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When young rhesus monkeys are fed diets 
deficient in vitamin E, they develop a charac- 
teristic syndrome of anemia and muscular 
weakness after 1-3 years (1, 2 ) .  During the 
anemia the lifespan of the circulating ery- 
throcytes is reduced by about two thirds of 
normal ( 3 ) ,  and the bone marrow is hyper- 
cellular (4). There is a granulocytosis but 
only a slight reticulocytosis (1, 2, 4). Treat- 
ment with alpha-tocopherol induces reticulo- 
cytosis and rapid remission of the anemia 
and muscular weakness ( 1-4). 

Although erythrocyte survival is reduced, 
abnormal erythropoiesis is accorded the pri- 
mary role in producing the anemia of vitamin 
E deficiency (1, 4, 5 ) .  Not only is the bone 
marrow hypercellular as judged from mor- 
phological studies (4 )  and from measure- 
ments of DNA and RNA content ( 6 ) ,  there 
are also abnormalities of the nucleated ery- 
throid cells (4). Porter et al. (4), found 
many of the erythroid cells to be multinu- 
cleated, and they describe the nuclei of all 
nucleated erythroid cells of anemic, vitamin 
E-deficient monkeys as more deeply staining 
and homogenous than normal. T o  further 
define this abnormality of erythropoises, au- 
toradiographic techniques were used in the 
present study of thymidine, deoxyuridine, 

uridine, and leucine incorporation into bone 
marrow cells. 

Materials and Methods. Young rhesus 
monkeys (Macaca multatta) were fed a soy- 
bean protein-based, vitamin E-deficient diet 
lsee Table I of Ref. ( 7 )  1 supplemented with 
2 ‘/c of calcium carbonate and 0.1 % of ferrous 
sulfate heptahydrate at  the expense of a simi- 
lar weight of corn starch. This extra supple- 
ment of iron is more than enough to prevent 
the occurence of iron-decciency anemia, 
which otherwise may occur in monkeys fed 
this diet (7 ) .  Control monkeys received on 
their food 80 mg of dl-alpha-tocopheryl ace- 
tate dissolved in ethanol three times weekly. 
Control and vitamin E-deficient monkeys 
were always studied stimultaneously. 

To monitor the course of the anemia, blood 
was obtained a t  intervals from an ear vein 
for determination of hemoglobin concentra- 

* Supported by Research Grant AM-04308 from 
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TABLE I. Hematologic Da ta  on Peripheral Blood. 

Monkey Days on Hemoglobin Reticulocyte Hemato- 
no. diet (g/lOO ml) count (%) crit (%) Comments 

- 7 controls 288-370 13.6 1.1 45 

277 370 6.5 2.8 23 I n  relapse 137 days after 0.1 g of a- 

274 288 6.6 2.2 19 
346 3.9 6.6 14 

281 288 9.5 3.3 31 

tocopherol 
- 
- 
- 

346 6.1 3.0 22 Subsequently a remission to 0.1 g of a- 
tocopherol 

tion, hematocrit, and reticulocyte count. 
When the present studies were performed, 
the deficient monkeys had the typical muscu- 
lar weakness and anemia (Table I) of vitam- 
in E deficiency, including the previously de- 
scribed multinucleation and other abnormali- 
ties of the nuclei of erythroid cells in the 
bone marrow (4).  

Bone marrow samples of approximately 0.5 
ml were obtained by tibia1 aspiration and 
routine smears on glass cover slips were made 
immediately. The remainders of the samples 
were diluted 1:6 with tissue culture medium 
(TC 199) and mixed by gentle inversion. 
For incubation, aliquots of the diluted sam- 
ples were put into l-ml test tubes containing 

TABLE 11. Average Grain Counts per Labeled Cell and Percentage of Labeled Bone Marrow 
Cells from Vitamin E-Supplemented and Vitamin E-Deficient Monkeys after in Vitro Incubation 

(2 hr) with Tritium-Labeled Thymidine, Deoxyuridine, Uridine and Leucine. 

Erythroid cell group" Myeloid cell group Undifferentiated cells 
- - - 
(X L- SEb) (X L- SE) (X L- SE) 

E-supple- E-supple- E-supple- 
Pr ccu r sor mented E-deficient mented E-deficient mented E-deficient 

Thymidine 
Grain count 11.8 2 1.5 29.5 4 4.3" 15.3 & 1.4 33.2 2 5.3" 31.0 & 7.7 28.2 4 9.7 
Labeled (%) 28.8 L- 5.9 26.8 4 2.9 34.7 & 6.3 32.8 & 3.3 34.5 & 5.2 37.4 4 6.5 

Grain count 23.1 2 2.3 35.4 4 3.3" 20.3 2 1.7 35.6 & 4.8" 25.6 3.5 36.8 4 7.0 
Labeled (5%) 32.4 & 8.5 33.5 4 8.1 36.1 2 3.1 41.2 L- 3.6 45.2 & 4.3 44.1 4 5.4 

Graincount 13.5 & 1.7 23.9 4 3.2" 16.1 f 2.1 27.4 & 3.5" 23.7 5 4.9 33.7 4 6.7 
Labeled (76) 35.3 2.9 40.3 4 3.8 39.3 & 4.9 46.1 L- 4.4 42.6 & 4.4 47.0 4 6.4 

Graincount 10.0 & 1.3 16.3 4 1.8" 11.0 & 0.8 16.9 L- 2.5" 8.3 1.1 22.3 4 3.gC 
Labeled (To) 41.7 & 3.4 36.6 4 1.6 30.9 -c 4.4 37.1 2 5.4 42.4 & 6.1 46.7 2 7.1 

Deoxyuridine 

Uridine 

Leucine 

"The  nucleated erythroid cell group includes blasts and normoblasts and the myeloid cell 

* The symbols X & SE are the arithmetic mean 2 the standard error of the mean. 
group includes the blasts, myelocytes, and bands. 

Indicates a statistical difference between the E-supplemented and the E-deficient marrow 
cells with a p value of 0.05 or less. For thymidine-8H and ~ r i d i n e - ~ H  there were 8 samples from 
6 vitamin E-supplemented animals taken a t  the same time 5 bone marrow samples were drawn 
from anemic vitamin E-deficient animals. The number of samples for deoxyuridine-8H and 
leuci~ie-~H were : E-supplemented, 5 and 5 ; E-deficient, 3 and 4, respectively. Three deficient 
animals were used in  this study and where more than 1 sample was taken from the anemic ani- 
mal, they were taken two months apart. 
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one of the following: thymidine-:'H, deoxy- 
uridine-:+H, uridine-S-:{H, or l-le~cine-4-5-~H 
(Nuclear-Chicago, Des Plaines, Ill.) : the 
final concentration was 1 pCi/ml with each 
compound a t  a specific activity of 5 Ci,/ 
mmole. The incubation temperature was 37" 
and the gas phase was room air. During 
the incubation period, samples were occasion- 
ally mixed by gentle inversion. After 1 hr 
and again after 2 hr of incubation, smears 
were prepared on glass slides. The smears 
were fixed in absolute methanol for 5 min 
and in cold trichloroacetic acid solution for 
10 min after which they were washed in 
water before being covered with Kodak 
NTB3 liquid photographic emulsion (8 ) .  The 
slides covered with emulsion were stored in 
the cold, 14 days for thymidine-:{H and 
deoxyuridine-3H and 28 days for uridine-:{H 
and leucine-'H. The emulsions were then de- 
veloped for 2 min a t  19" in Kodak D-19, 
fixed in acidified thiosulfate and stained with 
Geimsa at  pH 5.75 (8 ) .  The number of 
reduced silver grains over each cell (grain 
count) for a t  least 1000 marrow cells for each 
of 4 slides from each sample and for each 
"H-labeled compound was recorded. Selected 
slides were treated with DNase or RNase 
prior to autoradiographic analysis (9) .  

Results. With each of the "H-labeled com- 
pounds, the grain count per labeled cell in- 
creased between the 1- and 2-hr measure- 
ments indicating that either interval was suit- 
able for these studies. For brevity, only the 
values obtained from the 2-hr interval are 
given in Tables I1 and 111. In these tables, 
uptake is expressed both in terms of the 
percentage of labeled cells and of the grain 
count per labeled cell. Individual cell types 
were evaluated separately but with the excep- 
tions to be cited subsequently, erythroid and 
myeloid cells could conveniently be treated 
as groups as in Table 11. Data for individual 
cell types are given in Table 111. 

During the anemia of vitamin E deficien- 
cy, there was an increase in the grain count 
per labeled cell of most but not all cell types 
(Table 111). On the other hand, the percen- 
tage of "H-labeled bone marrow cells was not 
altered appreciably from control values (Ta- 
bles I1 and 111). 

Not shown in Tables I1 and I11 are two 
exceptions to the general increase in grain 
counts: ( a )  leucine-3H labeling of reticulo- 
cytes was the same in the vitamin E-deficient 
as in control bone marrow samples; (b)  
although approximately 20% of the nu- 
cleated erythroid cells were observed to be 
multinucleated in routine bone marrow 
smears from the vitamin E-deficient monk- 
eys, most of these cells were absent from the 
smears prepared for autoradiographic analy- 
sis, and none of the remaining multinucleated 
cells incorporated thymidine-:<H. 

In complementary studies, pretreatment 
with DNase removed the :3H-label from the 
thymidine-:{H and deoxyuridine-"H but not 
from uridine-:+H or leucine-:{H labeled smears, 
and RNase treatment removed the "H-label 
from the uridine-'{H labeled smears but not 
from the thymidine-:{H, deoxyuridine-.?H, or 
leucine-"H labeled smears. Also, washing 
methanol-fixed, "-labeled smears with cold 
trichloroacetic acid for 1 min resulted in some 
reduction in grain count, but further treat- 
ment with cold trichloroacetic acid produced 
no greater reduction. These findings are evi- 
dence that thymidine-:<H and deoxyuridine-"H 
were incorporated into DNA, that uridine-:<H 
was incorporated into RNA and that leucine- 
:'H was incorporated into protein. 

Discussion. The general increase in grain 
counts of the labeled cells in vitamin E- 
deficient bone marrow could be due either to 
increased metabolic activity or to less dilu- 
tion of the "H-labeled precursors by small 
intracellular pools of the compounds. In  the 
case of thymidine-", though, the latter ex- 
planation may not be applicable, for the in- 
tracellular concentration of thymidine nor- 
mally is small in bone marrow cells (10) and 
would not be expected to greatly alter the 
labeling pattern from thymidine-"H. For the 
other "H-compounds, our autoradiographic 
data alone do not permit a choice between 
the two explanations. However, by consider- 
ing these new data in the light of earlier 
studies of bone marrow from vitamin E- 
deficient monkeys, an argument can be made 
for increased metabolic activity. 

The early studies demonstrated the bone 
marrow of vitamin E-deficient monkeys to be 
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hypercellular (4, 6) with an increase in the 
number of nucleated erythroid cells (4), but 
it was not possible to decide if the increased 
number of erythroid cells was due to active 
proliferation or to prolonged residence in the 
bone marrow. Finding increased specific ac- 
tivity of bone marrow DNA after an injec- 
tion of formate-14C (1 1) failed to resolve the 
issue for the following reason: There was 
already evidence of increased granulocyto- 
poiesis in vitamin E-deficient monkeys ( 1) .  
Thus increased labeling of DNA in myeloid 
cells would be expected, as was confirmed in 
the present studies, and possibly could have 
explained the increased specific activity of 
bone marrow DNA. This explanation of the 
data from formate-lT studies may now be 
discarded since the present work shows that 
increased labeling of DNA by thymidine-”H 
and de~xyuridine-~H involves erythroid as 
well as myeloid cells. Therefore, it is con- 
cluded that the increased number of ery- 
throid cells in bone marrow of vitamin E- 
deficient monkeys is due, a t  least in part, to 
active proliferation. In turn it is reasonable 
to suppose that the proliferating cells have 
increased metabolic activity and hence in- 
creased grain counts from :{H-precursors of 
nucleic acids and proteins. Furthermore, the 
increased incorporation of formate-I4C, deoxy- 
uridine-”, and thymidine-3H suggest no al- 
teration of de novo DNA synthesis in the 
labeled bone marrow cells. 

If there is active erythropoiesis, why does 
not the bone marrow compensate for the ac- 
celeration of erythroid destruction in vitamin 
E-deficient monkeys? While an answer to 
this question a t  the molecular level is not 
provided by any study performed so far, it is 
possible to deduce that many of the extra 
erythroid cells (presumably including the 
fragile, metabolically slow multinucleated 
cells) die in the bone marrow of vitamin 
E-deficient monkeys. The cause of this pre- 
mature death merits further study. 

Recognition that there is premature death 
of erythroid cells in the bone marrow, allows 
an explanation of the shortened half-time of 
erythrocyte survival in vitamin E-deficient 
monkeys. With failure of the bone marrow to 

produce erythrocytes, the average age of cir- 
culating erythrocytes would increase. As the 
erythrocyte population ages, the half time of 
erythrocyte survival would get progressively 
shorter and the anemia progressively worse. 
Thus the intrinsic defect in the erythrocyte of 
vitamin E-deficient monkeys, which was ob- 
served in cross transfusion experiments ( 1 2  ) 
could be due to aging as well as to production 
of a defective erythrocyte. 

Summary. The incorporation of :3H-labeled 
thymidine, deoxyuridine, uridine, and Z-leuc- 
ine into bone marrow cells of vitamin E- 
deficient and control monkeys was measured 
in autoradiographic studies. During the ane- 
mic of vitamin E-deficiency there was an 
increase in the grain count per labeled cell of 
most cell types in the erythroid and myeloid 
series, while the percentage of “-labeled 
cells was not altered from control values. Mul- 
tinucleated erythroid cells in the bone mar- 
row of vitamin E-deficient monkeys were not 
labeled by th~mid ine -~H.  These findings are 
evidence that active erythropoiesis associated 
with premature death of erythroid cells oc- 
curs in the hypercellular bone marrow of 
anemic vitamin E- deficient monkeys. 
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