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Although it is now accepted that the kidney
is the chief site of production or activation
of erythropoietin (Ep) (1-8), the mecha-
nisms underlying its formation have only re-
cently come under close scrutiny. In 1966
(4, 5), our laboratory reported on the ex-
traction of a principle from the “light-
mitochondrial” fraction of hypoxic rat kid-
neys which, although not erythropoietically
active when administered alone, engendered
the production of Ep when incubated in
vitro with normal rat serum (NRS) (6).
This principle has been termed the renal
erythropoietic factor (REF) or more recently
erythrogenin (7).

Attention has been given recently to the
phenomenon of extrarenal production of Ep
(8). The Ep response to hypoxia in adult
nephrectomized rats has been estimated to
be approximately 109 that exhibited by un-
operated controls (9). A recent finding of
significance relates to the fact that the Ep
response to hypoxia in nephrectomized rats
decreases with increasing times elapsing be-
tween renal ablation and exposure to hypoxia
(equivalent to 0.45 atm of air) (10, 11). In
view of findings that more severe degrees
of hypoxia evoke higher levels of plasma Ep
in nephrectomized rats than lower intensities
(12, 13) and since injections of erythrogenin
maintain plasma Ep levels in hypoxic neph-
rectomized rats (13), the possibility was
tested that the liver, implicated as an extra-
renal source of Ep (14-16), might respond
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to severe hypoxia by producing erythrogenin.
The possible existence of erythrogenin in the
spleens of these animals was also examined.
Finally, the levels of erythrogenin were as-
certained in the kidneys, livers and spleens
of unoperated rats subjected to a similar in-
tensity and duration of hypoxia.

Materials and Methods. Young male rats
(Long-Evans strain, 4-5 wk of age weighing
130-160 g) were bilaterally nephrectomized
and allowed to recover from surgery for 1
hr. Following the recovery period, the ani-
mals were exposed to hypoxia (0.35 atm of
air} for 6 hr. Upon termination of the
hypoxic period, the animals were immediately
decapitated, exsanguinated, and the livers and
spleens were removed and immersed in cold
0.25 M sucrose. From this point on, all pro-
cedures were carried out in the cold (4°).
The livers and spleens (and kidneys in con-
trols) were minced in cold 0.25 M sucrose
which was discarded and replaced by fresh
sucrose in a volume of 10 times the original
wet weight of each tissue. The tissues were
homogenized and centrifuged according to
the scheme of Gordon and Zanjani (17) with
a modification which eliminated the final
centrifugation step after the freeze-thaw
procedure. The final pellet was resuspended
in distilled water and frozen until assayed.
On the day of assay 6 ml of the “light-
mitochondrial” extract from each tissue were
incubated with 6 ml of saline or NRS. Be-
fore use, serum was dialyzed against Na
ethylenediaminetetraacetate (EDTA) for 24
hr and then against deionized water for 48
hr. This dialysis procedure prevents the
operation of a cation-dependent Ep-inactivat-
ing system present in the incubation mixture
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(18). All dialysis procedures were carried out
at 4°. The incubations were conducted for
60 min at 37°. Assay of the incubation mix-
tures for Ep were carried out in the ex-hypoxic
polycythemic mouse (19). Each mouse (5
mice/group) received an ip injection of 2 ml
of extract derived from 0.5 to 0.6 g start-
ing wet tissue on the third day posthypoxia;
0.5 nCi of 5%Fe (ferrous citrate) was admini-
stered intravenously on the fifth day and
the percentage RBC-5°Fe incorporation values
determined on Day 7. The p values were esti-
mated from the distribution of Fisher’s ¢
(20).

Results. It will be noted from Table I
that considerable erythropoiesis-stimulating
activity was generated upon incubation of
NRS with the extracts of the light-mitochon-
drial fractions (erythrogenin) of both livers
and spleens of young nephrectomized male
rats subjected to severe hypoxia. That
erythrogenin was actually being estimated
in these organs was indicated by the fact
that the incubation mixtures of serum and
organ extracts from the hypoxic nephrec-
tomized rats generated significantly higher
(p < 0.05) erythropoietic activity than the
relatively inactive saline-organ extract in-
cubation mixtures. It is of interest that the
erythropoiesis-stimulating activity of the
liver and spleen extracts from hypoxic
nephrectomized rats was not significantly
different (p > 0.05) from that of kidneys
from unoperated hypoxic rats (Table I)
when each was incubated with NRS.

Table I also indicates that the liver and
spleen extracts of intact hypoxic rats also
evoked detectable erythropoiesis-stimulating
effects when incubated with NRS. However,
this activity was significantly lower (p <
0.05) than that of the liver and spleen ex-
tract-NRS incubation mixtures from anephric
hypoxic rats and the kidney extract-NRS
incubation mixtures from intact hypoxic rats.

Discussion. The results of the present study
indicate clearly that both the liver and spleen
are implicated in extrarenal production of
Ep. Thus subjection of young nephrectomized
rats to severe hypoxia results in the appear-
ance of highly significant quantities of
erythrogenin in the light-mitochondrial ex-

TABLE 1. Mean (= SEM) Erythrogenin (Eg) Values in Livers and Spleens of Hypoxic Rats.®

Ep standard (IRP units)

Kidney Eg 4:

Spleen Eg +-:

Liver Eg 4 :

0.05 0.20

Saline NRS Saline NRS

NRS?

Saline

Procedure

NRS alone

1.41
+0.40

16.81

3.35
=+0.82

10.98

42
+0.75

2.

8.30
+1.61

1.81
+0.49

1. Nephrect. - 0.35°

4.27

1.31
4.11
0.46

*=

atm (6 hr)

9.11
+1.63

1.63
+0.29

1.36
=+0.29

3.30
-+0.68

1.29
+0.49

2. Unoper. controls®

=+

+ 0.35 atm (6 hr)

¢ Measured as quantity of Ep generated (% *Fe Ine.) in the exhypoxic polyecythemic mousc assay. Values based on 4 separate experiments run

at 4 different times.

® Normal rat serum,

° Fifteen rats per group.
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tracts of these organs. The necessity for
utilizing severe hypoxia to stimulate sustained
production of Ep in anephric rats (12, 13)
suggests that the oxygen sensor mechanism
for extrarenal ervthrogenin and Ep produc-
tion is less sensitive to oxygen deficiency
than is the renal site(s). These heightened
levels of erythrogenin most likely account
for ability of the renoprival rat to maintain
a significant Ep response tointense hypoxia
(13).

The voung rat was selected for these
studies because of previous reports that
nephrectomized rats in this age and body
weight range more effectively maintain their
plasma Ep levels in response to oxygen de-
ficiency than do adult animals (11). This is
in accord with findings that young rats
possess more potent extrarenal sources of
Ep than do adults (21). Further support
for this contention is seen from the present
results which indicate that hypoxia also in-
duces a slight increase in the erythrogenin
content of livers and spleens of young non-
nephrectomized rats. However, the erythro-
genin elevation in these 2 organs is not as
great as that noted in the nephrectomized
rat thus suggesting that renal ablation serves
as a stimulus for extrarenal production of
this factor in response to hypoxia.

The precise tissues within the liver and
spleen that serve as extrarenal sites of
erythrogenin production remain conjectural.
Since both organs represent rich loci of
reticuloendothelial cells, it is possible that
this system constitutes the extrarenal source.
Experiments testing the effects of reticulo-
endothelial stimulants and depressants on
renal and extrarenal production of erythro-
genin and Ep are in progress.

Summary. Exposure of young nephrecto-
mized male rats to severe hypoxia results in
the appearance of highly significant quantities
of erythrogenin in the liver and spleen. The
amounts evoked in these 2 organs are greater
than in the livers and spleens, and approxi-
mately equal to those in the kidneys of
young male non-nephrectomized rats exposed
to a similar degree of hypoxia. This indicates
that nephrectomy serves to potentiate extra-
renal erythrogenin production in response to
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hypoxia. The results also suggest that similar
biosynthetic pathways operate in renal and
extrarenal production of Ep.
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