
Anemia with Spur Cells: a Red Cell Defect Acquired

in Serum and Modified in the Circulation

R. A. COOPER

From the Thorndike Memorial Laboratory and 2nd and 4th (Harvard)
Medical Services, Boston City Hospital, and the Department of Medicine,
Harvard Medical School, Boston, Massachusetts 02118

A B S T R A C T The sera and red cells of three patients
with severe liver disease and "spur cells" were studied.
In each case the per cent of serum cholesterol which
was free (unesterified) was elevated, and the serum
lecithin: cholesterol acyltransferase activity was de-
pressed. Lipoproteins with beta mobility were increased,
but exhibited immune reactivity with antisera to both
alpha- and beta-lipoproteins. Serum bile salt concentra-
tions were markedly elevated and consisted primarily
of chenodeoxycholic acid, with small amounts of litho-
cholic acid present as well.

Spur cells manifested a striking increase in cholesterol
content and in the cholesterol: phospholipid ratio, but a
normal osmotic fragility. When incubated in heated nor-
mal serum, spur cells lost their excess cholesterol and
became spherocytic and osmotically fragile. Conversely,
sera from patients with spur cells readily transferred up
to one-third of their free cholesterol to normal red cells,
causing normal cells to become resistant to osmotic ly-
sis. In addition, these sera caused normal red cells to
acquire thorny membrane projections. Cholesterol trans-
fer to normal cells also occurred from normal serum
which had previously been incubated with spur cells.
Changes in cell cholesterol were induced by all of the
lipoprotein fractions of spur serum.

When transfused into a patient with spur cells, nor-
mal red cells became more resistant to osmotic lysis over
the course of 24 hr. However, over the subsequent 7
days they underwent a progressive increase in osmotic
fragility. These normal cells, as well as the patient's
own cells, had a shortened survival. Correlating with the
moderate decrease in the filterability of red cells spurred
in vitro, red cell destruction occurred predominently in
the spleen.

A portion of this work was previously reported in ab-
stract form (1).

Received for publication 20 March 1969 and in revised
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Red cells in this disorder appear to serve as reposi-
tories for free cholesterol loosely bound to serum lipo-
proteins. Cholesterol acquisition by the red cell mem-
brane increases its surface area and causes the red cell
to be resistant to osmotic lysis. The associated alteration
in red cell shape leads to further changes in the cell
membrane during circulation in vivo resulting in the loss
of membrane surface area and culminating in the cell's
premature destruction in the spleen.

INTRODUCTION

Over the past 5 yr, a small number of patients have been
reported with the syndrome of hemolytic anemia and
red cells resembling acanthocytes in association with se-
vere liver disease (2-8). The term "spur cell" has been
applied to these bizarre red cells (2), and it serves both
to describe their unusual thorny projections and to
distinguish them from the morphologically similar but
chemically dissimilar acanthocytes seen in patients
with abetalipoproteinemia (9, 10). With the exception
of two patients with neonatal hepatitis (7), the patients
reported with spur cells have been adults with alcoholic
liver disease. Their clinical features have included
jaundice, hepatomegaly, splenomegaly, hemorrhagic dia-
thesis, and hemolysis with sequestration of red cells in
the spleen.

Evidence for the acquired nature of this red cell
morphologic abnormality has been obtained in vitro by
several investigators (2, 5, 7), but has been denied by
others (3, 4, 6). However, in two studies normal red
cells transfused into patients with spur cells became
morphologically similar to the recipients' own cells (2.
3). The lipid content of spur cells has been measured in
six of these patients and reported as increased in four
(2, 6) but normal in the other two (3, 4).

This report describes studies of three patients with
spur cells and a syndrome very similar to that reported
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previously. The results of these studies support the con-
cept that: (a) red cells in this disorder serve as the re-
pository for cholesterol loosely bound to serum lipopro-
teins; (b) that cholesterol accumulation in the membrane
results in an increased surface area and osmotic resist-
ance; (c) that concomitant with (but not necessarily
due to) the acquisition of cholesterol membrane archi-
tecture is distorted; (d) and that cells so distorted are
limited in their ability to traverse small orifices causing
them to undergo a loss of membrane surface area while
circulating in vivo leading ultimately to their destruction
in the spleen.

METHODS
Patients with spur cells. A summary of the clinical find-

ings in the three patients with spur cells who were studied
is presented in Table I. Patient 1, the subject of most of
these studies, was a 25 yr old white male with a 10 yr his-
tory of alcoholism. Investigations were performed over the
course of 1 yr while the patient abstained from alcohol after
a severe episode of alcoholic hepatitis. Studies terminated
when an upper gastrointestinal hemorrhage in the face of
known esophageal varices led to a splenectomy and a spleno-
renal shunt. The patient died on his third postoperative day
of intra-abdominal bleeding. Postmortem examination re-
vealed a severely scarred and necrotic liver with scattered
areas of regeneration. Patient 2 was a 56 yr old white male
with cirrhosis of the alcholic and ascites. He died of a mas-
sive gastrointestinal hemorrhage 4 months after being stud-
ied. Patient 3 was a 67 yr old white female who had a 2 yr
history of cirrhosis of the alcoholic and ascites before study.
She died 3 months after being studied.

Examination of red cells. Red cell morphology was as-
sessed both in wet preparations and on Wright's stained
smears. Osmotic fragility was carried out according to
Emerson, Shen, Ham, Fleming, and Castle (11). The lipids
of quadruplicate aliquots of red cells were extracted with
isopropanol and chloroform (12) and freed of nonlipid
phosphorus by thrice washing with s volume of 0.05 M KCl.
Cholesterol (13) and lipid phosphorus (14) were measured
with SE (95%o confidence limits) of 1.8 and 2.4%o, respec-
tively. The sterol composition of red cell extracts was as-
sessed using two dimensional thin-layer chromatography
(TLC) (15) and gas-liquid chromatography (GLC) (16).
Red cell sterols were isolated by digitonin precipitation and
GLC of the trimethylsilyl derivative was performed on an
SE 30 column and of the trifluoroacetic acid derivative on a
QF1 column.' Ghosts were prepared from red cells using
the method of Dodge, Mitchell, and Hanahan (17), and
their lipids were analyzed using the procedure outlined for
intact red cells. Red cell filterability was determined ac-
cording to Jandl, Simmons, and Castle (18), using 5 ,u Mil-
lipore filters. Filtration was allowed to proceed for 15 min
with a negative pressure of 20 mmHg. The filterability of
red cells after incubation was expressed as a per cent of
the same red cell population suspended in normal heated
serum which was able to traverse the filter before incubation.
Red cells were enumerated in a Coulter Model B elec-
tronic counter (Coulter Electronics, Chicago, Ill.). Cellular
Na and K were measured by flame photometry after the re-

'Gas-liquid chromatography was performed in collabora-
tion with Dr. W. Admirand.

TABLE 1
Summary of Clinical Data

Patient 1 Patient 2 Patient 3

Hematocrit, % 20 28 16
Reticulocytes, % 10.6 3.8 2.0
Spur cells, % 25-85 20-30 30-50

Bilirubin, mg/100 ml 18 5.5 12.0
SGOT, U 125 134 58
Albumin, g/100 ml 4.0 2.3 3.6
Prothrombin time/control,

sec 18.0/12.5 18.4/11.4 15.9/11.9

Spleen* 10 2 2
Liver* 10 8 6

SGOT= serum glutamic oxaloacetic transaminase.
* cm below costal margins.

moval of extracellular Na and K by washing rapidly with
isotonic MgCl2.

Examination of serum. Sera were extracted with acetone:
ethanol (1: 1) at 50°C for measurement of total (13) and
free cholesterol (19) and lipid phosphorus (14). Phospho-
lipid values were taken to equal lipid phosphorus X 27. Frac-
tions of serum were obtained by ultracentrifugation for 36
hr (20). The serum density was adjusted with solid KBr
and verified by pyknometry. Serum lipoproteins were sepa-
rated electrophoretically in agarose (21) and examined after
staining with Sudan black B. Immunoelectrophoresis was
also performed in agarose (22) using commercial antisera.'
The trifluoroacetic acid derivatives of serum bile salts were
measured on a QF1 column according to Sandberg, Sjovall.
Sj6vall, and Turner (23).'

Studies in zitro. Red cells obtained from defibrinated
blood were washed free of white cells in Hank's balanced
salt solution. Unless otherwise specified, 1.0 ml of a 109
suspension of red cells in Hank's solution was incubated
with 1.0 ml of compatible serum containing penicillin, 1000
U/ml. Incubations were performed in stoppered, sterile,
16 X 150 mmtest tubes in a 37°C atmosphere shaking at 130
oscillations/min for 20-24 hr. During incubation under these
conditions, pH varied from 7.2 to 7.5. When red cells were
incubated at a cell concentration greater than 10%, glucose
was added as 5%, dextrose in water to raise the glucose con-
centration of the medium 100 mg/100 ml for each 10% rise
in cell concentration. Sera referred to as "heated" were
heated to 56°C for 30 min to inactivate the serum enzyme.
lecithin: cholesterol acyltransferase and prevent the esteri-
fication of free cholesterol during incubation (24, 25). The
data in Table VIII were obtained using a single pool of acid-
citrate-dextrose (ACD) plasma obtained from patient 1 by
plasmapheresis and clotted with bovine thrombin. The os-
motic fragility of red cells after incubation was determined
by a modification (26) of the method of Emerson et al. (11).
Normal platelets were harvested from blood anticoagulated
with ACD by differential centrifugation and incubated in
ACD placma at a platelet concentration of 5 X 108/ml for
24 hr at 37°C. Normal subjects who served as donors of red
cells, platelets, and serum were laboratory personnel or pa-
tients without manifestations of either hepati^ of hemato-
logic disease.

2 Antisera were obtained from Behringwerke.
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TABLE I I
Serum and Red Cell Lipids

Patient 1 Patient 2 Patient 3 Normals 42 SD

Red cells
Cholesterol, jig/JO8 cells 22.52 19.50 19.11 13.41 41.44
Lipid phosphorus, gIg/JO8 cells 1.235 1.369 1.275 1.264 +0.072
Cholesterol lipid phosphorus 18.23 14.35 15.56 10.60 +1.12

Serum
Total cholesterol, mg/JOO ml 417.0 132.0 347.2 184.9 +70.4
Free cholesterol, mg/100 ml 216.0 58.1 180.8 45.9 +13.2
Free cholesterol, %of total 51.7 44.0 52.1 26.8 +9.6
Phcspholipid, mg,/JO0 ml 332.5 179.8 372.1 256.4 +120.0

Studies in vivo. The survival and sites of organ seques-
tration of red cells labeled with Na2?'CrO4 were determined
by the method of Jandl, Greenberg, Yonemoto and Castle
(27). Compatibility between the normal red cell donor and
spur cell recipient was determined by the Coombs cross-
matching procedure (28). The osmotic fragility of 51Cr-
labeled red cells after transfusion was determined as de-
scribed previously (26, 29). Patient 1, who served as the
recipient of 51Cr-labeled red cells, was apprised of the ex-
perimental details and gave his free consent. The protocol
for this study was approved by the Review Committee,
Thorndike Memorial Laboratory.

RESULTS
Red cell lipids. The lipid content of red cells from

three patients with spur cells and from eleven normal
subjects is shown in Table II. The cholesterol content of
red cells from all three patients was markedly increased
and averaged 52%o greater than normal. The cholesterol
and phospholipid content of ghosts prepared from the
red cells of patient 1 was identical to that of the intact
cells, indicating that this additional cholesterol was lo-
cated in the cell membrane. Using a system of two di-
mensional thin-layer chromatography (15), the sterol
contained in the lipid extract of red cells of patient 1
could not be differentiated from the cholesterol standard.

Serum lipids. The serum lipid values from the three
patients with spur cells are presented in Table II. The
serum levels of both cholesterol and phospholipid were
elevated in two patients but were in the normal range in
the third. In all three patients, however, free cholesterol
represented a greater than normal per cent of the total
serum cholesterol.

When serum is incubated in vitro at 370C, free cho-
lesterol normally becomes esterified due to the heat-labile
serum enzyme, lecithin: cholesterol acyltransferase (24.
25). The activity of this enzyme in 12 normal subjects
resulted in the esterification of 18-30 mg of free cho-
lesterol/100 ml of serum during incubation for 24 hr.
This enzyme activity was absent in the serum from pa-
tient 1 and was decreased in sera from the other two

patients, resulting in the esterification of 6.8 mg of
free cholesterol/100 ml of serum in patient 2 and 13.4
mg in patient 3.

The relative quantities of alpha- and beta-lipoprotein
were estimated from electrophoretic separations of se-
rum in agarose (21). The amount of lipid staining ma-
terial in the beta globulin band was increased in all three
patients. However, in each case this band exhibited im-
mune reactivity with antiserum to both alpha- and beta-
lipoprotein. The amount of lipid-staining material mi-
grating with the alpha globulins was normal in patients
1 and 3 but slightly decreased in patient 2; it reacted
only with antiserum to alpha-lipoprotein.

Serum bile salts. Bile salt concentrations were mark-
edly elevated in the sera of all three patients and con-
sisted primarily of chenodeoxycholic acid (Table III).
Lithocholic acid, normally undetectable in serum or
present in very small amounts (30), was readily detected
in all three patients.

The effect of spur cell serum on normal red cells.
After incubation in spur sera,3 normal red cells had an
increased content of cholesterol, but they retained their
normal content of phospholipid (Table IV). In addi-
tion, these red cells were more resistant to osmotic lysis.
However, they underwent no changes in mean cell vol-
ume or in the cellular concentrations of hemoglobin, Na,
or K. Moreover, parallel incubations of these normal
red cells in heated normal sera resulted in no change
in either their lipid content or osmotic fragility. Thus,
the increased resistance to osmotic lysis observed in
normal red cells after incubation in sera from patients
with spur cells reflected an increase in cell surface
area.

During incubations in sera from all three spur cell
patients, normal red cells acquired thorny membrane
projections, while in heated autologous sera they main-

'For brevity, the term "spur sera" will be used to refer
to sera from patients with spur red cells.
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tained their normal discoidal shape. The relationship
between the morphologic alterations observed in vitro
and the accompanying changes in membrane cholesterol
and surface area is shown in Fig. 1, which represents
the time course of these changes during the incubation
of normal red cells in the serum from patient 1. There
was a progressive increase in the red cell content of
cholesterol with time, and this closely paralleled the
progressive increase in resistance to osmotic lysis. Al-
though no causal relationship is implied, the degree of
morphologic change observed on Wright's stained
smears correlated with the observed changes in cho-
lesterol content and osmotic fragility. Similar morpho-
logic changes were seen in wet preparations viewed on
plastic slides after incubation in plastic vessels.

To test whether these changes were reversible, nor-
mal red cells were first incubated in serum from pa-
tient 1 for 24 hr and then incubated for a second 24 hr
in heated normal serum. During the first 24 hr they ac-
quired a 64% increment in cholesterol and underwent
the morphologic changes shown in Fig. 1. After the
second 24 hr period of incubation, the red cell content
of cholesterol was normal and the thorny membrane
projections were no longer present. Their biconcave na-
ture at the end of this second period of incubation was
emphasized by the ease with which they formed rouleaux.
There was no change in either the cholesterol content
or morphology of normal cells incubated simultaneously
in normal heated serum for the entire 48 hr.

When normal red cells were incubated in various
quantities of serum from patient 1 (brought to a con-
stant volume with Hank's solution), the amount of cho-
lesterol acquired by these cells increased as the ratio
of serum volume to packed cell volume was increased
(Fig. 2). A maximum increment in red cell cholesterol
was attained when the ratio of serum volume to cell
volume was 3: 1. The transfer of cholesterol to normal
red cells at each of these serum dilutions wvas not en-
hanced by the addition of sodium taurocholate at a con-
centration of 1.0 mg/ml of serum. The sterol present in
normal red cells after incubation in serum from pa-
tient 1 was entirely digitonin precipitable, and gas-

TABLE II I
Serum Bile Acids

Patient Patient Patient Normal
1 2 3 range*

Total bile acids, 1g/ml 196.5 263.2 174.3 0.13-2.26
Cholic acid, g/mIl 8.1 24.8 7.3 0.03-0.60
Deoxycholic acid, jug/ml 1.1 0.6 0.9 0.05-1.30
Chenodeoxycholic acid, Ag/ml 181.4 235.4 165.4 0.06-0.45
Lithocholic acid, yg/ml 5.9 2.4 0.7 +

* Normal values obtained from Sandberg et al. (23).
+ Present in amounts not normally measurable by this method.

TABLE IV
Effect of Patients' Serum on the Lipid Content and

Osmotic Fragility of Normal Red Cells

Mean
osmotic

Choles- Lipid fragility
terol Phosphorus NaCl

Ag/108 &g/iO' g/100 ml
cells cells

Initial values* 13.64 1.270 0.421

After incubation in:
Serum from patient 1 23.80 1.302 0.308
Serum from patient 2 17.05 1.312 0.405
Serum from patient 3 17.96 1.288 0.358

Normal heated serum* 13.61 1.262 0.427

* Values are averaged from three separate experiments in each of which the
serum of one patient was evaluated. Red cells for all three experiments were
from a single normal donor.

liquid chromatography failed to distinguish it from cho-
lesterol. To assess cholesterol transfer in serum from
patients 2 and 3, normal red cells were incubated at se-
rum: cell ratios of 10: 1 and 1:1 (Fig. 2). There was
less cholesterol gained by red cells in sera from patients
2 and 3 than in serum from patient 1 at both ratios, de-
spite the fact that the serum concentration of cholesterol
was similar in patients 1 and 3. Thus, the serum cho-
lesterol concentration does not predict the affinity with
which this cholesterol is held by serum lipoproteins.

To test whether the effects seen in Fig. 2 were due to
serum dilution alone rather than to changes in the se-

TABLE V
Effect of Sequential Incubations with Normal Red Cells on the

Free Cholesterol Concentration of Spur Cell Serum*

Serum free cholesterol

Incubation Exp. I Exp. 2 Mean Decrease

mg/100 ml 7c
Before incubation 196 175 186
After first incubation 143 147 145 22
After second incubation 124 119 122 12
After third incubation 120 109 114 4

* 1 ml of serum from patient 1 was incubated with 1.0 ml of it

50% suspension of red cells in Hank's solution for 12 hr. 1 ml
of the supernatant of this incubation was incubated with a

second aliquot of normal red cells in Hank's solution and this
was repeated a third time. The concentration of free choles-
terol in serum was obtained from a measurement of its concen-
tration in the supernatant and a calculation to adjust for the
dilution of serum with Hank's solution. There was a decrease
in the serum concentration of free cholesterol which was

greatest during the first incubation and which, after 3 incuba-
tions, accounted for 38%7c of the initial free cholesterol con-

centration.
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runm: cell ratio, normal red cells were incubated in se-
rum from patient 1 at a serum: cell ratio of 10: 1, and
the entire cell suspension was diluted with either one
or two volumes of buffer to give final cell concentrations
of 5 and 2.5%. There was a similar increase in the red
cell content of cholesterol at each of these dilutions.

140.

>a)ql 130-

120

L4 110-

Thus, serum dilution does not appear to influence the
serum-cell transfer of cholesterol.

In an effort to isolate by flotation a fraction of spur
serum which could account for the transfer of cho-
lesterol from serum to cells, serum from patient 1 was

separated into six density fractions: < 1.006, 1.006-1.012.
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FIGURE 1 Effects of spur serum on normal red cells. Normal red cells (top) incubated in se-

rum from patient 1 progressively gained cholesterol, became resistant to osmotic lysis, and ac-

quired thorny membrane projections. Photomicrographs (bottom) are of Wright's stained
smears prepared at the time intervals noted in hours. X 1000. There was no change in the choles-
terol content, osmotic fragility, or morphology of these normal cells during their parallel
incubation in heated autologous serum.
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1.012-1.024, 1.024-1.042, 1.042-1.063, and 1.063-1.21.
These fractions were dialyzed against Hank's balanced
salt solution and adjusted by dilution with Hank's to an
equivalent concentration of free cholesterol. Normal red
cells were incubated at a cell concentration of 5% in
Hank's balanced salt solution containing the various
fractions added in an amount which would provide free
cholesterol at a concentration of 25 /ig/ml of cell sus-
pension. From the data presented in Fig. 2, this amount
of cholesterol was less than that which would produce
the maximal change in red cell cholesterol. There was
no, significant difference in the quantity of cholesterol
acquired by normal red cells incubated in these various
fractions, the acquisition of cholesterol varying between
16 and 22%. Spicules were induced in normal red cells
by all of these fractions but not by the lipoprotein-free
infranatant obtained at density 1.21.

To determine whether all of the free cholesterol of
spur serum was available for transfer to normal red cells
or if only a portion of it was, a sample of spur serum
was incubated sequentially with three aliquots of nor-
mal red cells (Table V). After the first incubation, the
serum free cholesterol concentration was decreased by
22%. An additional decrease of 12% occurred during
the second incubation and 4% during the third. Thus.
it appears that only a portion of the free cholesterol in
st)ur serum can be transferred to normal retl cells in
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TABLE VI
Effect of Normal Serum on the Lipid Content

and Osmotic Fragility of Spur Cells

Choles-
terol

jg/108
cells

Cells from patient 1

Initial values
After incubation in

autologous serum
After incubation in

normal heated serum

Cells from patient 2

Initial values
After incubation in

autologous serum
After incubation in

normal heated serum

Cells from patient 3

Initial values
After incubation in

autologous serum
After incubation in

normal heated serum

the serum from patient 1 this
serum free cholesterol.

Lipid
phosphorus

Ag/108
cells

Mean
osmotic
fragility

NaCl

g/100 ml

22.30 1.241 0.416
22.14 1.247 0.426

13.27 1.263 0.657

20.11 1.401 0.400
19.17 1.403 0.410

14.62 1.366 0.488

19.11 1.275 0.405
19.24 1.289 0.403

14.33 1.317 0.560

accounted for 38% of the

The transfer of free cholesterol from spur serum to

normal red cells was inhibited by the addition of normal
serum, whether fresh or previously heated to 56°C.

80 - To quantitate this, normal red cells were incubated
with a volume of serum from patient 1 which would
produce a submaximal (30%) increase in red cell cho-

60
-

lesterol. While keeping the total volume of the incuba-
60 ~ / tion constant, heated normal serum was added. The

transfer of cholesterol to normal red cells was decreased
by 10% when the volume of normal serum added was

40 - equal to the volume of spur serum, 43% when the vol-
ume of normal serum was 2-fold the volume of spur se-
rum, and 100% when the volume of normal serum was

3 10-fold that of spur serum. Thus, normal serum lipo-
20- / proteins are also able to serve as repositories for the

_ / a/ excess free cholesterol in spur sera. Since there was free
cholesterol in the normal serum which was added, it is of

0.0010.010.1 'note that the least transfer of cholesterol from serum
to cell occurred when the free cholesterol content of the

SERUMVOLUME. entire medium (normal serum + spur serum) was
PACKED CELL VOLUME greatest.

ect of the relative quantities of spur serum The effect of normal serum on spur cells. The red
ed cells on the transfer of cholesterol from cells from all three patients with spur cells lost cho-
;. Normal red cells were incubated for 24 hr lesterol when incubated in heated normal serum (Table
entration of 5% in Hank's balanced salt solu- VI). They also lost their thorny membrane projections
r serum from spur cell patients 1, 2, and 3, the
ch relative to the volume of cells is designated an became spheroidal in appearance and osmotically

fragile. However, no change occurred in their content
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of phospholipitl. Parallel incubations of spur cells in
autologous serum resulted in no significant changes in
morphology, lipid content, or osmotic fragility.

This loss of cholesterol from spur cells into heated
normal serum was related to the ratio of serum volume
to packed cell volume during incubation (Fig. 3). With
increasing quantities of serum, there was a progressive
loss of cholesterol from the red cells of patient 1. When
approximately 50% of the cell cholesterol was lost, the
spheroidicity which resulted caused hemolysis in iso-
tonic solutions. These cells also lost cholesterol when
incubated in the density 1.063 infranatant of normal se-
rum or in normal serum which contained only lipopro-
teins of density 1.063. However, they did not lose cho-
lesterol when incubated in Hank's solution with no added
serum.

The cholesterol lost from spur cells into heated nor-
mal serum was quantitatively recovered, primarily as
free cholesterol (Table VII). To test the affinity with
which this cholesterol was bound to serum lipoproteins.
the supernatant obtained after incubation of spur cells
in normal serum was incubated with normal red cells.
In two such experiments, the cholesterol content of
normal red cells was increased by 28.7 and 21.8%.
respectively.

Studies in vivo. The fact that normal red cells incu-
bated in spur sera were resistant to osmotic lysis whereas
the osmotic fragility of spur cells themselves fell within
the normal range appeared inconsistent. To study this

1-44

L44

Hemolysis

f

0.001 0.01 0.1 10

SERUM VOLUME.'
PACKED CELL VOLUME

100

FIGURE 3 Effect of the relative quantities of normal serum
and spur cells on the transfer of cholesterol from cells to
serum. Spur cells from patient 1 were incubated for 24 hr at
a cell concentration of 5% in Hank's balanced salt solution
containing heated normal serum, the volume of which rela-
tive to the volume of cells is designated on the abscissa.

TABLE VII
Alterations in the Lipid Content of Normal Heated

Serum after Incubation with Spur Cells

Lipid content

Before After
incuba- incuba-

tion tion Difference

Ag/3 ml cell suspension
Cholesterol

Serum, free 546 920 +374
Serum, total 2788 3288 +500
Red cell 2056 1528 -528

Phospholipid
Serum 1512 1512 0
Red cell 2630 2558 -72

* Red cells from patient 1 were suspended in Hank's solution
at a cell concentration of 80%, and brought to final cell con-
centration of 35% by the addition of normal heated serum.
Serum values represent the lipid content of the entire super-
natant (serum plus a small amount of buffer). Cholesterol was
lost from spur cells and was recovered in serum primarily as
free cholesterol. No significant change occurred in the phos-
pholipid content of either red cells or serum.

in vivo, the osmotic fragility of normal red cells la-
beled with 5"Cr and transfused into patient 1 was mea-
sured (Fig. 4). During the first 7 hr after transfusion.
the normal red cells became progressivly more re-
sistant to osmotic lysis, as had been observed in vitro
during the incubation of normal red cells in spur sera.
Between the 7th and 23rd hr their mean osmotic re-
sistance further increased while a portion of the red
cells became more fragile than they had been at seven
hr. Over the course of the subsequent 7 days, the re-
sistance of the transfused cells to osmotic lysis progres-
sively decreased. The 51Cr half-survival of these cells
was 8 days. The 51Cr half-survival of the patient's red
cell autotransfused was 6 days. Splenic sequestration
predominated in both instances.

If the shift to a more fragile cell population between
days 1 and 8 had been due to the destruction of that
half of the cell population which was most resistant to
osmotic lysis, the osmotic fragility of the remaining
cells should have been similar to the osmotic fragility
of the more fragile half of the cell population at 23 hr.
i.e., it should have had a mean osmotic fragility of 0.35
gm. NaCl/100 ml. However the mean osmotic fragility
on day 8 was 0.41. Thus, the shift to a more fragile cell
population cannot be accounted for by the destruction of
the most resistant cells. Rather, these data imply that fac-
tors unique to the circulation in vivo caused changes in
these red cells such that they became more osmotically
fragile and, in addition, experienced a marked shorten-
ing of survival.
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To study in vitro the influence of the microcirculation
on red cell in vivo, red cell transit through 5 i Millipore
filters was measured. After incubation in serum from
patient 1, the filterability of normal red cells was re-
duced 40.5%, whereas after their parallel incubation in
heated normal serum their filterability was decreased
4.5%. Thus, the change in cell shape induced by spur
serum diminished the cell's deformability and inhibited
its passage through channels in vitro which correspond
in size to the channels which red cells must traverse in
vitro (31 ).

The relationship between spur cells and target cells.
The content of cholesterol is also increased in red cells
from patients with obstructive jaundice (26, 32, 33).
Red cells in this condition are not spiculated, but
rather are targeted in appearance and resistant to os-
motic lysis (26). In nine patients with obstructive
jaundice studied in this laboratory, there was a 42%
increase in red cell cholesterol, a 17% increase in phos-
pholipid, and a 21% increase in the cholesterol: phos-
pholipid ratio (34). Incubation studies have demon-
strated that sera from patients with obstructive jaundice
transfer cholesterol to normal cells (26); however,
these red cells do not become spiculated in vitro. Nor-
mal red cells which had undergone a 20% increase in
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cholesterol content after incubation in obstructive jaun-
dice serum had a normal filterability through 5 / Milli-
pore filters.

To study whether lipid addition to red cells in ob-
structive jaundice differs from the process in liver
disease with spur cells, measurements were made of the
effect of serum from spur cell patient 1 on the choles-
terol content of red cells obtained from patients with
obstructive jaundice, from spur cell patients 2 and 3,
and from normal subjects (Table VIII). Normal red
cells incubated in this serum acquired an increment in
cholesterol which averaged 8.77 /g/108 cells and, thus,
a cholesterol content similar to that of the red cells ob-
tained from patient 1. Red cells from patients with ob-
structive jaundice acquired a similar increment in cho-
lesterol. However, since their lipid content was greater
than normal before incubation, their final cholesterol
content exceeded that of normal cells incubated in the
same serum. The content of cholesterol in the red cells
of spur cell patients 2 and 3 was also initially elevated.
When these spur cells were incubated in serum from
patient 1, who was more severely affected, they at-
tained a final cholesterol content similar to that of the
red cells of patient 1. Their absolute increment in cho-
lesterol content, therefore, was strikingly less than the
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FIGuRE 4 Osmotic fragility of normal 'Cr-labeled red cells after transfusion into a patient.
with spur cells. The osmotic fragility of the transfused cells was measured by 'Cr released and
of the recipient's own cells by hemoglobin released during lysis. The transfused cells became
resistant to osmotic lysis during the first 23 hr but thereafter they became progressively more
osmotically fragile.
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TABLE VI I I
The Effect of Serum from Patient 1 on the Cholesterol Content

of Various Red Cells

Red cell cholesterol content

Before After
Cell donor incubation incubation Difference

Bg/108 cells
Normal 14.37 22.02 +7.65
Normal 14.28 22.71 +8.43
Normal 13.64 23.45 +9.81
Normal 13.72 22.45 +8.72
Normal 13.66 22.62 +8.96
Normal 13.42 21.62 +8.20
Normal 13.10 22.74 +9.64

Mean 13.74 22.52 +8.77

Obstructive jaundice 19.65 29.10 +9.45
Obstructive jaundice 19.14 25.34 +6.20
Obstructive jaundice 17.65 26.25 +8.60
Biliary cirrhosis 19.30 27.50 +8.20

Mean 18.94 27.05 +8.11
Spur cell patient 2 18.89 22.16 +2.27
Spur cell patient 3 19.85 21.89 +2.04
Spur cell patient 1 22.30 22.14 -0.16

uniform increase noted in the red cells from normal
subjects and from patients with obstructive jaundice.
Thus, it appears that the acquisition of cholesterol by
spur cells differs from the acquisition of cholesterol in
obstructive jaundice and that the two are additive.

To test whether the red cell membrane is unique in
its ability to acquire cholesterol from spur serum or
whether other membranes behave in a similar fashion,
the effect of spur plasma on normal platelets was mea-
sured. After incubation in plasma from patient 1, the
cholesterol content of normal platelets was increased by
45% (from an initial value of 9.31 to 13.50 usg/108
platelets), whereas no change occurred during incuba-
tion in heated normal plasma. The platelet content of
lipid phosphorus (which was 8.68 ,g/100 platelets) did
not change under either condition of incubation.

DISCUSSION
Membrane changes in vitro and in vivo. Normal

red cells acquired membrane cholesterol in spur serum.
This addition of cholesterol to the cell membrane was
associated with an increase in its surface area, reflected
by an increased resistance to osmotic lysis. Closely cor-
related with (but not necessarily causally related to)
these changes in cholesterol content and osmotic re-
sistance was a change in red cell morphology, illustrated
in Fig. 1. Similar changes in osmotic fragility (Fig. 4)
and morphology (2, 3) were also demonstrated in vivo.
However, after initially becoming osmotically resistant
in vivo, normal red cells transfused into a spur cell pa-
tient slowly and progressively became more osmotically
fragile (Fig. 4). Thus, it appears that a phenomenon

unique to the circulation acted upon the red cell mem-
brane to decrease its surface area. This finding con-
trasts with the persistence of the osmotic resistance
acquired by normal red cells after transfusion into pa-
tients with obstructive jaundice (26). Possibly the im-
paired filterability of spiculated red cells caused them
to lose pieces of membrane, even entire spicules, as they
traversed small orifices. Hemoglobin-poor fragments re-
sembling spicules were observed in smears of blood
from patient 1. A similar loss of membrane fragments
has been suggested in the etiology of other hemolytic
anemias (35). Fragmentation may also explain the
change in the morphology of spicules from a regular,
thorny appearance in vitro to an irregular and often
bizarre appearance in vivo, a difference previously
commented upon by Grahn, Dietz, Stefani, and Don-
nelly (5). In a sense, the acquisition of cholesterol in
vivo was protective to these red cells, permitting them
a normal surface area despite the loss of portions of
their membranes. However, when their excess, loosely
bound cholesterol was eluted into heated normal serum,
their underlying deficiency in surface area was ap-
parent as these spur cells became both spherocytic in
appearance and osmotically fragile.

The lipid content of red cells with spicules. Red cells
with thorny membrane projections in patients with liver
disease are appropriately termed spur cells to distin-
guish them from spiculated cells occurring in other
conditions. The hallmark of spur cells is their markedly
increased cholesterol: phospholipid ratio, as seen in the
patients reported here as well as previously (2, 3).
Although it has been demonstrated that sterols other
than cholesterol can replace cholesterol in the red cell
membrane (36), the sterol present both in the red cells
of patient 1 and in normal red cells incubated in serum
from patient 1 was shown to be cholesterol. Patients
with liver disease of the obstructive variety also have
an increased red cell content of cholesterol (26, 32, 33).
However, we have not encountered any patient with
obstructive jaundice in whom the cholesterol: phospho-
lipid ratio of red cells was increased to the striking de-
gree seen in the patients with spur cells.

The formation of spicules by normal red cells in vitro
has been reviewed by Ponder (37) and, more recently,
by Deuticke (38). Substances which induce spicules are
generally amphiphilic and anionic or nonionized (38).
However, such agents usually induce spicules within
seconds, in contrast to the slow time course depicted
in Fig. 1, as also noted by others (7, 8). Those serum
fractions obtained by density centrifugation which con-
tained free cholesterol were able to induce these mor-
phologic changes; however, the lipoprotein-free (den-
sity 1.21 infranatant) fraction of spur serum was not.
Similarly, only the lipoprotein-rich portion of spur se-
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rum obtained by Sephadex column fractionation was
able to induce spicules in normal cells (8). Grahn et al.
(5) found that those ammonium sulfate fractions of
spur serum which were richest in albumin were best
able to induce spicules. However, fractions richest in
albumin are also richest in both alpha- and beta-lipo-
protein. Spiculated, cholesterol-loaded red cells have
also been described in three experimental animals: rab-
bits fed cholesterol (39, 40), rats fed orotic acid (41),
and Rhesus monkeys fed lithocholic acid (42).

The qualitative relationship between spicules and
cholesterol cited above does not provide proof that
cholesterol acquisition itself causes spicules. More-
over, two lines of evidence cast doubt on the quantitative
relationship between these two phenomena. First, the
per cent of spiculated red cells seen on Wright's stained
smears varies considerably from day to day, while red
cell lipid content varies little. Gottfried and Kayden
(43) found that 1 yr before her inclusion in the present
study, and at a time when spicule cells were present but
were few in number, the red cell lipids in patient 3 were
the same as at the time of the present study. Second,
recent studies of spur cells in Rhesus monkeys fed litho-
cholic acid (42) have demonstrated spicule formation in
vivo several days before a measurable increase in red
cell cholesterol occurred.

The relationship between spur and target cells. Both
target cells and spur cells have an increased membrane
content of cholesterol, and the sera from patients with
both types of red cells have a deficiency of lecithin:
cholesterol acyltransferase. Cholesterol addition in ob-
structive jaundice has been related to an elevation of
the serum concentration of bile salts (23). Serum bile
salt concentrations were also elevated in the patients
with spur cells, the total levels exceeding those usually
seen in obstructive jaundice (23, 26, 44). As noted
previously (44), the elevation of serum bile salts in
patients with obstructive jaundice consists primarily of
cholic acid, while patients with hepatocellular disease
accumulate chenodeoxycholic acid and its toxic degrada-
tion product, lithocholic acid (30). The patients re-
ported here with spur cells had striking elevations of
chenodeoxycholic acid and easily measurable levels of
lithocholic acid (Table III). The possible importance
of lithocholic acid in this syndrome is emphasized by
the recent finding from this laboratory that Rhesus
monkeys fed a diet containing lithocholic acid develop
spur red cells and a syndrome similar to that described
here in patients (42).

Red cell-serum free cholesterol balance. Red cell and
serum free cholesterol exist as a single pool (45, 46).
A decrease in this pool occurs when serum free cho-
lesterol is esterified during incubation in vitro, and this
results in a decline of red cell cholesterol as well (47).

In contrast, an increase in the serum concentration of
free cholesterol, as occurs in familial hypercholesterol-
emia, is not associated with a change in the cholesterol
content of red cells in vivo (48) or in vitro (26). How-
ever, while esterification in vitro results in a decrease in
the serum free cholesterol content without j change in
the number of lipoprotein "binding sites," in hypercho-
lesterolemia there is apparently an increase in both the
serum free cholesterol content and the number of lipo-
protein sites available to bind 'it. Thus, it is not the ab-
solute quantity of free cholesterol in serum which de-
termines red cell cholesterol, but, rather, the relative
affinity of the serum and cell binding sites for this free
cholesterol. This concept is consistent with the lack of
correlation between the serum free cholesterol concen-
tration of the three spur cell patients and the amount of
cholesterol their sera transferred to normal red cells.
It is supported by the fact that although dilution of spur
serum in normal serum resulted in a higher free cho-
lesterol concentration than dilution in buffer, more cho-
lesterol was transferred to normal red cells when di-
lution was in buffer.

The total cholesterol concentrations in serum have
varied among the spur cell patients reported here, as
well as previously. However, in all cases in which the
values are given, free cholesterol accounted for a greater
than normal per cent of the total serum cholesterol.
The data presented above indicate that a portion of the
free cholesterol in the serum of patients with spur cells
was "loosely bound" to serum lipoproteins. This cho-
lesterol readily transferred to other binding sites, such
as red cells, platelets, or the lipoproteins of normal
serum. In patient 1, this loosely bound fraction ac-
counted for i of the serum free cholesterol.

The excess cholesterol present in spur cells was also
loosely bound, and it moved from these abnormal cells
to normal serum lipoproteins, elevating the free cho-
lesterol concentration of normal serum by as much as
25 mg/100 ml. This loss of membrane cholesterol was
associated with a decrease in the surface area of spur
cells, reflected by an increase in their osmotic fragility.
The cholesterol lost into serum remained loosely bound
and readily transferred to normal red cells. Movements
of cholesterol from one binding site of low affinity to
another were accomplished in vitro by manipulating the
relative quantities of serum and cells in the incubation
mixtures, and they occurred without concomitant move-
ments of phospholipid. Although the cholesterol trans-
ferred to red cells in this fashion remained loosely
bound, i.e. it was easily removed by an available binding
site of higher affinity, it appears that it was not merely
adsorbed to the membrane. Rather, the data are con-
sistent with the concept that cholesterol entered into
membrane lipoproteins increasing their size, and this
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was reflected by an increase in the surface area of the
red cell membrane and the resistance of the cell to os-
motic lysis.
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