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Summary. The kidney is the main site of erythro-
poietin (EPO) formation. Oxygen sensing in the
kidney itself plays a major role in the control of
EPO synthesis. By in situ hybridization it has been
established that the EPO-producing cells are situ-
ated in the interstitium of the cortical labyrinth,
but they have not been precisely identified. Mor-
phological findings provide new insights into the
location and mechanism of oxygen sensing in the
kidney. In addition to causing an increase in the
number of cells containing EPO messenger RNA,
anemia provokes structural changes exclusively in
the cortical labyrinth. Specifically, the fibroblasts
become enlarged and show increased activity of
5'-nucleotidase, and the S1 segment of the proxi-
mal tubule shows similar alterations as in various
models of hypoxia. Thus, structures that are situ-
ated in the close vicinity of the EPO-producing
cells appear to be sensitive to decreased oxygen
delivery.

Key words: Erythropoietin — Kidney — Anemia —
Oxygen — Proximal tubule — Endothelium — Fibro-
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The kidney, aside from its roles in waste excretion
and water and electrolyte homeostasis, carries re-
sponsibility for tissue oxygenation since it is, at
least in adult life, the main site of erythropoietin
(EPO) formation. EPO is a glycoprotein hormone

* Preprint of a lecture to be read at the 22nd Congress of
the “Gesellschaft fiir Nephrologic”, Heidelberg, September 15—
18, 1991 (Editor: Prof. Dr. E. Ritz, Heidelberg)

Abbreviations: EPO =erythropoietin; MHC IT=major histo-
compatibility class IT antigen; PAS=Period-acid-Schiff reac-
tion; S1=first segment of proximal tubule; S2=second seg-
ment of proximal tubule

consisting of a polypeptide chain of 165 amino-
acids and one O-linked and three N-linked carbo-
hydrate chains [23, 24]. It induces proliferation and
differentiation of late erythroid precursors and
thereby determines the rate of red cell formation
[7]. EPO plasma concentrations are determined
mainly by the rate of EPO production in the kid-
neys, which in turn is negatively controlled by oxy-
gen delivery to the kidneys. Renal EPO formation
is therefore an essential part of a negative feedback
loop guaranteeing normal tissue oxygenation
(Fig. 1). Thus, renal EPO production, and in con-
sequence plasma EPO levels, are elevated during
anemia (Fig. 2), arterial hypoxia, and increased ox-
ygen affinity of hemoglobin, and they are reduced
during polycythemia [3]. Circumstantial evidence,
moreover, suggests that it is the renal interstitial
oxygen pressure (PO,) that governs EPO produc-
tion in the kidney. The mechanism by which renal
EPO formation is adapted to oxygen delivery and
local PO, is only poorly understood. In the follow-
ing we will consider structural and functional rela-
tionships within the kidney that could be of impor-
tance for the oxygen-dependent regulation of EPO
production.

Structural Aspects of EPO Formation

Topography

Attempts to identify the site of erythropoietin for-
mation in the kidney have been made using both
immunohistochemistry and in situ hybridization.
The first method failed to reveal the EPO-produc-
ing cells because newly synthetized EPO is released
into the circulation without being stored intracellu-
larly. Thus, information about the location of EPO
production within the kidney is confined to the
results of in situ hybridization experiments which
aimed to localize EPO messenger RNA (mRNA)
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Fig. 1. Schematic representation of the feedback
loop between tissue oxygenation and the
plasma EPO production of erythropoietin
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Fig. 2. Relationship between the hematocrit and the concentra-
tion of erythropoietin in serum in control rats and in anemic
rats

at the cellular level. In control animals hybridiza-
tion signals are found primarily in the deep region
close to the cortico-medullary border [13]. The in-
crease in the rate of EPO production in anemia
is brought about not through increased synthesis
by a constant cell population, but through recruit-
ment of cells that show no synthesis under control
conditions (Fig. 3). When production is maximally
stimulated by profound anemia, EPO-mRNA-pos-
itive cells are homogeneously distributed through-

Fig. 3. Relationship between the hematocrit and the density
of erythropoietin-mRNA positive cells detected by in situ hy-
bridization in sections of the renal cortex of mice

out the cortical labyrinth, the region including the
glomeruli and the large vessels (Fig. 4).

Histology

Although capillary endothelial cells have been con-
sidered the most likely EPO producers [12, 18],
the EPO-mRNA-positive cells have not yet been
identified. However, it is clear that they are present
in a space that excludes glomeruli, tubules, and
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Fig. 4a, b. Topography of the production of erythropoietin in the rat kidney. Left: The cortical labyrinth is well visualized
using an enzyme histochemical technique for §-nucleotidase, with the strong reaction seen as black deposits in the proximal
convoluted tubule and in the fibroblasts. Right: In situ hybridization of erythropoietin-mRNA in the kidney of an anemic rat.
The comparison of the two micrographs shows that hybridization took place in the cortical labyrinth (delimited with a dotted
line), but not in the medullary rays or in the outer medulla. A ~62x, B~95 x

large vessels (Fig. 5). The cellular constituents of
that space have been described in a recent review
[21]. They belong to four groups: the endothelia
of the peritubular capillaries, the endothelia of the
lymphatics, the resident interstitial cells, and the
bone marrow-derived interstitial cells. The bone
marrow-derived cells, which are found throughout
the kidney, have in common antigens of the major
histocompatibility complex (MHC) II class [1], but
they are very heteromorphic. The variety of shapes
of these cells could reflect the existence of distinct
cell types; accordingly, the round cells and those
with cytoplasmic processes have been termed mac-
rophages (or mononuclear cells) and dendritic
cells, respectively [21]. Alternatively, one might be
dealing with macrophages in the round, nonacti-
vated state and in the stellate, activated state
(monocytes and histiocytes, respectively, in the ear-
lier literature). The resident interstitial cells consti-

tute a morphologically homogeneous cell popula-
tion in the cortex and the outer medulla, where
they are identified by light microscopy on account
of their extended cytoplasmic processes, their large
size compared with the bone marrow-derived cells,
the lack of MHC II antigens (unpublished observa-
tion), and, in the cortical labyrinth, the presence
of the membrane enzyme ecto-5'-nucleotidase [5,
19]. They have been termed fibrocytes, fibroblast-
like cells, or fibroblasts.

An interstitial location of EPO formation is fur-
ther supported by examination of kidneys of rats
that had developed an autoimmunity against EPO
[17]. Extensive deposits of immunoglobulins were
found in the extracellular matrix of the interstitium
of the cortical labyrinth (Fig. 6). They might repre-
sent immune complexes that were produced when
newly secreted EPO reacted with circulating anti-
EPO autoantibodies.
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Fig. 5. Localization of erythropoietin producing cells in the mouse kidney. A Hemotoxilin and eosin stained in situ autoradiogram
demonstrating the localization of EPO-producing cells in the murine renal cortex. All cells overlaid with silver grains are in
the interstitium between tubules [12, 13]. Bar=20 um. B. Higher magnification photomicrograph of an area in A after destaining
the section with acid alcohol, removal of the silver grains from the emulsion and restaining the section using the PAS reaction
[12]. The arrow points to the same cell indicated by the arrow in A. The brush borders and basement membranes of the proximal
tubules are stained in pink. Note that the EPO-producing cell lies outside the basement membranes of the proximal tubules

surrounding it. Bar=10 pm

Structural Changes in the Kidney in Response
to Anemia

Anemia, whether induced by autoimmunity
against erythropoietin or by hemolysis, provoked
notable histologic alterations in the rat kidney
[published in part: 17, 20]. In the autoimmune
model observations were made 4 weeks after im-
munization with large doses of human erythropoie-
tin, when the hematocrit values ranged from 16%
to 28%. In the hemolytic model the rats were sacri-
fied 5-7 days after irradiation and injection of
phenylhydrazine, and the hematocrit values ranged
between 8% and 15%. No changes were observed
in the glomeruli or in the large vessels in either
model.

In the nephron the proximal convoluted tubule
showed the most evident morphological effects of
anemia. The alterations were distributed irregular-
ly across the cortical labyrinth and affected mainly
the S1 segment. The damage was most striking
at the brush border. The microvilli became sparser
or disappeared completely from extended areas of
the apical cell pole. Often the cytoplasm was con-
densed and vacuolized and contained a few large
lipid droplets. Desquamation of the epithelium was
seen occasionally. The straight part of the proximal

tubule, which is localized in the medullary rays
and in the outer stripe of the medulla, was not
affected.

The fibroblasts of anemic animals often con-
tained lipid droplets in the cortex and in the outer
medulia. In the cortical labyrinth, but not in the
medullary rays or in the medulla, the fibroblasts
showed further alterations [17, 20]. They appeared
enlarged, and their cytoplasmic processes became
more numerous. The activity of the membrane en-
zyme S-nucleotidase was strongly increased
(Fig. 7).

The MHC II-positive cells were not investigated
in the autoimmune model of anemia. In the hemo-
lytic model (irradiation followed by injection of
the hemolytic drug phenylhydrazine), they de-
creased dramatically in number (unpublished re-
sults). This was probably due to irradiation, be-
cause irradiated controls that did not receive phen-
ylhydrazine showed the same effect. Depletion of
MHC Il-positive cells in the kidney after irradia-
tion has been reported by others [1]. We did not
detect morphological alterations in the MHC II-
positive cells in anemia. The intensity of the label-
ing with anti-MHC II antibody in single cells was
the same as that seen in control animals (unpub-
lished results).
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Implications Concerning the Oxygen Sensor

Is the Kidney an Appropriate Site for Oxygen
Sensing ?

The feedback control of erythropoiesis via EPO
requires the translation of changes in blood oxygen
content into specific signals that regulate EPO for-
mation, a process commonly referred to as ““oxy-
gen sensing”’. Thus, renal production of EPO ap-
pears to be under the primary control of an oxygen
sensor that is located in the kidney itself, although

rat EPO (mU/ml)

Fig. 6. Interstitial immune deposits in an
autoimmune model of anemia. Rats were
immunized by injection of human recombinant
erythropoietin. By using a fluorescein-labeled goat
anti-rat IgG antibody, rat immunoglobulins were
detected in the peritubular interstitium (arrows).
Left: Rat that did not develop autoimmunity and
maintained a normal hematocrit. Right: Rat that
produced antibodies to its own erythropoietin and
therefore became anemic. Cross-reaction was
tested with a radioimmunoassay (inserts at the top
of the micrographs). ~ 750 x

modulation by extrarenal factors may also contrib-
ute. At first glance, this hardly seems compatible
with the apparently luxurious supply of oxygen
to the kidney. The blood supply to this organ is
very high, and the fractional extraction of oxygen
amounts to only about 8%. However, direct mea-
surements of PO, in the renal cortex yielded sur-
prisingly low values [28]. Even the PO, of the glo-
merular effluent, which was measured at the renal
surface, was far below the value in the renal vein
[28]. These results suggest an arterio-venous oxy-
gen shunt. A diffusion exchange of gases between
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Fig. 7a, b. Localization of 5'-nucleotidase in the cortical laby-
rinth of a control rat (A) and of an anemic rat (B). The indirect
immunofluorescence technique was performed using a poly-
clonal anti-rat 5'-nucleotidase antiserum. Anemia provokes en-
largement of the fibroblasts (arrows) and an increase in their
content of 5’-nucleotidase. ~900 x

arteries and veins could be possible on the basis
of the intimate association of the arterial and ve-
nous trees from the entry at the renal hilus up
to the surface of the cortex [16]. The well-known

susceptibility of the kidney to hypoxic insults [2,
29], as exemplified above by the damage to the
proximal tubule in anemic rats, constitutes a fur-
ther indication that the high oxygen content in the
renal vein gives a false respresentation of the oxy-
gen supply to the parenchyma. Considering the de-
pendency of renal function on oxidative metabo-
lism [14], the capacity of the kidney to play the
role of oxygen sensor for the regulation of produc-
tion of EPO is not surprising.

Role of the Proximal Tubule in Oxygen Sensing

Since the oxygen sensor responsible for the regula-
tion of EPO formation apparently senses the oxy-
gen content of blood, it must involve an oxygen-
consuming element. The main determinant of oxy-
gen consumption in the kidney is the tubular reab-
sorption of sodium [14]. In order to identify the
tubular segment, the oxygen consumption of which
might be involved in “oxygen-sensing” mecha-
nisms, site-specific diuretics were used to reduce
the oxygen demand in the successive parts of the
nephron [4] (Fig. 8). Substances that inhibit trans-
port in the thick ascending limb, the distal convo-
luted tubule, and the collecting system did not in-
fluence the production of EPO. Participation of
those segments in oxygen sensing is therefore not
very likely. By exclusion one could infer that it
is the oxygen consumption of the proximal tubule
that is essential for the oxygen-dependent control
of EPO production. This conclusion is supported
by the findings that the carboanhydrase inhibitor
acetazolamide, which preferentially inhibits proxi-
mal tubular sodium reabsorption, also attenuates
hypoxia-induced EPO formation, and that the re-
nal cells containing EPO mRNA are in close prox-
imity to the proximal tubules [13].

Compared to other structures of the nephron,
and also to other tissues, the proximal tubule seems
to be particularly adequate to play the role of oxy-
gen-consuming structure in ““ oxygen sensing”’. The
transport work, and hence the energy consump-
tion, of the proximal tubule is quite constant under
physiological conditions, and it relies almost com-
pletely on oxygen metabolism for energy produc-
tion [11, 25].

The role of the proximal tubule in oxygen sens-
ing might be merely to consume oxygen, and there-
by to convert a change of blood oxygen content
into a change of local PO,. It might also be to
generate, in response to changes in oxygen supply,
specific signals that would affect the EPO-produc-
ing cells. In the first case PO, would be directly
sensed by the EPO-producing cells. The produc-
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tion of EPO by a hepatoma cell line in tissue cul-
ture in responses to changes of PO, shows that
a mechanism for direct oxygen sensing [6] actually
exists, but there is no evidence that it operates in
vivo in the kidney. The second possibility could
be described as indirect oxygen sensing because the
sensing of PO, would not take place in the EPO-
producing cells but in the proximal tubule. The
damages provoked by ischemia, hypoperfusion,
and anemia in the proximal tubule indicate that
the functioning of that segment is indeed markedly
sensitive to oxygen delivery [22, 29]. This might
be a consequence of the very low rate of glycolysis
in the proximal tubule in comparison with other
parts of the nephron [11, 25]. A hypothetical signal
released by the proximal tubule in response to an
oxygen deficit would have direct access to the
EPO-producing cells, the majority of which are lo-
cated in close proximity to this segment [13]. The
nature of such a signal and of its transduction
pathway are as yet purely speculative. Neverthe-
less, it should be noted that in isolated rat kidneys
neither stimulation of cyclic AMP and cyclic GMP
formation nor application of adenosine repro-
duced the effect of lowering PO, on EPO release
{27].

Might the Topographic Heterogeneity in EPO
Production Represent Heterogeneity in Oxygen
Sensing ?

The topographical heterogeneity of EPO produc-
tion in the renal cortex, as revealed by in situ hy-
bridization, might reflect differences in the capaci-
ty for oxygen sensing among different cortical re-
gions. In normal animals renal EPO formation is
found mainly in the deep cortex [13] — more pre-
cisely, in the area of the juxtamedullary glomeruli
at the tips of the pyramids of the cortical labyrinth.

collecting duct

Fig. 8. Schematic representation of the effect of
diuretics on the reabsorption of sodium in specific
segments of the nephron and on the production of
erythropoietin. Adapted from Fig. 4

This might be due to a relatively poor delivery
of oxygen to that region. Instead of giving rise
to an extensive capillary network in the neighbor-
ing region, as in the remainder of the cortex, the
efferent arterioles of juxtamedullary glomeruli de-
scend into the medulla. Therefore, the deep regions
of the cortical labyrinth rely on a fraction of the
postglomerular circulation of the midcortical glo-
meruli for oxygen supply [16]. This specific ar-
rangement might result in a lower oxygen delivery
in that region than in more superficial parts of
the cortex. Oxygen extraction is not likely to be
correspondingly lower, but rather higher, in the
environment of the deep glomeruli than in the re-
mainder of the cortex. Indeed, the gomerular filtra-
tion rate, and hence the reabsorptive work, is high-
est in the deep nephrons [8].

Under conditions of maximal triggering of EPO
formation by severe anemia, in situ hybridization
reveals a homogeneous distribution of EPO-
mRNA-positive cells in the entire cortical laby-
rinth, whereas hybridization is rarely detected in
the medullary rays (Fig. 4). The quasi-exclusive lo-
calization of EPO mRNA in the cortical labyrinth
might be due to a higher sensitivity to alterations
of blood oxygen content in that region than in
the medullary rays. This proposal is supported by
the following considerations. The damage to the
proximal tubule during anemia is restricted to the
convoluted part, which is confined to the cortical
labyrinth. This can hardly be explained by intrisic
differences in sensitivity to hypoxia among differ-
ent parts of the proximal tubule, since in both isch-
emia and hypovolemic hypotension the straight
part has been found to be at least as sensitive as
the convoluted part [2, 29]. In these two pathologi-
cal conditions, in contrast with anemia, the trans-
port work of the kidney is interrupted or strongly
decreased. It is thus possible that the exclusive
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damage to the convoluted part in anemia reflects
a higher rate of extraction of oxygen due to higher
rates of active transport than in the straight part.
Indeed, the activity of the Na-K-ATPase [10, 26]
and the density of basolateral membranes and of
mitochondria [16] vary markedly along the proxi-
mal tubule, suggesting large differences in active
transport. These parameters are highest in the S1
segment, which is found exclusively in the laby-
rinth. They are intermediate in the S2 segment,
which is found in the labyrinth and in the periphery
of the medullary rays, and lowest in the S3 seg-
ment, which constitutes most of the straight part
of the proximal tubule in the core of the medullary
rays. This suggests a much higher consumption of
oxygen by the proximal tubule in the cortical laby-
rinth than in the medullary rays. The dense pack-
ing of mitochondria at the basal half of the proxi-
mal tubular cells in S1, and to a lesser extent in
S2, would be favorable to the establishment of a
diffusion barrier to oxygen, which in turn might
create zones of low PO, within these cells [9].

Implications Concerning the EPO-Producing Cell

As indicated above, the distribution pattern of the
EPO mRNA revealed by in situ hybridization in
kidney sections limits the search for the EPO-pro-
ducing cell type to four populations: fibroblasts,
MHC 1I-positive cells, and the endothelia of lymph
capillaries and blood capiilaries. Lymph capillaries
are found only in the periarterial tissue layers in
the cortex [15]. This does not seem to correspond
to the distribution of the EPO-mRNA-positive
cells determined by in situ hybridization [12, 17,
18].

The production of EPO can hardly be ascribed
to the MHC II-positive cells, because the hemolytic
model of anemia yielded the highest levels of EPO
measured in rats (Fig. 2), while in that model the
population of MHC Il-positive cells was severely
depleted as a consequence of irradiation (unpub-
lished results). One could imagine that a decrease
in the number of EPO-producing cells could be
compensated for by an increase in the rate of pro-
duction of EPO per cell. This is unlikely on the
basis of observations by Koury et al. {13]. They
found that the rate of EPO production is propor-
tional to the number of producing cells (Fig. 3),
as determined by in situ hybridization, and that
the density of silver grains on positive cells is inde-
pendent of the overall rate of production.

The fibroblasts appear to be better candidates.
They constitute the main cell type in the peritubu-

lar space (Fig. 7) where the EPO-producing cells
have been located [12, 18]. They obviously react
to anemia, showing morphological changes as well
as stimulation of the membrane enzyme 5'-nucleo-
tidase (Fig. 7). These alterations are much more
evident in the cortical labyrinth, the site of EPO
production, than in the medullary rays [20]. The
activity of 5'-nucleotidase in the fibroblasts in nor-
mal rats is highest at the tip of the pyramids of
the cortical labyrinth, close to the medulla. In ane-
mic rats the activity is homogeneously distributed
across the cortical labyrinth. These patterns, under
control conditions as well as in anemia, correspond
to the patterns of distribution of EPO-producing
cells. This congruence might be due to one and
the same signal controlling both the activity of the
5-nucleotidase and the production of EPO. The
fact that EPO production is regulated by an on/off
switch would explain why the changes in the distri-
bution of the signal for EPO mRNA with in situ
hybridization is much more evident than the modi-
fications of the gradient of 5'-nucleotidase between
deep regions and the surface of the cortex.

A subpopulation of capillary endothelial cells
was considered the most likely site of EPO produc-
tion by those who carried out the first studies using
in situ hybridization [12, 18]. The localization of
EPO-mRNA-positive cells is compatible with that
proposal, but this is also true for the fibroblasts.
No morphological effects of anemia in the renal
capillary endothelium have been reported so far.
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