred ine days. j\ 
of the heterogeneity of the 

livoprotéin might se~e as 

a resentoir of phospholipid for exchange with the rabbit· erythrocyte, such 
" ' i , " . 

/-... j' • 
as is the ,case "for rat snum/lysolecithin (139). Howe~er, thê data ,or 

, • : t 'J.., , 

Figures 4 ~nd 5 indicate tha.t lipoproteirt het:eroge~i~y is quite unrêlated to 

'/~ phospholipid ~xc~ange and tha~ ex~h~nge rate is aepe.nt on th~ ~uantity, 't. 
, 

of serum lipoprotein' phospholiptd present in -the medium. 

j~ 
.; , , \ , 

-~ ---~Y---'-------"-----
~ ••. -,.. 0' 

'. 
A.t low levels 0 f 

" 

... • " 

"\ 

- - --~-

1 
~ 
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medium phospholipid the specifie activity of the serum phospholipid (Figure 5) 

is quite high, approaching that of the erythroeyte itself, but this specifie . 
" activity deereases rapidly ta a fairly constant level as the medium phospho-

lipid concentration increases. This sugge~ts that a very small pool of 
, 

rapidly exchanging cellular phospholipid may exist which is detectable only 

when the phospholipid concentration of the medium is very low. Thus, a 

small ampunt of heterogeneïty in the exchangeable pool of cellular phospho-

lipid may existe However, under normal incubation and physiological con-

ditions, in whieh the serum phospholipid levels are relatively high, the small 

rapidly exchanging pool likely represents only a minor portion of the total -

exchangeable leeithin pool. 

In order to study the participation in exehange of cellular phos-

pholipids derived by esterification of various fatty aeids, erythrocytes 

were first pre-incubated with radioactive free fatty aeids. Radioactive 

linoleate, linolenate', and palmitate were a11 primarily esterified into lecithin. 

A smaller pereentage of these precursors was also found in the phosp~atidyl-

ethanolamihe fr,ction of the cellular phospholipids. These data (Table V) are 

in agreement with previous f~dings (6,96) and provide further evidence which 

suggest that the esterification pathway primarily uses lysolecithin as a sub-

strate, but also, to Sorne extent uses lysophosphatidylethanolamine as well. 

The variation in the relative amounts of fatty aeid preeursor incorporated 

into phosphatidylethanolamine likely reflects a fatty acid specificity of the 

esterification reaction. 

32 After erythrocytes labelled with P and radioactivity from the 

various free fatty aeid precursors were incubated with serum, 80% of phos-

pholipid radioactivity was usually present in the lecithin of the serum. 

With perhaps the ex~ePtion of the appearance of sorne [3HJ palmityl- and 



• [
14

C] linoleyl leci~in in the phosphatidylethanolamine fraction, and a very 

32 ' 
small amount of [ P) in sphingomyelin and lysolecithin, no other p~ospholipids 

of. the serum were eignificantly }.abelled after exchange. This is in interesting 

contrast to the pattern of phospholipid exchange in the rat. Rabbit serum, 
. 

like rat serum, contains a relative1y high amount of 1yso1ecithin, but unlike in 

the rat erythrocyte (139), the rabbit red cell dQes not exchange a quantita-. 
tively 1a;ge amount of 1ysolecithin. The reason for this difference is 

tmc1ear. 

In the present study, comparison of the rates of exchange in the 

inward and outward directions relative to the erythrocyte showed that, in 

confirma tian of the observations of Reed in dog ~'human erythrocytes (100), 
i ' 

not aIl of the rabbit erythrocyte lecithin is avaiiable for exchange. Com-

parison of the size of the exchangeable pool, estimated at, 55% of the total 

• cellular lecithin, (Table VII) with the rates of exchange C?f lecithins labelled 

3 14 " 
by ~sterififation of [ H] palmita~and [ Cl lino1eate relative to the rates 

of 1ecithins .labelled by exchange, suggested that th,ese two fatty acids may 
\ . 

be esterified thro\\ghout the cellular lecith1n pool. On the oth~ hand, 

lino1enate, when esterf-;fied into lecithin, exchanged at a" rate not signifi-

\ 
cantly different from that of lecithin labe~led bY,exchange. Therefere, 

j 
linolenate may be esterified only into the lecithin pool which la available 

for exchange with serum. .. 
{ 

The ('Pbservation that the fractional rate of exchange of erythrocyte 

lecithin labe1led by esterification with palmitate or linoleate differs from 
32 14 J ___ J-

that labelled with P or [ cl linolenate, prompted the e~mination of the 
- . 

e~ythrocyte-serum system for possible sources of artefacts. It was found 

'. that neither lecithin cholesterol a'cyltransferase (LCAT) activity, nor pos-

" 
sible phospholipase A activity in the serum was involved. Phospholipase A2 

j 

" 
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2C'êtivity in the normail. untreated intact erythrocyte has not been demonstrated, 

despite repeated attempts {113, 160). 

The possibility that a preferentia1 exchange of certain specifie 

molecular species of lecithin might account for the differences seen in the 

3 14 fractiona1 exchange ra.tes of ( H] palmityl- and [ cl 11n01ey1 lecithin com-

14 32 
pared to that of [ Cl linolenyl and [ Pl lecit.hin lias considered. Examin-

- 32 
ation of the distribution of mo1ecu1ar species of [ P] lecithin in the 

erythrocytes showed that it corresponded to the quantities of these species 

reported by Van Go1de (43) for rabbit plasma. This wou1d suggest that 1ec

ithin exchange is non-specifie with respect to the mo1ecu1ar species. [3n1 

pa1mityl lecithin appeared to show no dramatic preferential exchange in any 

given molecular species of 1ecithin, and yet the overall rate of exchange 

was much lower than ,that of [32p ] lecithin. The observation that there 

14 -
apparently is a pool of dienoic [ Cl linoleyl lecithin which is not available" 

for exchllnge is not unexpected since the molecular species accounts for 80% 

14 ' 
of the total cellular [ cl lin01eyl ,lecithin. The other molecular species 

of this la"elled lecithin are entirely exchangeablë~ - Thus erythrocyte lecithin 

produced by esterification of [14C1 linoleate appears to exhibit some !\pec-

ificity of exch.ange with regard to molecular species • 14 
With [ cl linolenyl . 

erythrocyte lecithins, the decreased rate of exchange of the hexenQic species 

was compensated by the rapid exchange of the polyenQ1c species 80 that the 
, .A 

overall rate of exchange is similar to that of [32p] leci~lûn.' 

It i8 of interest to note that in the case of [3H1 palmitate._and 

14 " , 
[ C11tlnolenate, the ~atty acid W8S eaterified into molecular species which 

are more unsaturated than that which would be accounted for by an esterif-

ication of the free fatty acid to the 2-a~yl position. With the other suh-
~ ~ 

strate in the esterification reaction, lysolecithin, two ehemical species may 



• 

• 

•• 

84 

exist: the l-acyl isomer and the 2-acyl isomer. 

0 

O~-R OH 

0 
1\ 

HO ReO 

- Choline E - Choline 

I acyl isomer 2 a~yl isomer 

The fatty acid moiety of the l-acyl iSOine.t' is generally considere"d> to be 

\ 
saturated,and the acyl moiety of the 2-acyl isomer u~saturated. Thus sorne 

2-acyl lysolecithin may be taking part in esterification. In contrast to 

the behaviour of erythrocyte of other species, notably man (95), rabbit red 

cells have been found by Mulde+ and van Deenen (96) to esterify palmitate 

primarily to the l-position of lysolecithin. Only 9% was found at the 2-

acyl position. Such dn observation explains the presence of most on the 

[3H1 palmitate radioactivity in the unsaturated mole~ular species. On the 
\ \ ' " 

other hand rabbit erythrocytes have been observed _,ter esterify 92% of the 

• incorporated linoleate to the 2 position (96) and this is in agreement with 

the present findings that this tatty acid was found predomi.nantly in the 

dienoic species of erythrocyte lecithin. On this basis it is reasonable to 

suggest that linolenate was esterified predominantly with 2-acyl ly~olecithin. 

The observed differences in the mechartism or the site of eaterification of 

linoleate compared to the other fatty acids, or the presence of specifie 

lysoleeithins might explain the faster rate of esterification of linoleate 
\ , 

than of palmitate of linolenate into lecithin by intact erythrocytes (96), 

These observations might also provide insight into the differences in the 

rate of linoleate esterification of intact erythrocytes of different mammalian 

species, rate d~ferences whieh are abolished when hemolysates are used instead~ 

(96) • 

-,-
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Preparation of haemoglobin-free erythrocyte membranes by defin

ition requires a breaking of the membrane of the intact cell to be successful 
1 

in the release of the soluble intracellular co~tents. Of necessity, stress is 

exerted on. the erythrocyte membrane during this process ana, some,alterat1ons 

may occur (261). Nevertheless the erythrocyte ghost i8 quite use~ul and has 

been widely used in the study of erythrocyte membrane properties. For this 

f 32 study, erythrocytes ~hich had been previously labelled with, P in vivo and 
1 

3 U -
with [ H]- and [ C]-fatty acids by esterif1cation in vitro were frozen-

1 ++ ++ 
thawed in the absenée of Ca and Mg to prevent any possible resealing 

JJ 

(262). Examination of the pattern of exchange of labelled phospholipids into 

serum shows that while some alterations did otcur, the distribution of radio-

activity, and therefore the ovexall exchange of phospholipids fo~ erythro-

cyte membranes 1s sim!lar to that of the intact cell. This f.ind1ng is not 

too surprising considering that the pattern of exchange is likely dependent 
" 

ta a large degree on t~é tiistribution of serum phospholipide The observation 

that erythrocyte membranes exchange lecithin at an increased rate comparedo 

to the intact cell does not have any proven explanation at present. lt i8 

possible that there was some alteration in membrane structure or conformation 
, ç 

which exposed more membrane lecithin to the serum lecithin. However, this 
. 

increase in exchange rate is not due to an alteration which involves the 

non-specifie 10s8 of membrane lipid, such 'as occurs in spherocytosis (263), 

since the decrease in specifie activity of the lecithin of either th~ intact . 
erythrocyte or the membrane'preparatio~ takes place parallel'to the fractionsl 

exchange rates., 
e , 

-As weIl as an increase in the fractional exchange rates of the 

lecithin of the erythrocyte membrane preparations compared ta the intact celI, 
~ 

( , 
6 a change in fractiona1 exchange rates of lecithin~ labelled by esterification 

/ of free fatty acids relative ta thaÇ of lecithin labelled by exchange, took 

-1 
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This Chan~y be a :esult 

lt i8 possible that some 

of the location of esterification in the 

of the lecithin was esterified in an area 

ssible ta the serum, such as the inner surface or the interior of the 

So long as the cell remained intact the lecithln pro
'! 

in this- area was not available for exchange. Bretscher ha." suggested 

litt!e exchange or "flip-flop" of phospholipid between the two sides 
(] 

eryth~ocyte membrane occurs. Thus it seems reasonable 

hen erythrocytè ghosts are prep~red, the inner surface of the membrane 
':) 

the erythrocyte"leci th~n becomes available for exch~nge. 

~erefore the rates of exchange of [3HJ palmity1 and [14C1 linoleyl lecithin 

32 relative to that of [ PJ lecithin, which were about 0.6 in the intact cell, Q 

now increase to about 1.25. The lecithin on the internaI surface of the 

erythroeyte membrane was label1ed by esterification with [3HJ palmitate, and 

[14CJ linoleate,but not by exchange with [32p] lecit~in. ~~s, hemo1ysis 1ed 

[ 32 ' . to no further exposure of Pl 1ecithins, only the Iecithins containing the 
1 

labelled fatty acids. van Golde et al (43) have speculated that some lecithin 

-Molecules may remain bound to the erythrocyte membrane during the entire 

lifespan of the ceU while others are free to exchange and that these dif-

ferences may be attributable to the location of the~olecUles or thei~ chem

data provides expertme al evidenee which tends iea! structure. The present - ' 

to support this speculation. It has been suggested by Gordeski and Marinetti 

(66) that phosphatidylserlne is present aImost completely çn -the l-nterlor 

surface of the erythrocyte membrane and by Verkleij et al (68) that phosph" 

atidylethanolamine may be slmilarly though notl,as entirely oriented at the 
JI. 

lnner side of the membrane bl1ayer. It Is possible that certain speetes of 

leeithin and lysoleeithin are also asymmetrieally distributed in the mem-

brane. Thus a large amount of the saturated l-acyl isomer of !ysolec1thin 
f l 

'n1 _____ .,._-------------

with'wbich linoleate esterifles, May be located at the tnner part of the 

c' 



•• 

) .-

• 

87 

membrane and the unsaturated 2-acyl isomer which becomes esterified with 

linolenate may be present at the outer surface of the membrane. 

In confirmation of previous studies done in' this laboratory with 

hâman.and rabbit red cells, the present data showed that the distribution of 

linoleat~ among the cellular phospholipids, incorporated by esterification by 
o 

, the erythrocyte do es not vary with age. The proportion of palmitate ester-

ified into phosphatidylethanolamine -increased with age'ftile the propor,tion 

32 of P-Iabel1ed 1ecithin incorporated by exchange into phosphatidy1ethano1-

amine was decreased in old cells. The pre11minary nature of these observa
r;,,/ 

J 

tions does not enable an explanation of them and a more detai1ed study wou1d 

be necessary to clarify these points. 

The finding that the pattern of exchange of [~Hl palmitate, [14C] 

32 1inoleate-, and P-1abe11ed phospho1ipids does not seem to be affected by 

the age of the red ce II is perhaps not too surprising considering t~at the 

10ss of 1ipid from the plasma membrane which is associated with erythroeyte 

aging, is non-specifie (221,222) and does not affect the intactness of the 

membrane. The observation that the' relative rates of exchange of [.3n] 
. 14 32 

pa1mityl-1é~ithin and [ Cl 1ino1ey1-lecithin compared to [ Pl lecithin do 

not change with the age of theftrythrocyte is also consistent with the main-

tenance of cellular integrity despi,te age-relatedf'lipid 10ss, and supports 

the co~cept that the unavailability of à portion of the lecithin for exchange 

depends on ~he intactnees of the cell. 

Finally'i although the relative rates of' exchange of the lecithins;----

and hen~e the pools of non-exchangeable lecithin are not disturbed by the 

red cell age, the fact that the actuai fractional exchange rates of [3H] 

.: paimityl-, [14C1 linol,yl- and [32P]-lecithin- increased wtth-the ase of the 

red celi suggests that some changes are occurring in the erythrocyte~ membrane.
w 

) 



• 

• 

• 

88 
t • 

The t~lues for the fractional lecithin exchange rates of young red cells ~y 

have been lower than that of old cells 1 d i i of 32p04 part y ue to ncorporat on 
~ " 

~. ~ . 
ihto 'reticulocyte phospholipid and due poss~bly to some extent to uptake of 

32 , 
P0

4 
during erythropoesis. Tne latter contribution was minimized however, 

32 ' 
since for these experiments, the P-Iabelled erythrocytes were collected as 

\ 

32 soon as 24 l;lrs. after injection of Na
3 

P0
4

. Compared to that of leèithin 

32 -
exchange, the amount of P label incorporated during de ~ phospholipid 

i \ \ 

syntheais in the reticulocyte is likely quite small. Thus, the increase in 

the rate of lecithin exchange with increasing red cel1 age appears to be 

primarily associated with the changes in the membrane which are known to 

occur as ~e red cell matures and ages. \ 

'A study of phospholipid exchange .!!!. vivo was undertaken to deter-

mine if characteristics similar to those observed in vitro could be detected • 
~ 

There was great variation observed in the frac~iona1 rate\of lecithin e~change 

an~ this may have reflected variation in the serum phospho1ipid 1evels from 

animal to animal. Figure 4 shows that the rate of exchange in vitro does 
,..",.. 

the rate 

the PhO~Ph01iPi~ concentration of t~e~~The obs:rvation that 

of lecithin exchange in .Y!Y.Q. was much lowe~ than~t observed . 

depend on 

• in vitro (Table IX) may be due to the fact that the hematocrit used for 

exchange experiments in vitro was 20% while the hetD(ltocrit .!!!. ~ is norma11y 

in the range of 35-45% (20). Thus, in the !!!. vitro conditions there la 

relatlvely more extracellular lecithin present in the medium fo, exch~nge with 

the làbelled lecit~n of the erythrocyte and the radioactive leclthin of the 

erythrocyte ia the~efore remov~d from the ce11 at a greater rate than that 

'_lin~. 
" 0 3 14 

'Q1e average relative exc~nge rates for [ H~ p~lmyl- and [ C] 
-

1inoley1-lecithin ~~ were differerlt fram the correspondïng values observed 
<' 
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in vitro. In vitro the relative exchange rates for [3H1 palmityl- and [
14Cl 

linoleyl-Iecithin were 0.64 and 0.53 while the values in vivo were 1. 0 and 0.90 

respectively. v The reasons for the discrepancy between the in vitro and 

in vivo results are unc1ear although there are some pessibilities. The deter-

mination of the rate of disappearance of label from the erythrocyte in ~ 

may be less precise and sensitive than the observation of the rate of appear-

ance of label in tpe serum in vitro. A more likely explanation however ia 

the fact that the in vitro system is static and no changes in the serum 

phospholipid composition are possible. The in vivo experiment on the other 

hand took place over a period of 5 days and great changes in the composition ~ 

of the serum lecithin were possible. Thus, alterations of the rate of exchange 

3 '14 
of [ Hl palmityf- and [ Cl linoleyl-lecithin may have occ~rred. 

.' 
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5. ,SUMMARY 
1 

1. Exchange of radioactive phospholipid between the rabbit erythrocyte and 

serum at 37°C in vitro was linear with time for at least 6 hrs. 

2. The rate of phospholipid exchange was found to depend on the quantity of-

phospholipid present in the medium. 

preferential~ook part in exchange. 

No particular class of serum Iipoprotein 

/ . . 
3. When rabbit ery~~rocytes were labelled with [32p1 phospholipids by 

exchange in vivo and with [14C1 linoleate or [14C1 linolenate by esterification ~ --- ( -
" 

in vitr,o, about 7~ of each o~~hese precursors were incorporated into lecithin. 

For [3Hl palmitat~ a somewhat amaller percentage (54%) was found in lecithin, 

due to an increased incorporation in phosphatidylethanolamine. 

4. [14C1 Iinoleate and [3H1 palmitate were ~ch estertfied primariIy into 
\ 14 

the dienoic species of the erythr~cyte lecithin and [ cl linolenate mainly 
~. 

into mo1ecu1ar species with more than four doubla bonds. 32 P was incorpor-

ated by exchange mainly into the dienoic erythrocyte lecithins. 

5. After in vitro exchange with uhiabelled serum at Ieast 80% of the 

radioactivity found in the serum was present in lecithin. Apart fr~~ 
3 • r4 

smaller amount of r H] palmitate and [ C] linoleate in serum phosphatidyl-' 
\ 

~lamine no other'~erum phospholipid was significantly labelled. 

32 . 3 6. The radioactivity of [ Pl lecithi~s and [ Hl palmityl-lecithins found 

in serum after exchange were distributed among t~e variou~ mo1ecular apecies 

in patterns similar to that of the erythrocyte lecithins. The dienoic species 
\ 

14 ' of [ C] linoleyl erythrocyte lecithin was exchanged at a reduced rate. The 

decreased rate of hexenoic [14Cl 1inolenyl erythrocyte lecithin exchange was 

Q 14 
·compensated by the" more rapi~ exchange of the polyenoic [ Cl linolenyl 

lecithin • 
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7. Analysis of the inward and outward exchange rates of [32p] lecithin 

revealed that only about 55% of the total cellular lecithin of the rabbit .. 
eryt~rocyte was available for exchange. 1 
8. The fractional exchange rates of [3Hl palmityl- and [14Cl li.oleyl-

1ecithin were 64% and 53% respectively of that of [32p] lecithin whife that 

of [14Cl linolenyl lecithinawas not significantly différent fr~m [~2p] 

r lecitl}in. '. 

9; Serum phospholipase and lecithin cholesterol acyltransferase did not 
cY 

interfere,with or lffect the rate of appearance of radioactivity in the 

serum from the erythrocyte. 
\. 

10. The pattern of distribution of radioactivity aroong the serum phospho-
. 

lipid classes after exchange with eryt~rocyte membrane preparations W8S 

3 - ·14 similar ~o that of intact cella. Exchange of [ Hl palmityl-, [ Cl linoleyl-

~nd [32p ] lecithin took ,place at marltedly increased rates. The relative 

32 exchange rates of the former two lecithins compared to [ Pl lecithin were 

greater than unit y suggestiag that bath these lecithins became entirely 

available for exchange. 

1î. The fractional rates of exchange of lecithins 1abelled by esterification 

in vitro of [3Hl palmitate and [14CJ linole~te and by exchange of [32p] 
~ 

lecithin !!. vivo, increased with the in vivo age of, the red ceU, without 

change in the relative exchange rates of the acyl-labelled' lecithins com-

pared ta that of [32pJ lecithin. 
• 1 

The distributions of 1abelled phospholipids 

in the serum after exchange with either young or old red cells were similar • 
., 

3 ,32 
The pattern of labelling of [ H] pal~itate and P among cellular phospholipids 

3 varied with red cell age. The proportion of [ H] palmitate incorporated into 
~ 

phosphatidylethanolamine increased with age but that of (32p ] phospholipid 

decreased. This is in contrast ta the sim11arity of dist~ibution of [14Cl 

linoleate amang the phospholipids of young and old cells. 
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If 

ü 

12. In vivo, lecithin was found to exchange at rates lower than that observed 

. 3 14 
in vitro, and th,!! relative exchange rates of [ Hl palmityl- and [ Cl lino1.eyl-

1eci th in were 1. 03 ± .03 and 0.90 ± • Dl respec tive1y • A similari ty between 

the in vitro and .!.!!. vivo findings WS8 thst in both cases [
14

C] linoleyl-

1ectthin exchanged at rates lower tha'u that of [32p ] leci~hin. 
13. ~ qata presented in this study suggest that aIl erythrocyte lecithin 

which is available for exchange with the serum, is, located on the exterior 

surface of the erythrocyte membrane. Esterificat~on of certain fatty acids 

\ with lysolecithins takes place in ~art:. at the interior surface of ,the red 

cell membrane, inaccessible to serum phospho1ipids. 

J 

o 

\ ' 

o 

( 
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6. APPENDIX 

/ DESCRIPTION OF A TYPICAL IN VITRO EXCHANGE EXP~IMENT 

TQe data ta be shawn in this appendix represent those obtained in a 

typical "basic in ~ exchange eJtperiment". Oelier experiments in which for 

example, exchange in membrane preparations, exchange in bath the inward and 

outwafd directiqns, or exchange in young and old red cells, were examined, the 
\ 1 

el) (' 1 0 ..fM 

"typical basic in vitro experiment" served as a control. Rabbit erythrocytes 

32 " , 
were labelled with [ Pl phospholipids by exchange in vivo after in$ravenous 

32 injection of 10 mCi of Na
3 

P0
4

. 3-4 days after. injection t'he ceUs were 

collected us~ng 0.25 M citrate as the anticoagulant and washed with ice-cold 

saline three times removing the buffy coat and the top 10% of the re4 ceU 
<, 

column each time. One volume of paclted washed 32P-labelled red ceUs was , 

incubated in 5 volUllles of Krebs-Ringer bicarbonate buffer, pH 7.4, containing 

" 8 mM glucose for 2 hrs. at 37°C with a gas' phase of 95%"°2, 5% CO2• 30 liCi 

[9,10_3Hl palmitate and 1,0 liCi [1_14Cl linolenate or [1-~4C] lin~leate bound 

• ta defatted BSA (3% .solution) (244) were added per ml of incubated packed 

cells. After pre-in'cubation the cells were washed 3 Umes with~ 2% defatted 

BSA in Krebs-Ringer bicarbonate to remove unincorporated free fatty aci..ds. 

After washing, aliquots were taken for individual exchangè incubation samples, 

usua11'y two for "zèro time" contraIs and two for 4 hour samples. 1 ml packed 

cel1s were incubated with 4 ml sepnn at 37°C for 4 hrs. Zero time controls 

were performed by mixing the serum and cells f" and then separa'ting' iDIlIf~dia tely. 
u 

After separation and washing. the lipids of each s~rum and eryf!lhr6cyte frac-
~ v .. 

o 

tian were extracted- by the Fo1ch technique (253) in 29 volumes of ch1oroform-

methanol 2:1, followed by concentration and separation into neutral lipids . 

and _phospholipids by silicic aeid chromatog'raphy, [Hirsch'" and Ahrens (1254)].! 
\ . , 

The phospholipid fractions, each of which bad been eluted with 2000 ml methanol, , , 

we:re concentrated to dryness under a steam of nitrogen, and spotted on ,thAn 

o 
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5 

Origin 

Figure 7: Thin :ayer Chromatol~aphy of Serum Phospholipide on ~1nder-Fre~ 
Si1ica Cel: Soivent System; Ch1oroform-Methan~~-Acetic Acid-

• 1 

Water, 100:60:16:8. J \, 

1. Phosphatidy1ethano1amine 2. Ph~sphatidy1serine and phosphatidy~inosito1 

3. LÈ~cithin 4. ..sphingomyel1n 5. Lysolecithin - , ~ 

,,1 

.. 
'1 

,-
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Figure,~: Thin Layer Chromatography of Ery~ocyte Phospholipids: Chrom-

atographic Conditions Are The Same as Outlined in Figure 7. 

1. Phosphatidy1ethanolamine 2. Phosphatidylserint and phosphatidy1-

inositol 3. Lecithin 4. Sphingomyelin 5. Lysolecithin 

• 
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layer chromatographie plates, one plate per lipid extract, for isolation of 

the individual phospholipid c~asses. Typical samples of ser~m'and erythrocyte' 

phospholipids separated by TLC are shown in Figures 7 and 8 respectively. It 

was found that application of any more than one extract per pla'te ovel'loaded 

it. This was unfortunate in view of the faet the average exchange experiment 
1 

consequently required about 3-6 wee~ to complete. After ma\king, the plates 

were deiodinated by standing overnight, scraped and the lipids eluted from 

each band. When appropriate, a small a1iquot was taken for phosphorus deter~ 

minatfon and the remainder ?f extract was counted. In experiments in which 

'lecithin was to be further fractionated into molecular species according to 

degree of unsaturation t 
, ,-- \ 

on si·lver nitrate-impregnated plates, one sample per plate. Again, the pos-

sibility of overloading did not allow any more than one sample per plate. , 

A typical separation is shown in the photograph of Figure 9. For illustrative 

purposes; egg lecithin and dilinoleyl lecithin were also spotted at tqe 

extreme left of the plate. After the lipids- from the TLC plates were 

recovered from the appropriate plates they were counted in the Packard Tri-

32 14 Carb liquid scintillation counter. Spillage from the P channel into the C 
3 1 

and H channels was about 15-20% and 0.5-1.5% respecttve1y. Spillage from l4C 

channel.into lH cha~ne1 was about 5-10%. --The spillage for each individual 

experiment was precisely determined each time. At any rate the level of radio

activity in each channel was usually in the order, 3N > l4C > 32p, so that 

the actua! correction of counts on the average was usually about 5% for both 

3H and 14C• The windows were set so that there was virtually no spillage 

f~H to 14C to 32p• Typical data from a standard "basic in vitro exchange 

experiment" arb shown in Tables XVIII and XIX • 
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Figure 9: Argentation Thin Layer Chromatography of a Sample of Lecithin on 
o 

Silver Nitrate-lmpregnated Thin Layer Plates (15g AgN03/50g Binder

Free Siliea Gel): Solvent System; Chlorof~rm-Methanol-Water 60:30:8. 
, -

This partieular sample was Erythrocyte Lecithin. Synthetie Dilin-
'. " 

01eyl Lecithin and Egg Leeithin Wêre Run at The Extr~-Lg~of the 

~-, 

, / ' 0 

plate for illustrative purposes at Position~~~~.lJspect~~~~~~ 
1. Saturated and Monoenoic 2~' D1enoic.' 3. Te traeonic 4. Hexenoic 

5. Polyenoic Lecithins 

..... ', 
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TABLE XVIII 

* Radioactivity in Serum Phospholipids After Control and 4 hr. Incubation 

with Erythrocytes Labelled with 32p [3H] Palmitate and 14 , [ Cl' Linoleate 

Radioactivity of Lecithin (Cpm) 

Precursor 

Sample 
[3H] 

14' ~- 32p Description Phospholipid Palmitate [ Cl , Llnoleate 

Zero Lyso1ecithin 1 70 "20 10' . .-
(LPe) 

'rime 
Sphingomyelin 

, 
30 10 10 

Control (s) 

No. 1 Le i 
(PC) 

Phosphatidylserine + 
(Ps) 

• \} 

Phosphatidylinositol 140 40 0 
'- -, (PI) 

Phosphatidylethanolamin~ 630 250 10 
(PE) 

LPC 100 10 20 
0 

S 60 20 10 

PC 2,300 1,.100- 10fr -

PS + PI 100- 30 .. 0 
~ 

'-.. PE 680 250 10 

-1 
LPC 760 . 210 150 

4 hr. S 270 70 ' -120 

Sample PC 19,800 , 9,250 1,79° 
1 

, i • No. 1 PS + PI 420 -170 20 
1 

Pe l,80b 840 50 ' 
, 
,.-

...-

..- , Continqes! 
a 

1 • 
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• TABLE XVIII cont'd 

LPC 680 180 140 

4 hr. S 240 '110 130 \ 

Samp1e PC 12,900 6,900 1,230 

No.o2 PS + PI . 900 290 30 ., 
Pl!: 3,300 1,100 40 

J 

* 32 corrected for spi11age, P decay, and when necessary, quenching, (a1so'for 

reduced efficiency due to reduction of window width)& 

• 

(;' 

) 

, , .-
- , 
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• TABLE XIX 

Radioactivity in Erythrocyte Phospholipids After Control and 4 hr. Incubation 
, 

with Erythrocytes Labe1led'with. 32p, 3 14 r Hl Palmitate, and [ Cl Linoleate 

Radioactivity of Lecithins (Cpm) 

Precrusor .r. > 

Samp1e 
[3Hl [14cj 32p Description PhospboliEid Palmitate Linoleate 

Zero ]lFc 2,400 2,000 570 • 
Time S 8,400 4,500 2S 

0 , 
Control PC 273,000 230,000 25,900 

NQL l PS + PI 12,100 9 000 , 1,000 

PE 195,000 78,800 6,000 

" " .. 
Zero LPC 2,700 2,200 620 • Tinte S 10,700 7,000 2,500 

Control 
;-

PC 262,000 215,000 24,300 

No. 2 PS + PI 16,500 ( Il,200 1,100 
) 

PE 181,000 74,690 5,500 

, 

LPC 1,400 2,800, 410 
" 

4 br. S 6,400 4,200 2,400 

Sample PC 257,600 225,000 26,100 

No. 1 PS + PI 18,60,0 14,700 • i,400 ,J .( .. , 

1 

PE 210,000 85,600 6,700 

LPC 1,200 , 1,400 500 
1 

1 
4 hr~ S . " , , 4 • ..tH>0 .2J-9.0.<L 2~200 -,::--: 

J! ~"I ___ -- .r)\. -{l-~~-
-. 

~:..~- .. , • SampIs- PC ~ ... -'-'... . 225,000 219,000 25,700 - --:;---:. 

, 
No. 2 PS + PI 18,500' 12,300 1,200 

<:! PE 207,000 82,600 ------ "6~500 
~' 

«. 
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CLAIMS TD ORIGINALITY 

The fo110wing are considered to be contributions of original 

know1edge. 

1. The rate of phospho1ipid exchange between the erythrocyte and serum 

lipoproteins depends on the phospho1ipid concentration of the medium but 

not on>any specifie class of serum lipoprotein. 

2. Lecithin is the principal phosph01ipid exchanged b~tween the rabbit 

erythrocyte and serum. The rate of exchange of esterified erythrocyte 

lecithins varies with Othe fatty acid precursor', but no esterified lecithin 

< 32 
studied exchanged at a rate greater than that of P-1abe11ed 1ecit~n, 

which was originally 1nco rporatQ4 lly enebeft~e. 

3. 
14 14 3 1 32 

[ Cl lino1eate, [ cl 1inolenate, [ Hl palmitate, and [ Pl lecithin 

are each incorporated by the erythrocyte into the various mo1ecu1ar species 

of lecithin, being distributed among them in patterns specifie for each 

precursor. SUBsequent exchange of these 1ecithins ioto serum_~lso results 
". 

in characteristic distributions amang the various mo1ecular spec~ if serum 
t; \ _ _ __ " ~_ ~ , 

lecithins. \ 

4. Although the fractions1 lecithin exchange rates of erythro~te membrane. 

preparations are three times that of intact cells, the difference in fraction~l 

3 14 32 . 
exchange rates between [ Hl palmityl- or [ Cl linoleyl-lecithin and [ Pl 

lecithin is reversed ~n the membranes, sugges~ing tbat a portion of tbe total ~ 1 

.' 

lecit~in pool becomes ava~lablë for exchange only upon di~ruption of the- -

erythro~yte and may be locat~d in a relatively inaccessible portfonrof the 

membrane such as the inner surface. 

5. 
. 32 

The fractional exchange rates of acyl-labelled and P-Iabelled lecithins 

• < 

exchange rates of these lecithins relative to each other. The distribution of 

. , 
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• 1abe11ed phospho1ipids in the ser~ is similar after exchange with either 

young and old red cells despite the variation with age in the pattern of 

labelling of certain,precursors amang the erythrocyte phospholipids. lt is 

suggested that a1terations in the erythrocyte membrane which may occur as the 

red cell ages do not affect the intactness~of the cel1 • 
. " . \ ,\ 

6. In vivo, erythrocyte 1ecithin exchanges at rates lower than that observed 

in vitro and [l4C] linoleyi lecithin exch~nges at a somewhat lower rate than 

3 32 ' 
that of [ Hl palmityl lecithin and [ Pl lecithin, which are simllar in their 

rates. 

7. In addition to the above original contributions, som~ properties of phos

J exchange which have been obser.ved for certain mammalian s~ecies have 
1 

now been extended togthe rabbit. Exchange of radioactive phospholipid between 

'. . . ~ ~ 

the rabbit erythrocyte and~serum in vitro Is llnear wlth time for at least 

• 6 hrs. ~bout 55% of ;he t~tal cellular lecithin of the,rabb~t erythrocyte . 
is avallable for exchange. Serum phosphol1pase and leclthln cholesterol 

acyltransferase activity do not produce artefacts in the study of lecithln . .. 
exchange. After exchange in vitro, at 1east 80% of the serum rad!oactivity - '. . 
of [3H1 palmitate-, [14Cl linoleate-, (14Cl linolenate-, and 32P-labelleq , 

phospholipids is present in lecithin. , \ 

\ 

• 
" . 

(' 
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