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INTRODUCTION 

The erythrocyte has long been a favorite ob­

ject of study. Investigators, who have studied this 

unit, have noted a remarkable constancy with regard 

to its total mass and concentration in the blood. 

It was noted that any change in the red cell mass 

or concentration evoked a response on the part of 

the organism to restore the erythrocyte concen­

tration to its original state. The carefully ad­

justed equilibrium, with regard to this unit, has 

stimulated investigators to search for the mechan­

ism or mechanisms involved in red cell production 

and destruction. A prime object of study has been 

the physiologic b asis for stimulation of red cell 

production. 

Under ordinar y circumstances, the red blood 

cell is known to be formed in the bone marrow. In 

certain disease s t ates i n which the bone marrow, for 

one reason or ano t her, i s unable to produce adequate 

numbers of red ce l ls, the liver and spleen may become 

sites of extramedullary erythropoiesis. The erythro­

cyte precursors wi thin t he bone marrow combined with 

the circulating r e d cel l mass are known as the ery­

thron (1). Hyperplasia of this erythron is generally 

believed to be the resul t of anoxia, regardless of its 
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etiology. Thus, anoxia is thought to be the pri­

mary stimulus for erythropoiesis. The exact me­

chanism, which r e sponds to the initial state of 

anoxia and cause s the hyperplasia of the erythron, 

is not completely under stood. 

In any study of ery thropoiesis, certain criter­

ia have to be es t ablished as evidence of erythroid 

activity. Early studie s in this field were based 

solely on the re d cell concentration. In more re­

cent years, fact ors of he moconcentration, hemodilu­

tion, plasma los s , splenic release, and splenic 

withdrawal have been r e cognized and more accurate 

studies have res ulted. 

In the total examination of the erythron, a 

quantitative meas ure of both the circulating red 

cell mass and the acti ve bone marrow is most de­

sirable. At pre sent, t he former is possible, but 

the latter is onl y an approximation. Since the 

total erythron c annot b e measured with any accuracy, 

the usual criter i on fo r erythropoietic stimulation 

is the red cell concent ration plus signs of erythro­

cyte precursor ac tivity . These signs are usually 

a reticulocytosi s or a hyperplasia of the erythroid 

elements of the b one marrow. A relative or absolute 

increase in the number of circulating reticulocytes, 
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preceding or occ urring simultaneously with an in­

crease in the red cell count, is the most widely 

used indirect cr i terion for stimulation of the 

erytbroid bone marrow. More recent investigators 
59 have come to use radioactive iron (Fe ) uptake 

studies with more accur acy. In addition to the 

more common me t hods li s ted above, the percentage 

of erythroid elements i n the bone marrow, as well 

as the number of mitot i c figures, have been used 

as criteria. 

ERYTHROPOIESIS 

It has been previously stated that, under nor­

mal conditions, t he ery throcyte is formed in the 

bone marrow. Fr om an original mother cell, the 

erythrocyte evolves by a number of mitotic divi­

sions and structural changes. In this production 

of the mature cell, certa i n dietary and hormonal 

factors are necessary in the normal cellular meta­

bolism. A deficiency in these components of the 

metabolic environment will impair the erythroblas­

tic multiplication. 

The passage of new cells into the circulation 

is manifested by the presence of reticulocytes in 

normal blood. When the r e is an increased need for 
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circulating red cells within an organism, the de­

mand may be met by two means. The first and most 

rapid of the two is con traction of the spleen. 

Stimuli, such as severe exercise, sudden loss of 

blood, or dimini shed oxygen supply, may cause the 

spleen to contrac t and deliver corpuscles to the 

peripheral circul ation . The second method, by 

which the body ma y res pond to increased need for 

red cells, is increase d activity of the hemato­

poietic system. 

Jacobson and his group have reported exten­

sive work with r egard t o erythropoiesis (36). 

This group of investigators believe that the dy­

namic equilibrium of the erythron is controlled 

by the relationship of the oxygen supply in the 

tissues, to the demand for oxygen, rather than by 

either one alone. Conditions that reduce the de­

mand for oxygen while the supply remains normal, 

e.g., acute starvation and hypophysectomy, induce 

a decrease in the erythropoietic rate in rats. 

This decrease in the rate of erythropoiesis is 

also seen in conditions where there is an increase 

in the available oxygen , while the demand remains 

normal. Transfus i on, polycythemia and states of 

hyperoxia are examples of this condition. 
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To expand thi s concept, Jacobson et al., have 

shown that measur es which increase the demand for 

oxygen, while the suppl y remains normal, will in­

crease the erythropoie t ic rate in rats. Examples 

of this condition are t he administration of dini­

trophenol or tri i odothyronine. It has also been 

noted that decre asing t he supply of oxygen while 

the demand remains normal, as in bleeding or 

phenylhydrazine i nduce d hemolysis, will also in­

crease erythropoi esis i n these animals (36). 

Under normal condi t ions, the red cell disap­

pears after a de t erminable and fairly constant 

period of time. There are a number of methods 

by which the life span of the red cell can be de­

termined. In the major ity of the procedures em­

ployed, the calc ulated life span of the erythro­

cyte in man is t hought to be 110 to 130 days. If 

this be true, it appears that about fifty milli­

liters of blood i s rep l aced each day (43). 

The manner i n which the destruction of the red 

cell takes place in the normal individual is not 

fully understood •. It i s known that certain large 

endothelial cells , found especially in the spleen, 

take up red corpuscles and destroy them. Robertson 

and Rous (42) se arched the body, organ by organ, for 
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disintegrated re d blood cells. They _found little 

evidence of phagocyEos i s in man. They suggested 

that the chief me ans of erythrocyte destruction 

is fragmentation . In t he circulation, the red 

blood cell is buf feted about and eventually be­

comes distorted and broken. This fragmentation 

progresses until a fine hemoglobin containing dust 

is removed by the splee n. This is but one hypothe­

sis on the manne r of de struction of the erythrocyte. 

In general, it i s belie ved that the fragmented par­

ticles of the broken down erythrocytes are removed 

from the circula t ion by the reticulo-endothelial 

tissues of the body. 

ACCELERATED ERYTHROPOIESIS 

An increase i n alt i tude is the most widely known 

condition which will cause an increased rate of ery­

thropoiesis. It has be en repeatedly shown that 

individuals livln g at h igher altitudes have greater 

hemoglobin and r e d cel l concentration than individ­

uals living at s e a leve l (3). The earlier studies, 

relating to alti t ude and its attending polycythemia, 

were clouded with doub t regarding the cause of the 

increased red count. Factors of hemoconcentration 

and unequal distr ibution of red blood cells, as well 
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as the splenic reservoir, had to be considered. 

It is now generally believed that residence at a 

sufficient altitude or an equivalent amount of 

anoxic anoxia will produce a slow increase in the 

total blood volume. This deveiops largely as an 

increase in the red cell mass. 

A common form of anemic anoxia is that seen in 

carbon monoxide poisoning. In this condition, the 

hemoglobin of the red cell is partially saturated 

with carbon monox i de. This results in a proportion­

ate decrease in t he oxygen carrying capacity of the 

blood, without changing the red cell concentration. 

This has been an i mportant method of study, since 

it enables one to evaluate the effect of a decrease 

in the oxygen carr ying c apacity of the blood alone. 

These studies have been carried out in animals (4) 

with a marked response in red counts, hemoglobin 

concentrations, and reticulocytosis. Although this 

has been a consistent response in animals, the re­

sults have not been conclusive in man (5). A pos­

sible explanation of this discrepancy lies in the 

fact that man ha s not been subjected to as high lev­

els of carbon monoxide saturation. For obvious rea­

sons, the duration of t ime of exposure maintained 

in man is not as great as that used in animals. 
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There are a number of pathological states in 

which man respond s by a polycythemia. The major­

ity of these cond itions rely on a relative state of 

arterial anoxia, with varying degrees of arterial 

oxygen unsaturation. Congenital heart disease, in 

which there is active mixing of venous blood with 

arterial blood, is a prime example. Other states, 

such as chronic pulmon a ry diseases, Ayerza's di­

sease, and pneumothorax often cause a polycythemia 

in man. This group is quite large and the litera­

ture is extensive on t h e subject. 

Hemorrhage is a common cause of increased ery­

thropoiesis. Th e re generation of the circulating 

red cell mass, following loss by he morrhage, in­

volves an active e rythro poietic stimulation. The 

red cell mass rema ins un iformly constant and is 

maintained by a b a lance between red cell produc­

tion and destruct i on. A direct r e lationship exists 

between the sever i ty of the anemia and the hemo­

globin production , reti c ulocyte response, and the 

degree of marrow hyperpl asia (6,7,8). 

When anemic anoxia is added to or superimposed 

up on an anoxic an oxia, a n additive effect is demon­

strated. A standard re d cell loss in dogs, produced 

either by hemorrha ge or by the use of phenylhydrazine, 
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was recovered in 30-40% l ess time at 7,000 to 

15,000 feet, than was required by anemia at sea 

level (9). 

In the previous conditions, cited as examples 

in which an accelerated rate of erythropoiesis is 

demonstrable, a physiologic state of anoxia exists. 

This anoxia is ei t her on an anemic or anoxic basis. 

Cobalt administrat ion, e ither by an oral or paren­

teral route, over a per i od of several weeks, in­

duces and maintains a polycythemia in man and in 

animals (9,10). The precise mechanism in this ac­

tion of cobalt is not c l early understood. Early 

studies linked the administration of cobalt to a 

relative state of bone marrow anoxia. Other in­

vestigators have not be en able to substantiate this 

conclusion. More recent articles relating to this 

subject attempt to correlate the administration of 

cobalt to the production of erythropoietin (12,13). 

Erythropoietin is the name given to the sub­

stance, existing in anemic plasma of man and ani­

mals, that has a stimulatory effect on red cell 

production. 

DECREASED ERYTHROPOIESIS 

Since the los s of r ed blood cells from the 

- 9 -



circulation or the reduc t ion of the partial pres­

sure of oxygen in t he ins pired air will stimulate 

erythropoiesis, it might be supposed that addition 

of extra red cells to the circulation or the breath­

ing of oxygen rich air would show signs of decreased 

erythropoiesis. 

When repeated transfusions of whole blood, or 

blood concentrated with respect to the erythrocytes, 

were given to rabbits or rats, a temporary polycy­

themia resulted. This polycythemia was associated 

with a reduction in the percentage of reticulocytes. 

Although there is a dilution factor involved, this 

reduction was cons idered as a sign of decreased 

erythropoiesis (14). A similar reduction in reti­

culocytes has been note d in patients with pernicious 

anemia, after the y had r eceived large transfusions 

of whole blood (15 ). A large decrease in the rate 

of red cell iron t urnove r also occurred after an 

artificial increas e in t he red cell volume of rats (14). 

Studies in man , with regard to high oxygen 

partial pressure of the inspired air, have revealed 

minor decreases in the red cell concentrations, as 

well as other signs of decreased erythropoiesis (16). 

This result is not surprising, however, since the 

oxygen content of the arterial blood is little 
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increased by an elevation of the alveolar partial 

pressure of oxygen (9). 

NON-HUMORAL THEORIES OF ERYTHROPOIESIS CONTROL 

In the past sixty years, a number of theories 

have been advanced regarding the exact mechanism 

responsible for accelerated erythropoiesis. Anoxia, 

as previously stated, is generally considered to be 

the primary stimulus for erythropoiesis. The con­

troversy exists, however, as to the mechanism or 

mechanisms involved from the primary state of 

an-oxia to the final state of accelerated erythro­

poiesis. 

Since the bone marrow is the site of erythro­

poiesis, a favorite assumption has been that bone 

marrow anoxia is the primary mechanism. This theory 

was first postulated by Mieschner in 1895 (17). 

He believed that the bone marrow was anoxic to a 

certain extent at all times, and anoxia provided 

a continuous stimulation of erythroid activity, 

counter-balancing the daily destruction of erythro­

cytes. This theory has been the most widely accept­

ed. Grant and Root, however, contend that the evi­

dence offered by other investigators has been in­

direct (18). In their studies, they determined the 
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oxyg en content of the b one marrow of dogs. They 

were unable to d e monstr ate any decrease in the 

oxygen saturation of t h e bone marrow of dogs made 

anemic by bleedin g. These dogs, at the same time, 

s h owed adequate e videnc e of accelerated erythro­

poiesis. 

Carbon dioxide tens ion, actin g on the bone mar­

row, has also be e n considered as the primary mechan­

ism involved in e rythropoiesis. This mechanism was 

first advanced by Jordan and Speidel in 1924 {19). 

Their initial wor k was based on an increased car­

bon dioxide production in tadpoles, correlated with 

an increased erythroid activity in the spleen. The 

evidence in gener al, however, does not establish 

carbon dioxide tension as the primary mechanism in­

volved. Studies in carbon dioxide tensions at 

hi~h altitudes s h ow a decrease in arterial carbon 

dioxide tensions, while evidence of increased ery­

thropoiesis may b e observed. 

The endocrin e g lands have been studied quite 

extensively, with the possibility that one or more 

of the hormones p roduced by these glands, is the 

primary agent i n volved in accelerated erythropoiesis. 

The pituitary has been studied extensively with 

regard to any possible action on erythropoiesis. 
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There is no doub t that the hypophysectomized ani­

mal has a decrea s ed number of red cells and a 

reduced hemoglob i n concentration. It has also 

been demonstra t e d that the feeding of pituitary 

extracts has produced e rythropoietic stimulation 

in the normal ani mal (9 ). One must remember, how­

ever, that a hypophyse c tomized animal is not a nor­

mal animal. A marked c hange in the normal physio­

logy of the anima l h a s occ urred. The hypophysec­

tomized animal i s also capable of erythroid response 

to lowered barome tric pressures and hemorrhage. 

The gonads, t he thyroid, and the adrenals have 

all been shown t o exer t some effect on the red 

counts of animal s . However, the magnitude of these 

changes is not s ufficie nt to consider them as the 

primary site of e rythr opoietic stimulation. 

The nervous s ystem has been considered mainly 

by European hema t ologis ts. They have considered 

the possibility of neur al centers controlling ery­

thropoiesis. Thi s the ory is quite plausible and 

some evidence ha s been presented which further 

strengthens this concep t. However, it is diffi­

cult to devise c ontroll ed studies on the central 

nervous system. Th e studies of induced lesions 

in the ve getative center are also difficult to 
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evaluate, because of t he proximity t o the pituitary. 

Other theori e s have been advanced, which deal 

with splenic hormones and destruction products of 

erythrocytes, a s causa t ive factors in accelerated 

erythropoiesis. These studies are quite controver­

sial and not conc lusive . Grant and Root consider 

the theories att r active , but lacking in evidence (9). 

HUMORAL THEORY 

The most wi de ly ac c epted theory of the primary 

stimulus for ery t hropo i esis has been the concept of 

bone marrow anox i a. An opposing view favors the 

existence of an erythropoietic stimulating substance 

in the circulating bl ood. The first proponents of 

this theory were Carnot and De Flandre. In 1906, 

they suggested t hat the blood oxygenation regulates 

red cell product i on by means of an intermediary 

factor (20). Acc ording to this theory, arterial 

blood oxygen regulates the production of a factor 

capable of stimul ating erythropoiesis. This fac-

tor is carried t o the b one marrow by the blood. 

In testing this t heory, Carnot and De Flandre in­

jected 9 millili t ers of plasma, obtained from slight­

ly anemic rabbit s , into normal rabbits. They noticed 

a small rise in the number of red blood cells in the 
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peripheral blood . However, they noted that plasma 

from severely anemic r abbits had no effect on the 

red count. Carnot intr oduced the term 1 hemopoietine 1 

to designate the unknown stimulating substance in 

the serum. 

The original observa tion stimulated a long 

series of invest i gation s (21,22) following this 

general pattern. An attempt was made to prove the 

existence of the factor . From 0.5 to 10 milliliters 

of plasma, obtained from anemic rabbits or rabbits 

maintained at low barometric pressure, were injected 

into test animal s . The injections were followed 

by moderate or marked i ncreases in the red cell 

counts. These s t udies, in general, were conflict­

ing and unconvinc ing, but were interpreted as being 

in support of a humeral theory. 

In the early 1930's, Gordon and Dubin (23) re­

peated the procedures, using the reticulocyte in­

dex. This method of i nterpretation was not avail­

able to the earlier investigators. They were un­

able to demonstrate any change in the number of 

erythrocytes or in the reticulocyte percentages. 

In 1948, Bonsdorff and Jalavista (24) revived 

the humeral the ory. They reported that 3 milliliters 

of plasma, from patien ts with congestive failure 
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or from rabbits exposed to low barometric pres­

sure, produced a slight increase in red counts 

when injected into normal rabbits. 

In 1950, Reissman (25) pointed out that the 

use of very smal l amount s of plasma to demonstrate 

the existence of a plasma factor, capable of sti­

mulating red cel l produc tion, is almost certain 

to be unsuccessful . He used parabiotic rats as 

a more adequate a pproach . Parabiotic rats were 

cond i tioned for f i ve we eks in a specially construct­

ed breathing ch amber. Defined gas mixtures were 

utilized in such a way t hat one rat was breathing 

an oxygen nitrogen mixture. The oxygen content 

of this mixture was 8 volumes per cent. The rat's 

partner was breathing normal air. Both partners 

developed normoblastic hyperplasia of the bone mar­

row. Blood gas studies were performed on several 

pairs. These studies revealed that the arterial 

oxygen tension c orresponded to the air each part­

ner was breathi n g . The re was apparently no in­

fluence exerted by the blood mixing through the 

site of parabios i s. 

Another approach was described in 1952 by 

Grant, who utili zed the anoxic lactating rat and 

mouse (26). Mothers we re placed in low pressure 
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chambers for 6 h ours a day, while their litters 

remained at sea level pressure. After a week or 

t wo of t h is r out ine, i t was noted that the cir­

culating red ce l l concentration and hemoglobin 

levels were higher in the litters nursed by these 

mothers, than i n a con trol group maintained at 

sea level. 

In more rec ent years, there has been an in­

creased number of articles in which the nature 

of this plasma substance has been described. 

Some studies re garding its location of formation 

are presently appearing in the literature. 

Although t he exact n a ture of the erythropoietic 

factor found in the plasma of anemic animals and 

man is not known , many investigators have attempted 

to determine its charac teristics. Their reports, 

in general, are inconclusive and conflicting, but 

some light has been cast on the substance. 

Erslev and Lavietes (27) have carried out 

experiments aime d at ob taining information con­

cerning the biochemical and biologic nature of 

the erythropoiet i c fac t or. The y used various frac­

tionation procedures an d also evaluated the effect 

of nitrogen mustard on its production. It is their 

conclusion that t he fac tor is not produced in nitrogen 
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mustard sensitive tissues. They further maintain 

that the factor behave s like a serum albumin, 

alpha globulin, or beta globulin. 

Borsook and h is co - workers (28} have reported 

the presence of an ery t hrocyte stimulating factor 

in a non-protein plasma extract, obtained from 

anemic rabbits and ass ayed in normal rats. Gordon, 

et al., (29) hav e also demonstrated an erythropoietic 

factor in non-pr otein plasma extracts. 

Hodgson and Toha (30) have stated that anemic 

rabbit plasma lo ses its erythropoietic effect 

after boiling at a pH of 5.5 for 15 minutes, but 

that the active f actor can be extracted from the 

heat coagulated plasma proteins by either water or 

acetone (31). They have also reported that the 

active factor in anemi c plasma is carried down 

with both the globulin and albumin fractions, after 

the addition of ammonium sulfate. Their prelimi­

nary studies suggest t hat it may be a fatty acid 

ester, and not an amino acid, purine or sugar. 

Linman and Be thell (32) in their preliminary 

investigations, mainta i ned that the factor was 

not destroyed by prolonged boiling and was not 

precipitated by perchloric acid. They suspected 

that the factor was a non-protein and suggested it 
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to be a lipid. I n thei r subsequent follow-up 

studies (33), the y contend that it is stable over 
"-..,- ,f; wide ranges of temperature and is acid solual:He. ''fl' 

In their studies of t he effect of irradiation on 

the production of the f actor, they have found that 

plasma, obtained 24 hour s post-total body irradia­

tion, showed evide nce of t he f actor. This was mani­

fested by erythrocytosi s and reticulocytosis. The 

plasma was obtained from rabbits, made anemic with 

phenylhydrazine, f ollowing the total body irradia­

tion. There was evidenc e of a delayed response, 

as compared with a non-irradiated control group. 

It was also demonstrated that rabbits, rendered 

anemic by irradi a tion alone, were also able to pro­

duce an erythroc y te stimulating factor, but in 

decreased amount s . 

Rambach and Alt (34 ) indicate that increased 

erythropoietic ac tivity is associated with a pro­

tein having elec t rophor etic characteristics of 

an alpha-2-globul in. I t is not precipitated by 

perc hloric acid or by boiling. They maintain it 

to be heat stable and s ay that it stains for car­

bohydrate and ni t rogen , but not for fat. It is 

not dialyzable an d is precipitated by a 75% sa­

turated solution of ammonium sulfate. They suggest 
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it may be a mucoprotein. 

In an attempt to ascertain some of the prop­

erties of the factor, Slaunwhite and his co-workers 

(35) have treated plasma, obtained from anemic rab­

bits, in numerous ways. Assays were performed by 

determining the radioactive iron (Fe 59 ) uptake in 

hypophysectomized rats. They report that the fac­

tor was not destroyed by heating at a pH of 5.5 
nor at a pH of 9, but was destroyed by heat at a 

pH of 1 and at a pH of 13. They further contend 

that it is non-dialyzable and is digested by pep­

sin, trypsin and chym.otrypsin. It was also noted 

to be fairly stable in the presence of non­

precipitable proteins of plasma to oxidation and 
.... . . 

reduction. Their conclusion is that the factor 

is probably a polypeptide. On the basis of their 

investigations, they state that the possibilities 

of the factor being a polysaccharide, glycoprotein, 

or lipoprotein cannot be ruled out. 

It can be seen by the foregoing discussion, 

that the exact nature of the erythropoietic factor, 

is subject to debate. Some reference has already 

been made to the probable site of formation of the 

factor. Erslev and Lavietes (27) and Linman and 

Bethell (33) have shown the effect of irradiation 
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and nitrogen mustard on its production. 

Previous attempts t o determine the site of 

formation of the erytbropoietic factor, by sur­

gical removal of organs (38) and by organ ex­

tracts (39) have been unsuccessful. Jacobson 

and his group have been able to study the problem 

more thoroughly. They have had the advantage of 

more sensitive as s ay me t hods. The fact that a sin­

gle dose of cobal t ous ch loride or an acute massive 

hemorrhage will e l evate the plasma erythropoietin 

level in 10-12 hours (4~, has also f @-litated ~, 
- ,,p 

their investigati ons. 

Rats, which have be en subjected to hypophysec­

tomy, thyroidectomy, splenectomy, adrenalectomy, 

and gonadectomy, r etain the capacity to respond to 
. ' 

repeated phlebotomy, with an increase in plasma 

content of erythropoietin, which is comparable to 

that observed in similarly bled normal animals (38). 

In addition, removal of seven-eighths of the liver, 

or removal of the adrenals, spleen, pancreas, sto­

mach, or intestines, does not lessen the response 

to a single injection of cobalt (36). 

After bilateral nephrectomy, neither rats nor 

rabbits have the capac i ty to respond to a single 

dose of cobaltous chloride or a single massive 
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hemorrhage by an e levat i on of erythropoietin. 

Plasma, obtained f rom ne phrectomized rats with­

drawn 10-12 hours after the injection of cobal­

tous chloride or bleeding, contains no erythro­

poietic activity a s measured by the incorporation 

of radioactive iron (Fe59 ) into the erythrocytes 

of starved or hypophysectomized rats. 

In order to obtain a uremia at least equal to 

that which occurs 12 hours after nephrectomy, Jacob­

son and his group subjected animals to ligation of 

the ureters and waited 12 hours before giving the 

cobalt or bleeding the animals. In 12 hours, they 

collected the blood and assayed the plasma for the 

erythropoietin l evel. In this group, the plasma 

erythropoietin l e vel was only slightly less than 

that obtained from simi lar assays from non­

nephrectomized anemic plasma. The blood urea ni­

trogen of the ne phrectomized rats reaches levels 

of 70-90 milligrams pe r cent, as compared to normal 

values of 21-22 milligr ams per cent in controls. 

The rats, subjec t ed to ureteral ligation, reached 

levels of 125-150 mill i grams per cent in 24 hours. 

Mirand and Pr entic e (41) have attempted to 

duplicate the re sults obtained by Jacobson and his 

group, by subjecting ne phrectomized rats to hypoxic 
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hypoxia. Their s tudie s indicate that erythropoietin 

production continues i n the absence of the kidneys 

and-or the splee n . 

The mode of action of this humeral substance, 

present in anemic plasma of animals and man, is 

not known. Whether the factor affects the erythro­

poietic system by incre asing cell division, in­

creasing the rate of maturation, or by increasing 

the rate of delivery f r om the hematopoietic cen­

ters, has not bee n def i ned. Some recent work (34) 

along this line h as added some insight into its 

mode of action. By the combined use of plasma 

extracts from anemic r abbits and radioactive iron, 

an increase in t he rate of delivery from the bone 

marrow is reflec t ed by more rapid disappearance of 

radioactive iron , with increased levels noted in 

the peripheral r e d cel l s. The marrow life was short­

ened by about fi f ty per cent. This observation is 

interpreted as an indic ation of an increase in the 

rate of intra-mar row maturation. 

One of the most commonly used methods of pro­

ducing anemia in test animals is the administration 

of phenylhydrazine. Some investigators have noted 

that the plasma e xtrac t s obtained from these ani­

mals have a more potent erythrocytogenic property 
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than that obtained from bled animals (28,29). 

This finding has stimulated investigations aimed 

at determining the cause for the discrepancy. 

E. M. Jacobson and his collaborators (44) com­

pared hemorrhage and phenylhydrazine with regard 

to the relative effectiveness of each in the pro­

duction of the erythropoietic factor. They noted 

that, although the hematocrits in the two groups 

were equal, the oxygen carrying capacity of the 

blood of the phenylhydrazine group was signifi­

cantly lower. They also observed that the phe­

nylhydrazine group had methemoglobin concentra­

tions of about 24%, while the corresponding level 

in the bled animals was essentially zero. They 

found that the most highly active plasma prepara­

tions were obtained from animals in the phenylhy­

drazine group, which had severely damaged livers. 

They postulate that the liver may act as a site 

of destruction of the erythropoietic factor. 

Mirand and Prentice (45) have further expand­

ed on this hypothesis. They noted that normal rats, 

placed in low oxygen atmospheres, did not elaborate 

in their plasma, a factor capable of stimulating 

increased incorporation of radioactive iron into 

red cells of normal or hypophysectomized rats. 
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However, when the livers of these test animals 

were first severely damaged by carbon tetrachlor­

ide, a significant level of the factor was de­

monstrable when the animals were maintained in 

an hypoxic atmosphere. This group maintains that 

the liver has a significant control of erythro­

cyte response under normal conditions. 

In contrast to the results obtained by the 

preceding authors, Stahlman and Bracher (46), in 

their studies, could not establish a relationship 

between the activity of plasma extracts and co­

existent liver disease. Their test animals were 

exposed to low oxygen tensions and phenylhydrazine. 

Studies in man, with regard to the humeral 

theory of erythropoiesis control, are relatively 

few in number. Schmid and Gilbertsen (47) had the 

opportunity to study a case of patent ductus ar­

teriosus with a r eversed blood flow. This patient 

had a marked polycythemia. The shunt from the 

pulmonary system into the systemic circulation oc­

curred distal to the origin of the left subclavian 

artery. The upper parts of the body were fully 

oxygenated, whereas the lower portions were only 

partially saturated. Bone marrow studies from the 

iliac and sternal areas were obtained, as well as 
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the bone marrow oxygen saturation. Both marrows 

showed a marked normob l astic hyperplasia. The 

oxygen saturation s were markedly different. The 

iliac bone marrow was 53% saturated, while the 

sternum was 91 % saturated. They feel that this 

evidence is contr ibutor y to the humoral theory 

of erythropoiesis. 

A simi lar observation was made by Stahlman 

et al., on a patient with a polycythemia, secon­

dary to a patent ductus arteriosus with reverse 

flow (48). They conten d that the presence of 

polycythemia under suc h circumstances excludes 

a primary cerebral or pituitary mechanism. Simi­

larly, the presence of hypercellularity and nor­

moblastic hyperplasia in normal oxygenated areas 

of bone marrow, argue against marrow anoxia as 

a primary mechanism. 

Other studies in man have dealt with the de­

monstration of t he ery thropoietic factor in anemic 

patients. Piliero and his group (49) have studied 

the filtrates of plasma, obtained from patients 

with Coole y 's anemia and sickle cell anemia. These 

extracts stimula ted erythropoiesis in rats, as 

evidenced by re d blood counts, he moglobin concen­

trations, hematocrits , reticulocyte percentage and 
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marrow nucleated red blood cells. A similarly 

prepared extrac t of urine from one patient with 

Cooley's anemia was also active. Plasma extracts, 

from normal sub j ects and extracts from one case 

of hypoplastic anemia , were inactive. 

Prentic.e and Mirand {50) have duplicated these 

results with re gard t o Cooley's anemia and sickle 
. 

cell anemia. They al s o noted that plasma extracts, 

from individuals with polycythemia vera and secon­

dary polycythemia, were active. They have also 

failed to demons trate significant levels of the 

factor in hypoplastic anemia • 

SUMMARY 

The erythrocyte, from its bone marrow origin, 

has a life cycle of 110-130 days, under normal con­

ditions. Production and destruction of the ery­

throcyte is normally in a state of dynamic equili­

brium, permitting very little alteration in the 

total red cell concentration or total mass. Any 

alteration in t h is total mass or concentration of 

the red cell ev okes a res ponse on the part of the 

organism to re-establish the equilibrium.. 

Jacobson and his group believe that this 
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dynamic equilibrium of the erythron is controlled 

by the relationship of the oxygen supply in the 

tissues, to the demand for oxygen, rather than by 

either one alone. 

Certain changes in the environment of man and 

animals have long been known to produce an acceler­

ated rate of ery thropoiesis. The common denomina­

tor of this group is a relative state of anoxia. 

Conditions of increased altitude, carbon monoxide 

poisoning, pathological alterations in the cir­

culatory or respiratory systems, and hemorrhage 

have been shown to increase the rate of erythro­

poiesis. The administration of cobalt also exerts 

an acceleratory effect on the production of red 

cells. The mechanism of action here is not clearly 

defined. Recent investigations link cobalt ad­

ministration with erythropoietin production. 

A decreased rate of erythropoiesis has been 

demonstrated after repeated transfusions of whole 

blood. The inspiration of oxygen-rich gases for 

variable times has also been shown to decrease red 

cell production. This decrease is not as marked, 

however, as the one seen in transfusion polycythemia. 

A number of theories have been advanced as to 

the primary mechanism of control in erythropoiesis. 
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Marrow anoxia is the most widely accepted theory. 

Recent studies i ndicate that the evidence in sup­

port of this theory is primarily indirect in nature. 

Other theories advanced include: carbon dioxide 

tension, endocrine control, nervous system, splenic 

hormones and breakdown products of erythrocytes, 

as causative factors in erythropoiesis control. 

The majority of these theories have some evidence 

in their favor, but they remain controversial and 

inconclusive. 

The humeral theory of erythropoiesis control 

was first advanced in 1906 by Carnot and De Flandre. 

The y suggested that blood oxygenation re gulated red 

cell production b y means of an intermediary factor. 

This factor was though t to be carried to the bone 

marrow via the b lood. The y cited the erythropoie­

tic effect of anemic p lasma, injected into normal 

rabbits, as evidence for their theory. 

In the succ eeding years, a number of investi­

gators have tri ed to . demonstrate a factor inane­

mic plasma, capable of accelerating erythropoie­

sis. These studies have added some credence to 

the theory, and have demonstrated the existence 

of a substance i n anemic plasma, capable of sti­

mulating erythropoies i s. 
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There have been an increasing number of inves­

tigations in which an attempt is made to determine 

the characteristics of the factor. These reports 

are, in general, inconclusive and conflicting, but 

some information has been gained. The stimulatory 

substance apparently is heat stable, non-dialyzable, 

acid soluable, and not digested by pepsin, trypsin, 

or chymotrypsin. It has also been described as 

fairly stable, in the presence of non-precipitable 

plasma proteins, to oxidation and reduction. It 

must be remembered, however, that any one of the 

foregoing characteristics is subject to some debate. 

Early attempts to localize the site of forma­

tion of the humeral factor by surgical removal of 

organs and organ extracts have been unsuccessful. 

More recent work by Jacobson and his group seems 

to implicate the kidney as the site of erythro­

poietin production. This work has not been repro­

duced by other investigators. The factor is appar­

ently not produced in nitrogen mustard or radiation 

sensitive tissues. 

The mode of action of erythropoietin has not 

been defined completely. Some preliminary inves­

tigations seem to indicate both an increase in in­

tramarrow maturation, as well as an increased rate 
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of delivery from t he marrow. 

The liver ha s been postulated by several in­

vestigato;s as a p ossible site of erythropoietin 

destruction. More active plasma extracts have been 

obtained from animals in which liver destruction 

has occurred. 

Studies in man, with regard to the factor, 
. . 

are limited. It h as been demonstrated, however, 

that plasma extrac ts of patients suffering from 

Cooley's anemia, sickle cell anemia, polycythemia 

vera, and secondar y polycythemia are more active 

than normal plasma. There is no apparent increase 

of the factor in the plasma of patients with hypo­

plastic anemia. 

CONCLUSIONS 

The humeral theory of erythropoiesis control 

is probably the best working hypothesis advanced 

at this time. The existence of a substance, in the 

plasma of anemic animals and man, capable of sti­

mulating erythropoiesis, has been fairly well do­

cumented. 

The possibility exists, however, that there 

is more than one mechanism involved in erythropoiesis. 
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It is also withi n the realm of possibility that 

there is more t han one substance circulating in 

the blood, capab le of stimulating red cell pro­

duction. The pr esent dilemma, with regard to the 

nature, action, site of formation, and manner of 

destruction, may be resolved by the demonstration 

of more than one stimulating substance. 

The character istic s of this substance, the 

so-called erythropoietin, are subject to so many 

conflicting opinions t hat no definite conclusions 

can be drawn. Further biochemical and physiolo­

gical investigat i ons ar e indicated. 

The usefulne s s of t his substance as a clini­

cally applicable drug i s subject to much specu­

lation. It may, in the future, be useful in states 

of impaired red c ell f ormation. Such c onditions, 

as hypoplastic a n d apla stic anemias, may be im­

proved by its a dministration. It may also prove 

to be useful in t he refractory anemias of chronic 

infection, chronic renal disease, and malignancy. 

Clinical application of the factor is merely specu­

lation and only a c tual trial therap y will establish 

its usefulness. 
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