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Summary 

Human blood was stored under blood transfusion conditions for up to 10 
weeks. At various times samples were removed, erythrocytes  isolated and the 
susceptibility of  the erythrocyte  membrane lipids to non-lytic concentrations of  
phospholipase C from either Bacillus cereus  or Clostr id ium per fr ingens  tested. 
The morphology of  the cells at various times and the release of  microvesicles 
from the erythrocytes  were also assessed. Initially the cells were at tacked very 
little by the phospholipases at the concentrations chosen, but  their susceptibil- 
ity increased markedly after about  2 weeks, stabilised until 5 weeks, and then 
increased again to approach a nearly stable value after 8--10 weeks. The first 
rise accompanied the conversion of  most  of  the cells to crenated and echino- 
cytic configurations and was reversed if ceils were incubated in a 'rejuvenating' 
medium designed to restore their energy supplies. The second rise occurred 
during the period when the cells underwent  extensive microvesiculation and 
eventually became spherocytes:  this phase involved, in particular, an increase in 
availability of  phosphatidylethanolamine for hydrolysis by phospholipase C and 
was not  reversed by at tempts at 'rejuvenation'.  When microvesicles released 
from the cells were harvested and their phospholipase susceptibility compared 
with that  of  the residual cells it was found that  the microvesicles were the more 
susceptible. These changes in phospholipase susceptibility presumably reflect 
subtle changes in membrane organization that occur during storage and vesicu- 
lation of  erythrocytes;  the possible nature of  such changes is discussed. 

Introduction 

During their lifespan in the circulation human erythrocytes  undergo charac- 
teristic changes in surface area, total  lipid, cholesterol [1--3],  sialoglycoprotein 

* T o  w h o m  c o r r e s p o n d e n c e  shou ld  be  addressed.  
Abbreviat ion:  Hepes0 N - 2 - h y d r o x y e t h y l p i p e r a z i n e - N ' - 2 - e t h a n e s u l p h o n i c  acid.  
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[4], deformability [5] and osmotic fragility [6]. During this process they lose 
about one-fifth of their membrane but very little of their contents [7]. 

When human erythrocytes are stored for several weeks under standard 
transfusion service conditions they undergo an extensive series of morphologi- 
cal changes, from discocyte to echinocyte and finally to spherocyte [8--10], 
with this being accompanied by a marked decrease in deformability [11]. 
During this period there is a decline in the phospholipid content of the cells, 
indicating a loss of membrane material [12,13]. This lost material can be 
recovered in the form of small membrane vesicles filled with cytoplasm which 
are released by the cells [14]. Such microvesiculation can be accelerated by 
incubation of erythrocytes for several hours at 37°C in the absence of a metab- 
olic substrate [15,16] or by using an ionophore (A23187) to induce a rapid rise 
in the intracellular Ca 2÷ concentration [17]. Up to about a fifth of the total 
membrane can be released in this way, leaving smooth spherocytes which are 
incapable of further vesiculation. The membranes of the released vesicles have a 
higher lipid: protein ratio than native erythrocyte membranes, mainly because 
they are markedly depleted of spectrin and membrane actin, the two major 
extrinsic protein components normally located at the cytoplasmic surface of 
the membrane [17]. 

We recently found that treatment of erythrocytes and erythrocyte ghosts 
with low, sublytic concentrations of phospholipase C can provide a sensitive 
method for detecting subtle changes in erythrocyte membrane organization 
which occur during lysis and resealing and which are partially reversible by 
intracellular ATP [18]. In the present paper we describe the use of a similar 
technique to detect changes in membrane organization in intact erythrocytes 
during the shape changes and microvesiculation which occur in cells stored for 
long periods. We have also investigated to what extent these changes could be 
reversed by procedures designed to 'rejuvenate' the 'aged' cells. 

Materials and Methods 

Storage conditions of erythrocytes 
Blood (6 vols.) was collected aseptically into citrate/dextrose/phosphate (1 

vol.) and stored at 4°C; some samples were donated by the Regional Blood 
Transfusion Centre, others from volunteers in our laboratory. Samples were 
withdrawn aseptically at different time intervals. No bacterial contamination 
was detected during 10 weeks of storage. 

Scanning electron microscopy 
To 1 vol. of washed cells one volume of 2% giutaraldehyde in Hepes saline 

solution (130 mM KC1, 10 mM NaC1, 10 mM N-2-hydroxyethylpiperazine- 
N'-2-ethanesulphonic acid (Hepes), pH 7.0) was added and the mixture allowed 
to stand at room temperature for I h. The cells were then sedimented at 200 ×g 
for 2 min. The pellet was washed once with Hepes saline solution, resuspended 
in an equal volume of 1% osmium tetroxide in 0.1 M cacodylate buffer, pH 7.5, 
and kept at 4°C for 2h.  The fLXed suspension was centrifuged as above and 
washed with Hepes saline. The supernatant was discarded and the cells were 
dehydrated by resuspending successively in 40, 60 and 100% acetone. The sam- 
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ples were allowed to stand overnight in 100% acetone and small amounts  were 
put  on scanning electron microscope 'stubs'  and allowed to dry. The stubs were 
kept  in a vacuum desiccator until required. For  examination, samples were 
coated with gold by sputtering in an argon atmosphere and viewed using a Cam- 
bridge Steroscan 600 Microscope. 

Separation o f  microvesicles and residual cells 
Blood at different intervals of  storage was aseptically withdrawn and the 

microvesicles and residual cells were separated at 4°C as shown below: The 
protocol  is slightly simplified as compared with ref. 14 but  the vesicles isolated 
are indistinguishable. 

Stored  b lood  

3000 X g, 10 min (X3 washes with Hepes saline) 

Supernatants (pooled) Residual cells 

7000 × g, 30 min 

Pellet  
d i scarded  

$ 
S u p e r n a t a n t  

80 000 × g, 30 min 

S u p e r n a t a n t  
d iscarded 

$ 
Pellet  r insed once  wi th  Hepes saline 
to discard any  t h in  whi t e  layer  and  

suspended  in Hepes saline 

I 60  000 x 30 rain (×1 wash) g, 

Pel let  S u p e r n a t a n t  
(Microvesicles)  d iscarded 

'Rejuvenation' o f  aged cells 
The method  of  'rejuvenation'  was based on a previous report  [19].  Cells 

were isolated from stored blood and washed twice in Hepes saline (130 mM 
KC1, 10 mM NaC1, 10 mM Hepes, pH 7.0). The cells from one unit of  blood 
(approx. 450 ml) were mixed with 50 ml of  Hepes saline solution containing 50 
mM pyruvate,  50 mM inosine, 100 mM glucose, 50 mM phosphate and 5 mM 
adenine. This suspension was incubated for an hour  at 37°C. The cells were 
then sedimented at 3000 × g for 10 min and washed once with Hepes saline 
solution. The resuspended pellets ( 'rejuvenated'  cells) were immediately treated 
with 8 U/ml assay, phospholipase C (Bacillus cereus). 

Treatment with phospholipase C 
Purified phospholipase C from B. cereus [20] was a gift from Dr. C. Little. 

Phospholipase C from Clostridium perfringens was purified on an immuno- 
sorbent  column by  the method  of  Bird et al. [21].  Activities of  these prepara- 
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tions are given elsewhere [ 18]. Cells or microvesicles were treated with enzyme 
by  incubating them in a mixture which contained 200--300 nmol membrane 
phospholipid and enzyme in a final volume of  0.5 ml of  Hepes saline solution 
(130 mM KC1, 10 mM NaC1, 10 mM Hepes, pH 7.0). In the case of  the C. per- 
fringens enzyme, CaCl2 was added to a final concentration of  1 mM. Incubation 
was for 30 min at 37°C and the reaction was s topped by the addition of  2 mM 
EDTA and 0.5 mM phenanthroline in 0.5 ml of  Hepes saline solution. 

Ex traction and analysis o f  lipids 
Lipids were extracted and analysed as described before [18].  

Results 

Phospholipase C susceptibility, shape changes and microvesiculation during 
storage 

Throughout  the experiments incubations with purified phospholipases C (B. 
cereus and C. perfringens) were under conditions in which there was negligible 
haemolysis (less than 3%) or phospholipid hydrolysis in fresh human erythro- 
cytes. During the first week of  storage, susceptibility to these enzymes showed 
little change, but  after about  2 weeks their susceptibility to phospholipid 
hydrolysis by both enzymes had risen substantially. It then remained largely 
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Fig .  1. S u s c e p t i b i l i t y  o f  s t o r e d  e r y t h r o c y t e s  t o  p h o s p h o l i p a s e  C. Ce l l s  a t  v a r i o u s  i n t e r v a l s  o f  s t o r a g e  were  
sepa ra t ed  f r o m  mic roves i c l e s  and  washed  w i t h  Hepes  saline.  These  cells were  t r ea t ed  wi th  pu r i f i ed  phos-  
pho l ipase  C (B. cereus ,  8 U / m l  assay • e; C. perfritlgelJs, 20 m U / m l  assay o o)  and  p h o s p h o -  
l ipid h y d r o l y s i s  d e t e r m i n e d  f r o m  the dec rease  in o rgan ic  p h o s p h o r u s  c o n t e n t  o f  e x t r a c t e d  l ipids  (see 

Materials  and  Methods ) .  Shape  c h a n g e s  ( a p p r o x .  % va lues)  were  m o n i t o r e d  by phase  c o n t r a s t  m i c r o s c o p y  
and scanning  e l e c t r o n  m i c r o s c o p y .  T h e  cu rves  o f  th is  f igure  are c o m p o s i t e s  based  on  1 5 - - 2 0  e x p e r i m e n t s .  
Po in t s  m a y  r e p r e s e n t  s ingle  or  mu l t i p l e  e x p e r i m e n t s .  
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unchanged until about the 5th week, when susceptibility once again increased 
relatively rapidly (Fig. 1). During the same period cells underwent a series of 
morphological changes (Fig. 2). Crenated discs and echinocytes were dominant 
between 2 and 5 weeks; spheroechinocytes and smooth spherocytes became the 
major cell configurations after about 6 weeks. Simultaneously, the cells micro- 
vesiculated, releasing 100--150 nm diameter vesicles filled with cytoplasm. 

If cells were incubated in a physiologically favourable medium designed to 
restore their energy supplies and thus, it was hoped, to biochemically 'rejuve- 
nate them, then their increase in phospholipase C susceptibility induced by 
storage could be substantially reversed for the first five weeks, but not there- 
after (Fig. 3). It thus seems that the two phases of increase in susceptibility to 
phospholipase attack are distinct, with the first phase (up to 5--6 weeks) a 
reversible process and the second phase (after 6--7 weeks) essentially irrevers- 

Fig. 2. Scanning  e l e c t r o n  micrographs  o f  cel ls  (residual  cel ls)  at d i f f erent  per iods  o f  s torage .  ( A )  fresh 
intact  cells, (B) 3rd w e e k  cells, (C) 6 th  week  cells, (D) lOth  w e e k  cells. Magnif ica t ion  × 1500 .  
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Fig. 3. Suscept ib i l i ty  of  ' r e j u v e n a t e d '  e r y t h r o c y t e s  to  phospho l ipase  C. At  var ious  pe r iods  of  s torage the  
res idual  cells were  washed  free of  microvesic les .  Cells were  ' r e j u v e n a t e d '  by  incuba t ing  wi th  a so lu t ion  of  
Hepes  saline con ta in ing  p y r u v a t e  (5 mM),  inosine (5 raM), glucose (10  raM),  p h o s p h a t e  (5 raM) and  
aden ine  (0 .5  m M)  a t  37°C  for  1 h and  were  washed  once  wi th  Hepes  saline (see Mater ia ls  and  Methods) .  
' R e j u v e n a t e d '  cells were  t r e a t e d  wi th  phospho l ipase  C (B. cereus), 8 u n i t s / m l  assay,  an d  the  pe rcen tage  
phospho l ip id  hydro lys i s  d e t e r m i n e d  as descr ibed  in Fig. 1. 

ible. We therefore selected erythrocytes and microvesicles from blood stored 
for 5 and 9 weeks for detailed study. 

Comparison of residual cells and microvesicles 
Detailed analysis indicated that at both 5 and 9 weeks the lipid compositions 

of  residual cells and of  microvesicles were very similar, with the 9 week micro- 
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Fig. 4. Suscept ibi l i t ies  of  res idual  cells and  microves ic las  to  phospho l ipase  C. Residual  cells and  mic ro -  
vesicles were  i so la ted  f r o m  b l o o d  s tored  fo r  5 and  9 we e k s  an d  were  t r e a t e d  w i th  d i f f e r en t  concen t r a -  
t ions  o f  phospho l ipase  C (B. ccreua) as descr ibed  in Materiais  and  Methods .  Phospho l ip id  hydro lys i s  was  
d e t e r m i n e d  b y  e s t ima t ing  organic  p h o s p h o r u s  in the  e x t r a c t e d  lipid. Open  s y m b o l s  r ep r e sen t  microves ic les  
and  filled s y m b o l s  r ep re sen t  res idual  cells. Circles and  squares  r ep r e sen t  e x p e r i m e n t a l  po in t s  f r o m  t w o  dif- 
f e ren t  e x p e r i m e n t s .  
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T A B L E  I 

P H O S P H O L I P I D  P R O F I L E S  OF P H O S P H O L I P A S E  C - T R E A T E D  R E S I D U A L  C E L L S  

Washed residual  cells f r o m  b lood  s tored  for  5 and  9 w e e k s  w e r e  t r e a t e d  wi th  pur i f ied  phospho l ipase  C 
(B. cereus), 8 un i t s ]ml  assay,  as descr ibed  in Materials  and  Methods .  T h e  r eac t i on  was  s t o p p ed  and t h e  
cells were  s e d i m e n t e d  at  20 000  × g for  15 m i n  at  4°C. A c o n t ro l  i n c u b a t i o n  o f  cells w i t h o u t  e n z y m e  was 
run  paral le l  in each  case.  Lipids  were  e x t r a c t e d  f r o m  the  pel let  an d  ana lysed  by  TLC.  Values  are e x p r e s s e d  
as p e r c e n t a g e  hydro lys i s  o f  individual  phospho l lp ids  -+ S.D. w i th  the  n u m b e r  of  e x p e r i m e n t s  in p a r e n -  
t h e s e s .  

Phosphol ip id  hydro lys i s  (%) 

F r e s h  i n t ac t  cells 5 th  w e e k  9 th  w e e k  

Tota l  phospho l lp id  hydro lys i s  (%) 
S p h i n g o m y e l i n  
Phospha t idy l cho l ine  
Phospha t idy l se r ine  + phospha t idy l inos i to l  
P h o s p h a t i d y l e t h a n o l a m i n e  

2- -4  1 5 - - 1 8  3 0 - - 3 5  
N o t  d e t e r m i n e d  12 -+ 3 (4)  11 + 4 (4)  
No t  d e t e r m i n e d  19 -+ 3 (4) 47  ± 12 (4) 
No t  d e t e r m i n e d  18 + 7 (4)  32 -+ 15 (4) 
No t  d e t e r m i n e d  3 -+ 2 (4)  51 ± 19 (4) 

vesicles slightly richer in sphingomyelin than 9-week residual cells (data not 
shown). When residual cells and the microvesicles they had released were both 
recovered and exposed to phospholipase C (B. cereus) it was found that micro- 
vesicles were more susceptible to phospholipase attack than were the cells: this 
applied to cells and microvesicles isolated after either 5 or 9 weeks of storage 
(Fig. 4). 

Effects of  storage upon the susceptibility to hydrolysis of  individual lipid 
classes 

Fresh cells and cells stored for 5 and 9 weeks were separated from the 
released microvesicles and exposed to phospholipase C (B. cereus). They were 
then analysed to determine which lipids had been hydrolysed by such non-lyric 
treatment with phospholipase (Table I). Fresh cells were only attacked to a 
very slight extent, and it was therefore not feasible to determine which lipids 
were hydrolysed. After 5 weeks there was appreciable hydrolysis of phos- 
phatidylcholine, sphingomyelin and phosphatidylserine + phosphatidylinositol. 
By 9 weeks, however, the susceptibility of phosphatidylethanolamine to phos- 
pholipase C hydrolysis had risen dramatically. Smaller increases were seen in 
the susceptibilities of phosphatidylcholine and phosphatidylserine plus phos- 
phatidylinositol but sphingomyelin showed no further change. 

Discussion 

The changes of shape, loss of phospholipid and microvesiculation that we 
have observed during the storage of erythrocytes are similar to those reported 
by previous observers but our studies have covered a longer period of storage 
and have included a parameter, namely susceptibility of membrane phospho- 
lipids to hydrolysis by phospholipase C, which probably relates directly to 
perturbation of membrane structure. 

The sharp rise in susceptibility to phospholipid hydrolysis during the second 
week occurred at about the same time as the majority of cells changed shape 
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from biconcave disc to crenated discs and echinocytes and this was followed by 
a plateau in the hydrolysis curve coincident with the commencement of micro- 
vesiculation. The second steep rise in extent of phospholipid hydrolysis started 
approximately at the point where the majority of cells changed in morphology 
'from echinocyte to spheroechinocyte and spherocyte': at the same time the 
increased susceptibility to phospholipase C became irreversible. 

Changes in susceptibility to phospholipases C are probably a result of 
changes in the molecular organization of the membrane which make phospho- 
lipids more accessible to the enzymes. The reversible first stage of this change 
in molecular accessibility and the accompanying changes in morphology may be 
caused at least in part by a fall in cytoplasmic ATP concentrations [22]. How- 
ever, it is uncertain whether or not these changes are interdependent [23]. The 
irreversibility of the second stage of change in phospholipid susceptibility 
beyond the fifth week of storage seems likely to be a direct consequence of a 
substantial loss of membrane by vesiculation. 

The pattern of phospholipid hydrolysis during the reversible first stage 
showed no striking features, but during the second, irreversible stage (after the 
fifth week) there was a dramatic increase in susceptibility of phosphatidyl- 
ethanolamine to phospholipase C. Although there was still only a very low level 
of haemolysis (less than 3%) the amount of this phospholipid that was hydrol- 
ysed was substantially greater than has been calculated to be present in the 
outer leaflet of the membrane bilayer in the fresh, intact erythrocyte [24--26]. 
Perhaps there have been changes in membrane organisation which allow the 
phospholipase to penetrate into the membrane so as to interact with phos- 
pholipid in the inner leaflet, although this would imply penetration of the 
enzyme into non-polar regions of the membrane. Alternatively there may be 
substantial lipid exchange between inner and outer leaflets during prolonged 
storage of cells. 

Microvesicles, produced either by storage or by treatment of erythrocytes 
with Ca 2+ plus ionophore A23187 (Shukla, S:D., unpublished), were more 
susceptible to phospholipase C than were residual cells. In both cases the most 
striking difference in composition between cells and vesicles lies in the virtual 
absence of spectrin and depletion of membrane actin in the vesicles [14,17]. 
Although these proteins are located at the cytoplasmic surface of the mem- 
brane whereas the phospholipase was presented only to the outer surface, it 
may be relevant to recall that internal ATP can protect erythrocyte ghosts 
against attack by external phospholipase C [18]. 

These results provide confirmation that purified phospholipases C can be used 
as sensitive tools with which to detect slight changes in the organization of the 
erythrocyte membrane (and maybe of other membranes), but a lack of detailed 
knowledge of the interactions between these enzymes and membranes means 
that we cannot yet define the nature of these changes. In the experiments on 
storage of cells that are reported here this difficulty of detailed interpretion 
may arise partly from the sequential occurrence of several distinct types of 
change in membrane organization in the cells and microvesicles. It may, how- 
ever, be significant that in at least three different situations, namely erythro- 
cyte storage in vitro, the incubation of energy~iepleted erythrocytes at 37°C for 
a few hours [27,28] and the comparison of erythrocyte ghosts with and with- 
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out internal ATP [18], the largest changes in behaviour are shown by phosphat- 
idylethanolamine. This may mean that the structural interrelationships between 
this lipid and other membrane components are particularly susceptible to 
perturbations of  membrane organization. 
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