Lawrence Berkeley National Laboratory
Recent Work

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

Permalink
https://escholarship.org/uc/item/7vc753kd

Author
Garcia, Joseph Francis.

Publication Date
1956-09-06

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/7vc753kg
https://escholarship.org
http://www.cdlib.org/

. -
o S ameiinal W
5 _ v . fes

UCRL___3516

rd

UNIVERSITY OF
" CALIFORNIA

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

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call
Tech. Info. Division, Ext. 5545




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.




UCRL-3516
Health and Biology

UNIVERSITY OF CALIFORNIA

o , . ) Radiation -Léboratofy.
o N : o Berkeley, California -

.Contract No. W-7405 -eng‘-.48

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

Joseph Franc1s Garma _
(The51s)

September 6,’ 119_56

Printed: for the U.S. Atomic Energy Commission



izl | " UCRL-3516

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

Contents
Abstract Tt 3
~ Introduction S .‘ e e S 4
Studies of the Changes in Blood Plasma and Red Cell ' '
Volume as a Function of Age SRR o
Methods S ’
Results and Discussion . IR . ¥
Summary L Coa .19
Studies of the Erythropo1et1c Response to Hypox1a as-‘. o | v
a Function of Age F T T U . .20
‘Methods . . . . . ... . i1
‘Results _ahd Discussion . . . . Ly e Co 23
Summafy. . .‘ . o . | B 11 ‘
Studies of Radioiron Time -Distribution as a Function of Age = . . .. 33
U Methods .. . .. ... L 34
Results and D1scussmn o .. . . . 35
Summary .o e e _v 'b W R 3
Bibliography . . . .. . . . - e e e ,. 48
List of Abbreviations . . . . . . ... . L. ... . . 57
)
(3



-3- o UCRL.-3516

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 Fe5, 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 pljasma volume inéreasés élightly 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 leévels 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 contihual increase in the total
red cell volume, and in fact, the daily gain in red blood cells 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 adule 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 turnover studies indicate that per 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 produces approximately 30% of the red cells in this animal.
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Joseph FranC1s Garc1a

Rad1at1on Laboratory :
University of California
' Berkeley, Cahforma

September 6 N 1956
INTRODUCTION

. Many studies have been made of the variations in the blood p1cturg as
a function of age in the normal rat, as well as in other species. Jolly,

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 IZIany other 1nvest1gations
have substantiated this f1nd1ng in the rat, » 30, as well as in
other species.'°Such a fall in hemoglobln concentratlon following birth has
been 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, in a few studies in which hematocrit determinations were
made, it was observed that the hematocrit 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 rat of the variations in red cell count as a. function
of age have in general agreed that at birth the red cell count 1s 1ow an
that it slowly rises to normal values at around 50 days of a%e 29, 81 105, 121
This observation has also been made in other spec1es however, in man
the red ce11 count is essent1a11y 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 hemoglobln within the red cells does not

change in the rat. 121

The retlculocyte percenta e in the rat has been studied as a function
of age by various authors. 4, » 54, 91, 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
level of 1% to 2%. In man also the reticulocyte percentage has been observed
to be h1gh at birth; 72, 76, 82 however it usually reaches normal adult
values by 10 days of age.
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The bone-marrow picture in the-rat at various ages has.received 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,.
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 in the spleen.

Q\

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 portlons of the skeleton toward
the trunk and is replaced by yellow marrow. It is also established that
extramedullary hematopoiesis is common in the anemia of infancy. 13, 41, 88
This is regarded as a compensatory reaction due to an insufficient red cell
production by the marrow. 67 Sabin observed in the rabbit that the proportmn
of erythroid to myeloid cells in the bone marrow is the reverse of that in the
adult.

The possibility of iron def1c1ency as a cause of thé aneria of the new-
born remains confusing. Bunge found that the total iron content of several
mammahan species was hlglhest at birth and that it diminished progressively
during the suckling period. 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. , 68
Usher obtained some evidenceé of repair of the neonatal anemia in man with
iron. 111 Other mvest1gators however are not entirely convinced that
relative iron’ def1c1ency is an important factor in the development of anernia’
of the newborn. 2; 22, 70, 72, 73 Joseéphs has applied the term "iphysiological
anemia' to the anemia of the newborn and maintains that it is not influehced
by any extrinsic factor. /1, 72 Recently, Horan has been unable to repair
this anemia by iron administration. 58 l.ikewise, Contopoulos et al., working
on rats, were unable to repal_r this ‘anemia by'the use of’_iron the_'rapy_.‘

The p0551b111ty of a reduced erythropoietic stimulation has been con-
sidered as a cause for the anemia of the newborn by several authors. 22, 69
Contopoulos et al. 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 were nursed by
mothers placed in an 1nterm1ttent hypoxic environment.

Josephs more recently 'suggests the possibility that during the
"physiological anemia' the hemopoietic tissues may be unable to meet ‘the
extra demands made upon them at this time owing to rap1d growth,

<

Wivntrobe and Shumacker brought attention to the compvarison 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 ‘therapy
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are similar to the changes in'the blood picture in the fetus and newborn in

its normal development.. 120,:121 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.; after essentlally confirming this comparison, point out that a
‘dissimilarity 1s observed in the .behavior of the retlculocytes, wh1ch remain

at a h1gh 1eve1 throughout the anemic perlod in the rat

~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 erythrop01et1c state ex1st1ng in the marrow as well

‘as in the spleen

The study reported herein was dlrected to the p0551b1e 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 t1me -distribution stud1es were carried out
in rats of various ages



7. UCRL-3516

. 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 techniques, more
reports. are dealing with:the total quantities of the various constituents:in
the blood and less stress is being placed on studies involving :only the con--
centration of the various blood constituents, which are subject to possible
errors due to hemoconcentration or hemodilution. There -are:many.good
reviews of the various techniques of blood volume. measurement.31s 49, 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. ' S S SR :

-..Keith et:al. ,.in 1915, first introduced the dilution of a dye for the
measurement of the blood volume. (8 Dawson et al.; after trying many dye
materials, .found T -1824 the most suitable dye for blood-volume 1ﬂne,-_a1suv.rernevnt:.27
However, this substance is:a plasma diluent and perhaps ~should 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 these are carbon monoxide, 20, 98 radioiron, 1! radiophosphorus,5
radiopotassium, and radiochromium. 4® 'In general, good agreement is
obtained for red cell volume with these red cell labels, with the exception of
carbon monoxide, whichgives 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. 29
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
concluded in Feneral that younger rats have larger blood volumes relative to
body weight. 9, 21, 50, 85, 115 Metcoff and Favour, however, find the
largest blood volumes relative to body weight in rats of 70 to 90 days of
age. 7 The blood volume relative to body weight in man is largest in young
infants and decreases with age. 86 Courtice24 finds a linear relation between
" body weight and blood volume in various animal species, as do Morse et al. 70
in man.
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" Methods . -

The rats used in this study were males of the Long-Evans strain, fed
on a complete laboratory diet. * All litters werée 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 cotony at the Donner 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 wh1ch were weights of
rats under 50 days of age.

The blood-volume determinations were made by use of the Fesg—tagged—
cell technique. At least 5 days prior to the blood-volume measurements, the
blood of a donor rat was labeled by i 4ecting the rat intraperitoneally with
approxnnately 10 microcuries of Fe®? as ferric chloride. As will be seen later
in the study, after an injection of Fe59, the 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, which contained from 0.01 to 0.1 microcurie of Fe59
radioactivity. The blood-volume determinations were all done under ether
anesthesia. B ; '

- The injection of tagged blood was made through the saphenous vein,
which was exposed by a small skin incision. - An exception to this site was
made in the rats at and before 8 days of age; in them thé donor blood was in-
jected through the jugular vein. A specially calibrated 0.25-milliliter
tuberculin syringe was used, so that a constant volume of donor 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 cava

into a hepar1n1zed 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 heart. A portion of this blood was used for an hematocrit
determination and an aliquot was counted directly in a scintillation counter
adapted for vial counting.® 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 volume. The
total blood volume multiplied by the hematoc'rit gave the total red cell volume,

‘The diet was obtained from Simonsen-Laboratories, Gilroy, California.
It consisted of 59.0% wheat, 11.7% skim milk,-11.%% casein, ‘11.2% rice bran,
3.3% vegetable oil, 1.3% CaCO 0'.‘7% NaCl, and vitamin and mineral mix-

tures to make up 100%
s
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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 multiplying 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
might be brought against the Fe>9-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 whether 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 Fe59 -labeled -cell dilution
technique 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 animal was cross-matched with a sample of the plasma
of each of the other rats, giving rise to total of 380 cross-matchings. In no
case was any evidence of'agglutination observed; hence, this was ruled out
as a possible source of error. .

Reeve et al. showed in the dog that P32-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 Such-an
animal as the dog might be expected, because of its relatiwly 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 ether, 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 Fe59.
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 and 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 period of bleeding. 'As a result of this re-
latively large loss of red cells from the circulation, 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 Fe59-
tagged red cells, the ratio of radioactivity to hemoglobin would be changed,
and the calculated total circulating hemoglobin would show an increase.
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‘This is not the case, as can be seen from Fig. 2. The calculated total

circulating hemoglobin remains. relatwely constant in spite of the large loss
of red cells from the c1rcu1at1on : »

The errors encountered in making ‘blood-volume determinations by the
use of either 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 used for the blood-volume study as a function of age were
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 I.

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 hemoglobm per 100 ml of blood. Howeve
as has been noted by other authors an anemia exists prior to this perlod 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. S

The blood, plasma, and red cell volumes per unit body weight are given
in Fig. 4. The unit blood volume™® shows a continuous fall with increasing age
from a value of approximately 7.2 ml per 100 g body weight in the newborn
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 statlstlcally 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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- Hematological data from normal male rats as a function of age.
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Rat.s. (days) (g)

Het. Wb, TBV TPV . TRCV THb, BV £SD - PV £3D  RCV £SD  Hb, £ 5D

& ./ al /100 m./100 ml./100 g /100
100 g body g body g  body . g . body
(8) @) @ @) @) @) weight  weight  weight . weight
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10

1l
b

15

25
34

£

72

104 -

138
161

164

192

29

25

309

6.5
10.0
15.9
29.2
46
55
86

135
249
205
264
255

352

397

366

398

465

- 430

573 .

377 11 047 030 0.17 0.050 7.2 .38 457439 2.65 32 0.783 .11
33.2 8.2 0.68 0.6 0.22 0,054 6.82 .61 L6459 2.18 31 . 0.536 .067
25 6.6 1.0 0.8 0.26 0,068 6.92 4L  5.26 .61 1.66 BL 0 0.435 093
2002 5.2 . 197 159 0.8 0.097 6.73 .50 5.2 47 L31.21 033 057
25.2 6.5 . 2.7 2,09 0.68 0.7h 6.02 .49 k.55 .54 147 10 0.377 .020
23.8 5.7  3.51 270 0.81 0.9 6.36 .3k 489 3 1.6 b 0.349 042
28.5 7.2 5.19 3.0 1.49 0377 6.05 31 433 .39 1.72 .21 0.432 066
329 8.9  7.96 5.33° 2.63 0.712 5.88 .45 3.9 .36 1.94 .32 0.526 .OTL
423 113 1263 7.28 5.35 LA2  5.08.17 2,93 .27 2.5 .15 0.573 .0k

43.0 12.6 10.59 6.03»‘1..56 1,34 - 5.19 .26 . 2.95 .18 2.23 .21 6.653 066

| 45.8 12,8 12,87 T.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 .06l
45.5 13.2 16,78 9.15 7.63 2,22 4.7 .23 2.60 .16 2,17 11 0.631 .032

463 140 18,5k 9.95 B.59  2.61  4.67 .28 2,51 .13 2,16 .17 0.657 055
bbb 13,6 18,64 9.99 8.65 2.5k  4.55 .22 . 244 .2 211 .11 0.621 .032

438.8  13.3 16,18 8.28 7.90 2.1 42 .30 (2,27 33 2.15 .21 0.587 .033

Ws.7 13.3 17.87 9.85 8.03 2.38 4.8 Ui 2.48 .12 2,00 .14 0.595 ,037

45.0 124 18.69 10.27 842 233 438 .2 2.41 .17 1.97 .1k O.5kh 035

Mol 124 2119 11.85 934  2.63  4.55 .18 2.55 .13 - 2.00 .07 0.565 .018
45.1  13.8 20,64 11.34 9.31 2,85  4.27 19 2.34 J15  1.93 .06 0.591 .020

W6 12.9  17.96  9.94 8.02 232 4.19 .26 2.32 .13 1.87 .16 OG.542 .038
45.2 12,9 2.7 13.02 1071 3.02  4.62 .18 2.53 15  2.09 .09  0.59 .025

45,3 125  25.68 14,06 11.62 3.20  A.51 W42 2.47 W34 2,03 .12 0.561 .08

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 hematocrit and hemoglobin concentration may be
due to hembdilution. : Beyond 15 days of age, the unit plasma volume falls
continuously to a plateau level after 200 days of age of approx1rnate1y 2.4 ml
per 100 g body Welght »

The un1t red cell volume remains relatlvely 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 ml 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. This gave. a "p'" value of less than
0. 001 and so is considered as a s1gn1f1cant 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. mamly in body fat w1thout 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
approximately 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 to a 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 valués ob-
tained between 15 and 21 days of age. This gave a ”p value of less than

0.001 and therefore can be considered significant. * - The group of values on
rats between 15 and 21 days of age is also sig_nificantly 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 hemoglobln drops from a value
of 0.78 g hemoglobin per 100 g body we1gh at’] day of age to approximately
0.35 g'per 100 body weight between 15 anc idays of age, after which it
rises to a level of approximately 0.64 g per 100 g body weight. After 200
days of age the unit hemoglobm falls to a 1eve1 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 every sense of the word. Both the hemoglobin concentration and
hemocrit values are greatly reduced in this period, although perhaps
exaggerated to a slight extent by a relatively increased plasma volume at the
same time. . Most convincing argument for this anemia is that the amount of
hemoglobin and the red cell volume relative to the body mass are signifi-
cantly reduced in this period. ' '



-17- UCRL-3516

It has been pointed out that the anemia of the newborn is possibly 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 perhaps simply a reflection of an inability of the marrow output of red-
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, since 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, then 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 showmg 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) given in Table I.” It can be seen from the curve that never is there-
seen a decrease in the total red cell volume; even durmg the anemic period.
On the contrary, the curve shows a continual increase in red cell volume -
throughout the age range covered. It is pointed out here that the earliest-ob-
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,
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 rate of
approximately 0,13 ml per 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 anémic period
the rat continues 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 is obtained which gives the gain in red blood cells -
per day, per . gram of animal, as a function of age. This curve perhaps best
indicates the daily amount of energy put into.the growth of the red cell
velume r_elatlve to the growth 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 age.it is
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
the 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 per
gram of animal over. that necessary to maintain the red cell volume in the

face of the normal red cell destruction. Thus the daﬂy productmn of red

v
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cells per gram of animal in excess of the maintainance production is highest
in the rat from bifth 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 Fe59 -labeled-cell dilution technique, the blood, plasma,’
and red cell volume and total circulating hemoglobin have been determmed 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 welght after 200 days.

There is a s1gn1f1cant increase 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 unit plasma volume then falls contmuously
to a 1eve1 of approximately 2.4 ml per 100 g body weight after 200 days.

In the male rat the unit red cell volume falls s1gn1f1cant1y from 2.6 ml
per 100 g body weight at 1 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 per 100 g body
weight between 60 and 160 days of age and then decreases toa level of 2.0
ml per 100 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 g body weight. '

An anemic perlod exists in the male rat Wh1ch is max1ma1 between
}5-and 20 days of age. This anemia is observed in terms:of a decrease in
the volume of red blood cells per gram of rat as well as in hematocrit and
hemoglobin concentration values. Throughout this anemic perlod, however,
there is a continual increase in the total red ¢ell volume, and, in fact, the
daily .gain of red blood cells per gram of rat is greater.during this period
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 per 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 Bert found a polycythemia in animals exposed to low barometric
pressures,l2 this has béen regarded as an important stimulus to erythropoiesis.
Indeed, Grant and Root, in a review of the subject, czgmde'r anoxia as the
fundamental or primary stimulus for erythropoiesis. Many other authors
have noted the increase in hematocrit, hemoglobln concentration, and red
cell count in animals as well as in man in response to anoxia. 10, 108, 106
Schneider, in a review of the early literature, concludes that there is a real
increase in total circulating red cells at a1t1tude, and that the blood changes
observed are not merely due to concentration of the blood. 101 Dallwig 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 response ob-
served at high altitude is largely, if not entirely due, to the decreased partial
pressure of oxygen. Campbell also observed an increased red cell count
and hemoglobin concentration in a‘fl_}mals placed in an environment of reduced

He also noted that an increased partial

count and hemoglobin coﬁcent'ration in animals

An increased reticulocyte ercenta%e has been observed by many
authors in response to altitude, 116" Hyperp1a51a of the erythroid
elements in the bone marrow and an.increase 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 al. 93 Erythropoiesis in the spleen also occurs along with the.

.polycythemia that follows cobalt injection. 28 Huff et al. observed in man

that upon movement to a high a1t1tude, the rate of 1ron turnover 1ncreased by
a factor of two. ’

An increased blood volume has been observed at high altitude. 7 How -
ever, the increase in blood volume is small in comparison with the increased

red cell volume observed. 38, 97, 112 1n part the increased red cell volume

observed is compensated for by a decreased plasma volume. 38, 60, 63, 97
Fryers and Berlin conclude ‘that the average red cell life in altitude acclimatized
rats is essentlally normal : :

Several authors have questioned the physiolegical value of increased:
red cell volumes at altitude. *®» 27 However , others have observed increased
work performance and altitude tolerance in altitude-acclimatized animals*"¥> 53

~ and in animals made polycythemic w1th cobalt 28 45 well as by artifical - iy s

polycythemia produced by transfusion. 10, 92

That an erythropoietic response due to an inter¥mittent hypoxia can be
observed has been substantiated by many authors. 3, 4,107, 109 Increased
red cell volumes, z erythroid hyperplasia of the bone marrow, °* and in-
creased numbets of mitotic flgures have been observed in response to

_1nte rmittent hypox1a
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"The study reported herem is directed ma1nly to the 1nvest1gat10n of the
erythropo1et1c response to an hypoxic stimulus in rats as a function of age.
Exposure to an intermittent hypoxia, produced by reducing the tension- of
oxygen by reducing 1ts concentration andrnamtammg normal barometnc
pressure is used.’ : e S 5 . - S

Me thods

A lucite ehamber approx1mately 3 ft long, 2 ft w1de, and 2 ft hlgh
with .a gastlght 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 flberglass wool filter

and then through a Beckman Oxygeén Analyzer (Model E-2) from which a
continuous measure of the oxygen concentration could be obtained. - Attached
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 period to lower the concentratlon of oxygen within the chamber to
the desired level. . : -

The 'ch'arn'ber was'equipped.w'i.th -2 blower in order to keep the gas’within
the chamber mixed. _Also, to absorb the carbon d1ox1de a petri d1sh con--
taining "Ascarlte was placed w1th1n the chamber co

L The ammals to be studied in the hypox1c envxronment 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 reached. The
valve on this nitrogen cylinder was then closed and the valves on the _‘other :
nitrogen cylinder and the compressed air cylinder were opened. The flow:

- of gas from:each of these.cylinders was adjusted by the attached flow regulator
so that the required oxygen concentration was maintained. It was found after
the initial adjustment on these 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 env1ronment was between 5 and .

8 liters per minute. : : : : R oo

The control rats were kept at atmospherlc oxygen concentratlon

v Groups 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 11tter contributed 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 wentrol animals below the weaning age were also removed from their
mothers for the daily 6 -hour period.

Red cell volume determinations were done.by means of the Fe59—1abe1ed
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 cell 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 animals would fail to gain weight as their con-
trols did. In this situation it became obvious that the possibility of a
serious error was introduced when the unit red cell volume of a control was
compared with the unit red cell volume of an experimental 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 stimulation as the result of some experimental procedure.
Indeed, if the loss of welght were great enough, an erythrop01et1c response
might be assumed to exist where there is really no net increase in the total
number of c1rcu1at1ng red blood cells '

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. One group was fasted for a 6-day period.
The other group was fasted for a 12-day period with. food being given every
fourth day. The hematological results are given in Table II. It can be seen
‘that in both of the fasted groups a conmder_able 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, such a precedure as fasting could by no means be 1nterpreted as.an
erythropoietic stimulation.



TahltII

amlo@mmsmmmsramm:m

m
Razgf(@) (g)

W, %.

"M‘.A .

@

- T8Y

(md)

TRCY

(w)

b,

.&aﬁ

‘RCY

‘Cmnse P

(m/m@'

- & ‘body
weisht)

. waight)

Hb. Change p
& /100 |
& ‘body -
 (%)‘

Contro)

Fasted R
(6 days *10
ccatinuoualy)

Control 10

Fasted

(12 days, fed 10 L83 359“

every 4 th. daa")

e

W2 35T

40 kés

45.0

§Oah

L.l

ls7.0

2.4

.0

13.6

18.69

15.89

21.19

17.56

8.42

8.00

934

825

233
2.22»_
2063

2.39

1.97
2.2
z'om

2.31

13,7 <01

0.5k

0.622

0565
155 <001
. 0.668

ZN-1554

18,2 4,000

“37-

915¢-1490N .



_25. | UGRL-3516

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 stimulus, 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
where the unit red cell volume increases, no erythropoietic 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
nothmg can be assumed regardmg 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 environmentf\'for a gerlod of 14 days. At approxi-
mately 18 hours after.the last exposure the Fe”9-labeled red cell dilution
technique was employed to determine the blood changes in these animals as
compared with their corntrols. 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 average weight of the
control and hypoxic groups are very close at the beginning of the experi-
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 hefnoglobin 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.

In Table III the average total red cell volumes and total hemoglobins
for the hypoxic animals and their controls for all the ages studied are given.
Also, the perceritage change and the '"p'" 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 l4-day hypoxia at 50 days of age are the youngest animals to
show a significant increase 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
vwell erythropoietically to an hypoxia of 9.0% oxygen for 6 hours daily for
14 days. However, the rats of younger ages studied did not show a significant
 increase in total red cell volume and total hemoglobin whep 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

5
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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 1nterpreted as a further indication of the high
_erythropo1et1c state existing in young animals and that the red cell production
is at a maximal or near maximal rate at this time and cannot be further
stimulated. ot

Grant reported the occurrence of an increased total body hemoglobin

~in young rats that were nursed by intermittently hypoxic mothers. It was
thought pertinent that such an experiment should be repeated in the light of

the foregoing evidence of an inability of 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. FEach 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 mothers 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 well 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 1is a tabulation of the hemato-
-logical results in the young rats. Essentially no increase is seen in any of the
.hematological values. Thus the erythropoiétic stimulation of young rats
nursing from hypoxic mothers could not be repeated under the conditions
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 cé€lls in response
to hypoxia with that seen in young rats, a study was done of 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; namely, 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 after the beginning of the daily 6-hour exposures to hypoxia; thdit 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.

»



Table IV - '

Hematological changes in lactating rats exposed to 9.0 percent oxygen,

Ko. Wt 24 N
of begin end

rats (g) (g

Cantrol 3 290 294

‘Hypoxic 3 280256

6 hours daily for 1 days

Het. Hb. TBYV THCY

(%) wl) (ml; (md)

k3.6 12,0 16,93  7.37

THb, -

(8

2,03 ‘

RCV
(ml./ 100
&
weight)

2.51

2-‘08 ’ 3-59

{e./ 100

weight;
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 Tabla v

Hematological data in yuung mﬁe rats nursed by mothers axposed to

9.0 percent ox.ygen, 3 hours daily tor 14 d.ays _

" age  MNo.  Wt. W,
of begin end
(days) rats (g (g}
Nursed by - )
:control female '
Nursed by - | :
6-20 11 2.4 38.5
hypoxic famale : '

Hot.

o~ )
-
N

20.7

5.2 v :

‘TRCV

{ml}
2,79 0.52
2.39 0.7

Tib.

0,137

0.118

 RCV

zu/lm'

g body
weight )

1.22

1.2, |

Hb.
'(g. / 100
g body
weight )
) ) o
Ne]
0.324 '
0.308
c
Q
ZN-1557 é
, w
[$2]
o
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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 hematological results in Table VI. .

From the value for red cell volume per 100 g body weight obtalned in
the controls, the total red cell volume was calculated for. the exper1menta1
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 percent change was then calculated, and this was plotted in Fig. 7. Also
plotted in Fig. 7 is the slope of the line indicating the daily percentage 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 period. 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 red cell volume not withstanding red cell destruction. The pro-
duction of red blood cells in response to an hypoxic 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 c1rcu1at10n
by destruction.

; _ ‘ Summary

The labeled red cell volume technique was used to determine the
erythropoietic response to an hypoexic 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 re‘sponded well erythropoietically to this hypoxic
stimulus, rats of 5 to 30 days showed no net increase 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 mothers were
‘exposed to an intermittent hypoxic stimulus. The daily increase 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 compared with 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.



Table VI

_ Hematologi¢al changes in adult male rats exposed to.7.0‘pef§en£ dxyggn, 6 hours daily for from 1 to.zo days

Control rats

Hypoxic rats
1 day

2 days

3 days

i days |
5 days i :
6 days

7 days : ‘

8 days

9 days : :
11 days
15 days
20 days

# Calculated TRCV is the expected ‘TRCV at. the beglnnlng of the experlment based on. the control ‘value for
RCV per lOO g . : : ‘

& WV ® W ® w o\
w
o
S

N A T

" No. Wt.
- of begin
”‘rata (g}

21

350

510
45

L3

b5

fgt.

cend
(g)

356
342

342

387

310

315
397
352
34l
334
549
;'56.0
- 57.9

381
389

348

body Welght.

Het.

(%)

4623

51.0

- 50.8

48,2

50,5
49.8
54,0 -

51.8

: 54 ody

51.8

TBV

(m)

17-18

16.34
16.20

19.49
16,01

16.61

20,63
187

17.63
13.16

20,38
21.39
20.97 -

TRCV

. deteruined -
S {md)

7.9

- 8.12
- 8.23

9.40
- 8.10
8.25

113

9.7
9.57
9.38

. 11.26

"+ 11:99

YI;.15

TRCV *

Chanaé RCV
- calculated T ml /10 g
2.23
7.61 6.8
7.83 5.1
- 8.88 5,9' .
7.27 2BS WA .
T.43 1.0
9.57 ‘,;6,3
8.47 ©15.0
8.25 16.0
7.61 éo,lﬁ
9.03 4.7
.'9-1& , 31.2
’ 1§.03 f }a 6 g
) 5
S
s
i N
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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
daily 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 envisions 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--myoglobm, cytochromes,
peroxidases, and ferritin. Although perhaps to a small extent, 7 a certain
amount of iron also leaves the plasma pool by excretion. 37 The mathematmal
description of the various pool sizes and of the rates of exchange of iron be -
tween these pools is the sub_]ect of nmmuch attention,

Flexner et al. observed after the injection of radioiron that the con-
centration of radioiron in the plasma decreased exponentially. 36 Huff et al.
u<;1ng the exponentlal decrease of radioiron in the plasma and the total quantity’
of iron in the plasma, showed that after the injection of radioiron it was possible
to measure the plasma iron turnover. 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 ezuilibrium
w1th the plasma.iron pool than the total storage iron. 34, 48, 74, 10 ‘

Time _-_distribution' studies of radioiron have been carried out in the adult
rat after oral administration® and after intravenous administration.

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, liver, spleen, muscle, and kidney--at different ages in the rat.
The status of erythropo1e51s in the rat as a function of age is con51dered of
primary concern.
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. Methods . .

Male Long Evans rats 15 50 150 “and 250 days of age were used for
the study of the dlstnbutlon of rad101ron :

The Fe°’ was obtai‘n_'edﬁ'f‘rofn Oak Ridge as ferric chloride in hydrochloric .
acid solution. It was neutralized with sodium citrate to a pH of approximately
6, and an aliquot of this was combined just before injection with plasma obtained
frorn a'donor rat. Approximately 0. 25 microcurie was injected per rat; this
gave 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 pC per
ug of iron, so that approximately 0.06 to 0.25 pg of iron was injected per rat.
The total volume of the injection varied from 0.05 ml in the young rats to 0.15
ml 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 times from 15 minutes to 10 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 sacr1f1ed 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 possible was drawn into a heparinized
syringe from the vena cava . The animal was then perfused with saline, and
a sample wach of liver, spleen, marrow, muscle, and kidney was weighed
and saved to be counted for Fe59 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 15-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 Feb9 activity could be expressed .
in terms of counts per m1nute per mlcrogram of iron.

Six rats of each of the age groups stud1ed were used for the determination
of the chemical iron in the tissues. These animals were fg‘;t anesthetized
with ether and then injected 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 Fe59
.activity was determined in these tissues as well as on .an aliquot of blood.

" These tissues were then wet-ashed and a chemical iron determination carried
out accordlng to the method of Ramsey. 94 From the ratio of radioactivity to
iron in 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 glve a
chemical iron determination free of any contamination 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 Fe59 in the various tissues
studied are given in Table VII. Graphical presentation of the data for most of
the tissues 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 least squares, in drawn. From the slope of this line, the -
plasma volume, and the plasma iron concentration, the plasma jron turnover
was calculated accordmg to the method described by Huff et al. 61 These
values are given in Table VIII in terms of pg of iron per day per animal as
well as per 100 g of body weight. The results of these data show that the
Iargest quantlty of iron turned over in the plasma pool per unll: body We1ght
is seen in rats studled at 15 days of age

Figure 9 illustrates the increase in rad10act1v1t§6 of the total red cell
volume as a function of time after the injection of Fed It can be seen that
the 50-, 150-, and 250-day-old rats reach a plateau in red cell radioactivity
of approximately 72% of the amount of Feb59 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 peak of 85% approximately 1 day and
then fall to about 80% at 5 days after Fe59 injection. ‘It was also observed
that in the 15-day-old rats a high concentration of radioactivity appears very
early in red cells. According to Finch et al. an estimation of the rate of
erythro§>01esi5"‘may be made from the rapidity with which radioiron enters red
cells. At 15 minutes after the injection, approximately 40% of the radio-
activity injected was already in red cells in the 15-day-old rat. Since Walsh
et al. have observed the incorporation of radioiron in reticulocytes "in vitro',
it is suggested that this high uptake of radioiron observed in red cells in the
young animal is a reflection of the high percentage of reticulocytes known to
be present in rats of th1s age. 14, 29,91

114

An approximation of the red cell iron replacement rate was obtained by
multiplying the plasma iron turnover by the percentage of Fe59 seen in red
cells. These values, per total animal as well as per 100 g of body weight,
are 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- and 250-day-old rats by a factor of approximately 3. :
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) Table VII

Radioiron time-distritution data in various tissues of male rats of 4 differant ages

Ago 15 30 1‘ 2 'Y 6 12 18 ) 1 - 2 3 5 10
days minutes minutes howr - hours hours hours hours hours  day days days days days
Plasua - Counts por mimute® per total plasma voluse

15 2200 2300 7260 4290 97 655 369 - 27 388 207 192 135

50 56700 35000 11900 5000 2280 993 566 7B 4% - 14 176 14 152
150 55800 . 4900 33100 10100 3580 20 M9 3L 307 0 16 76 &
250 61800 LS00 26200 12400 3300 2500 58 3% 0 18 99 9 68

Red blood cells -‘Cgég_tzg per minute per total red cell volum

15 40800 24900 4LL00 40000 40200 54000 54300 78200 87600 83700 8400 78200

50 9700 14800 21100 26400 20700 29600 35600 32300 65400 67400 62300 67100 73000
150 6140 6720 5830  74k0 10400 10800 18500 28900 39600 72400 66800 73700 70900
250 509 . 7010 %10 6620 13900 10400 . 26900 22600 30700 55800 57600 68100 72600

. Bome marrow - Counts per minute por gram :
15 + 360 4010 4090 5180 580 4500 3260 2210 1520 655 452 302
50 7270 16700 18400 23600 23500 22700 24800 15500 7640 10 1500 835 628
150 3760 8540 13400 17300 20400 23600 20400 16800 12700 2410 - 1470 €37 - 528
250 270 790 11600 19100 19750 2100 15000 L300 13900 3125 | 1350 . 659 361

Spleen - Counts per minute per total splesn
15 3530 5025 8470 9830 9700 6850 7650 2910 3MO 450 1715 1835
50 1050 2680 TS0 480 8090 7985 6200 5360 2575 . 1520 677 1920 2020
150 462 668 1310 3860 3940 2760 2840 25000 2250 1600 1510 1270 1450
250 . él7 534 15*) 4030 3360 3010 . 3560 2830 1900 1340 1920 . 935 1070

&e_r;:f?pgnﬁ_s_w;& ninute portotal liver
15 12600 15500 14500 116800 13200 16200 12800 13400 . 16800 .103’30. 6650 5070
0 5190 12900 L4800 12900 1800 U100 12900 12000 10700 6510 6125 5260 304D
150 2270 /030 6070 10100 10100 12500 ° 11400 11600 1.1500 9400 8190 . 85‘»5 _ 7305
250 1990 5130 7980 8800 . 7800 10300 8380 10400 10500 10100 10500 790 7530

. Muscle - Counts per minute per gra .

W9 518 692 . 468 6 700 675 525 598 . 582 4L2 .
’ 6 6 & 70 2 12 103 10 93 10 108
20 a 7. 1 23 3 1. a 3 30 2%
17 ¥ w115 18 TR 20 2 19 2%

15

150
250

8
58 3 8§
&

_ | Kidney < Counts per mimts per total kidney = - ‘
15 120 U 120 L 12%0 W8 1510 1360 1530 W6 % 10
50 110 1020 . 768 616 726 T30 900 82 720 726 636 616 6%
150 120 1070 10 732 66 m2 @2 62 Gk % M2 12 5%
250 1330 1000 1030 786 66 704 08 792 708 6k 79 62 668

* Moact.ivity of all tissues corrected to an injection of 100000 Counts per minute.

« Pasmte nar minute for both tibias and both femurs for 15 day old rats only.
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Fig. 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
refer to the time scale given below. '
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Fig., 9. Fes9 radioactivity in the total red cell volume of rats. 15, 50, 150, and

250 days of age as a function of time after .inje’ctio_n.
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15
50
150

250

Wte

days (g) (ng . /md) (md)

33.5

165
348
409

Table VIIT o

Plasma and red cell iron turnover data at variqha agés_in thb male rat

Plasna Plasma
iron - volume

A

| 1.81
- 5.87
. 8.56
©9.82

1.13
1.20
1.7
1.75

% Plasma iron turnover =

(ng; -

Potal
plasaa
~iron -

2,05

7.04
_'u.9' -
17.2

0,693

Plasaa
iron
clearance
rate (T3)

(minutes)

23._6‘
19.6
e
- 46,0

(o

!
/

358

8.7

Plasma iron turnovert
 (ng fasy/

100 g
~ body wt.)

259
103

9.2

Fraction
radioiron in
"red cells

(%)

85
2
-T2
-

258
257

Red cell irom
turnover
(pg./day/

100 g
body wt.)

(ng-/

day)
21
156

7.8

7.9

269

ZN-1560

65.8
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In Fig. 10 a plot is given of the radioactivity per pg:of iron in the bone

marrcow as a function of time after 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 approximately 15 hours, whereas

in the 150- and 250-day-old rats this occurs at approx1mate1y 24 hours after
injection. The peak value in the=250-day-old rats corresponds 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 assumed to be in the marrow, then a maximum figure fo+ 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-old rat gives a value of 1.2 g of marrow per 100 g
body weight. Unfortunately, no value could be obtained for marrow volume
in the 15-day-old rats, since it was difficult to obtaln 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 rad10act1v1ty rises to 4% of the injected Fed9 at 2 to 6
hours after injection in the 250-day-old rats, and falls to and remains at a level
of approximately 1% 3 days: postinjection. The curve for the 150-day-old rats
is similar, except that 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” spleen. 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 spleen
relative to total spleen and marrow can be obtained if all of the radioactivity
in the tissues analyzed, with the exception of the marrow and the spleen, is
summed, and if all the rest of the activity is ‘assumed to be involved in -
erythropo1e51s in either the marrow or spleen ’ This. 1s assummg ‘that there
is no loss of the radioiron injected at 4 to 6 hours postanectlon when the
spleen and marrow activity are highest. This value comes out to approximately
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Fig. 10. 'Fe59 radioactivity in marrow in terms of counts per minute per ug of
marrow iron for rats 15, 50, 150, and 250 days of age. The figures to the =
' right of the peak values 1nd1cate the percent of the m_]ected Fe-’ per g of

_marrow at the hlghest p01nt in marrow.
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Table IX v

Average total iron daf.a of tissues of male .ratu of different ages
age, days 15 50 150 250

piam, wg /w113 (12)* 1.20 (20) 1.7 (41) 1.75 (35)
Blood, ug / ml. 198 388 416 k81 |
Red cells, ug/ml 808 003 o0 978
Bone marrow, ug./ g‘_v 20 % 7.9 o 88,5 110
Spleen, ug /& - 37,2 6.0 182 - 476
lver, wg/@ 150 194 189 523
‘Muscle, Lug../‘g? 6.5 11.6 7.0 10
Kdney, ug /8 9.4 23.5 - 2.7 30,2

| Relative organ welghts

(g /100 g body weight)
Spleen © owo8 026 0.269 0.201
CLver . 3.98 5.40  3.90 . 3.60
m.ey | L300 o086 0.720 0.652

% A1l valuoa are an average of six det.ommatima, unless otherwise
indicated bty numbsr in pamthoaia. _ "

% The value given for bone mamw, of the 15 day old rat onl,y, is in
t.arms of mimgrama of 1ron por both tibias a.nd both funnra.z S
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Fig. 11. Fe>” radioactivity in the total spleen of rats of 15, 50, 150, ‘and 250
days of age as a function of time after the injection. - -
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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 al., in adult rats receiving
total body irradiation with lead protection of their spleens, that evidence of
erythropdesis . was.observed in:tliesspléen;:; and furtlier .that the amount of
radioiron which later agpeared in red cells was approximately 30% of the
normal control value. 6 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 9 activity rises early

and then falls to and remains at a level of dpproximately 8% in the 150- and

250-day-old rats. The Fed9 radioactivity in the younger rats studied appears
to rise to a higher level and to fall to a lower 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 per
day as a function 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 Ifa
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 particular day is added to the gain in red cell volume on that day,
and if this is carried out for the age range covered, then a curve for the total °
daily red cell production as a function 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 VIII 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 pg 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 of
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 15-day-old rats"is greater
than in animals of 150 to 250 days of age by a factor of approximately three.
When the values, as given in Table VIII for red cell iron turnover per unit
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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 radiciron 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 Fed? is very rapid in the two
you 9gest ages studied and much slower in the 150~ and 200 -day-old rats.

enters the red cell most’ rap1d1y in the 15- and most slowly in .the 250 -
day old rats. The rad1oact1v1ty in the marrow also indicates a more rapid
entry and exist in this tissue in the young rat., Comparison of the time re-

. lationships in the Fe59 distribution in the spleen and marrow as well as the
Fe>?: activity per pg of iron'in these tissues suggests that the iron in the
spleen in the 15—day old rat is involved in erythropoiesis to the same extent
as the marrow is, Approxunately 30% of the erythrop01e51s occurring in the
rat at this time occurs in the spleen. Erythropol_es1s is also suggested in the
pleen of the 50-day- old rat, although to'a somewh‘at lesser degree.

Plasma and red cell iron turnovers were calculated Appr'oximately
equal values for total red cell iron turnover were obtained for rats of 50, ,
150, and 250 days. of age regardless of wide differences in ‘body weight. The
red cell iron turnover relative to body weight was highest in the 15-day-old
rats;- in them it was approx1mate1y 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 cobtained for red- cell iron turnover were somewhat hlgher than
expected : : : :

q :

- This work was done under the ausp1ces of the U S Atomlc Energy

Commission: o — »
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List-of Abbreviations Used'in Tables and Figures ' -
BV . . . . . blood volume -
Hb .+ . . . hemoglobin CUERA RS T

Hct . - he;rha,tgeri;. g
ml ..o o ow0¢ milliliter
No e e number _
PV . . . . . plasma volume
“RCV . . . . . red cell volume
SD . . . .. standard deviation - -
CT1/2 . . .. . halftime .
TBV . . . . . total blood volume
THb . . . . . total hemoglobin |
TPV . . . . . total plasma volume =
TRCV. . . . . total red cell volume
Mg . e . mic r'ograr_nk '

wt .. weight





