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PREFACE

This collection of papers represents our efforts, over the past several years; that
were directed toward oBtaining a fuller understanding of the mechanism of the control of .
red blood cell formation. Our interest in this problem, aside from its intrinsic fascina-
tion, stemmed, in part, from our attempts to determine whether recovery from radiation-
induced injury could be mediated by humoral mechanisms. Erythropoiesis is one of the
vital processes inhibited by whole-body X irradiation; this inhibition being reversed dur-
ing the recovery induced by spleen, embryo, or marrow cell transplants. Our attention,
therefore, turned to the growing body of evidence indicating that a hormonal mechanism
is involved in red blood cell formation, )

The papers in this report are arranged roughly in the order of their publication, with
some'as yet unpublished reports at the end. The course of the work is apparent: The first
efforts were directed toward developing a simple and rapid assay method for erythropoie-
tin. We then proceeded to the study of physiologic factors that control red cell formation
through their effect on erythropoietin production. The well-known effect of cobalt in caus-
ing polycythemia was then investigated with the surprising finding that there was also a
rapid response in the formation of erythropoietin. While the exact identity of the factor in
"cobalt plasma'' and that in "anemic plasma'' still awaits the complete identification and
characterization of erythropoietin, it seems safe to say that cobalt can induce erythropoi-
etin production,

We then used the fact of the rapid response to cobalt as a tool to search for the site of
production of erythropoietin. It is evident that our data, which indicate that the kidney is in-
volved in erythropoiesis, are still indirect and that direct confirmation of the role of the
kidney by demonstration of unequivocal activity in extracts is greatly needed. We are, of
course, actively seeking such confirmation. ’

The clinical significance of erythropoietin has been investigated in a preliminary
fashion by assay of human plasma from patients with a wide variety of disorders. Anemias
may be accompanied by greater than normal plasma érythropoietin titers, normal or less
than normal. The concept of a normal titer is still not well defined since no assay method
yet can measure easily the erythropoietic effect of normal plasma. This last point is one
also uudérgoing investigation. Those anemias with sub-normal titers are obviously the con-
ditions that should be tested in clinical trials of erythropoietin, _

Part of our efforts has been directed toward finding a more sensitive assay method
that will- lead to information concerning normal titers. Experiments using marrow cells
in tissue culture have shown the feasibility of demonstrating stimulation of erythropoiesis
in vitro but have not yet proved simple enough for our purposes.

Studies on the isolation and characterization of erythropoietin have followed two paral-

lel paths. Along one we directed our attention to the purification of erythropoietin from the




rabbit. These experiments are not reported at this time. Along the other path, in valuable

. collaboration with the Research Division of Armour and Company, we used anemic sheep
as a source. Enough material with purity high enough for clinical testing will soon be avail-
able from this source. The last paper summarizes our joint efforts on the purification and
characterlzatlon of sheep erythropoietin.

While none of the questions we have asked has yet been answered fully or finally, we
feel that the study of erythropoiesis, both from a clinical and biologic v1ewpomt may now
be entering a new phase.

Apart from our pubhshed results, there has been another product derived from our
work on erythropoiesis which needs emphasis. A forrmdable number of medical students
took part in the work and made important contributions to it. But more importantly, they
were able to have a rewardmg experience in research that might. otherw1se have been un-
available to them. The following people who at one time or another were students, either -
medical or graduate, participated in this problem: W, Fried, L. Plzak, E. Anderson, K. .
Kelly, J. David, S. Krantz, R. Grant, D, Schlessinger, G. Humphrey, E. Filmanowicz, and
W. Normore. . ‘ A '

_Mention must also be made of our debt to the followmg for technical help above and
beyond the call of duty M. Robson, 1. Henningsen, C. Carter, A B1r1ns M. Cassman, and
D. Mitchell.

Eugene Goldwasser,

Argonne Cancer Research Hospital, USAEC,

and Assistant Professor, Department of Blochemlstry,
The University of Chicago.

Leon O. Jacobson,

Director, Argonne Cancer Research Hosp1ta1 USAEC,
.and Professor, Department of Medicine,

The University of Chicago.
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STUDIES ON ERYTHROPOIESIS. I. DEMONSTRATION OF STIMULATION
OF ERYTHROPOIESIS BY PLASMA FROM ANEMIC
RATS USING Fe°%*

By

L. F. Plzak, W. Fried, L.. O. Jacobson, and W. F. Bethard'r

INTRODUC TION

As early as 1906, Carnot and Deflandre1 suggested that a humoral factor in the blood
plasma of rabbits mediates the production of red cells. In 1952, Grant and Root2 reviewed
the pertinent literature and concluded that the most tenable theory of red cell production
was that of humoral mediation. Since then, a great deal of evidénce has been presented to
substantiate this view.3_.6 Most of the research has been done on the rabbit, with the re-
ticulocyte, red blood cell, hemoglobin, and hematocrit values being used as indicators of
erythropoietic response. ’ ,

The presence of such a humoral factor in the blood plasma of the rat is described in
this paper. Erythropoietic activity was determined by measuring the rate of appearance
of intravenously administered Fe59 in the peripheral blood of normal rats that had been

previously injected intravenously with the substances that were to be tested.

METHOD

The Fe59 was obtained as ferric chloride in 0.08 N HCI from Abbott Laboratories.
Carrier iron was added as FeCls; all solutions were diluted in saline and titrated to pH 6
with saturated sodium citrate. Total iron was determined by the method of Barkan and
Walker.7 Each animal received about 0.8 uc Fe59, which was equivalent to approximately
400,000 counts per minute (c.p.m.) in a well-type scintillation counter.:F The radiotracer
was given 2 to 5 hours after the last injection of the test material. Blood samples (0.2 ml)
were taken from a tail vein or by cardiac punctilre at appropriate intervals to determine
the concentration of Fesg in the erythrocytes. The percentage of injected iron present in
the peripheral blood was then calculated, assuming the total blood volume to be 5 per cent
of the body weight (Table 1). '

It has been shown that radioactive iron is removed from the plasma within 4 to 6
hours after injection.8 Furthermore, it has been found that Fe59 does not exchange with
the iron that is already present in the red cell;8 nor is it adsorbed on the mature erythro-

cytes.9 Shortly after injection, it appears that the tracer begins to be incorporated into

Reprinted from The Journal of Laboratory and Clinical Medicine, 46:671-78, 1955,
t Present address: Scripps Metabolic Clinic, La Jolla, San Diego, California,
¥ Nancy Wood Counter. Model 1050A. ' :




Table 1

'PRE- AND POSTINJECTION BLOOD VOLUMES

Preinjection o ' " Postinjection
blood volume Fluid injected ! blood volume ?egfe’(‘f change
(% of body weight) (% of body weight) in biood volume
5.1 Saline 5.9 +16
5.1 Normal plasma’ © 6 ' +20
5.1 Anemic plasma ‘5.9 +16

“the maturing red cell.!® Hence, the measured radioactivity in our samples was an indica-
tion of the amount of 'Fé59 contained in the newly formed erythrocytes and thus this value

‘was taken as a direct mdlcatlon of the rate of erythrop01e51s

THE EFFECT OF A”N'E_MIC PLASMA, NORMAL.PLASMA, AND
SALINE ON BLOOD VOLUME

The data in this paper are based on the assumption that the blood volume at the time.
of sampling is not increased by the massive plasmé injections. In order to verify this, an
experiment was performed in which the bléod volume of the recipients was determined
after the injection of normal rat erythrocytes that had been labeled with NaZCr51
red cells were tagged with the radiotracer by the method of Gray and Sterling.11

One milliliter of Crsl-labeled red celis was injected intravenously into a group of 4-
month-old .Strague-Dawley male rats. Twenty-four hours following the injection of the la-
beled'r'ed'éells, the rats were wei"ghed, and a 0.5 ml sample of blood was withdrgwn from

each rat to establish the preinjection blood volume. These rats were divided into three

gro'up‘s: one to receive daily injections of pooled plasma from anemic rats (bled sufficient
‘ly to reduce the hematocrit to below 20 per cent); one to receive pooled normal rat plas-
ma; and one, saline. The volumes injected' intravenously on three successive days were 3,
3, and 4 ml. Twenty-four hours following the last injection, the rats were weighed, and a
0.5-ml sample of blood was taken by cardiac puncture from each of the recipients in order
to determine the postinjection blood volume. ’

. The data, presented in Table 1, show that there is no significanf difference between
the blood volumes of rats injected with saline and those injected with the plasmas.

These data also support the finding that in rats the blood volume is approximately 5
per cent of the total body weight. ‘ _

It has'Béen shown that Cr‘51 is lost from the red cell éfter 24 hOurs,'ll' and this loss
combined with erythrocyte destruction accounts for the "increase' in volume. Because in-
_travenous injections of massive volumes of saline are completely cleared from an animal
within several hours, the postinjection saline value represents the -corrected blood volume,
and injectibhs of anemic and normal plasma likewise do not affect this volume at an inter--

val of 24 hours after the last injection.



THE CORRELATION OF THE EFFECTS OF SALINE AND NORMAL -
PLASMA ON Fe®? UPTAKE

Several investigators3’5 have reported that normal plasma has no stimulating effect

on erythropoiesis. For this reason, a comparison was made between the effects of injec-

‘tions of normal plasma and saline in order to confirm these observations and to learn

!

whether saline could be substituted for normal plasma as a control in our subsequent ex-
periments. ' I

Rats were divided into 8 groups so that normal plasma and saline could be compared
under various experimental conditions. The results of the comparison are summarized in
Table 2. | ‘ o

No significant difference was found between the effects of saline and normal plasma
under the variety of conditions examined. Therefore, saline was substituted for normal

plasma as’the control in the experiments described below.

Table 2

A COMPARISON OF THE EFFECT OF INJECTIONS OF SALINE AND
NORMAL RAT PLASMA ON ERYTHROPOIESIS IN RATS

Experiment 1 2 3 - . 4.
Number of rats in each '
group : : -4 5 7 ¢ q
Number and volume of in- ‘ : : .
jections , 3 x 3 ml. 2x 4.0ml, 4 x 4.6 ml, 3 x4ml
Y of Fe injected 114 110 38 34
Intervg& of samples after . ) :
Fev" injection ' 22 hr. 19 hr. 18 hr. " 18 hr,
, Avérage % uptake of Fesg‘ o
Normal plasm.a recipients 12.5 13.3 21.2 . 25,0
Saline recipients 12.5 14.1 195 . 22,5 -

THE EFFECT OF FREQUENCY OF INJECTION. AND OF
VARIOUS VOLUMES OF ANEMIC PLASMA

In order to quantitate the amount of anemic plasma necessary to stimulate erythro-
poiesis significantly, a series of experiments was performed in which (a) the number of
injections of plasma was varied and (b) the volume of each injection was altered.

Erslev3 found that two injections of anemic plasma, together equivalent to about 1.6.
per cent of the wéight of the animal, did not elicit a reticulocyte, hematocrit, or red cell
response in rabbits. He found that 4 daily injections, totaling the approximate blood vol-
ume of the animal, were needed to effect a significant rise in the number of reticulocytoe,s.

The number of injections of anemic plasma necessary to. elicit a significant response

3




was determined by the following experiments in which groups of rats received the same
total volume of plasma but spread over different periods of time. The results are given
in Table 3. '

Table 3

THE EFFECTS OF NUMBER OF INJECTIONS OF ANEMIC
PLASMA ON ERYTHROPOIESIS IN RATS

Daily injections of Anemic plasma Rats ?vfrtzgl((ee ?Et:;(leir:g
Experiment equal volume (total volume) (No.) 0 precipients
(No.) (ml) (Ratio of %)
1 2 12 4 ©1.87
1 3 12 4 1.95
1 4 12 3 1.56
3 1.58
2 1 3 5 1.00

The data in Table 3 demonstrate that, with 3 injections of plasma, the maximum ef-
fect is obtained.

Figure 1 summarizes the results obtained by varying the total volumes of anemic
plasma given over the 3-day period. Samples were taken 19 hours after the injection of
the Fe59 (100 7y Fe per milliliter). Individual values are indicated by x, and the line
connects the average values for each set. The results indicate that 2 ml of plasma given
daily for 3. days elicits the maximum effect with the greatest economy of plasma,

. Although the figure illustrates the significant effect obtained with 1-ml injections of
anemic plésma (equivalent to 1.3 per cent of rat body weight) on Fe59 uptake, a better re-
sponse was obtained when twice this volume was used. The response of the individual rats

showed less variability with the three 2-mlinjections.

DETERMINATION OF THE PROPER SAMPLING INTERVAL AND AN
EVALUATION OF THE USE OF CARRIER IRON

Using the method described previously, we attemi)ted to ascertain the time after the
injection of radioiron when the greatest difference in uptake would be found between the
rat treated with anemic plasma and that treated with saline. It is advantageous to with-
draw only one blood sample to demonstrate the rate of erythropoiesis. Singlé sampling
eliminates the possible alterations that might result from previously drawn samples.

Typical Fe59 uptake curves are shown in Figure 2. The curves indicate that the best
sampling interval is approximately 20 hours after radioiron is injected. After this inter-
val, the rate of Fe59 uptake is similar for both the saline and anemic plasma recipients,

* Variations in the amount of carrier iron added to the Fe59 influenced the percentage
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-Figure 1. The effect of injections_of various volumes
of anemic plasma on uptake of Fe®9.

uptake (Figure 2). It was practically impossible to control completely the amount of iron
given to each animal in the different experiments owing to the hygroscopic property of the
FeCl3 (state of carrier iron) and the inherent difficulties in the quantitative analysis of
minute quantities of iron. Hence, this method as such could not be employed satisfactorily
as a bio-assay procedure. In order to correct this, a series of experiments was conduct-
ed in which carrier iron was not used. This alteration in procedure enabled us to achieve
approximately the same Fe59 uptake values in several experiments (Table 4).

The fact that the effect of the anemic plasma was not as great in these experiments
as was demonstrated when the carrier iron was employed suggested that a sampling peri-
od other than 20 hours be tried. Thus, rats were éampled at 12, 15, or 20 hours after the
injection of the radioiron, Figure 3 presents our evidence demonstrating that the sampling

59

period at which time the ratio of Fe”" uptake by anemic plasma recipients to that by saline

recipients is greatest occurred 12 hours following the injection of carrier-free Fesg. Ear-
lier samples were not considered adequate measures of uptake because with erythropoietic

59

inhibitors, an earlier sample may be contaminated with plasma Fe™ "~ if the plasma clear-

ance time is increased considerably. In addition, there is a possibility that the adminis-
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Figure 2. The effect of variations in the amount of car-
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‘take of FeS9, - A ‘ 4

Table 4

UPTAKE VALUES OBTAINED IN,.THE ABSENCE OF CARRIER IRON

59

o N . f sample uptake

Substanpe 1n3ect¢d ?I\Ia;.s). ) Intlet.‘va(chz‘t: )S pie Fe' A(%)p

Saline 4 | 20 36.5
Saline 3 | 20 ' 3715
Saline 4 20 33.5
Saline 3 20 32.5
Saline 5 20 . 325

" 'Anemic plasma (ml.) _ _

| 3x3 4 20 | .. 425
_ 3x2 ) 4 .20 .. 46.0
3x2 5, 20 45.5




tered plasma might cause fluctuations in the blood volume during the first 12 hours after

its injection.
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Figure 3. Ratio of Fe59 uptake by recipients of anemic
plasma to that by recipients of saline.

OPTIMUM TIME FOR INJECTION OF RADIOIRON

If the injection of the Fe59 is delayed for 24 hours after the last injection of anemic
plasma, a measurement of Fe59 uptake will not reveal any erythropoietic stimulation be-
cause such an effect is not measurable during this interval (Table 5). This lack of effect
after one day is further indicated by the approximation of the slopes of the curves shown
in Figure 4 after the 18-hour sample. Thus, injections of Fe59 should be given within a
few hours after the last injection of plasma. - '

SUMMARY -~

Plasma from rats made anemic by bleeding contains a humoral factor that stimulates
erythropoiesis in normal rats. The activity of this humoral substance has been demon-
strated by an increase of the rate of incorporation of Fe59 into red blood cells following

infusion of anemic plasma. An amount of anemic plasma equal to about one-half the rat's
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Figure 4. Effect of length of time between last plasma
injection and Fed9 injection on uptake of FeS9,

UPTAKE OF Fe°?

Table 5

SALINE OR ANEMIC PLASMA

INJECTED 24 HOURS AFTER LAST INJECTION OF

" Time after plasma 59
Substance injected -?Naés) injection before Fe Fe hglfr%:k(?y' z)at 24
: injection (Hr.) ’
Saline 7 24 41.6
Anemic plasma 11 24 40.2

blood volume is required to'cause the stimulation. Best results were obtained with 3 doses

59

of 2 ml each. The Fe”” solution must be injected within a few hours after the final infusion

of anemic plasma, and blood samples should be obtained 12 hours afterward.
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STUDIES ON ERYTHROPOIESIS. II. ASSAY OF ERYTHROPOIETIN
IN HYPOPHYSECTOMIZED RATS*

By

W. Fried, L. Plzak, L. O. Jacobson, and E. Goldwasser

Experimental evidence supborting the theory that a humoral factor in the blood plas-

1.2 This fac-

ma mediates red cell production has been reviewed by several investigators.
' 4

tor, which has been referred to as erythropoietin by Bonsdorff and Jalavisto3 and others,
has not been isolated nor is it known whether it is a single substance or several. The meth-
od utilized to determine the presence of erythropoietin in the plasma of anemic animals
has been confined largely to evidence of increased erythrocyte production in normal ani-
mals that have received injections of plasma from animals made anemic by repeated
phlebotomy or injections of phenylhydrazine. The hematologic technics for determining in-
éreased red celi production consist largely of reticulocyte and red cell counts, hemoglobin
or hematocrit determinations on the peripheral blood, and histologic study of erythroblas-
tic.activity of the blood-forming tissue. As p?'eviously reported,5’6 Fe59
formed red cells is probably the most reliable single method for studying the effect of

uptake in newly-

anemic plasma on erythropoiesis. Under ideal experimental conditions, the findings ob-
tained by all these methods correlate well with one another, but an amount of plasma
equivalent to one-half the blood volume is necessary to elicit a response. A sensitive
method of assaying plasma from normal or anemic subjects is described in this commu-

nication.

MATERIALS AND METHODS

Preparation of animals. Young adult male Sprague-Dawley rats, approximatély 3

months of age and ranging in weight from 175 to 200 g, were used throughout these experi-
ments, Rats,+ hypophysectomized by a standard technic, were delivered to us on the day
following the operation or at later intervals thereafter, They were maintained on -a.diet
consisting of milk, fresh vegetables, and Rockland mouse diet ad libitum. The control ani-
mals were of the same sex, age, and weight.. ' . 4

Preparation of plasma, Rats were bled daily for 3 days by cardiac puncture until
their hematocrit was reduced to 25% or less. On the fourth day, the animals were anesthe-
tized lightly with ether, and as much blood as possible was withdrawn by cardiac puncture.
To this blood was added sufficient heparin to prevent clotting (circa 20 units per cc of blood).

A

Reprinted from Proceedings of the Society for Experimental Biology and Medicine,
92:203-7, 1956, :

T Obtained from Hormone Assay Laboratories, Chicago, Illinois.
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The blood was immediately centrifuged at 3000 rpm.* The plasma was separated, pooled
with other plasma drawn at the same time, and stored at -IQOQ. This routine was followed

for preparation of the plasma that we shall hereafter refer to as "anemic plasma.' Plas-

ma, which was prepared from the blood of normal, previously unbled rats, served as the

control,
Test of plasma for erythropoietin. The hypophysectomized and normal rats were

weighed just prior to and at the conclusion of each experiment. The plasma to be tested
was administered intravenously to each animal in 2-cc doses on 3 consecutive days. Two
hours following the last injection of plasma, 1 cc of Fe‘f:’9 citrate solution, diluted with nor-

mal saline to contain 2 to 3 pc of radioactive Fesg, was introduced into the tail vein. Six-

teen hours following injection of Fesg, a 1-cc sample of blood was withdrawn from each
rat by cardiac puncture. The radioactivity in this sample was measured in a Nancy Wood
well-type scintillation counter. The radioactivity in an aliquot of the original Fe59 solu-
tion given each animal was similarly measured. Using the blood volume of -the rats {esti-
mated to be 6% of body weight, verified by Cr51 blood volume determinations after the
method of Gray and Sterling)»,7 the amount of radioactivity injected into the rats, and the
radioactivity in the 16-hour sample, it is possible to calculate the per cent of the injected
dose of Fe59 appearing in the peripheral blood cells at this time interval. In each experi-
ment, the per cent of Fe59 taken up in a control group of rats (5 animals per group) was

compared with the uptake in groups of rats receiving anemic plasma or normal plasma.

RESULTS

Effect of anemic plasma on uptake of Fes9 in hypophysectomized animals. Our
first experiments were conducted on rats that were hypophysectomized 10 to 13 days pri-
or to the injection of plasma. The uptake of Fe59 in hypophysectomized animals that were

given daily injections of 2 cc each of normal plasma for 3 successive days was 5% or less;

while in the hypophysectomized animals that were given anemic plasma, the uptake was
16% or more (Table 1). The uptake of Fef’9 in normal rats following the injection of nor-
mal or anemic plasma according to the same regimen averaged respectively 37 ¥ 4% and
48 T 4%. The data given below are from experimeénts in which hypophysectomized animals
were used as recipients, . '

Effect of interval post-hypophysectomy on sensitivity"‘to anemic plasma. A series
of experiments was undertaken to determine at what time after hypophysectomy the ani-
mal is most sensitive to anemic plésm‘a. Normal or anemic plasma was given to, rats at
various periods after hypophysectomy, and the rate of erythropoiesis was observed. The

results are summarized in Table 2. An appréciable reduction in Fe59 uptake occurred by

4 days after hypophysectomy and reached a minimum by 8 days. We found it advisable,

therefore, to wait at least 8 days after surgery before using the animals for assay purposes.

* International Centrifuge, size 1.
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" Table 1

EFFECT OF ANEMIC PLASMA ON RATE OF ERYTHROPOIESIS IN THE

HYPOPHYSECTOMIZED RAT; 6 EXPERIMENTS*

Avg % uptake of Fe°> into RBC

No. rats Anemic Normal Sali No ini

per group - plasma plasma aline © 1nj.
5 27.4 3.2 5.0 4.0
5 16.3 3.3
4 17.1 5.0
5 18 2.7 3.8
3 19.3 5.0
3 21.8 5.0

% ,
10 to 15 days post-hypophysectomy.
Table 2

EFFECT OF THE INTERVAL AFTER HYPOPHYSECTOMY ON
APPARENT SENSITIVITY OF RAT TO ANEMIC PLASMA

_ *
Avg % Fes'9 uptake into RBC of rats
Plasma Prior to 4 days 8 days 13 days
inj. hyp.t post-hyp. post-hyp. post-hyp.
Normal 37.5 9.1 4.0 5.0°
Anemic 44.6 18.5 18.1 18.0

¥ : A
16-hr.  sample. Thyp. = hypophysectomy.

Effect of various amounts of anemic plasma on the uptake of Fe59 Because of the

greater sensitivity noted in the hypophysectomized rat, it was thought desirable to inves-
tigate the possibility of using a single injection of plasma, testing its efficacy when admin-
59. The data in Table 3 indicate

that the erythropoietic effect induced by a single 2~ml'injection of anemic plasma, given 4

istered at various intervals prior to the injection of Fe

9, is not manifest in the 16 -hour sample, but is clearly seen when
59

hours prior to the Fe5
administered 24 hours prior to the administration of Fe®”. The stimulus is still detected

2 or 3 days after administration of plasma. These points were further substantiated by the
~observations that 2 doses of 2‘ cc each given 4 hours and 24 hours prior to Fe " injection
produced no greater effect on Fe59 upfake than did one injection given 24 hours previous-
ly. However, 2 injections, given 24 hours and 48 hours before Fesg, gave a greater re-

sponse. On the basis of these results, we elected to use 2 injections of 2 cc each in future

assays unless otherwise noted.
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Table 3

RELATIONSHIP OF INTERVAL BETWEEN SINGLE 2-ml INJECTION OF ANEMIC
PLASMA AND ADMINISTRATION OF Fe59 TO ELICITATION OF THE
ERYTHROPOIETIC STIMULUS; 5 EXPERIMENTS

Avg % uptake of Fe°> in RBC of
hypophysectomized rats

Piasma given

Rats 4 hr prior 24 hr pggor 48 hr prior Normal
(No.) to Fe99 to Fe to Fe plasma

4 12.1 5.0

5 11.3 16.8 6.4

4 18.5 18.0 4.6

3 12.0 12.0

10 4.5 15.5 4.0

Production of anemic plasma factor by the hypophysectomized animal. Hypophy-

sectomized animals were bled on 3 successive days until their hematocrit was 25% or
less. Anemic plasma was obtained from these animals by the method that is described
above. This anemic ‘plasma, collected from hypophysectomized animals and injected into
hypophysectomized animals, produced a significant increase in the uptake of Fe59 (Table
4). In other experiments it was found that plasma from normal animals subjected to sple-
nectomy, adrenalectomy, thyroidectomy, gonadectomy, or combinations thereof and then

bled in¢reased the uptake of Fe59 in the hypophysectomized assay animal as well as did

Table 4

EFFECT OF HYPOPHYSECTOMY ON CAPACITY OF ANIMAL TO
ELABORATE THE ANEMIC PLASMA FACTOR

Avg % uptake of Fe59 in RBC of hypophysectomized
rats after administration of various plasmas

Source of plasma
Total vol Unoperated, Hypop.hy- Unoperated, Hypoghy- '
Rats of plasma unbled sectomized, anemic sectomized,
(No.) 2 cc/inj., animal unbled animal anemic
animal animal
"4 2.7 5.9 14.8 12.0
4 5.0 5.8 16.7 16.3
2 11.2 14.2
13 2 12.4 12.3
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that from normal, bled animals.

DISCUSSION

The data show that the anemic plasma factor(s) (erythropoietin) can be assayed in

the hypophysectomized recipient using the technic of Fe.59 incorporation into newly-
formed red cells. The mechanism of the exaggerated response to anemic plasma observed
in hyvpophysectomized animals as compared with the response of hypophysectomized ani-
mals given normal plasma is probably a relatively simple one, Our data indicate that by 4
days after hypophysectorhy, erythropoiesis is already reduced but not to the maximum re-
duction, which occurs at 8 to. 14 days. The reduction in erythropoiesis that we have shown
to occur, 'using Fe59 uptake by the newly-formed red cell as the criterion, has been cor-
roborated by the finding of a reticulocyte reduction that coincides: with the decreased up-

take of Fe59.8 It seems likely that an overall reduction in the metabolic requirements of

9,10 have shown that

the animal occurs very soon after hypophysectomy. Several workers
a new equilibrium level of red cell mass is established within 2 or 3 months after hypo-
physectomy. Following the operation, for example, at day 10, the metabolic requirement

of the animal is reduced but the new red cell mass equilibrium has not yet been achieved,
The animal is therefore essentially corﬁparable to an animal made polycythemic by trans-
fusion. Consequently, red cell production falls to a minimum since a plethora of red cells
already exists. ) '

The production of erythropoietin probably also falls to a minimum under these cir-
cumstances, and, therefore, the administration of anemic plasma to the hypophysecto-
mized animals produces an exaggerated response. '

It is obvious from our data that the hypophysis is not directly concerned in the produc-
tion of erythropoietin since plasma from an anemic .hypophysectomized animal produces
an excellent response in the hypophysectomized assay preparation. We need not enter into
a discussion of whether a specific pituitary factor, as suggested by Van Dyke gtil.lo and
Contopoulos gt_al_.,ll is involved directly in red cell production; but on the basis of the data
reported in this paper and other data that have not yet been published, it seems likely that
the effect of the pituitary on erythropoiesis is only indirect. '

The great sensitivity of the hypophysectomized assay preparation to anemic plasma
has made it possible for ﬁs to explore the presence of the factor(s) (épythropoietin) medi-
ating red cell production in the plasma: of normal rats and in other species with various
types of.anemia. These studies are being extended, and many other obvious facets of the

problem, which are beirig ihvestigated, will be reported at a later date.

SUMMARY AND CONCLUSIONS

Using incorporation of Fe59 into newly-formed red cells as index of red cell produc-
tion, it has been shown that erythropoiesis is gradually reduced, reaching a minimum in
rats at 8 to 13 days after hypophysectomy. A factor of 10 exists betweenAincorporation of
Fe59 into red cells of normal control (37 t 4) and the hypophysectomized rat (4 t 2) at.

14



this interval. We have also found that the hypophysectomized rat is an extremely sensi-
tive preparation for assay of factor(s) in anemic plasma that stimulates or mediates

erythropoiesis. Our observations may be summarized as follows:

1. Administration of anemic plasma to hypophysectomized assay animal increases

incorporation of Fe59 3- to 7-fold.

2. Plasma from hypophysectomized animals and unoperated controls made anemic
by repeated phlebotomy increases Fe59 red cell incorporation to the same extent when
administered lu Lhe hypophysectomized assay animal.

3. A single injection of 2 ml of anemic plasma to the hypdphysectomized assay ani-
mal elicits a 2- to 3-fold increase in Fe59 incorporation. .

The mechanism of rapid reduction of erythropoiesis that follows hypophysectomy in
rats and its relationship to increased sensitivity of the hypophysectomized animal to ane- ‘

mic plasma are discussed briefly.
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STUDIES ON ERYTHROPOIESIS. III. FACTORS CONTROLLING
ERYTHROPOIETIN PRODUCTION"

By
W. Fried, L. F. Plzak, L. O. Jacobson, and E, Goldwasser

The existence of a plasma factor, known as erythropmetm that is capable of modify-
ing red blood cell production is firmly established. In 1955, we described a bioassay for
this plasma factor in the normal rat. The procedure used the incorporation of I‘e59 into
newly-formed erythrocytes as an index of the rate of erythropoiesis. More cently, we
demonstrated that the hypophysectomized rat is a more sensitive assay animal than the
normal one.z‘3 ' ’

Further studies on the temporal relationship of hypophysectomy to changeé in eryth-
ropoiesis and on erythropoietic respon'se of the hypophysectomized animal to erythropoie-
tin are the subjects of this paper. In addition, other sensitive assay systems that can be

producéd by methods designéd to decrease erythropoiesis are described.

MATERIALS AND METHODS

Preparation of plasma.

On 3 consecutive days, rabbits or rats were bled by cardiac puncture, and on each of
these days, the amount withdrawn approximated 2% of body weight. On alternate days there-
after, blood amounting to about 1.5% of their weight was withdrawn. After the hematocrit
‘was reduced to 25% or less, more blood was withdrawn and heparinized, and plasma was
separated and stored at ~-17°C. This procedure, which has been described in detail,1 was
. followed for preparation of plasma that we shall refer to as "anemic plasma.'" Samples
from the same lot of anemic plasma were always used in comparative experiments. Plas-
ma, which was prepared similarly from blood of normal, previousiy unbled rabbits or rats
served as controls. ' A

Assay procedure.

Rats in each experimental group discussed below were given intravenously three 2-cc
doses of anemic plasma on successive days. Control animals received normal plasma or
saline acéording to the same schedule. The rate of erythropoiesis was then determined as
follows:2 Fe59 citrate (2 to 3 pc) was injected into the tail vein of the animal at 3-6 hours
following last injection of plasma. Sixteen hours after injection of iron, a 1-cc sample of
blood was taken by cardiac puncture. Activity of Fe59 in erythrocytes of the §amp1e was

determined by counting in a well-type scintillation counter.T The amount of radioactivity
Reprinted from Proceedings of the Society for Experlmental Biology and Medlclne

: 94:237-41, 1957. _
T Nancy Wood Counterlab, Chlcago 111 Model SC-2L-42.
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in the entire circulating red cell mass was calculated and expressed as per cent of injected
59 . .
dose of Fe™ " in peripheral red cells.

Preparation of recipient animals.

Hypophysectomized rats. Hypophysectomized male Sprague-Dawley rats,”< 4 or 8
weeks old and weighing 75-90 or 140-160 g, were maintained on diet consisting of milk,
fresh vegetables, and Rockland mouse pellets ad libitum. The rats were given 3 injections
of plasma, and the iron was introduced 6 hours affer last injection. PolyAcythemia was pro-
duced in normal, 3-month-old male Sprague-Dawley rats by intraperitoneal injections of

washed homologous erythrocytes suspended in saline. Ordinarily, 8 daily injections of 2

cc of red cells were sulficient to elevate the hematocrit from a normal value of about 45%
to one between 70 and 75%. The rats were used for assay the day following last injection
of red cells. Hematocrit values remained between 70 and 75% throughout the assay so that
additional red cell injections were unnecessary. At conclusion of assay procedure, blood
~values, determined by the radiochromium method of Gray and Sterlirig,4 were 6% of body
weight in the polycythemic rat as compared with 5% in the normal rat.
Hyperoxic rats. Normal, 2-month-~old male Sprague-Dawley rats, weighing between
150 and 200 g, were placed in an oxygen tent into which flowed a continuous supply of oxy-

gen, maintaining an atmosphere of 85-95% 02.1- After 7 days, the rats were divided ran-

domly into treatment groups of 5 animals each, and the 3-day regimen of plasma injection
was initiated. The experiment was concluded on 10th day that the rats were in the oxygen
tent. During the 10-day period, the animals were out of the high O2 atmosphere only for
the brief time necessary for injection.

Fasted rats., Normal, 2-month-old male Sprague-Dawley rats, weighing 175 g, were
deprived of all food, but water was supplied ad libitum. Radiochromium blood volume de-
terminations after 5 days of starvation gave values of 5% body weight in the starved ani--
mal as compared to 5% in contfols. At various intervals, as indicated below, rats in ran-
domly-selected groups were injected with Fesg, and the peréentage of radioiron incorpo-
rated into red blood cells was determined. Other groups were given anemic or normal
plasma for 2 days before injection of iron. The rats were weighed at time of sampling.
The fast was continued in all cases until conclusion of the assay.

Rats injected with dinitrophenol, Male Sprague-Dawley rats, weighing between 375
and 400 g, were injected subcutaneously with 5 mg of 2,4-dinitrophenol 'in a 10-ml volume
at pH 8.5 daily for 3 days. One-half of the group received daily intravenous injections of

-2 ml of anemic plasma while the other half received saline. Rats in the control group re-

ceived 10 ml of saline instead of dinitrophenol and anemic plasma or saline as test mate-

59 was édministered 2 h(_)urs after last injection, and the % uptake of iron was de-

rial. Fe
termined as described above. In many experiments, studies of the effects of anemic plas-

ma on elements of peripheral blood were done on animals used either for measurements

Obtained from Hormohe Assay- Laboratories, Chicago, Ilinois.

Determined by Beckman O2 analyzer,
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of uptake of iron, or upon others that were used solely for hematologlc 1nvest1gat10ns

These studies are presented in Paper No. IV of this series.

RESULTS

Effect of age of hypophysectomized rats upon response to anemic plasma.

.The rate of decline of erythropoiesis following hypophysectomy in 4-or-8-week-old
rats and the responsiveness to anemic plasma at several intervals following surgery' were
compared. The younger rats were also studied for a longer time to observe changes that
occur during equilibration of red cell mass and red cell production. The results are sum-
marized in Figure 1 and Table 1.

40 ~
35 i—'

30

x——x 75-90g RATS (4 WEEKS OLD)
0—>0140-160g RATS (8 WEEKS OLD)

25
20

15

UPTAKE OF Fe 59 (%)

0 1 1 1 1 1 1 1 1

10 20 30 40 50 60 70 80 90
DAYS AFTER HYPOPHYSECTOMY

Figure 1. % incorporation Fe59 in erythrocytes of rats hy- .
pophysectomized at 4 and 8 wk of age.

In the younger rats, values for uptake of Fe59 reached a minimum of 5 to 8% at about
17 days after hypophyéectomy. In the older rats, on the other hand, the lowest rate of Fe59
uptake, 3 to 5%, was reached at 8 days after removal of the pituitary (Figure 1). A com-
parison of responsiveness to anemic plasma of the 2 age groups is presented in Table 1.
In the assay of anemic plasma 3 days following hypophysectomy, in the younger rat
the ratio of treated to control iron uptake was 1.2, while in animals used for assay 16 days
after operation, the ratio was 2.0. As would be expected, the relative response to anemic

plaSma was greater at the time when rate of erythropoiesis was minimal. When the anemic
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Table 1

EFFECT OF ANEMIC PLASMA ON UPTAKE OF Fe°® IN 4-WK-OLD AND

8-WK-OLD RATS AT INTERVALS OF 3, 10, 15, 16, AND 90 DAYS
AFTER HYPOPHYSECTOMY"

: Days post- h5pophysectomy
Age at opera- Substance Unoperated when Fe?Y was inj.
tion control

(weelka) 3 10 i5 i6 90

4 Anemic plasma 45" ‘35 16 24

Control 38 30 8 | 15
8 Anemic plasma |  44.6 17.0 | 18.1 | 18
Control ' 37.5 10.1 4.0 5

*
Each interval represents average for 5 rats/group.

* These figures represent % incorporation of Fe

plasma was assayed in older group of rats, the ratios at 3, 10, and 15 days were respec-
tively 1.7, 4.5, and 3.6. These values indicate that in rats of this age, the maximum re-
sponsiveness to erythropoietin also occurred at the time of minimum erythropoietic ac-
tivity, although this was several days earlier than in the case of the 4-week-old animals.

For assay purposes, we use rats that are hypophysectomized when they are 8 weeks
old because the minimum rate of erythropoiesis is reached earlier and there is less var-
iability in response than in rats that are subjected to surgery at an earlier age.

Variability of assay using hypophysectomized animals as recipients.

To give an indication of variability inherent in the assay procedure described.in this
and the previous paper,2 we have compiled values for uptake of Fe59 for each control hy-
pophysectomized animal (8 weeks old) used in 45 previous experiments. "Control animals"
consist of all rats injected with normal plasma or saline or that were uninjected. These
controls did not differ significantly from one another. Figure 2 indicates that 74% of con-
trol hypophysectomized animals had Fe59 uptake values of 5% or less. In making a simi-
lar compilation of the Fe59 uptake values for all animals that received anemic plasma
(from rabbits or rats), we found that only 0.6% had an Fe uptake of less than 5% and that
70% had an Fe2? uptake exceeding 10%. Since Figure 2 includes animals from 45 different
experiments, many different lots of anemic plasma are represented. This probably accounts
for the very broad spread in results.

Polycythemic rats.
In rats with hematocrit values ranging between 70 and 75%, tﬁe rate of erythropoiesis,

as determined by uptake of Fésg, declined from 32 to 4%. After 8 days of red cell injection,

when the rate of new red cell formation was at this minimum, anemic plasma was injected

- for 3 days. The ratio of freatc\ed to control iron uptake values was 6.0 as compared with a

ratio of 1.4 for normal rats.
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Figure 2, Distribution of % Fe":’9 mcorporatlon in control hypophysec-
tomized rats and in those treated with anemic plasma.

Hyperoxic rats.

Rats subjected to an atmosphere of 85-95% 02' displayed a diminished rate of eryth-
rocyte production as evidenced by reduction in uptake of Fe59 by erythrocytes from con-
trol values of 32 to 8% at the 10-day interval. After administration of anemic plasma to
these animals, the ratio of treated to control values was 3.0 (normal rats, 1.4). Rats main-
tained in the.atmosphe.re of high O2 for more than 2 weeks did not survive.

Fasted rats.

The decline in rate of erythropoiesis and increased responsiveness to anemic plasma
in starved rats is iilustratad in Figure 3. When the animals lost about one-third of their
body weight; their iron uptake values were at a rainimum, while their response to injéc-
tions of anemic plasma was high. The ratioa of iron uptake values in treated over controls
at 0, 3,4,6,and 7 days of fasting were respectively 1.4, -4.7, 5.4, 3.6, and 1.4. The sharp-
ly diminished response in the later stage of starvation probably reflects the over-all de-
terioration of the animals. '

" Administration of dinitrophendl.

Adminisvtration'of dinitrophenol to normal rats resulted in increased rate of erythro-
poiesia- about 70% greater than that in controls. Animals treated with dinitrophenol showed
a response to anermc plasma about 12% greater than that to saline, Untreated animals had
a response to anemic plasma that was about 100% greater than that to saline. A compari-

son of the responses to anemic plasma of these variously treated animals is given in Ta-
ble 2. '

DISCUSSION

2

In previous papers we pfesented data indicating that erythropoiesis as measured
. by incorporation of Fesg or reticulocyte values, declines follbwing hypophysectomy. Ad-
ministration of anemic plasma to animals in which erythrdpoiesis is at a minimum elicits

an exaggerated response in terms of new red cell formation,
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tion and on response to erythropoietin in 8-wk-old rats.

Table 2
RELATIVE SENSITIVITY OF ASSAY PREPARATIONS
TO ANEMIC PLASMA IN TERMS OF % Fe°’
‘ INCORPORATION
Plasma inj.
. .

Recipient Anemic Control
Polycythemic 24 4
Normal 44 32
High O, 24 8
Normal 46.5 34
Starved 'g4 days brior 15 3

to Fe?9 admin.) .
Normal . - 38 27
DNP to normal rat 42 36
Normal 43 22

.Each figure. is average of 5 individual values.
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In the present paper we show that rats hypophysectomlzed at 4 weeks of age, undergo
a decline in erythropoiesis that is cons1derably more gradual than that observed in rats
hypophysectomized at 8 weeks of age. The reason for this difference is obscure but cer-
tainly deserves further study. The data presented here also indicate that as the new equi-
iibrium between red cell formation and red cell mass is slowly being established, the up-
take of Fe59 rises from low values found shortly after hypophysectomy to those about mid-
way between pre-operative level and the lowest point. They remain at that level for at
least 90 days (length of our observations). ‘ : )

The following hypothesis was suggested previously in part as an explanation of our

2,3 After hypophysectomy, the over-all metabolic requirement of the animals drops

data.
-rapidly to a level that is a fraction of that in the normal anifmal. There is, therefore, a de-
crease in the demand for oxygen by the tissues. Since the red cell mass does not decrease
significantly within the first 2 or 3 weeks, therc cxists a relative plethora of erythrocytes,
analogous to that in an animal with a transfusion-produced polycythemia. This discrepancy
between demand of tissues for O2 and the amount of O2 available manifests itself, in some
manner, by bringing about a reduction in production of erythropoietin, and as a consequence,
erythropoiesis falls to a minimum within a week after hypophysectomy. At this time, ad-
ministration of anemic plasma rich in erythropoietin would be expected to increase marked-
'ly the production of red cells. A '

Because of the radical initial reduction in erythropoiesis with continuing natural death
of red cells, the red cell mass declines slowly. This gradual decrease in Oz-carrying ca-
pacity. lessens the discrepancy. between O2 supply and demand.

As the plethoric state that was established initially slowly diminishes, the rate of
erythropoiésis that had decreased to a minimal value begins to rise until it is able to main-
tain the red cell mass at a level compatible with the new rate of demand for O2 by the tis-
sues. ,

According to this working hypothesis, other experimental conditions that likewise pro-
duce a discrepancy between the demand for O2 and availability of O2 should also alter the
rate of erythropoiesis.

In the experiments with polycythemic rats, the oxygen-carrying capacity of the blood
is increased with, probably, no increase in the metabolic requirement for oxygen. This sit-
uation is therefore analogous to that in the rat shortly after hypophysectomy and also re-
sults in a decreased rate of erythropoiesis and incréased responsiveness to anemic plas-
ma, . '

- When animals are subjected to an environment of 85-95% 02, there are small but sig-
nificant increases. in the amount of oxygen that is carried.s’6 As in the case of hypophysec-
tomized and polycythemic animals, this condition, by increasing the discrepancy between
the supply-and demand for 02, decreases the rate of erythropoiesis and heightens respon-
siveness to erythropoietin,

Animals subjected to starvation have been shown to have decreased basal metabolic

rates very shortly following the onset of the fas'c.7 In acute starvation, a marked decrease
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in the tissue demand for oxygen exists without appreciable change in the number of circu-
lating erythrocytes. Thus, a relative plethora of red cells exists in these animals and, like
the other préparations discussed above, a decrease in erythropoiesis occurs. Acute calor-
ic deprivation may have an appreciable effect on the synthesis of the plasma factor(s) in-
volved in erythropoiesis. This possibility needs clarification. On the other hand, it is
known that protein-deprivation in rats reduces the incorporation of Fe59 into the red cells.

While the situations discussed above all tended to increase the responsiveness of ani-
mals to erythropoietin, the rats that were treated with dinitrophenol would be expected to
increase their metabolic requirement for O2 without an immediate, compensating increase
in supply of 02. This is the reverse of the previous cases, and if the hypothesis stated
above is valid, the rate of erythropoiesis should increase and the responsiveness to eryth-
ropoietin should decrease, as they do. Preliminary experiments with the naturally-occur-
ring metabolic stimulant triiodothyronine gave similar results.

These investigations suggest that formation of erythropoietin and consequently the rate
of erythropoiesis are regulated not by the absolute O2 tension of the blood, but rather by
the relationship between O2 tension of the blood and the oxygen demand by the tissues.

SUMMARY AND CONCLUSIONS

1. We studied the erythropoietic response to anemic plasma of a variety of experi-
mental conditions in the rat. Rats subjected to hypophysectomy, an atmosphere of high 02,
starvation, and transfusion-induced polycythemia have a decreased rate of erythropoiesis
and an exaggerated response to the administration of anemic plasma. 2, Treatment with
dinitrophenol increases the rate of erythropoiesis and decreases the response to anemic
plasma. 3. These findings are in agreement with the hypothesis that the rate of erythro-
poiesis is determined by the amount of erythropoietin, the production of which is regulated

by the relationship between O2 supply and demand, not by either factor alone.
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STUDIES ON ERYTHROPOIESIS. IV. RETICULOCYTE RESPONSE OF
HYPOPHYSECTOMIZED AND POLYCYTHEMIC RODENTS '
TO ERYTHROPOIETIN

By
L. O. Jacobson, E. Goldwasser, L. F. Plzak, and W. Fried

Erythropoiesis is reduced to a minimum in hypophysectomized rats within 3 weeks
after removal of the pituitary.l’2 During this same interval, there is a rapid overall re-
duction in metabolic r'equireme'nts,'3 although the red cell mass remains within norinal
limits.4 For this reason, we have suggested that the animal in this state is comparable to
one with a transfusion-induced polycythemia and as a consequence, erythropoiesis de-
creases. Administration of plasma obtained from normal or hypophysectomized animals
made anemic by repeated bleeding or phenylhydrazine administration produces an increase
in incorporation of Fe 9 into red cells of the hypophysectomized recipients. The increased
incorporation is 3 or more times greater than that in control hypophysectomized animals
that are given normal plasma or saline. )

The effect of age at the time of hypophysectomy and the effect of transfusion-induced
polycythemia upon erythropoiesis are described in this paper. In addition, the reticulocytic
response of hypophysectomized rats and polycythemic mice to "anemic plasma' is also re-

ported.

MATERIALS AND METHODS

Anemic and control plasmas were prepared according to the methods described in
Part III5 of this series.

Hypophysectomized rats of 2 age groups. In one experiment, 30 Sprague-Dawley male
rats, 26 to 28 days of age, were studied. The average body weight was 100 g. Reticulocyte
determinations were made on all rats the day before 20 were hypophysectomized and the

other 10 sham-operated. Thereafter, reticulocyte values were obtained daily from 10 hy-
pophysectomized and 5 sham-operated rats on alternate days. This was continued for 7
days and then at less frequeht intervals. In the second experiment, conducted similarly,
‘the rats were 2 months old with an average weight of 175 g.

Hypophysectomized recipients of anemic plasma. Four days after hypophysectomy,
Sprague-Dawley rats, each weighing about 200 g, were divided randomly into 3 groups, of

5 animals each. Animals in group 1 received no injections (untreated controls); those in

group 2, "anemic' rat plasma; and those in group 3, normal rat plasma. Two-cc doses of

plasma were injected daily into the tail vein on 3 consecutive days. Reticulocytes were

"'Reprinted from Procéedings of the Society for Experimental Biology and Medicine,
94:243-49, 1957. T . .
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counted prior to the first plasma injection and daily thereafter for 6 days.

Preparation of polycythemic recipients. CF No. 1 mice weighing 23 g, were made

polycythemic by intraperitoneal injections of 75 to 80% concentration of washed homolo-

gous red cells suspended in saline. The suspension was given in 0.5-cc doses on succes-

sive days and once again 2 days later. Hematocrit determinations were made thereafter

at frequent intervals, and red cell injections were repeated when necessary to maintain
hematocrit readings of about 70 to 75%. At about 6 days after the first injection, when no
reticulocytes were found in the peripheral blood smear, the mice were used for the ane-

mic plasma injection experiments.. -

Polycythemic recipients of anemic plasma. Forty-five polycythemic mice were di-

vided into 3 groups of 15 mice each. Those in group 1 received anemic rat plasma; those

in group 2, normal rat plasma; and those in group 3, saline. The plasma or saline was in-

jected intravenously for 4 successive days in doses of 0.5 cc. Beginning on fifth day, injec-

tions were given every other day until the 11th day. In a separate but otherwise identical ex~
periment, blood volume determinations were done on the 3 groups described above as well

as on 5 normal mice that received saline and on 5 normal mice that received neither saline -
nor plasma. In another experiment, intravenous injections of plasma or saline were begun
on the same day that mice were given the first intraperitoneal injection of red cells. Plas- e
ma was given for 19 days (5 days/week) and the red cell suspension at intervals sufficient
to produce and maintain a polycythemic condition. Three groups of 10 mice each were

studied. Those in group 1 received anemic rabbit plasma; those in group 2, normal rabbit

plasma; and those in group 3, saline. Reticulocyte counts were made frequently through-
out the 19-day period of study. In yet another study, doses of 0.5 cc normal or anemic rab-
bit plasma were given intraperitoneally at the same time that red cells were being given,
by the same route, to each of 10 mice in 2 groups. The 10 mice in the third group received
saline. Plasma injections were given for 16 days (5 days/week) and the red cells as neces-
sary to produce and maintain a polycythemia. Hematocrit determinations and reticulocyte
counts were made on 5, 8, 12, and 15 days following the first plasma and red cell injections.
All hematologic studies were made on blood drawn from tail vein and were limited, for
purposes of this communication only, to hematocrits and reticulocytes. Blood for hemato-
crit determinations was collected in heparinized capillary tubes and spun in a microhema-
tocrit centrifuge.* Reticulocytes were counted by the direct smear method, using brilliant
cresyl blue without counterstain. When no reticulocytes were found in 10 x 106 red cells,
the values were considered to be 0.000%. Blood volumes were determined according to
Crs'1 red cell labeling technic of Sterling and Gray.6 This was modified somewhat for the
mice. The radioactivity of each sample was counted in a well-type. scintillation counter us-
ing 0.1 cc of donor-tagged blood cells in 0.9 cc of distilled water as a standard. Hematocrit
determinations were made at the time that blood for blood volume determinations was col-

lected to permit cak:ulatidn of the red cell mass as well as that of plasma volume.

International Hematocrit Centrifuge, A. S. Aloe Co., St. Louis, Missouri.
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For histologic studies, polycythemic mice were divided into 4 groups. Group 1 (con-
trol) consisted of polycythemic mice that had received neither plasma nor saline. Group
2 consisted of polycythemic mice that had received anemic rabbit plasma. Animals in
group 3 had received normal rabbit plasma, and those in group 4, saline. Five mice in
each group were sacrificed 8 days after the first of 6 daily intravenous injections of 0.5
cc plasma or saline. The hematocrit was maintained at about 70% throughout this experi-
mental period. The mice were killed by cervical fracture, and samples of liver, spleen,
and bone marrow (femur) were taken for -examination. The tissues were fixed in Zenker-

Formol, embedded innitrocellulose, cut at 6 u, and stained with hematoxylin-eosinazure.

RESULTS

Effect of age at time of hypophysectomy. The reticulocyte values of-26- to 28-day-
old rats were about 13% on.the day before hypophysectomy. During the first 5 days there-
after, the reticulocyte values of hypophysectomized and sham-operated rats were com-
parable. By 6 days, however, the reticulocyte values of the hypophysectomized rats were

appreciably lower than those of sham-operated animals and, as indicated in Figure ‘1, they
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Figure 1. Effect of hypophysectomy on reticulocyte values of -
26- to 28-day-old rats (avg wt, 100 g).

continued to fall until the minimal value of 1.7% was reached by the 4th post-operative
week. The number of reticulocytes'in sham -operated rats fell more slowly, but by 6 weeks,
the values of both groups were comparable and stabilized at 2.5%._ Reticulocyte values of
2-month-old rats were about 5.5% before hypophysectomy. The reticulocytes dropped from
the pre-operation value to 2% at 4 days afterwards in the hypOphysectomized rats and con-
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tinued to decline, reaching a minimum of 0.3% by 10 days. They remained at this level for
3 weeks, then gradually rose to 1.7% by 6 weeks. The pér cent of reticulocytes in sham- '
operated animals very gradually declined to 2.5 by 11 days after surgery and remained es-

sentially unchanged thereafter (Figure 2).
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Figure 2. Effect of hypophysectomy on reticulocyte values of
52-day-old rats (avg wt, 175 g).

Effect of anemic rat plasma on hypophysectomized rats. As indicated in Figure 3,
the reticulocyte values of the hypophysectomized rats injected with anemic plasma rose
to 2.3% by the fourth day after the first injection. Values for normal plasma controls

reached a maximum of 0.7% whereas those for untreated controls remained at the base-

line (Figure 3).
Effect of anemic plasma on polycythemic mice. By 1 day following 4 daily injections

of anemic rat plasma, the reticulocyte values of polycythemic mice were 0.4% as com-
pared with 0.000% for mice that received similar injections of normal plasma or saline.
By 11 days following repeated injections, the reticulocyte values of the group receiving
anemic plasma were 2.3%, whereas the reticulocyte values of mice receiving normal plas-
ma or saline were less than 0.001% (Figure 4). Simultaneous Fe59 red cell incorporation
studies and reticulocyte counts were conducted in this experiment. On the day that the re-
ticulocytesbf the polycythemi.c'anemic plasma recipients were 0.4% and the normal plas-
ma and saline recipients were 0.000%, the Fe59 red cell incorporation data failed to show
any significant difference between the groups. When reticulocytes reached 2.6%, however,
the Fe59 red cell incorporation studies showed a value more than twice that of the saline

or normal plasma controls but failed to show any significant difference between the latter

groups.
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A definite increase in red cell mass was found in the polycythemic mice that received

anemic plasma, normal plasma, or saline (Table 1). The plasma volume was decreased
moderately in these polycythemic animals as compared with the untreated normal controls.
As was expected, no significant difference in red cell mass was noted between the 3 poly-

cythemic groups.

Table 1

EFFECT OF ANEMIC PLASMA ON BLOOD VOLUME OF NORMAL AND
POLYCYTHEMIC CF NO. 1 MICE

Total blood vol

| « Hemato- , % | Red cell | Plasma

Treatment Wt (g) crit (%) (ce) body wt. | mass (cc)| vol (cc)
Normal 23 54 1.46 | 6.3 0.79 0.67
Normal saline : 24.6 55.5 1.59 6.4 0.88 0.71
Polycythemic saline 23.9 76.4 2.43 | . 10.1 1.85 0.57
Polycythemic normal plasma 24.4 717 2.58 10.5 1.98 0.59
Polycythemic anemic plasma 24.8 74 2.23 9.0 1.65 0.58

It is worthy of note that a total of only 4 injections of anemic plasma or normal plas-
ma was given in this experiment and that less than 0.001% reticulocytes were observed in
normal plasma- and saline-injected groups. In the other experiments described below,
many more injections of anemic and normal plasma were given and a slight increase in
reticulocytes above the baiseline was invariably observed in the normal plasma-injected
animals. .

In another experiment, the reticulocyte values of the recipients were 1.3% 6 days aft-
er first intravenous injection of anemic rabbit plasma and the first intraperitoneal injec-
tion of red cells, whereas these values were 0.000% in mice that received normal plasma
or saline. By 10 days, when the reticulocyte values of mice that were given normal plas-
ma or saline were still 0,000%, the reticulocytes of the mice that received anemic plasma
reached a peak of 3.7%. No further increase in number ofAret.icu_,locytés occurred in mice
~ receiving anemic plasma, even though the injections were continued for 20 days. A slight
increase in reticulocyte values (about 0.1%), however, occurred in mice receiving normal
plasma by 20 days as compared with 0,000% in mice receiving saline (Figure 5). Injections
of anemic plasma given intraperitoneally at the same time that red cell suspensions were
injected. via the same route produced responses similar 'to those described above (Figure
6). By 5-days after the first injections of plasma and red cells, the reticulocyte values of
mice that received anemic plasma were 1.4% as compared with 0.000% for mice that had
been given normal plasma or saline. By 12 days, the reticulocyte values of anemic plasma-

treated animals had risen to 2.2%, while those of animals that had been given normal plas-
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Figure 6. Effect of repeated 0.5-cc intravenous injections of ane-
mic and normal rabbit plasma on reticulocyte values of mice that
received intraperitoneal injections of plasma beginning on same
day that transfusions for polycythemia were initiated.

ma reached 0.25%. The saline recipients remained reticulocyte-free through the 16-day
period of observation.
Histologic findings. Histologic differences between polycythemic mice that received

anemic plasma and those that received saline or no injection were obvious at autopsy.

The spleens of animals that had received anemic plasma were at least twice the size of
those from saline-treated or control animals. The spleens from the polycythemic mice
‘that had been given normal plasma were larger than those from the saline or 'no injec-'

tion' controls but smaller than those from the anemic plasma group.
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Histologically, the 4 groups were clearly distinguishable as follows: 1) Anemic plas-
ma-treated polycythemic recipients. Islands of ectopic erythropoiesis in the portal triads
of liver were easily distinguishable. Evidence of erythropoiesis was scattered throughout
the bone marrow. The red pulp of spleen was packed solidly with erythropoietic tissue
(Figure 7, D). The white pulp was sparsely populated with lymphocytes. 2) Normal plas-
ma-treated polycythemic recipients. Definite islands of erythropoietic activity were found
in the portal triads of liver but were less conspicuous than those observed in liver of re-
cipients of anemic plasma. The red pulp of spleen had definite areas of erythropoietic pro-
liferation as shown in Figure 7, B. The amount of erythropoietic tissue in the red pulp was
clearly less than that observed in recipients of anemic plasma. 3) Saline-control polycy-
themic recipients. There were no indications of ectopic erythropoiesis in liver, and no
significant evidence of erythropoiesis in bone marrow was seen. The marrow consisted
primarily of megakaryocytes and granulocytes. As indicated in Figure 7, C, the red pulp
of spleen was relatively acellular and there was no definite evidence of erythropoiesis.
The white pulp stood out sharply in contrast. 4) "No injection'' control polycythemic mice.
Histologic findings in liver, bone marrow, and spleen in this group were identical with
those for saline-injected control mice. A section of the spleen from such a mouse is shown

for purposes of comparison in Figure 7, A.

DISCUSSION

In Part II15 of this series we have attempted to explain the mechanism whereby hy-
pophysectomy, transfusion-induced polycythemia, and related experimental conditions al-
ter red cell production. We have also tentatively proposed a theory to explain the mech-
anism by which erythropoietin is produced and by which erythropoiesis is controlled. This
communication is largely designed to show that the data on reticulocyte production and the
histologic evidence of erythropoiesis in hemopoietic tissue support the findings given in the
preceding paper, which describes the use of incorporation of F959 into the red cell to study
the state of erythrocyte production and to measure the effects of normal and anemic plasma
in hypophysectomized rats and polycythemic mice. It is of considerable importance, how-
ever, to note that when one reduces erythropoiesis to an absolute zero baseline by trans-
fusion-induced polycythemia, as measured by reticulocytes, Fe59 uptake values are 5% or
less but never reach a zero baseline. We have demonstrated in polycythemic animals that
the response to an anemic plasma preparation may not be significant by Fe59 red cell in-
corporation studies but that reticulocyte studies clearly indicate activity. On the other hand,
as described in part III,5 when a substantial reticulocyte response occurs, Fe59 red cell
incorporation clearly differentiates the anemic plasma-injected animals from the controls
in the polycythemic recipients, and is equally as sensitive as in the hypophysectomized as-
say preparation.

The slight effect of normal plasma on the reticulocytes of the peripheral blood and
the striking effect on splenic erythropoiesis probably represents the effect of a small

amount of erythropoietin that is present in normal plasma. Our experience would indicate
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Figure 7. Histologic effect of 6 0.5-cc injections of anemic
rat plasma compared with that of normal rat plasma on splen-
ic erythropoiesis in mice with transfusion-induced polycyth-
emia. Tissues were taken for study 8 days after first injec-
tion of plasma. A. "No injection' polycythemic control spleen.
Red pulp is sparsely cellular. B. Spleen of normal plasma-
injected polycythemic mouse. Red pulp is rather heavily pop-
ulated with erythropoietic tissue. C. Spleen of saline-injected
polycythemic control. Red pulp is sparsely cellular and there
are no islands of erythropoiesis. D. Spleen of anemic plasma-
injected polycythemic mouse. There is extreme erythropoietic
activity in the red pulp and a moderate reduction in lymphopoi-
etic cells in white pulp.



that one could probably use weight, size, and gross appearance of the spleen of polycyth-
emic mice as a simple index of erythropoietic effect of an unknown plasma. The histolog-
ic appearance of the spleen permits differentiation between anemic plasma and normal
plasma or saline recipients on the basis of the amount of erythropoiesis in the red pulp.
In preliminary studies we have féund that normal plasma incubated at 37°C for 20 hours
and administered thereafter according to the same dosage schedule as that used for nor-
mal or anemic plasma in polycythemic mice fails to increase the number of reticulocytes
in pelyoythemic mice,

In his early studies on transfusions, Robertson7 described the induction of polycythe-
mia in the rabbit and the effect of this procedure on erythropoiesis. He encountered in-
creasing difficulty in maintaining a polycythemia as transfusion followed transfusion, We
have found that it is hot difficult to produce and maintain a polycythemia in mice if washed
homologous cells are used. However, the repeated injection of heterologous plasma makes

the maintenance of a polycythemia more difficult.

SUMMARY AND CONCLUSIONS

1. Following hypophysectomy of rats, reticulocytes in the peripheral blood fall to a
minimal level within a period of 3 to 4 weeks. This reduction represents a 5- to 10-fold
decrease from the prehypophysebtomy control. This reticulocyte decline is more rapid in
8-week-old rats than in younger animals. 2. Administration of anemic plasma to hypo-
physectomized rats produces a reticulocyte rise that is many fold greater than that pro-~
duced by normal plasma or saline. 3. Erythropoiesis, as measured by the number of re-
ticulocytes in peripheral blood, falls to zero in 6 days in mice made polycythemic by re-
peated intraperitoneal injections of homologous red cells. Anemic plasma obtained from
rats or rabbits, when injected intravenously or intraperitoneally into polycythemic mice,
produces a reticulocytosis many times greater than that observed from normal plasma.
Normal saline produces no increase in reticulocytes. 4. In polycythemic mice and hypo-
physectomized rats, reticulocyte determinations in the peripheral blood and Fe59 red cell

incorporation studies are of about equal sensitivity in measuring the response to anemic

plasma.
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STUDIES ON ERYTHROPOIESIS. V. THE EFFECT OF COBALT ON
. THE PRODUCTION OF ERYTHROPOIETIN*

By
E. Goldwasser, L. O. Jacobson, W, Fried, and L.. F, Plzak

For nearly three decades it has been known that cobalt increases erythropoiesis in
experimental animals.l Cobaltous chloride given orally or parenterally for a period of
several weeks induces and maintains a‘ polycythemia in man and experimeéntal animals.
. The precise mechanism by which cobalt exerts this action has not yet been clarified com- -
pletely. Early studies indicated the cobalt acts directly by producing an anoxic condition
in the marrow,5 while later work suggested an indirect anox1c effect on the marrow caused

2-4

by the formation of cobalt-amino acid complexes.6 However attempts to produce a de-
pression in respiration of the marrow by the use of cobalt, either indirectly or directly,
have failed‘8 A recent study has shown that 'cobalt, at a concentration that does not affect
respiration, depresses the in vitro synthesis of hemoglobin from glycine in short-term
experirnents.9 This seeming paradox has not yet been resolved. )

Although the appreciable toxicity of cobalt limits its clinical applicability, it has been
used to correct certain anemias thal are refractory to all the usual therapeutic measures
except transfusion or elimination of the underlying disease.

In a preliminary paper10 we presented data indicating that cobalt exerts its effect by
stimulating the productmn of erythropmetm This paper gives details and further ‘evidence
of this finding. As in previous reports the term erythropoietin is used to des1gnate the
factor found in plasma of anemic animals that accelerates erythrop01es1s when such plas--

ma is 1nJected into assay ammals

- EXPERIMENTAL

Materials and Methods ,
Assalanimals.' Starved or hypophyse‘ctomizedf rats were used to assay the various

experimental plasma preparations for erythropoietin-activity as described in previous
publicatione 1.1-13 The assay method measures the per cent of injected Fe59 that is in-
corporated into red cells under standardlzed conditions. A minimum of 5 rats was used
in each assay group A ' .

Preparation of '"cobalt plasma.'" Aliquots of a stock solution of cobaltous chloride
(0.025M) were injected ‘subcntaneously into rats and rabbits according to the schedules

described for each separate experiment. After the indicated intervals, the treated animals

Reprinted from Blood, 13:55-60, 1958.
T Obtained from Hormone Assay Laboratories, Chicago, Illinois.
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were bled by cardiac puncture, the plasma was separated and, if not used immediately,
was stored at -180C. When Co60 was used, it was mixed with aliquots of the stock solu-
tion before injection. _Plasmé derived from animals injected previously with cobalt is
termed ''cobalt plasma." Exactly similar methods were used for the other metal ions that
were examined; the amounts used being limited by the toxic action of each metal.

Effect of cobalt on the incorporation of Fesg. The direct effect of cobaltous ion on

the incorporation of Fe59 into red cells was studied by injecting 1 ml of a cobalt solution
containing 1.05 p moles each day for 2 days into hypophysectomized rats, then determin-
ing the incorporation of Fe59 as in thé standard assay. The results shown in Table 1 re-
veal that 2.1 p moles of cobaltous ion stimulate the incorporation of iron into red cells,

This finding necessitated the use of cobalt-containing controls as described below.

Table 1

EFFECT OF COBALTOUS ION ON THE INCORPORA-

TION OF Fe? INTO THE RED BLOOD CELLS

OF HYPOPHYSECTOMIZED RATS

% of Fes.g incorporated

%
Normal plasma - 3.8tz20
2.1 uM Co' " 9.5t 1.9

%
Standard deviation of the mean.

. Effect of cobalt plasma on the incorporation of Fesg. Cobalt plasma was produced by

injecting 6 ml of the stock solution of cobalt into 400-g donor rats, which were sampled 18

hours later. This cobalt plasma was assayed in hypophysectomized and normal rats with
the results shown in Table 2. There was an unmistakable stimulation of iron inéorpo_ration
by the cobalt plasma. By mixing Co60 with the stock solution of CoCl2 and measuring the
amount of isotope remaining in the plasma after 24 hours, we were able to show that about
0.4% of the original amount of cobalt that had been injected was present in the 4 ml of plas-

ma that was used for assay. As might be inferred from the data in Table 1, this amount of

Table 2 -

EFFECT OF COBALT PLASMA ON THE INCORPORATION
OF Fe59 INTO THE RED BLOOD CELLS OF HYPO-
PHYSECTOMIZED AND NORMAL RATS

% of Fe59 incorporated

Hypophysectomized Normal
Saline 2.6 toe 26.7  Toz2-
Cobalt Plasma | 19.4 t7.4 35.6 tia
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cobalt (0.6 p moles) is too small to elicit a response of the magnitude seen in Table 2, and
the observed erythropoietic effect was therefore not attributable to free cobaltous ion. Sim-
ilar controls will be described in later experiments. ’

The relationship between the erythropoietic activity of cobalt plasma and the amount
of cobalt injected into donors was studied with the Tesults shown in Tabl)e 3. Three hundred-
g donor rats were given single injections of cobalt solution, with the exception of the highest
dose which, because of its toxicity, was given in a divided dose, 2 hours apart. The plasma
was drawn after 24 hours and assayed in hypophysectomized rats. The data from this ex-
periment reveal a rough proportionality between the amount of cobalt given to donor ani-

mals and the response of recipient animals to the resulting cobalt plasma.

Table 3

EFFECT OF AMOUNT OF Co'" INJECTED INTO DONOR RATS ON

ERYTHROPOIETIC ACTIVITY OF COBALT PLASMA (ASSAYED
IN HYPOPHYSECTOMIZED RATS)

M co™ injected % of Fe59 incorporated Difference from control
| 0 2.6 ¥ 0.6 --

37.5 8.0t 3.3 5.4

75.0 10.6 T 6.1 8.0

150.0 15.9 ¥ 3.1, 13.3

Time course of erythropoietin production. The time course of the appearance of

erythropoietic activity in this plasma of donor animals was determined. Each donor ani="
mal was given 75 p moles of co™tina single injection, and enough animals were bled at
each time interval to yield a minimum of 20 ml of plasma. The cobalt plasmas were then
assayed in starved rats with the results shown in Figure 1. After a lag period of about 4
hours, there was a sharp rise in the content of erythropoietin in the cobalt plasma. The
maximum titer was reached at about 12 hours. A curve derived from these data could be
indicative of the action of either of two mechanisms. A storage site of the hormone may
be stimulated to discharge its content of erythropoietin, or the site of synthesis may be
stimulated for a short time to produce the factor, at an accelerated rate, which has a
short half-life in the plasma. The former ‘explanation seems the less likely in view of the
lag period, and more importantly, the known effect‘ of cobalt in producing a true polycy-
themia. Further evidence that cobalt exerts its effect by stimulating synthesis is provided
by additional data showing that 72 hours after an initial stimulus with cobalt, the erythro-
poietin titer of the plasma had returned to control levels. If however, the animals were
given another injection of cobalt and the plasma was sampled 6 hours later, the titer rose
to about the same level as it had 6 hours.after the first injection of cobalt.

That the effects seen with cobalt plasma in Figure 1 were not caused by residual
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Figure 1. Time course of erythropoietin formation after cobalt stim-
ulation. Each point represénts the average of values obtained from a
group of 5 assay rats. »

amounts of cobalt in the plasma can be seen upon examining the curve marked cobalt con-
trol (Figure 1). The amount of cobalt present in the plasma was determined by means of a
tracer quantity of Co60 as described above. An amount of unlabeled cobalt calculated from
the Co60 content to be in the plasma at each time interval, was then rhixed with normal
plasma. This plasma-plus-cobalt was used as a control for cobalt plasma containing the

59 seen were, therefore, not

same amount of the ion, The stimulated incorporations of Fe
due to cobaltous chlomde The possibility remains that some form of cobalt other than

free cobaltous 1on may be responsible for the erythropoietic effect. Craftsl4 has shown that
microgram quantltles of vitamin B12 have no effect on erythropoiesis in hypophysectomized
animals, and we have found that as much as 1.0 mg of B12 does not stimulate incorpora-
tion of Fe59 When erythropoietin has been completely characterized it will be possible to
determine whether the material in cobalt plasma 1s identical with that in plasma from ane-
mic animals. Evidence has been accumulated showmg that. some of the gross properties of
the active principles in the two types of plasma are similar. The erythropoietic activity
contained in both anemic and cobalt plasmas is, in large part, retained after precipitation
of the major portion of the plasma proteins by either heat denaturation15 or by precipita-
tion with perchloric acid. In addition, extracts of both types of plasma retain activity after

prolonged dialysis and lyophilization.

Effect of bleeding on erythropoietin production." A single massive bleeding acts in the
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same manner as cobalt, as a stimulus to increase plasma erythropoietin. In this experi-
ment, 8 ml of blood was removed from each donor animal (300 g) by cardiac puncture, with
a resulting hematocrit of 27, At the indicated intervals, each group of rats was then bled
as a source of plasma, and the plasma was assayed in starved rats (Figure 1). While the
observed stimulus is considerably less than that seen after repeated bleedings or after
cobalt, it does follow a time course similar to that seen with cobalt plasma although the
peak of erythropoietin titer is reached sooner.

Effect of other metal ions on erythropoietin production, The effect of other heavy met-

al ions, as well as that of a cobaltic complex ion, was studied in order todetermine whether
the stimulation of erythropoietin synthesis was specific for cobaltous ion or, perhaps, due
to general heavy metal toxicity. The metal ions were chosen because of their chemical or
toxicological similarity to cobalt. The data in Table 4 indicate that other toxic heavy met-
als have no effect in stimulating the production of erythropoietin. Surprisingly, cobaltic
hexamine chloride did have some effect, which may possibly be due to reduction of the

complex ion, but evidence of this is not yet available.
Table 4

EFFECT OF METAL IONS ON FORMATION OF
PLASMA ERYTHROPOIETIN

Amount injected % of F 59
Metal salt into donor rats o of Fe ~ incorporated
(pM) by recipient rats
MnSO, 186 4.5 to0.9
NiCl 114 3.4 to0.5
++% B
Fe foo
(ammonium citrate) 317 3.9 Io.
FeSO, 57 3.8 tio
Co(NH,)Clg _ 57 8.7 t2o0
CoCl,, 57 11.9 t3.2
( Lo
Saline -- 4.6 0.6
DISCUSSION

These data show that the erythropoietic effect produced by cobaltous ion is probably
caused by an increase in circulating plasma erythropoietin. The mechanism by which co-
balt increases the production of erythropoietin is as obscure as the mechanism by which
bleeding or phenylhydrazine does the same thing. We would suggest that production of
erythropoietin is stimulated by a relative anoxia and that cobalt may act by producing an
anoxic state in the kidney22 rather than in the bone marrow.

These findings are of interest from the clinical point of view. If, as our studies indi-
cate, the erythropoietic effect of cobalt is based upon an increase in plasma erythropoie -

tin, then the clinical usefulness of the hormone is obvious. There are a number of disease
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conditions and experimental states in which the associated anemia is reported to be influ-
enced beneficially by the administration of cobalt. Cobalt will favorably influence the ane-
mia of hypophysectomy,14 protein deficiency,16 chronic renal disease,17 chronic inflam-
mat:ion,18 and cancer.19 We have demonstrated that plasma made rich in erythropoietin
by the use of cobalt is as effective in producing an erythropoietic response in hypophysec-
tomized rats, starved rats, normal rats, and transfusion-induced polycythemic mice™" as
is plasma from animals that have been bled or have been given phenylhydrazine.

The rapidity of the response to-cobalt (and to phlebotomy) is important in the search
for the site of production of erythropoietin. From our experience and that of others, it is
already known that removal of the pituitary, thyroid, adrenals, or gonads, does not dimin-
ish the production of erythropoietin in response to bleeding or phenylhydrazine.11 Extracts
of various organs do not yield materials with erythropoietic activity either.2 Because of
the rapid death that follows hepatectomy and nephrectomy, we were unable to use the usual
bleeding ot phenylhydrazine schedule to study erythropoietin production in these two ex-
perimental states. In preliminary experiments, we have used the rapid response to cobalt
to show that rémoval of 85-90% of the liver does not interfere with erythropoietin produc-
tion. Removal of both kidneys, however, suppresses or eliminates the production of eryth-

ropoietin after the administration of cobalt or after acute hemorrhage.22

SUMMARY

It has been shown that plasma from animals which have been injected with cobaltous
chloride rapidly develops a high titer of erythropoietin.

The gross properties of the active material appear to be the same from cobalt-treated
as from phenylhydrazine-treated animals.

Other metal ions and a complex ion have been studied as stimulants for erythropoietin
formation; none was as effective as cobaltous ion with the exception of cobaltic hexamine,
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STUDIES ON ERYTHROPOIESIS VI. ERYTHROPOIETIN IN
HUMAN PLASMA”

By

C. W. Gurney, E. Goldwasser, and C. Pan

The mechanisms which regulate erythropoiesis have been under intensive investiga-
tion in recent years. Carnot and Deflandrel were the first to suggest a humoral mechan-
ism was of importance in this regulation. Investigations prior to 1952, largely confined to
animals, were summarized in the extensive review by Grant and Root,2 and at that time
evidence favored the humoral control of erythropoiesis. The factor responsible for this
control has been referred to as erythropoietin by Bonsdorff and Jalavisto..

A significant advance was made by Borsook, Graybiel, Keighley, and Windsor'4 when
they demonstrated an erythropoietic stimulating factor in the filtrate obtained from heat-
-denatured anemic rabbit plasma. Although obtained from anemic rabbits, this filtrate
could be éssayed in the normal rat. The appearance of an erythrépoietic factor in the plas-
ma of rats or rabbits made anemic by phlebotomy or injection of phenylhydrazine has been
demonstrated by numerous investigators.s_9 '

Recent investigators have turned their attention to the significance oférythropoietin
in the hurnah being. Contopoulos and his co-worker's10 have demonstrated a plasma fac-
tor from blood of patients with polycythemia vera which is capable of stimulating erythro-
poiesis in the rat. Linman and Bethell11 have demonstrated stimulation of erythropoiesis
in the normal rat by injections of extracts of plasma from patients with polycythemia vera
and secondary polycythemia. Piliero and co-workersl12 have found an erythrocyte stimu-
lating factor in the plasma of patients with Cooley's anemia and sickle-cell anemia. Their
report also summarizes previous work with human plasma by.other investigators.

The purpose of this report is to record the demonstration of erythropoietin in the ex-
tract of heat-denatured plasma obtained from anemic patients. This demonstration has
been facilitated by the development of an assay procedure by Plzak, Fried, Jacobson, and
Bethard13 and dépends on the increased incorporation of radioiron into erythrocytes of rats
stimulated by the intravenous injection of erythropoietin. Although Gordon, Piliero, Tan-
nenbaum, and Siegel14 had previously demonstrated that the hypophysectomized rat was
capable of responding to anemic rabbit plasma extract with increases of peripheral red
cell, hemoglobin, hematocrit, and reticulocyte values, Jacobson and his co-wor'l<er-sl5’16
first clearly demonstrated that the hypophysectomized rat was an extremely sensitive ani-
mal for assay of erythropoietin activity and that a dramatic increase of Fe ~ incorpora-

tion into the animal's erythrocytes followed only 2 or 3 injections of anemic rat plasma.

Reprinted from The Journal of Laboratory and Clinical Medicine, 50:534-42, 1957,
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The significance of this assay method rests in the great increase of red cell Fe59 incor-
poration, often several hundred per cent greater than that produced by riormal'plasma, re-
quiring only small amounts of anemic plasma. It has, therefore, become possible to avoid
lengthy assays in which small rises in peripheral hemoglobin, red count, or hematocrit
following many injections of a plasma extract represent activity of the extract being test-
ed. In the present study this assay procedure was used in an attempt to determine the

presence of erythropoietin in normal and ancmic human plasma.

METHODS

Fifty to 150 ml of blood from anemic patients was collected in 250-ml bottles, each
containing 1 ml (1,000 units) of heparin, Nbrmal control blood was collected in 500-ml bot-
tles, each containing 2 ml of heparin. Immediately after collection the plasma was sepa-
rated by centrifugation in the cold, removed, and stored in the Deepfreeze until extraction,

Plasma was extracted by the boiling method as described by Borsook and co—worker's.4
The plasma was brought to a pH of 5.5 by addition of 0.1 normal hydrochloric acid, put in-
to a boiling water bath for 10 minutes, and filtered. The precipitate was washed twice with
an equal volume of distilled water, all filtrates being pooled. Employing a rotary evapora-
tor, the filtrate was then concentrated to the volume of the original plasma specimen.
Since normal plasma failed to demonstrate erythropoietic stimulating activity, we consid-
ered the possibility that erythropoietin might be present in titers insufficient to demon- -
strate in normal plasma by the assay system employed, and some specimens of normal
plasma were, therefore, concentrated to one-tenth the original volume. Such specimens
were then dialyzed for 48 hours in order to remove the excessive amounts of electrolytes
present as a result of concentration. After concentration to the desired volume, the pH was
adjusted to 7.5 by the addition of 0.1 normal sodium hydroxide.

An extract of normal plasma was also prepared using perchloric acid. A volume of 10
per cent perchloric acid equal to the plasma specimen was added to the plasma slowly
with continuous stirring. The precipitate was washed two times with 5 per cent perchloric
acid; each washing was with a volume equal to one-half the original plasma volume. The
supernatant fluid and washings were placed in a Viskirig Casing bag, dialyzed against dis-
tilled water for 72 hours, and concentrated to the desired volume; the pH was adjusted to
7.5 by the addition of 0.1 N sodium hydroxide.

Hypophysectomized male Sprague-Dawley rats, 130 to 180 grams in weight, were
used. The animals in each assay were 8 to 15 days posthypophysectomy when the assay
was begun. On 2 successive days, 2 ml of anemic plasma extract were injected in the tail
vein while the animals were under light ether anesthesia. On the third day, a tracer dose
of 1 to 2 uc of Fe5 (activity approximately 2,000 mc per gram of iron) in saline, buffered
to pH 7.5 with sodium citrate, was injected. Sixteen hours after ifon injection, 1 ml of
blood was obtained by cardiac punéture for assay. Between successive cardiac punctures,
the syringe used was rinsed in normal saline and finally in heparm (1,000 units per mil-
liliter). The thin film of heparin left in the syringe was sufficient to prevent clotting.
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Blood samples and two aliquots of the standard prepared at the time of radioiron in- -
jection were counted in a Nancy Wood scintillation counter. Assuming a blood volume of
5 per cent of body we1gh’c,13 and correcting counts for background, the per cent Fe59 -
corporation in red cells at 16 hours was calculated. Per cent iron incorporation =

net counts of blood per minute/ml x body weight in grams x 0.05
net counts of standard/ml

Results are expressed as average per.cent uptake t one standard deviation. Starved, nor-
mal, male Sprague-Dawley rats of the same age and weight as the hypophysectomlzed ani-
mals were also occasionally used for assay. 17 These animals had no food for 24 hours
prior to the beginning of the assay, and were maintained in the starved condition through-
out the assay, water being given ad libitum. ’
At least one normal plasma control and a saline control assay was run every 2 weeks
over the duration of the entire study. A normal plasma control was not, however, run with

every assay.

RESULTS

Studies on normal plasma. The average uptake obtained when the extracts of individ-

ual heat-denatured plasma specimens from 10 normal donors with hemoglobin above 14
g per cent was used in hypophysectomized rats was 3.1 per éent; this value does not dif-
fer appreciably from an uptake of 3.4 per cent when normal saline was used. In starved
rats, 3.5 per cent uptake was obtained with extract of normal plasma from 6 donors, and
an uptake of 3.2 per cent followed the injection of normal saline. These results are sum-
marized in Table 1. It seemed likeiy to us that normal plasma was not devoid of erythro-
poietin, but that the concentration was so small as to escape detection by this assay. To
test this possibility, after precipitation of proteins by heat or perchloric acid, the super-

natant fluid was concentrated 10 times. The incorporation of Fe59 into red cells was suf-

" Table 1

INFLUENCE OF EXTRACT OF NORMAL HUMAN PLASMA ON PER

CENT OF Fe_59 INCORPORATION IN RAT ERYTHROCYTES*

Assay of heat-denatured plasma from 3.1t 9.
10 normal human donors assayed in
49 hypophysectomized rats

Saline control in 40 hypophysectomized rats - 34t149
Assay of heat-denatured plasmayfrbm - 35117 %
5 normal human donors assayed-in : .
22 hypophysectomized rats
Saline control in 25 starved rats A ' 3:2T1.19%

*y ' A
Average values 1 one standard deviation.
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ficiently increased, when compared to incorporation following injection of saline or uncon-
centrated plasma extracts to indicate that erythropoietin is present in normal plasma.

These results are summarized in Table 2.

Table 2

ERYTHROPOIETIC ACTIVITY OF FRACTIONATED CONCENTRATED
NORMAL PLASMA (5 HYPOPHYSECTOMIZED RATS IN
EACH GROUP)

Heat-denatured 10 x normal concentration, dialyzed 126 12,1 %
Normal concentration, dialyzed 26%T1.29%
Perchloric acid 10 x normal concentration, dialyzed 7.6 t25%
Normal concentration, dialyzed 28113 %

Assay of plasma from anemic patients. Twenty-one plasma specimens were obtained

from 18 patients with anemia. Twelve were positive, and 9 were considered equivocal or
negative. At this time, we prefer to consider only those assayS averaging 7 per cent or
more in hypophysectomized rats as positive (control = 3.1 per cent.), although, undoubted-
ly, lower values could be considered positive if larger numbers of animals were used in
each assay. Results of these assays are summarized in Table 3.

In the first patient, hypoplastic anemia was secondary to Atabrine which had been ad-
ministered on 3 occasions for treatment of chronic discoid lupus erythematosus of the '
face and scalp, each course being terminated because of the development of anemia. The
patient was referred to the University of Chicago Clinics when, after discontinuance of the
last course of Atabrine, the red count and hemoglobin continued to fall. There was no evi-
dence for kidney disease or other systemic disease in the history, physical examination,
or laboratory studies. Plasma was obtained on 4 occasions during the course of the illness.
The first 2 specimens were strongly positive. The plasma for each of these assays was
drawn immediately prior to transfusion of whole blood. The third plasma sample was ob-
tained 4 days after transfusion of blood to hemoglobin of 10.8 g per cent, and on this oc-
casion, activity was no longer demonstrable. The patient subsequently improved, and the
hemoglobin fell slowly'and has temporarily stabilized at a level above 9 g. The last plas-
ma specimen was obtained at this time, and again was negative.

The second patient was critically ill with a hypoplastic anemia of unknown etiology
when admitted to the hospital, and for this reason, phlebotomy was considered contraindi-
cated. However, from blood removed from the heart at post-mortem examination, 6 hours
after death, it was possible to obtain plasma which still yielded a positive result, the aver-
age uptake in hypophysectomized rats being 7.2 per ce‘n,t.

The third patient with hypoplastic anemia of unknown etiology, of 6 months' duration,
on 2 occasions revealed virtually complete aplasia on both smear and section of the ma-

terial obtained. Twenty-six and nine-tenths per cent of the tracer dose of Fe59Cl3 was in-

45




9%

Table 3

PER CENT Fe’? INCORPORATION IN RAT ERYTHROCYTES AFTER INJECTION OF
 BOILED EXTRACT OF ANEMIC PLASMA

Reticulo- , - " Assay
; . Hemo- | Hemato- cyte

NoJ Age Diagnosis ) globin crit - co}:mt R.B.C. Hypophysec- | Starved Resulﬁ
(%) . tomized rat rat '
1| 40 Hypoplastic anemia, specimen 1 5.2 14,0 2.1 1,370,000 | 18.3 ¥ 5.7 (7) +
Hypoplastic anemia, specimen 2 6.0 19.0 © 3.8 2,000,000 [ 8.0 ¥ 2.5(5)|10.8%F 2.0 (5) +
: ' 12.9 t 1.1 (4) | 12.3 ¥ 2.7 (5) +
Hypoplastic anemia, specimen 3 10.8 2,820,000 | 4.6 T 1.4 (5) -
: ‘Hypoplastic anemia, specimen 4 9.3 8.9 : 4.4 70,9 (5) -
2|40 Hypoplastic anemia 6.9 13.0 ' : 7.2 11,5 (5) +
3 | 43 | Hypoplastic anemia 3.2 9.0 0.6 1,210,000 | 26.9 ¥ 3.6 (5) +
4 | 54 | Pernicious anemia 7.3 2.0 2,100,000 | 7.2t 2.2 (5) +
5 | 38 | Hemolytic anemia 9.6 30.0 8.8 - 8.2%2.1(8) +
6 | 50 Chronic granulocytic leukemia 5.1 16.5 0 2,150,000 | 17.4 £ 2.7 (5) +
7 | 47 Chronic granulocytic leukemia 6.1 : 0.8 1,830,000 | 22.7 (2) | 7.6 2.9 (8) +
8 |39 Chronic granulocytic leukemia 6.0 21.0 0 2,950,000 9.211.0(5) -
9 |49 Subacute granulocytic leukemia 7.3 20.0 1.2 2,100,000 | 10.2 £ 5.2 (4) +
10- | 54 Subacute granulocytic leukemia 8.5 29.0 2.8 2,700,000 6.3t 2.4 (5) -
11 {26 | Chronic granulocytic leukemia 10.6 36.0 4.5 3,800,000 | 1.8t06(6)| 3.1%0.3(6) -
12 |46 Acute gastrointestinal 8.3 24.0 2.7 2,760,000 7.5t 2.2 (8) -

. hemorrhage o
13 |59 Hodgkin's disease with hemo- 4.1 13.0 0.8 1,510,000 7.6 1.0 () -
lytic anemia

14 |66 Carcinoma of stomach 8.8 25.5 3.210.4(5) -
15 | 62 Islet cell carcinoma of pancreas 7.7 22.0 1.1 2,560,000 45% 1.4 (5) -
16 |16 Chronic glomerulonephritis 5.5 15.5 2.8 1 0.9 (6) -
17 {41 Sickle cell anemia 7.7 2,110,000 { 4.3t 1.1(5) -
18 |64 Plasmocytic myeloma 7.3 5.5 4.8 1 0.8 (5) -
‘ 4.3 1 1.7 (5) -

Number in parentheses refers to number of animals in each assay.
= Positive assay.
- = Negative assay.




corporated in the rat red cells. It has been shown that radioactive iron is removed from
the plasma within 4 to 6 hours after its injection,18 but this amount of F959 incorporation
was so spectacular that we wished to be sure we were measuring Fe59 intimately associ-
ated with evrythrocytes, and not plasma iron mobilized from stores into plasma. Therefore,
to each 1-ml blood specimen, 5 ml of normal saline was added, and after centrifugation, 5

" ml of supernatant fluid (saline and plasma) was removed. The remaining 1 ml, consisting
of red cells, some plasma, and saline, was again counted and the calculated uptake was
26.4 per cent, The close agreement of activity of samples before and after washing dem-
onstrates practically all the Fe59 is associated with the red cells, and little is free in the
plasma.

Plasma from a primaquine-sensitive su'bject* was obtained for assay on the fifth day
of primaquine ingestion. Following administration of the drug, the subject responded with
an acute hemolytic episode with the hematocrit falling from 45 to 30 per cent in 5 days.
The plasma of this patient was positive for erythropoietin activity, averaging 8.2 per cent.

Six leukemic patients are included in this study to date. The extract of plasma from
Patient 6 assays strongly positive. Although 2 of 5 animals showed a strong positive assay
to extract of plasma from Patient 7, the other 3 animals in this assay group died. Sufficient
plasma was available for assay in starved rats, and although the magnitude of the increase
of Fe59 incdrporation into red cells is smaller, the result is positive. Plasmas from Pa-
tients 8 and 9 were positive. In keeping with our arbitrary assumption that incorporation
of 7 per cent or more of the administered dose is required before an assay is considered
positive, plasma from Patient 10 is classified as negative, although 6.3 per cent incorpo-
ration clearly exceeds any of the control values. Patient 11 had chronic granulocytic leu-
kemia accompanied by mild anemia. Assays of extracts of his plasma were negative in
both hypophysectomized and starved rats.

Positive results were obtained when extracts of plasma from patients with pernicious
anemia, acute gastrointestinal hemorrhage, and Hodgkin's disease with anemia were as-
sayed, ' .

Diagnoses of patients whose plasma extract was negative or equivocal are listed in
Table 3. Only Patients 11 and 16 were in a good state of nutrition. Patient 17 was in a poor
state of nutrition and has persistently in the last year had a hemoglobin under 9 g. The re-
maining patients were cachectic and considered to be approaching terminal status.at the

time blood was obtained for assay.

DISCUSSION

The rats used for assay in this study have plasma volumes of approximately 3.5 ml.
Therefore, it is logical to inquire as to why the erythropoietin in 4 ml of normal plasma
is not sufficient to stimulate erythropoiesis. Although we cannot answer this question at

the present time, we believe there is loss of activity of plasma after removal from the

Kindly supplied by Drs. Alf Alving and Stanley Schrier.
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body.1 We are not now able to ascertain exactly how much erythropoietin is lost in the

extraction employed here, but preliminary studies in our laboratories suggest about 50

19 If the rate of in vivo turnover is great, it may be that several times that

per cent loss.
amount of erythropoietin present in the normal rat at any one time would have to be giv-
en-to the hypophysectémized or starved rat over a 2-day peri.od in order to increase eryth-
ropoiesis. And finally, if under physiologic circumstances the rat should have a higher
concentration of erythropoietin than the human, concentrations which would be normal for
the latter would not be sufficient to produce an optimal response in the rat.

It is apparent that without concentrating the plasma extract, an active erythropoietic
stimulating principle can be demonstrated in the heat denatured extract of plasma from
human beings with a variety of anemias. It is not entirely clear at this time why a high
titer of erythropoietin cannot be demonstrated in the plasma of all anemic subjects. A re-
cent abstract by Prentiss and Mirand20 reports demonstration of erythropoietic activity
in plasma of 10 to 15 patients with anemia, using the assay procedure first employed by
Fried, Plzak, Jacobson, and Goldwasser.16 The diagnoses associated with the anemias
were not stated. In their study the extract was concentrated 3 times. It is probable that

"some of our extracts which were negative would have been positive had the plasma been
concentrated. We chose not to concentrate plasma extracts in this initial clinical study

for two reasons. First, we have been reluctant to remove routinely more than 50 ml of
blood from severely anemic patients until we had théroug’hly evaluated the results we
could obtain by assaying a series of anemic plasmas without concentrating them. Second,
if it is to give the most meaningful resulfs, concentration of anemic plasma should be as
many times as is required to demonstrate activity in normal, nonanemic plasma. Although
we have demonstrated activity in normal plasma extracted by perchloric acid precipitation
or heating and concentrated 10 times, we have not yet determined in a large series of nor-
mal plasma specimens the minimum number of times the, filtrate from heat denatured nor-
mal plasma must be concentrated in order to demonstrate activity. Concentration of ex-
tracts of anemic plasma an arbitrary number of times may yield a few more positive as-
says. It will not, however, make negative results any more meaningful, Negative assays
will be significant only when they indicate decreased conceritrations of erythropoietin in
plasma of anemic subjects. We have chosen not to concentrate extracts of anemic plasma
until we have determined the number of times we must concentrate them in order to make
a negative result indicative of decreased erythropoietin concentrations.

It may be, however, that failure to demonstrate erythropoietin in the plasma of all
anemic patients cannot in every instance be attributable to insensitivity of the assay meth-
od. It appears possible to us that some anemic states may be accompanied by and to some
degree attributable to a decreased concentration of erythropoietin, with a new steady state
being established at hemoglobin levels less than normal,

- Bethard and Wissler21 have demonstrated reduction of the rateé of erythropoiesis in
protein depleted rats as measured by: F959 uptake, and Fried, Plzak, Jacobson, and Gold-

wasserl'7 have reported a decreased rate of.erythrOpoiesis in acutely ‘starved animals. It
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may be that in some patients, as in Patients 14 and 15 with carcinoma, starvation contrib-
utes to decreased erythropoiesis by decreasing erythropoietin production. Finally, in light
of recent evidence reportéd by Jacobson and associat:es22 suggesting that erythropoietin
is produced in the kidney, it is interesting to speculate that decreased produbtion of eryth-
ropoietin may have contributed to failure to demonstrate activity in the e;:tract of anemic
plasma of a patient with chronic renal disease. Excessive excretion of erythropoietin in
chronic renal disease is still another possibility which warrants investigation, particular-
ly since an erythropoietic stimulating factor has been demonstrated in the urine of an ane-
mic patient by Piliero and co—worker's.12

The appearance of increased concentration of erythropoietin in animals following bleed-
ing or hemolysis,4_19’ 13-16 the high concentrations of erythropoietin in several of our pa-
tients, and the prompt disappearance of the high concentration in one patient following blood

transfusion suggests to us the possibility that the homeostatic mechanism by which a patient

responds to anemia by increased erythropoiesis is mediated through production of increased ‘

amounts of erythropoietin. If future investigation substantiates this hypothesis, it is appar-
ent the assay method as now employed is not very sensitive, since reticulocyte counts as
high as 8.9 per cent were found in patients whose plasma failed to demonstrate activit); on
bio-assay.

It is clear that a relationship does not of necessity exist between severity of anemia
and erythropoietin concentration or degree of reticulocytosis and erythropoietin concentra-
tion. A hemoglobin of 5.2 is associated with a plasma erythropoietin concentration suffi-
cient to increase Fe59 incorporation sixfold in the case of hypoplastic anemia, while the
plasma of a nephritic patient with a comparable anemia failed to demonstrate activity by
the method employed. The bone marrow may be refractory to the stimulus produced by an
increased erythropoietin content, as in Patient 5 with leukemia where no reticulocytes were
present, while levels of erythropoietin sufficiently below the threshold of detection by this
method rﬁay still be associated with a reticulocytosis, as in Patients 1, 11, and 18.

We are led to postulate that patients with severe anemia have a high plasma titer of
erythropoietin unless its production is decreased or its destruction or excretion is in- .
creased. In those instances where the patient will spontaneously correct the low hemogld-
bin levels, as following acute hemorrhage and drﬁg—induced hemolytic anemia, we believe
the elevated erythropoietin concentration will be found to decrease as the hemoglobin rises.
The erythropoietin content may be expected to remain high in anemias which are not cor-
rectable by the unaided homeostatic body mechanisms, but will probably be found to de-
crease following blood transfusion to'a normal level.or following rise of hemoglobin to a
normal level, as in pernicious anemia adequately treated with B12 Finally, we believe
future work may indicate some anemias will be attributable to decreased or absent eryth-
ropo1et1n production. The recent investigation of Piliero and co- workers12 suggests pri-
mary red cell anemia of children may be such a disease. Since cobalt appears to act by '
increasing the production of erythrop01et1n,23 it is reasonable to anticipate anemias asso-

ciated with renal disease, chronic infection, neoplasm, and rheumatoid arthritis, all re-.
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spohsive to cobalt administrationz‘l_28 may be attributed to low plasma erythropoietin

concentrations and fnay, therefore, 'respond to erythropoietin when a preparation suffi-
ciently potent and pure enough to permit clinical trials becomes available. The decreased
rate of iron incorporated in the red cells of starved rats and the response in these animals
to anemic rat platsma17 suggest anemias accompanying starvation and cachectic states

may be at least pértially the result of low plasma erythropoietic concentrations,

SUMMARY

1. Using the incorporation of Fe59 into erythrocytes of hypophysectomized or starved
male Sprague-Dawley rats, erythropoietin has been demonstrated in normal plasma. This
required tenfold concentration when plasma extracts are prepared by heat denaturization
or perchloric acid precipitation.

2. Without concentrating the plasma extracts, erythropoietin has been demonstrated
in heat-denatured plasma extracts of 10 anemic subjects.

3. Hypoplastic anemia, in 3 patients, cannot be attributed to decreased erythropoietin
concentration.

4. High erythropoietin concentrations in the blood of one patient with hypoplastic ane-
mia fell promptly following blood transfusion.

. 5. Failure to demonstrate activity by this method is not necessarily indicative of de-
creased erythropoietin concentrations.

6. The results of this study are consistent with the hypothesis, first formulated by
Carnot and Deflandre in 1906, that the rate of erythropoiesis is mediated by a humoral

‘mechanism.
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STUDIES ON ERYTHROPOIESIS. VII. THE ROLE OF THE KIDNEY
IN THE PRODUCTION OF ERYTHROPQIETIN*

By

L. O. Jacobson, E. Goldwasser, W. Fried, and L. F. Plzak

Many extirpation procedures that would have been desirable to use for study of the
site of formation of erythropoietin could not, in the past, be applied because of the rela-
tively long time required to produce measurable titers of erythropoietin and because of
. the short life span of the animals deprived of vital organs {or because of rapid regenera-
tion in the case of the liver). After the observation that the administration of cobaltous ion
or a single massive hemorrhage increases the plasma erythropoietin titers in rats and
rabbits within 12 hours,l it became possible to study the effect of such procedures as ne-
phrectomy, evisceration, and hepatectomy upon erythropoiesis;

The association of anemia of varying severity with chronic renal disease is an old ob-
servation.2 Attempts have been made to determine the actual cause or causes of the ane- '

3,4 The etiology has been

mia associated with renal disease or bilateral nephrectomy.
ascribed to reduced erythropoiesis and hemolysis,5 but the mechanisms by which these
come about have not been elucidated except to implicate the "toxicity' associated with ure-
mia.

In the studies reported below we have used animals that were nephrectomized or had
their ureters ligated and have determined their capacity to produce erythropoietin as a
response to a single injection of cobaltous chloride, to chronic bleeding, or to a single
massive bleeding. In a brief comrnunication6 we reported that bilateral nephrectomy of
rats and rabbits eliminated any measurable response to these stimuli, while ligating both
ureters reduced but did not eliminate the capacity of the animals to produce an increased
plasma level of erythropoietin. Details of these experiments and further observations on’

the role of the kidney in erythropoiesis are described in this report.

EXPERIMENTAL PROCEDURE AND RESULTS

Two sets of experiments are described in this paper. In the first set, the effect of bi-
lateral nephrectomy or bilateral ure"cér ligation on the capacity of the rabbif to produce
erythropoietin was studied. Plasma extract assays were carried out on polycythemic mice:
In the second set of experiments, similar studies were performed on the rat, and the as-
says were performed on starved rats.

Rabbit plasma extract experiments. Young adult Swift snuffle-free rabbits with an

average body weight of about 2.5 kg served as plasma donors under the various experi-

"Reprinted from the Transactions of the Association of A;herican Physicians, 19:305-
17, 1957. Voo
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mental conditions.

Nephrectomy experiments using bleeding as stimulus for erythropoietin production.

In the previous study referred to in the introduction,6 it was found that when rats and rab-
bits were subjected to single massive bleeding just after bilateral nephréctomy, the plas-
ma erythropoietin titer did not rise above the normal range. Since it had been demonstrat-
ed previdusly that chronic hemorrhage maintains a high plasma erythropoietin titer in ani-.
rnals,7 it seemed desirable to study the capacity of such anemic animals to maintain a
high erythropoietin titer after bilateral nephrectomy or ureter ligation. Rabbits were
therefore bled via cardiac puncture to induce an anemia (hematocrit less than 25 per cent).
The schedule of bleedings employed regularly has been described elsewher'e.g’g’10 On the
day after the third bleeding, bilateral nephrectomy or ureter ligation was performed. The
plasma for assay was collected 23 hours postoperatively. Control plasma consisted of
anemic piasma and normal plasma. The types of plasma used and the conditions under

which the collections were made are outlined in Table 1.

Table 1

CONDITIONS OF COLLECTION OF RABBIT PLASMA IN
NEPHRECTOMY EXPERIMENTS*

Designation of Conditions of Collection

Plasma Preparation

1. Cobalt plasma Cobaltous chloride-treated animals (250 pM/kg
subcutaneously). Blood collected 10 to 12 hours
after cobalt ion injection.

2. Nephrectomy—Cobalt Bilateral nephrectomy followed immediately by
subcutaneous injection of cobalt ion (250 p M/kg). -
Blood collected 10 to 12 hours after cobalt injec-
tion,

3. Nephrectomy—Normal Bilateral nephrectomy performed on normal animals.
Blood for assay collected 12 to 24 hours later.

4. Normal plasma Blood removed for assay by cardiac puncture from
' previously untreated animals.

5. Anemic nephrectomy Animals made anemic by standard bleeding proce-
dure.® Bilateral nephrectomy performed on ane-
mic animals. Blood for assay withdrawn 23 hours
after nephrectomy.

6. Anemic—Ureters tied Animals made anemic by standard procéd_ure.8 Bi-
lateral ureter ligation performed on anemic ani-
mals. Blood for assay withdrawn 23 hours later.

7. Anemic plasma ' Animals made anemic over a period of several days
by standard procedure.® Blood then drawn for as-
say.

=°‘Plasma processed before assay by perchloric acid precipitation method. Final prepara-
tion represented a threefold concentration of original plasma,
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Nephrectomy experiments using cobaltous ion as the stimulus. Immediately after bi-

lateral nephrectomy, 250 xwM/kg of cobaltous chloride was administered subcutaneously to
rabbits. Ten to 12 hours later, the plasma for assay was collected. Control plasma con-
sisted of plasma obtained from normal rabbits 10 to 12 hours after a single dose of 250

e M/kg of cobaltous chloride and plasma from nephrectomized rabbits obtained at 10 to 24
hours after surgery (Table 1). )

These plasma preparations were then processed by the following procedure: To plas-
ma in an ice bath was added slowly, wifh stirring, an equal volume of cold 10 per cent per-
chloric acid. The resulting precipitate was removed by filtration and washed three times
by stirring with an equal volume of 5 per cent perchloric acid. The pooled filtrates were
dialyzed overnight against running tap water, after which the extract was at pH 5 or high-
er. Dialysis was continued in the cold against several changes of distilled water, and the
extract was then concentrated in a rotary evaporalor to 1/10 of the original volume of the
plasma. The plasma extract was stored at -18°C until used and then was made 0.9 per cent
with respect to sodium chloride before injection. The final preparation used for study was
a threefold concentration in comparison with the original plasma.

The assay of the plasma extracts was carried out in mice with a transfusion-induced
polycythemia. This assay technique has been described in detail.lo

The mice were divided into groups of 8 animals each. The administration of the plas-
ma extract was begun on the same day that homologous red cells were given intraperito~
neally. The red cell injections were given daily for 3 days, then as frequently as neces-
éary thereafter, usually every other day, to maintain a hematocrit of 70 per cent or more.
The plasma extracts were given intraperitoneally in 0.5 cc amounts each day for 9 days.
The presence of reticulocytes in the peripheral blood of the animals was determined b.y
means of the brilliant cresyl blue staining techhique. The reticulocytes in a minimum of
1000 red cells were counted when their values reached 0.5 per cent or higher. When less
than 0.5 per cent were found, the reticulocytes in 2 or more thousand red cells were counted.

As indicated in Figure 1, the reticulocyte values of the polycythemic mice, which re-
ceived normal nephrectomy plasma or cobalt nephrectomy plasma, were at 0.0 per cent
on the 9th day. Those of the group that received cobalt plasma were approximately 1 per
cent at this time.

"In the animals that were bled prior to the operative procedure, only the group given
anemic plasma extract and the one given plasma extract derived from anemic animals
with bilateral ureter ligation had significantly elevated reticulocytes (Figure 2). These
values were 1.0 and 1.4 per cent respectively. The reticulocyte values in the group that
received anemic nephrectomy extract were 0.1 per cent. Those of the groups that received
saline or normal plasma were less than 0.1 per cent.

Studies on whole rat plasma. Adult Sprague-Dawley rats of various weights were

used eiclusively. The effect of removal of various organs on the capacity of the rat to
produce erythropoietin in response to a single injection of cobaltous chloride (250 pM/kg)

was investigated. The whole plasma collected under the various conditions was assayed in
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Figure 1. The effect of nephrectomy on the capacity of rab-
bits to produce erythropoietin, The effect of the injection of
plasma extract prepared from rabbits given cobaltous chlo-
ride after bilateral nephrectomy upon the reticulocyte values
of the peripheral blood of mice with transfusion polycythemia
as compared with the effect of Co*t plasma extract and ne-
phrectomy plasma extract.

starved rats by a procedure described previously in detail.~9 In all the studies reported
below, a minimum of 4 to 6 rats was used in the assay of the individual plasma prepara-
tions. As can be seen in Table 2, removal of the adrenals and gonads; stomach, intestines,
spleen and pancreas; thymus; or 90 per cent of the liver did not appfeciably alter the re-
sponsiveness of the animal to production of erythropoietin after administration of cobalt.
However, nephrectomy completely abolished such a response. ‘

The study of animals with the excretory function of the kidney blocked and with fhe
possible hormonal function undisturbed would be desirable to ascertain whether the ure-
mia, resulting from the absence of the kidneys, could impair formation of erythropoietin
by affecting a site distinct from the kidney. An approach to such a study was made by li-
gating both ureters of the rat. Twelve hours after such an operation, the resulting uremia
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Table 2

THE EFFECT OF PLASMA OBTAINED FROM RATS THAT HAD BEEN SUBJECTED TC ORGAN EXCISION
AND THEN Co'' STIMULATION UPON THE INCORPORATION OF F859 INTO THE
RED BLOOD CELLS OF STARVED RECIPIENTS

Organ removed from

Time of removal of blood from

Assay of donor plasma in starved rats

.donor prior to Stimulus donor after Cot** injection using % Fe?? incorporation

Co™t injection*® : (Hours) Response of recipient to plasma preparation
None None 12 3.7 (0.4)1-
None v ‘Cobalt (250 xM/kg) 12 14.4 (1.5)
Adrenals and gonads Cobalt 12 15.1 (0.9)
90% of the liver Cobalt 12 12.4 (0.4)
Stomach, intestines, Cobalt 12 11.7 (1.2)

spleen, pancreas

Kidneys Cobalt 12 4.5 (0.7)
None None 12 4.8 (0.6)
None ‘Cobalt 12 16.5%
Thymus Cobalt 12 16.3 (1.6)

* : .
Immediately following the surgical procedure, the rats (Sprague-Dawley, 350 g) were injected subcutaneously with co-
baltous chloride, and 12 hrs. later the blood was collected via cardiac puncture. Plasma thus obtained was assayed in the
starved rats by standard procedures.

TLStand.at.r'd error,
qEThree rats.
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Figure 2. The effect of bilateral nephrectomy or ligation of
the ureters on the capacity of anemic rabbits to maintain a
high erythropoietin plasma titer. The effect of the injection
of plasma extract prepared from the plasma of anemic rab-
bits subjected to bilateral nephrectomy or bilateral ureter li-
gation upon the reticulocyte values of the peripheral blood of
mice with transfusion polycythemia as compared  with the ef-
fect of plasma extract prepared from anemic plasma and nor-
mal plasma. Saline was utilized as an additional known nega-
tive control. '

was comparable' to that observed in bilaterally nephrectomized rats (Table 3). When such
animals were given a dose of cobalt immediately after.operation, those with both ureters
ligated were found to have plasma erythropoietin levels somewhat higher than those of the
unoperated controls. The nephrectomized rats, however, had essentially no measurable
plasma erythropoietin.

Since cobalt is appreciébly more toxic in the animal with ligated ureters than in the
| ~normal rat, the dose of cobalt used in this experiment (167 pM/kg) was smaller than that
usually employed. . ‘ '

It is probable that the higher erythropoietin titer in the animals with ligated ureters
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Table 3

THE EFFECT OF PLASMA OBTAINED FROM RATS THAT HAD BEEN SUBJECTED TO NEPHRECTOMY
OR LIGATION OF THE URETERS AND THEN Co'' STIMULATION UPON THE INCORPORATION
OF Fe?? INTO THE RED BLOOD CELLS OF STARVED RECIPIENTS

) . Assay of donor plasma in recip-
g s Stimulus b i incorporation
procedure after Cott injection of plasmat R ¢ ient to ol
(Hours) : esponse of recipient to plasma
preparation
None None -- -- - 3.3 (0.2)F
None - Cobalt (167 uM/kg) 12 22 6.6 (1.1)
Nephrectomy Cobalt 12 99 3.3 (0.5)
Ligation of the ureters | Cobalt 12 95 9.8 (0.1)

* - . -
Immediately following the surgical procedure, the rats (Sprague-Dawley, 350 g) were injected subcutaneously with co-
baltous chloride, and 12 hrs. later the blood was collected via cardiac puncture. The plasma thus obtained was assayed

in starved rats by standard procedures.: :

TBlood urea nitrogen.

FStandard error. . : ' .




as compared with unoperated rats is due to the fact that cobalt is excreted rapidly by the
kidney and, in the absence of an excretory mechanism, the plasma levels are kept higher
than those in normal animals, resulting in a more pfolonged stimulus,

When the uremia was well-established, e.g., 24 hour$ after ligation of the ureters,
the capacity of the animal to produce erythropoietin was reduced though not abolished.6

When the stimulus for the production of erythrép’bietin is a single bleeding rather than
an injection of cobaltous chloride, the same situatidnpbtéins: nephrectémy abolishes the
response, while ligation of the ureters does not inte:rfére-with it until a time long enough
for the "toxic effects of the uremia" to be apparent (Table 4). .

If the kidneys of previously stimulated animals afe rémoved at varying times after
the administration of cobalt, the production of erythropoietin ''ceases' and the level in the .
plasma declines at a rate not markedly different frqm that éeen in the unoperated animal.

Figure 3 demonstrates this and also shows that one‘kidney is sufficient to give a normal

20

. A ¥ Unilateral nephrectomy.

Unoperated

\A Bilateral nephrectomy

(8 hrs.after cobalt)

Fe®® INCORPORATION (%)

....... i __-}- Bilateral nephrectomy
"""""" - {4 hrs. after cobalt)

1 | 1 1 I 1 L1 [ | 1 1
e 2 4 -6 8 10 12 14 16 . 18 20 22 24

2. TIME AFTER COBALT INJECTION (hrs) °

Figure 3. The effect of plasma obtained from rats that had been
subjected to nephrectomy and cobalt stimulation on the incorpora-
tion of Fed9 into the red blood cells of starved recipients. Sprague-
Dawley rats, weighing 350 g, were used as donors. These were in-
jected with 75 p M of CoCly at zero time, nephrectomy was per-
formed at intervals indicated by arrows, and exsanguination at
times indicated by points. The plasma was. assayed in starved rats,
using the per cent of Fe59 incorporation. Edch point represents the
. average per cent of Fe99 incorporation into the red blood cells of
5 rats. The standard deviations are given,
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Table 4

2

THE ‘EFFECT OF TIME AFTER NEPHRECTOMY OR URETER LIGATION ON THE.FORMATION
OF ERYTHROPOIETIN IN RESPONSE TO A SINGLE BLEEDING

Time of removél of blood from

Assay of donor plasma in recipient starved

- Sur_'gical* Stimulus donor rat after a single bleeding rats using % Fed9 incorporation
- procedure (Hours) Response of recipient to plasma preparation
None- None -- 4.6 (0.2)7
None Bleeding 9.6 (0.9)
Nephrectomy Bleeding 4.2 (0.5)
Nephrectomy Bleeding 18 4.1 (0.2)
Nephrectomy Bleeding 24 4.5 (0.4)
Ligation of the ureters Bleeding 8 8.0 (0.5)
Ligation of the ureters | Bleeding 18 8.5 (0.5)
Ligation of the ureters Bleeding 24 5.7 (0.2)

Immedlately following surgery, the rats (Sprague-Dawley, 350 g) were bled by cardiac puncture. Seven ml of blood were
withdrawn. A hematocrit of 27 to 30 per cent was attained. At the intervals indicated above after the bleeding,-the donor
rats were exsanguinated, and the plasma was assayed in starved rats by a standard procedure.

TStandard error.




response to cobalt. If the kidney is removed before any erythropoietin is detectable in the
plasma, the titer does not rise appreciably. This is an indication that the observed lag pe-
riod after the injection of cobalt is not a reflection of the liberation from the kidney of an

active precursor that is activated subsequently.

COMMENT

The evidence obtained by our means of assay indicates that the capacity of rats and
rabbits to increase their production of erythropoietin(s) in response to a single dose of
cobaltous chloride, or to a single massive hemorrhage is abolished by bilateral nephrec-
tomy. This cépacity is a reproducible characteristic of the normal rat or rabbit. In rats
or rabbits in which the plasma erythropoietin titer is elevated by repeated hemorrhage or
a single injection of cobalt ion, bilateral nephrectomy reduces the titer to the normal
range within 24 hours. On the other hand, tying off both ureters may reduce the capacity
to respond to cobalt ion or bleeding but does not abolish it, even though, as we have shown,
the degree of uremia in the animals with the ureters tied off may be at a comparable lev-
el or higher than that in the nephrectomized animals. Our evidence also indicates that the
capacity of animals with bilateral ureter ligation to produce erythropoietin in response to
cobalt or bleeding is greater at 12 hours than at 24 hours after surgery. This indicates
either that a deterioration of erythropoietin production in the kidney (or elsewhere) occurs
as a result of the toxicity of the increasing state of uremia or that erythropoietin produc-
tion is being reduced as a result of local renal effects, perhaps mechanical.

Several important aspects of this problem must be emphasized. In the first place,
since the chemical identity of erythropoietin(s) is unknown, any assay procedure, whether
performed on the normal animal or upon special preparations (hypophysectomized, starved,
polycythemic rat, polycythemic mouse), and whether the response is measured by the up-
take of Fe" ", changes in blood volume, the number of reticulocytes, or histologic observa-
tion,‘is purely qualitative., We cannot state with certajnty that a negative response obtained
by the use of any of these methods of assay indicates the absence of erythropoietin(s) from
the plasma or plasma extracts that are being investigated. It is poséible that after nephrec-
tomy the donor animals fail to respond to the usual stimulus (Co++, bleeding, or phenyl- '
hydrazine) by an increased production but may produce a normal or a reduced amount of
erythropoietin. In either event, we would fail to find evidence of activity by testing with
whole plasma. In the experiments on rabbits, we used extracts representing threefold
plasma concentrations and obtained no evidence of increased erythropoietin activity in the
plasma of nephrectomized animals that had been subjected to bleeding or cott.

Yet another possibility has been examined in an attempt to explain the negative re-
sults we have obtained after nephrectomy. One might take the poiﬁt of view that bilateral
nephrectomy eliminates from the circulation an organ through which perhaps as much as
10 to 30 per cent of the circulating arterial blood passes. Bilateral nephrectomy, in ef-
fect, shunts this fully oxygenated blood back to the general circulation. One 'might suggest,
therefore; that the nephrectomized animal is relatively polycythemic and that the oxygen
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supply to the animal as a whole is increased. If this were true, it might be expected that
the production of erythropoietin would be reduced. To test this, we have bled animals, re-
ducing their hematocrits to less than 25 per cent.. Under these experimental conditions,
the erythropoietin titer was high., When bilateral nephrectomy was performed in these ani-
mals and the anemia was maintained, the erythropmetm titer fell to control levels. In ad-
dition, we have surgically removed other tissues or combinations of tissues (90 per cent
of the liver or evisceration) that might be expected to produce a ''relative polycythemia"
comparable to bilateral nephfectomy. These animals responded to cobalt ion or bleeding
with an elevation of erythropoietin. It may be necessary, however, to reduce more drasti-
cally the available oxygen by exposure of the animal to a low oxygen tension to explore
fully this possibility. We have not as yet done this experiment. .

Another possibility referred to pr‘eviously6 is that the toxic condition resulting from
bilateral nephrectomy is qualitatively different from that of the uremia that follows tying
off both ureters. There is the likelihood that the ""toxicity" following bilateral nephrectomy
under the experimental conditions described interferes with the action of cobalt at some
site other than the kidney; whereas the bleeding and phenylhydrazine technique is not suf-
ficiently drastic to overcome the effect of the "increased oxygen supply' referred to above.
In addition, the site of erj}thropoietin formation may be affected',byv the toxic agent(s).

The possibility that the kidnéy is only one important link in the manufacture of eryth-
ropoietin must also be borne in mind.6 The chance that an organ or tissue other than the
kidney may produce an inactive precursor in response to cobalt ion or anemia that is ac-
tivated in the kidney seems unlikely since the regular assay procedures employ animals
with intact kidneys. It is also possible that a precursor originating in some tissue other
~ than the kidney can be activated ‘only by an anoxic kidney. Yet another possibility is that
the kidney makes an inactive precursor that is activated elsewhere in the body. If this
were the case, then animals with bilateral nephrectomy would not be expected to respond
‘to the stimulus of cobalt ion, bleeding, phenylhydrazine, or other stimuli unless another
- secondary site of production existed. .

For the reasons stated above, it would be premature at this time to correlate these
findings with the frequently reported relationship of renal disease.to anemia. If further
work in this field makes quantitative measurement of erythropoietin activity possible, we
will be in a much better position to determine whether the kidney is the sole producer of
erythropoietin(s), is a co-producer, or is not involved at all, and that our experimental

‘approach has succeeded only in further clouding the situation.

SUMMARY AND C€ONCLUSIONS

Our experiments indicate that bilateral nephrectomy eliminates the normal capacity
of rabbits and rats to elevate the circulating erythropoietin titer in response to the stim-
uli of anemia or the injection of cobaltous chloride. Bilateral ureter ligation reduces but
does not eliminate this capacity to respond even though the degree of uremia under both

experimental conditions may be comparable. However, this capacity to produce erythro--
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pioetin is greater 12 hours after bilateral ureter ligation than at 24 hours, indicating that

the toxemia of the uremia may actually suppress the production of erythropoietin. Exci- .

sion of other organs or tissues, includihg the thymus, spleén, storhach and intestines, ad-

renals, pancreas, gonads, and 90 per cent of the liver does not eliminaté the capacity of

animals to respond to bleeding or cobalt ion,

N

[ ¥+

10,

Possible alternative explanations for our data are presented. -
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STUDIES ON ERYTHROPOIESIS. VIII. THE EFFECT OF
NEPHRECTOMY ON RESPONSE TO HYPOXIC ANOXIA‘*

By

E. Goldwasser, W. Fried, and L. O. Jacobson

The existence of one or more humoral factors involved in the regulation of erythro-
poiesis has become accepted quite widely, and that factor which is formed in the animal
in response to an anemic stress has been termed hemopoietinel or erythropoietin.z. The
site of prvoduc.tion of erythropoietin is still not established unequivocally. Gordon and his
co-workers3 have demonstrated that extracts of a variety of organs from anemic animals
are devoid of erythropoietic activity. Previously, it had been shown that hematopoietic tis-
sues (radio- and nitrogen mustard-sensitive) were not involved in elaboration of erythro-
poietin.4-6 Hypophysectomized animals have also been shown to respond to hemof‘rhage7-
- ruling 6ut the:pituitary as a source of ih'e plasma factor. Wé have.shown that removal of
the kidneys of‘experirriental animals was followed by loss of the.capacity to respond to
hemorrhage or-to cc;bal*tous ion, by an increase in circulating erythropoietin while remov-
al of other organs had no such effect.lo’11 Exactly proper controls for experiments such
as these are admittedly quite -difficult to obtain, but in controls which were made compa-
rably uremic by tying off both ureters, there was impairment of response only after a rel-
atively long time, while at short times there was no inhibition of production of erythropoi-
etin. Because of these findings We suggested that the kidney is involved in production of
erythropoietin,

Recently, a paper12 appeared in which néphrectomized animals were reported to re-
spond to hypoxic anoxia about as well as intact animals, and the suggestion was made that
there might be different sources of different érythropoietins, depending on the nature of
the stimulus. In this paper we will demonstrate that the situation regarding the role of the
kidney is the same whether the stress is hemorrhage or cobalt, as previously reported,

or hypoxia at reduced pressure or hypoxia at atmospheric pressure.

METHODS

Male, Sprague-Dawley rats (300-350 g) were used as donors of plasma. Bilateral ne-
phrectomy and bilateral ureter ligation were performed via a single abdominal incision.
The ureters were ligated within 1 cm of the renal pelvis and cut distally. At various inter-
vals following operation, the rats were placed into a hypoxic atmosphere for varying
lengths of time. Hypoxic anoxia was induced by exposing the rats to either a simulated

altitude of 21,500 feet in a low pressure chamber, or to an environment containing 9% oxy-

*Reprinted from the Journal of Laboratory and Clinical Medicine, 52:375-78, 1958.
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, *
gen at atmospheric pressure at a flow rate of 510 L/hr. The rats were bled by cardiac
puncture immediately after they were removed from the chamber. The heparinized plas-

13 to deter-

ma was collected, pooled, and bioassayed by methods reported previouslyg’
mine erythfopoietin titers. In experiments in which hypophysectomized rats were used,
they were purchased from Hormone Assay Laboratories, Chicago. The results are ex-
pressed as per cent of total radioiron injected, incorporated into red cells at 20 hours.

Each figure usually represents the average of values for 5 rats.

RESULTS -AND DISCUSSION

Because of the discrepancy between our first findings with hypoxia and those in the

liter'at:ure,12 we repeated the same experiment, with only minor modifications, eight times.

The results of these experiments are summarized in Table 1. In each, the nephrectomized
rats subjected to a simulated altitude of 21,500 ft. did not produce a significant plasma
erythropoietin titer. The plasma erythropoietin titer from these animals was as low as

that from control rats not placed in the chamber, This was true whether the time of ex-

Table 1

EFFECT OF NEPHRECTOMY AND URETER LIGATION ON RESPONSE
OF RATS TO HIGH ALTITUDE HYPOXIA

Hours at 21,500 ) Fe59 IncorporationA
Experiment| ft. simulated : : Normal
altitude ° | Unoperated | Ureter-ligated Nephrectomized plasma
1 8 13.2 (3.1) 10.0 (1.4) 6.97 4.9 (2.4)
2 8 9.2 (0.6) 5.1 (0.7) 2.5 (0.5) 2.1 (0.7)
3* 8 18.8 (1.8) | 15.5 (3.1) 7.3 (1.1) 7.7 (1.7)
4 8 11.5 (1.9) 9.8 (1.9). 4.3 (1.0) "l 4.6 (2.0)
5 8 10.9 (1.6) - 9.1 (1.5) 5.8 (1.3) 4.9 (0.2)
6 10 8.5 (1.2) 8.0 (1.3) 4.4 (0.5) 3.7 (0.2)
7 16 8.6 (2.3) 9.6 (2.5) 4.5 (2.0) 5.9 (1.6)
8 24. 14.7 (2.6) 14.6 (2.7) 4.7 (1.6) 3.9 (0.6)
9 24 17,07 11.0 (2.2) 3.6 (0.9) 3.8 (0.9)

Plasma from unoperated, ureter-ligated, and nephrectomized animals obtained from
rats after removal from high altitude chamber, normal plasma from unstimulated rats.
Assays performed in starved rats, Five rats used per assay group. Figures in parenthe-
ses are standard error of the mean.

* ,
Assay rats in experiment 3, fasted one day less than usual procedure.

+Three rats per group.

* o
We are greatly indebted to Dr. John Doull for his help with, and the use of, the low
- pressure chamber and to Dr. Eric Simmons for help in construction of the low Oy cham-
ber.: C
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posure to the high altitude was 8, 10, 16, or 24 hours. In every experiment except #2, the
rats whose ureters were ligated before stimulation produced amounts of erythropoietin
similar to those produced by unoperated rats in response to.the high altitude anoxia. The
degree of uremia in the ureter-ligated rats, as determined by blood urea nitrogen at each
interval, - was comparable to that in the nephrectom1zed rats. If the iron incorporation data
are calculated as per cent of that given by plasma from unoperated stimulated animals and
the whole series of experiments are averaged, the results may be expressed as follows:
unoperated 100, normal plasma 38, ureter-ligated 81, and nephrectomized 41.

These results demonstrate quite clearly that the nephrectorpized rat loses its capac-
ity to increase erythropoietin in response to hypoxic anoxia as well as to hemorrhage or
cobalt. '

In order to study further the effect of uremia on the capacity of rats to produce eryth-
ropoietin in response to a low 02 atmosphere, we performed bilateral nephrectomy and
ureter ligation in groups of rats immediately prior to, 4 hours before, and 16 hours before
placing them in the high altitude chamber. In all cases, nephrectomy again abolished re-
sponse to the stimulus. In the animals with ureters tied off immediately before and 4 hours
before stimulating for 16 hours, the respense was of about the same magnitude as that
shown by unoperated animals. If, however, the ureters were tied off 16 hours before stim-
ulus, the response was diminished but still appreciable (Table 2). It seems to us that this
reduction in responsiveness of the animals with ligated ureters is quite likely due to me-
chanical injury to the k1dney by the pressures built up there. At autopsy the kidneys from

‘rats in which the ureter‘s had been t1ed off appear about twice the normal size. Their un-
cut surfaces are pale, and on cutting perpendicular to the anterior -posterior axis, the.cut
surfaces are blanched, especially in the cortical region.

There still remained two possible explanations for the discrepancy between our re-
sults and those published pr"eviously.12 The earlier work on hypoxic anoxia reported by
Prentice and Mirand12 was done at atmospheric pressure in a chamber containing a low
partial pressure of oxygen, and the plasma was assayed in hypophysectomized rats rather
than'in starved rats as we had used. When we repeated our experiments using both of these
conditions, we again found that nephrectomy cdmpletely abolished the response to low oxy-
gen tension (Table 3). We found no difference qualitatively between the I"esponse of hypophy-
sectormzed and starved rats- used as assay animals and no difference between low pres-
sure hypoxia and atmospherlc pressure hypox1a

These findings have been corroborated using the polycythem1c mouse for assay 4 and
will be the subject of a forthcoming communication. .

As of this writing, we do not know why the results obtained in the two different labo-
ratories are so divergent, but we feel, in the light of the experiments reported here, that _
the suggestion of Prentice and Mirand of different erythropoietins being formed in re-
sponse to different anoxic stimuli is untenable.

Tﬁese experiments do not, of course, establish beyond doubt that the kidney produces

epythr0poietin. The possibility remains that the consequences of nephrectomy in some way-
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Table 2

EFFECT OF UREMIA ON RESPONSE TO HIGH ALTITUDE HYPOXIA

Hours between | : % Fed Incorporation
operation and .
start of stimulus | Unoperated | BUN Ureter ligated | BUN Nephrectomized | BUN | Normal plasma BUN

0 116 (1.9) | 24 | 9.8(.9 | 57 4.3% 59 4.6 (1.1) 24

4 -- -- 114.0 (0.9) 98 4.0 (1.3) 99 -- --
16 -- -- 7.2 (1.9) 130 5.0 (1.0) 134 --

Unoperated, ureter-ligéted,_and nephrectomized rats at 21,500 ft. simulated altitude for 16 hours. Plasma obtained
immediately after removal from chamber. Normal plasma from unstimulated rats. Assays performed in started rats;
5 rats per assay group. Figures in parentheses are standard error of the mean. BUN in mg per cent.

*
3 rats in group.

Table 3

EFFECT OF NEPHRECTOMY ON RESPONSE TO HYPOXIA: COMPARISON OF LOW PRESSURE
HYPOXIA WITH ATMOSPHERIC PRESSURE HYPOXIA AND OF STARVED RAT
- ASSAY WITH HYPOPHYSECTOMIZED RAT ASSAY

Type 9f Assay rat % Fe59 Incorporation
_hypox1c stimulus Unoperated | Ureter ligated | Nephrectomized | Normal plasma
Low pressure Starved ‘ 17.0% 11.0 (1.9) 3.6 (0.4) 3.8 (0.4)
" | Hypophysectomized 17.8 (3.5) 10.0 (0.8) 4.5 (0.2) 2.0 (0.5)
Atmospheric |
pressure. ‘Starved - 17.4 (1.4) 13.9 (2.0) - 3.5(0.8) _ 4.4 (0.5)
Hypophysectomized | 22.9 (8.0) -| 13.4(0.8) - | 3.5 (1.1) 4.1 (0.9)

Low pressure series kept at simulated altitude of 21,500 ft. (10% oxygen) for 16 hrs; atmospheric pres-
sure series kept in 9% oxygen for 16 hrs. Plasma obtained from rats 1mmed1ately after removal from cham-
ber. Normal plasma from unstimulated rats. Five rats per assay group. Flgures in parentheses are stand-
ard error of the mean.

3 rats in group



interfere with elaboration of the hormone by another site or that plasma from nephrecto-

/

mized animals contains substances which may interfere with the primary erythropoietic
process. Experiments testing these possibilities are now under way. )
SUMMARY
Rats subjected to hypoxic anoxia, whether at low pressure or atmospheric pressure,
respond to this condition with an increase in plasma erythropoietin,
Ligation of ureters for relatively short times does not interfere with this response.
Nephrectomy completely abolishes this response.
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STUDIES ON ERYTHROPOIESIS. IX. MECHANISM OF DECREASED
ERYTHROPOIESIS IN EXPERIMENTAL POLYCYTHEMIA®

By

C. W. Gurney and C. Pan

" That increased erythropoiesis following production of a¢ute anemia is mediated on a
hormonal basis was first suggested by Carnot and Deflandre.1 In recent years, numerous
investigators have demonstrated appearance of a humoral erythropoietic-stimulating fac-
tor in anemic zamimals.z—9 Fried, Plzak, Jacobson, and Goldwasserlo have presented evi-
dence supporting the hypothesis that the rate of erythropoiesis is determined by amount of
erythropbietin in plasma at all times, It has long been known that experimehtally-induced

11-15

polycythemia depresses erythropoiesis. That decreased concentrations of erythro-

'poietin are responsible for depression of erythropoiesis in transfusion-induced polycy-
themia was first suggested by Fried iil_.lo and Jacobson et al. 16

‘ Demonstration of decreased concentrations of erythropoietin in plasma of transfusion-
induced plethoric animals and human beings is as important in establishing validity of the
concept of a humoral control of erythropoiesis as is demonstration of increased erythro-
poietin concentrations in plasma obtained from anemic donors. In this paper, the decline
in reticulocyte count and incorporation of Fe59 into newly-formed red cells of polycythe-
mic rats, and degree of decline in relation to severity of polycythemia are reported. In
addition, response of these polycythemic animals to anemic plasma and cobaltous chloride

"is described.

METHODS AND MATERIALS

Rats of the Sprague-Dawley strain were used in this study. Animals in last experi-
ment were hypophysectomized by Hormone Assay Laboratories of Chicago. Blood was re-
moved from donor animals by. cafdiac puncture, using heparin as anticoagulant. Intrave-
nous transfusions consisted of whole blood or 50% red cells resuspended 1n salme Intra-
peritoneal injections consisted of 80% red cells suspended in saline. In the last 3 experi-
ments, periodic hemoglobin and reticulocyte counts were determined on blood obtained
from tail vein. In all other studies, blood wés obtained by cardiac-aspiration at time of
sacrifice. Hemoglobin values were determined by measurement of oxyhemdglobin as de-
scribed by Evelyn.17 Reticulocytes were counted by direct smear method, uéing brilliant
cresyl blue stain without counter-stain. Rate of erythropoiesis was then determined as

18 59 citrate (1 to 2 mc) ‘was injected into tail vein of ani_rrials, and 16 hours

follows: Fe3

Reprmted from the Proceedmgs of the Society for Experlmental Blology and Medi-
cme 98:789-93; 1958. 4
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thereafter 1 ml of blood was obtained by cardiac puncture. Standards were prepared at
time the isotope was administered to animals. Activity of standards and the blood was de-
termined by counting in a well-type scintillation counter, The amount of radioactivity in
the entire circulating'red cell mass was calculated by multiplying the activity per ml of
blood by the blood volume and was expressed as per cent of injected dose of Fe59 in pe-
ripheral red cells. Blood volumes of rats with carying degrees of polycythemia were de-
termined in preliminary experiments by the method of Berlin et al.

Plasma referred to as "anemic' rat-plasma was obtained from rats whose hematocrit
had been reduced to 25% by 3 daily cardiac aspirations. Human plasma was obtained from
a normal donor and a donor with idiopathic aplastic anemia, using heparin as anticoagu-
lant. Extracts of human plasma were prepared by the method of Borsook et al.

Decrease of reticulocyte count and red cell incorporation of Fe59 following intraper-

itoneal injection of blood. Rats weighing 250-280 g were made polycythemic by a single
intrapefitoneal injection of packed cells equal to 4% body weight; and control animals were
given the same volume of normal saline. Reticulocyte counts and red cell Fe59 incorpora-
tion were determined in separate groups of 5 animals at the times indicated in Figures 1

and 2. No change in reticulocyte count was noted 17 hours after administration of blood,
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Figure 1. The effect of experimentally- induced polycythemla on the
number of retlculocytes in the rat.

but at 2 days and thereafter a marked reduction in number of retlculocytes was noted (Fig-

ure 1) Similarly, incorporation of Fe59

was reduced at 4 days'and fell steadily, reaching
its low value of 5% when the tracer was given 9 days after the animals were made polycy—

themic (Figure 2).

Effect of varying degrees of polycythemia on number of retlculocytes and mcorpora~
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Figure 2. The effect of experimentally-induced
polycythemia on the incorporation of Fe%? into
the newly-formed red blood cells in the rat.

tion of Fesg. Rats weighing 150 to 200 g were given intraperitoneal injections as indicated
in Table 1. Fe?
of iron and number of reticulocytes was obtained. Only a modest rise in hemoglobin was

was administered 8 days later, and the following morning incorporation

obtained following administration of smallest amount of blood, but a definite reduction in
number of reticulocytes and incorporation of Fe59 was obtained (Table 1). It appears that
packed cells in 4% of animal's body weight, elevating the hemoglobin to only 16.7 g %, are
almost as efficacious in suppressing reticulocyte production and red cell Fe59 incorpora-
tion as twice this volume of packed cells, an amount ppoducing a far more dramatic eleva-

tion of hemoglobin.

Table 1

DEPRESSION OF ERYTHROPOIESIS FOLLOWING
EXPERIMENTAL POLYCYTHEMIA

- ; Packed célls Saline Packed cells | Saline { Packed cells | Saline
Vol. injectedx* 2, 29, 4% 4% 8% 8%
No. of animals 5 5 -5 4 5 4
Hemoglobin 15.6 14.6 16.7 13.6 21.2 14.8
Reticulocytes (%) 1.1 5.6 .2 6.3 1 5.1
Fe°? uptake (%) - 19 48 8 48 6 48

in g.

* : . iy ‘
Volume injected in ml is numerically equal to 2, 4, or-8% of animal's body weight
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Effect of rat plasma and heat-denatured extract of human plasma on incorporation

of Fe59 into erythrocytes of the polycythemic rat. Rats weighing 75 to 125 g were given_

packed red cells, in milliliters equal to 4% of body weight in g. On 11th and 12th days after
infusion, these animals received 2 ml of plasma or plasma extract given subcutaneously
(Figure 3). Radioiron uptake by the erythrocytes was thén determined, the tracer dose be-
ing administered oh the 13th day after establishment of polycythemia. Approximately 6-
fold increases in Fe59 incorpdratibn resulted from administration of anemic rat plasma

or the heat-denatured extract of human plasma from an anemic patient.

25 % L
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.
.’ .
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RAT RAT HUMAN, ANEMIA
PLASMA PLASMA EXTRACTED HUMAN,
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Figure 3. The effect of normal and anemic rat
plasma and normal and anemic human plasma
(heat-denatured extract) on the incorporation of .
Fed9 into newly-formed red blood cells in poly-
cythemic rats. The numbers enclosed in paren-

theses are average values plus or minus one

standard deviation.

Effect of cobalt on number of reticulocytes and uptake' of Fe59 in polycythemic rat.

Rats weighing 140 to 170 g were made polycythemic by intraperitoneal injection of packed
cells in the volume in ml equal to 4% of their body weight in g. On the third day after in-

jection, the animals were divided into 2 groups by random 'selection. One group received
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cobaltous chloride subcutaneously and the other group received normal saline. On the
12th day, Fe59 was administered and its incorporation was determined 16 hours later.

Reticulocyte and hemoglobin values are recorded in Table 2. Although the animals were

Table 2

RETICULOCYTE RESPONSE FOLLOWING Co++ IN
THE POLYCYTHEMIC RAT

CONTROL (5 rats) COBALT (4 rats)
Day Hb Retic. Injection . Hb Retic. Injection
. Saline 1 cc/day ' / Cobalt 5 pM/day
17.8 .3 18.9 N
17.9 3 18.5 1.6 |
10 17.1 .1 Saline 1 cc B.L.D. 18.0 1.7 Cobalt 5 pM B.L.D.
12 17.2 .3 18.2 2.5

fortuitously divided in such a manner that the saline control group on all occasions had
slightly lower average hemoglobin values than the animals receiving the cobalt, reticulo-
.cyte averages were higher in the animals receiving the cobalt. This difference became
more striking as time passed. Further, the incorporation of Fe59 into newly-formed red
cells in polycythemic animals was increased from an average value of 5% in the rats re-
ceiving saline to an average value of 32% in the rats receiving cobalt. '

Effect of multiple transfusions on reticulocyte count in the polycythemic rat. Four

rats weighing 150 to 185 g were made and maintained polycythemic'for 48 days by multiple
transfusions in an effort to obtain complete suppression of erythropoiesis as indicated by

a complete disappearance of reticulocytes in the peripheral blood. At least 4 days elapsed
after each transfusion before counts were repeated in order to permit maturation of trans-
fused reticulocytes. A 50% suspension of red cells in saline was used after the first week
in an effort to eliminate stimulation of erythropoiesis by erythropoietin present in normal
plasma, Once polycythemia was established, every réticu’locyte value in Table 3 was deter-
mined by examining 10,000 red cells. It was not possible to rid the rats completely of
reticulocytes, although while the hemoglobin was maintained above 20 g, it frequently was

necessary to count 10,000 red cells on a smear to find a single reticulocyte (Table 3).

Effect of polycythemia on reticulocyte count of hypophysectomized rat. Six days
after hypophysectomy, the reticulocyte count of 9-week-old 120-140 g rats averaged .06%
and average hemoglobin was 18.9 g %. None of 7 rats was completely free of reticulocytes,
however. Two daily intravenous injections of blood, totaling 14 ml per rat, were given and
8 days later the average hemoglobin was 23.4 g %. The avérage reticulocyte count was
.006%, and in 4 of the 7 rats, the count was 0.00%, no reticulocytes being seen in 10,000

cells.
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Table 3

RETICULOCYTE SUPPRESSION IN PROLONGED TRANSFUSION-
INDUCED POLYCYTHEMIA

1 2 3 4
Day - - - -
Retic. Retic. Retic. Retic.
Hb % Hb %o Hb % Hb %o
0 11.6 5.7 9.6 6.4 10.4 5.2 12.3 6.9
15 216 | - 21.6 .03 20.9 |° .12 21.4 .08
- 25- 22.7 .03 24.0 .02 22.8 .03 23.4 .10
29 21.4 .02 ' 24.8 .01 22.7 .02 20.8 .01
48 21.2 .02 19.4 .04 19.4 .04 21.4 .03

Transfusions given on days 0, 4, 7, 11, 18, 19, 20, 29, 40, 41.

DISCUSSION

The present investigation has been directed toward the accumulation of evidence that
decreased erythrocyte formation in transfusion-induced polycythemia is a result of low-
ered erythropoietin titers. In this regard, it is of interest to note that the high titer of
erythropoietin associated with some anemias in human beings declines when, as d conse-
quence of transfusions, the hemoglobin incr'eases.'21’22 )

Slight increases in circulating levels of hemoglobin reduce but do not completely in-
hibit erythrocyte production since reticulocyte production and iron uptake were reduced
but not completely inhibited 8 days after transfusion. This reduction was greater when as-

sociated with increased plethora, but it is of interest to note that the reduction in erythro-
poiesis, as measured by the number of reticulocytes, appeared to be of about the same
magnitude when the hemoglobin was 16.7 g % as it was when the value was 21.2 g %. Since
none of the animals in the latter group were free of retiCulocytés, we then attempted to
eliminate the reticulocyte count in the rat with multiple transfusions, as has been accom-
plished in mice.'16 This.reticulocyte count was easily depressed to 0.00% in several hypophy-
sectomized rats made polycythemic. Although marked depression of the reticulocyte count
was accomplished in the normal rat made polycythemic by transfusion, in no instance was
a complete absence of reticulocytes found. It appears likely to us that the polycythemic
rats do not deliver enough oxygen to the site of production of erythropoietin to completely
suppress its formation, but after hypophysectomy the metabolic rates and oxygen require-
‘ments ‘are depressed, and hence in the polycythemic hypophyéectomi_zed rat the additional
oxygen made available after transfusion is sufficient to accomplish-this purpose.

59 in the polycythemic rats following 2 injections of ane-

The increased uptake of Fe
mic, but not normal rat plasma, suggests that reduction of erythropoiesis in the plethoric
rat is mediated through reduction of erythropoietin titers. This concept is fortified by the

finding that the extract of plasma obtained from an anemic patient following removal of the

74




bulk of the protein by heat-denaturation also increases the incorporation of iron in ple-

thoric rats, while a similarly prepared extract of normal human plasma fails to do so.
Further evidence for this concept is found in the cobalt-induced reversal of the depres-
sion of erythropoiesis in the polycythemic rat, since it has been demonstrated by Gold-
wasser and his co-workers 3 that cobalt-induced polycythemia appears to be a conse-
quence of increased erythropoietin production.

SUMMARY

1) Reduction of erythropoiesis in rats rendered polycythemic by intraperitoneal infu-.
sion of packed red cells bears a relation to the degree of plethora produced Plasma from
anemic rats, a heat- denatured plasma extract from a patient with aplastic anemla and sub-
cutaneous cobaltous chloride all stimulate erythropoiesis in the polycythemic rat. These
observations are consistent with the theory that decreased erythropoiesis in the polycythe-
mic rat is the immediate consequence of a decreased titer of erythropoietin in these ani-

. mals, and constitute further support for the theory of the humoral regulation of erythro-
poiesis. 2) In these experiments it was not possible to suppress erythropoiesis complete-
ly, as measured by the reticulocyte count, in normal rat by transfusion, although complete
suppression was readily accomplished in transfused hypophysectomized rat.
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STUDIES ON ERYTHROPOIESIS. X. THE USE OF BONE MARROW
TISSUE CULTURE IN DEMONSTRATING ERYTHROPOIETIN

By
W. F. Rosse and C. W. Gurney

In recent years, the kinetics and controlling mechanisms of erythrocyte production
have been studied extensively. One of the most important and interesting results of these w
investigations is the demonstration that a humoral substance(s) (erythropoietin) is respon-

sible, at least, in part, for the increased erythropoiesis in response to hemorrhage,lc4

hemolytic anernia,s_6 hypoxia,7_8 and cobalt za.dministration.9 Furthermore, indirect evi-
dence has been accumulated showing that the amount of this factor(s) is decreased when
the production of erythrocytes is reduced as in transfusion-induced polycy’chemia10 and
hyperoxia.

To date, nearly all assays of erythropoietic activity have been carried out in whole
animals. Increases in reticulocyte, hemoglobin, and hematocrit valuesz_7 as well as the
increase in radioiron uptakel’8 have been used as parameters in assessing the effect of

erythropoietin-rich serum on normal, starved, hypophysectomized, or polycythemic ani-

mals. Qualitative estimates of erythropoietic activity in the spleen and bone marrow have
also been used as evidence of the presence or absence of erythlc'opoie'cin.10 However, only
one report12 of the quantitative estimation of the effect of serum rich in erythropoietin on
proliferation of erythrocyte precursors was found in the literature.

The improvement in tissue culture techniques has made it possible to maintain tissue
cells in vitro. It is the purpose of this paper to present some experiments wherein the ef-
fect of different sera upon bone marrow cells grown in tissue culture is measured quanti-

tatively.

METHODS AND PROCEDURES

The chambers used in these experiments for the cultivation of the marrow cells were
a modified version of the Mackeness and Smith monocyte culture chamber1~13 (Figures 1
and 2). This consists of a block of unplasticized Perspex, 4.9 x 3.2 x 0.22 cm. In the cen-
ter, circular holes of 23-mm diameter are counterbored from each side to within 1.5 mm
of each other, and a hole, 19 mm in diameter, is drilled completely through. Thus the cen-

tral hole is surrounded by a recessed border on both sides. From the side, two small holes,

*Preprint of a paper that will appear in The Journal of Laboratory and Clinical Medi-
cine.

TObtained from H. G. East & Co., Oxford, England, and constructed in the Engineer-
ing Division of Argonne Cancer Research Hospital.
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0.7 mm in diameter, are drilled into the central hole. The plug consists of two parallel
wires of slightly smaller diameter set in a small piece of plastic at the same distance
apart as the two lateral holes. A Perspex ring, 1 mm high and 6 mm inside and 8 mm out-

side diameters, from which a small arc has been removed completes the apparatus.

[iomuw]

T

|

Figure 1. Component parts of the modified Mackeness -and Smith
monocyte culture chamber before assembly: upper left, main block;
middle left, cover glasses; lower left, plug and internal rings; right,
inverted shallow well glass slide used to support main block during
sterilization.

The plastic chamber is constructed after sterilization in dry heat at (100-1050 C), for
1 hr., using paraffin (melting point 56-58° C). A chemically clean and sterile circular cov-
er slip, 22 mm in diameter, is placed on one recessed border and secured with melted wéx.
The chamber is inverted after cooling, and the previously waxed central ring is placed so
that a needle may be inserted through a lateral hole and into the center of the ring through
the missing arc. A cover glass is placed on the top recessed edge and the bottom cover
glass is gently heated to melt the wax on the central ring, thus securing it. The top glass
is then secured with melted wax.

The culture medium used was Earle's salt solution* with added vitamins,=°< amino

* * -
acids, and glutamine in amounts twice Eagle's spec.ifications.14 16 The serum used was

3
Obtained from Microbiological Supplies, Bethesda, Maryland.
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taken under sterile conditions by cardiac puncture from Holtzman strain rats that had
been fasted overnight. The following sera were tested: (1) Serum from normal 200- to 300-
g rats (normal serum); (2) serum from rats that had been made anemic by hemorrhage
on two consecutive previous days and in which the hematocrit was less than 25% (anemic

Figure 2. Modified Mackeness and Smith monocyte culture cham-
ber fully assembled.

serum); (3) serum from rats given cobaltous chloride (25 u M/100 g body wt.) with trac-
er amounts of radioactive cobalt-60 10 hrs. previously (cobalt serum); (4) normal rat se-
rum with an amount of cobaltous chloride added in vitro equal to the amount present in
the cobalt serum (cobalt control serum); and (5) serum from rats that had been rendered
polycythemic by transfusion of erythrocytes equal to 4% of the body weight given over a
period of 3 days and in which the hematocrit was 65-70% (polycythemic serum).

The marrow cells were obtained by means of sterile dissection of both femurs of a
rat killed by cervical fracture, and were placed in 5 cc of Earle's salt solution to which
had been added sodium versenate (Disodium ethylenediamine tetracetate) in concentration '
of 1.5 mg/ml. The cells were agitated, and the multicellular clumps allowed to settle to
the bottom by tilting the tube at an angle of 45° in ice water for 5-10 minutes. The super-
natant suspension of single cells and smaller clumps of cells was removed and centrifuged
for 10 minutes at 1200 rpm, and the acellular supernatant was removed. The cells were
resuspended in enough Eagle's medium (without serum) to make a concentration of 6000-
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8000 nucleated cells per cu mm. Two parts of this cellular suspension were added to 1
part of each of the sera being tested. Likewise, two parts of Eagle's medium were added
to 1 part of each of the sera, making the medium complete.

Six-hundredths ml of the cellular suspension was placed inside the ring of each cham-
ber with a tuberculin syringe equipped with a #22 needle. The space between the ring and
the main part of the chamber was partially filled with the corresponding complete medium,
leaving an air bubble. The plug was dipped in a 1:1 mixture of paraffin and yellow petrola-
tum, and the wires were inserted into the two lateral holes. The chambers were incubated
at 37° C, and were rotated at 6- to 12-hr. intervals. Ten to fifteen replicate cultures were
prepared for each serum tested.

At specified time intervals, the upper coverglass was removed and the ring loosened.
The medium was agitated gently to remove all cells from the bottom and carefully aspi-
rated and measured with a tuberculin syringe graduated in 0.01-ml units. The chamber
was washed twice with 0.2 ml 2% acetic acid, and the recovered wash fluid measured care-
fully. No cells remained on the bottom cover glass. The number of nucleated cells per cu
mm was counted without further dilution on a regular Neubauer hemocytometer; two sep-
arate aliquots were used. The total number of cells removed was calculated, This process
was performed on three chambers of a particular serum at each time.

Slides for differential count were made on two chambers of each serum at each time.
The top cover glass was removed, and the supernatant fluid removed carefully while the
central ring was still attached. The cells remaining on the bottom cover glass were quick-
ly air-dried and stained with Wright's stain after removing the cover glass from the cham-
ber and the ring from the cover glass. The cover glasses were mounted cells downward on
regular glass slides and labeled so that they could be counted as unknowns. Differential
count of 1000 cells on each slide was performed in a systematic fashion, counting the cells
in separate microscope fields along the horizontal, vertial, and (occasionally) diagonal di-
ameters of the cellular area.

From these data, the total number of any particular cell type or types can be calcu-

lated.

3 % of type A cells

Number of 3
xmm-) x 100

type A cells

= (total cells/mm

RESULTS

The number of erythrocytic precursors was plotted against time of incubation (see
Figures 3, 4, and 5). In the presence of normal serum, the number of these cells decreased
linearly throughout the 24-hour period. In cultures incubated with anemic serum, the num-

‘ber of these cells increased during the first 12 hours and decreased during the second 12-
hour period. Cobalt serum elicited the same response and cultures incubated in cobalt con-
trol serum behaved similarly to those in normal serum. With polycythemic serum, the num-

ber of erythrocyte precursors at 12 hrs. was significant by below the number in cultures
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Figure 3. Total number of erythrocyte precur-
sors in bone marrow tissue cultures grown in

normal and anemic serum,
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.Figure 4. Total number of erythrocyte precursors in bone mar=
row tissue cultures grown in normal, anemic, and polycythemic
serum. o ' ‘
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Figure 5. Total number of erythrocyte precur-
sors in bone marrow tissue cultures grown in
normal, anemic, cobalt, and cobalt control serum.

using normal serum. During the following 24 hrs. (12-36 hrs. incubation) the number of
erythrocyte precursors in the polycythemic cultures was lower than in the normal cultures
but the difference was not so striking. e

The number of each of the erythrocyte precursors (rubriblast, prorubricyte, rubricyte,
and metarubricyte) was analyzed for each of the time intervals (Tables 1, 2, and 3). In
three out of the four experiments (anemic or cobalt serum), it was observed that at 12 hrs.,
the number of metarubricytes was increased above the original number at 0 hour: this in-
crease was maintained through 24 hours. In one experiment with anemic serum (Experi- .
ment 3), the number of metarubricytes was only slightly higher at 12 hrs. and had decreased
by 24 hrs. At this same interval the number of rubricytes and prorubricytes was increased
over the origiﬁal number and was considerably higher than the number of these cells in
normal cultures. During the second 12 hr. period, the number of these cells décreased at
a rate greater than that seen in normal cultures. Rubriblasts are so scalrce in these cul-

tures that changes in their number cannot be accurately assessed. -
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Table 1 Experiment 1

NUMBERS AND PERCENTAGES (OF TOTAL NUCLEATED CELLS) OF
ERYTHROCYTE PRECURSORS IN BONE MARROW CULTURED
"WITH NORMAL AND ANEMIC SERA

INTERVAL OF INCUBATION (HRS.)
Hour 0 12 - . -24
Serum Normal Anemic Normal Anemic
Total cell count 301,240 267,430 271,170 199,630 245,480
Metarubricyte . ‘
(No.) 26,810 44,130 45,010 30,540 43,690
(%) 8.9 16.5 16.6 15.3 17.8
Rubricyte
(No.) 28,610 17,380 37,690 8,980 15,710
(%) 9.5 6.5 13.9 4.5 6.4
Prorubricyte :
(No.) 24,010 5,350 21,960 1,200 5,150
(%) 8.0 2.0 8.1 0.6 2.1
Rubriblast
(No.) 2,410 . 2,670 2,980 200 490
(%) 0.8 0.1 1.1 0.1 0.2
Total erythrocyte
precursors
(No.) 79,430 69,530 107,640 40,920 65,040
(%) 27.2 - 25.1 39.7 20.5 26.5

[

When polycythemic serum was used there was a decrease in the number of metarubri-

cytes and rubricytes that was more rapid than that seen in normal cultures during the first

12 hrs.

DISCUSSION

Normal serum. The linear decrease of erythrocyte precursors in normal cultures is
the product of interaction of several factors. The number of precursors present at any
time represents the balance between proliferation, celi death, and maturation to anuclear
erythrocytes during the preceding period of time. Cell death may be large in these cul-
tures because the environmental conditions in the chamber are suboptimal as compared
with marrow in situ. Proliferation is probably decreased and maturation increased by

"progressive maturation of the culture," i.e., the tendency of all the cells in the culture

to mature and thus become incapable of dividing and maintaining the line. Osgood™  em-
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Table 2

Experiment 2

NUMBERS AND PERCENTAGES (OF TOTAL NUCLEATED CELLS) OF ERYTHROCYTE PRECURSORS IN
BONE MARROW CULTURED IN NORMAL, ANEMIC, OR POLYCYTHEMIC SERUM

INTERVAL OF INCUBATION (HRS.)

12 24 36
. Polycy- : Polycy- Polycy-
Serum Normal Anemic themic Normal Anemic themic Normal themic
Total cell count 252,380 260,050 .228,320 208,310 252,680 187,160 143,290 135,100
Metarubricytes . )
. {No.) 40,380 64,490 31,050 31,250 65,410 26,760 10,750 6,620
'_.(%) : - 16.0 24.8 13.6 15.0 25.9 14.3 7.5 4.9
Rubricytes .
" (No.) 22,460 26,780 9,580 10,830 17,180 10,290 4,300 2,560
(%) 8.9 10.3 4.2 5.2 6.8 5.5 3.0 1.9
Prorubricytes
(No.) 9,340 8,580 7,300 4,170 5,550 2,990 500 800
(%) 3.7 3.3 3.2 2.0 2.2 1.6 0.4 0.6
Rubriblasts :
(No.) 500 2,080 200 0 700 200 200 100
(%) 0.2 0.8 0.1 0.0 .0.3 0.1 0.2 0.1
Total erythrocyte
precursors .
(No.) 72,680 101,930 48,130 46,250 88,840 40,240 15,750 10,080
(%) 28.8 39.2 S 21.1 22.2 35.2 21.5 11.1 7.5
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Table- 3

Experiment 3

NUMBERS AND PERCENTAGES (OF TOTAL NUCLEATED CELLS) OF ERYTHROCYTE PRECURSORS IN

BONE MARROW CULTURED IN NORMAL, ANEMIC, COBALT CONTROL, OR COBALT SERUM

" INTERVAL OF INCUBATION (HRS.)

0 12 24
Serum Normal Anemic Cobalt Cobalt Normal Anemic Cobalt Cobalt
control control
Total cell count 232,990 | 245,420 217,230 | 249,420 246,,560 184,620 202,030 | 155,790 229,790
Metarubricytes ‘
(No.) - 58,010 49,080 59,030 55,120 67,800 38,400 33,130 . 35,050 69,170
(%) 24.9 20.0 27.3 221 27.5 20.8 16.4 22.5 30.1
Rubricytes ) :
(No.) . 27,260 21,840 33,020 21,700 | 25,400 9,800 11,920 - 7,480 10,340
(%) 11.7 8.9 15.2 8.7 10.3 5.3 5.9 4.8 4.5
Prorubricytes
(No.) 14,450 6,630 18,250 4,490 21,700 2,400 8,280 470 4,360
(%) 6.2 2.7 8.4 -1.8 8.8 1.3 4.1 0.3 1.9
Rubriblasts : ‘ .
(No.) 1,630 1,000 2,390 200 6,160 500 1,000 0 0
(%) 0.7 0.4 1.1 0.1 2.5 0.3 0:5 0.0 0.0
Total erythrocyte
precursors. , A ] . :
" (No.) ‘101,350 | 78,550 112,690 81,510 | 121,060 51,100 54,330 43,000 83,870
(%) 43.5 32.0 52.0 32.7 49.1 27.7 26.9 T 27.6 36.5




phasized that when an immature cell divides, one of the daughter cells must remain im-
mature and the other must mature if the normal numerical relationships are to be main-
tained. There is good evidence that this delicate balance is not maintained in these cultures
since the proportion of metarubricytes and segmented neutorphils to total erythrocyte pre-
cursors and total granulocytes, respectively, increases and the proportion of more immature
forms decreases with time. Thus all factors tend to decrease the number of erythrocyte

precursors during any time interval.
Anemic serum. The increase in the total number of erythrocyte precursors during a

12-hr. incubation with anemic serum suggests that the erythropoietic-stimulating factor(s)
(erythropoietin) is present in anemic serum in a form that is directly usable by the bone
marrow cells. The proliferative stimulatory effect of this factor(s) is apparently upon the
prorubricytes and rubricytes. '

As in the normal cultures, the decline in erythrocyte precursors during the second
12 hrs. is the result of three processes: pi‘oliferation, cell death, and maturation. Again,
progressive maturation of the culture is occurrihg: this tends to offset any stimulatory
effect of the serum on proliferation by reducing the number of cells that are capable of
division. It is impossible to state with certainty whether maturation ol single erythrocyte
precursors and/or progressive maturation of the culture is hastened by the stimulatory
effect of the anemic serum. The more rapid decline in rubricytes and prorubricytes dur-
ing this period suggests thai both individual and progressive maturation are probably has-
tened by the active serum.

Cobalt and cobalt control sera. When cobalt serum was used, there was evidence

of stimulation to the same degree as in anemic serum. When cobalt control serum was
used, no such activity was demonstrated. These facts substantiate the findings of Gold-

wasser et a1.2’18

‘that the erythropoietic effect of cobalt is mediated through a humoral
mechanism (erythropoietin). In addition, the almost exact correspondénce of erythrocyte
precursors in the cultures grown in cobalt control serum with those grown in normal se-
rum indicates that there is no direct effect of the ion on the bone marrow at these concen-
trations. These results are in agreement with the observations of Laforet and Thomas19
who found no direct stimulatory effect of cobalt ion on bone marrow when oxygen levels
and heme synthesis were analyzed in cultures.

Polycythemic serum. When animals are rendered polycythemic by transfusion, the

amount of c1rcu1at1ng erythropoietin is presumably reduced because the amount of oxygen
at the site of production is increased and thus the stimulus for production is reduced
Erythropoiesis in the transfusion-induced polycythemic mouse spleen is reduced. In the
present experiments, the lower number of erythrocyte precursors in polycythemic cultures
as compared with that in normal cultures at 12 hrs. is presumptive evidence that the
amount of erythrepoietin is greater in normal serum than in polycythemic serum and that
erythropoietin is necessary to maintain a Ynormal’ state of erythropoiesis. (However, the
presence of an inhibitor of erythropoiesis in the polycythemic serum cannot be ruled out

with absolute certainty.) Erythropoietin appears to be one of the controlling mechanisms in
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the normal state and not merely an emergency mechanism to stimulate erythropoiesis

during stress.

ERRORS OF MEASUREMENT

The over-all effects of the various treatments are clear from examination of Figures
3 to 5. Although three chambers were used to determine each total cell count, ordinarily
only one or two differential counts were made for each treatment at each time. Thus we
can measure directly the precision of a total cell count, but not that of differential count
or of its product, the total eryfhrocyte precursor count. However, in some preliminary
experiments replicate differential counts were made, and we have used these to measure
the precision of differential counts.

It was found that the coefficient of variation (standard deviation divided by the mean
count) of repeated total counts was approximately 12% (somewhat smaller for the zero
hour counts) and consequently the coefficient of variation of the average of three such
counts, being less by a factor of 1/ Y3, is approximately 7%. For counts in the neighbor-
hood of 200, the standard error is thus approximately 14, and the differences in total count
at each time do not greatly exceed what might be expected on the basis of measurement er-
ror alone. '

The coefficient of variation of repeated differential counts is approx1mately 14% Since
the total erythrocyte precursor count is the produce of the total cell count and the differen-
tial count, its coefficient of variation is approximately ( 72 + 142) % or about 16%. For
counts in the neighborhood of 80, the standard error is thus approximately 13, and the dif-
ferences in erythrocyte precursor total counts are appreciably larger than the estimated

magnitude of the measurement error.

SUMMARY

The effects of 5 different types of sera upon erythropoiesis in bone marrow tissue cul-
ture, using a modification of the Mackeness and Smith chamber, have been tested. Eagle's
medium and test serum in a 2:1 proportion were used as nutrient medium. Total and differ-
ential cell counts were done after 0, 12, 24, and, in one case, 36 hrs. of incubation at 37° C.
Cultures sustained with normal rat serum showed a decrease in the number of erythrocyte
precursors which is linear and predictable. Cultures grown in serum from rats rendered
anemic by bleeding showed a marked increase in erythropoiesis after 12 hrs. of incubation.
The same effect was seen in cultures grown with serum from rats that had been given co-
baltous chloride (25 w M/100 g body wt) 10 hrs. before the removal of the serum. Whan
cobalt ion was added to normal serum in vitro to the same final concentration as found in
the serum from injected rats, the resultant combination had no effect 611 erythropoiesis.
When serum from rats rendered polycythemic was used, a marked decrease in erythro-
p01e51s was noted after 12 hrs. of incubation.

These experlments give further evidence of the existence of a humoral factor(s) (eryth-

ropoietin) that stimulates erythropoiesis, and, in addition, establish that the substance(s)
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circulates in a form that is readily available to the bone marrow. The stimulatory effect

of cobalt on erythropoiesis is through this hormone, There is also evidence that erythro-

poietin is present in serum from normal animals and that the amount is decreased in se-

rum from animals rendered polycythemic by transfusion.
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STUDIES ON ERYTHROPOIESIS. XI. RETICULOCYTE RESPONSE OF
TRANSFUSION-INDUCED POLYCYTHEMIC MICE TO ANEMIC
PLASMA FROM NEPHRECTOMIZED MICE AND PLASMA
FROM NEPHRECTOMIZED RATS EXPOSED TO
LOW OXYGEN"

By

L. O. Jacobson, E. K. Marks, E. O. Gaston, and E. Goldwasser
In publications by Jacobson, Goldwasser et al.,1’2’3 data are presented suggesting
that the kidney may be the site of elaboration of erythropoietin(s). Mirand and Prentice
and Erslev5 offer data to the contrary.
Plasma erythropoietic activity is demonstrable by a number of different but related

6.,7.8 but the basic substance(s) has not been characterized chemically; nor

assay methods,
have assay methods been sufficiently refined to yield information revealing whether a sin-
gle substance or group of substances is involved. Erythropoietic activity can be demon-
strated readily in the plasma of normal rats and rabbits subjected to cobalt ion, anemic
anoxia, or hypoxic anoxia.9 In our hands, bilateral nephrectomy regularly abolishes this
capacity.l’z’3
This paper describes studies of the capacity of mice to produce erythropoietin in re-
sponse to anemic anoxia and cobalt ion. Whether bilateral nephrectomy in mice significant-
ly influences the response to these stimuli is also considered. The plasma or plasma ex-
tracts from neph_rectomized animals were assayed in transfusion-induced polycythemic
mice. In addition, data are presented on the effect of bilateral nephrectomy on the capac-
ity of the rat to produce a measurable increase in erythropoietin in response to hypoxic
anoxia, using not only polycythemic mice for assay, but starved and hypophysectomized

rats as well.

MATERIAL AND METHODS

CF No. 1 female and C57BL/6Jax mice of both sexes were used in the experiments
designed to study the reticulocyte response in transfusion-induced polycythemic mice fol-
lowing the injection of "anemic' mouse plasma or other plasma preparations. Sprague-
Dawley male rats, weighing from 200 to 300 g, were used as donors for the low-oxygen
rat-plasma experiments. All plasma injections were given to the recipient mice intrave-
nously by tail vein, intraperitoneally, or subcutaneously in 0.5-cc amounts on 4 or 5 suc-
cessive dayé. Recipient rats received subcutaneously a 2-cc dose on 2 successive days.

Fe59 incorporation was determined 8, 16, or 24 hrs. after the last injection,

*A revision of this paper has been accepted for publication in Blood.
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cessive days. )
Preparation of the plasma. ''Anemic' mouse plasma was obtained from adult mice

with a bleeding-induced anemia, from mice following 3 or 4 subcutaneous injections of
1.25 to 1.50 mg of phenylhydrazine hydrochloride given over a period of 6 days, or from
female mice during the last trimester of pregnancy. Blood from the carotid arteries was
collected in heparin immediately after cervical fracture when the hematocrit was circa
30 per cent. The plasma was separated by centrifugation and stored immediately at -17°c.
"Cobalt plasma' was prepared by injecting adult mice with 5 uM cobaltous chloride ( 5 uM
in 0.5 cc of saline) subcutaneously 8 or 9 hours before collecting the blood for plasma.
Plasma from nephrectorhized and sham-operated mice was collected 10 hours after sur-
gery. Normal mouse plasma was obtained from normal untreated adult mice. Starved-rat
plasma was collected from animals that had been deprived of food for 4 days, but were al-
lowed water ad libitum. Plasma was also collected frum rats after exposure to low oxygen
at a simulated altitude of 21,500 ft. for 8, 16, or 24 hours. Bilateral nephrectomy or bilat-
eral ureter ligation was performed immediately before the animals were placed in low oxy-
gen. Plasma for control purposes was obtained from unoperated rats expésed similarly to
low oxygen and from normal rats.

Operative procedures Bilateral nephrectomy was performed on mice (with a phenyl-

hydrazine-induced anemia) and rats under Nembutal anesthesia. The kidneys were removed
by making a median abdominal incision; tying the renal blood vessels with one suture; and
removing the kidney from its capsule, leaving the adrenal gland intact. The incision was
closed with silk. Sham operations were performed in which the capsule of the kidney was
peeled off, but the kidney was not removed.

'~ Preparation of polycythemic recipients. CF No. 1 mice weighing 23 g and C57BL/6Jax,

18 to 20 g, were made polycythemic by vintraperitone_al injections of 75 to 80 per cent con-
centration’of washed homologous red cells suspended in saline. The suspension was given
in 0.5-cc amounts on 3 successive days and once agam ‘2 days later. Seven days after the
last injection of red cells, when the hematocrits were circa 70 per cent and no reticulo-
cytes were found in the peripheral blood, the mice were used as recipients for the various
plasma injections. Hematocrit determinations were made on a micro-hematocrit centrifuge,
using heparinized capillary tubes. Reticulocytes were counted by the direct-smear method,
using brilliant cresyl blue without counterstain. When no reticulocytes were found in 100,000
red celis,_the values were recorded as 0.000 per cent. Blood for hematocrit and reticulocyte
determinations was drawn from the tail vein. '

i Polycythemic recipients of mouse plasma. In the first experiment, polycythemic re-

cipierits ‘were divided into groups of 7 or more animals each. The animals in groups 1 and

2 served as controls, receiving saline and normal plasma, respectively. Those in group 3
received anemic plasma in group 4, plasma from mice nephrectomized following a phenyl-
hydrazine-induced anemia; and in group 5, plasma from sham-operated anemic mice (Fig-
ures 1-4).

The second experiment was similar to the first except that the mice in ‘grc.)up 4 re-
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No. 1 mice with a bleeding-induced anemia on the reticulocytes of
CF No. 1 mice with a transfusion-induced polycythemla

Figure 2. Effect of 5 intraperitoneal injections of plasma from
C57BL/6Jax mice with a phenylhydrazme induced anemia on the
reticulocytes of C57BL/6Jax mice.

Figure 3. Effect of 4 subcutaneous injections of plasma from CF
No. 1 pregnant mice obtained during the last trimester on the
reticulocytes of CF No. 1 mice with a transfusion-induced polycy~

themia.

Figure 4. Effect of 4 subcutaneous injections of mouse plasma
from anemic nephrectomized, sham-operated and anemic mice on
the reticulocytes of CF No. 1 mice with a transfusion-induced poly-

cythemia.

(S) refers to saline injection,

(N) refers to injections of normal plasma.

ceived plasma from mice that had received cobaltous chloride, and those in group 5, plas-

ma from normal mice with 0.042 uM per ml of cobaltous chloride added (this amount was

calculated as the amount of free cobaltous chloride present in the cobalt mouse plasma)

(Figure 5).

In 3 separate studies, polycythemic mice were given plasma from rats exposed to low

oxygen. These 3 experiments differed only in the length of time the rats were .exposed to

low 02 (8, 16, or 24 hours). Animals in groups 1 and 2 again served as controls, receiving
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saline and normal plasma, respectively; those in group 3 received plasrﬁa from normal
rats ekposed to low 02; those in group 4, plasma from animals with a bilateral nephrectomy
and exposure to low 02; and those in group 5, plasma from animals with ureters ligated

and low 02 exposure. Animals in group 6 were given an extract of anemic plasma known

to be active (Figure 5). In still another experiment, group 3 mice received plasma from
starved rats, and group 4 mice received plasma from rats exposed to low 02. for 8 hours
(Figure 6).

Histology. Histologic studies were confined to the mice given plasma from rats ex-
posed to .low O2 for 24 hours after nephrectomy. On the day following the 4th injection, the
mice were sacrificed immediately after the hematocrit and reticulocyte determinations
were completed. This made it possible to correlate studies of the blood-forming tissue
with evidence of erythropoiesis as judged by r.eticulocytes in the peripheral blood and the
incorporation of F959 into the red cells. The tissues were fixed in Zenker-Formaol, and

then embedded i‘n nitrocellulose, cut at 6 and stained with hematoxylin, eosin, and azure.
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Figure 5. Effect of 4 subcutaneous injections of plasma from cobalt-
injected mice as compared with that of normal mouse plasma with co-
balt added on the reticulocytes of mice with a transfusion-induced. poly-
cythemia.

Figure 6. Effect of 4 subcutaneous injections of plasma from rats starved
for 4 days compared with that of plasma from rats subjected to a simulat-
ed altitude of 21,500 feet for 8 hours.-

(S) refers to saline injection.  (N) refers to injections of normal plasma.

RESULTS

The reticulocyte values of CF No. 1 female mice with a transfusion-induced polycy-
themia increased from 0.0 per cent to 1,56 per cent by 4 days after the first daily intra-
venous injection of 0.5 cc of plasma obtained from mice of the same strain with an anemia
induced by bleeding, and rose to 1.69 per cent in mice given subcutaneous injections of
0.5 cc of plasma from mice with a phenylhydrazine-induced anemia. The reticulocyte val-
ues of mice that received nbrmal‘ piasma rose to only 0.01 per cent, while mice receiv-
ing saline remained essentially reticulocyte-free during this period (Figure 1).

The reticulocyte values of C57BL/6Jax ''polycythemic' mice likewise increased from

i
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0.0 per cent to 2.0 per cent by 4 days after the administration of anemic plasma obtained
from C57BL/6Jax mice with a phenylhydrazine-induced anemia, and mice receiving nor-
mal plasma responded with 0.2 per cent reticulocytes (Figure 2).

In a separate but similar experiment, anemic plasma obtained from CF No. 1 mice
during the last trimester of pregnancy was used (hematocrit, circa 30 per cent). By 4 days
after the first of 4 injections given on successive days, the reticulocyte values of polycy-
themic mice receiving anemic plasma from pregnant mice were 2.1 per cent as compdred
with 0.01 per cent in mice that received normal piasma and 0.0 per cent in mice that re-
ceived saline (Figure 3). '

The reticulocyte values of CF No. 1 polycythemic mice injected subcutaneously on 4
successive days with 0.5 cc of plasma obtained from mice 8 or 9 hours after a single in-
jection of cobaltous chloride increased to 2.1 per cent by 4 days. No change in reticulocyte
values was found in polycythemic mice that received 4 injections of normal plasma with co-
balt added (0.042 xM per ml) (Figure 5).

Plasma obtained from mice with a phenylhydrazine-induced anemia, 10 hours after
sham nephrectomy, increased the reticulécyte values in polycythemic mice to 1.97 per
cent, whereas plasma from anemic-nephrectomized and normal mice increased the retic-
ulocyte values to only 0.26 and 0.4 per cent, respectively (Figure 4).

No reticulocyte response was found in mice that were given starved-rat plasma (Fig-
ure 6). The reficulocyte response, hoWever, in polycythemic mice that received plasma
from rats exposed to low oxygen for 8, 16, or 24 hours was respectively, 0.9, 1.7, and 1.66
per cent by 4'. days after the first subcutaneous injection. Plasma from rats that were ne-
phrectomized before similar subjection to low O2 produced a slight reticulocyte response
to polycythemic mice. By 4 days, the reticulocyte values in the recipient animals that re-
ceived nephrectomized lc)w-O2 rat plasma were 0.183, 0.114, and 0.006 per cent, respec-
tively. Polycythemic mice that received normal rat plasma or saline remained essentially
reticulocyte-free (Figure 6.). The plasma used in this latter experiment was assayed in
hypophysectomized and starved rats, and as shown in Table 1, showed no efytﬁrocytic ac-
~ tivity, These data are included to pérmit a comparison with the hisfologic findings shown
in Figure 7. '

The histologic difference in the spleens of mice that received erythropoietin-rich plas-
ma and plasma from normal mice has been described in detail in a previous repor't.10 In
the present experiments, plasma was given to reficulocyte-free polycythemic mice in a
series of 4 injections of 0.5 ml each. Erythropoietic activity in the red pulp was marked
in the spleens of mice that received anemia plasma .or plasma from cobalt-injected mice.
The red pulp in spleens from mice injected with normal plasma or saline was less popu-
lated with erythropoietic tissue or was sparsely cellular. The spleens of mice that re-
ceived plasma from nephrectomized rats exposed to low oxygen revealed no erythropoietic
proliferation in the red pulp, whereas the spleens from mice that received plasma from
rats with the ureters ligated or from unoperated controls exposed to low oxygen were ob-

served to be packed solidly with erythropoietic tissue in the red pulp (Figure 7).
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Table 1
A. EFFECT OF PLASMA FROM NORMAL UNOPERATED, NEPHRECTOMIZED AND URETER-LIGATED
RATS EXPOSED TO A SIMULATED ALTITUDE OF 21,500 FEET FOR 8, 16, OR 24 HOURS ON THE
Fe59 UPTAKE IN STARVED AND HYPOPHYSECTOMIZED RATS.
B. EFFECT ON THE RETICULOCYTES OF MICE WITH A TRANSFUSION-INDUCED POLYCYTHEMIA.
< A B
59 59 . ,
Fe"" uptake (%) Fe"" uptake (%) Reticulocytes (%)
‘in starved rats in hypophysectomized rats “in polycythemic mice
Time in [ Normal |- _ Time in | Normal _ Time in [ Normal _
low 09 | unoper- Net;:) 1’;:;80 Iljire;tigs low Og [ unoper- Net%};rt;ec [ljfeatteett‘is low 0 | unoper- Ntegrkrllrec tllireattet(‘is
(hours) ated y g (hours) ated o4 g (hours) ated Y gate
8 11.5 4.3 9.8 -- -- -- -- 8 0.9 0.183 0.7
16 8.6 4.5 9.6 16 22.5 5.0 17.5 16 1.7 0.114 1.38
24 14.7 4.7 14.6 -- -- -- -~ 24 1.6 0.006 1.26
None* 4.6 -- -~ None* 4.2 Nonex* 0.001 -- --

Plasma from normal untreated rats not exposed to low oxygen. Recipients received plasma from normal rats not
exposed to low oxygen.



Figure 7. Histologic effect of 4 0.5-cc injections of rat plas-
ma on splenic erythropoiesis in mice with a transfusion-in-
duced polycythemia. Tissues were taken for study 4 days aft-
er the first injection of plasma.

A. Spleen of normal plasma-injected mouse. Red pulp is de-
void of erythropoietic foci.

B. Spleen of mouse injected with plasma from nephrectomized
rat. Red pulp is sparsely cellular and there are no islands of
erythropoiesis apparent.

C. Spleen of mouse injected with mouse plasma from nephrec-
tomized mouse exposed to a simulated altitude of 21,500 feet
for 24 hours. Red pulp is very sparsely populated and no
islands of erythropoiesis are seen.

D. Spleen of mouse given plasma from unoperated rat exposed
to a simulated altitude of 21,500 feet for 24 hours. Marked
erythropoietic activity in the red pulp and a moderate reduc-
tion in lymphopoietic cells in the white pulp.

E. Spleen from mouse injected with a plasma extract known
to have erythropoietic activity. Extreme erythropoietic activ-
ity in the red pulp.

F. Spleen of mouse that received plasma from rat with ureters
tied and exposed to a simulated altitude of 21,500 feet for 24
hours. Red pulp shows numerous islands of erythropmesm.
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DISCUSSION

Present methods of assay for erythropoietin(s) are at best semi-quantitative. Of the
available assay preparations, we found the transfusion-induced polycythemic mouse to be
the most reliable, and we use it routinely to check results obtained by other assay means.
In a sense, the polycythemic mouse is ideal for bioassay because erythropoietin produc-
tion is presumably shut off by a "nontoxic'" physiologic mechanism (increased O, supply
in the presence of a normal O2 demand). Consequently, erythropoiesis drops for all prac-
tical purposes to zero as judged by the absence of reticulocytes in the peripheral blood
and the absence of recognizable erythroblasts in the blood-forming tissue. Thus, any ex-
ogenous erythropoietin(s) (if one assumes that an erythropoietin is required to initiate
erythropoiesis) must initiate erythropoiesis from the reticulum itself, l'rom.primitive
erythroblasts, or from ''multipotential' blast forms that are available in the marrow; per-
haps from all 3. The observed response to anemic plasma culminates in the appearance of
recognizable erythroblast forms which produce red cells. At this time, we cannot say
which of these possibilities obtains or whether, in fact, all are operating. At any rate, ei-
ther with anemic anoxic plasma, cobalt ion, cobalt plasma, or extracts made from known
active ""anemic'' plasma, erythropoiesis proceeds from none at all to a hyperplastic eryth-
roblastic stage in 3 to 4 days. Histologically, this transition appears to be orderly, and
the various forms and maturation stages appear quite normal.

The questions that need clarification, insofar as the data presented in this paper are
concerned, are: Can erythropoiesis be initiated directly in the polycythemic mouse by
"monspecific material? " Is there any evidence that erythropoietin (s) is present in the sys-
tem?

These questions have real significance in attempting to assess the effect of bilateral
nephrectomy on the capacity of rats or rabbits to respond to anemic anoxia, cobaltous
chloride, or hypoxic anoxia. The reticulocyte values from groups of mice given plasma de-
rived from bilateral nephrectomized rats exposed to hypoxic anoxia for 8, 16, or 24 hours
were 0.183, 0.114, and 0.006 per cent, respectively. In previous experiments, similar val-

ues were found, but not consistently. On histologic examination, there was no evidence of

erythroblastic proliferation in the bone marrow or spleens of these animals. This of course
does not mean that no erythroblasts exist in the hematopoietic tissues. The same plasma ‘
assayed in these experiments in polycythemic mice gave negative results when assayed in
normal rats, starved rats, or hypophysectomized rats, using Fe59 uptake as the criterion.
In fact, in a previous communication,10 it is shown that when erythropoiesis is below 0.5
per cent, as measured by the number of reticulocytes in the peripheral blood, Fe59 red
cell incorporation is found to be about 5 per cent. This is within the range of values that
we find routinely in polycythemic rats, mice, or starved or hypophysectomized rats given
saline or normal plasmag’lo and which we consider a normal control baseline value.

If these minimal reticulocyte values (about 0.2 per cent or less) found in the polycy-
themic mice in response to plasma from nephrectomized rats or rabbits that have been

subjected to anemic anoxia, cobalt ion, or hypoxic anoxia can be considered to be the re-
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sult of the introduction of erythropoietin(s) into the system, then it would be-necessary to
state that erythropoietin production can occur in the absence of the kidneys. Accepting this
for purposes of discussion, then two possibilities may be considered; namely, that 1) the
kidneys do not produce erythropoietin and the reduced production in nephrectomized ani-
mals is a result of the toxicity, and 2) in the absence of the kidneys another site has the
capacity to respond with minimal erythropoietin production in response to a severe stim-
ulus (hypoxic anoxia). This latter concept might be considered analogous to the production
of other substances such as androgens and estrogens. These hormones are made princi-
pally in the gonads, but synthesis on a small scale (roughly less than 10 per cent of nor-
mal production) may occur in the adrénal. On the other hand, Erslev5 may well be right

in his suggestions that erythropoiesis in the normal, steady state is under the control of-
erythropoietin produced in some as yet unknown site, and that in the presence of renal dis-
ease, with uremia or after bilateral nephrectomy, some toxic effect interferes with the
normal production or utilization, or both.

The failure to find an increased titer in bilaterally nephrectomized rats or rabbits
may be due merely to a poisoning of the site of production which interferes with synthesis
of the érythropoietin molecule in a structural and functional sense. As a métter of fact,
one could take 'the data referred to ‘above (reticulocyte values of 0.183, 0.114, and 0.006-.
per cent in polycythemic mice in reépohse to plasma from nephrectomized rats exposed
to low 02’ for 8, 16, and 24 hours, reAspecti\_/ely) and suggest that the number of reticulo-
cytes in response in time to the plasma assayed was the result of the increasing toxicity
caused by nephrectomy; that is, erythropoietin production in response to anoxia was dras-
tically reduced even by 8 hours, and, for all practiéal purposes, eliminated by 24 hours.
Further evidence in support of this thesis is the fact that after bilateral ureter: ligation,
the response to anemic anoxia or hypox1c anoxia.in terms of erythropoietin titer may d1—
minish by 24 hours as compared with 12 hours. 11 ’

It is worthy of note that the plasma of rats starved for 4 days contained no erythro-

poietic activity when assayed in the polycythemic mouse. This was to be expected since
the starved rat in our hands is sensitive to plasma with erythropoietic act1v1ty 8 We have
assumed this indicated a reduced erythropoietin titer in the plasma of starved rats.

It is interesting that increased erythropoietic activity is found in the plasma of the
mouse during the last trimester of pregnancy. These mice are almost universallyAanemic
in late pregnancy as described in the accompanying paper, Part XII ~This fmdmg substan-

tiates the report of Contopoulos et al.

‘SUMMARY AND CONCLUSIONS

Transfusion-induced polycythemic mice have been used to assay erythropoietic activ-
ity in plasma derived from mice and rats subjected to various stimuli and experimental

procedures.

N

1. Anemic, anoxic, or cobalt mouse plasma mcreased erythrop01es1s from the zero

baseline to about the normal range after 4 daily 0.5-cc mJectlons. No significant effect is
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observed from:the same number of injections of normal rat or mouse plasma or normal
saline. Similarly, plasma from rats starved 4 days had no erythropoietic activity, but eryth-
ropoietic activity was present in the plasma of pregnant mice' during tﬁe last trimester of
pregnancy.

2. Plasma from mice made anemic by phenylhydrazine and then subjected to bilateral
nephrectomy contained slight erythropoiefic-activity (0.2 per cent or less reticulocytes,
comparable to normal control plasma). The plasma of sham-operated anemic animals had
considerably more erythropoietic activity (2.0 per cent). The plasma was collected for as-
say 10 hours after the operative procedures.

3. Plasma from nephrectomized rats exposed to hypoxic anoxia for 8, 16, or 24 hours,
had slight erythropoietic activity when measured by the peripheral reticulocyte response
of the recipients (0.183, 0.114, and 0.006 per.cent reticulocytes, respectively). (The same
plasma had no erythropoietic activity measured by the Fe59 red cell incorporation response
in hypophysectomized rats.) Plasma from rats subjected to bilateral ureter ligation and
similarly exposed for an erythropoietic activity (0.7, 1.38, and 1.25 per cent reticulocytes,
respectively), 'comparable with that of the plasma from normal rats exposed to hypoxic an-

. oxia (0.9, 1.7, and 1.66 per cent, respectiyely). This low and inconstant erythropoietic activ-
ity in the plasma of nephrectomized.mice and rats subjected to anemic or hypoxic anoxia is
more or less comparable with the response occasionally produced by normal plasma. We
are, therefore, disinclined to consider the data as evidence against the renal origin of

erythropoietin, and the alternative possibilities are discussed.
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STUDIES ON ERYTHROPOIESIS. XII. THE EFFECT OF TRANSFUSION-
INDUCED POLYCYTHEMIA IN THE MOTHER ON THE FETUS* ’

By

L. O. Jacobson, E. K. Marks, and E. O. Gaston

Transfusion-induced polycythemia in mice reduces erythropoiesis to zero, as judged
by the number of reticulocytes in the peripheral blood, the incorporation of Fe59 into the
red blood cells, and by histologic changes in the blood-forming tissue.1 Polycythemic mice
respond to the injection of anemic or cobalt plasma by a restoration of erythropoiesis to
the normal range.2 These observations suggest that the hormone controlling red cell pro--
. duction (erylhropoietin) is reduced drastically or absent in these mice after the polycythe-
mia has been established.

With these observations in mind, we wondered what would happen to fetal erythropoie-
sis if transfusion-induced polycythemia were established in normal mice that were then
mated, the polycythemia being maintained throughout pregnancy. Several other questions
were considered. Would erythropoiesis fail to begin in the embryo because no erythropoi-
etin would be available by placental transfer to the embryo? It has been reported that the
normal pregnant rat has a plasma erythropoietin content that is above normal,3 and that

4,5 It is not known,

fetal and cord blood likewise has a higher plasma erythropoietin titer.
whether erythropoietin passes from the maternal to the fetal circulation or vice versa.
Since erythropoiesis begins in the mouse embryo at about 10 days, it was possible that
erythropoiesis might be delayed in these embryos until some fetal tissue began to make
erythropoietin independently of the mother. If the embryo were able to begin manufacture
of erythropoietin, would the amount be sufficient to bring the peripheral hematologic val-
ues to the normal range at term? If the fetus were able to maintain erythropoiesis by vir-
tue of its own erythropoietin production or by some other mechanism, would fetal erythro-
poietin pass into the maternal circulation and produce reticulocytosis in the polycythemic

mother ?

MATERIALS AND METHODS

Preparation of Animals

Young, adult CF No. 1 female mice,T weighing about 23 g, were given repeated 0.5-cc
intraperitoneal injections of washed homologous red cells until the hematocrit reached be-
tween 60 and 75 per cent. When the mice were reticulocyte-free, they were mated. Hema-

tocrit and reticulocyte determinations were made at frequent intervals—usually every oth-

*Text of a paper that has been submitted for publication in Blood.

1'Approximately 150 pregnant mice were used in these studies.




er day—and further red cell transfusions were given intraperitoneally or intravenously as
needed to maintain the hematocrit above 60 per cent. The maternal.peripheral blood was
examined for reticulocytes at the approximate tﬁne of conception, at 3 consecutive 3-day
intervals, and then every day or alternate one, with final reticulocyte and hematocrit de-
terminations being made at the time of spontaneous delivery at term or at the time of ce-
sarean section. Hemoglobin and erythrocyte values were obtained less frequently.

' In other experiments, red cell transfusions were initiated and polycythemia was pro-
duced and maintained, beginning 1 and 5 days after mating. In other respects, the general
plan outlined above was followed. Knowing that erythropoiesis began at about 10 days, it
seemed advisable to confine our studies largely to mice that were polycythemic before
mating or to those that were made polycythemic and essentially reticulocyte-free before
the 7-"to 9-day period of gestation.

.Blood values for the 18-day-old fetus were obtgined immediately after c\esareanlsec:
tion, and for the newborn, within 24 hours after spontaneous delivery. These consisted rou-
tinely of reticulocyte and micro-hematocrit determinations; less frequently of red cell and
hemoglobin determinations. 4

Controls consisted of normal mice of the same age and strain. These mice were al-
lowed to mate, and control blood counts were performed as soon as conception was estab-
lished, as judged by the copulation plug in the vagina. Hematolcgic studies paralleling those
of the transfusion-induced polycytﬁemic, pregnant mothers were carried out throughout -
pregnancy, and after spontaneous or cesarean delivery. Hematologic studies on the fetuses
or newborn mice were carried out as described above.

The mothers were weighed at the beginning of the experiment, at frequent intervals
during pregnancy, and immediately before and after delivery. The fetuses or newborn mice
were weighed individually, as was the liver of‘ each after dissection (wet weight).

Histologic Studies

At least 2 polycythemic and 2 normal mice were sacrificed at 9, 10, 12, 14, 15, 16,
18, and 19 days after conception to permit comparison of the histologic changes in the
blood-forming tissue (bone marrow and spleen). Likewise, the embryos of these mice were
also sacrificed. The maternal and fetal tissue (or whole embryo) was fixed in Zenker-
Formol and then embedded in nitrocellulose, cﬁt at 6u and stained with hematoxylin, eosin,
and azure. Repfesentative maternal and fetal tissue sections were stained for iron by a
method described by Beutler Lal.e' -
Speécial Studies ’

Incorporétion of Fesg-into the red-blood,celis of mother and fetus or newborn. Nor-

mal and polycythemic pregnant mice were injected with approximately 1 pc of Fe59 cit-
rate on the 15th day of prégnancy, and on the 18th or 19th day of pregnancy. Eighteen hours
aftei‘ injection, the total-body uptake of iron was determined. The mice were then anesthe-
tized with Nembutal. Cesarean sections were performed, and the iron uptake of each fetus
was measured. The measurements were made by means of a whole-body teghhiqqg de-
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scribed p'r'eviously.7 The fetal-body content of Fe”" was expfessed as per cent of total-
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body count in the mother. .

Placental red cell transfer studies. Homologous red cells labeied with Cr‘s1 were in-

jected intravenously and/or intraperitoneally into normal and polycythemic pregnant mice

during the last trimester of pregnancy. Maternal and fetal blood (or the entire fetus) was

counted in a scintillation well counter. The results are shown in Table 1.

Table 1

AMOUNT OF RADIOACTIVITY IN WHOLE BLOOD FROM NORMAL AND POLY-
CYTHEMIC PREGNANT MICE, THE NEWBORN, AND THE FETUSES FOL-
LOWING THE INTRAVENOUS AND/OR INTRAPERITONEAL INJECTION

OF Cr

51

-LABELED HOMOLOGOUS RED CELLS

Radioactivity (cpm)

Time of Time of sam?ling Number fetuses
crdl injection after Cr?® or : Mother

(days of gestation) (hours) offspring counted | Fetuses (0.1 c%'blood)

( 12 18 1* 0 6225
0
& 13 18 12" 0 12100
S 14 144 1ot 59 4810
= | 14 144 107 50 3491
g 15 18 10* 178 . 15140
& 16 18 15% 0 523
= 16 48 107 0 658

L 19 12 12t 20 530
2o
QE, 15 Offspring born -- == 3968
= dead
> + o
o 19 24 3 6 4347
e T
s | 19 12 8 11 6119

TOffspring—all obtainable blood from offsprings counted in saline.

%
Fetuses—not counted individually.

RESULTS

In these studies we were not interested in the effect of homologous transfusion-in-

duced polycythemia on the capacity to conpeive, or on the incidence of early or late abor-
tion. Nevertheless, we did observe a high incidence of loss of fetus either by abortion or

resorption. This was true whether blood was administered to the mother by the intraven-

ous or intraperitoneal route. In general, it can be stated that of‘polycythemic animals

brought to term, the size of litter, weight of the individual fetus and liver, and gestation

time were comparable with those resulting from normal pregnahcy (19 - 20 days). The

variation that exists in the weight of individual fetuses and newborn from one litter to an-

other (Table 2) appears to be influenced by the size of the litter and gestation time, which
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Table 2

REPRESENTATIVE HEMATOLOGIC VALUES AND WEIGHTS OF 3 LITTERS OF OFFSPRING FROM

CF NO. 1 MICE WITHIN 1/2 HOUR AFTER BIRTH

Normal mothers Polycythemic mothers
Weight Hgb Rbc x 106 Hct Retic No. in Weight Hbg Rbe Hct Retic ' No. in
(mg) (g/100 cc) (cu mm) (%) (%) Litter (mg) 1 Litter
907 10.4 3.13 36 43 ) 1059 14.5 | 4.03 a7 | s0 )
669 9.0 - 3.37 20 - 950 -- -- 54 60
888 -- 4.25 40 56 965 | 15.3 | 3.8 48 sa [ 10
963 7.5 2.75 26 - 924 13.3 | 3.8 50 52
919 9.9 3.34 32 50 ¢ 9 .
894 -- -- 36 48 _ 844 -- -- 50 56
904 8.8 3.38 32 37 862 | -- | 4.28 54 60
900 110.0 2.75 24 44 818 -- | 3.72 36 --
903 9.5 2.95 -- -- 666 -- -- 56 .| 59 P 8
_ ‘ 821 -~ | 4.4 50 50
1347 9 3.12 25 a2 ] ' 636 -- 145514 | 60 60
1377 9. 3.67 35 43 ¢ 10. 595 --  4.25 54 -
1391 11.0 4.37 38 -- |
) -- 19.2 | 4.3 52 ]
1250 10.6 -- 38 - ) -- 17.5 | 4.5 46 -- L
1360 10.4 -- 36 -- > 11 -- 17.7 | 4.6 44 -- 12
1370 9.9 4.0 36 -- - 17.9- ] -- 48 --
Average .
1069 9.7 3.4 | 32.4 | 45 . 830 16.4 | 4.2 49.9 | 55




is in agreement with findings of other investigators,g’9 Table 3 gives the individual hema-
tologic values for a normal mouse and its 18-day-old fetuses. Table 4 gives similar data
for a normal mouse and its newborn. Comparative hematologic values for polycythemic
pregnant mice and their fetuses and newborn are shown in Tables 5 and 6.

The average hematologic values and weights of all the mice used in our experiments
are shown in Tables 7 and 8

The fetus or newborn of the polycythemic mother not only had higher hemoglobin,
RBC, and hematocrit values at birth than offspring from the "normal" non-polycythemic
mother (Tables 2 and 7), but retained these higher levels for the period of observation
(1 month). This indicates that the fetus of the polycythemic mother is able to initiate and
maintain erythropoiesis and suggests that the higher hematologic values observed might
be merely a result of supplying the fetus with iron by virtue of the multiple transfusions
given to the mother. Thus, the fetuses of polycythemic mothers had adequate available
iron, whereas the ''normal' mouse had insufficient iron available for herself and young.
We therefore gave iron-dextran (Imferon) parenterally to normal pregnant mice and
found, as shown in Tables 9 and 10, that the newborn mice from iron-injected animals
had hematologic values comparable with those of mice born of polycythemic mothers (Ta-
bles 7, 9, and 10).

Embryos removed from mothers, as well as mice born at full term, gave evidence that
erythropoiesis is initiated at the same time and is qualitatively similar whether the moth-
er is polycythemic or normal. Although minimal erythropoiesis can be found in the embryo
in a number ol sites, we confined our examination to the liver and the spleen.

By the 6th day after transfusion-induced polycythemia has been established, clearly
recognizable erythroblasté have disappeared from the bone marrow, spleen, and liver (the
peripheral blood is reticulocyte-free at this stage also). This obtained even though mating
had occurred and pregnancy was initiated. At intervals throughout gestation the mothers
were sacrificed and the hematopoietic tissues examined as de scribed above. At no stage
were erythrobla/tsts found with any degree of certainty. Reticulocyte values on the day of
sacrifice in each instance were 0.0 per cent.

Erythropoiesis in the control mother with or without parenteral iron was qualitatively
similar in the spleen and bone marrow at the various stages examined. As would be ex-
pected, the histologic material stained for iron and examined at term showed iron deple-
tion in normal mothers. In the iron-dextran (Imferon)-injected mothers, stainable iron was
visible, and in mothers with a transfusion-induced polycythemia, there was an extreme de-
gree of iron deposition in the tissue. /

The reticulocyte values for the fetus of a transfusion-induced polycythemic mother
and the fetus of a normal mother were essentially comparable and varied only as shown in
Table 2.

Whole body Fe59 uptake for fetuses from polycythemic mothers was slightly higher on
the average than that of fetuses from normal mothers (Table 11). The fetal Fe59 uptake in-

creased with age and weight of the fetus. Bothwell and co-workers reported similar results
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Table 3

HEMATOLOGIC VALUES OF A NORMAL PREGNANT CF NO. 1 MOUSE AND

ITS 18-DAY-OLD FETUSES

. Fetuses
Day of Mother Delivered by
gestation cesarean section
Hbg Rbc x 106 Hct |- Retic Wbe Weight Retic Hct Weight
(g/100 cc) (cu mm) (%) - %) (cu mm) (g) (%) (%) (mg)
1 16.7 10.3 55 1.6 9150 78 35 88
8 16.4 9.3 48 5.2 11200 82 28 74
11 15.8 8.6 46 5.4 12950 -- 38 72
13 13.5 -- 48 8.9 11400 -- -- 66
15 13.8 8.3 42 11.4 11200 33 80 24 70
16 -- 34 77 20 83
18 13.3 9.4 .40 4.5 19500 35 -- 28 70
85 30. 69
-- 30 80
-- 28 73
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Table 4

HEMATOLOGIC VALUES AND WEIGHTS OF A NORMAL PREGNANT CF NO. 1 MOUSE AND

4 OF ITS OFFSPRING WITHIN 1 DAY AFTER BIRTH

Day of - Mother Fetuses
o e | | Lo |t | e | e [ [ e
1 16.6 10.1 52 3.8 7500 29 12.5 3.2 44 | 44 1392 65
4 15.0 10.3 48. | 7.9 13600 - 10.0 3.85 | 44 | 33 1498 64
7 42 7.4 30.5 12.3 3.82 |. 45 | 40 1500 --
8 13.4 8.1 48 8.4 8900 30.5 11.6 3.62 | 45 | 47.6 1354 63
9 39 8.0 31

11 11.7 '6.87 | 40 | 9.8 7600 | 33

14 39 | 15.8 - 38

15 10.5 8.5 41 8.8 40.5

18 11.0 6.5 36 4.0 49.0

19 30 3.2 '

20 '
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Table 5

HEMATOLOGIC VALUES OF A PREGNANT POLYCYTHEMIC CF NO. 1 MOUSE AND
.ITS 18-DAY-OLD FETUSES

Fetuses
Day of Mother Delivered by
gestation . cesarean section
Hbg Rbe x 106- Het | Retic Wbe Weight Rbe susp. Retics Hct | Weight
(g/100 cc) (cu mm) (%) (%) (cu mm) (g) given (%) (%) (mg)
1 21.4 18.9 66 1.8 15900 IP -- - 790
4 1P 90 48 730
6 1P -- 40 790
8 20.8 15.0 . 64 0.0 12400 P 80 54 820
10 IP 70 49 830
11 20.9 13.9 61 0.(}01 11700 v 75 40 830
13 23 18.1 70 -0.01 11100 v 86 46 810
14 66 0.05 36 - 85 47 810
15 24.6 16.5 76 0.2 31600 v 86 45 810
16 66 0 42 -- 90 36 680
17 -56 0 45 v 79 48 810
18 21.1 13.1 62 0 36850 48 78 52 850
85. 49 910
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HEMATOLOGIC VALUES AND WEIGHTS OF A PREGNANT POLYCYTHEMIC CF NO.

Table 6

4 OF ITS. 9 OFFSPRING ‘'WITHIN 1 DAY AFTER BIRTH

1 MOUSE AND

‘ Mother

. ) Fetuses
Day of : » . ~
gestation | - "Hbg -.|Rbc x 10% | Het |Retic |- - Wbe Wt Rbc given| - Hgb. | Rbc |Hct|Retiz | Weights (mg)
(g/100 cc)| (cu mm} (%) (f’/o)’ (cu mm) (g) ] (0.5 cc) ('g/l(zo ce)l(cu mmM(%) | (%) ‘Offspring Liver
1 26 . 18.6 79 {001 | 20000 |24 | P " | 150 | -- |40/ 43 1255 | 58
3. : 78 24 | -- 17.1 -~ |s2| 28 1434 ° | 72
4 24 15.9 76 | 0.0 .| 12150 | -- | IP 16.4 4.82 |52 | 38.| 1410 56
7 72 0.0 | 7 26 | 1P 16.9 4.22 | 55,39 1452 74.5
8 23 15.3 70 | 0.01 8400 25 IP
9 _ o |68.5{0.0 + | N -
11 - 22, 17.1°.. 4 e7..0.0. | 12080 . {27 | 1P
12 68 |0.01 ' 28.9 IP
14 . 67 .| 0.0 31 | - )
15 -- 17.8 69 | 0.0 |32 .1v . )
17 e - 64 | 0.0 . e
18 20.3 12.4 60 | 0.0 40 | IV
19 63 | 0.0 -
21 26.0 14.1 65 |0.0 v
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Table 7

AVERAGE HEMATOLOGIC VALUES OF FETUSES AND NEWBORN FROM NORMAL, IMFERON‘-INJECTED,
» AND POLYCYTHEMIC MICE

Age of Hematocrit Hemoglobin Rbe x 106 Reticulocytes
 fetus (%) (g/100 cc) _ (cu mm) (%)
* (days) ’ Imferon- : Imferon- . Imferon- Imferon-
: Normal |Polycyth injected Normal] Polycyth injected Normal | Polycyth injected Normal |Polycyth injected
16 24.5% | -- -- -- -- -- 2.14° -- - |e73% | -- --
18 - 19 | 30.577 | 441 -- 77191 11.6° -- 2.7021 | 3.48 -~ | 7328 | g2d --
Age of
newborn
1/2 - 24| 43 36 19 31 is i2 33 20 12| .21 16 8
hours 36 51 49,577 | 10.0 16.4 15.47° 3.8 4.6 4.2 49”7 517~ 37.4
11-13 | 31513 | 52.1° | -- 8.312| 15.8° -- 3.9t | 7.3° - |20 |7209° --
23 | 26.5° | -- a7° 738 | -- 15.8° | 5.6% -- 7.7° |18.5% | -- 11.9°
1 month | 37.6%1 |- 42.31° 10t | 123t -- 7311 | 761! -— | 13.219 | 11.38 --

Superscript figures indicate number of specimens for each value given.




Table 8

AVERAGE WEIGHTS OF FETUSES .AND NEWBORN FROM NORMAL,
IMFERON-INJECTED, AND POLYCYTHEMIC MICE

Age of Weight
fetus or Fetus or newborn Liver
newborn (g) (mg)
(days) Imferon- | Imferon-
Normal Polycyth injected Normal Polycyth injected
16 0.541%% | 0321%% | -- 39.922 | 3412 --
18 - 19 0.90382 | 0.828%¢ -- g2.231 56,501 --
Age of
newborn .
1/2 - 24
hours 1.223%6 | 1.153%6 | 147 67.1%° 68.317 61.912
11 - 13 5.4° 4.04° - -- -- -
1 month 12.78 11.811 -- 70812 . 703° --

Superscript figures indicate number of specimens for each value given.

in the fetal iron uptake of r'abbits'.1

0 These results are considered possible evidence that

erythropoiesis is greater in the fetus of the polycythemic mother than in that of the nor-

mal one. However, it seems unlikely that one can use data for Fe59 uptake in the offspring

as a quantitative measure of erythropoiesis unless the litter sizes of control and polycy-

themic mothers were equal and the exact stages of fetal development were matched.

The Cr

-labeling data (Table 1) show, as exp‘ected, that the homc_)logous red cells

transfused into the mother do not pass through the placenta to the fetus in any detectable

quantity.

DISCUSSION

Our data suggest that the embryo of the transfusion-induced polycythemic mouse has

the capacity to initiate and maintain erythropoiesis, even though no erythropoietin(s) ap-

pears to be available from the maternal circulation. The validity of this suggestion rests

upon the assumption that the reduction of erythropoiesis in transfusion-induced polycythe-

mic mice and the sensitivity of these mice to "anemic" or '"cobalt' plasma indicates that

the circulating plasma erythropoietin(s) level is reduced drastically or absent.
Furthermore, our data indicate that little or no erythropoietin passes from the fetus

to the mother. This is based on the fact that no reticulocytes appeared in the maternal cir-

culation and there was no histologic evidence of erythropoiesis in the maternal tissues. If

any appreciable amount were going from fetus to mother; one might expect some stimula-

tion in the latter. It is conceivable that erythropoietin moves from the fetus to the mother

but that the dilution factor in the maternal plasma is 'so great that it precludes a recogniz-

able effect on erythropoiesis.
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Table 9

HEMATOLOGIC VALUES OF A NORMAL PREGNANT CF NO. 1. MOUSE THAT RECEIVED 0.25 cc (0.5 mg)

*OF IRON- DEXTRAN (IMFERON) INTRAMUSCULARLY AND OF 'ITS OFFSPRING (8)

WITHIN 1 DAY AFTER BIRTH

Da .of ' Mother : Fetuses |
gestZtion | Hbg Rbe x 10° | ‘Het | Retic | “Whbe Wt Irr?t?e};%n Hbg Rbc | Het|Retic' | Weights (mg)
(g/100 cc)| (cu mm) | (%) (%) | (cu mm) | (g) given 1 {g/100 cc)|. Offspring. Liver

1 17.7 10.5 58 | 5.0 ' mo 15.8 | 3.60 | 44 |33.5 | 1424.5 | 58
2 15.8 | 5.07 | 50 |36.4 | 1542 .| 65
3 15.6 11.1 47 | 4.8 | 12350 " 16.3 | 4.02 | 50 | 38 1510 71
6 4s | 88 | . " 12.9 3.85 | 40 | 38.4 | 1583.5 | 62.5
7 14.2 9.7 49 | 11.2°| 12300 -- 15.2 4.12 | 48 |.28.4 |5 -- .| 59
8 44 | 14.1 " 15.3 | 4.82 | 48 | 46 .;{‘1405‘ | 66
9 1 " "16.3° | 3.92 | 48 | 34.6°| - 1407 51
10 12.3 9.9 42 9.0°| 13600 " 16.3 3.72 | 52 | 44.1| 1458 64
13 © |43 | 112 ‘ o ' ‘
14 12.7 9.4 49 | 16.0 32 "
16. ’ 32 t
17 14.6 7.7 48 | 12.4 38 "
20 13.5 6.8 50 | 4.4
21 13.8 6.02 42 3.4 31,
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Table 10

HEMATOLOGIC VALUES OF A NORMAL PREGNANT CF NO. 1 MOUSE THAT RECEIVED 0.25 cc
(0.5 mg) OF IRON-DEXTRAN (IMFERON) INTRAMUSCULARLY AND OF ITS
OFFSPRING (11) WITHIN 1 DAY AFTER BIRTH

- . ‘ Mother Fetuses
ay of »
estation 6 i Days . i
’ ' '("‘glll-%)(%cc) P}EE )r(m%r?) f‘I%tJ;: R(?'/SC (CIINIEI(;n) g; Irgit;?errcl)n (g/i{(g)ogcc) Rbe | Het | Retic Ogggg?rtz (rLr,Ii%)er
1 16.4 56 | 4.0 " 13.8 5.25 | 57| 87 1490 61
2 : " 15.0 3.62 | 50| 61 1432 55.5
3 166 | 12.4 52 | 6.2 | 16200 " 16.3 | 462 [ 52| -- | 1510 65
6 -l 45 | 8.7 " 16.7 4.3 | 48| 62 1527 65
7 14.6 9.6 51 | 7.2 10250 --
8 42 | 6.2 "
9 N
10 14.2 10.0 48 | 14.4 5500 "
13 S ‘ 46 | 19.0 "
14 13.8 9.2 44 | 19.0 37 "
16 42 "
17 14.6 8.6 47 | 20.8 45 "
20 13.8 8.7 48 | 4.6 --
21 13.5 9.6 50 | --
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Table 11

RADIOACTIVITY OF NORMAL AND POLYCYTHEMIC MOTHERS AND THEIR FETUSES 18‘ HOURS

AFTER THE INTRAVENOUS INJECTION OF Fe

59

59

Normal mouse

Fe"" injected . Polycythemic mouse

days of * No. of Radioactivity | % Iron No. of Radioactivity % Iron
gestation fetuses (cpm) uptake in fetuses (cpm) uptake in
per mouse Mother Fetus fetuses per mouse ‘Mozher Fetus | fetuses

15 10 45770 10066 21.9 14 45177 12423 27.4

‘13 46216 9963 21.5
17 - 18 . 13 42470 18720 44 11 33600 14927 44.4
18 - 19 10 .55600 25801 46.4 " 13 59805 31504 52.6
8 59323 25660.. 43




If one assumes that the embryo has the capacity to initiate and maintain erythropoie-
sis completely, then it is interesting to speculate farther as to the site of production. If
our previous suggestion that the kidney is related to erythropoietin production is coz‘r‘ect,11

' since erythropoiesis begins

then the embryo must be able to derive it from an "anlage,'
in the embryo before the kidney is established as a functional unit in the ordinary sense.
Perhaps fetal erythropoiesis is initiated and maintained by a mechanism unlike that which
regulates erythropoiesis in the adult. A way to study this might be to transfuse the embryo
in vivo to learn whether the transfusions would reduce erythropoiesis as compl'etely as
they do in the adult mouse. We are also interested in the effect of the injection of exoge-
‘nous erythropoietin on fetal erythropoiesis; in fact, this may bé a way of determining
whether a transfer to the mother is possible.

. It was interesting, but not too surprising, to find that the young laboratory mouse gives
birth to an anemic infant and that this can be remedied by the administration of iron or red

cell transfusion to the mother.

SUMMARY AND CONCLUSIONS

Erythropoiesis is reduced to zero in the mouse by repeated homologous red cell trans-
fusion. ‘

Mating of transfusion-induced polycythemic mice was allowed and observations were
made on maternal and fetal erythropoiesis.

It was observed that erythropoiesis in the pregnant, polycythemic mouse was sup-
pressed throughout pregnancy, suggesting that erythropoietin production was concomitant-
ly suppressed. A

Erythropbiesis in the fetuses of polycythemic mothers was initiated by 12 days and
maintained in an active state throughout fetal life. Hematologic values of these fetuses at
birth were higher than those of the newborn normal pregnant mice of the same strain.

It is possible that the fetus initiates and maintains erythropoietin independently of
erythropoietin from the maternal circulation. The higher hematologic values of the new-
born of polycythemic mothers are probably the result of the greater availability of iron
from the breakdown of transfused cells since it was found that comparable hematologic
values were achieved in the newborn when iron-dextran(Imferon) was injected into the ma-

ternal tissues during pregnancy.

LITERATURE CITED

1. Jacobson, L. O., E. Goldwaséer, L. Plzak, and W. Fried. Proc. Soc. Exp. Biol. Med.,
94:243, 1957.

2. Goldwasser, E., L. O. Jacobson, W. Fried, and L. Plzak, Blood, 13:55, 1958.

3. Contopoulos, A. N., D. C. Van Dyke, and M. E. Simpson. Proc. Soc. Exp. Biol. Med.,
93:424, 1956.

4, Doring, G. K. Arch. f. d. ges. Physiol., 249:631, 1948.

113




10.

11.

.114

Loeschcke, H. H. Fermentforsch., 3:346, 1949-50.

Beuiler, E., W. Drennan, and M. Block. J. Lab. Clin. Med., 43:427, 1954.

Krantz, S., E. Goldwasser, and L. O. Jacobson. Submitted for publication in Blood.
Enzmann, E. V. Anat. Record., 62:31, 1935.

Allen, E., and E. L. MacDowell. Anat. Record., 77:165, 1940.

Bothwell, R. H., W. F. Pribilla, W. Mebust, and C. A. Finch. Amer. J. Physiol., 193:
615, 1958. '

Jacobson, L. O., E. Goldwasserj, W. Fried, and L. Plzak. Nature, 179:633, 1957.



STUDIES ON ERYTHROPOIESIS. XIII. A COMPARISON OF METHODS OF
BIOASSAY OF ERYTHROPOIETIN IN HUMAN PLASMA*

By

C. W. Gurney and C. Pan

Since Carnot and Deflandre's description of the erythropoietic-stimulating quality of
anemic serum,l there have heen many attempts, reviewed by Grant and Root,2 to demon-
strate this property in plasma of animals and man. However, results often were equivocal
or negative. A noteworthy contribution was made when incorporation of Fe59 by red cells,
originally described by Huff Lal.,3 was adapted for bioassay of erythropoietin, the eryth-
ropoietic-stimulating factor in anemic plasma.4 Modifications of this procedure have been
employed to demonstrate erythropoietin in plasma of normal subjec:ts5 and patients with
a variety of hematological disorder‘s.5’6 In previous publications,s"»7 we have commented
on the limitations of assay methods currently used and the loss of erythropoietin in frac-
tionation of plasma prior to assay. Ways have been sought to circumvent these losses and
to increase the sensitivity of the bioassay. The purposes of this publication are 1) to re-
port the assay of unfractionated plasma, thereby obviating erythropoietin losses by extrac-
tion, and 2) to present a comparison of the two assay animals we have employed to demon-

strate erythropoietin in human plasma.

MATERIAL AND METHODS

Blood was collected from normal volunteers and anemic patients, using heparin as an
anticoagulant. After centrifugation in the cold, the plasma was removed and stored in the
frozen state until ready for assay or fractionation. Frozen plasma was thawed at room
. temperature, and whole plasma or a heat-denatured extract prepared by the method of
Borsook and co-workers8 was used for assay. The plasma was acidified to pH 5.5 by the '
addition of .1 N HCI and heated in a boiling water bath for ten minutes. The suspension was
filtered through analytical filter paper (No. 595), and the precipitate resuspended in dis-
tilled water in a volume equal to the original plasma volume, heated an additional ten min-
utes, filtered, again resuspended, heated, and filtered. The filtrates were combined and re-
duced to original volume in a rotary flash evaporator, and the pH was adjusted to 7.4 by the
addition of .1 N NaOH. This extract was then frozen until ready for assay. '

Male rats of the Sprague-Dawley strain were used, five in each assay. The procedure
of Fried gt_a.l.g’lo was followed. Young normal rats, weighing 100 to 120 g, were starved
32 hours prior to the first injection of material being assayed and maintained in the

starved state throughout the duration of the bioassay, water being permitted ad libitum.

*Text of a paper that has been submitted for publication in Blood.




Six-week-oldanimals were hypophysectomized by the Hormone Assay Laboratories of Chi-
cago, and one to two weeks later were used for assay. Two ml of plasma extract were in-
jected subcutaneously daily for two days. On the third day, under light ether anesthesja, a
tracer dose of 1 puc of Fe59 citrate was given intravenously, and standards were prepared
for later counting. Sixteen hours later, 1 ml of blood was obtained by cardiac aspiration,
and the Fe59 incorporation into red cells was calculated according to the following for--
mula:

Fe59 uptake = net counts rp:': zglllrll)tlsc;gj)éc.&fé body weight

In these experiments, the blood volume was assumed to be 5% of the body weight.10

RESULTS

Normal values. Plasma and heat-denatured extract of plasma from 12 normal donors

(all hemoglobins were between 14 and 17 g for males, 13 to 16 g for females) were as-
sayed in both starved and hypophysectomlzed rats. The average results, plus or minus one
standard deviation, are recorded in Figure 1, In subsequent analyses of anemic plasma,
results exceeding these averages by more than two standard deviations of the lstter were

considered positive.

STARVED RAT HYPOPHYSECTOMIZED RAT
16 WHOLE
. PLASMA
14} T
z
S 2}
-
<
@ 10| q
o .
a
« gl - wwoLe
S PLASMA BOILED
z ' EXTRACT SALINE BOILED SALINE
z 6k - L EXTRACT
2 ) . 10.1 ¢ 4.0
@ .
u 4r 5Tt 1 .
. °\° 2 l 4612 44+10
’ 3516 3722

Figure 1. Bioassay, of erythropoietin in human plasma con-
trol values from 12 normal donors expressed as average
t standard deviation.

Assay of anemic plasmas Nineteen plasma specimens obtained from patients with

. hemoglobins under 8.5 g per cent, were assayed before and after protem removal by heat-
denaturation in both starved and hypophysectomized rats. Diagnoses, hemoglobin levels,

and the results, expressed as the average of five animals in each assay, are recorded in
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Table 1. It will be noted that the rposbsensitive assay procedure involves the testing of

whole -plasma in starved rats, in which instance twelve of nineteen specimens were posi-
tive. In only one instance was a plasma negative by agsay in the starved rat and positive

in the hypophysectomized rat. . |

Table 1

COMPARISON OF ERYTHROPOIETIN BIOASSAY PROCEDURES

Starved rat Hypophysectomized rat
Diagnosis ' Hb | Whole plasma |Boiled extract)Whole plasma| Boiled extract
Normal 57% 1.1% 46t 1.2% | 10.1%4.0% 3.5% 1.6%
Myeloma 36| 26.6+ 18.5 + 29.8 + 11.6 +
Aplastic anemia 8.1 15.5+ 9.8+ 25.1 + 12.1 +
Hodgkins disease 3.5| 27.6+ 4.8 - 27.1 + 1.9 -

"Leukemia 5.0 | 28.8+ 4.7 - 27.3 + 3.2 -
Aplastic anemia 5.5| 33.0 + 7.1+ 28.9 + 4.3 -
Myoglobinuria 7.2 | 12.0 + 7.8 + 21.8 + 3.4 -
Pernicious anemia 3.5| 8.5+ 7.1 22.8 + 6.1 -
Leukemia 6.0 20.4+ 9.0 30.3 + 2.3 -
Acute GI. hemorrhage
chronic pyelonephritis | 4.7 8.7 + 7.8 + 7.0 - 3.8 -

. Carcinomatosis-breast| 7.7 17.5 8.5 + 9.3 - 3.8 -
Lymphosarcoma 7.9 9.0 5.9 - 13.6 - 2.6 -
Leukemia 3.1 30.6 + 5.4 - 317 + 8.6 +
Leukemia 6.6 6.3 - 5.4 - 18.2 + 5.3 -
Lymphosarcoma 80| 6.4- 4.8 - 14.3 - 2.6 -
Myeloid meta. 4.8 4.2 - 5.6 - 5.3 - 2.6 -
Myeloid meta. 6.8 7.6 - 5.8 - 6 - 5.6 -
Myeloid meta. 6.1 7.5 - 4.0 - 10.5 - 3.0 -
Leukemia 6.9 5.6 - 3.5 - 1- 1.3 -
Myeloma 7.3 4.0 - 5.0 - 8 - 2.4 -

DISCUSSION

Since Borsook and co-workers showed erythropoietic activity of the boiled extract

of anemic rabbit plésrha by demonstrating its stimulating effect in r'atts,8 it has been cus-
5,6,11,12

- i
tomary for investigators to extract plasma in this manner prior to bioassay. In-
deed, even urine from anemic donors was treated in this fashion13 prior to injection into

rats in an effort to demonstrate the existence of urinary erythropoietin. We have previ-
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ously reported finding erythropoietic-stimulating prope}'ties in the heat-denatured extract
of human plasma obtained from many, but not all anemic donor's.5 Although no known change
in the assay procedures or in the hypophysectomized animals was introduced, a number of
negative assays subsequently obtained were difficult to interpret if current concepts of the
significance of erythropoietin are correct.'z’14 This investigation was, therefore, designed
to measure the degree to which we were losing activity when plasma was fractionated b‘y
heat-denaturation. It also appeared worthwhile to compare the response of the acutely slarved
rat,lo a less expensive and more resistant animal, with that of the hypophysectomized rat,
the animal we employed initially to demonstrate erythropoietin in human plasma.

In all instances where whole plasma was found to be positive, a reduction in activity
was noted after most of the protein was removed by heat-denaturation. This observalion is
applicable to both starved and hypophysectomized rats. In some instances, the loss of ac-‘,
tive material was so great that the heat-denatured extract was negative. This observation
is in accord with the findings of Linman ia_l.15 These investigators present evidence for
the existence of two erythropoietins, one of which is 'relatively thermolabile" and aug-
ments iron incorporation and hemoglobin synthesis, We have also experienced some loss
of activity when plasma proteins were removed by precipitation with ethanol in the cold or
with percHloric acid. The possibility exists that the method of fractionation, employing am-
monium sulphate, recently reported by Lowy, Keighley, and Borsook to yield a fraction,
which, on a protein basis,is 5 to 10 times more potent than the filtrate of the boiled ancmic
’ plasma,ls,may_ permit a more quantitative recovery of erythropoietin.

Rats tolerated two injections of the unfractionated human plasma without any demon-
strable ill effects, Perhaps this is related to the difficulty with which rats form antibodies
to soluble antigen.17

In this series of nineteen plasmas tested, it would appear that the most sensitive meth-
od employs the starved rat to assay whole unfractionated plasma. This is fortunate, be-
cause this preparation is more easily maintained and less expensive than the hypophysec-
tomized rat. It is surprising and fortunate that the nutritional value of 4 ml of human plas-
ma is not enough to reverse the depression of erythropoiesis in the starved rats as meas-
ured by Fe59 incorporation into the peripheral red cells. .

Although a considerable degree of stimulation of iron incorporation into erythrocytes
is obtained folldwing injection of whole anemic plasma in the hypophysectomized rat as
" comipared with iron incorporation foilowing injection of saline, these results must be eval-
uated in relation to a higher and more variable result obtained with normal plasma. The '
difference between test values and the average normal value is therefore less striking than
for the starved rat. |

. The stimulatory effect of whole human plasma on erythropoiesis in the hypophysecto-
mized rat is difficult to interpret. In light of the results obtained on assay of plasma from
anemic patients, it appears unlikely that the hypophysec‘tomized rat is more sensitive than
the starved rat. Therefore, it appears 'unlikel'y that the average difference between saline

(3.7%) and whole human plasma from normal donors (10.1%) in the hypophysectomized rat
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is a measure of erythropbietin in normal plasma, and other explanations must be sought.
Perhaps whole human plasma supplies a sufficient quantity of one or more hormones a
deﬁclency of which in the hypophysectomlzed rat is thought to be the basis for the depres-
sion of erythrop01e51s in this assay animal, 10 ‘that induce this increased erythrop01e51s
This poss1b111ty is worthy of serious cons1derat1on and warrants further investigation, ‘be-
cause, if true, it casts serious doubt upon the validity of assaying human plasma or even
plasma extracts from anemic patients in the hypophysectomized rat unless by prior frac-
tionation substances other than erythropoietin, which mlght be capable of stlmulatmg eryth-
ropoiesis indirectly in the hypophysectomized rat, are first removed.

The least sens1t1ve assay procedure involved testmg the heat- denatured extract of
whole plasma in the hypophysectomized rat, This was a surprising finding because in an
earlier study,5 we found ten of eighteen specimens positive in the hypophysectomized rat.
No t,hd.uge in the assay procedure was instituted, and insofar as can be determined, the,
animals used in this study were bred mamtamed and supplied in the same fashlon as
those employed previously. However, variability in assay animals has been commented
on by other investigators18 and may also be responsible for the apparent decrease of
sensitivity noted here. That the difference may at least in part be attributed to the differ-
ent patients donating plasma for this may be ascertained from the results of two addition-
al assays not included in Table 1 because enough plasma was not available for all four as-
says. One was an assay of plasma from a patient with hypoplastic anemia reported posi-
tive in a previous publication.5 This plasma was stored in a deep freeze at —ZQO C for
four months. Enough was available for ‘assay of whole plasma and the 'heat-denatured ex-
tract in only one animal preparation and, therefore, the hypophysectomized rat was used.
The results were 51.2 T 4.29% for whole plasma and 34.6 1 4.1% for the heat—denatured ex-
tract. Twenty ml of plasma obtained from a child with congenital hypoplastic anemia was
made available to us by Dr. Mila Pierce, Professor, Department of Pediatrics, The Uni-

" versity of Chicago. The heat-denatured extract of this material was found to be positive,
an average 13.3 T 5.2% being obtained when tested in the hypophysectomized rat. It is in-
teresting that a boiled extract of plasma obtained from a patient with this disease was
first reported negative for erythropoietin by Piliero Lal.,13 and it was suggested that
erythropoietin deficiency might be implicated in the pathogenesis of this disease. In a
later publication,18 however, these authors derhonstrated erythropoietin in the patient's
plasma. Perhaps loss of activity during fractionation of the initial plasma spec,imeh con-
trlbuted to the negative results. ‘

The significance of negative assays, d1scussed in detail in a prev1ous publication, S con-
tinues to remain obscure. It is of interest that plasma from two of the patients with myeloid
metaplasia was also found to be nonpositive when tested by means of a micro-bioassay pro-
cedure recently developed in our Iaboratory.lg’z0 The role of erythropoiet'in deficiency in
the pathogenesis of anemia cannot be adequately assessed until more quantitative and sen-

sitive assay methods are perfected or erythropoietin is available for clinical testing.
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‘SUMMARY AND CONCLUSIONS

1. The plasma and heat-denatured extract of plasma from nineteen anemic patientsA

were assayed for erythropoietic-Stimulating, properties in hypophysectomized and starved

rats of the Sprague-Dawley strain. The results were compared to normal values estab-

lished by testmg normal plasma and a heat- denatured extract of it, obtained from twelve

) donors

2. The most sensitive procedure in this study was the assay of whole plasma in the

starved rat, where twelve of the nineteen specimens were positive.
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3. Appreciable losses of activity result when plasma proteins are removed by heat-

denaturation.
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STUDIES ON ERYTHROPOIESIS. XIV. THE RELATIONSHIP OF
HUMORAL STIMULATION TO IRON ABSORPTION*

By

S. Krantz, E. Goldwasser, and L. O. Jacobson

INTRODUCTION
It has long been evident that some mechanism exists in the mammal that regulates
the absorption of dietary iron.l-4 When animals are made anemic by phlebotomy,s’6 or

by hemolysis with acetyl phenylhydrazine,7’8 the absorption of iron is increased. These
methods of causing anemia also result in increased formation of c:rythropoietin,5 which
increases the rate of er‘ythr‘opoiesis.9 The research described in this paper was under-
taken to determine whether the absorption of iron is controlled by the same hormone(s)
that regulates the rate of erythropoiesis. This was studied by measuring the absorption of
iron under conditions which we knew would elevate or depress the plasma erythropoietin
titer or by introducing exogenous erythropoietin into the animals. While those conditions
that elevate the amount of circulating erythropoietih increase iron absorption, and while
the converse is also true, the direct test of the hypothesis by use -of plasma rich in eryth-
ropoietin, or concentrated extracts of such plasma, clearly demonstrated that the erythro-
poietic factor as such does not directly affect the transport of iron across the gastrointes-

tinal mucosa.

MATERIALS AND METIIODS

A rapid method for the determination of iron absorption was developed. This proce-
dure is as follows. CF No. 1 female mice, 10 weeks of age, were used. These had been
kept on an "iron-free" diet'? for 2 to 3 days prior to the start of the experiment in order
to reduce the amount of non-labeled iron in the gastrointestinal tract and thus to diminish
variabilify that might be due to different dilutions of added labeled iron. The mice were
force-fed .4 to .6 cc of a solution 6f Fe59 as FeCl3 with added carrier, buffered at pH 6,
by means of a 1-ml tuberculin syringe fitted with a curved, 18-gauge needle. The tip of
the needle was blunted and smoothed with silver-solder to prevent damage to the esopha-
gus. Immediately after a mouse was force-fed, it was placed in a perforated, 50-ml plas-
tic centrifuge tube which was then tightly corked. The tube was counted in a Welch-Allyn
well-type Geiger counter (type H18-20R). Repeated counts were taken at definite intervals
until the total-body count per mouse was constant, which ‘then represented the amount of
iron absorbed by the animal. At the time when each series of total-body counts was done,

40 ml of a solution containing an amount of Fe59 equal to that given to each mouse was

* 4 :
Text of a paper that has been submitted for publication in Blood.
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counted to correct for radioactive decay. The iron was diluted to 40 ml so that the geom-
etry of counting was as nearly comparable as possible to that of the mouse. The per cent
of the original amount of Fe59 retained by the mouse at various intervals was then calcu-

lated from the radioactivity at that interval and the corrected original count for the mouse.

RESULTS
To test the validity of the method of counting whole mice, the animals were given
varying amounts of Fe59 and their radioactivity was determined immediately. The data

presented in Figure 1 show a linear relationship between the amount of iron fed and the
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Figure 1. Effect of dose of Fe59 on total-body count rate of
mice,

immediate total—bddy count, an indication that the counting method does measure the rjel—
ative amount of isotope within the animal. . ‘ -

In another test of the method, we determined how the total-body count was related to
the amount of iron that had passed through the mucosa of the gut. Six days after iron feed-
ing, samples of blood were counted, and the,results were c_ornpafed with the total-body
counts. As shown in Figure 2, the radioirbn found in tﬁe blood varied in a lineatj fashion
with the total-body count. In addition, the complete intestinal tract of each animal was ex-
cised and counted. No detectable radioiron was AfoAund.v The evidence thus indicates that the

. method may be used to measure the absorption of iron.
By our method of determining total-body radioactivity, we easily confirmed earlier
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Figure 2. Relationship between blood count rate
and total-body count rate.

findingsﬁ’6

blood volume removed by cardiac puncture 3 days before iron feeding. This was repeated

that phlebotomy stimulates iron absorption, Mice had about one-half of their

1 day before iron feeding. The bled and control groups were force-fed 0.6 ml of a 0.006 per
cent solution of FeCl3 containing 0.33 uC Fe59. The results of this experiment are illus-
trated in Figure 3. The initial 5-hr. period represents the time before excretion begins.
The unabsorbed iron was eliminated quite rapidly, and the leveling of the curve at a con-
stant value represents absorbed iron. It is apparent from the curves that the bled mice
refained approximately twice as much iron as did their controls. -

Mice treated with 0.8 mg of phenylhydrazine for 3 consecutive days and then with 1.2
mg on the day preceding administration of Fe59 also showed a marked increase in absorp-
tion (Figure 4). The control values are substantially lower than those .shown in Figure 3
since a 10-fold largef amount of carrier iron (0.06 per cent; 0.37 pC) was used.

Atmospheric hypoxia has also been reported to increase iron absorption,ll and we
have found this to be true with our assay system, Ten'mice were placed in an atmosphere
containing 8 to 10 per cent oxygen for 21 hrs. and 10 others were used as controls. At the
) end of this period both groups were given the Fes'9 orally. The results in Table 1 demon-
strate an increased absorption by the animals made hypoxic. ‘ o

‘Since phenylhydrazirie, bieeding,’and atmospheric hypoxia are all followed by an in-
creased plasma erythropoietin titer"",‘g’12 and since it has been shown that cobaltous ion
can also induce a rise in plasma erythropoietin,13 we tested the effect of cobalt on iron
ébsoi'ption. Elght mice were inject'ed'subcutaneously for 3 days with 5.3 M of C'oCl2 in

0.1 ml saline per day, while control mice were given saline. On the }‘c;_urth day, the animals
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Table 1

EFFECT OF ERYTHROPOIETIC STIMULATION ON IRON ABSORPTION

Mice Time Treétment Fe59 Absorbed
(No.) (Hrs.) : (%)
10 o Control 7.5 1.4x%
10 ’ Hypoxia , 17.9 % 6.0
168 Control - NaCl 9.7t 5.2
Cobaltous Chloride 31.1 7116

%
Standard deviation of the mean.

were force-fed Fe‘r’9 and the per cent absorption was determined. As indicated in Table 1,
cobaltous ion appreciably increased the absorption of iron. ‘
Another parallelism between iron absorption and rate of erythrbpoiesis is seen in
Table 2. Mice were made polycythemic by 11 injections of 0.5 ml of an 80 to 90 per cent
suspension of homologous red cells in saline over a period of 3 weeks, at which time their
hematocrits were 70 to 80 per cent. Erythropoiesis is completely depressed in such mice.9
One group of polycythemic mice was given cobalt ion as in the previous experiment. The
other group was given saline, and the results from these two group's were compared with,

those from normal mice given cobalt ion and saline.

Table 2

EFFECT OF INDUCED POLYCYTHEMIA AND COBALTOUS ION
ON IRON ABSORPTION

59

Mice Time Treatment Fe Absorbed -
(No.) (Hrs.) (%)

5 Normal Control - NaCl. - - 8.4 t3.5%

6 Polycythemic Control - NaCl 0.7%t0.3

5 96 Normal Co™t . 21.8t 4.8

6 ‘Polycythemic Co** 3.573.3

* .
Standard deviation of the mean.

Polycythemia reduced drastically the absorption of iron, and while cobalt hac_i a pro-
nounced effect on the normal mouse, it had a very slight net effect on the polycythemic
mice. In these cobalt-treated, polycythemic mice, :erythropoiesis was mildly accelerated
as shown by a rise in r-'e_ticuloéytes' from.-zerlo in the untreated animals to 0.1 to 0.4 per
cent in the cobalt-treated groups. )

- . The very dramatic effect of cobalt ion seen in the groups of normal mice is obvious-

ly not due to the toxic action of the metal ion on the"gastrointestinal mucosa, which might
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increase the transport of iron. If toxicity were involved; the magnitude of response would

"be expected to be about the same in the polycythemic group-as in the normal group. Simi-
lar results have been reported by Bothwell ﬁ_l_.l

The effect of iron-loading of the mice on absorption of dietary iron was determined
after injection of iron-dextran (Imferon).- It is readily seen that excess body iron drasti-
‘cally reduces the absorption of iron by the gastrointestinal mucosa.

An attempt was also made to dissociate erythropoiesis from iron absorption by X ir-
radiation. We hoped to depress marrow function and observe the effect upon absorption.
In a preliminary experiment, mice that had been exposed to 200-r 36 hrs. before being
force-fed Fe59 showed about a 2-fold increase in iron absorption (controls, 13 per cent;
irradiated, 34 per .cent). However, subsequent experiments have shown a wide scatter of
effect including a depression of iron absorption induced by X irradiation. These results
may be due to radiation-induced mucosal damage and have dissuaded us from further ef-
forts along this line. ..

In another attempt to depress marrow function without deleterious effects to the gas-
" trointestinal mucosa, we treated mice with Myleran or Ca45. Myleran generally made the
animals too sick to be useful, and Ca45 was of such low specific activity that by the use of
physiologically tolerated amounts, the rate of erythropoiesis, as determined by reticulo-

cyte count, was never greatly diminished until the animals died.

Table 3

EFFECT OF IRON-LOADING ON IRON ABSORPTION

Mice Time Treatment Fe59 Absorbed
(No.) (Hrs.) (%)
8 Control - NaCl ' 7.7 t2.2%
10 Imferon - 11 days 1.7t 0.6
14 %6 Control - NaCl’ 14.2 T 4.9
15 Imferon - 4 days 2.5 1 1.0

Eight mice given injection of Imferon (0.5 mg iron equivalent) for times indicated.
Control mice injected with saline at same times. After last injection, tracer amount
given by stomach tube and per cent absorption measured,.

*Standard deviation of the. mean.

.

The hypothesis that erythropoietin may exert a direct effect upon iron absorption was
tested by using a concentrated extract of plasma from rabbits made severely anemic by
phenylhydrazine. This extract, made by perchloric acid precipitation of the plasma13 when
asslagred at 12 mg per rat per injection in starved animals by the iron incorporation me thj
od,

or normal plasma) was 3.7 per cent. This material could also stimulate reticulocyte for-

induced an Fe59 incorporation value of 10.6 per cent, while the control value (saline
mation in polycythemic mice. Polycythemic mice given 51 mg per mouse of the anemic
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plasma extract over a 3-day period before iron feeding had a 2.6 per cent absorption as
compared with 2.1 per cent for control mice (Table 4). In addition, whole plasma from
mice treated with cobaltous ion, a method known to increase erythropoietin titers,13 failed
to significantly increase iron absorption in polycythemic mice. Mice given 5 cc per mouse
of ""cobalt plasma' over a period of 5 days had an iron absorption of 4.5 per c’ent, while
those given normal plasma absorbed 3.7 per cent (Table 4). Mice with transfusion-induced
polycythemia were used in these experiments in order to determine whether there was a
direct effect on the mucosa independent of active erythropoiesis. In view of the magnitude
of error'in these measurements, the slightly higher values seen with both of thé above ex-

perimental series cannot be considered good enough evidence to indicate stimulated ab-

sorption.
Table 4
EFFECT OF ERYTHROPOIETIN ON IRON ABSORPTION
Mice Time | Treatr%wnt Fe59 Absorbed
(No.) (Hrs.) _ : (%)

" 'Polycythemia - NaCl. . 2.1tk
Polycythemia + anemic 2.6t1.8
plasma extract

10 Polycythemia + normal 3.7t 15
plasma
144 . "
9 Polycythemia + Co'™ plasma 45%t27

* .
Standard deviation of the mean.

Th‘e idea expressed by Bothwell ﬂ_a_l.14 that iron absorption appears to parallel the
rate of erythropoiesis seems to be valid in light of our findings. Hdwever, the question
still remains as to how the intestinal mucosa is stimulated by increased erythropoiesis.
The possibility that the absorbing mucosal surface responds to a simple displacement of
the equlhbrlum between tissue cells and plasma by a fall in plasnia iron would require a
separate compartment of iron in the plasma to which the mucosa would respond This
would have to be the case because the total iron in the plasma of animals made anemic by

"hemolysis is greater than that in normal animals. Data presented by Borsook16 indicate
that siderophilin does increase in the hypoxic animal. ‘We have, so far, been unable to dem-
onstrate any humoral factor that affects the intestine'as a consequence of alterations in the
marrow, nor any.humoral factor that affects both concomitantly: If such a humoral factor
'exists; it does not appear to be erythropoietin. The possibility reéemains that the intestine

is acted on directly by the same external conditions that alter the rate of erythropoiesis;, .

the most apparent of which is hypoxia.
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SUMMARY AND CONCLUSIONS

A new method for the study of gastrointestinal absorption of iron in mice has been

described. Phlebotomy, intravenous hemolysis, hypoxia, and cobaltous ion increase iron

' absorption. Transfusion-induced polycythemia depresses iron absorption in mice. Iron-

loading by means of Imferon also depresses iron absorption. Under the conditions de-

scribed for these experiments, exogenous plasma erythropo’ietin has no direct effect on

iron absorption.
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STUDIES ON ERYTHROPOIESIS. XV. THE PREPARATION OF A HIGHLY
 PURIFIED ERYTHROPOIETIN FROM ANEMIC SHEEP PLASMA

. By

W. F. Whlte ‘R. EganfR J. Schlueter ‘G. F. Weber and E. Goldwasser

INTRODUCTION

Although the usual source of plasma w1th a h1gh er ytlu opoietin titer has been the rab-
bit, it became ev1dent that only a larger animal would yleld sufficient plasma for us to
carry through a fractionation scheme and still have enough product to characterize physi-
cally and.chemically. We also planned to collect plasma and prepare enough purified prod-
uct for clinical evaluation of erythropoietin. : |

As means to these ends, we first investigated fractlons derived both from pooled nor-
mal human plasma that could be made available if needed and frcm normal bovine plasma
that was available in unlimited quantities from the packing house. Neither of thése normal
plasmas had enough erythropoietic activity to warrant further.work on isolation of the hor-
mone. Thus we turned to anemic plasma as a source material and choée cull breeder sheep

as the cheapest large animal available.

MATERIALS AND METHODS.

Assay. The method used was that of Frled et al al " Rats were starved 30 hours prior
to the first injection of sample.

Two levels of cobaltous chloride, 5 uM and 10 uM, were used in each assay to supply
uniform reference values. The response to tlle lower level of cébalt was arbitrarily desig-
nated as one unit of activity. This value was cons1stently found to. be in the range of 3.2 to
4.4 per cent net uptake of iron (i.e., w1th sahne value subtracted) Dose-response curves
for plasma, pur1f1ed fractions, and cobalt were l1near up to the’ value for 10 pM cobalt (6.4
to 9.0 per cent net uptake), but appeared to level off above that amount of cobalt For this
reason, units were calculated only when the value fell betweer those for the two cobalt
levels. . - : - : N

“An accurate comparison was made of the erythrop01etlc act1v1t1es of plasma from nor-
mal sheep and one known to be active from anemic sheep. Normal plasma contamed 0.08
u/ml of erythropo1et1n whereas the anemlc plasma had 16 u/ml. Since anemic plasma can
be 200 times as potent as normal plasma we el1m1nated normal sheep plasma from consid-

eration as an economical source of erythropoietin (unless a highly specific method can be

found for concentrating the factor).

*Research Divisiori, Armour and Company, Chicago, Illinois.
TPresent address: Ortho Research Foundation, Raritan, New Jersey.
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Production ol high-titer plasma in sheep. Preliminary experiments on cull breeder

sheep showed that a weight-adjusted phenylhydrazine dose in the range of that used with
r'abbits,2>°< administered in 3 portions, produced active plasma over a 6-day period. How-
ever, presumably because of greater 4variability among the sheep, there were irregulari-
ties in the response of the animals to a standard dose schedule; abo_ut 1/3 of the animals
died before the end of the 6th day and about 1/3 produced plasma of very low titer. Fre-
quent assays were then made on the plasmas from individual sheep to assess the impor-.
tance of the state of anemia attained in the animal -before collecting the blood. The results

are plotted as potency versus hematocrit values at time of sacrifice (Figure-1). It appears

POTENCY ON ARBITRARY SCALE
®

0
35

FINAL HEMATOCRIT VALUE

Figure 1. Relationship between final hematocrit .
values and plasma potency.

that the curve is logarithmic in character, with potency increas'i.ng to a remarkable degree
as the hematocrit value approaches 10 per cent. As a result of these data, a schedule was
set up in which the first 2 doses of phenylhydrazine were based on the weight.of the animal
and its initial hematocrit value and the 3rd was based on the degree of anemia (hematocrit
“value) that developed by the 5th'day. In this way, the hematocrit value of more animals is

in the desired range on the day of sacrifice (6th). By the introduction of this refinement,

*Jacobson and his co-workers used approximately 44 mg of phenylhydrazine per kg
for rabbits, dividing the dose into 7 parts given over 7 consecutive days.
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the potency of the pooled plasmas from large groups ('.20 animals each) has been raised

from 0.5 to nearly 1.0 u/ml.

EXPERIMENTAL RESULTS

First-step fractionation. Most workers-have removed the inert proteins of plasma

by boiling, according to the method described by Borsook gt_al.3 By this method, however,
only-a very dilute product with a volume about 5 times that of the original plasrﬁa is ob-
tained. In addition, yields of activity are low and inconsistent, averaging only about 25 per
cent'in our hands.

Both alcohol* and ammonium-sulfate fractionation were tried as the first stép in at-
tempts to remove proteins from the plasma. Both methods yielded active supernatants,
but in each the activity was low and the processes were lengthy and complicated.

At this point, attention was turned to the use of the anion-exchange adsorbent DEAE-
cellulose, which had been found useful for the fractionation of serum pr‘oteins.4 At first,
unmodified plasma was used in an attempt to hold prelimindry changes to a minimum. At
physiologic salt concentration (0.15 M NaCl), it was found that none of the activity was
held by the exchangerf at any pH between 4'.2 and 8.5, a range that coincides roughly with
limits for effective use of DEAE-cellulose. Further experiments were tried at 1:1 (0.075
M NaCl) and 1:3 (0.0375 M NaCl) dilutions of the plasma with water. At 1:1, a small amount
of activity was adsorbed on the column, and at l:3, most of the activity was held without
much variation over the pH range. In the case of the 1:3 dilutions, the amount of material
‘recovered by thorough elution of the DEAE-cellulose, as estimated by optical-density
measurements, varied from 0.5 g/1 to more than 15 g/ 1, with the -lowest amount at pH 4.5,
For this reason, 4.5 was selected as the best pH for adsorption of the factor. In repeated
experiments it was found possible to adsorb erythropoietin quantitatively from 1 liter of
plasma onto 10 g of DEAE-cellulose at pH 4.5 dnd 0.0375 M salt concentration.* After
thorough washing of the adsorbent, at least 50% of the activity could be eluted with 0.1 M
NaZHPO4-0.5 M NaCl. The operation could be done either on columns or in batches, and,
if with columns, yielded a concentrated solution of erythropoietin in a volume less than 0.1
that of the original plasma. About 0.4 mg of'dialyzed and lyophilized material was obtained
from each ml of plasma, about 20 per cent of that obtained by the boiling process. The
lyophilized product was light buff in color and was freely soluble in water, giving an opal-

escent solution. It will henceforth be referred to as Step 1 material.

>kTraces of activity were found in the supernatants from Fraction V (Cohn) from both
normal human and normal bovine plasmas. By moving directly to the precipitating condi-
tions for Fraction V, using anemic plasma, more active supernatants were obtained. How-
ever, the y1elds of activity were low. :

1-In these prehmmary experiments, 2 g of DEAE cellulose was used for 100 ml of
hepammzed anemic. plasma Adsorption and desorptlon were done on columns.

*The salt concentration was lowered by dialysis or dilution.
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Properties of Step 1 material.

1.

oo

i G

Electrophoresis. Analysis of Step 1 material by moving boundary electrophore-

sis at pH 8.5 in 0.1 M veronal buffer showed 2 peaks with mobilities of about 6.2
and 4.6 x 10°°

the other in a ratio of about 2 to 1. Figure 2A shows a typical electrophoretic pat-

2 .
cm”/v/sec., respectively. The faster peak is always larger than

tern. At pH 4.4, 2 peaks are again evident, although the separation is less obvious
(Figure 2B). '

A . B

Figure 2. Electrophoresis of step 1 sheep erythropoietin.

.1 M veronal buffer, 60 min. (upper) and 90 min. (lower), ascending limb.

.05 M acetate buffer, 60 min. (upper) and 120 min. (lower) descending limb,

Fractional electrical tr‘anspor't:.5 In preliminary tests, it was found that the ultra-

violet absorbing part of Step 1 material concentrated in the cells near the anode,
with equilibrium pH values of about 3.7. Assays showed that all the activity was
also concentrated in these cells. Re-running of the anodic material did not alter

the behavior. Thus, ery'thropoietin appeared to be acidic in character and isoionic

‘at about pH 3.7.

Test for anaphylactic reaction in guinea pigs. In order to gain preliminary infor-

mation'about the suitability of sheep erythropoietin concentrates for repeated in-
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jection into other species, including human beings, Step 1 material was tried in
the standard guinea pig test.6 A sample of crude anemic plasma was tested as a
reference. Sensitizing doses were given intraperitoneally at 2 mg of protein, and

shocking doses were given intravenously 3 weeks later at a level of 20 mg of pro-

tein per animal. Control guinea pigs were given shocking doses only. The results

are shown in Table 1. It is apparent that both materials are highly antigenic.

Table 1

GUINEA PIG ANAPHYLACTIC TEST

(700-g male animals used)

Crude plasma from anemic sheep
‘Guinea pig
No. Response Remarks
Excitement | Cough | Bronchospasm | Collapse | Death
1 v v v v v Died in 5 minutes
2 v v v v v Died in 5 minutes
3 v v v v v Died in 5 minutes
4 v A v v v Died in 5 minutes
5 v v v v v Died in 5 minutes
6 v v v v Sacrificed,
. 24 hours
. Controls
1 No effect
2 No effect
- Step 1 sheep erythropoietin concentrate
“Guinea pig .
No. Response Remarks
Excitement | Cough | Bronchospasm | Collapse |Death
1 v v v v v Died in 5 minutes
2 v v v v v Died in 5 minutes
3 v v v v v Died in 5 minutes
4 v . Sacrificed,
24 hours
5 v A v Sacrificed,
24 hours
6 v v v v v " Died in 5 minutes
Controls
1 No effect
2 No effect

Further fractionation of Step 1 material.

1.

134,

Precipitation by ammonium sulfate and alcohol. Preliminary experiments showed

that active precipitates begin to form at 60 per cent saturation with ammonium

sulfate and that precipitation of activity is complete at full saturation..However,

. .since no point was found at which a high purification was obtained, work was sus-



pended on this method.

4 Ethanol in the cold proved to be a somewhat more selective agent. In this
work, an additional fractionation could often be obtained by making use of the dif-
ferential solubility of the alcohol precipitates in acidified water. By precipitating
Step 1 material at 60 per cent ethanol at pH 2.0 and extracting the precipitate with
acid wa:ter (pH 2.0), a residue exhibiting a single electrophoretic peak was ob-
tained. However much of the activity was lost, and the produce was still moder-
ately anaphylactic.

Re-use of DEAE-cellulose. Step 1 material was re-applied to DEAE-cellulose
columns at low ionic strength (0.0375 M NaCl) at pH levels above 8.5. At all lev-

els, some of the optical density (10 to 15 per cent) passed directly through the
column, presumably representing material incompletely washed out in the origi-
nal elution. By application of a NaCl gradient, a main peak (40 to 60 per cent of
the optical density) began to emerge at 0.07 M NaCl and was complete at about

0.2 M. Another peak, exhibiting about 7 to 15 per cent of the original optical den-
sity, could then be removed with 0.1 M Na,HPO,-0.5 M NaCl. At certain pH val-
ues the main peak gave slight evidence of a shoulder on the trailing edge, but in

no case was a clear separation into 2 peaks seen. Material from the leading edge
of the main elution peak contained a small amount of a second electrophoretic com-
ponent (Figure 3A), and material from the trailing edge was enriched in the slower
electrophoretic peak (Figure 3B). The potency was greater in the leading edge of
the peak, suggesting that the faster electrophoretic component is the active one.

Figure 4 shows the results of a typical second-stage DEAE experiment. The
recovery in activity across the peak eluted after the gradient was applied was
about 70 per cent. Findings from an anaphylactic test of the inert fractions A and
F and the highly potent fraction B indicated that impurities were responsible for
the severe reactions to Step 1 material. Only 1 animal showed a severe reaction
to fraction B, whereas 2 of 5 treated with fraction A died, and 5 of 5 with frac-
tion F. '

. Thus a process involving 2 successive elutions 'on a DEAE column gave prom-
ise of producing material suitable for clinical use. However, failure to separate
the slower, and apparently inert, electrophoretic componeﬁt quantitatively was a
drawback. '

In attempting to éssess the purification achieved by rewashing Step 1 mate-
rial through DEAE-cellulose, 2 criteria were applied in addition to electrophore-
sis: '

(a) Re-application (3rd stage) to DEAE-cellulose. Figure 5 shows the curve

obtained after subjécting the most potent fraction from a re-run DEAE column
(Fraction B, Figure 4) to a 3rd passage through DEAE-cellulose. The same pH
(5.5) was used as in the second manipulation. Only very little optical density

passed directly through the column, and a very smooth elution peak was obtained
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Figure 3. Electrophoresis of second stage DEAE eluate. pH 8.6, 0.1 M
veronal buffer, 100 min. . . :

A. Leading edge of main chromatographic peak.
B. Trailing edge of main chromatographic peak.
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SUMMARY :

. ACTIVATY
FRACTION Azg0 % of Azgo WEIGHT  (unit/mg.)

A 240 15.7 153 0.36

B 433 27.8 ‘339 1.55

c 151 9.7 21 - ,

D 193 12.5 255 0.62

E 273 17.5 217 - =

F s 7.4 31 -

TOTALS 1405 90.6 1206
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Figure 4. Re-run of Step 1 material on DEAE-cellulose at pH 5.5. The
sample (2.0 g K-053-C) in 100 ml buffer was applied to a column 11 ¢m
high x 3.4 cm diam. The total optical density of the sample at 280 mpu
was 1550 units. 20 ml fractions were taken at a rate of 5 ml/min. The
gradient was obtained by the use of 3052 ml 0.01 M phosphate (pH 5.5)
in the mixing chamber and 0.6 M NaCl in 0.12 M phosphate in the reser-
voir. : :

by application of the gradient. All tubes were read at 240, 260;‘and 280 mp-
Changes in ratios across the peak are indicative of a lack of homogeneity. The
280/260 ratio is 1.62 -at tube 36, 1.65 at tube 38, and 1.45 at tube 41. The appre-
ciable drop in tube 41 appears to indicate the presence of an impurity. Conduc-
tivities of various fractions were measured. The value at tube 35, in which the
peak is beginning to emerge, corresponds to that for 0.07 M sodium chloride. 4
Fearing that the gradient used in the experiment summarized by Figure .5

was too sharp and thus reduced the resolution of the compounds, another column

~ was used with a more moderate gradient. The pattern is shown in Figure 6. Here
the peak is broader, but there is no indication of other components.

(b) Spectral-transmittance curves in the ultraviolet. The absorption curve

for the Step 1 product is featureless in the range 230 to 320 mpu. There is no in-
dication of the 280 mp maximum that is typical of proteins and results from
their tyrosine and tryptophane content. However, the active fractions from re-

run DEAE-columns show the typical protein pattern. The curve for such a frac-
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Figure 5. First analytical rechromatography of fraction B (Figure 4).

20 mg of the fraction in 10 ml 0.01 M phosphate at pH 5.5 was applied to
a column 10 cm high x 0.9 ¢m diam. The total optical density of the sam-
ple solution at 280 mp was 15.5 units. Gradient elution was obtained by
the use of 218 ml 0.01 M phosphate (pH 5.5) in the mixing chamber and
0.6 M NaCl - 0.12 M phosphate in the reservoir.
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Figure 6. Second analytical rechromatography of fraction B'(Figure 4).
All conditions the same as in the experiment of Figure 5 except that 0.25
M NaCl was used in the reservoir instead of 0.6 M NaCl.

tion (fraction, Figure 4) is illustrated in Figure 7. The spectrum was determined
on a solution of 0.50 mg per ml of pH 7.0 buffer. The A280/A260 ratio is 1.75 and
the Al%m value at 280 mpy is 8.6. Since the material in the 1eading edge of the
DEAE elution peak (Figure 4, fraction B) shows an absorption curve with definite
maximum and minimum an;(l since the curve of the parent Step 1 material is fea-

tureless, it is obvious that.at least one of the other DEAE fractions must have a

* ' . . » K : ; i
Before being tested in the spectrophotometer, fraction B was subjected to fractional
electrical transport to remove salts.
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Figure 7. Ultraviolet absorption spectrum of
Step 3 material. Fraction B (cf. Figure 4) at
0.50 mg/ml in pH 7.0 buffer.

strong absorption, which is qualitatively different, in order to obscure the pro-

tein-like curve of the active fraction. Accordingly, the other DEAE fractions

were tested, with the results shown in Table 2, It is clear from the data that the

biologically inert fractions A and F are responsible for the featureless charac-

Table 2

ULTRAVIOLET ABSORPTION DATA FOR FRACTIONS OBTAINED BY

RE-CHROMATOGRAPHY OF STEP 1 MATERIAL
ON DEAE-CELLULOSE

. ® L 1%
Fraction Description E1 om (280 mpu, pH7) A280/A260
A Unadsorbed 10.2 1.01
B |-+ Leading edge of
gradient peak 8.6 1.75
C Portions of 7.0 - 1.32 .
D trailing edge 6.5 1.05
E ' 'of gradient peak : 5.4 0.91
F Peak eluted by
very high salt 9.4 0.70

*Fractions of chromatographic separation (Figure 4).
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teristic of the Step 1 curve. Also, it appears from the data that the most potent
fractions have the highest 280/260 ratios.
The use of IRC-50 (XE-97). Preliminary data obtained from experiments on the

role of the carboxylic cation exchanger in the purification of erythropoietin are
summarized in Table 3. As the pH of the resin was lowered, more and more of
the erythropoietic activity was adsorbed, and this could not be eluted. For in-
stance, at pH's 6.8, 6.4, and 6.0 no activity was adsorbed, whereas at pH 5.5, 50
per cent of the activity was adsorbed and at 5.0, 100 per cent. In no case could
the activity be desorbed by conventional chromatographic methods. Table 3 also
shows a rather positive correlation between the per cent of protein unadsorbed
and biologic activity of the effluent.

Figures 8A and 8B may be used to compare the electrophoretic analyses of
Step 1 material with a preparation after it had passed through an XE-97 column
at pH 6.0 or 6.4. The second electrophoretic peak of the original material was
removed by the pH 6.0 column; a large percentage of the protein comprising the

more slowly moving peak was removed at pH 6.4. Since no erythropoietic activity

was lost in either of these preparations, it was again concluded that the second

Figure 8. Electrophoretic analyses of sheep erythropoietin fractions.

pH 8.5, 0.1 M veronal buffer. Descending limb. A. Steg 1 fractionu =
6.9 and 5.2.X 10-9 cm? sec™! volt™l. B. Material unadsorbed on XE-97

at pH 6.0 u=7.0x 1079,
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Table 3

COLUMN CHROMA".I‘OGRAPHY‘ OF STEP 1 MATERIAL ON XE-97

_ - % Recovery Assay data
pH ‘Buffer composition Fraction
: Dose Potency i
0.D. Wt. (mg/rat) (u/ mg) ~ % Recovery
5.0 | 0.03 M Citrate Effluent 23 - . 0 0
5.6 0.5 M Citrate Eluate 8 - * 0 0
5.2 0.25 M Phosphate Effluent 52 39 1.0 0.1 10
5.5 0.25 M Na Phosphate Effluent 46 42 1.1 0.8 50
6.0 0.2 M Na Phosphate Effluent 50 - 1.4 1.2 100
(7.0} | 0.2 M POy pH 7 Batch eluate 25 - - 0 - 0
6.4 0.2 MNaPo;; Effluent (peak) 66 60 2.1 1.2 100
0.2 M NaPOg4 Effluent (tail) 6 22 - - -
6.8 | 0.02 M NaPOy | Effluent 78 62 1.5 1.0 100
0.02 M NaPOy; 0.5 M NaCl | Eluate 8 - - 0 0
4 Batchwise procedure
5.0 0.05 M NaPOy Unadsorbed 48 27 0.7 0, 0
6.0 | 0.2 M NaPOy Eluted 27 28 0.76

3

Doses based on equivalency of the

parent Step 1 material.




electrophoretic component is inactive. Re-chromatography experiments with the
pH 6.0 effluent from XE-97 showed no further adsorption; hence it was assumed
that the original pH 6.0 effluent was apparentiy quite different from the adsorbed
material and that its presence was not merely the result of exceedmg the resin
, capacity.

The erythropoietin fraction with a single elect'r'ophoretic component had an
unusual ultraviolet absorption spectrum in that there was virtually no minimum
on the curve. Apparently, in removing the inactive protein component, an increase
had occurred in the relative concentration of a component that absorbs anomalous-
l}; in the ultraviolet. It had been observed earlier that the material that was unad-
sorbed at pH 5.0 exhibited this‘ behavior to Sulc'h an extent that the A 280/260 ratio
was less than unity. In most proteins this value falls betweeﬁ 1.3 and 2.5

Thus, by passage of Step 1 material through' an XE-97 column at pH 6.0, the
slower inert electrophoretic peak is removed without loss of activity. In the proc-
ess, approximately 1/2 the solids of Step 1 material are’rémoved. However, in
the anaphylactic test, the purified product is still moderately antigenic, killing 3
out of 5 anima_ls.:In a similar test, tﬁe parent Step 1 product killed 5 out qf 5 ani-
mals.

A three- step}rocedure for the production of a highly purified erythropoietin concen-

frate. Re-examination of the results of the preliminary expemments suggested that a com-~
bination of two DEAE steps and one XE-97 step should give a product that would be much
less antigenic and which perhaps might also satisfy many of the criteria of protein homo-
geneity. The 3-step procedure diagrammed in Figure 9 was then devised. The process has
been applied several times to plasma from anemic sheep: One exarhple in which 8 liters
of plasma were used is shown in Table 4. The initial plasma was part of a 25-liter batch
produced as 1nd1cated in an earlier section of this report. The table shows the weight
yields, potencies, and total units of activity at each step of the process. The overall con-
centration in terms of solids was 1370:1, and the overall yield in activity was 22.5 per cent.
Properties of third-stage sheep erythropoietin. Moving boundary electrophoresis in
pH 8:5 0.1 M veronal buffer and in pH 5.5 0.1 M acetate buffer showed single, symmetrical

peaks with no evidence of other componénts within the limits of detection by the refractive

index gradient method (Figure 10).

'Sedimentation-velocity determinations in the synthetic boundary cell in the same buff-
.ers as above gave single, syrpmetrical' peaks‘shO\'ving .6n1y one component. Figure 11 shows
a peak at pH 55 at a concentration of 10 mg/;ml‘ after 48 minutes of centrifugation at 59,780
rpm at 26° C. The concentration dependence of S is shown in Figure 12 with an extrapolated
value of 820 =3.78S. .

An analytlcal chromatographlc run on DEAE- cellulose (Figure 13) shows a single com-
ponent which has a constant A 280/ 260 ratio of 2. 2 throughout the peak

Determinations of total carbohydrate by the carbazole method using a mixture of glu-

cose, mannose, galactose, and fructose as a standard, gave a value of 6.5 per cent. Sialic
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PLASMA
Adjusted to % physiological salt
{ by dialysis ) and- to pH 4.5

DEAE - Cellulose

Equilibrated with
0.0375 M NaCl at pH 45

Effluent 0.2 M Nap HPO,

Eluate
05 M NaCi DR
.{discard ) ° ] —

Adjust to 0.5 M NaCl
by dialysis and to pH 6.0
by addition of H3 PO,

. IRC-50 (XE-97) Resin
Equllibroted with

0.05 M phosphote, pH 6.0
0.5 M NaCi

Effluent

!

Adjust to 0.0375 M NaCl ~
by dialysis and to pH 4.5
by H3 PO,

DEAE - Cellulose

Equilibrated with
0.0375 M NaC! at pH 4.5

Effluent ’ Elution by gradient toward 0.2 M Na

Cl

{ discord ) Collect peak

which begins to emerge at 0.07 M NaCl

Figure 9. Three-step process for production of

highly purified erythropoietin. '

Table 4

EXAMPLE OF THREE-STEP PROCESS

Stage Description “;(ile%:ilt 1:()3;::(:))' Arf:‘?it\?ilty R(?e‘::?)r\‘/ag:y
(g) g (units) (%) -
Plasma 640 0.0071 4560 100
Step 1 First DEAE eluate 2.85 1.0 2850 63
Step 2 XE-97 effluent 1.43 1.55, 2230 49
Step 3 2nd DEAE eluate 0.46 2.23 1030 22.5
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pH 85
100 min. 4 ma.

pH 55
200 min. 4 ma.

Figure 10. Electrophoresis of purified sheep
erythropoietin (third stage) pH 8.5 buffer is 0.1
M.veronal, pH 5 5 buffer is 0.1 M acetate.

acid; determined by the perchloric acid-tryptophane method,8 gave a value of 15 per cent,
and by the Ehrlich's reagent me~thod,9- i7 per cent. In both these determinations orosomu-
coid was used as a standard with an assumed sialic acid content of 11 per cent.

In the starved-rat assay, 3rd-stage material showed potencies of 2 to 10 u/mg, de-
pending on the potency of the original plasma. In the example in Table 4, where the start-
ing plasma had an activity of 0.0071 u/mg solids the Step 3 .product showed a potency of
2.23 u/mg. This is a typlcal value for the product from our large plasma pools.

Assay in polycythemlc m1ce10 at 250 pg/mouse/day for 4 days resulted in a retlcu-
locyte ¢ount of 2.0 per cent whereas saline controls had a valie of 0.0 per cent. -

Third-step material was only shghtly antlgemc whereas second step material was

still quite antlgemc (Table 5).

DISCUSSION

By use of a relatively simple three-step pr,o__ce_dp_'rje‘_, a biologically '?.ict‘iye p't.‘oddct:'v&./as

obtained that is homogeneous by three criteria, electrophoresis at 2 pH values, sedimen-

144




Figure 11. Sedimentation velocity ultracentrifuge
pattern of Step 3 erythropoietin. Conditions of run:
synthetic boundary cell, 10 mg/ml concentration,

pH 5.5 0.1 M acetate buffer,59,780 rpm, 48 min, 26 .

2
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mg. PROTEIN / ml.

-Figure 12. Concentration dependence curve .of .
sedimentation coefficient of sheep erythropoietin_
(Third Stage). : ' T




COLUMN 0.9 cm. diam. x 10 cm.
DEAE Cellulose equilibrated
030 with 0.0 M phosphate. pH 5.5.
SAMPLE 20.6 mg. Step Il No. 958-097-C.
_ Sample on in 10 cc. buffer ot 0.5 cc./min.
RATE 3 cc./min. in gradient.
GRADIENT Added at Tube O.
0.20 Mixing chamber' 218 cc. 0.01 M phosphate.
- Reservoir: 0.01 M phosphate.
g 0.25 M NaCl. ]
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Figure 13. DEAE-cellulose rechromatography of Step 3 material.

tation velocity at 2 pH values, and ion-exchange chromatography. Since unequivocal homo=
geneity cannot be ‘established in the labératory, we must demonstrate lack of heterogeneity
by as many different méthods as possible. Of the methods already applied, only electro-
phoresis and ultra-centrifugation are, in reality, independent methods. Since the final
product was derived from a cut of a DEAE-cellulose column fractionation,. it is to be ex-
pected that it would yield a single chromatographic peak. However, the econstancy of the
280/260 ratio indicates lack of gross contamination. As more material becomes available,

many other criteria and many other experimental conditions will be employed in a search

for possible heterogeneity.
11,12

Two short bapers have recently appeared on the purification of rabbit erythro-
poietin. In the first of these a highly active preparation was obtained with no data as to
homogeneity, and in the second the material described was shown to have a single electro-
phoretic component at pH 8.6 and to have a sialic acid content approximately the same as
that we report here. )

Another observation of ours tends to make discussion of the absolute purity somewhat
premature. If normal sheep plasma is processed through the first step of the purification
procedure, an inactive product is obtained which has electrophoretic and chromatographic
properties indistinguishable from those of anemic plasma of high titer. Time has not yet
permitted processing the inactive material from normal plasma through the complete
purification procedure.’ '

Our observations, incomplete as they are, lead us to 2 opposing hypotheses, only one

of which seems feasible to test at this time: 1) We suggest that homogeneous as the final
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Table 5

GUINEA PIG ANAPHYLACTIC TEST

(300-g male animals used)

Sample: Step 3 material
Guinea pig ' :
No. Response Remarks
Excitement | Cough | Bronchospasm | Collapse | Death

1 v v . '
2 - A No effect
3 No.effect
4 v v v
5. v v

‘ Controls
1 No effect
2 . . No effect

Sample: Step 2 material
Guinea pig
No. Response - Remarks
Excitement | Cough | Bronchospasm |Collapse | Death

1 No effect
2 v A v v v

3 v A v v v
4 - v v A A v
5 v v v v v

Controls

1 No effect
2 No effect

preparation may appear, it represents a normally-occurring acid glycoprotein to which is
complexed a very minor component that is the active hormone. This suggestion is being
studied in our laboratories. 2) Another possibility is analogous to the situation seen with
the 7 globulins that may or may not be antibodies. This suggestion implies that, under the
anoxic stimulus, the production of the normal « glycoproteins is shifted subtly to produce
a physically and chemically identical protein having biologic activity built into it.

These questions of purity aside, the procedure outlined in this paper is sufficiently

~good to yield a highly active non-antigenic material that is adequate for clinical trials.

SUMMARY

Conditions for the production of uniform high-titer anemic plasma from sheep have

been described.
A simple three-step procedure for the purification of sheep erythropoietin has been

developed.
An active preparation has been isolated that is non-anaphylactic in guinea pigs and
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that is homogeneous by electrophoresis and sedimentation at pH values of 5.5 and 8.6.

- This material also appears homogeneous upon DEAE-cellulose chromatography. .
Some properties of sheep erythropoietin are described and the question of its homo-

geneity.is discussed.
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ADDENDUM

Since this report was written, we have had some limited success in the resolution of
Step 3 erythropoietin into a small amount of active material and a larger amount of inac-
tive material. This suggests that the methods apblied above for testing homogeneity are
not sensitive enough to yield an unequivocal answer.
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SUMMARY

1. A relativeiy rapid' and sensitive method of assay for erythropoietin has been de-
veloped, using the rate of incorporation of Fe59 into the red cells of normal, hyéﬂhysecto-
mized, or starved rats as a measure of the rate of erythrop01e31s

2. Some of the factors that control erythrop01e51s through control of productlon of
erythropoietin have been studied. An hypothesis that the steady state of red cell formation
is controlled by the relationship of the tissue demand for oxygen to the supply of oxygen
available rather than by e1ther factor alone has been presented with exper1menta1 data to
substantlate it. ' o

3. The effect of erythrop01et1n in 1n1t1at1ng marrow act1v1ty of mice made polycythe-
mic by red cell transfusmn and which have a completely suppressed marrow as far as
" red cell formation is concerned has been demonstrated. This observation was made the
basis for a rigorous and sensitive assay for erythropoietin. Evidence suggesting that the
depression of erythropoiesis, following transfusion-induced polycythemia, is the direct
consequence of a reduction in the erythropoietin titer has been presented.

4. The effect of cobalt in producing polycythemia has been found to be due to the stim-
ulation of erythropoietin production by the metal ion. The time course of such production
has been determined and found to be quite rapid, with peak erythropoietin production oc-
curring at 10 - 12 hours after cobaltous chloride administration.

5. The site of erythropoietin production has been studied by stimulating animals with
either cobalt, hemorrhage, or hypoxia after extirpation of various organs. The only organs
whose removal abolished the response to these stimuli were the kidneys. Animals with ure-
mia comparable to the nephrectomized animals were prepared by bilateral ureter ligation
and were found to respond to the above stimuli about as well as normal animals, indicating
that it is not the uremia itself that interferes with erythropoietin formation. The disappear-
ance of erythropoietin from the circulation of nephrectomized animals follows the same
time course as that seen in normal animals. The data suggest very strongly that the kidney
is the site of erythropoietin formation or at least is very greatly involved in its production.

6. The clinical significance of erythropoietin has been considered. Erythropoietin
was found to be p're.sent in normal human plasma, and its titer was found to be elevated in
some, but not all plasmas from anemic patients. At the present state of knowledge and with
current techniques, however, one muet be cautious in assessing the significance of the ab-
sence of erythropoietin from the plasma of anemic patients.

7. When transfusion-induced polycythemic female mice are mated, the fetuses they
bear are capable of initiating and maintaining erythropoiesis in spite of the fact that the
mothers' red cell production is completely suppressed due to the cessation of maternal
erythropoietin formation. This observation suggests that fetuses in utero can produce their

own erythropoietin.
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8. A simple method for measuring iron absorption in mice has been developed. While
stimuli, such as bleeding, cobalt, intravenous hemolysis, and hypoxia are capable of in-
creasing the gastrointestinal absorption of dietary iron, exogenous erythropoietin has no
such effect. This makes it unlikely that erythropoietin has a direct effect on iron absorp-
tion. ' ' )

9. When marrow cells are grown in culture for short times, the addition of plasma
containing erythropoietin causes an increase in erythropoietic activity over that seen with
normal plasma’. Conversely, plasma from polycythemic animals causes a decrease in
erythropoicsis. '

10. The isolation of erythropoietin from anemic sheep plasma has progressed far
enough to yield a product suitable for clinical testing. The purified material is non-anti-
genic for guinea pigs and is homogeneous by electrophoresis, column chromatography, and
ultracentrifugal anéiysis. While the data are insufficient for a definitive statement about
the absolute purity of this preparation, we suggest that it is not in a final state of purifica-

tion.
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