
over which yi0 is activated is not suffi- 
cient for the realization of the steady 
states, then the gain of the enzyme 
amplifier will be less than that indi- 
cated by Eq. 5. The effect of progres- 
sively shorter time intervals, a, on 
F(t) is shown (Fig. 1) in the instance 
of a three-stage process. Though the 
choice of constants is arbitrary the 
curves make clear the nature of this 
dependency. 

A second point with reference to 
Eq. 5 is that the gain involves the 
products of several single-stage terms. 
This means that small shifts in the rate 
constants or the intial conditions can 
collectively produce significant overall 
effects. Thus a decrease of only 2 per- 

over which yi0 is activated is not suffi- 
cient for the realization of the steady 
states, then the gain of the enzyme 
amplifier will be less than that indi- 
cated by Eq. 5. The effect of progres- 
sively shorter time intervals, a, on 
F(t) is shown (Fig. 1) in the instance 
of a three-stage process. Though the 
choice of constants is arbitrary the 
curves make clear the nature of this 
dependency. 

A second point with reference to 
Eq. 5 is that the gain involves the 
products of several single-stage terms. 
This means that small shifts in the rate 
constants or the intial conditions can 
collectively produce significant overall 
effects. Thus a decrease of only 2 per- 

Erythropoietin has been extracted 
from the kidneys of hypoxic and anemic 
rats. The extract obtained by homog- 
enization in 0.02M phosphate buffer, 
pH 6.8 (1), contains a mixture of eryth- 
ropoietin, some derived from residual 

plasma in the renal vasculature, and 
some of intracellular origin (renal eryth- 
ropoietic factor). We now report de- 
tails of the extraction and properties of 
the renal erythropoietic factor. 

Thirty-two adult female Long-Evans 
rats were rendered hypoxic by contin- 
uous exposure to 0.5 atm of air for 17 
hours. The animals were then imme- 
diately exsanguinated, and their kidneys 
(43.9 g) were removed, minced, and 
homogenized in 100 ml of cold 
isotonic saline (pH 7.0). The homog- 
enate was centrifuged at 37,000g for 
30 minutes, and the sediment was 
washed in 38 ml of isotonic saline. The 
isotonic supernatants were combined. 
The sediment was homogenized again 
in 150 ml of 0.02M phosphate buffer 
at pH 6.8, and the supernatant was 
collected by centrifugation. This two- 
step procedure resulted in separation of 
plasma-borne residual erythropoietin 
(isotonic supernatant) from the renal 
erythropoietic factor (hypotonic super- 
natant). Erythropoietic activity was as- 
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cent in k. and Yio together with a cor- 
responding increase in K, results in an 
eight-stage process, such as blood co- 

agulation, in an overall decrease in 
gain of nearly 40 percent. This sort of 
effect has bearing on negative and posi- 
tive feedback which effects several 
stages simultaneously. 
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sayed in mice rendered plethoric by 
discontinuous exposure to hypoxia (2, 
3). Values obtained for incorporation 
of radioactive iron into circulating red 
cells were converted to unit equivalents 
of standard A (3). All materials were 
administered intraperitoneally in a vol- 
ume of 1 to 2 ml. The assay was suf- 

ficiently sensitive to detect as little as 
0.02 unit of erythropoietin. 

The hypotonic extract contained ap- 
proximately 75 percent of the total 

erythropoietin recovered from the kid- 
ney (Table 1A). This indicates that 
the bulk of the erythropoietin in the kid- 

neys of hypoxic rats may be contained 
within particles. Based on the method 
for estimating residual plasma volume 
(1), the activity in the isotonic saline 
extract was due mainly to residual 
plasma erythropoietin. Both extracts 
were incubated at 37?C for 30 minutes 
with an equal volume of normal rat 
serum. The erythropoietic activity of 
the hypotonic extract increased more 
than twofold after such incubation, 
whereas the isotonic saline extract did 
not (Table 1A). The normal rat serum 
contained no activity when assayed 
alone. This activation phenomenon is 
believed to be a characteristic property 
of the renal erythropoietic factor. Per- 
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fusates of kidneys of anoxic rats also 
enhance erythropoietic activity when 
incubated with normal serum (4). As- 
sociation of the erythropoietic factor 
with the nuclei of kidney cells has 
been recently reported (5). 

To clarify further the nature of the 
renal erythropoietic factor, a subcellu- 
lar fractionation of the kidney was un- 
dertaken (6). Thirty-four kidneys 
(23.5 g) from adult female Long-Evans 
rats made hypoxic by exposure to 0.4 
atm of air for 17 hours were used. 
The nuclear, heavy-mitochondrial, light- 
mitochondrial, and microsomal frac- 
tions were collected, and each fraction 
was resuspended in 50 ml of 0.02M 
phosphate buffer (pH 6.8) and cen- 
trifuged at 37,000g for 30 minutes. The 
supernatant of each fraction was then 
assayed for erythropoietic activity be- 
fore and after incubation with an equal 
volume of normal rat serum. The ex- 
tract of the light-mitochondrial fraction 
exhibited no detectable activity when 
assayed alone but showed the largest 
amount of erythropoietic activity after 
incubation with normal rat serum 
(Table 1B). This extract had a protein 
concentration of 8 mg/ml. Enhance- 
ment was noted only with the light- 
mitochondrial extract. It seems, there- 
fore, that the renal erythropoietic fac- 
tor is localized in particles intermediate 
in density between the heavy mitochon- 
dria and microsomes. 

An increase in the time of incuba- 
tion or the amount of light-mitochon- 
drial extract results in a decrease in 
activity (Table 2). Such effects may 
be due to the hydrolytic enzymes- 
some of probable lysosomal origin- 
present in the fraction (7) since erythro- 
poietin is known to be inactivated by 
proteolytic enzymes (8). Regression 
data show no significant deviation from 
parallelism between standard A-erythro- 
poietin and the product of the inter- 
action of the light-mitochondrial ex- 
tract with normal rat serum. This im- 
plies that the product is physiologically 
indistinguishable from erythropoietin. 
Extracts of the light-mitochondrial frac- 
tion of 24.0-g kidneys from nonhypoxic 
rats were obtained, and these also en- 
gendered erythropoietic activity when 
incubated with normal rat serum (Table 
1C). 

Active renal extract, obtained from 
adult male Long-Evans rats made hy- 
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poxic by 17-hour exposure to 0.4 atm 
of air, was acidified to pH 5.0 and 
then quickly neutralized. This extract 
no longer evoked erythropoietic activity 
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Erythropoietin: Production by a Particulate 

Fraction of Rat Kidney 

Abstract. An erythropoietic factor was extracted with hypotonic phosphate 

buffer from the kidneys of hypoxic rats. Normal rat serum enhanced the activity 

of this factor, which is associated with the light mitochondrial fraction. The data 

suggest that the renal factor is not physiologically active unless it interacts with 

a serum carrier or activator, or that the factor may be an enzyme which produces 
erythropoietin from some serum substrate. 
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Table 1. Erythropoietic activity of extracts from kidneys of hypoxic and nonhypoxic rats. 
ESF, erythropoietin; NRS, normal rat serum; N.D., not detectable. 

ESF before NRS addition ESF after NRS addition 

Extract In incubation mixture Total In incubation mixture Total 
(units/ml) (units) (units/ml) (units) 

A. Two-step extract of hypoxic-rat kidneys 
Isotonic saline 0.02 2.60 0.02 2.60 
Hypotonic phosphate .06 8.40 .15 21.00 

B. Subcellular extracts of hypoxic-rat kidneys 
Sucrose supernatant 0.03 6.90 0.02 4.60 
Microsomes .05 2.50 .04 2.00 
Light mitochondria N.D. .08 4.00 
Heavy mitochondria 0.04 2.00 .03 1.50 

C. Subcellular extracts of nonhypoxic-rat kidneys 
Sucrose supernatant N.D. N.D. 
Microsomes N.D. N.D. 
Light mitochondria N.D. 0.03 1.50 
Heavy mitochondria N.D. N.D. 

Table 2. Factors influencing the erythropoietic-enhancing activity of light-mitochondrial 
extracts (LME) of kidneys from hypoxic rats. ESF, erythropoietin; N.D., not detectable. 

Light mitochondrial extract 
Normal rat Time ESF/ml LME 

Amount Treatment serum (ml) (min) (units) 
(ml) 

1.0 none 2.0 30 0.12 
0.1 none 2.0 30 1.80 

.1 none 2.0 120 0.50 

.1 none 2.0 240 .50 
1.0 none 1.0 30 .08 
1.0 heat 1.0 30 N.D. 
1.0 pH 5.0 1.0 30 N.D. 

when incubated with normal rat serum 
at pH 7.0. Similarly treated erythro- 
poietin obtained from whole plasma of 

hypoxic rats showed no significant loss 
in activity. In another experiment, a 

portion of the extract was heated to 
80?C for 5 minutes prior to incuba- 
tion with an equal volume of normal 
rat serum. When the mixture was incu- 
bated for 30 minutes no erythropoietic 
activity could be detected. Erythropoi- 
etically active plasma from hypoxic 
rats, diluted to an erythropoietin con- 
centration comparable to that produced 
during the incubation of light-mitochon- 
drial extracts, was similarly heat-treated 
and exhibited only a slight decrease in 

activity (from 0.1 to 0.07 unit/ml). The 
renal erythropoietic factor therefore 
does not have the acid and heat stability 
of erythropoietin derived from plasma 
(Table 2). The lability of the renal 
factor may be due in part to proteoly- 
tic enzymes in this extract. Many pro- 
teases are known to be most active at 
acid pH. 

Since cobalt is a stimulant of eryth- 
ropoiesis, the effect of this metal on 
the interaction of the renal factor with 
normal rat serum was investigated. The 
addition of 0.8 ,mole of CoCl2 to an 
incubation mixture made up of equal 
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volumes of light-mitochondrial extract 
in normal rat serum did not result 
in further increase in erythropoietic ac- 

tivity. 
The question as to whether the renal 

factor is an erythropoietin precursor 
or an erythropoietin-producing enzyme 
has not yet been resolved. Evidence 
does indicate the possible binding with 
serum protein of a highly purified prep- 
aration, derived from sheep plasma, 
known as step-4 erythropoietin (9). In 
one experiment, 2 units of step-4 eryth- 
ropoietin dissolved in 2 ml of isotonic 
saline were added to 4 ml of 10 per- 
cent trichloroacetic acid (TCA). The 
solution was allowed to stand for 15 
minutes and then was centrifuged (no 
precipitate appeared). The resulting so- 
lution (solution B) was then adjusted 
to pH 7.0 with 1M NaOH. Solution 
C differed in that 2 units of step-4 
erythropoietin were added to 2 ml of 
normal rat serum prior to the addition 
of TCA. In solution D, 4 ml of TCA 
were added to 2 ml of rat serum prior 
to the addition of 2 units of step-4 
erythropoietin. After the erythropoietin 
was added, the solution was centrifuged, 
and the supernatant was adjusted to 

pH 7.0. All solutions were dialyzed 
overnight against normal saline, after 

which their volumes were all adjusted 
to 10 ml with saline. One milliliter of 
each solution, including the untreated 
solution A, was administered intraperi- 
toneally to each mouse being tested. 
Purified erythropoietin was unaffected 
by TCA when no serum proteins were 
present. In the presence of such pro- 
teins, all erythropoietic activity was 
lost after the addition of TCA. Solu- 
tion D lost only 30 percent of its ac- 
tivity, which is not considered signifi- 
cant in view of the probable mechani- 
cal loss of erythropoietin on the floccu- 
lated serum proteins. It would appear 
that the step-4 erythropoietin is not be- 

ing precipitated by indiscriminate as- 
sociation with denatured serum proteins, 
but is bound strongly to some protein 
component of the serum only when 
this component is in the native state. 
Possibly such a component is function- 
ing as an erythropoietin carrier. 

Erythropoietin preparations of higher 
purity than step-4 have been shown to 
be highly unstable, and it has been 

suggested that purification strips away 
a protective protein shell surrounding 
the basic erythropoietin molecule (9). 
The renal erythropoietic factor present 
in the light-mitochondrial extract may 
represent the basic erythropoietin mole- 
cule before it has become associated 
with a protective and possibly activating 
serum protein. The possibility cannot 
be precluded at this time that the 
renal factor is an enzyme which pro- 
duces erythropoietin from some serum 
substrate. 
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