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put. In animals with abnormal hemolysis, on 
the other hand, input from destroyed cells is 
high and initially above output; plasma iron 
thus rises to a certain level when, mainly as a 
consequence of increased red cell production, 
output again equals input. 

Sunzmary. 1) The relation between plasma 
iron turnover and plasma iron concentration 
is studied in normal and fasted rabbits, in bled 
and phenylhydrazine treated rabbits, and in 
rabbits treated with extracts of plasma of 
bled and phenylhydrazine-treated donors. 
2 ) In normal, phenylhydrazine-treated and 
starved rabbits, plasma iron turnover is inde- 
pendent of iron concentration over the range 
of 2-5 pg  Fe/ml; below this range plasma iron 
turnover in normal rabbits tends to drop. 
Bled rabbits and rabbits receiving extracts 
with erythropoietic activity show lower 
plasma iron concentrations than normal, and 

in these animals plasma iron turnover depends 
on iron concentration. 
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In  the majority of studies in which FeSg has 
been used in rats to assay extracts with eryth- 
ropoietic activity, the criterion employed has 
been the fraction of injected Fe59 (% FeG9) 
appearing in erythrocytes from 16-24 hours 
after tracer injection( 1,2,3). Although ex- 
tracts rich in erythropoietic activity increase 
erythrocyte Fe59 uptake, this method does 
not permit quantification of increase in eryth- 
ropoiesis. Determination of plasma iron turn- 
over and uptake of iron by marrow would 
give data more directly related to magnitude 
of erythropoiesis ( 4 3 ) .  Since, when large 
numbers of rats are employed, i t  is not prac- 
tical to carry out accurate plasma iron turn- 
over measurements requiring serial blood sam- 
ples, we devised a technic in which plasma 
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iron turnover and mean plasma Fe5g specific 
activity (between 0 - t hours) can be esti- 
mated from one plasma sample taken a t  a 
time ( t  hours), when plasma FeG9 is still high 
in controls. From mean plasma specific ac- 
tivity and 70 uptake by different organs, 
quantity of iron going to these organs can 
be calculated. We here describe the technic 
and its application to assay of urinary eryth- 
ropoietic activity. The results of this method 
are compared with 24 hour Fe5g assay. 

Jdethods. Extracts with erythropoietic ac- 
tivity were oibtained from urine of phenylhy- 
drazinize-treated rabbits and patients with 
aplastic anemia by methods described else- 
where (6) .  The kaolin adsorption procedure 
used was similar to that employed by Winkert 
et d ( 7 ) .  Grey rats, both sexes of a x c 
strain obtained from Inst. de Biol. Juan No6, 
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Univ. de Chile, were used either in normal 
condition or fasted 4 days. Weights are given 
in the Tables. Injections of extracts were 
made on 2nd and 3rd day of fasting, and Fe.j!' 
was injected(3) on morning of 4th day. Some 
animals were bled a t  3 hours after tracer in- 
jection when starved animals were used. and 
a t  172 hours when recipients were normal. 
Preliminary experiments showed that a t  these 
times about 40% of radioiron was still in the 
plasma. The animals, anesthetized with 
ether, were bled from the aorta. using a 
heparinized syringe. Plasma was separated 
by centrifugation, and red cells were washed 
thrice with cold 0.9% NaCl solution Radio- 
activity of red cells. liver and both femurs 
was measured in well type scintillation coun- 
ter, and activity was compared with standards 
of comparable volume. Plasma iron concen- 
tration was measured by method of Schade 
( 8 ) .  On morning of 5th day of fasting, 24 
hours after tracer injection, the rest of the 
animals were bled and radioactivity in washed 
red cells was measured. For calculation of 
percentage injected Fe5" in plasma, plasma 
volume was taken as 3 m1/100 g weight. For 
calculation of total red cell Fe:)9 uptake, red 
cell volume was taken as 2.3 m1/100 g weight. 
Values were obtained from experiments in 
which red cell volume was measured using 
erythrocytes tagged with Fe"!'. Radioactivity 
in organs was corrected for that contributed 
by residual blood by factors obtained in ani- 
mals killed 3 and 6 minutes after injection of 
serum and red cells tagged with Fez!' respec- 
tively. 

T o  calculate plasma iron turnover and 
plasma mean specific activity, it was assumed 
that in rats( 9,10), as in rabbits( 5 )  and hu- 
mans (4 ) ,  plasma Fe.j9 radioactivity declines 
as a simple exponential function of time. 
Thus: Plasma FeG9 = 1 cKt, where K =  plas- 
ma iron turnover rate(9),  or fraction of plas- 
ma iron turned over per unit time. Given plas- 
ma Fe>!' at  time t .  it is possible to obtain the 
value of K using tables of exponentjal func- 

tion or from K = 1/3 In - (F, = fraction of 

injected Fe"" remaining in plasma at time t ) .  
With the value of K, plasma iron turnover 

1 
Ft 

(P.T.T.) pg/ hr is calculated as: P.I.T. = X 
x Fe x P, (Fe  = plasma iron concentration, 
PT- = plasma volume). With these data, mean 
Illasma specific activity gl,, between 0-t hours, 

1 
ran be calculated from S.4, = 

Fe x P, x t 
\ a t e  K t  dt  = ~- . From al, an esti- 

mate can be made of amount of iron which 
flows to any organ from the plasma compart- 
ment. Thus iron flux to the liver QL equals: 

1 - F, 
P.T.T. x t 

in liver a t  time t ) .  This calculation is based 
on the assumption that loss of radioiron from 
liver between 0-3 hrs is negligible. In  the 
case of marrow it is not possible to make this 
assumption because appreciable amounts of 
Fe.'!' appear in red cells a t  1% and 3 hours 
in animals treated with erythropoietically ac- 
tive extracts. In these experiments, the flux 
of Fe to the marrow Qll, is taken as approxi- 
mately equal to total amount of iron leaving 
plasma minus that going to non Hb-forming 
tissues. The latter was assumed to equal 
twice the liver iron flux because preliminary 
studies of Fe!") distribution in viscera of the 
rat, made 3 hrs after tracer injection, demon- 
strated that liver contained as much radioiron 
as the sum of that found in heart, lungs, gas- 
tro-intestinal tract and kidneys, after appro- 
priate corrections were made for radioactiv- 
ity contributed by remaining blood. There- 
fore, Q,,, = P.J.T. - 2 QL. The validity of 
this calculation is supported by the finding 
that in normal rats the fraction of injected 
FeS9 in erythrocytes a t  48 hours closely ap- 
proximates the ratio of Q,,.,/P.T.T. 

(Table I.) In  fasted rats injected 
with urinary hemopoietine plasma radioactiv- 
ity is much lower than in control rats injected 
with saline or with extracts of urine from nor- 
mal rabbits. Estimated values for P.I.T. and 
Q,,, are higher and are a function of amount 
of extract injected. Erythrocyte Fe59 is higher 
in hemopoietine-treated rats than in saline 
controls. Animals receiving extracts of urine 
from normal rabbits have higher erythrocyte 
FeSg than saline controls and yet have simi- 
lar P.I.T. and Qr,. Tnjection of hemopoietine 

Results. 



HEMOPOIETIN EFFECTS ON Fe"" DISTRIBUTION 443 

in starved rats increases Femoral Fe.'9 but 
lowers Liver Fe". The response of normal 
rats to hemopoietine (Table Ic) is similar to 
that of starved rats except for Liver and 
Q1, which increases. Table I also shows the 
effects of 10 and 20 pM CoC12, a substance 
known to stimulate erythropoiesis, on FeS9 
distribution in fasted and normal rats. Like 
hemopoietine, cobalt decreases plasma FeSg 
and increases erythrocyte Fe5". However, co- 
balt differs from hemopoietine in that it in- 
creases, rather than lowers Liver FeS9 and Qr, 
in fasted rats. In non-fasted rats the doses of 
cobalt used do not affect plasma, Erythrocyte 
Fe"" or Femoral FeSg. They do however in- 
crease Liver Fe-j9. Table Ib shows that fasted 
rats injected with urinary hemopoietine or 20 
$1 cobalt, which show the most marked 
changes in FeSg distribution, also have lower 
plasma iron concentration. 

FeG9 in red cells is an exponential function 
of the fraction of plasma iron turned over per 
hour (Ojoo/hr) (Fig. l a ) .  A 2-fold increase 
of plasma iron turnover rate is accompanied 
by an %fold increase in Erythrocyte Fee;!', 
while for a 3-fold increase in turnover rate, 
Erythrocyte Fej9 is about 30 times the aver- 
age control values. 

Fig. l b  summarizes results of experiments 
in which Fe.59 distribution was studied in 16 
groups of fasted male rats (at least 4 animals 
per group) a t  3 hours and in another 16 
groups a t  24 hours after tracer injection. 
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FIG. l a .  Relation between erythrocyte Fez9 3 hr  
post tracer iri j .  (ordinate j ,  and f raction of plasma 
iron turned ovcr/hr (K %/hr) (abscissa) in:  

Fasted controls rats;  X fasted rats inj. with 
preparations of urinary hemopoietine. 

FIG.  l b .  Relation between % FeG8 in erythro- 
cytes a t  24 hr (ordinate) and that present a t  3 Iir 
(abscissa). 
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FIG.  2. Relation bctwccn rcciprocril of  K, fract ion 
of plssrria iron t u m d  ovrr/lir (orcl i i ia t~~ ) , :inti 1 ~ ' -  

ciprocal of dose (I)) of rak)l,it uriii:ary l i ~ ~ i i i o p ~ i t ~ t i i i c ~  
jn j .  (a1)scissn). 

Seven of the groups were controls, and the 
other 11 received preparations of urinary he- 
mopoietine from phenyl-hydrazine treated 
rabbits or patients with aplastic anemia. A 
significant linear correlation exists between 
Erythrocyte FeZ9 a t  24 hours and that a t  3 
hours ( r  = 0.985). 

Fig. 2 shows the relation between recipro- 
cal of dose (D)  of rabbit urinary hemopoie- 
tine and reciprocal of effect as measured by 
KO/o/hr, fraction of plasma iron turned over 
per hour. This type of dose effect analysis 
was proposed by Stetten( 11) .  The results 
show a significant linear relationship (r  = 
0.976) between 1/K and 1/D. From the 
parameters of this line, one may calculate the 
maximum effect, and dose of rabbit urinary 
hemopoietine producing maximal effect: 
139%/hr and 3.52 mg respectively. 

The  increase in P.I.T. in he- 
mopoietine treated rats probably results from 
increased flow of iron to bone marrow, evi- 
denced by increased FeSg uptake in femurs 
and erythrocytes, and decreased flow of iron 
to the liver. 

Hemopoietine injections produce a much 
larger increase in 3 hr erythrocyte FeZ9 than 
in plasma iron turnover rate; in fact the for- 
mer is an exponential function of the latter. 
This can be explained by assuming that ex- 

Discussion. 

tracts containing hemopoietine not only in- 
crease the plasma iron turnover rate-pre- 
sumably as a consequence of increased con- 
sumption of iron by the marrow-but also 
shorten mean time spent by reticulocytes in 
the marrow, as in bleeding and hemolytic ane- 
mias (12). The marked effect of hemopoietine 
on 3 hr erythrocyte FeS9 is especially clear in 
the data in Table Ib, where increase in eryth- 
rocyte Fe.'9 is about 60-fold, whereas increase 
in marrow iron consumption is only about 3- 
lold. Since 30% of injected radioiron was 
already in red cells by 3 hours, an  appreciable 
tlow of iron went to red cells already in circu- 
lation or entering it within the 3 hour period. 

The significant linear correlation between 
24 hour erythrocyte Fe-5g and 3 hour Fe5g 
shows that study of Fe5g distribution at 
3 hours gives as good information on erythro- 
cyte Fe-):' as 24 hr values. It also permits cal- 
culation of plasma iron turnover rate and 
estimation of marrow iron consumption. The 
latter data indicate how much H b  synthesis 
has increased, whereas erythrocyte Fe5g val- 
ues alone do not reflect proportionately the 
changes in inarrow iron consumption, presum- 
ably because they are influenced by the time 
spent by the reticulocyte in the marrow. 
Jloreover, this time may vary independently 
of consumption of iron by H b  synthesizing 
tissue, and consequently small increases in 
erythrocyte Fe59 18-24 hrs after tracer injec- 
tion may not indicate increase in iron uptake 
by erythroid tissue. 

Increases in plasma iron turnover and mar- 
row iron consumption produced by urinary 
hemopoietine are influenced by plasma iron 
concentration a t  the time of Fes9 injection 
( 13).  In general we have observed that the 
more potent the preparation of hemopolietine 
used, the greater is the decrease in plasma 
iron concentration (Table Ib) . This drop of 
plasma iron could be a reflection of increased 
marrolw consumption, not exactly balanced by 
input of iron into the plasma from storage or 
intestinal tract. This accords with the find- 
ings that changes in serum iron Ievel, in ab- 
sence of hemolysis or iron deficiency, reflect 
changes in magnitude of erythropoiesis ( 14) 
and with the correlation between reticulocyte 
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and marrow response and fall in plasma, iron 
seen in pernicious anemia after treatment with 
liver extract ( 15) .  

The data obtained from quantitative bio- 
assay carried out by the method of Stetten 
(1 1) allow a calculation of maximum effect in 
this type of assay, and also of the dose pro- 
ducing half maximum effects (Dlh max.). 
These parameters may prove useful for inter- 
comparison of various fractions obtained in a 
purification procedure. If an extract showed 
unchanged maximum effect and decreased 
DT6 max. after fractionation, the material 
eliminated probably did not have a deleteri- 
ous effect on erythropoiesis, and the decrease 
in D g  max. would measure increase of spe- 
cific activity of the preparation. However, 
if some material with deleterious effect on 
erythropoiesis were eliminated by fractiona- 
tion the maximum effect might increase. 

Our results suggest that in assays of hemof- 
poietine, more adequate information on the 
state of erythropoiesis can be obtained from 
studies of Fe59 distribution in plasma, liver, 
marrow and erythrocytes a t  a time when 
plasma radioactivity is high, than from deter- 
minations of Fe59 in erythrocytes 24 hours 
after tracer injection. The data obtained by 
mea.surement of tracer distribution when 
plasma radioactivity is high allow an estimate 
of plasma iron turnover and flow of iron to 
the marrow to be made, and also indicate 
changes in mean marrow-to-Hb transit time. 
Such information is useful in assays using nor- 
mal rate as receptors, for in these the fraction 
of Feex9 in red cells a t  24 hours is already high 
in the controls, and is not very sensitive to 
changes in plasma iron turnover, whereas 
plasma iron turnover is a good index of 
erytliropoiesis( 16) and can be estimated from 
the early FeS9 distribution studies. 

Swnzmary. Ferb9 distribution in plasma, red 

mopoietine from phenylhydrazine treated rab- 
bits and patients with aplastic anemia. He- 
mopoietine preparations significantly decrease 
plasma FeS9 and increase femoral and red 
cell FeS9. FeS9 in red cells a t  24 hours is a 
linear function of that present a t  3 hours. In- 
crease in FeSg in red cells is much larger pro- 
portionately than increase in plasma iron 
turnover, and thus is not a good reflection sf 
the state of erythropoiesis. A dose effect 
study shows that the reciprocal of the effect, 
as measured by fraction of plasma iron turned 
over per hour, is a linear function of the re- 
ciprocal of dose of urinary hemopoietine in- 
jected. 
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