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Abstract. The owl monkey (Aotus trivirgatus), a species of New World monkey repre- 
sented by several different karyotypes, develops hemolytic anemia in captivity. Susceptibil- 
ity to anemia varies as a function of karyotype, and the hemolytic process responds to 
vitamin E. Since the plasma concentration of vitamin E in these owl monkeys was normal, it 
was hypothesized that the anemia may reflect a lipid abnormality in the red blood cell (RBC) 
membrane which was stabilized by supplemental tocopherol and that the basic RBC lipids 
would differ as a function of owl monkey karyotype. To test this hypothesis the RBC 
membrane cholesterol, phospholipid, fatty acids, and free cholesterol to phospholipid ratio 
(FCIPL) were compared between (a) anemic and nonanemic owl monkeys, (b) owl monkeys 
of different karyotypes, and (c) between different primate species. As a species, the owl 
monkey exhibited a unique RBC phospholipid profile, having reduced proportions of phos- 
phatidylserine (PS) and phosphatidylethanolamine (PE) and more phosphatidylcholine (PC) 
and sphingomyelin (Sph) when compared to other primates, including man. As a function of 
karyotype, owl monkeys of karyotype VI (anemia resistant) had a normal polyunsaturated 
fatty acid (PUFA) profile in RBC phospholipids and less RBC membrane cholesterol con- 
tributing to a normal FC/PL ratio, whereas RBCs from susceptible and overtly anemic owl 
monkeys revealed low levels of PUFA and increased RBC membrane cholesterol that led to 
an elevated FC/PL ratio. The etiology of these lipid alterations and their association with 
anemia remains to be elucidated. 

The captive owl monkey (Aotus trivir- 
g a t u s )  is prone to develop hemolytic 
anemia which can be ameliorated by an in- 
jection of vitamin E and selenium (1). How- 
ever, plasma vitamin E as well as red blood 
cell (RBC) glutathione peroxidase, glutathi- 
one reductase, glucose-6-phosphate dehy- 
drogenase, and 6-phosphogluconate dehy- 
drogenase levels are within the range of 
normal values reported for most mammali- 
an species (l) ,  suggesting that antioxidant 
treatment is supportive, but probably not 
the etiologic factor underlying the patho- 
genesis of the disease. Furthermore, among 
the several karyotypes available for study at 
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the New England Regional Primate Re- 
search Center, karyotype VI has been found 
to be resistant to the anemia (2). 

Since vitamin E is thought to stabilize the 
polyunsaturated fatty acids (PUFA) of 
phospholipids and thereby play a major role 
in overall membrane stability, it was 
hypothesized that hereditary or environ- 
mental factors, including nutrition (such as 
inadequate dietary essential fatty acids), 
had altered the lipid composition of the 
RBC membrane in susceptible karyotypes 
of owl monkeys rendering it vulnerable to 
oxidative hemolysis (3,4).  To explore these 
possibilities, the RBC membrane choles- 
terol and phospholipid profile, fatty acid 
composition, and free cholesterol to phos- 
pholipid (FC/PL) ratio of anemic and 
nonanemic owl monkeys were compared to 
RBCs of other primate species maintained 
under similar conditions. 

The results obtained suggest that anemia 
in owl monkeys is associated with three im- 
portant changes in the RBC membrane: an 

253 
0037-9727/82/020253-07$01 .OO/O 
Copyright @ 1982 by the Society for Experimental Biology and Medicine. 
A11 rights reserved. 



254 HEMOLYTIC ANEMIA IN MONKEYS 

increase in RBC cholesterol content leading 
to an elevated FC/PL ratio, an  altered 
phospholipid profile, and an abnormal dis- 
tribution of phospholipid fatty acids. 

Materials and Methods. Monkeys. The 
53 owl monkeys,  representing seven 
karyotypes, were part of the 150Aotus spp. 
maintained at the New England Regional 
Primate Research Center (NERPRC) for 
the past 12 years. They were fed high- 
protein Purina Monkey Chow and repre- 
sented both sexes between the ages of 5 and 
12 years. Blood samples were also obtained 
from seven cotton-top marmosets of both 
sexes maintained on Purina Chow. The 4 
cebus, 4 squirrel, and 14 rhesus monkeys 
were maintained in the Nutrition Depart- 
ment of the Harvard School of Public 
Health and fed Purina Chow, except for 6 of 
the rhesus monkeys which were fed 
semipurified diets containing corn oil o r  
coconut oil and 0.1% cholesterol (5). 

Hematological evaluation. Data relating 
to the nature and degree of anemia have 
been described previously (1, 2). In this in- 
vestigation, anemia refers to monkeys with 
hemoglobin values less than 10 g/dl and 
with circulating nucleated RBCs in their 
peripheral blood smear. Nonanemic mon- 
keys had no circulating nucleated RBCs 
and hemoglobin values ranged from 14 to 
16 g/dl. 

Phospholipid determination. For RBC 
lipid analysis, whole blood was collected 
into tubes containing EDTA and centri- 
fuged at 2000 g for 30 min at  4". The RBCs 
were washed three times in 0.9% saline and 
an  aliquot hemolyzed in 1 ml distilled 
water. Lipids from the RBCs were ex- 
tracted in isopropanol (6) and chloroform 
(CHC1,) followed by filtration of the extract 
through Whatman No. 2 filter paper. To re- 
duce the possibility of oxidation, 0.02% 
butylated hydroxy toluene (BHT) was 
added to the isopropanol and CHCl,, and 
the lipid extractions performed on ice and 
under nitrogen. Phospholipid classes were 
separated by two-dimensional thin-layer 
chromatography using silica gel H (Merck) 
plates impregnated with magnesium ace- 
tate. Following development in the sol- 
vent systems containing (i) CHC1,:MeOH: 
NH,OH (13:5:1) and (ii) CHCL,:acetone: 

Me0H:acetic acid:water (6:8:2:2: 1)  (7), the 
phospholipids were visualized along with 
appropriate standards in iodine vapor,  
scraped, and assayed for phosphorus by the 
procedure of Bartlett (8). 

Cholesterol determination. Cholesterol 
was assayed by the method described by 
Wybenga et al. (9). 

Fatty acid determination. Fatty acid 
methyl esters of the total lipid extract were 
prepared with methanolic HC1 (10) and 
analyzed with a Perkin- Elmer Model 3920 
gas chromatograph (Perkin-Elmer Corp., 
Norwalk, Conn.) equipped with a flame 
ionization detector and 8-ft stainless steel 
columns containing 10% Silar 1OC in Gas 
Chrom Q (100/200 mesh). 

Results. Cholesterol and phospholipid. 
RBCs from nonanemic but susceptible owl 
monkeys of karyotypes I1 and I11 contained 
more cholesterol than anemia-resistant 
karyotype VI owl monkeys. The RBC cho- 
lesterol content was even higher in overtly 
anemic owl monkeys compared to nonane- 
mic monkeys independent of karyotype. 
The total phospholipid RBC content of ane- 
mic owl monkeys was also slightly higher 
than nonanemic animals independent of 
karyotype (Table I). 

While no differences were observed in 
the overall RBC phospholipid profile for 
most primates, including humans, the owl 
monkey differed appreciably from the 
others (Table 11). Owl monkeys, indepen- 
dent  of karyotype, had a significantly 
smaller percentage of PS and PE and more 
PC and Sph than the other primate species. 
The latter did not differ between each other 
and were similar to human RBCs with the 
exception of a higher percentage of Sph in 
human RBC (Table 11). No differences in 
the distribution of owl monkey RBC phos- 
pholipids were evident between various 
karyotypes o r  between anemic and nonane- 
mic monkeys (Table 111). 

The FC/PL molar ratio of RBC mem- 
branes from anemia-resistant, karyotype VI 
owl monkeys (1.02 f 0.08, mean k SD) was 
similar to rhesus monkeys (1.04 k 0.20) and 
normal values for humans (0.97) (1 1)  (Table 
I). By contrast, susceptible nonanemic owl 
monkeys of karyotypes I1 and I11 had ele- 
vated FC/PL ratios (1.35 k 0.20 and 1.24 & 
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TABLE I. ERYTHROCYTE CHOLESTEROL AND PHOSPHOLIPID CONCENTRATION I N  PRIMATES 

pmole/lO1o cells 
C holesteroYphospholipid 

Species N Cholesterol Phospholipid (p mole/p mole) 

Owl monkey 
Nonanemic 

Karyotype I1 
Karyotype I11 
Karyotype VI 

Karyotypes II- 
Anemic 

Squirrel monkey 
Marmoset monkey 
Rhesus monkeyb 
Human" 

18 
18 
12 

-1v 5 
3 
3 

14 
10 

2.85 ? 0.54a 
2.65 * 0.34 
2.08 -+ 0.18 

3.85 rt 0.46 
3.12 +- 0.22 
2.77 -+ 0.15 
2.98 ? 0.31 
2.90 ? 0.30 

2.14 k 0.39 
2.20 2 0.44 
2.04 ? 0.12 

2.63 * 0.26 
2.21 k 0.21 
2.06 _+ 0.10 
2.90 ? 0.19 
3.00 * 0.40 

1.35 k 0.20 
1.24 2 0.27 
1.02 2 0.08 

1.47 2 0.10 

1.36 2 0.03 
1.04 2 0.20 

0.97 

1.42 k 0.14 

a Mean ? SD. 
Eight of the rhesus were fed Purina Chow; six were fed fat and cholesterol modified diets (see text). 
Ref. (11). 

0.27, respectively), which tended to be 
even higher (1.47 +- 0.10) in overtly anemic 
owl monkeys. However, the RBCs from 
squirrel monkeys and marmosets had rela- 
tively high FC/PL ratios (1.42 +- 0.14 and 
1.36 2 0.03, respectively), which were sim- 
ilar to susceptible and anemic owl mon- 
keys. 

Fatty acids. Comparison of RBC phos- 
pholipid fatty acids from anemic, nonane- 
mic, and recistant (karyotype VI) owl mon- 
key; indicated that the latter had signifi- 
cantly more PUFA and less palmitic acid 
than either the anemic or susceptible karyo- 
types (Table IV). The fatty acid profiles of 
squirrel monkeys and marmosets were 
similar to the karyotype VI owl monkeys. 
The ratio of PUFA to saturated fatty acids 

(SFA) from RBC phospholipids of karyo- 
type VI monkeys (0.76 & 0.17) was signifi- 
cantly higher than that in the other owl 
monkey karyotypes (0.21 * 0.19), but simi- 
lar to that of humans (0.77 2 0.15). 

Discussion. The hypothesis that an al- 
tered lipid composition of the owl monkey 
RBC membrane might be associated with 
susceptibility to the hemolytic anemia in 
that species is supported by three observa- 
tions. First, as a species, owl monkeys had 
significantly less PE and PS in their RBCs 
when compared to other primate species; 
second, RBCs from susceptible and anemic 
owl monkeys had elevated FC/PL molar 
ratios; and third, the RBC phospholipids in 
all susceptible and anemic owl monkeys re- 
vealed a striking PUFA deficit, particularly 

TABLE 11. PERCENTAGE DISTRIBUTION OF RED BLOOD CELL PHOSPHOLIPIDS I N  
FIVE SPECIES OF MONKEYS A N D  MAN 

~~ ~ ~~ ____ 

Species N PE PC PI PS SPh 

Owlb 31 19.3 2 3.4" 45.6 * 4.3 1.9? 1.4 2.1 2 1.7 31.0 2 4.8 
Cebus 4 33.6 * 1.6 31.1 k 1.5 1.9 k 0.2 15.4 k 0.3 18.0 * 2.3 

Squirrel 4 31.4 & 2.2 40.6 ? 1.6 1.3 ? 0.6 10.1 * 1.8 16.5 k 3.0 

Human' 9 29.4 k 0.8 30.4 * 1.3 12.4 k 1.2 (PI + PS) 27.7 2 1.2 

Marmoset 7 35.6 2 2.0 33.2 & 2.7 3.3 ? 1.5 14.6 2 1.0 13.4 * 2.9 

Rhesus" 9 32.0 * 3.0 41.2 ? 3.4 2.3 k 0.9 11.5 k 1.8 13.3 k 3.2 

~~ ~ 

a Phosphatidylethanolamine (PE), phosphatidylcholine (PC), phosphatidylinositol (PI), phosphatidylserine 
(PS), sphingomyelin (Sph). 

Nonanemic owl monkeys (all karyotypes). 
c Mean 2 SD. 

Three of the rhesus were fed Purina Chow; six were fed fat and cholesterol modified diets (see text). 
Ref. (18). 
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TABLE 111. PERCENTAGE DISTRIBUTION OF RED BLOOD CELL PHOSPHOLIPIDS FROM ANEMIC OWL 
MONKEYS AND NONANEMIC OWL MONKEYS ACCORDING TO KARYOTYPE 

~~ ~ 

Karyotype N PE Pc PI PS SPh 

Nonanemic 
I 6 19.9 2 1.8" 45.8 2 2.8 2.2 t 1.1 1.1 t 0.9 30.8 2 2.7 
I1 11 16.7 ? 1.5 45.4 ? 4.6 1.5 2 1.3 2.3 2 1.5 34.1 2 5.5 
I11 8 22.2 t 4.5 46.1 ? 5.7 2.2 t 2.2 2.0 2 2.0 27.4 2 3.7 
IV, v, VII 3 19.3 2 3.6 46.9 t 3.0 1.8 ? 0.8 3.2 2 2.5 28.9 ? 2.4 
VI 3 19.5 t 1.3 43.6 2 4.0 1.8 ? 0.5 3.2 t 1.8 31.9 ? 2.2 

I11 5 19.3 t 1.5 49.7 t 4.5 2.7 ? 1.4 0.6 ? 0.6 27.8 ? 4.8 
Anemic 

a Mean t SD. 

in arachidonic acid. Anemia in owl mon- 
keys occurs in association with all three ab- 
normalities. 

Each of these three factors presumably 
influences the hemolytic process since the 
rigidity and fluidity of the RBC membrane 
is determined to a large extent by the mem- 
brane cholesterol content and the fatty 
acids present in the phospholipids (1 1 - 15). 
Increasing fatty acid unsaturation enhances 
fluidity, permeability, and flexibility be- 
cause the fatty acids are unable to pack as 
closely as they do when saturated (16). Un- 
saturation may also favor the formation of 
phospholipid micelles in the membrane 
which, in turn, increases permeability (17, 
18). Increasing methylation of PE to form 
PC also reduces the microviscosity of the 
membrane (19). On the other hand, choles- 
terol increases rigidity and decreases fluid- 
ity by limiting fatty acid chain movement (20). 

Membrane phospholipids. The low PE 
and PS concentrations characterizing the 
RBC phospholipid profile of the owl mon- 
key are suggestive of a peroxidative hemo- 
lysis. The PE and PC contained the highest 
percentages of PUFA, i.e., 31 and 35%, re- 
spectively. Since the PE molecule resides 
primarily on the cytoplasmic surface of the 
membrane (21), it would be exposed to in- 
tracellular peroxides. However, RBC intra- 
cytoplasmic peroxides generally are me- 
tabolized by the glutathione peroxidase 
system, which appears to be intact in owl 
monkeys (1). In addition, the therapeutic 
effect of vitamin E on the hemolytic pro- 
cess (1) suggested that peroxidation of 
PUFA in RBC phospholipids may have oc- 
curred. The RBCs from infants (22-24) and 
sheep (25) suffering from the peroxidative 
hemolysis of vitamin E deficiency undergo 
a significant reduction of PE from approxi- 

TABLE IV. PERCENTAGE DISTRIBUTION OF RED BLOOD CELL PHOSPHOLIPID FATTY ACIDS 
I N  MONKEYS AND MAN 

Species N C16:oU C1R:O C1R:l C1R:Z cZ0:4 Other 

Owl monkey 
Nonanemic 

Karyotype I1 5 40.4 2 8.2b 16.2 2 3.1 23.1 ? 5.2 11 .9k  0.3 4.1 t 3.6 4.3 t 1.8 
Karyotype I11 4 43.9 2 0.7 18.0 ? 2.7 21.9 2 1.9 7.0 2 1.7 1.2 5 0.6 8.0 ? 4.1 
Karyotype VI 8 21.7 t 5.7 22.4 k 4.7 18.4 2 2.9 18.1 2 1.7 15.5 t 4.1 3.9 t 1.6 

Karyotype I11 4 47.3 '-t 5.1 15.4 2 2.5 23.9 t 1.9 7.5 ? 1.7 0.8 2 0.5 5.2 2 2.4 
Squirrel monkey 3 28.2 ? 6.4 13.9 ? 1.6 19.6 t 4.9 14.2 2 4.9 10.8 2 2.7 13.2 ? 4.4 
Marmosets 3 31.0 t 9.3 13.4 t 0.7 20.1 t 6.9 15.4 ? 7.3 11.8 k 7.0 8.5 2 2.4 
Human'' 8 24.5 2 1.1 19.0? 1.2 16.4 ? 1.1 11.2 t 1.3 15.1 t 1.1 13 .82  1.3 

Anemic 

C16:o = palmitic acid, C,,:, = stearic acid, 
Mean ? SD. 
Ref. (24). 

= oleic acid, = linoleic acid, C20:4 = arachidonic acid. 
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mately 30% in normal infants to less than 
20% in those experiencing hemolytic 
anemia. However, even though owl mon- 
keys as a species had PE percentages less 
than 20%, the PUFAISFA ratio in the re- 
sistant karyotypes was normal suggesting 
that peroxidation was not the primary cause 
of the depressed PE. Furthermore, vitamin 
E deficiency per se was apparently not 
present, since anemic owl monkeys have 
serum vitamin E levels (6.2 2 2.5 pg/ml) (1) 
which are within the normal range (5-15 

Another possibility is suggested by evi- 
dence from crosslinking experiments which 
indicate that PE and PS are incorporated in 
RBC membranes to a large extent as lipo- 
proteins (27). These acidic phosphatides are 
thought to interact with the RBC cyto- 
skeletal protein, spectrin, on the interior of 
the membrane to provide structural stabil- 
ity (28). Thus, a low concentration of PE 
and its biosynthetic precursor PS, for what- 
ever reason, might reduce the stabilizing 
effects of spectrin and contribute to an un- 
stable RBC membrane. 

The striking elevation in the PC/PE ratio 
in the RBC membrane of owl monkeys is 
reminiscent of hereditary stomatocytosis 
and 1ecithin:cholesterol acyl transferase 
deficiency in humans. Both of these human 
disorders are associated with hemolytic 
anemia and both exhibit an absolute in- 
crease in PC levels without change in PE 
(19). In the owl monkey, however, the rela- 
tive increase in PC was due to a decrease in 
the mass of PE (data not included). A simi- 
lar decrease in PE in human RBCs results 
from a block in regeneration of PE via 
transfer of fatty acids to PE (29). Paysant 
(30) has indicated that phospholipases pref- 
erentially attack acidic phosphatides, such 
as PE and PS, generating the respective 
lysophospholipid. A compensatory regen- 
eration pathway in the RBC membrane 
transfers fatty acids from PC to lyso-PE, 
regenerating PE, accounting for up to 30% 
of the PE fatty acids. This defect has been 
associated with hemolytic anemia in hu- 
mans and is characterized by an increased 
PC/PE ratio. In the human condition, the 
PC/PE ratio increased from 1.05 to 1.77 

pg/ml) (26). 

(28). The PC/PE ratio in cebus monkeys 
and marmosets was 0.93 and 1.29 in squirrel 
and rhesus monkeys. In the owl monkey 
the ratio was 2.36, underscoring the mag- 
nitude of the PE decrease. 

The altered RBC phospholipid profile in 
owl monkeys would be expected to weaken 
membrane integrity, but was apparently not 
the ultimate cause of the anemia, since the 
karyotype VI monkeys had the same phos- 
pholipid profile as the susceptible and 
anemic monkeys. 

Membrane cholesterol. Cholesterol is 
thought to intercalate between the fatty 
acids of membrane phospholipids, espe- 
cially unsaturated fatty acids, to make the 
membrane more rigid (19). Increasing the 
cholesterol to phospholipid ratio induces 
changes in surface tension and cell shape 
(31), reducing membrane fluidity and ren- 
dering the cell more vulnerable to hemo- 
lysis. 

Although the RBCs from anemia-re- 
sistant owl monkeys (karyotype VI) had 
elevated cholesterol and phospholipid 
levels compared to humans, the FC/PL and 
PUFA/SFA ratios were comparable. On the 
other hand, the principal difference be- 
tween susceptible and anemic monkeys was 
the tendency for increased membrane cho- 
lesterol content which led to higher FC/PL 
and lower PUFAISFA ratios in RBCs of the 
latter. It is not apparent why the FC content 
of RBCs was increased in susceptible and 
anemic owl monkeys or in squirrel mon- 
keys and marmosets, but the high FC/PL 
ratio may contribute to hemolysis. In- 
creased membrane cholesterol is associated 
with hemolytic anemia in guinea pigs (32) 
and in humans (spur cell anemia) (33). 
Again, however, conflicting evidence is 
proffered by the high FC/PL ratio observed 
in RBC membranes of squirrel monkeys 
and marmosets in which the phospholipid 
profile and PUFNSFA ratio were normal. 
Since these species are not afflicted with 
hemolytic anemia, the increased FClPL 
ratio would not appear to be the cause of 
the anemia in owl monkeys. 

Membrane fatty acids. The low PUFAI 
SFA ratio of susceptible and anemic owl 
monkeys might be attributed in part to the 
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phospholipid composition of the RBCs, ex- 
cept for the fact that resistant owl monkeys 
also had the altered phospholipid profile 
and a normal PUFNSFA ratio. The high 
percentage of palmitic acid in susceptible 
owl monkeys was related to the high con- 
centration of PC and Sph found in their 
RBCs. Palmitic acid accounted for up to 
one-third of the fatty acids of PC and Sph 
(data not included). Human RBCs also 
contain large quantities of palmitic acid in 
PC and Sph (11). In the susceptible owl 
monkey, low levels of arachidonic acid 
were found in PE (5%) and PC (2%) com- 
pared to values of 20 and 25%, respectively, 
in these phospholipids from human RBCs 
(34). Since there were no significant differ- 
ences in the relative concentrations of 
phospholipids between karyotype VI mon- 
keys and the other karyotypes or between 
the FC/PL ratio in anemic owl monkeys and 
healthy squirrel monkeys or marmosets, 
fatty acid profiles between them is consid- 
ered a key to the anemia and is an unde- 
fined difference in fatty acid metabolism or 
destruction. 

The low level of PUFA in the susceptible 
owl monkeys suggests that significant re- 
duction in these membrane fatty acids oc- 
curs before the anemia is manifest. In this 
context it is noteworthy that essential fatty 
acid deficiency is associated with hemolytic 
anemia in man (4). If fatty acid peroxidation 
accounts for the decreased PE and PS 
levels, it would appear that karyotype VI 
monkeys can either resist PUFA destruc- 
tion or replace membrane phospholipid 
PUFA more efficiently than the other 
karyotypes. In the anemia of human vita- 
min E deficiency, surviving cells incorpo- 
rate labeled fatty acids into PE approxi- 
mately 40% more efficiently than vulnera- 
ble hemolyzing cells (14). A deficiency of 
this acylating enzyme in susceptible karyo- 
types could induce the anemia. 

Lipid abnormalities encountered in RBCs 
from several human hemolytic anemias 
were observed in RBCs of susceptible and 
anemic owl monkeys. An increased FC/PL 
ratio is exhibited in LCAT deficiency (20), 
spur cell anemia (33), and cholesterol- 
induced anemia in the guinea pig (32). Low 

red cell PUFA levels and a decrease in the 
inner membrane phospholipids are as- 
sociated with vitamin E deficiency anemia 
(22-25), and a high PClPE ratio is present 
in RBCs in LCAT deficiency (20), vitamin 
E deficiency (22-25),  and hereditary 
stomatocytosis (19). Elucidation of the 
etiologic factors in the pathogenesis of the 
hemolytic anemia in owl monkeys should 
provide meaningful information on mecha- 
nisms operative in hemolytic anemias in man. 

We are grateful to Mrs. Ruth Yuan, Miss Susan 
Flanagan, Mrs. Dorothy Arrigo, and Mr. Bruce Dorr 
for their technical assistance and to Mrs. Maureen 
Maguire for her assistance in preparing the manu- 
script. 

1 .  Sehgal PK, Bronson RT, Brady PS, McIntyre 
KW, Elliott MW. Therapeutic efficacy of vitamin 
E and selenium in treating hemolytic anemia of 
owl monkeys. Lab Anim Sci 30:92-98, 1980. 

2. Beland MI, Bronson RT, Ma NSF, McIntyre KW, 
Sehgal PK, Keadle TL. Karyotypic variation in 
susceptibility to hemolytic anemia and idiopathic 
eosinophilia of owl monkeys, Aorus rrivirgatus. 
Primates 22551 -556, 1981. 

3. Bettger WJ, Reeves PG, Savage JE, O’Dell BL. 
Interaction of zinc and vitamin E in the chick. 
Proc SOC Exp Biol Med 163:432-436, 1980. 

4. Terry BE, Wixom RL. Hemolytic anemia as- 
sociated with essential fatty acid deficiency in a 
normal man on long term TPN. In: Meng HC, 
Wilmore DW, eds. Proceedings of the Symposium 
on Fat Emulsions in Parenteral  Nutrition. 
Chicago, Amer Med Assoc, p18, 1976. 

5.  Ershow AG, Nicolosi RJ, Hayes KC. Separation 
of the dietary fat and cholesterol influences on 
plasma lipoproteins of rhesus monkeys. Amer J 
Clin Nutr 342330-840, 1981. 

6. Rose HG, Oaklander M. Improved procedure for 
the extraction of lipids from human erythrocytes. 
J Lipid Res 6:428-431, 1965. 

7. Bligh EG, Dyer WJ. A rapid method of total lipid 
extraction and purification. Canad J Biochem 
Physiol 37:911-917, 1959. 

8. Bartlett GR. Phosphorous assay in column chro- 
matography. J Biol Chem 234466-468, 1959. 

9. Wybenga DR, Pileggi VJ, Dirstine PH, DiGiorgio 
T. Direct manual determination of serum choles- 
terol with a single stable reagent. Clin Chem 

10. Cohen P, Derksen A. Comparison of phospholipid 
and fatty acid composition of human erythrocytes 
and platelets. Brit J Haematol 17:359-371, 1969. 

1 1 .  Glockerman JP. The lipids of the erythrocyte in 

16~980 - 984, 1970. 



HEMOLYTIC ANEMIA IN MONKEYS 259 

paroxysmal nocturnal hemoglobinuria. Amer J 
Hematol 5:323-333, 1978. 

12. Ways P, Hanahan DJ. Characterization and quan- 
tification of red cell lipids in man. J Lipid Res 

13. McLaughlin J, Engel WK. Lipid composition of 
erythrocytes. Arch Neurol 36:351-354, 1979. 

14. Jacob HS, Lux SE. Degradation of membrane 
phospholipids and thiols in peroxide hemolysis: 
Studies in vitamin E deficiency. Blood 32549- 
568, 1968. 

15. Chen LF, Lund DB, Richardson T. Essential fatty 
acids and glucose permeability of lecithin mem- 
brane. Biochim Biophys Acta 22589-95, 1971. 

16. Shohet SB. Hemolysis and changes in erythrocyte 
membrane lipids. N Engl J Med 286557-583, 
1972. 

17. Lucy JA. Ultrastructure of membranes: Micellar 
organization. Brit Med Bull 24:127- 129, 1968. 

18. Goldstein DA, Solomon AK. Determination of 
equivalent pore radius for human red cells by os- 
motic pressure measurement. J Gen Physiol 

19. Hirata F, Axelrod J. Phospholipid methylation 
and biological signal transmission. Science 

20. Cooper RA. Abnormalities of red cell membrane 
lipids: Clinical-biophysical correlates. In: Silver 
R, LoBue J, Gordon AS, eds. Year in Hematology 
1978. New York, Plenum, p69, 1978. 

21. Kahlenberg A, Walker C, Rohrlick R. Evidence 
for an asymmetric distribution of phospholipids in 
the human erythrocyte membrane. Canad J 
Biochem 52:803-806, 1974. 

22. Oski FA, Barness LA. Vitamin E deficiency: A 
previously unrecognized cause of hemolytic 
anemia in the premature infant. J Pediatr 

23. Melhorn DK, Gross S. Vitamin E dependent 
anemia in the premature infant. J Pediatr 

24. Gross S. Hemolytic anemia in premature infants. 

5~318-328, 1964. 

44: 1 - 17, 1960. 

209~1082- 1090, 1980. 

7021 1-220, 1967. 

79:569-588, 1971. 

Semin. Hematol. 13:187- 189, 1976. 

25. Horton GMJ, Jenkins WL, Rettenmaier R. 
Haematological and blood chemistry changes in 
ewes and lambs following supplementation with 
vitamin E and selenium. Brit J Nutr 40193-203, 
1978. 

26. Lehmann J,  Marshall NW, Slover HT, Iacono JM. 
Influence of dietary fat level and dietary to- 
copherols on plasma tocopherols of human sub- 
jects. J Nutr 107:1006-1116, 1977. 

27. McLaughlin J, Engel WK. Lipid composition of 
erythrocytes. Arch Neurol 36:351-354, 1979. 

28. Haest CWM, Plasa G,  Kamp D, Deuticke B. 
Spectrin a s  a stabilizer of the phospholipid 
asymmetry in the human erythrocyte. Biochim 
Biophys Acta 509:21-32, 1978. 

29. Shohet SV, Livermore BM, Nathan DJ, Jaffe ER. 
Hereditary hemolytic anemia associated with ab- 
normal membrane lipids. Blood 38:445 -456, 
1971. 

30. Paysant M, Delbaufe D, Wald R, Polonoski J.  En- 
zymatic action of rat  red cells on phos- 
phatidylglycerol. Bull SOC Chim Biol49:169- 179, 
1967. 

31. Murphy JR. Erythrocyte metabolism. VI. Cell 
shape and the location of cholesterol in the eryth- 
rocyte membrane. J Lab Clin Med 65:756-774, 
1965. 

32. Sardet C, Hansma H,  Ostwald R. Effects of 
plasma lipoproteins from control and cholesterol- 
fed guinea pigs on red cell morphology and cho- 
lesterol content: An in vitro study. J Lipid Res 

33. Cooper RA. Anemia with spur cells: A red cell 
defect acquired in serum and modified in the cir- 
culation. J Clin Invest 48:1820-1831, 1969. 

34. Mengel CE, Ebbert L, Stickney D, Essig L,  
Brubaker L. Biochemistry of PNH cells: Nature 
of the membrane defect. Ser Haematol3:88- 100, 
1972. 

13:705 - 7 15, 1972. 

Received February 6,1981. P.S.E.B.M. 1982, Vol. 169. 


