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Extract 

These studies have determined the erythropoietic response of the chronically calorie-deprived pig 
to the hypoxic stress of phlebotomy. Three animals were maintained on diets sufficiently restricted 
to prohibit weight gain from twenty-one days to six months of age. The animals were anemic, with 
hematocrit values of 35 %, and were subjected to controlled phlebotomy of one-third the total erythro- 
cyte mass. During a subsequent two-month period, two of the animals were given a caloric diet ad 
libitum and a seven-fold increase in weight, accompanied by active erythropoiesis and an increase in 
hematocrit, was observed. Phlebotomy studies were repeated after the period of ad libitum feeding. 
The erythropoietic response to phlebotomy was evaluated in both the undernourished and the re- 
habilitated pigs by study of erythropoietin excretion, circulating reticulocyte numbers, iron kinetics, 
Cr51 total RBC mass, bone marrow morphology, and changes in serum iron concentration. 

When measured on day 2 preceeding phlebotomy, the calorie-deprived animals had very low con- 
centrations of urinary erythropoietin (0.06 U/24 h) which, following blood loss, promptly increased 
to a concentration of 2.0 U/24 h. A similar prompt response was seen in the rehabilitated animals 
(fig. 1). Prior to phlebotomy, plasma iron turnover was < 1.0 mg/100 ml whole blood124 h and promptly 
increased to 1.5-2.0 mg/100 ml whole blood/24 h by four days after phlebotomy (fig.2). There was 
a marked increase in iron utilization for erythrocyte production when measured six days following 
phlebotomy (fig. 3). A decrease in the myeloid: erythroid ratio of the marrow accompanied these 
other evidences of increasing erythropoiesis (fig. 4). The degree of response in the calorie-deprived 
and in the rehabilitated animals was similar. The calorie-deprived animals had a higher reticulocyte 
response to phlebotomy than the animals fed ad libitum, but reestablished the prephlebotomy hemato- 
crit no more rapidly (figs. 5 and 6). The higher reticulocyte counts in the undernourished pigs was 
shown to be related to less mature reticulocytes entering the circulation following the bleeding stress, 
reflecting a greater degree of marrow 'shift' (fig. 8). 

Calculation of total erythrocyte production in response to phlebotomy under conditions of severe 
caloric deprivation and ad libitum feeding demonstrates that a comparable response occurred under 
both experimental conditions. 

Speculation 

These studies support the hypothesis that anemia accompanying chronic caloric deprivation in the 
pig is not caused by a primary lack of essential nutrients, but represents an adaptive response to the 
decreased metabolic needs of the chronically undernourished organism. I t  is likely that the moderate 
anemia sometimes seen in marasmic infants is due to a similar mechanism. If such is the case, thera- 
peutic measures such as blood transfusions and administration ofvarious hematinics directed primarily 
at altering this adaptive phenomenon would appear contraindicated in the management of the maras- 
mic infant. 



Introduction 

The use of young pigs for the study of the effects on 
erythropoiesis of prolonged caloric undernutrition in 
the growing animal has been described previously [6] .  
These studies were prompted by the knowledge that 
severe caloric undernutrition in growing infants is 
common in many parts of the world. Undernourished 
infants often have complicating infections and infesta- 
tions and may have isolated specific nutritional defi- 
ciencies that make it difficult to define the effects of 
caloric deprivation on erythropoiesis. The develop- 
ment of an animal model free of such complications 
has been found to be particularly useful in studies of 
erythropoieses. 

A diet that provided for normal growth in young 
pigs was fed in quantities so restricted that a failure to 
gain weight for as long a period as ten months resulted. 
Such animals were shown to develop a progressive de- 
crease in total erythrocyte mass and a lower hemoglo- 
bin concentration than have pigs fed the same diet ad 
libitum. It was demonstrated that this anemia was the 
result of decreased erythropoiesis. Erythropoietin ex- 
cretion was found to be low and it was postulated that 
the decreased production of erythrocytes was the result 
of decreased stimulation of erythropoiesis [6] .  

An attempt was made in the present study to deter- 
mine whether, in the chronically undernourished pig, 
erythropoietin excretion was increased in response to 
a hypoxic stimulus and, if so, whether the rate of ery- 
thropoiesis was increased. The response to controlled 
acute phlebotomy was measured while the animals 
were being maintained on a severely restricted caloric 
intake. This response was compared with that of the 
same animals subjected to similar phlebotomy follow- 
ing rehabilitation with intake of the diet ad libitum for 
a period of two months. 

Material and Methods 

The method of dietary restriction and the management 
of the undernourished animals have been described 
previously [6]. Three animals were subjected to phle- 
botomy after six months of dietary restriction. There 
was little weight gain during this six-month period; at  
the time of phlebotomy, hematocrit values were 33.8, 
35.0, and 37.0 %. The restricted diet was not changed, 
and the weight remained stable during the period of 
these studies. Two of the animals were then fed the 
diet ad libitum. After two months of such feeding, 
weights were increased seven-fold and active erythro- 
poiesis was evident. Phlebotomy was again performed. 

These animals continued to be fed ad libitum and con- 
tinued to gain weight during the second period of 
study. 

Peripheral blood counts were performed using stand- 
ard methods [6] .  Reticulocyte counts were expressed 
as percent after correction of all counts to a hematocrit 
of 43 %. Determination of Cr51 erythrocyte mass, Fe59 
iron kinetics, erythropoietin excretion, serum iron and 
total iron-binding capacity were performed as previ- 
ously described [6] .  Bone marrow was aspirated from 
the sternum and cover slip smears prepared. The mye- 
loid: erythroid ratio was determined by counting 500 
marrow cells. All nucleated erythrocyte and myeloid 
precursors, excluding segmented cells, were included 
in these counts. 

During a period of two to four hours, phlebotomy 
was performed using the anterior vena cava. Immedi- 
ately following the procedure, the animals were given 
an infusion of 6 % Dextran equal to one-half of the 
volume of blood removed by phlebotomy. 

In each of the experiments, the day on which phle- 
botomy was performed was designated as day 0. 
Phlebotomy bleeding was calculated to remove one- 
third of the estimated total circulating erythrocyte 
mass in an attempt to produce a comparable stimulus 
in each of the animals. One rehabilitated pig required 
a second phlebotomy on day 2 to achieve the desired 
level of blood loss. Quantitative 24-hour urine collec- 
tions for erythropoietin assay were obtained three days 
and one day prior to phlebotomy, and on the first, 
third and fifth days following phlebotomy. Measure- 
ment of the plasma iron turnover and bone marrow 
aspirations were performed prior to phlebotomy, on 
day 0, and on days 2,4, and 6. Frequent venous blood 
samples were taken following the injection of Fe59 on 
day 6 for measurement of the utilization of Fe59 for 
red cell production. Values for hematocrit and reticu- 
locyte count were obtained daily for several days prior 
to phlebotomy and until the completion of the experi- 
ment. The total erythrocyte mass was measured before 
phlebotomy on day 0. A second determination of the 
total red cell mass was performed when the hematocrit 
had approached the level found prior to phlebotomy. 

The amount of iron required for erythropoiesis 
following phlebotomy was estimated. The under- 
nourished animals had received 150 mg of ImferonB 
on the third day of life and a daily dietary intake of 
approximately 8.5 mg of iron for a period of six months 
while on the restricted diet. Previous observations had 
demonstrated on accumulation of considerable iron 
stores during this regimen and no additional iron was 
given prior to or following phlebotomy. 

Erythropoietin assays, using a polycythemic mouse, 
were performed and are expressed as units of erythro- 
poietin standard B/24 hours. 



340 STEKEL, SMITH Hematologic studies of severe undernutrition of infancy. 

The diet of the rehabilitated animals provided a 
daily intake of approximately 100 mg of iron, which 
was supplemented with an  injection of 1200 mg of 
1mferonB 30 days prior to phlebotomy. Following 
phlebotomy, the diet was further supplemented with 
ferrous sulfate given orally in a dose of 175 mg of ele- 
mental iron three times each day from day 0 to day 11 
and 75 mg three times each day from day 11 to day 30 

Results 

Erythropoietin Excretion 
The results of assays of urinary er~thropoietin are 

shown in figure 1. The assays of a single 24-hour urine 
collection or of two pooled 24-hour urine collections 
from the undernourished pigs failed to reveal any 
detectable erythropoietin activity prior to phlebotomy. 
When prephlebotomy urine collections from the three 
undernourished pigs were pooled for a total collection 
period of 110 hours, erythropoietin activity could be 
detected. The activity was equivalent to 0.06 U/24 h 
urine collection. An increase in erythropoietin activity 
was detected following phlebotomy in urine of the 
undernourished animals when measured on days 2, 
4, and 6. 

In  the rehabilitated animals, erythropoietin activity 
was readily detected in 24-hour urine collections prior 
to phlebotomy. Following phlebotomy, there was an 
increase in the excretion of urinary erythropoietin. 

Plasma Iron Turnover 
Values for plasma iron turnover were calculated in 

the undernourished animals prior to phlebotomy and 
on days 2 and 4, and in one animal, on day 6. The re- 
sults are shown in figure 2. Values calculated for the 
undernourished pigs prior to phlebotomy were similar 
to those previously reported in other pigs that had 
been subjected to prolonged caloric deprivation [6].  
Following phlebotomy, a progressive increase in the 
plasma iron turnover was observed. 

Plasma iron turnover determined in one of the re- 
habilitated animals showed a higher value prior to 
phlebotomy than had been observed in the under- 
nourished pigs. An increase in iron turnover following 
phlebotomy in the rehabilitated animal was clearly 
evident by day 2 and was observed when measurements 
were made on days 4 and 6. 

Fe5Vtilization for Erythrocyte Production 
Studies of the utilization of iron for erythrocyte 

production following intravenous injection ~ f ' F e ~ ~  were 
initiated six days following phlebotomy in the under- 
nourished and in the rehabilitated pigs (fig. 3). There 
was a prompt reappearance of the Fe59 in new erythro- 
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Fig. I .  Urinary erythropoietin excretion in three under- 
nourished pigs (AM.), and in two of the same pigs 
after two months of ad libitum dietary intake (oa). 
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Fig. 2. Plasma iron turnover in three undernourished 
pigs (AM e) and in one pig (0) after two months of ad 
libitum dietary intake as measured prior to and two, 
four, and six days following phlebotomy. 
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Fig. 3. Fe5g iron utilization in four undernourished pigs 
prior to phlebotomy (A), in three undernourished pigs 
(e) six days after phlebotomy, and in two rehabilitated 
pigs (0) six days after phlebotomy. 
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cytes and a rapid rise to levels representing utilization 
of more than 90 % of the injected isotope in bothgroups. 
This response is compared with the pattern of iron 
utilization observed previously in four undernourished 
pigs after seven months of dietary restriction (fig. 3). 
The  interpretation of the early portion of the post- 
phlebotomy curves was complicated by the appearance 
of measurable FeS9 in circulating erythrocytes imme- 
diately following the injection of the isotope. The ap- 
pearance was due to the large number of reticulocytes 
capable of assimilating iron present in the circulation 
six days after phlebotomy. 

Bone Marrow 
The mye1oid:erythroid ratios of aspirated marrow 

cells prior to phlebotomy and on days 2, 4 and 6 were 
calculated and the results are shown in figure 4. The ra- 
tios progressively decreased in the undernourishedpigs. 
There was a marked increase in the proportion of ery- 
throid elements by the sixth day following phlebotomy. 

In the rehabilitated animals, there was a prompt 
decrease in the ratios by day 2 ; a decrease was still ob- 
served on days 4 and 6 following phlebotomy. 

CrS1 Total Erythrocyte M a s s  
Measurements of CrS1 RBC mass were made prior 

to phlebotomy and again at the time when the hemato- 
crit had returned to the level that was present prior to 
phlebotomy (table I). Total RBC mass returned to 
the prephlebotomy level somewhat earlier in the re- 
habilitated than in the undernourished pigs. The con- 
sistent relation between the hematocrit and the total 
RBC mass was not affected by differences or changes in 
body weight. 

Reticulocyte Count and Hematocrit 
The reticulocyte and hematocrit responses to phle- 

botomy in the chronically undernourished pigs are 
shown in figure 5. An almost identical response in re- 
ticulocytes and increasing hematocrit occurred in the 
three animals. By day 4 following bleeding, there was 
a detectable rise in reticulocytes from the prephlebo- 
tomy level of 1 %. The increase continued to day 10 
and returned to a normal level by the time the total 
red cell mass had been reestablished at the prephlebo- 
tomy level. 

The hematocrit response was progressive and was 
interrupted on days 2,4, and 6 by the loss of blood asso- 
ciated with various studies performed on these days. 

The changes in reticulocyte count and hematocrit 
following phlebotomy in the rehabilitated pigs are 
shown in figure 6. A prompt reticulocyte response oc- 
curred, reaching peak levels of 6 and 8 % on days 5 
and 6, respectively, followed by a progressive increase 
in hematocrit. The peak reticulocyte counts were lower 
and the hematocrit response more rapid in the rehabi- 
litated pigs than in the undernourished animals. 

Serum Iron and Iron-Binding Cabacity 
Serum iron and the iron-binding capacity were 

measured prior to phlebotomy. Serum iron and, in 
some instances, the iron-binding capacity, were meas- 
ured on days 0, 2, 4, and 6, and on certain subsequent 
days. The results of these measurements are shown in 
figure 7. There was a fall in the levels of serum iron in 
the two rehabilitated animals prior to phlebotomy and 
in two of the three undernourished animals following 
phlebotomy. 

Table I .  Cr51 RBC mass in undernourished and rehabilitated pigs before phlebotomy and after recovery of the 
hematocrit 

Pig No. Day Weight Hematocrit CrS1 RBC mass 

(kg) % Total ml ml/kg 

Undernourished 17 0 6.85 33.0 120.8 17.6 
15 7.15 34.0 116.8 16.3 

24 0 7.00 36.5 129.1 18.4 
2 3 7.10 34.0 114.0 16.1 

28 0 7.60 37.5 156.4 20.6 
2 0 7.80 37.0 150.0 19.2 

Rehabilitated 24 0 42.00 34.0 738.0 17.6 
12 47.25 34.0 854.0 18.1 

28 0 48.00 33.0 895.0 18.6 
9 50.00 34.0 906.0 18.1 
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Bonc marrow examinations on days 0, 2, 4, and 6 
revealed the presence of stainable iron in erythroblasts 
(sideroblasts) in decreasing numbers from day 0 to 
day 6 in all animals. Sideroblasts were still present in 
bone marrow on day 6. 

Discussion 

A previous report described changes in erythropoiesis 
accompanying prolonged and severe caloric restriction 
in the young pig [6] .  A reduction in hemoglobin con- 

0 2 4 6  
Days after phlebotomy 

Fig.4. The mye1oid:erythroid ratio following phlebo- 
tomy in three undernourished pigs (AM), and two 
of the same pigs ( L o )  after two months of ad libitum 
feeding. 

centration was present after scveral months of a dietary 
intake sufficiently restricted to arrest growth in the 
normal, rapidly growing animal. This reduction was 
shown to be the result of decreased production of ery- 
throcytes and hemoglobin. The decrease of erythro- 
poiesis was associated with decreased urinary excretion 
of erythropoietin. An attempt was made to determine 
whether the decreased excretion of erythropoietin and 
the reduced erythropoiesis were the primary results of 
nutritional deficiency or whether these changes might 
have been the result of a decreased demand for oxygen 
transport in the undernourished animal. 
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Fig.6. The hematocrit ( 0 )  andTreticulocyte (0 )  re- 
sponse to phlebotomy in:two of the same pigs after two 
months of ad libitum dietary intake. Cr51 RBC mass 
determinations are indicated atlthe arrows ( ). 
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Fig. 5. The hematocrit (0)  and reticulocyte (0 )  re- Fig. 7. The serum iron and iron binding capacity before 
sponse to phlebotomy in three chronically undernou- and after phlebotomy in three undernourished pigs 
rished pigs. Cr51 RBC mass determinations are indi- (A. M ) ,  and two of the same pigs (no) after two 
cated at  the arrows ( $ ). months ad libitum feeding of a normal diet. 
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The chronically undernourished animals studied 
were able to respond to phlebotomy. The increase in 
erythropoietin excretion was followed by an increase 
in the rate of erythropoiesis. The total erythrocyte mass 
returned to prephlebotomy levels within fifteen to 
twenty days. 

Comparative evaluation of the erythropoietic re- 
sponse to phlebotomy in the undernourished animals 
was complicated by problems in the selection of a 
suitable control. A comptirison with pigs of similar size 
would have necessitated use of control animals of a 
much younger age. Comparison with control animals 
of similar age would have necessitated use of a pig of 
a size over twenty times that of the undernourished 
animals. Thus, animals selected for comparison in 
these studies were the same animals that had been re- 
habilitated on a normal diet. An increase in erythro- 
poietin excretion, rate of plasma iron turnover, iron 
utilization, and proportion of erythroid precursors in 
the marrow was observed in both the undernourished 
and the rehabilitated pigs following phlebotomy. The 
rehabilitated pigs demonstrated less increase in re- 
ticulocyte count, but reestablished the prephlebotomy 
level of total red cell mass somewhat earlier than did 
the undernourished pigs. 

Calculation of the rate of erythrocyte production in 
both groups of pigs before and after phlebotomy was 
possible, since the following factors were known: the 
amount of blood loss, the total erythrocyte mass before 
phlebotomy and after recovery, the correlation of total 
erythrocyte mass to the hematocrit, changes in body 
weight, and the erythrocyte lifespan in normal and 
in undernourished pigs [ 7 ] .  The erythrocyte lifespan 
in these species seems to be controlled mainly by a 
random process and, thus, would not be influenced by 
variation in the age of red cells [Z]. 

The calculated rates of red cell production, expressed 
as average daily production before and during the ten 
days following phlebotomy, are listed in table 11. The 
rapidly growing rehabilitated pigs had a greater rate 
of red cell production per kg of body weight than did 
the undernourished animals prior to phlebotomy. Both 
groups showed an increase in the rate of production of 
red cells following phlebotomy. The rehabilitated pigs 
had the largest increase in erythrocyte production per 
kg of body weight. The smaller increase in production 
of red cells per kg of body weight in the undernourished 
animals represented a greater relative increase in pro- 
duction. These differences in the degree of response in 
the two groups could have been due to the presence of 
a relatively smaller erythropoietic tissue mass in the 
undernourished pigs prior to phlebotomy. 

The difference in reticulocyte response in the two 
groups of animals could have been due, in the case of 
the undernourished pigs, to the release into the circu- 
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Fig. 8. Classification of reticulocyte maturity (accord- 
ing to HEILMEYER) in undernourished (UNP) and re- 
habilitated pigs (RP) three and five days after phle- 
botomy. I indicates least mature and IV most mature 
reticulocytes. The undernourished animals have larger 
numbers of less mature reticulocytes present, partic- 
ularly on day five. 

lation of less mature reticulocytes; these would have 
retained the reticulum for longer periods of time. The 
degree of maturity of reticulocytes of the rehabilitated 
and undernourished pigs on the third and fifth day 
after phlebotomy is shown in figure 8. The number of 
less mature reticulocytes present on day 5 was larger 
in the undernourished animals than in the rehabilitat- 
ed pigs. This finding may explain the higher reticulo- 
cyte counts observed in the undernourished pigs. A 
greater degree of marrow 'shift' is suggested by this 
reticulocyte response in the undernourished pig, and 
may be the result of a relatively more intense degree 
of erythropoietin stimulation in these animals [3]. 

In these experiments, the response to phlebotomy 
could have been influenced by the amount of iron 
available for erythropoiesis. The serum iron level fell in 
two of the undernourished pigs by day 6; however, 
this fall was not progressive and the erythropoietic 
response in these animals was no different than that in 
the one animal in which a high serum iron concentra- 
tion was maintained. Sideroblasts were present in the 
marrow of the three undernourished animals on day 6. 

The large dose of iron given to the rehabilitated pigs 
thirty days prior to phlebotomy was not mobilized 
effectively enough to meet the demands of erythro- 
poiesis associated with rapid growth. A fall in serum 
iron was demonstrated prior to the phlebotomy. The 
iron supplements given orally to these two pigs follow- 
ing phlebotomy appear to have been sufficient to meet 

the needs of erythropoiesis. The fasting serum iron 
levels gradually increased during the postphlebotomy 
period of active erythropoicsis. 

The demonstration that the chronically undernou- 
rished pig maintained on a severely restricted diet 
could respond to phlebotomy indicates that the re- 
duced hemoglobin level present after prolonged caloric 
deprivation was not a primary consequence of an in- 
adequate supply of nutrients essential for either erythro- 
poietin production or for erythropoiesis. 

MCCANCE [4] has shown that pigs similarly managed 
have low body temperature and reductions in oxygen 
consumption and metabolic rate. MONCKEBERG et al. 
have demonstrated that severely undernourished in- 
fants with marasmus have reduced oxygen consump- 
tion [5] and reduced thyroid function [I]. The obser- 
vations reported in this study, when interpreted in re- 
lation to metabolic studies, lead to the speculation that 
the alterations in erythropoiesis and the reduced hemo- 
globin concentration found after prolonged restricted 
caloric intake represent only an appropriate adapta- 
tion of erythropoiesis to the decreased oxygen demands 
of a nutritionally induced hypometabolic state. 

Summary 

Young pigs, anemic after many months of caloric de- 
privation, responded to phlebotomy with a prompt 
increase in excretion of erythropoietin and in the rate 
of erythropoiesis while maintained on a severely re- 
stricted caloric intake. The prephlebotomy level of 
total red cell mass was rapidly reestablished. 

The results of these studies support the hypothesis 
that anemia found after prolonged caloric deprivation 
is not caused by a primary lack of any essential nu- 
trients, but represents an adaptive response to the 
decreased metabolic needs of the chronically under- 
nourished organism. 
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