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STUDIES ON ERYTHROPOIESIS AS A FUNCTION OF AGE 
IN THE NORMAL MALE RAT 

Joseph Francis Garcia 

Radiation Laboratory 
University of California 
Berkeley, California 

September 6, 1956 

ABSTRACT 

The course of development of red blood cells in the rat was studied 
by use of a radioiron label; determinations of Fe 59 indicated changes in the 

. blood. The following findings apply to male rats maintained on .a standard 
laboratory diet. 

The unit blood volume decreases continuously. as a function of age 
reaching a constant level at approximately 200 days of age. 

The unit plasma volume increases slightly from birth to 15 days of age, 
and then decreases to an adult level after 200 days. 

The unit red cell volume and unit hemoglobin decrease from birth to 
low levels between 15 and 20 days of age, returning to a constant level by 
60 days of age. There is also a significant decrease in unit red cell volume 
after 160 days of age. 

Throughout the anemic period there is a continual increase in the total 
red cell volume, and in fact, the daily gain in red blood c.ells per gram of rat 
is greater during this period than at any time thereafter. It is thus concluded 
that the anemia observed is not due to a lack of erythropoietic stimulation but 
is simply a reflection of the rapid growth rate in these young rats and the 
inability of the erythropoietic tissue to keep uP. with this growth rate. 

Hypoxia was shown to be ineffective as an erythropoietic stimulus in 
young rats throughout the anemic period. It was also shown that the relative 
daily gain in red blood cells in adul~ rats in response to a severe hypoxic 
stimulus does not exceed the relative daily gain in red blood cells existing in 

;" young rats in response to growth. This leads to the conclusion that the high 
rate of red cell production existing in young rats throughout the anemic period 
is maximal or near maximal. 

Radioiron turnove r studie s indicate that pe r unit body weight, the 15 -day­
old rat has a red cell iron replacement rate approximately three times that 
existing in the adult rat. Also it was seen that the spleen of the 15 -day-old 
rat produce,S approximately 30% of the red cells in this animal. 



-4- UCRL-3516 

STUDIES ON ER YTHROPOIESIS' AS A ,FUNCTION OF AGE 
·INTHE NORMAL MALE RAT 

,Joseph Francis Garcia 
, ' 

Radiation Laboratory 
Unive rsity of California 

Be rke Ie y, Calif b rni a 

September 6, 1956 

INTRODUCTION 

Many studies have been made of the variations in the blood pictur~ as 
a function of age in the normal rat, as well as in othel'!' species. Jolly, b6 
in 1909, observed a decrease in the hemoglobin concentration in the rat from 
birth to a low level at between 8 and 14 days of age, after which it rose 
slowly to normal values at between 6 and 8 weeks. Many other investigations 
have substantiated this finding in the rat, 14, 29, 30, 68, 121 as well as in 
other species.?5Such a fall in hemo~lobiri concentration following birth has 
be,en observed in man, with low >levels 'reached at 2 to 3 months and returning 
to normal by 6 to 12 months. 1,70,71,72, 119 

In the rat, ina few studies in which hematocrit determinations were 
made, it was observed that the hematoc rit dropped to a low level at be - 14 121 
tween 15 and 20 days and then returned to normal values by 50 days of age. ' 

Studies made in the ra't of the variations in red cell count as a,function 
.of age have 'in ge'ne ral agreed that at birth the red cell count is low and 
tha.t it slowly ~ises to normal values ~t around 50 ~ays of age. 14,29,81, 105,121 
ThIs obse rvatlon has alsobee~ made In othe r species; 75, 12'U howeve r, in man 
the red cell count is essentially normal at birth. 120 

In the rat the red cell size is largest at birth and slowly decreases to 
normal values at approximately 40 days of age. 105, 121 Other species 
have also been observed to have red cell sizes larger than normal at 
birth. 72, 120 The concentration of hemoglobin within the red cells does not 
change in the rat. 121 

The reticulocyte percentage iii the rat has been studied as a function 
of age by various authors. 14, 2'7, 54,91, 105 In general the reticulocyte 
percentage has been very high at birth and for a few days thereafter. In 
some cases more than 90% of the red cells at birth were reticulocytes. 
This drops rapidly by the third or fourth day to a level of approximately 
25% of the red cells. This still relatively high percentage of reticulocytes 
remains out to about 20 to 25 days of age, and then drops slowly to an adult 
levelof 1% to 2%. In man also the reticulocyte percentage has been observed 
to be high at birth; 72; 76, 82 however, it usually reaches normal adult 
values by 10 days of age. . , 
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The bone -marrow pic ture in the- rat at various, age s haS,xecei ved some 
attention. Jolly noted in the rat that along with the anemia he observed a 
coincident abundance of mitoses and nucleated red cells in the marrow. 66 
Kindred has made quantitative studies of the hemopoietic organs in rats of 
15 and 80 days of age. 79, 80 He found extensive erythropoiesis occurring 
in the spleen of the rat at 15 days of age and some erythropoiesis in the 
spleen even at 80 days of age . He estimated that 22% of the red cells of the 
15 -day -old rat are produced 1n the spleen. 

That red bone marrow in man fills the cavity of all bones in early 
childhood is well substantiated. 25, 65, 118 With progressing age the red 
marrow gradually recedes from the distal portions of the skeleton toward 
the trunk and is replaced by yellow marrow. It is also established that 
extra;medullary hematopoiesis is common in the anemia of infanc y. 13, 41, 88 
This is r~garded as a compensatory reaction due to an insufficient red cell 
production by the marrow. 67 Sabin observed in the rabbit that the proportion 
of erythroid to myeloid cells in the bone marrow is the reverse of that in the 
adult. 100 . 

The pos sibilityof iron deficienc y as a cause of the anemia of the new ~ 
born remains confusing. Bunge found that the total iron content of several 
mammalian species was highest at birth and that it diminished progressively 
during the suckling period.15 Huggett observed that the 21-day-old rat 
has three times the amount of iron he is born with; in spite of this, relative' 
to body weight the total body iron falls to half its birth level at 21 days.64 
This is the result of the very rapid increase in body weight relative to the 
increase in total body iron. Others also considered rapid growth as an 
important factor in the development of an iron-deficiency anemia. 55, 68 
Usher obtained some evidence of repair of the neonatal anemia in m.an with 
iron. III Other inve~tigators, however are not entirely convinced that 
relf1tive iron defidency is. an important factor in the development of anemia' 
of the newborn. 2,22, 70, 72, 73 Josephs has applied the term li physi6logical 
anemia'" to the anemia of the newborn and maintains that it is riot influetlced' . 
by any extrinsic factor. 71,72 Recently, Horan has been unable torepalr 
this anemia by iron administration. 58 Likewise, Contopoulos et al., wo.rking 
on rats, were unable to repair this 'anemia by the use of iron therapy. 22 

The possibility of a reduced erythropoietic stimulation has been con­
side red as a cause for the anemia of the newborn by seve ral authors. 22, 69 
Contopoulos et ai. report prevention of the neonatal anemia in rats 'by in­
jections of erythropoietically active pituitary fractions. 22 Grant reports 
increased total body hemoglobin 'in rats and mice that We re nursed by 
mothers placed in an intermittent hypoxic environment. 43 

Josephs more recently 'suggests the possibility that during' the 
"physiological anemia" the hemopoietic tissues may be unable to meet the 
extra, demands rriade upon them a,t this time owing to rapid growth. 74 

Wintrobe and Shu:rrl'ackE~r brought attention to the comparison that the 
increase in the number of red cells and the decrease in red cell size which 
take place in cases of pernicious anemia under the influence of liver the-rapy 
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are similar to the'changes:i:n the blood picture in the fet'us and newborn in 
its normal developm'ent.· l20 , )21 They suggest that the anti::"pernicious-
anemia principle passes to the fetus from stores in the mother and that a 
relative deficiency of it is responsible for the anemia of the newborn. However, 
Bruner et al. 'j after essentially confirming this comparison,point out that a 
dissimilarity is observed in the behavior of the reticulocytes, which remain 
at a high level throughout the anemic period in the rat. 14 

·To summarize, in the rat an anemia is observed, as Judged by 
hematocrit and hemoglobin concentrations, at about 15 days of age. Through­
out this period a relatively high reticulocyte percentage is maintained along 
with evidence of a high erythropoietic state existing in the marrow as well 
as in the spleen. 

, . 

The study reported herein was directed to the possible reasons for this 
apparently paradoxical situation, as well as to the general erythropoietic 
changes in the rat.as a function of age. For simplicity the work was divided 
into three general phases. First, a study was made of the changes in total 
red cell volume as a function of age. Second,an attempt was made to de­
termine the capability of rats of varying ages to respond to erythropoietic 
stimulation.' Finally radioiron time -distribution studies were carried out 
in rats of various age s. 
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STUDIES OF THE CHANGES IN BLOOD, PLASMA, AND 
RED. CELL VOLUME AS A FUNCTION OF AGE '.' 

·With the advent of rapid and reliable blood volume. techhique:s, more 
reports. are, dealing with, the total quantities of .the variousconstituents:.in 
the blood and less stress is being placed on studies involvin-g:onlythe·c.on> 
centration of the various blood constituents, which are subject to possible 
errors due to hemoconcentration or hemodilution. There a.remany.good 
reviews of the various techniques of blood volume. meas'urement.31 , 21:9, 56, 95 

The earliest techniques involved the direct measurement of the .blood 
volume by collection of all the blood in an animal. Indirect methods involving 
the dilution of a substance that remains within the circulation have found more 
common usage. These ,methods can ,involve the labeling of either the plasma 
or the red cells. 

,Keith et, al. " in 1915, first introduced the. dilution of ,a dye for the 
measurement of the. blood volume. 78 Dawson et al., after trying many dye 
materials, ,found T~1824 .the .most suitable dye forblood,-vohime measurement. 27 

Howeve r, this substance is, a plasma diluent and pe rhaps !'s'hould be limited . 
in use to plasma-volume measurement. Radioiodine -labeled plasma has 
also been used for measurement of the plasma volume. 40 Sears et al. obtain 
close agreement for plasma-volume values by simultaneous employment of 
these two substances. 102 

The red cell volume has been measured by the use of various red cell 
labels. Among the se are carbon monoxide, 20, ~8 radioiron, 11 radiophosphorus, 5 
radiopotassium, 57 and radiochromium. 46 . In general, good agreement is 
obtained for red cell volume with these red cell labels, with the exception of 
carbon monoxide, which gives slightly higher values. Recently, Root et al., 
in a comparison of the carbon monoxide and radiophosphorus techniques, 
obtained values 12% higher with carbon monoxide than with radiophosphorus. 99 
However, they point to the possibility that this difference may be a useful one, 
in that it may indicate the quantity of the erythropoietic tissue. 

Studies in which blood volumes were determined at various ages have 
conclud~d in general that younger rats have larger blood volume~ relative to 
bodywelght. [9,21,50,85,115 MetcoffandFavour, however, fmd the 
largest blood volumes relative to body weight in rats of 70 to 90 days of 
age. 87 The blood volume relative to body weight in man is largest in young 
infants and decreases with age. 86 Courtice 24 finds a linear relation between 
body weight and blood volume in various animal species, as do Morse et. al. 90 
in man. 
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Methods 

The rats used in this study we re male s of the Long -Evans strain, fed 
on a complete laboratory diet. * All litters were reduced to six animals one 
day after birth, and the animals were weaned at 21 days of age. Since it was 
pertinent to the study, a growth curve was determined by periodic weighing' 
of all the male rats in the stock col:ony at the Donne r Laboratory from the 
date of birth to 360 days of age'. The growth curve, presented in Fig. 1, 
is the result of more than 3000 observations, 1100 of which were weights of 
rats und'e;r~ 50 days of age. 

The blood-volume determinations were made by use of the Fe 59 -tagged­
cell techniqueo At least 5 days prior to the blood-volume measurements, the 
blood of a donor rat was labeled by injecting the rat intraperitoneally with 
approximately 10 microcuries of Fe 5 ':J as ferric chloride. As will be seen later 
in the study, after an injection of Fe 59, ~he aCtivity in the red blood cells 
reaches a peak at approximately 3, days and then plateaus. A sample of 
labeled blood from this donor was drawn in a heparinized syringe by a cardiac 
puncture. A portion of the donor blood was used for an hematocrit reading 
and the remainder was put into a serum vial to be used for the blood-volume 
determinations_ Each determination was made with 0.05 to 0.2 milliliter of 
this donor blood, whiich contained from 0001 to 0.1 microcurie of Fe 59 
radioactivity. The blood-volume determinations were all done under ether 
anesthesia. 

The injection of tagged blood was made through the saphenous vein, 
which was exposed by a small skin incision o 'An exception to this site was 
made in the rats at arid before 8 days of age; in them the donor blood was in:­
jected through the jugular vein. A specially calibrated 0.25-milliliter 
tube rculin syringe was used, so that a constant volume of d9nor blood was in­
jected into each animal. At various times during the course of the blood- . 
volume determinations the calibrated syringe was used to put the same volume 
of donor blood as was injected into each animal into a 10 -ml volumetric flask. 
The blood was then diluted and an aliquot used for determining the amount of 
radioactivity injected into each animal. After injection, 6 minutes were 
allowed for the donor blood to mix, at the end of which time the abdomen was 
opened, and as much blood as would flow freely was drawn from the bena c,ava 
into a heparinized syringe. This usually amounted to about half the blood 
volume. 'In the rats at or younger than 15 days of.age the blood .was drawn 
from the aorta Or the hearL A portion of this blood was used for an hematoc rit 
dete rmination and an aliquot was counted directl y in a scintillation counte r 
adapted for vial counting. 6 Hemoglobin determinations were done by the method 
of Turner. 110' The amount of radioactivity injected was divided by the amount 
of radioactivity per unit of recipient blood, to obtain the blood volumeo The 
total blood volume, multiplied by the hematocrit gave the total red cell volume, 

* ' -
The diet was obtained from Simonsen-Laboratories, Gilroy, California. 

It consisted of 5900% wheat, 11. 7% skim milk, lLzrocase,in,ll. 2% rice bran, 
3.3% vege table oil, 1.3% CaC0 3 , 00 7% NaCl~ and vitamin and mine ral mix­
tures to make up 100%0 

/ 
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and the total plasma volume was taken to be the difference between the 
total blood volume and the total red cell volume. The total circulating 
hemoglobin was obtained by multipl ying the total blood volume by the 
hemoglobin concentration. The blood, plasma, and red cell volumes were 
then corrected for the small volume of donor, blood, plasma, and red cells 
injected. The blood, plasma, and red cell volumes are presented as ml per 
100 g body weight; hemoglobin is presented similarly in g per 100 g body 
weight. 

During the course of the study it became evident that certain criticisms 
mi~ht be brought against the Fe 59 -labeled-cell technique as presented here 
for blood volumes. Among these are the possibility of agglutination reactions 
from injection of the donor blood, and the question whethe r or not the red 
cells in the spleen mix with the donor cells and so are included in the total 
red cell volume determination and also the question of the validity of the 
blood and plasma volume when a red cell diluent is used (rather than a plasma 
diluent) . 

To check the possibility of errors in the Fe 59 -labeled-cell dilution 
tech'nique due to agglutination reactions, the blood taken from 20 rats from 
the stock colony was centrifuged and the plasma was separated. A sample 
of the cells of each aqimal was' c ross -matched with a sample of the plas,ma 
of each of the other r,ats, giving rise to total of 380 cross -matchings. In no 
case was any evidenc~ of ' agglutination observed; hence, this was ruled out 
as a possible source, of error .. 

32 . 
Reeve et al. showed in the dog that P -tagged cells were completely 

mixed with the red cells trapped in the spleen and that the ratio of cells to 
radioactivity remained the same even after adrenalin injection. 96' Suchan 
animal as the dog might be expected, because of its relati-ely large spleen, 
to offer a greater problem than the rat with respect to complete mixing of 
tagged cells with those red cells sequestered in the spleen. 

An attempt was made to study the problem of mixing of labeled red 
cells in the rat. Three male rats, weighing approximately 400 grams, were 
anesthetized with ethe r, 'and blood samples were collected continuously via 
jugular cannulation. After the beginning of the collection of blood samples 
the animal was injected via the saphenous vein with a known volume of Fe 59 _ 
tagged ,red cells. The collection of blood samples was carried on for 60 to 
75 minutes after the injection of the tagged cells. A total of 15 to 20 blood 
samples of approximately 0.75 ml each was taken throughout this period. 
An aliquot of each blood sample was counted for radioactivity arrl ahemo­
globin determination was made. As can be seen in Fig. 2, the concentration 
of hemoglobin decreased and the calculated total blood volume increased 
continuously throughout the pe:r;iod of bleeding. ,As a result of this re­
latively large loss of red cells from the circulatic:m,one would expect, if 
the spleen had red cells trapped, that these cells would be released into the 
circulation., Furthermore, if these cells had not mixed with the Fe 59 -
tagged red cells, the ratio of radioactivity to hemoglobin would be changed, 
and the calculated total circulating hemoglobin would show an inc rease. 
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This is not the case, as can be seen from Fig. 2. The calculated total 
circulating hemoglobin remains relatively constant in spite of the large loss 
of red cells from the circulation. . 

The errors encountered in making 'blood-volume determinations by the 
use of eithe r a plasma diluent or a red cell diluent alone have been pointed 
out by Reeve et al. 96 The author agrees that the plasma volume should be 
measured by the use of a plasma diluent and that the red cell volume should 
be measured by use of a red cell diluent; and that the blood volume should be 
considered only as the sum of these two determinations. However, in the 
blood-volume determinations made in this study, a large volume of blood was 
drawn--in most cases, more than half the total blood volume. It was thus 
felt that the hematocrit determination, made on such a large portion of the 
animal's total blood volume, was probably very close to the average 
hematocrit in the body as a whole and that the blood and plasma volume de­
termination calculated therefrom would have a dependable degree of accuracy. 

The rats 1.lsed for the blood -volume study as a function of age we re 
males of the Long-Evans strain picked at random from the stock colony. 
Groups of 10 to 18 rats varying in age from 1 to 340 days were used. The 
numbers and ages of rats used in each group are given in Table 1. 

Results and Discussion 

Table I is a complete tabulation of the average data for each group of 
rats used in the blood-volume study as a function of age. Hemoglobin con­
centrations and hematocrit values have been plotted in Fig. 3. Both these 
determinations remain relatively constant throughout the greater portion of 
the age period studied (70 to 340 days of age); the hematocrit remains at 
about 45 ml of red-blood cells per 100 ml of blood and the hemoglobin con­
centration at approximately 13 g of hemoglobin per 100 ml of blood. However, 
as has been noted by other authors an anemia exists prior to this period. 14 , 29, 66, 68 
From the hematocrit and hemoglobin values, it would appear that this anemia 
reaches a maximum at 15 days of age in the Long-Evans male rat. At this 
time the hematocrit falls to approximately 20 ml of red blood cells per 100 ml 
of blood, and the hemoglobin concentration falls to nearly 5 g of hemoglobin per 
100 ml of blood. 

The blood, plasma, and red cell volumes per unit body weight are given 
in Fig. 4. The unit blpod volume'): shows a continuous fall with increasing age 
~rom a value of approximately 7.2 ml per,IOO g body weight in the newborn 

,i rat to a plateau level at about 4.4 ml per 100 g after 200 days of age. The 
unit plasma volume shows an increase from a value of approximately 4.6 ml 
per 100 g body weight at birth to a .value of 5.3 ml between 8 and 15 days of age. 

\~. In order to test the significance of this increase, the unit plasma-volume values 
from the data at 1 and 4 days were grouped, and stati~tically compared with the 
grouped values obtained at 8 and 15 days of age. Fisher's "T" test 35 was 
employed, and in this case gave a "p" value of less than 0.001, thus indicating 

The term "unit volume" is used to denote volume per unit body weight. 
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Table I 

No. Age wt.. Hct.· lib. TBV'TPV TReY THb. BY:t SD PV ~ SO liCV 1: SD lib. ±. SD 

or 

Rats (~8) (g) 

g.. i 
100 

(m!) (mi) (ml) 

ml/l00 
g bod7 
weight 

m1J 100 mil 100 
g ~ g body 
weight. weight 

g' /100 
f!'} body 
weight 

10 1 6.5 37.7 U.l 0.47 0.30 0.17 0.051· 7.22 ~38 4.57.39 2.65 .32 0.783.lll 

12 4 10.0 33.2 8.2 0.68 0.46 0.22 0.054 6.82 .61 4.64 .59 2.18 .31 . 0.536 .067 

14 8 15.9 25.1 6.6 . 1.10 0.84 0.26 0.068 6.92.41 5.26.61 1.66 .31 0.435 .093 

14 15 29.2 20.2 5.2 1.97 1.59 0.38 0.097 6.73 .50 5.42 .47 1.31 .21 0.334 .057 

U 

12 

13 

10 

10 

12 

10 

·21 46 

25 55 

34 86 

44 135 

64 249 

72· 205 

84 264 

10 lOt.· 255 

11 ll4 352 

10 138 397 

25.2 6.5 2.77 2.09 0.68 0.174 6.02.49 4.55 .541.47 .10 0.377.020 

23.8 5.7 3.51 2.70 0.81 0.1946.36.34 4.89 .34 1.46.14 0.349.042 

28.5 7.2 5.19 3.70 1.49 0.377 6.05 .J1 4.33 .39 1.72.21 0.432 .066 

32.9 8.9 7.96 5.33 2.63 0.712 5.88 .45 3.94 .36 1.94 .32 0.526 .on 
42.3 U.3 12.63 7.28 5.35 1.42 5.08 .17 .2.93 .27 2.15 .15 0.573.044 

43.0 12.6 10.59 6.03 4.56 1.34 5.19.26 2.95 .18 2.23.21 0.653.066 

45.8 12.8 12.87 7.01 5.86 .1.65 4.88 .34 2.65 .30 2.23 .16 0.628 .061 

43.0 12.7 12.72 7.23 5.49 1.62 5.00 .32 2.85 .17 2.15.21 0.635.061 

45.51.3.2 16.78 9.15 7.63 2.U 4.71 .23 2.60 .16 2.17.11 0.631 .032 

46.3 14.0 18.54 9.95 8.59 2.61 4.67.28 2.51.13 2.16 .17 0.657 .055 

18 ~1 4G9 40.4 1.3.6 18~64 9.99. 8.65 2.54 4.55 022 . 2.44.21. 2.11.11 0.621 .032 

10 164 36648.8 13.3 16.18 8.28 7.90 2.14 4.42 .30 2.27 .J3 2.15.21 0.587 .033 

10 192 398 44.7 13.) 17.Erl 9.85 8.03 2.)8 4.48.14 2.48.12 2.00.14 0.595 .037 

10 222 427 4S.0 12.4 18.69 10.27 8.42 2.33. 4.38.24 .2.41 .17 1.97.14 0.544 .035 

10 229 465 ~.l 12.4 21.19 U.85 9.34 2.63 4.55.18 2.55.1.3 2.00.07 0.565 .016 e, 

10 245 483 45.1 13.8 20.64 11.)4 9.31 2.85 4.27 019 2.34 .15 1.93.06 0.591 .020 

10 4.)0 44.6 12.9 17.96 9.94 8.02 2.)2 4.19.26 2.32.1.3 1.87.16 0.542 .038 

12 309 514 45.2 12.9 23.74 13.02 10.71 3.024.62 .182.53 .15 2.09.09 0.596 .025 

10 340 573 45.3 12.5 25.68 14.06 11.62 3.20 4.51.42 2.47.34 2.03.12 0.561.048 

ZN -1553 
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a significant increase in the unit plasma volume from birth to 15 days'of age. 
In part at least, the fall in hemat,oc'rit and hemoglobin concentration may be 
due to hemodilution. , Beyond 15 days of age, the unit plasma volume falls 
continuously toa plate'au level after 200 days of age of approximately 2.4 ml 
pe r 1.00 g body weight.' ' 

'The mlit red Cell volume remains relatively constant from 60 to 150 days 
at approximately 2.2 ml red blood cells per 100 g body weight. This period 
is followed by a gradual decrease in the unit red cell volume to approximately 
2.0 rnl per 100 g body weight. In order to test the significance of this drop, 
all the unit red cell volumes measured on animals between 60 and 160 days 
of age were grouped and statistically compared with the group of values ob­
tained in animals over 200 days of age. Thls gave a "p" value of less than 
0.001 and so is considered as a significant drop. 

Bone growth of Long -Evans male rats in our colony measured by 
x-ray films indicates a plateau in bone growth, which is reached at approxi­
mately 150 days of age. Nevertheless, after this age, as can be seen from 
the growth curve in Fig. 1, the animals continue to gain in weight. The 
gradual decrease in unit red cell volume after 160 days of age possibly is 
due to an increase mainly in body fat without a relative increase in red cell 
volume. 

Prior to 60 days of age in the Long -Evans male rat there is a definite 
decrease in the unit red cell volume, with the lowest values reached at 
approximatel y 15 to 20 days of age. One day after birth the unit red cell 
volume is about 2.6 ml of red blood cells per 100 g body weight. This value 
falls rapidly toa level of approximately 1.3 ml at 15 to 20 days of age and 
then: returns slowly to 2.2 ml at 60 days of age. In order to test the signifi­
cance of this decrease in unit red cell volume, the values obtained from 1 to 
4 days of age were grouped and statistically compared with those values ob­
tained between 15 and 21 days of age. This gave a "p" value of le,ss than ' 
0.001 and therefore can be considered significant. The group of values on 
rats between 15 and 21 days of age is also significantly different from the 
groups of values between 60 and 160 days of age with a "p" value of less than 
0.001. 

The plot of unit hemoglobin (also given in Fig. 4) is very similar to 
the curve for unit red cell volume. The unit hemoglobin drops from a value 
of 0.78 g hemoglobin per 100 g body weiglj.J;'~eJ day of age' to approximately 
0.35 g'per 100 body weight between 15 and,2S'fdays of age, after which it 
rises to a level of approximately 0:64' gper'lOO g body weight. After 200 
days of age the unit hemoglobin falls to a level of approximately 0.57 g per 

• 100 g body weight. ' 

The anemic period thus existing in the rat following birth is truly an 
~) anemia in eve ry sense of the word. Both the hemoglobin concentration and 

hemocrit values are greatly reduced in this period, although perhaps 
exaggerfi.ted to a slight extent by a relatively increased plasma volume at the 
same time. Mos t convincing argument for this anemia is that the amouht of 
hemoglobin and the red cell volume relative to the body mas s are signifi­
cantl y reduced in this pe riod. 
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It has been pointed out that the anemia of the newb:o.rn is po.ssibly the 
result of a lack of erythropoietic stimulation. 22,69 However, it .appears to 
the author, on considering the very rapid relative growth rate of the body 
mass as a whole that follows birth, that the anemia which exists at this time 
is pe rhaps simply a reflection of an inability of the marrow output of re'd 
blood cells to keep up with this very rapid growth and therefore for a period 
lags behind the body growth as a whole. If such were the case, then the anemia 
could not be the result of a lack of erythropoietic stimulation, sinc.e the bone 
marrow would be producing red cells at a maximum rate and even then would 
be unable to keep pace with. body growth. Also, if maximum red cell pro­
duction is taking place at this time, the.n it should be impossible to stimulate 
the bone marrow .to greater red cell production. This question will be given 
further attention later in this study. 

A curve showing the growth of the total red cell volume as a function 
of age is given in Fig. 5-A. This was constructed by using the growth curve 
given in Fig. 1 and unit .red cell volume (ml red blood cells per 100· g body 
weight) giv~n in Table 1. It can be seen from the curve that never is there' 
seen a decrease in the total red cell volume; even during the anemic period. 
On the contrary,the curve shows a continual inc rease in red cell volume 
throughout the age range covered. It is pointed out here that the earliestob­
servations made were one day after birth, and thus nothing can be said as. 
to the changes of the red cell volume immediately following birth to day one. 
The continual increase in red cell volume is perhaps better depicted in 
Fig. 5 -B, which is a plot, made from the curve of the total red cell volume, 

I of the daily gain in red cell volume as a function of age. This curve indicates 
the fluctuations in the rate at which red cells are gained by the. circulation. 
The gain in red cells per day increases rapidLy until approximately 40 days 
of age, at which time the total red cell volume gains red cells at the r.ate of 
approximately 0,13 mlper day. After 40 days of age the rate of gain in red 
.cells by the circulation decreases 'rapidly until approximately 90 days of age, 
and then decreases .more slowly. Interestingly, throughout the anemic period 
the rat continue s to gain red cells , .and even at the peak of the anemia; that 
is, between 15 and 20 days of age, the animal gains red cells at the rate of 
approximately 0.03 ml of red.cells per day. 

If the data are carried one step further, as shown in Fig. 5-C, where 
the daily gain in red blood cells by the circulation is divided by the weight 
of the animal, a curve i~ obtained which gives the gain in red blood cells' 
per day, per gram of animal, as a function of age. This curve perhaps best 
indicate.s the daily amount of energy put into the growth' of the red cell 
volume relative to the g:r:owth of the animal as a whole. From birth to 40 
days of age the gain in red blood cells per gram of rat per day varies within 
10% of 0.001 ml. This value falls rapidly, so that at 60 days of ageitis 
approximately one -half and at 100 days is almost one -tenth that which exists 
at and before 40 days of age. It is realized that this curve does not include 
tht:: production of red cells by the bone marrow to replace those which are 
destroyed, but it can·be. interpreted as the daily production of red cells pe·r 
gram of animal over that necessary to maintain the red cell volume in the 

. face of the normal red ~el1 destruction. Thus the daUyproduction of red 
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cells per gram of animal in excess of the maintainance production is highest 
in the rat frombi'rth to 40 days of age, covering the period of anemia in the 
rat. The lack of erythropoietic stimulation \certainly cannot then be implicated 
as a cause of the anemia. 

Summary· 

By use of the Fe 59 .1abeled_cell dilution technique, the blood, plasma,· 
and red cell volume and total circulating hemoglobin have been determined on 
259 male rats varying in age from 1 to 340 days. 

The unit blood volume in the male 'rat falls continuously with age from 
a value of approximately 7.2 ml per 100 g body weight at 1 day of age to a 
level of 4.4 ml per 100 g body weight after 200 days. 

The re is a significant inc rease in the unit plasma volume in the male 
rat from a value of approximately 4.6 ml per 100 g body weight at 1 day of 
age to a value of 5.3 at 15 days. The unitplasma volume then falls continuously 
to a level of approximatel y 2.4 ml pe r 100 g body weight after 200 days. 

In the male rat the unit red cell volume falls Significantly from 2.6 ml 
per 100 g body weight at I day of age to a value of 1.3 at 15 to 20 days. The 
unit red cell volume then increases slowly to a level of 2.2 ml perlOO g body 
weight between 60 and 160 days of age arid then decreaseS to a level of 2.0 . 
ml per lOCi g body weight after 200 days-. 

The unit hemoglobin falls from 0.78 g per 100 g body weight at 1 day 
of age to 0.35 g between 15 and 25 days and then increases to a value of 
0.64 g per 100 g body weight at approximately 70 days. After 200 days of age 
the unit hemoglobin drops to a value of 0.57 g per 100 gbody weight. 

., . - ~ 

An anemic period exists in the rrtal~ r~t which is maximal between 
1-5 and 20 days of age. This anemia is observed in terms .of a decrease in 
the volume of red blood cells pe r gram of rat as well as in hematoc rit and 
hemoglobin concent.ration values. Throughout this anemic period, however, 
there is a continual increase in the total red cell volume" and, in fact, the 
dail ygain of red blood cells pe r gram of rat is greate r during this pe riod 
than at any time after. In addition to red cells produced to replace those 
which are destroyed, approximately 0,001 ml of red cells are produced per . 
g of animal pe r day throughout the anemic period. Thus it is concluded that 
the anemia observed is not due to a lack of erythropoietic stimulation. 

, 
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STUDIES OF THE ERYTHROPOIETIC RESPONSE TO HYPOXIA 
AS A FUNCTION OF AGE 

Since Be rt found a polycythemia in animals exposed to low barometric 
pressures,12 this has been regarded as an important stimulus to erythropoiesis. 
Indeed, Grant and Root, in a review of the subject, c2gsider anoxia as the 
fundamental or primary stimulus for erythropoiesis. Many other authors 
have noted the increase in hematocrit, hemoglobin concentration, and red 
cell count in animals as well as inman in response to anoxia. 10, 108, 106 
Schneider, in a review of the early literature,concludes that there is a real 
inc rease in total circulating red cells at altitude, and that the blood change s 
observed are not merely due to concentration of the blood; 101 Dal1wig et al. 
observed that the blood changes that occur at altitude also appear in animals 
in an environment of reduced partial pressure of oxygen at normal barometric 
pressure. 26 These authors conclude that the erythropoietic responseob­
served at high altitude is largely,·ifnotentirely due, to the decreased partial 
pressure of oxygen. Campbell also observed an increased red cell count 
and ~emoglobin concentration in aNmals placed in an envir.onment of red~ced 
parbal pressure of oxygen alone. He also noted tha:t an mcreased parbal 
pressure of oxygen above the normal value results in a reduced red cell 
count and hemoglobin concentration in animals. 

. An increased reticulocyte Rercenta'ge has been observed by many 
authors in response to altitude. 4?, 63, 10'5, 116 Hyperplasia of the erythroid 
elements in the bone marrow l16 and an inc rease in the number of mitotic 
figures in the bone marrow44 have also been observed. That the spleen plays 
an erythropoietic role under the stress of hypoxia has been observed by 
Rambach et 9.1. 93 Erythropoiesis in the sRleen also occurs along with the. 
polycythemia that follows cobalt injection. 28 Huff et al. observed in man 
that upon movement to a high altitude, the rate of iron turnover increased by 
a factor of two. 63·· . , 

An increased blood volume has been observed at high altitude~ 7 How­
ever, the increase in blood volume is sir;laU in comparison with the increas'ed 
red cell volume observed. 38,97, 112 In part the increased red cell volume 
observed is compensated for bya decreased plasma volume. 38,60,63,97 
Fryers and Berlin conclude that the average red cell life in altitude acclimatized 
rats is essentially normal. 39. 

Several authors have questioned the physiological value of increased 
red cell volumes at altitude. 18, 59 However I others have observed increased 
work performance and altitude tolerance in altitude~acclimatized animals 10, 53 
and in anirriais made polycythemic with cobalt, 28 as well as by artifical" "~. 
polycythemia produced by transfusion. 10, 92 

That an erythropoietic response due to an intermittent hypoxia can be 
observed has been substantiated by many authors. 3, 4, 107, 109 Increased 
red cell volumes, 112 erythroid hyperplasia of the bone marrow, 32 and in­
creased numbers of mitotic figures 44 have beeri observed in response to 
intermittent hypoxia. 
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. The study reported herein is directed mainly to the investigation of the 
erythropoietic response to an hypoxic stimulus in rats as a function of age. 
Exposure to an inte rmittent hypoxia, produced by reducing the tension ·of 
oxygen by reducing its concentration arom;;tintaining normal barometric\ 
pressure, is used.' ' 

Methods 

A lucitechamberapproximately 3 ft long, 2 'f~ wide,. and 2 ft high, 
withagas tight opening at one end, was used for the hypoxic environment. 
As depicted in Fig. 6, the chamber was furnished with two intake and two 
exhaust openings. The main exhaust was left open to the outside of the 
chamber. The other exhaust was passed through a fiberglass wool Jilter 
and then through a BeckPlan Oxygen Analyzer (ModelE-2) from which a 
continuous me.asure of the oxygen concentration could be obtained. Atta.:hed 
to one· of the intakes by a Y tube were a cylinder of compressed nitrogen 
and a cylinder of. compressed air,' each equipped with gas-flow :regulators. 
The desired oxygen concentration was maintained by adjustment of .the flow 
of nitrogen and air from these cylinders. To the other intake was attached 
a cylinder of compressed nitrogen, used only at the beginning of each 
hypoxic periodto lower the concentration of oxygen within the chamber to 
the desired level. 

The chamber was equipped with a blower in order to keep the gas within 
the chamber mixed. Also, to absorb the ca:rbondioxide,. a petri dish c,on­
taining "As'carite" was placed within the chamber .. 

- The aQimals to be studied in the hypo~ic' environment were. placed in· 
the chamber and the door was sealed. Nitrogen from the single cylinder was 
allowed to enter the chamber at a relatively rapid rate until the oxygen con­
centration required, as read from the oxygen analyzer, was rea,ched,;. The 
yalve onthis nitrogen cylinder was then closed and .the valves on. theothe,r. 
nitrogen cylinder and the compressed air cylinder were opened .. The ,flow 
of gas from each of these ,cylinders was adjusted by the. attached flow re:gulator 
so that the required oxyg.en concentration was maintain.ed .. It was 'found after 
the initial adjustment on thes'e valves that very little further adjustment was 
required throughout the 6-hour period. In fact, if the same animals were 
placed in the chamber the following day practically no adjustment ,of these 
valves was necessary after the 'initial ,lowering of the oxygen tension within 
the chamber. This procedure took a total of 10 to 15.minutes.· The total' 
gas flow required to maintain the, hypoxic environment was be tween 5 and 
8 liters per minute." 

The control rats were kept at atmospheric oxygen concentration . 
. ," ~ .. ~. . . 

Gfroups of male Long -Evans rats from 5 to 250 days of age were· 
divided ,into experimental and control groups, each having the same average 
weight. Animals below the weaning age of 21 days were also divided so that 
each litter contrlbuted the same number of animals to the control and 

., 
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experimental groups. The experimental groups were exposed to a hypoxic 
environment of 9.0% oxygen 6 hours daily for 14 days. Animals below 
weaning age were then placed with their methers for the remaining 18 hours. 
The-c:ontrol animals below the weaning age were also removed from their 
mothers for the daily 6-hour periodo 

59 
Red cell volume determinations were done .by means of the Fe -labeled 

red cell dilution technique as given earlier. 

Results and Discussion 

It has become customary to give the blood, plasma, or red cell volume 
in terms of ml per unit of body weight. Such a measure as the simple 
relationship of the red ce1l volume to the body weight is useful, since it 
does give one an idea of the relative amount of red cells per unit of body 
weight for an animal in a given situation. Here, however, the labeled red 
cell volume technique was used to. give a measure of the production of red 
cells in response to an.hypoxic stimulus. It was observed from previous 
studies that many times, as a result of an hypoxic environment, animals 
would lose weight or young anim-alswouldfail to gain weight as their con­
troIs did. In this situation it became obvious that the possibility of a 
se rious error was introduced when the unit red cell volume of a control was 
compared with the unit red cell volume of an expe rimental animal. If an 
experimental animal loses weight, the unit red .cell volume shows an in­
crease when compared with its control. It can be seen how such stimulation 
can be exaggerated when one is attempting to determine the degree of 
erythropoietic stimula;tion as the result of some experimental procedure. 
Indeed, if the loss of weight were great enough, an erythropoietic response 
might be assumed to exist where there is really no net increase in the total 
number of circulating red blood cellso 

In a crude attempt to show such a situation, two groups of male Long­
Evans rats, approximately 200 days of age were fasted for a period of time 
and then' their red cell volumes were measured. Both groups were divided 
equally so that the average beginning weights were as. close as possible in 
the control and fasted animals o .one group was fasted for a 6 -day periodo 
The other group was fasted for a 12-day period with. L.Qod being given every 

. .." . 

fourthdayo The hematological results are given in Table II. It can be seen 
. that in both of the fasted groups a considerable amount of weight was lost. 
Also, it can be seen that in spite of a significant increase in the red cell 
volume and hemoglobin per 100 g body weight, the total volume of red cells 
and amount of hemoglobin actually shows a net decrease. Although the red 
cell volume and hemoglobin per 100 g body weight shows a significant in­
crease, s.uch a, precedure as fasting could by no means be interpreted as an 
erythropoietic stimulation. 
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As a result of this study, it was concluded that if the object of an experi­
ment was to determine whether erythropoietic stimulation resulted in response 
to 'some stimulu.s, then the red cell volume per unit body weight could not be 
used, but a significant increase in the total red cell volume must be observed. 
The same reasoning can be applied to animals that do not lose weight, but 

. fail to gain in weight as do their controls; for if· they do not accumulate a 
net increase in total red cell volume over their controls, then it cannot be 
assumed that they were erythropoietically stimulated to any greater extent 
than were their controls. This is not meant to say that in all situations 
whe re the unit red cell volume inc rease s, no e rythropoie tic stimulation 
exists; but only that if no net·increase in the total red cell volume has 
accrued the red cell volume technique has been used to its limit and thus 
nothing can be assumed regarding erythropoietic stimulation. 

Table III is a tabulation of the hematological changes resulting in 
Long -Evans rats after a daily 6 -hour exposure to an environment of 
9.0% oxygen. Groups of rats of 5,10,20,30,50,70,100,150, and 250 days 
of age were exposed to this environment,for a period of 14 days. At approxi­
mately 18 hours after the last exposure the Fe59 -labeled red cell dilution 
technique was employed to determine the blood changes in these animals as 
compared with their controls. A minimum of twenty animals were involved 
at each age studied; ten controls and ten animals exposed to the hypoxic 
environment. It will be seen from Table III that the ave rage weight of the 
control and hypoxic groups are ve ry close at the beginning of the expe ri­
ment. At the end of the 14-day period, in all of the ages studied, the aver­
age weight of the hypoxic group was less than the average weight of the 
control group . 

. The hematocrit and hemoglobin concentration are increased as .a result 
of the hypoxic environment in all the ages studied. In part this is perhaps a 
reflection of the reduced total plasma volume seen in the hypoxic animals. 

IIi Table III the average total red cel~ volumes and total hemoglobins 
for the hypoxic animals and their controls for all the ages studied are given. 
Also, the percentage change and the lip" values for these data are calculated. 
The values for total red cell volume and total hemoglobin of the hypoxic 
animals are not significantly different from the control values for the four 
youngest ages studied; that is, the animals beginning their 14-day hypoxia at 
5, 10, 20, and 30 days of age. Of the ages studied, the hypoxic rats beginning 
their 14-day hypoxia at 50 days of age are the youngest animals to 
show a significant inc rease in the total red cell volume and total 
hemoglobin over the control values. In all the groups of hypoxic rats 
older than this group, the total red cell volumes and total hemoglobins are 
significantly increased over those in their respective control groups. ,~ 

Thus it appears that rats 50 days of age or older are able to respond 
well erythropoietically to an hypoxia of 9.0% oxygen for 6 hours daily for 
14 da ys. Howeve r, the rats of younge rage s studied did not show a significant 
inc rease in total red cell volume and total hemoglobin wher exposed to this 
stimulus. This is interpreted as indicating an inability of these young rats 
to respond erythropoietically to the hypoxic stimulus used. Such a result 
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was not unexpected, since these young animals are in such a~high state of 
erythropoiesis in attempting to meet the great demands of body growth at 
this time. These data are interpreted as a further indication of the. high 
erythropoietic state existing in youflg animals and that the red cell production 
is at a maximal or near maximal rate at this time and cannot be further 
stimulated. . ., ' 

, ' 

Grant reported the occurrence of an increased total b'ody hemoglobin 
in young rats that were nursed by intermittently hypoxic mothers. 43 It was 
thought pertinent that such anexpe riment should be repeated in the light of 
the foregoing evidence of an inabilityof the marrow of young rats to respond 
to direct hypoxia by increased red cell production. Six lactating Long..;Evans 
rats were used; three were exposed to intermittent hypoxia and three were 
used as controls at normal oxygen tension. Each of these mothers had a litter 
of four males, 6 days of age at the beginning of the study .. At this time two of 
the young rats from each experimental mother were exchanged with two 
young rats of the control mothers. These were picked so that the average 
weight of the rats to be nursed from the hypoxic mothers was the' same as the 
'average weight of the rats nursed by the control mothers. The hypoxic 
stimulus used was again an intermittent daily 6-hour exposure to 9.0% 
oxygen for 14 days. The control mothe rs were removed from their young 
for the same 6 -hour period daily. At the end of the 14-day period, the 
labeled red cell volume was determined on the young rats as welt as on their 
mothers. A tabulation of the average data of control and hypoxic mothers is 
given in Table IV. As is expected, it shows an increase in the total red 
cell volume and total hemoglobin as well as in the' hematocrit and hemoglobin 
concentration of the hypoxic mothers. Table V is a tabulation of the hemato-

-logical results in the young rats. Essentially no increase is seen in any of the 
. hematological values. Thus the erythropoietic stimulation of young rats 
nursing from hypoxic mothers could not be repeated under the cO,nditl:ons 
given here; that is, with Long-Evans rats and with reduced oxygen con­
centration rather than reduced barometric pressure in order to obtain an 
environment of reduced oxygen tension. 

In an attempt to compare the production of red blood cells ln response 
to hypoxia with that seen in young rats, a study was done 6f the erythropoietic 
response to hypoxia as a function of time at the hypoxic environment. Male 
rats of the Long -Evans strain between 130 and 150 days of age were used for 
this study. As can be seen in Fig. 5, this is at a time when 'the gain in red 
blood cells by the circulation is very low. For this study a greater degree 
of hypoxia was used; name I y, 7.0% oxygen for 6 hours daily until the time of 
sacrifice. A mortality rate of approximately 30% was observed in this 
study as a result of this degree of hypoxia. 

Labeled-red-'cell volumes were done on groups of rats from 1 to 20 
days afte r the beginning of the daily 6 -hour exposures to hypoxia; theit is, 
the volumes were done 18 hours after the last .6-hour exposure.' Five to 
eight experimental rats were used per point and 21 rats were done as controls. 

::".:; .).} 
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Hematological chanae. in lactating rat.s exposed to 9.0 percent Olqgen, 

6 hours dally tor 14 dqs 
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No. wt.. ~lt. Hct. lib. TBV TReV THb. ReV Hb. 

ot begin end (s· / (ml/loo (g./ 100 
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rat.s (s) (~) (%) Ill) (Ill) (Ill) (~) weight.) \¥d1gh1#) 
-----.. --.~. - .----.-----.. ~ .. --
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Table V 

Hematological data in young male rats nur:.'Jod by mothers exposed. to 

9.0 percent ox.Tgen, 6 hours daily tor 14 days 

A.ge No~ 'tIt. 

or begin 

(dqs) rats '(g> 

t'it. 

end 

f ~ \ 
\0 1 

Uet. 

( Qf) ,"', 

Hb. 

(g / 
100 

TfN'fRCV 

ml,) . (ml) r \ 
\ml;. 

'1Mb. 

(g 

ROV 

(ml / 100 
g. body 
weight) 

____ .~ .. __ .,,~~ .. ~ ... ___ ., •. '_k.~~~ .. · •• .,~_. __ ~,,~_~~,," .... 

Nursed by 

control temale 

Nursed by 

hypoxic female 
--"._.-. -.- ... -... 
-~~-----.- ... 

6-20 

6-20 

" 

11 12.7 42.419.0 5.1 2,.79 0.52 O.lJ7 1.22 

11 12.4 )8.5 20.7 5.2 2.39 ·0.47 0.118 1.2.4 

Sb. 

(~ / 100 
g body 
weight) 

0.32.4 

0.308 
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These data, including the various times of exposure and the number of rats 
at each time, are given along with the nematological results in Table VI. -

From the value for red cell volume per 100 g body weight ,obtained in 
the controls, the total red cell volume was calculated fo_r~; the expe rim ental 
rats; using the beginning weight. This gave a calculated 'value ,for the total' 
red cell volume of each animal before exposure to the hypoxic environment. 
This calculated total red cell volume was then compared

' 
with the measured 

total red cell volume determined after exposure to the hypoxic environment. 
The pe rcent change was then calculated, and this was plotted in Fig. 7. Als 0 

plotted in Fig. 7 is the slope of the line indicating the dail y pe rcentage gain 
in red cell volume of normal rats at the peak of the anemic period. The 
normal rat at 15 days of age shows a daily increase in red cell volume of 
approximately 6.5% per day. When the experimental curve in Fig. 7 is 
compared with this slope, it is seen that at no time is the slope of the curve 

. for the daily gain in red cells due to hypoxia any greater than that seen for 
the slope representing the daily gain in red blood cells in the young rats 
during their anemic pe riod. This would indicate that the relative daily 
production of red blood cells in response to a severe hypoxic stimulus, ,as 
given here, is at no time greater than the relative daily gain in red blood 
cells which exists in young rats up to 40 days of age. It is thus suggested 
that the high rate of red blood cell production existing in young rats is max­
imal, or near maximal, and that the rat is unable to exceed this productive 
rate even when a strong hypoxic stimulus is applied. 

It is realized that the bone marrow is also producing red blood cells to 
maintain the re'd cell volume not withstanding red c.ell destruction. The pro­
duction of red blood cells in response to an hypoxi'c stimulus and the gain in 
red cell volume in young growing rats compared above is in addition to that 
basal production which replaces the red blood cells lost from the circulation 
by destruction. 

Summary 

The labeled red cell volume technique wa's used to. determine the 
erythropoietic response to an hypoxic stimulus in groups of male Long-Evans 
rats of various ages from 5 to 250 days of age. An environment of 9.0% 
oxygen 6 hours daily for 14 days was used as .the hypoxic stimulus. Whereas 
rats of 50 days of age or older responded well erythropoietically to this hypoxic 
stimulus, rats of 5 to 30 days showed no net inc rease in total red cell volume 
or total hemoglobin when exposed to this stimulus. Also, no net increase in 
total red cell volume was seen in young nursing rats when the mothe rs we re 

. exposed to an intermittent hypoxic stimulus. The daily increa.se in red cell 
volume in response to an intermittent hypoxia: of 7: 0% oxygen for 6 hours 
daily was determined in adult rats. When this was comparedwith the relative 
daily gain in red cell volume in young rats, it was found that the relative daily 
gain in the hypoxic adult rats was always less than that in the young rats. 





-32 -

AOr-------:----r------------------. 
" , 
I -

I 
I , , , 

I 
I 

I 
I 

I , , 
I , , 

I 
I 

I I ' 

"/--I, _ 
I' -, - . , . , ' , 

I 

5 

, '-~., 

/ • 

10 

TIME, DAYS 
15 20 

MU-I0361 

UCRL-3516 

Fig. 7. Fe rcent change in red cell volume in re sponse, to an intermittent 6 -hour 
daily' exposure to 7.0% oxygen in adult male rats. The broken line indicates 
the slope of the daily percentage gain in red cell volume of normal rats of 
15 days of age. -
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The .inability of the young rat to respond to an hypoxic stimulus is here 
given as evidence of the high rate of red cell production existing in this young 
animal. Further, it is postulated that the relative daily red cell production in 
these young animals is at a maximal or near maximal level and so cannot be 
stimulated further erythropoietically. Also it is concluded that the relative 
daily gain in red blood cells in response to hypoxia: does not exceed the "relative 
dail y gain in red blood cells existing in the young rats. 

STUDIES OF RADIOIRON TIME -DISTRIBUTION 
IN THE RAT AS A FUNCTION OF AGE 

The present theory of iron metabolism enV1Slons the pool of iron in the 
plasma as having a somewhat central position. Although the quantity of iron 
in this pool remains relatively constant, its level is determined by a balance 
between rate of removal and rate of supply of iron. Iron enters this plasma 
pool by assimIlation in the gut, by return to it from red cell destruction and 
from various iron-storage pools in the body. Iron leaving the plasma pool, 
in the main, is directed tp hemoglobin synthesis;61 but it also enters into the 
synthesis of various other complex organic substances--myogL6bin, cytochromes, 
peroxidases, and ferritin'. Although perhaps to a small extent, 23,47 q. certain 
amount of iron also leaves the plasma pool by excretion. 3'] The mathematical 
description of the various pool sizes and of the rates of exchange of iron be­
tween these pools is the subject of much attention. 

Flexner et al. observed after the injection of radioiron that the con­
centration of radioiron in the plasma decreased exponentially. 36 Huff et a1. 
using the e~ponential dec rease of radioiron in the plasma and the total quantity' 
of iron in the plasma, showed that afte r the injection of radioiron it was pos sible 
to measure the plasma iron turnover. 61 Further, by use of the quantity of the 
radioiron injected that later appeared in red cells, they'showed it was possible 
to obtain an index of the rate of red cell iron replacement. Wasserman et al. 
suggest that the plasma clearance of radioiron alone is a sensitive measure of 
the integrity of the erythropoietic tissue. 117 The values obtained in most 
cases for red cell iron turnover are higher than expected from consideration 
of the values obtained for average red cell life. Thus many authors at present 
consider the existence of a pool of iron.which is in a more labile equilibrium 
with the plasma iron pool than the total storage iron. 34, 48, 74, 104 

Time -distribution studies of radioiron have been carried out in the adult 
rat after bral administration8 and after intravenous administration:. 62 

The object of this study is to determine the variation with time after 
injection of the distribution of radioiron in various tissues --plasma, red blood 
cells • marrow, live r, spleen, muscle., and kidne y- -at different ages in the rat. 
The status of erythropoiesis in the rat as a function of age is considered of 
primary concellm. 



-34- UCRL-3516 

Methods 

Male Long-Evans rats' 15,' 50 ,'150, and 250 days of age were used for 
the study of the disti-ibutionofradioiron. 

The Fe 59 was obtalned'f.rorn Oak Ridge as fe rric chloride in hydrochloric 
acid solution. It was neutralized with sodium dtrate to a pH of approximatel y 
6, and an aliquot of this was combined jus t before injection with plasma obtained 
from a donor rat. Approximately 0.25 microcurie was injected per rat; this 
ga~e a counting rate of approximately 100,000 counts per minute on the counter 

'used. The specific activity of the radioiron varied from 1.0 to 4.0 flC per 
Ilg of iron, so that approximately 0.06 to 0.25 jJ.g 6f iron was injected per rat. 
The total volume of the injection varied from 0.05 ml in the young rats to 0.15 
mi in the adult rats. ,With the use of a specially calibrated syringe, the same 
volume of the injection mixture as was injected into each animal was put into 
a volumetric flask and diluted. An aliquot of this was used as a standard and , 
was counted along with the tissues. By use of the proportional difference of 
this standard from 100,000 counts per minute, the radioactivities of all the 
tissue samples were corrected to an .injection of 100,000 counts per minute. 
The, rats were anesthetized with ether and the injection was made via the " 
saphenous vein. At each ,of the four ages studied, animals were sacrificed at 
13 different time s from 15 minutes ,to 1'0 days after the time of injection, with 
the exception of the 15-day-old group, which was carried out to only 5 days 
postinjection. Three animals were sacrified at each time, making a total of 
39 {rats per age group; 

At the time of sacrifice the,rats were anesthetized with ether and the 
abdomen opened and as much blood as pos sible was drawn into a heparinized 
syringe from the vena cava. The animal was then perfused with saline, and 
a sample '-each of liver, spleen,J mar.r<:>w, muscle, and kidney w.as weighed 
and saved to be counted for Fe:>9 actIVIty. ,The blood was centrIfuged, the 
plasma removed and the red blood cells washed in saline. An aliquot of the 
plasma and red cells was saved for counting. The marrow was taken from 
both femurs and tibias. In the I5-day-old rats, not enough marrow could be 
gotten from these bones; therefore, as an alternative, these four bones were 
taken and counted with their bone marrow within. Since chemical iron de­
terminations were done on the same bones, the Fe 59 activity could be expressed 
in terms of counts per minute per microgram of iron. 

Six rats of each of the age groups studied were used for the determination 
of the chemical iron in the tissues. These animals were fi~'<ft anesthetized 
with ethe r and then inject~d via the saphenous vein with Fe ,,-tagged red blood 
cells obtained from a donor rat. After an allowance of 6 ,minutes for the cells 
to mix, the abdomen was opened and as much blood as possible was drawn from 
the vena cava. The rats were perfused with saline,and a sample each of liver, 
spleen, marrow, muscle, and kidney was weighed and saved. The Fe 59 
,activity was determined in these tissues as well as onan aliquot of blood. 
These tissues were then wet-ashed and a chemical iron determination carried 
out acc,ording to the method of Ramse y.94 From the ratio of radioactivity to. 
iron i~ the blood, and the radioactivity of the tissue, the amount of iron due 
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to blood that remained in the tissue was calculated. This blood-iron value 
was then subtracted from the tissue -iron determination so as to give a 
chemical iron determination free of any contamiriatio'n due to blood iron. The 
amount of blood remaining in a tissue after perfusion was considerable, and 
accounted for from 20% to 40% of the iron determined in the tissue. .In the 
15 -day:...old rats, the two femurs and two tibias were taken as the marrow 
sample. 

Results and Discussion 

The average data for the distribution of Fe 59 in the various tissues 
:studied are given in Table VII. Graphical presentation of the data for most of 
the tis sues studied is given in Figs. 8 through 12. Figure 8 is a semilogarithmic 
plot of the removal,of radioiron from the plasma as a function: of time for the 
four different age periods studied. The early values are also plotted on an 
expanded time scale, and the best line fit through these points, as determined 
by the method of lea~t squares, in drawn. From the sLope of this line, the" 
plasma volume, and the plasma iron concentration, the plasma iron turnover 
was calculated according to the method described by Huff et al. 61 These' "~ 
values are given in Table VIII in terms of I-lg of iron per day per animal as 
well as per 100 g of body weight. The results of these data sh"ow that the 
largest quantity of iron turned over in the plasma pool per unit body weight 
is seen in rats studied at 15 days of age. 

Figure 9 illustrates the increase in radioactivity of the total red cell 
volume as a func tion of time after the injection of Fe 5l:1. It can be seen that 
the 50-, 150-, and 250-day-old rats reach a plateau in red cell radioactivity 
of approximately 720/0 of the amount of Fe 59 injected. However, this plateau 
is reached at approximately 5 days for the 250-day-old rat as compared with 
2 days "for the 150 - and 50 -day-old rat. The radioactivity in the red cells of 
the 15 -day-old rats appears to reach a Eeak of 85% approximatel y 1 day and 
then fall to about 80% at 5 days after Fe 59 injection. It was also observed 
thatin the 15 -day-old rats a high concentration of radioactivity appears ve ry 
earl y in red cells. According to Finch et al. an es timation of the rate of 
erythropoiesisrnay be made from the rapidity with which radioiron enters red 
cells. 33 At 15 minutes after the injection, approximately 40% of the radio­
activity injected was 'already in red cells in the I5-day-old rat. Since Walsh 
et al. have observed the incorporation of radioiron in reticulocytes "in vitro", 114 
it is suggested that this high uptake of radioiron observed in red cells in the 
young animal is a reflection of the high pe rcentage of reticuloc yte s known to 
be present in rats of this age. 14, 29, 91 

An approximation of the red cell iron replacement rate was obtained by 
multipl ying the plasma iron turnove r by the percentage of Fe 59 seen in red 
cells. These values, per total animal as weil as per 100 g of body weight, 
ar'e given in Table VIII. Inspection of these data indicates that, relative to 
body weight, the largest quantity of iron entering the red cell pool per day 
is to be found in the 15-day-old rat. " This value is greater than that in the 
150 - arid 250 -day-old rats by a factor of approximatel y 3. 
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Table VII 

iladio1raD t,1.-.d1st.r1but.1cm data in yarious USSuos of male rat,s ot 4 ditterant. ages 

Age 15 30 1 2 4 6 12 18 1 2 3 5' 10 
da,rs llinut.ea lI1Dut.ea bouI' IIoIil'S bouI'a lIoura boura bouJ'a da,r ~ da,r8 da,rs dqa 

15 21100 22300 7260 4290 937 

so 58700 3SOOO 119OOSOOO 2280 

655 

993 

1SO 5saoo, 49lOO 33100 10100 3580 2340 

2SO 61800 44500 28200 12400 3.300 2500 

21rl 

m 
351 

394 

.)88 

499 

3CYl 

340 

207 

l8l 

110 

158 

192 

116 

116 

99 

Red~!<'.od_c_tl~.II_~_~~~~~s __ P!l:.~~l1fl_r-. __ ~t:al .. ~_~_ yol~ -

135 

l64 

76 

'" 

15 40800 24900 41400 40000 40200 54000 54,)00 18200 87600 83700 84000 78200 

152 

83 

68 

SO "'00 l4800 21100 26400 imoo 29600 35800 3~00 65400 67400 62.300 6170073000 

lSO 6l4O 6720 5830 1440 l.O4OO lO8OO 18500 28900 )9600 72400 66800 7)700 70900 

2SO 5090 - 7010 9410 6680 13900 l.O4OO 26900 .a6OO 30700 55800 57600 68100 72600 

Bone ~_,:"_<;()1lIl~_~~r _~~~p8! _~~ 

15 * 3600 4OlO IP10 5180 5180 4500 3260 alO 1520 655 452 

SO 7270 16700 l8400 2)600 2)500 li.700 24800 15500 1640 1940 1500 

1SO 3760 8540 1)400 17)00 20400 ;0600 20400 16800 12700 24lO 1470 

2SO 2710 7)90 ll600 19100 19750 21000 15100 14)00 13900 3125 _ 1350 

)02 

835 

837 

659 

15 3530 5025 8470 98)0 <fIoo 6850 7650 2910 3140 2450 1715 1835 

628 

528 

361 

50 1050 2680 7l8O 8480 8090 7985 6200 5360 2575 1520 677 1920 2020 

150 462 668 1310 3860 3940 2760 2840 2500 2250 l600 1510 1270 1450 

250 217 534 1590 4030 j3{,V 3010 3560 28)0 1900 l340 1020 985 1070 

15 l2600 15500 14500 l6800 lJ200 16200 ~ lJ400 16800 10'JOO 6650 5070 

50 5190 l2900 l4800 12900 l4800 14100 l2900 12000 10700 6510 6125 5260 3040 

150 2270 4030 6070 10100 10100 12500 l1400 11600 ll~ 9400 8190 8545 7305 

250 1990 5130 7980 8800 7800 10300 8380 lU1000 10500 10100 10500 7940 75)0 

71 

2J 

11 

469 

66 

20 

11 

518 

6) 

2l 

16 

692 

66 

11 

14 

621. 

70 

2J 

15 

700 

92 

675 

112 

18 

16 

is l220 l420 1210 l420 1260 l480 1510 1340 
, "r 

50 1310 1020 768 676 726 730 900 824 

lSO l2lO lena 1l3O 

2SO 1330 1000 1030 

132 

186 

832 

708 

692 

792 

.525 

103 

2l 

11 

598 

100 

25 

20 

582 

93 

24 

22 

.412 

llO 

30 

19 

1530 i460 1190 1130 
720 "- 726 . 6)6 616 

644 

708 

712 

796 

* RacU.oact.I't'1t,;t ot all t,issues correc:t.ed t.o an 1njllCltlO1l of 100000 COWIt.s per adnut.a • 

. f'~._ •• "" .... inute for bot.h t.Ib1as and both te:lIUJ'S for .15 dq old rat.s onl¥. 
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8. Radioactivity in total plasma volume of rats 15, 50, 150, and 250 days of 
age as a function of time after the injection of Fe 59 . The open circles 
indicate the early points, using the time scale above. and the closed circles 
refe r to the time scale given below. 
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250 days of age as a function of time after injection. 
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PlaSlDa and red cell iron tumover data at various ages 111 the II&lerat 
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In Figo 10 a plot is given of the radioactivity per J.1g: of iron in the bone 
marrow as a function of time afte r injection. This was obtained simply by the 
division of the radioactivity per g of marrow by the quantity of iron determined 
per g of marrow for, each age studied.' The average data for the concentration 
of iron in the tissues studied is given in Table IX. In the 15-day-old rats, the 
total radioactivity obtained for both tibias and for both femurs was divided by 
the total quantity of iron determined in these same bones. Inspection of these 
curves shows that the radioactivity of the marrow for the 15-day-old rats 
rises to its peak and falls faster than in the 150- and 250-day-old rats. It 
is seen that in the 15-day-old rats even the early points, taken 15 minutes after 
injection, are approximately two thirds of the peak value obtained; whereas a 
comparable value is reached at somewhere between 1 and 2 hours after inject­
ion for the 150- and 250-day-old rats. The activity in the marrow of the 15-
day-old rats falls to half the peak value at approximatel y 15 ,hours, whe reas 
in the 150 - and 250 -day-old rats this occurs at approximatel y 24 hours after 
injection. The peak value in the-o:250 -day-old rats correspop.ds to approximately 
21,000 counts per minute in terms of radioactivity per g ·of marrow. If all the 
radioactivity is totaled in the other tissues, at this time, and if the remainder 
is as sumed to be in the marrow, then a maximum figure fbi- marrow volume 
can be obtained. This would assume that the sample of marrow obtained was 
a representative sample of marrow in the animal. The marrow volume 
calculated in this manner is approximately 3.2 g in the 250 . .,.day-old rat or 
0.8 g per 100 g body weight .. · The same value of 0.8 g of marrow per 100 g 
of body weight is obtained also for the 150 -day-old rats; however, this 
calculation for the 50-day-oldrat gives a value of 1.2g of marrow per 100 g 
body weight. Unfortunately, rio value could be obtained for marrow volume 
in the 15-day-old rats, since it was difficult to obtain an accurately weighed 
sample of this tissue in this animal. 

, , 

Figure 11 is a plot of the total spleen radioactivity for the four age periods 
studied. The spleen radioactivity rises to 40/0 of the injected Fe 59 at 2 to 6 
hours after injection in the 250 -day-old rat's, and falls to and remains at a level 
of approximatel y 1 % 3 days postinjection. The curve for the 150 -day-old rat s 
is similar, exc~ptthat it levels at approximately 1.5%. of the injected radioiron. 
The 15 -day-old' rat shows a spleen curve very similar to the curve obtained in 
the marrow of this animal; not. only in time relationships, but also when the radio­
activity per microgram of iron in the spleen is calculated for this animal, it is 
seen that at the peak value the concentration of radioactivity per uhit of iron is 
approximately the same for both the marrow and·splee'n. This would seem 
to indicate that all of the iron in the spleen of these' young rats is involved in 
erythropoiesis in this organ'. The spleen radioactivity in the 50 -day-old rat 
also indicates that a certain amount of erythropoiesis is occurring in the 
spleen of this animal; the radioactivity per microgram of iron in the spleen 
at the peak is approximately half the peak value in the marrow. An approxi­
mation of the relative amounts of erythropoiesis occurring in the sple~n 
relative to total spleen and marrow can beob.tained if all of thetadioactivity 
in the tissue s analyzed, with the exceptioi1 cif'the marrow and the spleen, is 
summed,' and if all the rest of the, acti,vity is assumed to be involved in 
erythropoiesis in either the m(irro~ .or spleen." This'i$,assumingthat there 
is no loss of the radioiron injected at 4 to '6 'hours po'shnjection when the 
spleen and marrow activity are highest. This value comes out to approximately 
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Fig.- 10. Fe
59 

radioactivity in marrow in terms of counts per minute per f.Lg of 
marrow iron for rats 15, 50, 150, and 250 days of age. The figures to the 

, right of the peak values indicate the percent of the injected Fe 59 per g of 
ma"rrow at the .highest pbintin marrow.' 
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Table IX 

Anrage t.otal iron da.ta or tissues of male rats ot dirterent ages 

Age, dqs 1, 

Plasma. US / ml. 1.13 (12)* 1.20 (20) 

Blood, ug / ml 198 .388 

Red cella. ua/ ml 808 1013 

Bone marrow, Uftl, 2.74 *' 77.9 

Spleen, US I" 37.2 6it.O 

Liver .. ug I,i 15.0 19.4 

Muscle, usls 6.5 ll.6 

Kidney, US / g 9.4 2.3.' , 

Relative organ weights 

(g /100 g 'bod1' ve1gbt.) 

Spleen Oo~ 0.426 

Liftr 3.98 5.40 

1.)0 0.846 

150 

1.74 (41) 

476 

1010 

88.5 

l.82 

18.9 

.7.0 

22.7 

0.269 

3.90 

0.720· 

250 

1.75(35) 

481 

978 

110 

476 

52.3 

14.0 

30.2 

0.201 

3.60 

0.652 

* All value. are an average of six determ1nationfJ, unless otherwise 

1nd1cat.ed b¥ n1Dber 1D parent-beus. 

* Ttle value giYeft tor bone ,marrow"ot the 15-da.,y-old rat. onl¥, i8 in 

t • .1"m8 of miCl"Ograma ot iron perbotb .tib1as and botb temurs. 
':':~~:':'::::::"::.=:~~'.::::.::_._ .... ". ~ ... _ ... ::,.:,.~ .. _:: .. '.~ .. :.: ...... v :,.~;':"::.:':"""::'''._'.:'".:::.~~.~ •• __ ~::::'~ ..... : •• _: :::,.:,,- • .:...:.:. ".v •••• : ••• ,::.:' ...... ;:. ~_.:~ __ -.:. ", ."._"" ••••• ~_.~ ••••• ' 

ZN -1561 
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30% for the 15 -day-old rat; that is, approximately 30% of the erythropoiesis 
in this animal occurs in the spleen. It is interesting to note in this respect 
that Kindred observed in the 15-day-old rat that 22% of the red cells are pro­
duced in the spleen. 79 Also, it was noted by Huff et a1., in adult rats receiving 
total body irradiation with lead protection of their spleens, that evidence of 
ery-throp:i,e'Si.swas'ob'sel'!ve-di'irithe:sp~een;i,; and further ,that the amount of 
radioiron which late r appeared in red cells was approximately 300/0 of the 
normal control value. 62 Approximately 16% of the red cells ,in the 50 -day-old 
rat are produced in the spleen. This is reduced to 5% for the 150 - and 250-
day-old rats. 

In Fig. 12 are presented the data for the radioactivity in the total liver 
of the four age groups studied. In this tissue also the fe 59 activity rises early 
and then falls to and remains at a level of approximatel y 8% in the 150 - and 
250c.day-old rats. The Fe 59 radioactivity in the younger rats studied appears 
to rise to a highe r level and to fall to a lowe r level than in the 150 - and 
250-day-old rats. 

In Fig. 5 was presented a curve for the growth of the total red cell 
volume with age, as well as a curve for the gain in total red cell volume pe r 
day as a func tion of age. This latter curve indicates, as was pointed out 
earlier, the daily production of red cells in excess of that production which is 
required to maintain the red cell volume not withstanding continuing red cell 

'destruction. The average red cell life in the rat has been measured by 
various authors, with values ranging between 45 and 60 days. 16, 37, 39 If a 
value of 50 days is assumed, and if it is assumed to be constant throughout the 
life of the rat, then 1/50 of the total red cell volume must be produced per 
day to maintain the total red cell volume. If 1/50 of the total, red cell volume 
existing on a pa rticular day is added to the gain in red cell volume on that day, 
and if this is carried out for the age range cove red, then a curve for the total 
dail y red cell produc tion as a func tion of age is obtained. Such a curve is 
presented in Fig. 13. It would appear from this curve that the daily production 
of red cells rises rapidly in the rat to about 40 days of age, and then remains 
relatively constant out to 260 days of age. This would indicate a production of 
approximately 0.18 ml of red~ cells per day per total animal from 40 to 260 
days of age. Inspection of Table VIn shows that the value for red cell iron 
turnover per day calculated for rats of 50, 150, and 250 days of age are quite 
close, varying between 257 and 269 f.lg of iron per day. These values are some-

.what higher than .would be expected from Fig. 13, but it would seem significant 
that they agree at least in that they indicate a constant production of red cells 
regardless of the age of the animal from 50 to 250 days of age. 

Also shown in Fig. 13 is a curve for the volume of red cells produced per 
day per 100 g of body weight as a function of age in the rat. At 15 to 20 days 9f 
age this curve would indicate that approximately 0.12 ml of red cells is produced 
per day per 100 g of rat. This is reduced to approximately 0.04 ml of red cells 
produced per day per 100 g of rat at 150 and 250 days. of age. This would suggest 
that relative to body weight, the red cell produced in I5-day-old rats is greater 
than in animals of 150 to 250 days of age by a factor of approximatel y three. 
When the values, as given in Table VIn for red cell iron turnover per unit 
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Fig. 13. Daily production of red blood cells per rat, and per 100 grams of rat, as 
a function of age, assuming an average red cell life of 50 days. 
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body weight, are compared with the curve in Fig, 13 for red cell production 
relative to body weight, it is seen again that relative to body weight, the 15-
day ... old rat directs approximately three times as much iron to the red cell 
pool as does the rat of 150 or 250 days of age. It is realized that some . 
assumptions are involved in such a comparison; however, it is gratifying 
to find agreement by two completely separate techniques of study . 

. Summary 

The distribution of radioiron with time has been studied in the plasma, 
red cells, liver, spleen, marrow, muscle, and kidney in rats 15,50, 150, 
and 250 days of age. The plasma clearance of Fe 59 is very rapid in the two 
youI}.ge stage s studied and much slo\~/e r in the 150 - and 200 -da y -old rats. 
Fe 5..,- ente rs the red cell most rapidl y in the 15 - and most slowly in the 250-
day-old rats. The radioactivity in the marrow/also indicates a more rapid 
entry?-t:lq ~xi.st in this tis sue in the young rat. Comparison of the. time re-
1ationships in the Fe 59 distribution in the spleen and mar,row as well as the 
Fe 59: activity perJ.Lg .. of ironiri these tissues suggests that the iron in the 
spleen in the 15-day-old rat is involved ln erythropoiesis to the same extent 
as th~e marrow is, Approximately 300/0 of the erythropoie'sis occurring in the 
rat at this time occurs in the spleen. Eryt~ropoiesis is also suggested in the 
sple~n of the 50 -day-old rat, although to a somewhat lesser degree. 

Plasma and :ted cell iron turnove rs we recalculated. Approximately 
equal values for total red cell iron turnover were obtained for rats of 50, 
150, and 250 days. of age regardless of wide differe'nces in body weight. The 
red cell iron turnover relative to body weight was highest in the 15-day-old 
rats; in them it was approximately three times that calculated for the 150-
and 250-day-old rats. When these values for red cell iron turnover were 
compared with the values obtained by analysis of the red cell volume data 
for red cell production, good agreement was obtained with the exception that 
the values obtainedfcir red cell iron turnover were somewhat higher than 
expected. 

( 

. This work was done under the auspices of the U. S. Atomic Energy 
Commission. 

.... ,~ 
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