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Abstract A diet supplemented with cholesterol and 
coconut oil is atherogenic in dogs. The purpose of the 
present study was to examine the effects of this diet on red 
cells in pure-bred beagles and greyhounds. Within 3 days 
after the initiation of this diet red cell cholesterdphos- 
pholipid increased and membrane fluidity decreased, with 
maximum changes attained by 12 weeks. Serum lipopro- 
tein cholesteroliphospholipid also increased, and serum 
from cholesterol-fed dogs transferred cholesterol t o  normal 
red cells. Significant abnormalities of  liver function devel- 
oped in all cholesterol-fed dogs. Hematocrit declined be- 
ginning at  6 weeks, with a parallel increase in osmotic 
fragility. Reticulocytes were elevated in beagles but normal 
in greyhounds. Red cell morphology resembled acantho- 
cytes or spur cells. All red cell parameters returned to 
normal within 4 weeks after stopping the diet. These 
studies demonstrate that a cholestrol-enriched, atherogenic 
diet causes profound and reversible changes in the lipid 
composition, membrane fluidity, and morphology of red 
cells in dogs.-Cooper, R. A., M. H. Leslie, D. Knight, and 
D. K. Detweiler. Red cell cholesterol enrichment and spur 
cell anemia in dogs fed a cholesterol-enriched, atherogenic 
diet.J. Lipid RP,L 1980. 21: 1082-1089. 
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Cholesterol enrichment of red cell membranes 
associated with hemolytic anemia occurs in several 
rodent species fed diets enriched with cholesterol. 
This was first described in guinea pigs by Okey and 
Greaves ( I ) ,  and it subsequently has been investigated 
in this species by Ostwald and her associates (2-4). 
Similar observations have been made in rabbits (5, 6). 
A characteristic red cell morphologic defect, referred 

his coworkers (8) have described an identical syn- 
drome occurring spontaneously in a mixed-breed dog 
with severe hepatic disease. 

Administration of a cholesterol-enriched diet to 
dogs has been reported to induce hypercholes- 
terolemia (9) and atherosclerosis (1 0, 1 1 ) .  However, 
Butkus and his coworkers (12) concluded that this 
diet did not alter red cell cholesterol, nor did it induce 
anemia. It was therefore a surprise when, in the course 
of administering this diet to pure-bred beagles and 
greyhounds, a beagle developed profound spur  cell 
hemolytic anemia. This prompted us to reexamine 
the effect of this cholesterol-enriched, atherogenic 
diet on red cells in dogs. 

METHODS 

The  animals used in this study were all adult beagles 
and racing greyhounds approximately 2 to 4 years 
of age at the time of the study. T h e  control dogs were 
fed a pelleted commercial diet (Wayne Dog Food, 
Allied Mills, Inc., Chicago, IL). T h e  treated dogs re- 
ceived a pelleted modification of the Malmros- 
Sternby diet (13). This is a semi-synthetic diet con- 
taining 16% coconut oil and 5% cholesterol (test diet 
T D  73427 from Tekland Mills; Madison, WI) which 
are the essential constituents required to produce 
atherosclerosis in euthyroid dogs, as shown by 
Malmros and Sternby (13). T h e  present version of 
the diet was evolved from studies employing this basic 
diet in which certain side effects such as silica 

to as acanthocytes o r  spur cells, accompanies the red ~ 

cell lipid abnormality. This red cell defect in both Abbreviations: C/P, cholesteroYphospholipid mole ratio; r,  
guinea pigs and rabbits is similar to the syndrome of fluorescence anisotropy; DPH, 1,6-diphenyl,l,3,5-hexatriene; p, 

fluorescence polarization. 
spur cell anemia which occurs spontaneously in some 
patients with severe hepatic dysfunction (7). Shull and 
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urolithiasis have been eliminated (10, 11, 14). The  
significant features of this diet are a deficiency in 
essential fatty acids and the high concentration of 
saturated fat. The dogs were given free access to their 
food and intake was determined by weighing the 
amount remaining each 24 hr. All animals were given 
periodic clinical examinations including blood pres- 
sure determination, ECG, blood, and urinalysis, etc. 
They were housed in a large kennel room in individual 
cages with outdoor runs (Federated Medical Re- 
sources, Honeybrook, PA). 

Periodic blood samples were obtained by veni- 
puncture, and anticoagulated with heparin. Red cell 
morphology was assessed on Wright's stained smears. 
Osmotic fragility was carried out as previously re- 
ported (1 5). Red cells were freed of plasma and buffy 
coat by washing thrice with normal saline. Quad- 
ruplicate aliquots of red cells were extracted with 80 
volumes of isopropanol and chloroform. Cholesterol 
was detemined by the method of Zlatkis, Zak, and 
Boyle (17) after washing the extracts free of non- 
lipid phosphorus. Lipid phosphorus was measured by 
the method of Bartlett (1 8). Individual phospholipid 
classes were separated on thin-layer chromatography 
according to Skipski, Peterson, and Barclay (19). 

For measurements of fluorescence anisotropy, red 
cell ghosts were isolated by the method of Dodge, 
Mitchell, and Hanahan (20). The fluorescent probe, 
1,6-diphenyI,l,3,5-hexatriene (DPH) (Aldrich Chemi- 
cal Co., Milwaukee, WI), was used to label red cell 
ghosts. Measurements of fluorescence polarization 
and fluorescence intensity were performed with an 
Elscint MV- 1 microviscosimeter (Elscint Corp., Hacken- 
sack, NJ) equipped with a thermoregulated sample 
chamber (2 1.22). Temperature was measured with an 
electronic thermistor (Cole-Palmer Instrument Co., 
Chicago, IL). 

DPH was kept as a stock solution in tetrahydrofuran 
at a concentration of 2 X lO-3 M. Immediately prior 
to use, it was diluted 1:2000 in 0.155 M NaCl with 
vigorous mixing. One volume of the dilute DPH dis- 
persion was added to one volume of red cell ghosts 
suspended in 0.155 M NaCl at a ghost concentration 
of 1 x loR per ml, and the mixture was incubated at 
37°C for 30 min. 

The microviscosimeter simultaneously analyzes I,, 
and I* and calculates and displays the degree of 
fluorescence polarization (P): 

1 )  

Fluorescence anisotropy (r) is calculated according to 
the relationship: 

p=- Ill - 1, 
Ill + 1, 

Fig. 1. Morphology of red cells from a cholesterol-fed beagle. 

2) 

Plasma lipids were extracted with acetone-ethanol 
1 : 1 at 50°C for measurement of total (17) and un- 
esterified cholesterol (23) and lipid phosphorus (18). 
For both red cells and plasma, phospholipid values 
were taken to equal lipid phosphorus times 25. 'Lipo- 
protein density classes were separated from plasma 
by ultracentrifugation after density adjustment with 
KBr (24). 

To test the effect of cholesterol-enriched plasma 
on normal red cells, red cells from a normal grey- 
hound were washed three times with Hank's balanced 
salt solution, resuspended in Hank's to a hematocrit 
of 10%. and incubated with an equal volume of 
plasma containing penicillin, 1,000 U/ml. Incubations 
were performed in stoppered, sterile 16 x 150 mm 
test tubes in a 37°C atmosphere with shaking at 130 
oscillationdmin for 20 hr. Thereafter, red cells were 
washed free of plasma and extracted for measure- 
ments of lipids, as described above. Data in the text 
are expressed as mean f SE. 

Ill - 1, 
Ill + 21, 

r =  

RESULTS 

Severe anemia occurring in a cholesterol-fed 
beagle called our attention to this disorder in dogs. 
This animal was studied longitudinally. When initially 
studied, this animal had been receiving a cholesterol- 
enriched diet for 16 weeks. His initial hemoglobin 
was 7.9 g/dl and reticulocytes were 2.4%. The red 
cell morphology was characteristic of spur cell anemia 
as it occurs in man and dogs and as it develops when 
rabbits and guinea pigs are fed cholesterol (Fig. 1). 
The initial red cell cholesterol was 23.9 pg/lOR cells 
(normal = 13.6 f 0.3 pg/108 cells). The cholesterol/ 
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220- 6 STOP DIET 

- 215- 1 START DIET 

WEEKS AFTER START OF ATHEROGENIC DIET 

Fig. 2. Fluidity of red cell membranes as influenced by choles- 
terol feeding. Data reported as fluorescence anisotropy of 1,6- 
diphenyl- 1,3,5-hexatriene (DPH) at 37°C. Increased fluorescence 
anisotropy reflects decreased fluidity. 

phospholipid mole ratio of these red cells was in- 
creased from the normal values of 1.04 t 0.02 to 1.53. 
Fluorescence anistropy of DPH was increased from 
the normal values of 0.186 * 0.00 1 to 0.2 16. These 
initial observations suggested that cholesterol feeding 
led to an enrichment of red cell membranes with 
cholesterol, leading to a decreased membrane fluidity 
as evidenced by an increase in the fluorescence an- 
isotropy of DPH. This was associated with spur  cell 
hemolytic anemia. T h e  animal was immediately 
switched to a control diet. 

Three months after instituting a normal diet, all 
of the these determinations had returned to  normal. 
At that time the cholesterol-enriched diet was begun 
again, and serial measurements were carried out. Red 
cell C/P rapidly increased to 1.14 on day 3 with a 
corresponding increase in fluorescence anisotropy 
(Fig. 2) and changes in red cell morphology (Fig. 1). 
Thereafter, both values continued to increase t o  
maximum levels for C/P of 1.38 and maximum values 
for fluorescence anisotropy of 2.15 at 12 weeks. Red 
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Fig. 3. Fluidity of red cell membranes from a normal beagle and 
from the beagle described in Fig. 2 after 20 weeks of cho- 
lesterol feeding. 

WEEKS AFTER START OF ATHEROGENIC DIET 

Fig. 4. 
by cholesterol feeding. 

Red cell osmotic fragility and hematocrit as inHuenced 

cell spiculation continued with no striking change 
from earlier observation points. With continuation 
of the diet, values for C/P remained in the range be- 
tween 1.33 and 1.38, and fluorescence anisotropy 
remained elevated. An analysis of the fluorescence 
anisotropy of DPH over a range of temperatures was 
carried out  at 20 weeks (Fig 3). Values were increased 
in the cholesterol-fed animal throughout the tempera- 
ture range studied, and no phase transition was 
observed. At 24 weeks, a normal diet was reinstituted. 
Membrane fluidity rapidly increased with a full return 
of fluorescence anisotropy to normal within 4 weeks. 
Membrane C/P decreased to 1.13 at 2 weeks after 
reinstituting a normal diet. 

Both the hematocrit and the red cell osmotic 
fragility remained unchanged during the first 6 weeks 
of dietary cholesterol administration (Fig. 4). There- 
after, osmotic fragility progressively increased, asso- 
ciated temporally with a falling hematocrit. Changes 
in osmotic fragility were maximal by the 20th week. 
Upon cessation of the cholesterol-enriched diet, red 
cell osmotic fragility rapidly returned t o  normal, and 
the hematocrit rose to normal levels. Thus,  in this 
beagle, there was the development of cholesterol- 
rich, distorted red cells displaying an increased 
membrane CIP, decreased membrane fluidity, and 
increased osmotic fragility in association with anemia, 
and all of these characteristics reverted t o  normal 
upon reintroduction of  a normal diet. 

‘1’0 determine i f  the observations in this beagle lvere 
unique to this one animal o r  if this phenomenon was 
a general manifestation of cholesterol administration 
t o  dogs, four additional beagles and nine racing 
greyhounds were fed the identical diet for 6 months. 
The  data are summarized in Table 1. Hematocrit 
levels fell in both species at 6 months, but the fall was 
more marked in beagles than in greyhounds. A small, 
but significant, reticulocytosis occurred i n  beagles, 
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TABLE 1. Effects of atherogenic diet for 24 weeks (mean t SEM) 

Beagles" Greyhounds 

Control ( 5 )  Cholesterol-Fed (4) Control (5) Cholesterol-Fed (9) 

Hematocrit, % 
Reticulocytes, % 
Red cell membrane lipids 

Cholesterol, pg/108 cells 
Phospholipid, pg/ lo8 cells 
CholesteroVphospholipid, moVmol 
Fluorescence anisotropy at 37"C(r) 

Plasma lipids 
Free cholesterol, mg/dl 
Esterified cholesterol, mg/dl 
Phospholipids, mg/dl 

49 ? 1 
0.4 ? 0.1 

13.6 ? 0.3 
26.2 ? 0.8 
1.04 t 0.02 

0.186 ? 0.001 

59 ? 5 
110 ? 13 
363 ? 32 

37 t 4 
1.5 ? 0.6 

18.2 ? 1.0 
27.8 ? 1.5 
1.28 ? 0.03 

0.208 ? 0.003 

359 ? 62 
583 ? 140 
790 ? 44 

5 6 ?  1 
0.2 ? 0.1 

12.8 ? 0.1 
24.6 ? 0.5 
1.04 ? 0.01 

0.187 ? 0.002 

44 ? 3 
88 t 5 

302 t 13 

47 t 3 
0.1 ? 0.1 

17.9 ? 0.9 
28.9 ? 1.6 
1.24 ? 0.03 

0.208 ? 0.002 

372 ? 40 
284 ? 46 
674 ? 42 

The  severely affected beagle, described in Figs. 2-4, was excluded from the analyses in Tables I and 3 

whereas there was no significant change in the reticu- 
locyte count in greyhounds. Red cell morphology 
similar to that depicted in Fig. 1 occurred in all dogs 
fed the cholesterol-enriched diet. 

There was a consistent increase in red cell choles- 
terol with only slight increases in the total amount 
of red cell phospholipid in both species. This resulted 
in an increase in the CIP of approximately 25%. There 
were no significant changes in the relative quantities 
of the various phospholipids. Values for fluorescence 
anisotropy increased in parallel with the changes 
in CIP. 

Plasma lipids were also markedly affected by the 
administration of a cholesterol-enriched diet (Table 2). 
Unesterified cholesterol levels rose markedly, as did 
cholesterol esters, but phospholipid levels increased 
to a lesser degree. The lipid composition of individual 
lipoprotein classes was analyzed in pooled plasma 
from the nine cholesterol-fed greyhounds. Only very 
small amounts of lipid were found in density frac- 
tions less than 1.063 g/ml in the control animals, and 
these amounts did not permit accurate quantitation. 
Significant quantities of lipid existed in these lower 
density fractions in the cholesterol-fed animals. The 

CIP of the high density fraction increased from 
0.28 in control animals to 0.41 in the cholesterol-fed 
animals, and lipoproteins containing approximately 
equimolar cholesterol and phospholipid were found 
in the lower density fractions. 

T o  test whether this cholesterol-enriched plasma 
directly affected normal red cells, the red cells from 
a control greyhound were incubated with plasma 
pooled from cholesterol-fed greyhounds. The C/P 
of these red cells prior to incubation was 0.98, and 
it increased to 1.27 after 20 hr incubation in the 
presence of this cholesterol-enriched plasma. 

Abnormalities of liver function were evident within 
one week of instituting the cholesterol-enriched diet, 
and they continued throughout the period of cho- 
lesterol feeding. Values at 24 weeks are shown in Table 
3. These values are similar to the values obtained at 
12 weeks. After one year of exposure to this cho- 
lesterol-enriched diet, all animals were killed. At that 
time atherosclerosis was present in all animals, but 
to a somewhat greater degree in greyhounds. The 
livers of the cholesterol-fed animals exhibited promi- 
nent Kupffer cells, fatty degeneration of hepatocytes, 
ductal proliferation, and focal periportal regenera- 

TABLE 2. Lipoprotein lipids of control and cholesterol-fed greyhounds at 24 weeks 

Cholesterol-Fed Contrtil 

d < 1.006 d = 1.006- 1.063 d = 1.063- 1.2 1 d = 1.06.1-1.21 

Free cholesterol mgidl 36 145 50 39 
Esterified cholesterol mgidl 39 238 9U 90 

Cholesteroliphospholipid moVmol 1.14 1.11 0.4 1 0.28 
Phospholipids mg/dl 63 262 243 277 

The levels of lipoproteins of densities less than 1.063 g/ml were too low for analysis in control animals. Cholesterol 
feeding led to cholesterol enrichment of d = 1.063- 1.21 g/ml lipoproteins and to the appearance of linvei- densit) 
lipoproteins with approximately equimolar cholesterol and phospholipid. Data are expressed in terms of thc concen- 
tration of each constituent in a volume equal to that from which the lipoproteins rvere isolated. 
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TABLE 3. Serum tests of liver function at 24 weeks (mean -t SEM) 

Beagles Grey hounds 

Control Cholester(il- Fed Cmtl -o l  Cholesterol-Fed 
~~ ~~ ~~ 

Total protein, gidl 6.4 t 0.2 4.7 2 0.1 6.1 t 0.2 5.3 t 0.3 

Alkaline phosphatase, I.U./I 29.8 t 13.9 136.0 2 37.2 21.3 t j . 0  43.2 t 6.3 

Albumin, gidl 3.2 -c 0.1 1.8 5 0.1 3.1 f 0.1 1.8 t 0.1 
Bilirubin, mgidl 0.10 t 0.01 0.15 ? 0.02 0.15 t 0.01 0.35 t 0.1 

Lactic dehydrogenase, I.U./I 82.5 t 10.2 249.0 -t 42.3 127.7 t 20.1 325.8 2 21.6 
SGPT, 1.U.il 35.0 t 2.4 179.0 i 23.3 57.5 t 7.6 153.2 t 28.1 
SCOT, I.U./1 26.0 t 3.0 90.5 2 22.3 41.7 t 9.5 93.1 2 13.2 

Values are means k SE 

tion. Thus, this cholesterol-enriched diet had a pro- 
found and deleterious effect on both liver architecture 
and hepatic function. 

DISCUSSION 

These studies demonstrate that a cholesterol-rich, 
atherogenic diet in dogs simultaneously induces 
cholesterol-enrichment of red cell membranes and the 
syndrome of spur cell anemia. It has generally been 
felt that cholesterol enrichment of red cells in animals 
fed lipid-supplemented diets was unique to rodents 
(25). Even among rodents, only rabbits and guinea 
pigs had been clearly demonstrated to develop cho- 
lesterol-enriched red cells when fed diets supple- 
mented with cholesterol. Rats have been particularly 
resistant to cholesterol-enriched diets, with o r  with- 
out corn oil supplements. In  either case, little or  no 
change occurs in the red cell membrane cholesterol 
content in rats (26). Mice fed a diet enriched with both 
cholesterol and cholic acid develop cholesterol en- 
richment of red cell membranes with the correspond- 
ing changes in membrane fluidity, but the morpho- 
logic abnormality seen in the present study and in 
previous reports in rabbits and guinea pigs does not 
occur in such mice (27). 

Some variability appears t o  exist even in the canine 
species. In studies with mongrel dogs, Butkus and 
coworkers (12) found that animals fed a diet identical 
t o  that used in the present study for a period of 12 
months developed an increased red cell osmotic 
fragility but no change in hematocrit. The  beagles 
in the present study developed a more severe degree 
of anemia than the greyhounds, and among the 
beagles studied, one specific animal developed a de- 
gree of anemia out o f  proportion to  the other animals. 
Similarly, among patients with hepatocellular disease 
of seemingly equivalent degrees of severity, the 
occurrence of spur cells and anemia is a very in- 
constant finding, occurring in no more than 5- 10% 
of such patients (28). 

The  finding of red cell cholesterol enrichment in 
the present study is at variance with the red cell 
lipid values reported by Butkus and coworkers 
previously (9). These workers interpreted their data 
as showing no change in red cell cholesterol or  phos- 
pholipid after 12 months of feeding the same diet 
used in the present study to a group of mongrel dogs. 
However, the normal value for C/P iii their study was 
0.64, a distinctly low value for red cells from any 
mammalian species (29) and a value distinctly lower 
than that observed in the beagles and greyhounds 
in the present study. While it is possible that the dif- 
ferences between the present study and that pre- 
viously reported by Butkus and coworkers (9) repre- 
sent variation due to animal species, it is more likely 
that they represent methodologic differences. 

The  diet used in this study was not only enriched 
with cholesterol but was also enriched with coconut 
oil and was deficient in essential fatty acids. Pre- 
vious studies with this diet have demonstrated that 
only minor changes occur in red cell fatty acids after 
4 months of exposure to this diet (12).  However, after 
12 months of continued exposure, a decrease in 18:O 
and 20:4 fatty acids occurs associated with a reciprocal 
increase in 18: 1 and 20:3. Although we did not carry 
out fatty acid measurements in the group of animals 
reported herein, it is likely that tvithin the time frame 
of these experiments, little change occurred in red 
cell fdtty acids. 

The  changes in fluidity observed in the present 
study are similar in magnitude t o  those observed 
under other conditions of red cell cholesterol en- 
richment. These have included red cells obtained 
directly from patients with spur cell anemia, red cells 
incubated in the plasma of such patients, and red cells 
incubated in a medium supplemented with liposomes 
having a C/P ration of greater than 1 .O (2 1,30). These 
changes in fluidity are also similar to those observed 
in mice fed a diet supplemented with cholesterol and 
cholic acid (27). This confirms the general phenome- 
non that cholesterol decreases the mobility of lipids 
in the hydrophobic core of the membrane thus cxeat- 
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ing a more viscous microenvironment in that portion 
of the bilayer probed by DPH. It is not clear whether 
it is the change in membrane fluidity per se o r  some 
other simultaneous change in the membrane asso- 
ciated with cholesterol enrichment which is respon- 
sible for the abnormal morphology of red cells in this 
disorder. 

T h e  increased C/P of serum lipoproteins observed 
in the present study is analogous to observations 
previously made in guinea pigs (31) and rabbits (32). 
In  guinea pigs, the predominant change appears 
to occur in the lipoprotein of density 1.006- 
1.063 g/ml, whereas in rabbits the major change ap- 
pears to occur in a species of lipoproteins of den- 
sity > 1.070 g/ml. The  greyhounds studied herein 
underwent an increase in the cholesterol content and 
the C/P of lipoproteins in the density class 1.063 - 1.2 1 
g/ml. In addition, they acquired substantial quantities 
of lipoproteins which were isolated in lower density 
fractions and which had approximately equimolar 
concentrations of cholesterol and phospholipid. The  
ability of plasma from cholesterol-fed greyhounds to 
transfer cholesterol to red cells during a period of 20 
hr  of incubation in vitro again points up  the similarities 
between this phenomenon in dogs and the phe- 
nomena studied previously in cholesterol-fed guinea 
pigs (4) and in patients with liver disease (7). Thus, it 
appears that cholesterol feeding induces a primary 
change in lipoprotein composition that, by exchange 
equilibrium, imparts a chemical change to red cells 
leading, in turn, to a change in membrane architecture 
and a sensitivity to destruction in vivo. 

Previous workers have described a pattern of liver 
injury in rabbits and guinea pigs fed a cholesterol- 
enriched diet (33, 34). This is characterized by 
centrilobular fatty deposition leading later to diffuse 
portal cirrhosis. Birefringent crystals, presumably 
cholesterol, were observed within the liver. The  pat- 
tern of liver injury in the dogs in the present study 
was similar. It is not known how important this liver 
insult is to the body’s handling of ingested cholesterol 
so  as to maintain circulating lipoproteins which have 
a high UP.  Since liver disease that occurs sponta- 
neously in both man and dogs in the absence of excess 
dietary cholesterol leads to the development of cho- 
lesterol-enriched lipoproteins (7, S), the role that 
hepatic damage in these cholesterol-fed animals plays 
in the sequence of events leading to cholesterol- 
enrichment of plasma lipoproteins and red cell mem- 
branes cannot be discounted. 

I n  previous studies in vitro, the addition of cho- 
lesterol to red cell membranes has expanded the sur- 
face area and decreased red cell osmotic fragility (7, 
35) .  In contrast, the osmotic fragility of red cells 

during the early weeks of cholesterol feeding was 
normal at a time when red cell enrichment with 
cholesterol had already been established. This is 
analogous to the observations in patients in whom 
it was found that the osmotic fragility of red cells is 
normal despite their added cholesterol (7). Using 51Cr- 
labeled red cells in patients with spur cell anemia, it has 
been shown that normal red cells initially become 
resistant to osmotic lysis after exposure to the cho- 
lesterol-enriched environment in vivo, but within 
24 hr  begin to return to a normal osmotic fragility 
(7). In the absence of the spleen, red cells in spur cell 
anemia retain their decreased osmotic fragility (36). 
From these two observations it was concluded that the 
process of addition of cholesterol to red cell mem- 
branes both in vivo and in vitro is associated with an 
expansion of membrane surface area and a decrease 
in osmotic fragility. In the presence of the spleen in 
vivo, these red cells undergo a secondary modification 
of membrane architecture characterized by further 
changes in red cell morphology and the loss of sur- 
face area, thereby reestablishing an osmotic fragility 
that is within the normal range (7, 36). Indeed, re- 
moval of the excess cholesterol from such cells results 
in spherocytic, osmotically fragile red cells (7). 

The  delayed onset of hemolysis in guinea pigs and 
rabbits, as well as the delayed onset of anemia in dogs 
herein, suggests that some factors beyond cholesterol 
enrichment of red cell membranes alone may be 
crucial for the development of anemia. T o  what ex- 
tent are progressive liver disease and splenic con- 
gestion these factors? Liver disease in man is known 
to have two independent effects on anemia (37). First 
is decreased red cell production, and second is pre- 
mature red cell destruction in the spleen. In  man, 
congestive splenomegaly alone is capable of modifying 
red cell membranes and causing a mild degree of 
cell destruction (38). It is unknown whether, in any 
of the animal species fed cholesterol-enriched diets, 
portal cirrhosis induces portal hypertension and 
splenic congestion and, if so, whether it induces a 
hemolytic component. Red cell survival was not 
directly determined in the present study. The  small 
but significant reticulocytosis in beagles may reflect a 
mild hemolytic component. However, the absence of 
reticulocytosis in greyhounds suggests that anemia in 
this species was due predominently to under- 
production. 

In both species, the falling hematocrit observed 
was coincident with an increase in osmotic fragility, 
suggesting that red cell surface area decreased. This 
suggests that the changes in membrane cholesterol 
and fluidity during the initial 6 weeks of dietary 
cholesterol were insufficient in magnitude to lead 
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t o  red cell damage in vivo. In contrast ,  the incre- 
m e n t  in  both which occurred  between 6 and 12 weeks 
may have c rea ted  a magn i tude  o f  membrane struc- 
tu ra l  d i so rde r  tha t  was sufficient t o  be perceived as 
abnormal ,  t h u s  leading to  a loss of red cell surface 
area and p rema tu re  red cell destruction. I n  m a n ,  t h e  
predominant organ responsible for t h e  destruction 
of s p u r  cells is t h e  spleen. Whe the r  or not  this is t h e  
case in  dogs  is unknown.  

Th i s  r epor t  represents  t h e  first demonst ra t ion  of 
s p u r  cell anemia  in dogs  induced  by cholesterol feed- 
ing. T h i s  process is reversible, a n d ,  indeed ,  was 
acquired and reversed o n  two successive occasions 
in a single animal.  T h i s  s tudy  serves to  emphas ize  
t h e  impor tance  o f  cholesterol homeostasis f o r  t h e  
main tenance  o f  no rma l  red cells in vivo.m 

These studies were supported by Research Grant AM-1544 1 
from the National Institutes of Health and Contract 
2323-75-3001 from the Food and Drug Administration. 
Manuscrzpt recezvpd 11 March 1980 and zn rrvited form 27 May 1980. 

REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

Okey, R., and V. D. Greaves. 1939. Anemia caused by 
feeding cholesterol to guinea pigs. J .  Biol. Chem. 129: 

Ostwald, R., and A. Shannon. 1964. Composition of 
tissue lipids and anemia of guinea pigs in response 
to dietary cholesterol. Biochem. J .  91: 146- 154. 
Kroes, J. R., R. Ostwald, and A. Keith. 1972. Erythro- 
cyte membranes-compression of lipid phases by in- 
creased cholesterol content. Biochim. Biophys. Acta. 274: 
71-74. 
Sardet, C., H. Hansma, and R. Ostwald. 1972. Effects 
of plasma lipoproteins from control and cholesterol-fed 
guinea pigs on red cell morphology and cholesterol 
content: an in vitro study. J .  Lipid Res. 13: 705-715. 
Pinter, G. G., and R. E. Bailey. 196 1. Anemia of rabbits 
fed a cholesterol-containing diet. Ampr. J .  Physiol. 200: 

Westerman, M. P., R. G. Wiggans 111, and R. Mao. 1970. 
Anemia and hypercholesterolemia in cholesterol-fed 
rabbits. J .  Lab. Clin. Med. 75: 893-902. 
Cooper, R. A. 1969. Anemia with spur cells: a red cell 
defect acquired in serum and modified in the circula- 
tion. J .  Clin. Invp.Tt. 47: 809-822. 
Shull, R. M., S. E. Bunch, J .  Maribei, and G. L. Spauld- 
ing. 1978. Spur cell anemia in a d0g.J. Am. Vet.  Med. 

Butkus, A., L. A. Ehrhart, A.  L. Robertson, and L. A .  
Lewis. 1970. Effects of diets rich in saturated fatty acids 
with or without added cholesterol on plasma lipids and 
lipoproteins. Lipid.c 5: 896-907. 
Butkus, A,, A. L. Robertson, I,. ‘4. Ehrhart, and L,. A. 

1972. Aortic lipids at different stages of canine 
experimental arteriosclerosis. Exp. Mol. Pathol. 16: 
311-325. 

11 1- 123. 

292-296. 

14.t~oc. 1 73 : 9 7 8 - 982. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

Robertson, A.  L., A. Butkus, L. A. Ehrhart, and L. A. 
Lewis. 1972. Experimental arteriosclerosis in dogs. 
Evaluation of anatomopathological findings. Athero- 
sclerosis. 15: 307 - 32 7 .  
Butkus, A., L. A. Ehrhart, L. A. Lewis, and K. G. 
McCullagh. 1974. Changes in erythrocyte lipid com- 
position and osmotic fragility in dogs fed an athero- 
genic diet. Artery. 1: 46-62. 
Malmros, H., and N. H. Sternby. 1968. Induction of 
atherosclerosis in dogs by thiouracil-free semi-syn- 
thetic diet containing cholesterol and hydrogenated 
coconut oil. Prog. Biochem. Pharmacol. 4: 482-487. 
Ehrhart, L. A., and K. G .  McCullagh. 1973. Silica 
urolithiasis in dogs fed on atherogenic diet. Proc. Sac. 
Exp.  Biol. Med. 143: 131-132. 
Cooper, R. A., and J. H. Jandl. 1968. Bile salts and 
cholesterol in the pathogenesis of target cells in ob- 
structive juandice.J. Clin. Invest. 47: 809-822. 
Rose, H. G., and M. Oklander. 1965. Improved pro- 
cedure for the extraction of lipids from human 
erythrocytes. J .  Lipid Res. 6: 428-43 1. 
Zlatkis, A., B. Zak, and A. J. Boyle. 1953. A new method 
for the direct determination of serum cholesterol. 

J .  Lab. Clin. Med. 41: 486-492. 
Bartlett, G. R. 1959. Phosphorus assay in column 
chromatograhy. J .  Biol. Chem. 234: 466-468. 
Skipski, V. P., R. F. Peterson, and M. Barclay. 1964. 
Quantitative analysis of phospholipids by thin-layer 
chromatography. Biochem. J .  90: 374-378. 
Dodge, J. T . ,  C. Mitchell, and D. J. Hanahan. 1963. 
T h e  preparation and chemical characteristics of hemo- 
globin-free ghosts of human erythrocytes. Arch. Bio- 
chem. Biophys. 100: 119-130. 
Cooper, R. A., M. H. Leslie, S. Fischkoff, M. Shinitzky, 
and S. J. Shattil. 1978. Factors influencing the lipid 
composition and fluidity of red cell membranes in vitro: 
production of red cells possessing more than two 
cholesterols per phospholipid. Biochemistry. 17: 327- 
331. 
Shinitzky, M., and M. Inbar. 1976. Microviscosity 
parameters and protein mobility in biological mem- 
branes. Biochim. Biophys. Acta. 433: 133- 149. 
Brown, H. H. ,  A. Zlatkis, B. Zak, and A. J. Boyle. 
1954. Rapid procedure for determination of free serum 
cholesterol. Anal. Chem. 26: 397-399. 
Havel, R. J . ,  H. A. Eder, and J .  H. Bragdon. 1955. 
The  distribution and chemical composition of ultra- 
centrifugally separated lipoproteins in human serum. 
J .  Clin. Inve,\t. 34: 1345-1353. 
Nelson, G. L. 1972. Lipid composition and metabolism 
o f  erythrocytes. In Blood Lipids and Lipoproteins: 
Quantitation, Composition, and Metabolism. G. J. 
Nelson, editor Wiley-Interscience, New York. 317-386. 
Bloj, B., R. D. Morero, and R. N. Farias. 1973. Mem- 
brane fluidity, cholesterol and allosteric transitions of 
membrane-bound M$+-ATPase, (Na+ + K.+)-ATPase 
and acetylcholinesterase from rat erythrocytes. FEBS 

Ip, S. H-C., J. Abrahm, and R. A. Cooper. 1980. 
Enhancement of. blastogenesis in cholesterol-enriched 
lymphocytes. J .  Immunol. 124: 87-93. 
Cooper, R. A. ,  M. Diloy-Puray, P. Lando, and M. S. 
Greenberg. 1972. An analysis of lipoproteins, bile acids, 
and red cell membranes associated with target cells and 

Lptt. 38: 100-105. 

1088 Journal of Lipid Research Volume 2 1, 1980 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


spur cells in patients with liver disease. J .  Clin. Invest. 

29. Rouser, G., G. J. Nelson, S. Fleischer, and G. Simon. 
1968. Lipid composition of animal cell membranes, 
organelles and organs. In Biological Membranes: 
Physical Fact and Function. D. Chapman, editor. 
Academic Press, London. 5-70. 

30. Vanderkooi, J., S. Fischkoff, B. Chance, and R. A. 
Cooper. 1974. Fluorescent probe analyses of the lipid 
architecture of natural and experimental cholesterol- 
rich membranes. Biochemktly. 13: 1589- 1595. 

31. Puppione, D. L., C. Sardet, W. Yamanaka, R. Ostwald, 
and A. V. Nichols. 1971. Plasma lipoproteins of cho- 
lesterol-fed guinea pigs. Biochim. Biophys. Acta. 231: 

32. Pinon, J-C., and A. M. Bridoux. 1977. High density 
lipoproteins in cholestrol-fed rabbits: progressive en- 
richment with free cholesterol. Artery. 3: 59-7 1. 

33. Gupta, P. P., H. D. Tandon, and V. Ramalingaswami. 
1976. Cirrhosis of the liver in rabbits induced by a 

51: 3182-3192. 

295-301. 

high cholesterol diet-an experimental model. Indian 
J .  Med. Res. 64: 1516-1526. 

34. Yamanaka, W., R. Ostwald, and S. W. French. 1967. 
Histopathology of guinea pigs with cholesterol-induced 
anemia. Proc. SOC. Exp. Bzol. Med. 125: 303-306. 

35. Cooper, R. A., E. C. Arner, J. S. Wiley, and S. J. Shattil. 
1975. Modification of red cell membrane structure by 
cholesterol-rich lipid dispersions. A model for the 
primary spur cell defect.]. Clin. Invest. 55: 115- 126. 

36. Cooper, R. A,,  D. B. Kimball, and J. R. Durocher. 1974. 
The role of the spleen in membrane conditioning and 
hemolysis of spur cells in liver disease. N .  Engl. J .  Med. 

37. Jandl, J. H. 1955. The anemia of liver disease: ob- 
servations on its mechanism. ]. Clin. Invest. 34: 390- 
403. 

38. Jandl, J. H., H. S. Jacob, and G. A. Daland. 1961. Hyper- 
splenism due to infection: a study of five case mani- 
festing hemolytic anemia. N .  Engl. J .  Med. 264: 

290: 1279- 1284. 

1063- 107 1 .  

Cooper et al. Spur cell anemia in dogs fed an atherogenic diet 1089 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

