
Biochimica et Biophysica Acta 815 (1985) 477-485 477 
Elsevier 

BBA 72572 

Effec t s  of  p repara t ive  p rocedures  on the  vo lume and con ten t  o f  r e sea led  red  

cell ghos ts  

G e r a r d  B. N a s h  and  H e r b e r t  J. M e i s e l m a n  * 

Department of Physiology and Biophysics, University of Southern California School of Medicine, 2025 Zonal Avenue, 
Los Angeles, CA 90033 (U.S.A.) 

(Received November 5th, 1984) 

Key words: Erythrocyte membrane; Ghost preparation; Membrane resealing; Ghost volume; Osmolality; 
Osmotic pressure 

The effects of variations in preparative procedures on the volume and content of resealed red cell ghosts have 
been investigated. Following hypotonic lysis at O'C, and after a variable delay time (td), concentrated buffer 
was added to restore isotonicity; resealing was then induced by incubation at 37"C for one hour. Using this 
procedure, both the resealed ghost volume and the residual hemoglobin (Hb) content decreased for increasing 
t d. I f  ghosts were maintained at 0*C (i.e., no 37"C incubation), they remained nearly spherical until 
isotonicity was restored. Their volume then fell abruptly, but subsequently increased toward an intermediate 
level. The fall in volume was greater and the final level achieved was smaller for longer delay times. At 0°C, 
return to isotonicity also halted the otherwise gradual loss of residual Hb from unsealed ghosts. In addition, 
ghosts with internal osmolality of 40 to 300 mosmoi/kg were prepared by adding different amounts of 
concentrated buffer before resealing for one hour at 37°C. Under these conditions, the final ghost volume 
was inversely related to the resealing osmolality (i.e., lower osmolality yielded a larger volume). Ghost volume 
also increased, along with Hb content, if the quantity or concentration of the red cell suspension added to the 
iysing medium was increased. We conclude that resealed ghost volume is influenced by the ratio of lysate to 
resealing medium osmolality and by the colloid osmotic pressure of the residual ghost l-lb. These data 
indicate methods by which ghosts with desired characteristics can he prepared, and have potential application 
for studies of ghost mechanical and biophysical behavior. 

Introduction 

Red cell membrane ghosts can be prepared by 
hypotonic lysis of intact cells, and can be classified 
as either 'white' or 'resealed' ghosts (see Schwoch 
and Passow [1] for review). The former are nearly 
hemoglobin free, are permeable to solutes and are 
primarily used for biochemical studies of mem- 
brane structure and function. Resealed ghosts are 
formed, after hemolysis, by return of salt to the 
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lysing medium and/or  by incubation at tempera- 
tures above 0°C. These ghosts regain selective 
solute permeability, and since they continue to be 
used for studies of membrane transport [2,3], it is 
of interest to obtain an understanding of the 
mechanism and dynamics of the resealing process. 
In addition, red cell ghosts have frequently been 
used in investigations of membrane mechnical 
properties, and of red cell theology [4-9]. For 
example, they can be used to assess the relative 
roles of membrane and cytoplasm in determining 
the response of red cells to shear forces [6,7], and 
to study the structural basis of membrane visco- 
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elasticity [8,9]. For such work, it is necessary to be 
able to prepare ghosts with intact membrane struc- 
ture and with desired size, shape and content. 

The process of hemolysis itself has been widely 
studied [10-15]. When suspended in sufficiently 
hypotonic media, red cells rapidly swell to a criti- 
cal spherical volume and subsequently experience 
loss of internal ions and hemoglobin. Immediately 
after lysis, ghosts may shrink slightly but subse- 
quently return toward the maximum spherical 
volume (Vm~,) determined by their surface area 
[11-13]. Subsequent resealing of the membrane 
proceeds at a rate dependent on temperature and 
salt concentration [16,17]. Resealed ghost volume 
has not always been found to equal the original 
red cell volume [9,16,18], and it is not certain how 
or if the volume necessarily varies during the re- 
sealing process. In previous studies of ghost volume 
during and after lysis, a variety of lysing media 
tonicities and temperatures have been used 
[11-13,18-21], and the stage at which resealing of 
the membrane actually occurs has not always been 
evident. The dependence of resealed ghost char- 
acteristics on variations in the resealing and he- 
molysing procedure thus remains to be fully 
elucidated. 

In the present study resealed ghost volumes and 
hemoglobin (Hb) contents were measured for vari- 
ous combinations of lysate and resealing medium 
osmolalities. Ghost volumes were also measured at 
0°C immediately following lysis and when salt was 
added after various delay times. Volume changes 
during resealing, and the final resealed ghost 
volume and Hb content, were strongly dependent 
on this delay time. Resealed ghost volumes also 
varied according to the ratio of lysate to resealing 
medium osmolalities. Our results provide a basis 
for understanding the dynamics of the resealing 
process and indicate procedures by which resealed 
ghosts with desired volumes and hemoglobin and 
ion content can be prepared for studies of their 
mechanical properties. 

Methods 

Ghost preparation 
Blood was obtained from healthy laboratory 

personnel via venipuncture into heparin (5 IU/ml)  
and used immediately. Red blood cells were washed 

three times via 2000 x g centrifugation in phos- 
phate-buffered saline (PBS, 0.122 M NaC1/0.030 
M KH2PO 4 + NazHPO4/2 mg. m1-1 glucose (pH 
7.44), 300 mosmol/kg), and the buffy coated was 
discarded after each centrifugation. Finally, the 
packed red blood cells were suspended at 12.5% 
(v/v) in phosphate-buffered saline and cooled to 
0°C. Concentrated phosphate buffer (5 x PBS) was 
prepared using five times the above NaCI, 
KHzPO 4, Na2HPO 4 and glucose concentrations. 

The basic method for preparation of resealed 
ghosts was similar to that recommended by 
Schwoch and Passow [1]. The lysing medium was 
0°C dilute phosphate buffer (0.007 M KH2PO 4 + 
Na2HPO 4 (pH 7.4)) containing 0.004 M MgSO4, 
0.5 mg/ml adenosine triphosphate (ATP) and 
penicillin and streptomycin (100 U /ml  each). One 
volume of red blood cell suspension was added to 
30 volumes of lysing medium (final lysate was 40 
ideal mosmol/kg (pH 7.0)). After a variable delay 
time (t d, from 30 s to 120 min) at 0°C, the lysate 
was returned to 300 mosmol/kg by addition of 
5 x PBS. After 5 min on ice, this suspension was 
incubated at 37°C for 1 h. The ghosts were 
harvested by centrifugation at 20000 x g for 10 
rain and washed once in a large excess of phos- 
phate-buffered saline. They were finally suspended 
in phosphate-buffered saline containing 0.2 g% 
human serum albumin and their morphology as- 
sessed by phase contrast microscopy. 

The above method for preparation of 'standard' 
ghosts (i.e., red blood cell suspension volume/lys- 
ing medium volume = 1/30, red blood cell dilu- 
tion in the lysate 1/248 (v/v), resealing medium 
300 mosmol/kg) was varied for some experiments. 
In one series, ghosts were resealed at four different 
osmolalities (40, 100 and 200 as well as 300 
mosmol/kg) by adding different volumes of 5 x 
PBS to the standard lysate. These ghosts were 
washed and finally suspended in phosphate buffers 
with osmolalities equal to the four resealing media. 
In another set of experiments, different ratios of 
red blood cell suspension to lysing medium volume 
were used (1:2.5, 1:10 as well as 1:30) before 
resealing at 300 mosmol/kg. At these dilution 
ratios, ghosts were prepared using concentrated 
red blood cell suspensions of nearly 100% cells 
(i.e., centrifuged packed cells) as well as the stan- 
dard 12.5% suspension. When the concentrated 



red cell suspensions were used, or when hemo- 
globin measurements were to be made, extra 
washes of the final ghosts were carried out until 
the supernatant was visually free of hemoglobin. 

Measurement of ghost volumes 
Mean ghost volumes and volume distributions 

were measured electronically using a computerized 
Electrozone Celloscope orifice system (Particle 
Data, Inc, Elmhurst, IL, model 112 LA/ADCW);  
suspensions were diluted to approximately 50 000 
ghosts/ml with media of appropriate osmolality. 
This system has an adjustable normalizer which 
compensates for changes in suspending medium 
conductivity and temperature. Measurements indi- 
cated that for inert test particles (i.e., latex beads 
and fixed red blood cells), this normalization pro- 
vided volume data that were unaffected by the 
range of conductivities and temperatures used in 
the present study. The Celloscope was operated 
using a pulse width editor which eliminated from 
the pulse height analysis the widest 20% of the 
pulses. This editing procedure removes the artifact 
caused by non-axial transit of some cells through 
the orifice; such ceils experience greater electric 
field strengths in the aperture and smaller deform- 
ing flow forces, and yield inappropriately large 
pulse heights [22]. 

The height of the electronic pulse generated as a 
cell passes through the sizing orifice of the Cello- 
scope or similar devices is proportional to the cell 
volume multiplied by a shape factor, S [23]. Thus, 
pulse height analysis allows measurement of cell 
volume only when S is known. Experimentally, 
calibration of the Celloscope was carried out using 
latex spheres with known volume (Dow Chemical 
Co., Indianapolis, IN), and by assuming a Shape 
factor of 1.50 for the spheres and 1.05 for the cells 
(a value considered appropriate for normal intact 
red blood cells). However, measured ghost volumes 
had to be corrected, since this assumed cell shape 
factor of 1.05 will not be valid for all cases (e.g., 
swollen ghosts). 

Volume corrections were calculated using a pro- 
cedure similar to that presented by Richieri et al. 
[24]: (a) we assumed that in the sizing aperture, 
ghosts deform to a prolate ellipsoidal shape [22,25]; 
(b) for a given surface area and volume there is 
only one possible axial ratio for the ellipsoid, 
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which can be calculated from simple geometry; (c) 
the shape factor for such an ellipsoid can be 
determined from previously derived formulae [23]. 
Thus, for a given cell surface area and true volume 
(Vt), the true shape factor (St) can be predicted. 
The measured volume (V m, which would be.ob- 
tained under the assumption S = 1.05) is related to 
V t via the expression V m = V t • St//1.05. Fig. 1 
shows predicted plots of V m vs. V t for various 
constant cell surface areas. Essentially, the plots 
show the deviation of S from the value of 1.05 
(depicted by the dashed line V m = V t) as a function 
of volume at constant surface area. Measured 
ghosts volumes were corrected using this figure; 
their membrane surface area was assumed to be 
135/~m 2 [26,27] and not to change during lysis or 
resealing [14]. Note that in Fig. 1, V t - V m in the 
region-85-95 #m 3 for surface areas between 
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Fig. 1. Theoretically predicted relations between experimentally 
measured volume (Vm) and true volume (Vt) for cells with a 
constant surface area (SA) of either 130, 135 or 140/~m 2. The 
measured volume would be obtained using an orifice-type 
system (i.e., Celloscope) by assuming the cell shape factor to be 
1.05. The dashed line indicates equality between V m and Vt, 
which would be correct if the shape factor was 1.05 over the 
entire volume range. 
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130-140 #m 2. This agreement indicates that a 
shape factor of 1.05 is, in fact, a reasonable ap- 
proximation for normal red cells whose volumes 
and areas fall in these ranges. 

In one series of experiments, ghost volumes 
were meaured at intervals immediately after lysis 
at 0°C and after 5 × PBS was added to the cold 
lysate. The Celloscope sample container and sizing 
orifice were also ice cooled. In these studies, a 
more dilute red blood cell suspension was added 
to the lysing medium in order to keep the final 
ghost concentration within the limits necessary for 
sizing in the Celloscope. Nevertheless, the volume 
ratios of lysing medium, sample suspension and 
5 × PBS were kept as described above for the 
standard ghost preparation. 

Misce l l aneous  t echn iques  

The quantity of residual Hb present in ghosts 
after incubation and washing was analyzed by the 
pyridine hemochromagen technique of Dodge et 
al. [28]. Calibration was carried out using red 
blood cells whose Hb had independently been 
determined by the cyanomethemoglobin method. 
Sodium and potassium contents of lysates and of 
resealed ghosts washed in isotonic choline chloride 
solution were measured by flame photometry. 
Solution osmolalities were measured using a freez- 
ing point osmometer (Model 2007, Precision Sys- 
tems, Inc., Sudbury, MA). 

As a test for ghost resealing, ghost suspensions 
were placed on cushions of dense sucrose solution 
(43% w/w in half-strength phosphate-buffered 
saline) and centrifuged at 27 000 × g for 1 h. Un- 
sealed ghosts, permeable to sucrose, pass to the 
bottom of the cushion, whilst resealed ghosts re- 
main at its top [1]. The upper and lower halves of 
the centrifuged ghost/sucrose suspensions were 
separated and diluted, and the number of ghosts 
present in each portion were counted with the 
Celloscope. 

Results 

Ghosts prepared by the above mentioned pro- 
cedures had smooth, regular outlines if ATP and 
magnesium were present in the lysing medium, but 
if either were omitted, numerous spiculed, echino- 
cytic shapes occurred. The volumes and shapes of 

ghosts were greatly influenced by the period of 
time allowed to elapse between lysis (i.e., addition 
of red blood cells to the 0°C lysing medium) and 
return to isotonicity (i.e., addition of concentrated 
buffer solution to the lysate). As this delay time, 
ld ,  w a s  increased, the final, post-incubation mean 
ghost volume (MGV) decreased. For standard 
ghosts (Fig. 2), the mean ghost volume fell from 
approximately 135 #m 3 to only 40/~m 3 as t d was 
increased from 30 s to 120 min. Microscopic ob- 
servations revealed that for this range of td, the 
morphology of incubated ghosts changed from 
ellipsoidal and rounded shapes to thin, flattened 
discs and cups. Note that with I d = 2 min, stan- 
dard ghosts had shapes and volumes very close to 
those for intact erythrocytes. For any given ld,  

ghost shapes were relatively uniform and their 
volume distribution was unimodal. Thus, changes 
in mean ghost volume with t a did not result from 
formation of a gradually increasing proportion of 
small ghosts, but from changes in volume of the 
whole population. 

Centrifuged ghost pellets were much pinker for 
shorter delay times ( ld  < 2 min). Measurement of 
residual Hb content confirmed that ghost Hb de- 
creased with increasing /d,  from approx. 9% of 
that present in intact cells for t a = 30 s, to less 
than 1% for t a = 45 min (Fig. 2). Microscopically, 
the 30 s ghosts appeared to contain populations of 

•EE 150 

:1. 

0 120 

~ so 
o> 

so 

o 
z ao 

o 

0 : MGV 
• : HEMOGLOBIN CONTENT 

0.5 1 2 5 10 20 5 0  1 0 0  

DELAY TIME ( t d ,  rnin) 

8 

4 z 

O 

!O 

Fig. 2. Mean ghost volume (MGV) ( 0 )  and hemoglobin con- 
tent (o) of resealed ghosts plotted as a function of the delay 
time (ta) between lysis and addition of concentrated buffer 
(i.e., 5 × PBS) to restore isotonicity. Ghosts  were resealed via 
incubation at 37°C for one hour  after addition of the buffer. 
Points represent mean + S.D. of two or more measurements  for 
blood from two or three donors (MGV) or of three measure- 
ments  for three donors (hemoglobin content). 



relatively 'dark' and 'light' ghosts; as td was in- 
creased, less dark ghosts were observable. Note 
that the dependence of ghost shape, volume and 
pellet color on t d was very similar if the lysate was 
returned to isotonicity by addition of concentrated 
NaC1 solution rather than concentrated buffer. 

To better understand the dependence of mean 
ghost volume on delay time, ghost volumes were 
measured at 0°C immediately following lysis and 
at various times after their return to isotonicity. 
Fig. 3 "shows the variation of ghost volume as a 
function of the time elapsed after lysis and also 
after addition of concentrated buffer. Ghost 
volume in the 0°C lysate alone was nearly con- 
stant from 30 s up to 2 h. A slight increase in 
volume appeared to occur in the first 5 rain, but 
otherwise, the ghosts had volumes only a few 
percent below Vma x (the maximum volume en- 
closable by a surface area of 135 /~m2). Micro- 
scopic observation of ghosts, fixed by addition of 
0°C glutaraldehyde to the lysate, confirmed that 
they were nearly spherical. However, when con- 
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Fig. 3. Unsealed mean  ghost volume plotted as a function of 
time after lysis; data  are shown for ghosts in 0°C lysate both 
before and after addition of concentrated buffer (i.e., 5 × PBS) 
to restore isotonicity. In this series of experiments, no 37°C 
incubation was carried out. Dashed lines link the volume at the 
time of addition of concentrated buffer to the volume measured 
30 s later, and thus indicate the magnitude of the rapid volume 
decrease consequent to the addition of this buffer. In one case 
data  are shown for addition of concentrated sucrose solution to 
restore isotonicity instead of buffer. The points representing 
volumes measured without addition of buffer (e) axe means  of 
two to four measurements  on two or three donors. The other 
curves axe typical data from individual experiments, and axe 
reproducible. 
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centrated phosphate-buffered saline was added to 
the lysate, ghost volume fell rapidly, and was at a 
minimum within the 30 s required to make the 
first measurement. Subsequently, volume in- 
creased slowly over a period of about 30 min, until 
a final intermediate level was reached. The extent 
of the initial drop, and the final volume attained, 
depended strongly on the delay time (i.e., t d, the 
time at addition of buffer); the initial fall in 
volume was less and the final volume was greater 
for shorter ta. In addition, for a given td, if 
concentrated sucrose solution was added to the 
cold lysate instead of 5 × PBS, ghost volume fell 
further and final ghost volume was less (Fig. 3). 

Although ghost membranes are expected to re- 
main relatively permeable at 0°C (i.e., unsealed), 
Fig. 3 indicates that addition of solutes (e.g., 5 × 
PBS) causes their volume to fall. When different 
quantities of salt were added (i.e., resealing medium 
osmolality was altered), the final, post-incubation 
mean ghost volume also varied. Fig. 4A shows 
incubated ghost volumes as a function of t d for 
resealing media having osmolalities of 40, 100, 200 
and 300 mosmol/kg. As before (Fig. 2), the mean 
ghost volume generally fell for greater t d, although 
the decrease in volume with increasing t d ap- 
peared delayed for ghosts resealed at 100 
mosmol/kg. Note that ghosts subjected to smaller 
increases in osmolality before resealing had higher 
volumes; ghosts incubated in lysate with no added 
phosphate-buffered saline (40 mosmol/kg) re- 
tained volumes just below Vm~ x. Thus the final 
ghost volume depends on the resealing medium 
osmolality as well as t d. 

To study the effect of salt concentration fur- 
ther, the volume of red blood cell suspension 
added to the lysing medium was varied, thereby 
changing the lysate osmolality before addition of 
the 5 × PBS. Fig. 4B shows the post-incubation 
mean ghost volume as a function of t d for ratios of 
red blood cell suspension to lysing medium of 
1 : 2.5, 1 : 10 and 1 : 30. The corresponding 
osmolalities of the lysates would be approximately 
110, 55 and 40 mosmol/kg; all ghosts were re- 
turned to 300 mosmol/kg for resealing. Again, 
final ghost volume fell as t d was increased, but 
higher lysate osmolalities yielded larger mean ghost 
volumes for each t d. Thus independently changing 
either lysate (Fig. 4B) or resealing medium 
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Fig. 4. Mean ghost volume (MGV) of resealed ghosts plotted as 
a function of delay time (td). Points represent mean + S.D. of 
two or more measurements on two or three donors. Where 
error bars are not shown, they fall within the limits of the 
symbols, except for the data ( × ) for standard ghosts which are 
shown in detail in Fig. 2. (A) Effect of resealing medium 
osmolality on mean ghost volume. Data are shown for ghosts 
resealed at four osmolalities (40 (©), 100 (D), 200 (zx) and 300 
( × )  mosmol/kg), obtained by adding different quantities of 
5 ×PBS to the lysate before the 37°C, 1 h incubation. (B) 
Effect of varying the red blood cell suspension quantity and 
concentration on mean ghost volume. Data are shown for 
ghosts prepared using different red blood cell suspension to 
lysing medium volume ratios (1:2.5 (©); 1:10 (D) and 1:30 
(×) )  and using different red blood cell suspension concentra- 
tions (12.5% open symbols, 100% closed symbols). The ghosts 
were all resealed (37°C, 1 h) at 300 mosmol/kg. 

osmolality (Fig. 4A) affects ghost volume, indicat- 
ing that the ratio of resealing medium to lysate 
osmolality is a determinant of the resealed mean 
ghost volume rather than the absolute osmolality 
value of either medium. For the lower red blood 
cell suspension to lysing medium volume ratios 
(i.e., 1:2.5 and 1:10), packed cell suspensions 

were also used (approx. 100% red blood cells) to 
prepare ghosts with high Hb content. The mean 
ghost volume values obtained using 100% red blood 
cells were elevated above those obtained using 
12.5% red blood cells, especially for longer t d and 
for the 1 : 2.5 ratio (Fig. 4B). For td >/ 5 minutes, 
the Hb contents of these ghosts averaged 37% and 
9.6% of red blood cell levels for the ratios 1 : 2.5 
(three measurements) and 1"10 (five measure- 
ments), respectively. 

Ghost suspensions were centrifuged on dense 
sucrose cushions to test whether the incubated 
ghosts had indeed resealed and whether resealing 
depended on t d. For t d up to 1 min, 90% of 
standard ghosts remained at the top of the cush- 
ion; for t d >~ 2 rain more than 95% were at the top. 
Also, > 95% of ghosts incubated at 40 or 100 
mosmol/kg remained at the top (t d = 2 min). In- 
cubated ghosts were also found to be osmotically 
active, shrinking or swelling in media which were 
hyper-osmotic or hypo-osmotic with respect to 
their resealing media. The ghosts acted as nearly 
'perfect osmometers', with their volumes inversely 
proportional to osmolality (data not shown); this 
osmotic behavior was observed for ghosts resealed 
after various t d and at various osmolalities. These 
findings indicate that, regardless of t d and reseal- 
ing medium osmolality, ghosts incubated at 37°C 
become resealed, i.e., they become impermeable to 
sucrose and regain selective permeability to buffer 
solutes. It was also noted that, when stored, the 
volume of incubated ghosts tended to increase 
slowly. For example, during 24 h at 4°C, the mean 
ghost volume rose by 10 + 4% (data from 11 sam- 
pies; t d >/2 min), suggesting that there was slow 
accumulation of buffer ions during this period. 

For comparison to ghosts prepared by the 
standard technique, 'white' ghosts were prepared, 
by the method of Dodge et al. [28]. Red blood cells 
were lysed then washed three times in hypotonic 
phosphate buffer at 0°C (20 ideal mosmol/kg (pH 
7.4)) via centrifugation at 20000 × g, no salt was 
added nor was incubation carried out. In their 
final hypotonic medium these samples contained 
ghosts of widely varying shape, ranging from flat 
discs to spheroids. Their volume was intermediate 
(123/~m 3, mean of three samples) and their volume 
distribution was broad (mean coefficient of varia- 
tion 41%, versus 26% for standard ghosts with 



t d = 2 min). Since ghosts lysed at 0°C otherwise 
remain nearly spherical (see above), centrifugation 
at high g probably collapsed these unsealed ghosts 
(i.e., forced water and solutes out). In fact, white 
ghosts resuspended from the lowest portion of the 
centrifuged pellet were mainly flattened in shape. 
Thus, using the method of Dodge et al. [28], it 
appears to be difficult to prepare unsealed, white 
ghosts with uniform shape and volume. 

Discussion 

The findings of the present study can be sum- 
marized as follows. 

1. Ghost volume behavior at O°C 
(a) In 0°C lysate, before addition of con- 

centrated buffer, ghosts had a nearly spherical 
volume for up to 120 min, though a slight increase 
in volume was apparent in the 5 minutes im- 
mediately following lysis. 

(b) When concentrated buffer was added to the 
lysate, ghost volume rapidly fell, but then slowly 
increased toward an intermediate level. 

(c) This fall in volume was greater, and the final 
volume achieved was smaller, if the delay time (td) 
between lysis and addition of buffer was made 
longer. 

2. Volume and hemoglobin content of resealed ghosts 
(a) Mean ghost volume (MGV) of incubated 

ghosts was smaller for longer delay times. 
(b) Residual hemoglobin content was also lower 

for longer delay times. 

3. Effect of lysate and resealing medium osmolality 
on resealed ghost volume 

(a) Resealed ghosts could be prepared with 
internal osmolatity from 40 to 300 mosmol/kg by 
varying the reseating medium osmolality. The mean 
ghost volume was inversely related to the reseating 
osmolatity. 

(b) Conversely, the mean ghost volume was 
greater if the lysate osmolality was raised (i.e., by 
increasing the proportion of red blood cell suspen- 
sion added to the lysing medium). 

(c) Thus, the mean ghost volume reflects the 
ratio of lysing/resealing medium osmolatity. 
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4. Preparation of ghosts with high hemoglobin con- 
tent 

(a) Resealed ghosts with high residual Hb con- 
tent could be prepared by using concentrated red 
blood cell suspensions. 

(b) The mean ghost volume was also elevated 
for these high hemoglobin ghosts. 

Finding la  agrees qualitatively with previous 
studies [11-13]. The apparent rise in ghost volume 
immediately after lysis has previously been attri- 
buted either to a genuine increase caused by the 
colloid osmotic effect of residual internal hemo- 
globin [11] or to changes in membrane properties 
which could effect the electronic cell sizing proce- 
dure [12,13]. In one earlier report [20], ghost volume 
fell after lysis whilst the lysing medium was being 
continuously diluted with water; this is contrary to 
both our data and the above studies [11-13]. With 
regard to ghost volume after addition of salt, Palek 
et at. [19] indicated that the mean ghost volume 
falls to a new constant level; this observation is in 
contrast to finding lb, where subsequent re-swell- 
ing was noted. In these previous studies [19,20], 
carried out at above 0°C, ghost reseating may have 
started during the course of volume measurements. 
Such reseating would affect the ghost volume re- 
sponse to alterations in the suspending medium, 
and cause disparities with our findings at 0°C. 
Note that in the present study, electronically sensed 
volumes were corrected for changes in shape fac- 
tors. These corrections are particularly important 
for swollen ghosts. 

The dependence of resealed, post-incubation 
mean ghost volume on t d (finding 2a) is the direct 
result of finding lc, i.e., the volume response of 
unsealed ghosts at 0°C is a function of delay time. 
The initial rapid ghost shrinkage, subsequent to 
addition of buffer but prior to incubation at 37°C 
(finding lb), represents an efflux of water driven 
by osmotic forces; concurrently, salts will enter 
these still permeable ghosts. The fact that the 
degree of initial shrinkage is greater for longer t d 
(finding lc) suggests that ghost permeability to 
salts decreases with time at 0°C, i.e., the rate of 
salt influx decreases compared to the water efflux. 
However, complete reseating of the ghost mem- 
brane to salts does not occur at 0°C within the 
time period tested (i.e., up to about 120 min), since 
after shrinking, the ghosts slowly regain volume. 
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This swelling represents a slow influx of salts, 
driven by two possible mechanisms: (1) an imbal- 
ance in ionic content between the ghost interior 
and the exterior medium. Because of the composi- 
tions of the lysing medium and the added con- 
centrated buffer, individual ion species (e.g, CI- 
and phosphate ions) will not be equally distributed 
inside and outside the ghosts, although the summed 
concentration of all ions will be equal in both 
regions. This imbalance can cause a net ghost 
swelling, if the different ions have different mem- 
brane permeabilites (e.g., C1- enters the ghost 
more rapidly than phosphate leaves); (2) colloid 
osmotic pressure exerted because Hb will be at a 
higher concentration within the ghosts than out- 
side them after initial rapid shrinkage. Such a 
colloid osmotic effect will be greater when con- 
centrated red blood cell suspensions are used to 
prepare ghosts with high residual Hb. This ex- 
plains why high Hb ghosts have a greater final 
resealed mean ghost volume (finding 4b). 

The permeability of ghosts to solutes other than 
salt ions is also of interest. In the present study, at 
0°C, addition of sucrose to the lysate caused a 
greater degree of ghost shrinkage and, subse- 
quently, a smaller degree of swelling than if con- 
centrated buffer was added (Fig. 3). This suggests 
that sucrose can enter the 0°C ghosts, but at a rate 
slower than the ions in the buffered saline. With 
respect to hemoglobin, Anderson and Lovrien [15] 
have found that addition of salt to the lysate is 
sufficient to halt gradual Hb loss at 0°C. Thus, in 
the present study, the variation of final Hb con- 
tent with t d (finding 2b) reflects the rate of Hb 
loss at 0°C prior to addition of salt. Judging from 
Fig. 2, at 0°C most Hb (about 90%) is lost within 
30 s after lysis; the remainder leaves more slowly, 
such that by 45 min the ghost Hb concentration 
essentially equals that of the lysate. 

Although Hb loss is halted by addition of salt, 
return to isotonicity is neither necessary nor suffi- 
cient for resealing of ghosts to other solutes. In the 
present study, for example, ghosts could be fully 
resealed by incubation in the lysing medium (i.e., 
at about 40 mosmol/kg). It appears that incuba- 
tion at 37°C, or at least above 0°C, is the most 
important step for inducing complete ghost reseal- 
ing. Note also that ghosts resealed at 40 
mosmol/kg retained nearly spherical volumes, in- 

dicating that resealing is not always accompanied 
by volume changes. This postulated temperature 
requirement is in agreement with the data of 
Minetti and Ceccarini [17]; they found that, even 
after addition of salt to the lysate, ghosts at 0°C 
did not become impermeable (i.e., resealed) to 
dextran. However, in the absence of added salt, 
ghosts did become impermeable to this polymer if 
they were incubated at a temperature of 12°C or 
above. 

Findings 2 to 4 show how resealed ghosts can 
be prepared with desired volume and ionic and Hb 
content. In general, the mean ghost volume can be 
controlled by varying the delay time t d (finding 
2a), though the ghost volume also depends on the 
ratio of the resealing medium to lysate osmolality 
(finding 3c). This ratio presumably affects the 
degree of shrinkage first experienced by ghosts at 
0°C when concentrated buffer is added. Ghosts 
can be prepared with internal osmolalities in the 
range from the lysate level up to 300 mosmol/kg 
by varying the quantity of 5 × PBS added; the 
lower the internal osmolality, the larger the result- 
ing mean ghost volume will be (finding 3a). The 
residual ghost Hb content can be changed by 
varying t d (finding 2b). For standard ghosts, Hb 
falls from about 10% of the intact cell level down 
to less than 1% when t d is increased from 30 s to 
45 min (Fig. 2). Higher residual Hb levels can be 
obtained by increasing the red blood cell suspen- 
sion concentration, but this also affects the final 
ghost volume (finding 4). In general, the final 
mean ghost volume can easily be adjusted since 
resealed ghosts behave like perfect osmometers 
(i.e., the mean ghost volume is inversely propor- 
tional to the osmolality). However, it should be 
noted that this relationship will not be exact when 
ghosts have high residual Hb content, since a 
significant proportion of the ghost volume is then 
occupied by the Hb molecules. 
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