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ABSTRACT. This study was done to investigate aspects of
control of extrarenal erythropoietin (Ep) production. To this
end we studied the effects of three stimuli of renal Ep production
in the adult, i.e. hypoxia, cobalt, and activation of adehylate
cyclase on Ep generation by cultured fetal mouse liver cells. The
fetal liver was taken as a model for extrarenal Ep production
because this organ is considered the predominant site of extra-
renal Ep production. We found that Ep production by the cells
increased as the oxygen concentration was decreased in the
incubation atmosphere from 20% to 1%. Cobalt (1074-1075 m)

had no effect on Ep production. Activation of adenyldte cyclase
by forskolin (10~° M) or isoproterenol (1075 M) greatly enhanced
Ep production. These findings indicate that the Ep-stimulating
effect of cobalt is specific for the kidney. However, oxygen
depletion and activation of adenylate ¢yclase seem to be more
general stimuli in Ep-producing cells. Furthermore we found
that Ep production in hypoxia correlated with lactate formation
in the cultured liver cells. This finding suggests that Ep produc-
tion in fetal livers under hypoxic conditions parallels the shift
from aerobic to anaerobic cellular energy metabolism. (Endocri-
nology 118: 567-572, 1986)

RYTHROPOIETIN (Ep) is a growth factor known

to stimulate erythropoiesis. Ep has been demon-
strated in a variety of tissues including kidney (1), liver
(2), submandibulary glands (3), and macrophages (4).
Although the existence of Ep in an organ does not imply
production by the organ the liver is considered as the
primary site of Ep production during fetal life (5, 6).
After birth Ep production shifts to the kidney (7, 8), and
in the adult extrarenal Ep production accounts for less
than 15% of the total (9). There is considerable infor-
mation regarding the control of Ep production by the
adult kidney. In contrast, information regarding the reg-
ulation of extrarenal Ep production is limited, and it is
not clear whether extrarenal Ep production is activated
by the same stimuli as renal Ep production. Recently,
Zucali and Mirand (10) reported in a series of investiga-
tions that cultures of fetal mouse liver cells are capable
of producing Ep, and we have shown that renal cell
cultures are suitable for study of the mechanisms of Ep
production in the kidney (11). Thus, in the present
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studies, we employed cultures of fetal mouse livers to
investigate the effects of hypoxia, cobalt, and activation
of the adenylate cyclase by isoproterenol and forskolin
on hepatic Ep production. We found that hypoxia and
activation of the adenylate cyclase enhanced Ep forma-
tion whereas cobalt had no effect. Furthermore, we ob-
tained evidence that Ep production stimulated by hy-
poxia tends to parallel the increase in lactate production
which marks the shift of cellular energy metabolism from
aerobic to anaerobic pathways.

Materials and Methods
Cell cultures of fetal mouse livers

Fetal mouse liver cell cultures were established basically as
described by Zucali and Mirand (12). In brief, fetal livers were
obtained from NMRI-strain mice (Dr. Ivanovas, Kisslegg, West
Germany) at the 13th to 14th day of gestation. Livers were
aseptically removed from the fetuses and subsequently disag-
gregated in a single cell suspension by vigorous pipetting with
a Pasteur pipette. Cell debris was removed by washing the cell
suspension twice with culture medium (RPMI 1640, 100 U/ml
penicillin, 100 pg/mi streptomycin, 10% fetal bovine serum; all
agents were from Boehringer, Mannheim, West Germany).
Cells were seeded at a density of 1 X 10° nucleated cells/¢m?
into 75 cm? culture flasks (Greiner, West Germany) containing
10 ml culture medium. Cells were cultivated in incubators
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maintaining a humidified gas atmosphere 1:4:15 of carbon
dioxide-oxygen-nitrogen at 37 C, respectively. The first renewal
of the culture medium was done 1 day after seeding of the cells.
Most nonadherent cells were removed by this procedure. The
next refeeding of the cells was done 3 days later (day 4 of
culture).

Studies on the Ep production rate

Ep production rate studies of the cultures were done between
the fourth and seventh day of culture, using a culture medium
that contained 5% instead of 10% fetal bovine serum. For
determination of the effect of oxygen tension on the Ep pro-
duction rate, cultures were kept at either 20%, 10%, 5%, 2%,
or 1% oxygen for 3 days between the fourth and seventh day
of culture using O, controlled incubators (Heraeus, Hanau,
West Germany). The effects of cobalt, forskolin, and isoproter-
enol on Ep production were examined by adding aliquots of
freshly prepared stock solutions of cobaltous chloride (107 M),
forskolin (1072 M), and isoproterenol (10~ M) to the cultures
for 3 days and at 5% oxygen. pO, was determined in the gas
atmosphere in the incubator using a pO, electrode.

Ep activity

Ep activity in the culture medium was assayed with the
posthypoxic polycythemic mice assay for Ep exactly as de-
scribed (13). In brief, NMRI-strain female mice (25 g) were
made polycythemic by exposure to 0.42 atmosphere for 20 h/
day for 2 weeks. On the sixth and seventh posthypoxic days,
five to six mice per sample were injected sc with standard doses
of human urinary Ep (calibrated against the International
Standard Preparation B) or with the unknown samples. On the
eighth day, each mouse received 0.5 uCi **Fe-citrate (Amersham
Buchler, Braunschweig, West Germany). Forty-eight hours
later, the mice were bled by heart puncture and the percentage
of radioiron incorporation into the blood was determined. Ep
titers in the unknowns were calculated from log dose-log re-
sponse curves of the Ep standards. Figure 1 shows an averaged
dose response curve of seven different assays.

If not otherwise indicated, culture media from 3-day incu-
bations were assayed. Heretofore the supernatants of 30 (75
cm?) flasks (300 ml) were pooled and concentrated 60-fold by
ultrafiltration on Amicon YM-10 membranes. Each assay
* mouse received 2 X 0.5 ml 60-fold concentrated medium. Ep
activities of culture media shown in Results were corrected for
the Ep activity of pure culture medium which was determined
in each assay as a control. Sixty-fold concentrated control
medium caused an iron incorporation of 1.02 + 0.12% in five
different assays. From the double-logarithmic plotting of the
dose response curve for human standard Ep (Fig. 1) the mean
Ep activity of 60-fold concentrated control medium was calcu-
lated as 15 mU/ml.

Lactate concentrations

Lactate concentrations in the culture media were determined
with a commercial kit for L-lactate (Boehringer).
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Fi16. 1. Dose reponse curve for human standard Ep on ®Fe incorpo-
ration into the assay mice. Data are mean + SEM of seven different
assays.

Determination of intracellular cAMP levels

To determine intracellular cAMP levels, the culture medium
was substituted by prewarmed L-15 medium (Boehringer) with
or without forskolin (10~® M) or isoproterenol (10~° M), and the
culture dishes (7 cm?) were placed on a heater maintaining a
temperature of 37 C. Five minutes after addition the L-15
medium was withdrawn and the dishes were placed on an ice
block. After addition of 0.4 ml ice-cold buffer (containing 5 mMm
potassium phosphate, 0.2 mM EDTA, 0.5 mM 3-isobutyl-meth-
ylxanthine, and 150 mM KCl, pH 6.8) the cells were scraped
off with a teflon policeman. The obtained suspension was
sonicated, boiled for 5 min, and centrifugated. The superna-
tants were assayed for cAMP using a cAMP binding assay for
cAMP exactly as described (14).

Isoproterenol concentrations

Isoproterenol concentrations in the samples assayed for Ep
in the polycythemic mice were determined by HPLC. Protein
was precipitated by addition of perchloric acid (final concen-
tration, 0.1 M) to each sample. After centrifugation, aliquots of
the supernatants were analyzed on a prepacked column (Hy-
perchrome C 18, 5 um, Bischoff, Diiren, West Germany). The
solvent system for the isocratic elution was buffer-methanol =
93:7 (buffer: L-octylsulfonic acid, sodium salt, 12 mg/liter; citric
acid-monohydrate, 8 g/liter; Na,EDTA, 50 mg/liter; pH 4.0 in
water). The column was calibrated with isoproterenol dissolved
in 0.1 M perchloric acid.

Results
Effect of hypoxia on Ep formation of cultured fetal livers

Figure 2a shows the Ep production rate of the cultured
livers at different oxygen tensions in the incubation
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atmosphere. It is evident that the Ep production rate
increased as the pO, decreased in the incubation atmos-
phere from 120 to 7 torr. The Ep production rate at 7
torr was about 6-fold higher than that at 120 torr, The
oxygen dependent Ep production rate (y) can be de-
scribed as an inverse function of the pO, (x) as follows:
(y = 156/x + 4.2; r = 0.97).

Figure 2b shows the lactate formation rate of the
cultured livers at different oxygen tensions. It is obvious
that lactate production by the cultures also increased
with decreasing pO,. The oxygen dependence of lactate
formation (y) also can be described by the inverse func-
tion of pO, (y = 5424/x + 72; r = 0.94).

The effect of cobaltous chloride (10™* M and 107° M)
on Ep formation at 20% and 5% oxygen was examined
three times, but in no case could a stimulation of Ep
formation by cobalt be observed.

Effect of adenylate cyclase stimulation on Ep formation
by cultured fetal livers

Isoproterenol and forskolin are well documented stim-
ulators of adenylate cyclase (15). To ensure that these
agents also stimulate adenylate cyclase of cultured fetal
livers cells, we determined intracellular cAMP levels at
5 and 30 min after addition of isoproterenol and forskolin
to the cells. Table 1 shows that both isoproterenol (107°
M) and forskolin (107° M) caused significant increases in
intracellular cAMP levels. The effects of these agents on
Ep production by the cultures are shown in Fig. 3a. Both
agents enhanced Ep production by a factor of 7-8. As a
control we determined the effect of culture medium that
had been incubated with isoproterenol (10™° M) or for-
skolin (1075 M) for 3 days. These controls failed to
stimulate iron incorporation into the assay mice. Since

pC)2 (Torr) incubation atmosphere

TABLE 1. Intracellular cAMP levels after addition of isoproterenol
(1075 M) and forskolin (1075 M)

cAMP (pmol/dish)

0 5 min 30 min
Control 3.08 £ 0.35 3.28 +£0.20 2.95 + 0.31
Isoproterenol  3.08 + 0.35 6.46 £+ 0.03 24.37 £ 0.95
Forskolin 3.08+0.35 33.78+10.79  35.13 = 3.97

Data are mean + SEM of five experiments.

high concentrations of isoproterenol are known to en-
hance iron incorporation in mice (16), we determined the
isoproterenol concentrations in the medium samples by
HPLC. It turned out that the concentration of isoproter-
enol was lowered from 107°-10~" M after a 3-day incu-
bation period.

Figure 3b shows the lactate formation of the cultured
livers in the presence of isoproterenol or forskolin. It is
evident that the production of lactate was not stimulated
by isoproterenol or by forskolin.

Discussion

To determine whether the same stimuli of Ep produc-
tion in the adult kidney also are active in the fetal liver,
we investigated the effects of hypoxia, cobalt, and acti-
vation of adenylate cyclase on Ep production by culti-
vated fetal mouse liver cells. We found that the produc-
tion of Ep by the cultured fetal livers was increased by
lowering the oxygen tension in the incubation atmos-
phere. This finding is in agreement with the results of a
study by Zucali (17) who reported a 2-fold increase in Ep
production by fetal mouse liver cultures, when the oxygen
concentration in the incubator was lowered from 19% to
13%. Note that we found a more significant stimulation
of Ep production at much lower oxygen concentrations
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(Fig. 2a). Our results also are in agreement with earlier
in vivo studies of Zanjani et al. (18) showing that the
plasma Ep concentration in fetal blood is elevated during
hypoxia. Philipps et al. (19) also found a dependence of
plasma Ep concentrations on the oxygen content in the
blood in in vivo experiments. It can be concluded, there-
fore, that the oxygen sensing mechanism which leads to
an increased Ep production in fetal liver is not disturbed
by cultivation of the cells. Our results furthermore show
that the lactate production rate of the cultured liver had
a very similar oxygen dependence as the Ep production
rate (Fig. 2). If one accepts lactate production as an index
for the shift of the cellular energy metabolism from the
aerobic to the anaerobic pathway, one can conclude from
this result that Ep production in the fetal liver tends to
parallel the shift of the energy metabolism into the
anaerobic pathway. Interestingly we found the same
relationship between lactate and Ep production in cul-
tures of renal mesangial cells (unpublished results). A
comparison of the oxygen dependencies of Ep production
in cultured fetal liver and cultured mesangial cells sug-
gests that the oxygen sensors of both tissues have similar
sensitivity under cell culture conditions (Fig. 4).

In contrast to its effect on the kidney, cobalt had no
effect on Ep production by cultured liver cells. Since the
mechanism by which cobalt enhances Ep production in
the kidney is not well understood, we cannot conclude
from our finding which specific pathway of stimulating
Ep formation is lacking in the fetal liver.

Prostaglandins (20) and 3-adrenergic agonists (16) are
potent stimulators of renal Ep production. Since these
agents are considered to act mainly by activating ade-
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F1G. 4. Comparison of oxygen dependencies of Ep production rates
between cultured renal mesangial cells and cultured fetal mouse liver
cells. Ep production is given as percent of control. Ep production at a
pO; of 120 torr was taken as 100% of control. The data for mesangial
cells have been taken from Ref. 11 and that for fetal livers from Fig.
la. The dashed line is the regression curve (y = 4017/x + 96; r = 0.97).

nylate cyclase (23), we investigated the effects of the
adenylate cyclase activators isoproterenol and forskolin
on Ep production in the cultured fetal livers cells. Both
agents enhanced cAMP levels and Ep production by the
cells. It might be argued that erythropoietic activity of
these culture media could have resulted from the agents
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being carried over into the assay mice rather than by Ep
itself; isoproterenol can indeed enhance radioiron incor-
poration in the mouse (16). However, control media
containing isoproterenol or forskolin failed to stimulate
iron incorporation. Furthermore we determined the iso-
proterenol concentrations in the samples by HPLC be-
fore assay of Ep and found that the samples contained
less than (10~7 M) isoproterenol. We calculated that one
assay mouse received less than 0.5 ug isoproterenol/day
and kg body weight. Thus a small dose of isoproterenol
cannot account for the measured Ep activity of about
360 mU/ml (16). The lowered concentration of isopro-
terenol after 3 days of culture is not unexpected in view
of the short half-lifetime of isoproterenol in the presence
of oxygen and nonacid pH values (22). Our results,
therefore, further support the idea that activation of
adenylate cyclase enhances Ep production in Ep-gener-
ating fetal liver cells. It is unlikely, also, that isoproter-
enol exerted its effect on Ep production by increasing
the cellular oxygen consumption causing intracellular
hypoxia (23). We found that isoproterenol did not stim-
ulate lactate formation by the cultured livers.

The question arises whether the mechanism(s) by
which hypoxia and activation of adenylate cyclase stim-
ulate Ep synthesis are related. In cultures of mesangial
cells we had obtained evidence that activation of adenyl-
ate cyclase mediates the effect of hypoxia on Ep forma-
tion (24). Adenylate cyclase in these cells probably was
activated by prostaglandin E,, for which an increased
synthesis during hypoxia was found (24). Preliminary
studies suggest that prostaglandins may be involved in
the stimulation by hypoxia of Ep production in fetal liver
cells. When the prostaglandin synthase inhibitor indo-
methacin (107° M) was added to cultured fetal livers, Ep
formation was abolished even in presence of an incubator
oxygen tension of 7 torr (unpublished observation). We
reported a similar observation in cultured mesangial cells
(24). It seems likely, therefore, that hypoxia stimulates
Ep production in the kidney and in the fetal liver by
enhancing the production of certain prostaglandins.

Finally we may consider the type of cell that could be
responsible for the production of erythropoietin in liver
cultures. Carbon particle ingestion studies (25, 26) and
immunofluorescent studies (8, 27) have localized the site
of hepatic Ep production to the Kupffer cells. More
recently Paul et al. (27) clearly demonstrated that iso-
lated rat Kupffer cells are capable of secreting Ep. There-
fore, we determined the percentage of Kupffer cells in
the present cultures, using their capability of phagocy-
tosing latex beads. We found that primary cultures of
fetal mouse liver cells regularly contained about 30% of
latex phagocytosing cells between 4 and 7 days of culture.
By a simple trypsination procedure we obtained subcul-
tures containing about 90% Kupffer cells. The culture

media of these cells were repeatedly assayed for Ep
activity in the polycythemic mouse assay, and in no
instance was significant Ep activity detected. The culture
density of Kupffer cells in these subcultures, however,
was only one-fifth of that of the primary cultures. Con-
sidering the rather high detection limit for Ep of the
polycythemic mouse assay it was not clear whether fetal
Kupffer cells in cultures were incapable of Ep production,
or whether Ep activity in the culture media of the Kupf-
fer cells was low because of the low cellular density. The
results of the study by Paul et al. (28), clearly support
the second explanation.
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