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Abstract Erythropoietin (Epo) is a glycoprotein secreted by kidney cells which plays an important role in the
regulation of erythropoiesis. Localization of the Epo production by immunohistochemical studies and in situ hybridiza-
tion has not been definitively established and is still a matter of controversy. Epo and glyceraldehyde 3-dehydrogenase
(GAPDH) mRNA levels were determined in total RNA isolated from control and CoCl,-treated rats using a coupled
reverse transcriptase/polymerase chain reaction method (RT/PCR). As indicated by the amount of amplification
product, Epo mRNA levels were several-fold higher in CoCl,-treated rat kidney. In contrast, GAPDH mRNA levels were
similar in control and CoCl,-treated rats. This RT/PCR method was also used to assess the level of Epo and GAPDH
mRNA in microdissected nephron segments. All nephron segments tested lacked any detectable levels of Epo mRNA in
either control or CoCl,-treated rats. On the other hand, peritubular cells (capillary fraction: afferent/efferent arteriole,
vasa recta) were the only cells where the Epo mRNA was detected. Using a specific primer for GAPDH, the RT/PCR
method could identify GAPDH mRNA in all microdissected nephron segments where the Epo mRNA was not expressed.
Thus, a combination of microdissected nephron segments and RT/PCR enabled us to detect GAPDH mRNA populations
in all nephron segments, whereas the failure to detect Epo mRNA in all segments but the capillary fraction, is due to the
specific and localized expression of the Epo gene to this fraction. ¢ 1994 wiley-Liss, Inc.
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Erythropoietin (Epo) is the hormone regulat-
ing erythropoiesis in mammals. The major
source of Epo in adult mammals has been local-
ized in the kidneys [1]. In adult mice, the kid-
neys are the source of about 90% of the total Epo
production {2]. Since 1957, the nature of the
renal Epo-producing cells is a matter of contro-
versy. Studies in whole kidney, cultured glo-
meruli, and mesangial cells [5] using the immu-
nofluorescence technique demonstrated a
glomerular origin for the Epo-producing cells
[3-5]. On the other hand, an extraglomerular
origin of Epo-producing cells, i.e., tubular or
interstitial, is suggested by studies in renal tis-
sue fractions from hypoxic rats [6,7]. Further-
more, using in situ hybridization, we demon-
strated that the renal Epo-producing cells are in
a peritubular location [8] and are most likely
endothelial cells. Using the same technique,
these results were confirmed by other investiga-
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tors [9]. A study by Maxwell et al. [10] using in
situ hybridization and immunohistochemistry
showed a tubular origin, thus leaving the debate
still open. The methods employed in those stud-
ies are limited by their sensitivity threshold. As
well, Northern blot analysis requires a large
amount of tissue which makes it impractical to
use for the detection of gene expression in very
small samples of nephron segments and single
renal cells. Qur purpose was to develop a method
for detecting several mRNA(s) in a single neph-
ron segment. To achieve such a task, we com-
bined microdissection of the nephron [11,12]
with reverse transcription (RT), a technique
already used for enzyme studies of mRNA, fol-
lowed by polymerase chain reaction (PCR) using
specific primers of the target cDNA sequence
[13-17]. In this method, two oligonucleotide
primers that flank the DNA sequence to be
amplified were used in repeated cycles of ther-
mal denaturation, annealing to their complemen-
tary sequences, and extension of the target frag-
ments. We used a microadaptation of the acid
guanidium thiocyanate/phenol-chloroform RNA
extraction [18] for microdissected nephron seg-
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ments (1 mm). Thus, total RNA was directly
reverse transcribed into cDNA.

In this study, we also amplified glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH),
which is constitutively expressed in many tis-
sues. We used it as a control to demonstrate the
efficiency of the PCR reaction within the same
nephron segments where Epo transcripts were
amplified.

MATERIALS AND METHODS
Microdissection of Nephron Segments

Methods for tissue preparation and microdis-
section of tubular segments have been described
in detail by Morel et al. [11] and Omata et al.
[19], and will be presented only briefly here.
Male WKY purchased from Charles River (Wil-
mington, PA) and maintained on food and tap
water ad libitum were used at 7-9 weeks of age.
Following pentobarbital (40 mg/kg, i.p.) anesthe-
sia, the abdominal cavity was opened and kid-
neys perfused in situ via the aorta with 25 ml of
cold Eagle MEM medium containing 0.075%
collagenase, 0.1% hyaluronidase, and 0.1% bo-
vine serum albumin; removed; and sliced with a
razor blade along the corticomedullary axis.
These strips of renal tissue were incubated in
aerated Eagle MEM (GIBCO Labs, Grand Is-
land, NY) medium containing collagenase, hyal-
uronidase, and bovine serum albumin for 45-55
min at 35°C. Subsequently, the strips were trans-
ferred to petri dishes containing Hanks’ solu-
tion. All remaining procedures were performed
at 0°C-4°C.

Single nephrons were microdissected under a
stereomicroscope and divided into the following
ten segments according to the criteria previ-
ously described [19]: 1) glomerulus (G1); 2) early
portion of the proximal convoluted tubule (S;);
3) late portion of the proximal convoluted tubule
(Ss); 4) early proximal straight tubule (S3); 5)
medullary portion of the ascending limb of
Henle’s loop (MAL); 6) cortical portion of the
thick ascending limb of Henle’s loop (CAL); 7)
distal convoluted tubule (DCT); 8) connecting
tubule (CNT); this preparation also contains
DCT; 9) cortical collecting tubule (CCT); and
10) outer medullary collecting tubule (MCT).
Besides these ten fragments, interlobulary arter-
ies, afferent and efferent arterioles were dis-
sected using the same preparation (the fraction
of pooled afferent and efferent arterioles may
contain vasa recta). Approximately 20—50 of each
nephron segment were dissected, pooled and

stored at —70°C until used. Figure 1 illustrates
the intrarenal localization of the microdissected
tubular segments. The duration of the microdis-
section period was less than 90 min.

We also studied the effect of an inducing agent
of Epo transcripts (CoCly) on localization of Epo
transcripts within the nephron segments. Rats
were treated with CoCl, (5 mM/kg body wt) for
4 h, sacrificed and nephron segments were micro-
dissected as described above. This time point
was chosen since studies by Abraham et al. [20]
and Beru et al. [26] demonstrated that the maxi-
mum accumulation of Epo mRNA is achieved
between 3—4 h after CoCl, injection.

Isolation of Total RNA From Rat Kidney
Nephron Segments

RNA from nephron segments or total kidney
was extracted by the technique described by
Chomczynski and Sacchi [18]. Briefly, tissues
were homogenized in a solution containing gua-
nidium thiocyanate, 4 M; sodium citrate, 25
mM, pH 7; sarcosyl, 0.5%; and 2-mercaptoetha-
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Fig. 1. Schematic representation of the rat nephron. The dark
area gives the localization of the microdissected tubular seg-
ments. G1, glomerulus; S1, early portion of the proximal convo-
luted tubule; S2, middle portion of the proximal convoluted
tubule; S3, late portion of the proximal convoluted tubule;
MAL, medullary thick ascending limb of Henle's loop; CAL,
cortical thick ascending limb of Henle’s loop; DCT, distal
convoluted tubule; CNT, connecting tubule; CCT, cortical col-
lecting tubule; MCT, medullary collecting tubule.
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nol, 0.1 M. RNA was then extracted first with
phenol-chloroform, followed by an additional ex-
traction with chloroform and precipitated with
isopropanol. Total RNA was vacuum dried, dis-
solved in water treated with diethyl pyrocarbon-
ate. The RNA extract was precipitated with 2.5
M LiCl and desalted with 70% ethanol. The final
RNA precipitate was resuspended in water.
Concentration and purity of RNA (ODgg nm/
ODygo nm > 1.7 in all samples) was then deter-
mined.

Primer Design and Probe for RT and
Amplification

We applied a computer program for PCR
primer design to the Epo ¢cDNA sequence [21] to
select sense and antisense primers (Table I).
These primers were chosen in two different ex-
ons (2 and 5) in the mouse genomic Epo DNA
sequence to prevent amplification of any con-
taminating Epo genomic DNA from interfering
with the 419 bp length Epo mRNA signal. The
probe for Epo used in this study was the 243 bp
Pst I-Xho II restriction fragment encompassing
the second exon of the mouse Epo gene that was
inserted at the Pst I and Bam HI sites of a pUC
18 vector. A 265 bp Epo-insert/pUC 18 Pstl-Eco
RI purified fragment was derived from this con-
struct [8]. The probe for GAPDH used in this
study was a 19 mer described by Sharefkin et al.
to detect the PCR product. The DNA probes
were labeled with 32P-dCTP using the Amer-
sham multiprime DNA labelling system (Amer-
sham Corp., Arlington Heights, IL) or the Termi-
nal transferase tail elongation (Boehringer
Mannheim).

Reverse Transcription and Polymerase Chain
Reaction (RT/PCR)

200 ng of total RNA extracted from various
segments were reverse transcribed into cDNA as
previously described in 15 pl reaction mixture
containing 60 U of Moloney-murine leukemia
virus reverse transcriptase) (M-MLV/RT) (BRL,

Rockville, MD), 0.1 ug of Epo antisense primer
(Epo or GAPDH), 1 mM of each of four deoxynu-
cleotide triphosphates (dANTPs), 10 mM Tris-
HCI (pH 8.3), 50 mM KCl, 1.5 mM MgCl,, 20 U
RNasin (an inhibitor of RNase) and 0.001%
gelatin [17]. Before adding the mixture contain-
ing the different electrolytes and the enzyme,
the RNA was dissolved in HyO to adjust the
reaction to the final volume of 15 ul. The RNA
in water was heated at 65°C for 5 min to dena-
ture secondary structures and quickly chilled on
ice for 5 min to prevent renaturation before
adding the RT enzyme. After the mixture was
added, the reaction was carried out at 42°C for
60 min. The reaction was stopped by heating at
95°C for 5 min. The cDNA obtained from this
step was amplified in the same tube by PCR. by
adding 80 pl of the same buffer containing 0.1
g of the sense primer (Epo or GAPDH) and an
additional 0.05 wg of the antisense primer, 0.15
mM of each dNTPs, 2.5 U Taq DNA polymerase
(Stratagene, La Jolla, CA) [17,20] and H,O for
volume adjustment. After layering with 50 pl of
mineral oil to prevent evaporation and 30 s
centrifugation at 14,000 rpm, 30 to 40 PCR
cycles were run (30 cycles were used in the
semiquantitative experiment). The PCR cycle
was the following: for Epo, 90 s at 94°C to
denature, 2 min at 57°C to anneal and 2 min at
72°C for the polymerization step; for GAPDH,
90 s at 94°C, 2 min at 50°C and 2 min at 72°C. A
final elongation at 72°C for 10 min was done
after the last cycle in both cases. As positive
controls, we performed a PCR reaction with
total RNA (50 ng) from anemic mouse kidney
and total RNA (100 ng) from whole rat kidney.
The negative control was a reaction without
RNA.

Agarose Gel Electrophoresis and Southern
Hybridization

After the PCR reaction, the oil was extracted
with 100 pl of chloroform. PCR products were
precipitated with 3 M sodium acetate and etha-

TABLE I. Oligonucleotide Primers and Probes Used for RT/PCR of Total Cellular RNA and
Southern Blotting of Reaction Products for Epo and GAPDH

Gene Oligonucleotide Sequence Position

Epo Sense primer (upstream) 5'CTCTGGGCCTCCCAGTC 3’ 56-72
Antisense primer (downstream) 5'TGTTCGGAGTGGAGCAG 3’ 474-458

GAPDH Sense primer 5'CCATGGAGAAGGCTGGGG 3’ 386-403
Antisense primer 5 CAAAGTTGTCATGGATGACC 3’ 580-561
Probe 5'CTAAGCAGTTGGTGGTGCA 3’ 527-547
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nol 100% (1/10;V/2V) overnight at —20°C. After
centrifugation, the DNA was resuspended in 10
ul of water and 2 ul of dye buffer. PCR products
were electrophoresed on a 3% agarose gel (FMC
Corp., Rockland, ME) using DNA molecular
weight marker VI (Boehringer Mannheim, India-
napolis, IN) as a size marker. Gels were stained
with ethidium bromide, photographed under ul-
traviolet light, and treated as follows: 15 min in
HC10.25 N; 30 min in NaCl 1.5 M, NaOH 0.5 N;
and 30 min in NaCl 1.5 M/Tris-HCI 0.2 M,
pH 7.5. The gels were blotted overnight to a
nylon membrane which was ultraviolet light
crosslinked for 2 min and baked for 2 h at 80°C
in a vacuum oven. The filters were prehybrid-
ized for 6 h in 5 X SSPE (sodium chloride-
sodium phosphate-EDTA), 5 x Denhardt’s solu-
tion, 0.1% SDS, and 100 pg/ml of denatured
salmon sperm DNA; and hybridized overnight
by adding 300 pl of 32P-labeled Epo or GAPDH
probes. After washing, the filters were dried and
exposed to X-ray film (Kodak X-OMAT, Sigma,
St. Louis, MO) at —70°C with intensifying
screens for varying periods of time.

In Situ Hybridization

Sections (5 pM thick) of unfixed frozen kid-
neys from five anemic and two control mice were
prepared. The anemia in the mouse was induced
according to the protocol of Lacombe et al. [8]
which resulted in an increased level of Epo by
about 300-fold. They were fixed in 4% formalde-
hyde in 0.1 M phosphate buffer saline (pH 7.4)
and dehydrated. The procedures for in situ hy-
bridization have been previously described
[8,22,23]. Briefly, tissue sections were immersed
in 0.2 n HCl for 10 min. They were then incu-
bated in 15 pg/ml proteinase K (Protease XI;
Sigma Chemical Co.) in 20 mM Tris-HCl, pH
7.4, and 2 mM calcium chloride at 37°C for 15
min. Tissue sections were then hybridized un-
der a sealed coverslip for 24 h at 37°C in 15 pl of
a solution containing 50% deionized formamide,
10 mM polyvinylpyrrolidone, 0.02% bovine se-
rum albumin, 10% dextran sulfate, 2 mg/ml
yeast transfer RNA (Sigma Chemical Co.), 400
pg/ml salmon sperm DNA (Sigma Chemical Co.),
10 mM dithiothreitol, and 0.2 pg/ml of the
radiolabeled probe denaturated at 100 )C for 2
min. The probe for Epo was 35S-labeled using
the multiprime DNA labeling system (Amer-
sham Corp., Arlington Heights, IL), specific ac-
tivity, 2.108 cpm/pg DNA). The slides were then
washed at room temperature with gentle agita-

tion successively in 50% formamide-4 x SSC for
1 h, followed by two washes in 2 x SSC for
one-half hour, and finally in 2 x SSC overnight.
Sections were then dehydrated in ethanol and
covered with Kodak NTB-2 emulsion for autora-
diography. After 10 to 12 days of exposure, the
slides were developed in Kodak D19, fixed with
Kodak A44, and stained with hematoxylin and
phloxin. Three control experiments carried out
in parallel and included: (a) treatment of tissue
sections with 50 pg/ml ribonuclease A (type I1I,
Sigma Chemical Co.) for 30 min at 37°C, (b)
hybridization with a 35S-labeled pUC18 vector
without the Epo probe, (¢) hybridization of
nonanemic tissue kidney sections with the spe-
cific Epo probe.

RESULTS
Detection of Epo mRNA by In Situ Hybridization

The histological structure of the hypoxic kid-
neys did not differ from the normal structure of
control kidneys. On the sections of anemic kid-
neys hybridized with the Epo probes, significant
clusters of silver grains were observed on cells
located in the cortex and the outer medulla.
Glomerular and tubular epithelial cells were
negative (Fig. 2A). All the positive cells appeared
to be in a peritubular location, along the capil-
lary lumen with their nuclei protruding into the
lumen. Kidney sections from anemic mice either
treated with RNase before hybridization or hy-
bridized with a 35S-labeled pUC18 vector with-
out the Epo insert were completely negative
(Fig. 2B). Furthermore, no specific labeling could
be observed in kidney sections from two normal
mice (data not shown).

Detection of Epo mRNA in Rat Kidney by RT/PCR

To investigate the effect of CoCly, a known
inducer of Epo, on the levels of Epo mRNA in
this RT/PCR method, rats were treated with
CoCl, for 4 h and total RNA was used for RT/
PCR. Southern blots probed for the amplified
Epo product showed a several-fold increase in
Epo mRNA (Fig. 3, upper half). When RNA
from the same rat kidney was used in similar
amplification experiments using GAPDH prim-
ers to study the effect of CoCl, on transcript
levels (Fig. 3, lower half), no increase in tran-
script levels such as that seen for Epo was noted
for GAPDH. Therefore, this RT/PCR method
can be used to study the localization of Epo
mRNA. Furthermore, this constancy of the
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N2,

Fig. 2. A: In situ hybridization of a kidney section with the specific probe for Epo. The positive cells
strongly labeled by a cluster of silver grains appear clearly in a peritubular location (arrows). B: In situ
hybridization with a pUC18 probe used as a non-specific probe; no signal is observed; G, glomerulus; T,

tubules.

GAPDH transcript level confirmed that the ob-
served marked variation seen in Epo transcript
levels was not an artifact of the amplification levels.

Detection of Epo mRNA in Nephron
Segments by RT/PCR

Since in situ hybridization does not conclu-
sively prove the nature of the Epo mRNA produc-
ing cells, we performed the RT/PCR method
used above to analyze the level of Epo tran-
scripts in microdissected nephron segments.
Analysis of amplification of RT/PCR for Epo

mRNA in nephron segments obtained from nor-
mal rats and in kidneys obtained from anemic
mice is seen in Figure 4A. Total RNA from the
whole kidney and different nephron segments
(Fig. 1) were reverse transcribed/PCR and loaded
separately in each lane. A predominant amplifi-
cation product of the predicted size (419 bp) was
evident in the autoradiography of the Southern
blot of total kidney of anemic mice (Fig. 4A, lane
14). In parallel, the control reaction performed
in the absence of RNA did not result in amplifi-
cation of the product (lane 15). The basal level of
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GAPDH —-175

Fig. 3. Effect of CoCl; on Epo and GAPDH mRNA levels in rat
kidney. Total RNA isolated from control and CoCl,-treated rats
for 4 h were reverse transcribed with Epo and GAPDH antisense
primers and then amplified for 30 cycles using PCR with primer
sets designed for Epo cDNA and GAPDH cDNA. Ampilification
products run on 2% agarose gels were blotted onto nylon
membrane and hybridized with 32P-labeled probes for Epo
(upper half) and GAPDH (lower half), respectively, lane 1,
normal rat; lane 2, rat + CoCl,.

1 2 3 4 5 ¢ 7 8 9 10 11 12

Fig. 4. A: Southern blot analysis of RT/PCR products obtained
by amplification of RNA of the different nephron segments from
normal rats using an Epo probe. Lanes 2—-11: Segments in the
order they appear in Figure 1, starting from the glomerulus; no
signal is visible. Lane 12: Amplification of the RNA extracted
from the capillary fraction (afferent/efferent arteriole, vasa recta)
one band appears which corresponds to Epo mRNA. Lane 13:
Amplification of the RNA extracted from the interlobulary arter-
ies; no signal is detectable. The positive controls are in lane
1—amplification of total RNA of total rat kidney—and lane
14—amplification of the RNA extracted from anemic mouse
kidney. The negative control is in lane 15 (H,O instead of RNA).
B: Southern blot analysis of RT/PCR products obtained by
amplification of RNA of the different nephron segments from
normal rats using a GAPDH probe. Lanes 1-12: Segments in
the following order: G1, glomerulus; S$1, early portion of the

the Epo transcript in WKY total rat kidney RNA
was detected (lane 1). As seen in Figure 4A, no
signal was detected in any lane corresponding to
the different nephron segments (lanes 2 to 11),
with the exception of lane 12 which corre-
sponded to the amplification of RNA extracted
from the capillary fraction containing a pool of
afferent/efferent arterioles and vasa recta. In
addition, no signal was detected in the interlobu-
lary artery fraction (lane 13).

The effect of CoCl; on rat kidney Epo mRNA
levels was also studied by RT/PCR. Rats were
treated with CoCl, for 4 h as described in Meth-
ods, and nephron segments were prepared as for
the control rats. The results were identical and
confirm the localization to the capillary fraction.
These experiments were repeated three times
with different samples, and each time the same
sample was tested for the presence of Epo at
least two times. For GAPDH, one test per sample
was performed. All these experiments show the
same results (data not shown).

Detection of GAPDH in Nephron
Segments by RT/PCR

We made an RT/PCR using the GAPDH
primer using the same RNA extracted from vari-
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proximal convoluted tubule; S2, middle portion of the proximal
convoluted tubule; S3, late portion of the proximal convoluted
tubule; CAL, cortical thick ascending limb of Henle’s loop;
MAL, medulary portion of the ascending limb of Henle’s loop;
DCT, distal convoluted tubule; CNT, connecting tubule; CCT,
cortical collecting tubule; MCT, outer medullary collecting
tubule; interlobulary fraction and capillary fraction (afferent/
efferent arteriole, vasa recta). A signal is observed in all lanes
corresponding to the hybridization with the GAPDH probe.
Lane 13 is the amplification of total RNA of whole rat kidney, a
strong signal is detected. The negative control is in lane 14 (no
RNA added in the RT/PCR reaction). Lane 16: Amplification of
RNA from anemic mouse kidney. Lane 15: Amplification of
human poly A+ RNA from kidney, another positive control of
size (we used 1 pg of RNA for the RT/PCR).

Epo
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ous nephron segments to assess the quality and
reliability of our RNA preparation and the effi-
ciency of our RT/PCR. Figure 4B represents the
analysis of amplified products after RT/PCR for
GAPDH mRNA. Southern blot analysis demon-
strates specific binding of RT/PCR 175 ¢cDNA
products to the GAPDH 19 mr designed from
human probes [24], confirming its identity as
the GAPDH mRNA similar to that described
above. The specific primers used were able to
identify GAPDH mRNA in all nephron seg-
ments tested, indicating that nephron segments
are able to generate GAPDH c¢DNA products.
Thus, the failure to detect Epo mRNA in all
nephron segments is not due to RNA prepara-
tion, but to the lack of expression in nephron
tubules. This conclusion is consistent with our
data that describe the presence of GAPDH
mRNA in all nephron segments studied includ-
ing those which fail to express Epo mRNA.

DISCUSSION

Our previous data obtained by in situ hybrid-
ization [8] showing an Epo production by peritu-
bular cells of the cortex and the outer medulla
(Fig. 2) already suggested that the cells that
produce Epo may be the endothelial cells of the
renal peritubular capillaries [8]. These results
were confirmed by another group [9]. Because of
the low resolution of in situ hybridization and
its rather high threshold, we could not exclude
the possibility of an Epo production by the tubu-
lar cells. In order to resolve this problem, we
prepared single nephron segments by microdis-
section of tubules and applied an extremely sen-
sitive technique, i.e., to the RT/PCR to detect
possible mRNA for Epo. We first studied the
presence of Epo mRNA in nephron segments
microdissected from normal rats. Our results
clearly indicated that there is no Epo mRNA in
tubular epithelium. Several reports have demon-
strated that CoCl, is a potent inducer of Epo
[1,25], and it increases Epo levels in the circula-
tion in vivo [1,25]. The increase of Epo by CoCl,
induction was a result of the accumulation of
Epo mRNA [26] and an increased rate of tran-
scription of the Epo gene [27]. Therefore, we
used CoCl, to increase Epo mRNA levels. CoCl,
treatment failed to demonstrate any signal in
nephron tubular fraction, although a marked
increase of several-fold of Epo mRNA in whole
kidney was observed. However, RT/PCR, a very
sensitive technique, showed a positive signal

(Fig. 4A) in the capillary fraction isolated from
the rat kidney (afferent/efferent arteriole, vasa
recta).

Several reports have indicated that Northern
blot analysis failed to detect Epo mRNA [8,20]
in whole normal kidneys. The current RT/PCR
method developed in the present study accu-
rately allowed us to detect the Epo mRNA in
control or induced rat kidneys. The results dem-
onstrate that Epo RNA is solely found in the
peritubular capillary fraction (afferent/efferent
arterioles, vasa recta). Our RT/PCR procedure
could identify the mRNA of GAPDH (Fig. 4B) in
all nephron segments tested. Although GAPDH
mRNA is expressed in all nephron segments
tested, the levels of mRNA may vary between
various segments. Thus, our ability to demon-
strate by the RT/PCR technique the presence of
GAPDH mRNA in different segments, and the
absence of the Epo mRNA in all of the tubular
fractions, demonstrates the specificity of our
technique, as well as the selectivity of the local-
ization of different mRNA along the nephron.

Our results are in agreement with those of
Eckardt et al. [28] and others [8,9], who have
shown that the Epo producer cells in polycystic
human kidney [28] or murine [8,9] are non-
epithelial cells. This contradicts those claims
that the Epo producer cells are tubular epithe-
lial cells of the cortex [10]. Our report suggests
that localization of Epo producing cells are found
preferentially in the peritubular cells and not in
the nephron segments. One explanation for this
pattern of distribution may be the result of
blood flow patterns within the kidney and the
renal oxygen gradient. Changes in O, content
perceived by the peritubular capillary endothe-
lial cells may serve as the stimulus for Epo
mRNA production.

ACKNOWLEDGMENTS

This study was supported in part by The New
York Community Trust. The authors thank Dr.
K. Omata for cooperation and assistance in
preparation of this manuscript.

REFERENCES

1. Goldwasser E, Jacobson LO, Fried W, Plazk L (1957):
The mechanism of the erythropoietic effect of cobalt.
Science 125:1085-1086.

2. Koury ST, Bondurant MC, Koury MJ, Semenza GL
(1991): Localization of cells producing erythropoietin in
murine liver by in situ hybridization. Blood 77:2497-
2503.



246

10.

11.

12.

13.

14.

15.

16.

. Fisher JW, Taylor G, Porteous DD (1965): Localization of

erythropoietin in glomeruli of sheep kidney by fluores-
cent antibody technique. Nature 205:611-612.

. Burlington H, Cronkite EP, Reinke U, Zanjani ED (1972):

Erythropoietin production in cultures of goat renal glo-
meruli. Proc Natl Acad Sci USA 69:3547-3550.

. Kurtz A, Jelkman W, Sinowatz F, Bauer C (1983): Renal

mesangial cell cultures as a model for study of erythropoi-
etin production. Proc Natl Acad Sci USA 80:4008-4011.

. CaroJ, Erslev AJ (1984): Biologic and immunologic eryth-

ropoietin in extracts from hypoxic whole rat kidneys and
in their glomerular and tubular fractions. J Lab Clin Med
103:922-931.

. Schuster SJ, Wilson JH, Erslev AJ, Caro J (1987): Physi-

ologic regulation and tissue localization of renal erythro-
poietin messenger RNA. Blood 70:316-318.

. Lacombe C, da Silva J-L, Bruneval P, Fournier J-G,

Wendling F, Casadevall N, Camilleri J-P, Bariety J, Varet
B, Tambourin P (1988): Peritubular capillary cells are
the site of erythropoietin synthesis in the murine hypoxic
kidney. J Clin Invest 81:620-623.

. Koury ST, Bondurant MC, Koury MJ (1988): Localiza-

tion of erythropoietin synthesizing cells in murine kid-

neys by in situ hybridization. Blood 71:524-527.
Maxwell AP, Lappin TR, Johnston CF, Bridges JM,
McGeown MG (1990): Erythropoietin production in kid-
ney tubular cells. Br J Haematol 74:535-539.
Morel F, Chabardes D, Imbert A (1976): Renal pharma-
cology. In Martinez M, lonado M (eds): “Methods in
Pharmacology.” New York: Plenum Press, vol 43, pp
297-323.
Morel F (1981): Sites of hormone action in the mamma-
lian nephron. Am J Physiol 240:F159-F164.
Saiki RK (1989): The design and optimization of the
PCR. In Erlich HA (ed): “PCR Technology: Principles
and Applications for DNA Amplification.”” New York:
Stockton Press, pp 7-16.
Saiki RK, Gelfand DH, Stoffel S, Scharf SJ, Higuchi R,
Horn GT, Mullis KB, Erlich HA (1988): Primer-directed
enzymatic amplifications of DNA with a thermostable
DNA polymerase. Science 239:487—491.
Mullis KB, Faloona FA (1987): Specific synthesis of
DNA in vitro via a polymerase catalyzed chain reaction.
Methods Enzymol 155:335-350.
Kawasaki ES, Wang AM (1989): Detection of gene ex-
pression. In Erlich HA (ed): “PCR Technology: Prin-

da Silva et al.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

ciples and Applications for DNA Amplification.” New
York: Stockton Press, pp 89-97.

Lin JH-C, Grandchamp B, Abraham NG (1991): Quan-
titation of erythroid porphobilinogen deaminase mRNA
by polymerase chain reaction. Exp Hematol 19:817-
822.

Chomezynski P, Sacchi N (1987): Single step method of
RNA isolation by acid guanidium thiocyanate-phenol-
chloroform extraction. Anal Biochem 161:156-159.
Omata K, Carretero OA, Scicli AG, Jackson BA (1982):
Localization of active and inactive kallikrein (kininoge-
nase activity) in the microdissected rabbit nephron.
Kidney Int 22:602-607.

Abraham NG, Lin JH-C, Beru N, Hermine O, Gold-
wasser E (1991): Co-regulation of heme oxygenase and
erythropoietin genes. J Cell Biochem 47:43-48.

Lowe T, Sharefkin JB, Yang SQ, Dieffenbach CW (1990):
A computer program for selection of oligonucleotide
primers for PCR. Nucleic Acids Res 18:1757-1761.
Fournier JG, Tardieu M, Lebon P, Robain O, Ponsot G,
Rozenblatt S, Bouteille M (1985): Detection of measles
virus RNA in lymphocytes from peripheral blood and
brain perivascular infiltrates of patients with subacute
sclerosing panencephalitis. N Engl J Med 313:910-915.
Griffin MO, Nelson JC, Abraham NG (1990): Early
protooncogene expression in hemin-induced HEL cells.
Leuk Res 14:997-1006.

Sharefkin JB, Diamond SL, Eskin SG, Mclntire LV,
Dieffenbach CW (1991): Fluid flow decreases preproen-
dothelin mRNA levels and suppresses endothelin-1 pep-
tide release in cultured human endothelial cells. J Vasc
Surg 14:1-9.

Goldwasser E, Jacobson LO, Fried W, Plzak L (1958):
Studies on erythropoiesis, the effect of cobalt on the
production of erythropoietin. Blood 13:55-62.

Beru N, McDonald J, Lacombe C, Goldwasser E (1986):
Expression of the erythropoietin gene. Mol Cell Biol
6:2571-2577.

Schuster SJ, Badiavas EV, Costa-Giomi P, Weinmann
R, Erslev AJ, Caro J (1989): Stimulation of erythropoi-
etin gene transcription during hypoxia and cobalt expo-
sure. Blood 73:13-16.

Eckardt KU, Mollmann M, Neumann R, Brankhorst R,
Burger HU, Lonnemann G, Scholz H, Keusch G, Buck-
holz B, Frei U, Bauer C, Kurtz A (1989): Erythropoietin
in polycystic kidneys. J Clin Invest 84:1160-1166.





