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Summary . Previous studes which demonsrated that inter-
gitid cells of the peritubular capillary bed of the kidneys are
the dte of erythropoetin  (Bpo) production have been
performed in non-primate species In this study, kidneys
from adult rhesus monkeys exposed to 18 h hypoxia
(0-42atm) with high serum (5685 mU/ml) and kidney
(814 mU/g, indudes serum EPO in the kichey) leves of
Bpo were compared with a kidney from anonhypoxic normal
rhesus monkey. Locdization o BEpo mRNA by in stu
hybridztion was carried out with ether anti-sense or sense
RNA probes generated from a 645 bese par KpnlxBgll

fragment o a monkey Epo cDNA. BEpo mRNA was demon-
drated only in interstitia cells in the peritubular capillary
bed of the hypoxic and norma monkey kidneys utilizng the
antisense probe. The Agdng that the same type of cdl that
produces EPO in mice, rats and sheep also produces PO ina
higher primate species srondy supports thecontention that
renal intergitial cdls aso produce EPO in the human.

Keywords erythropoetin, kidney, monkey, hypoxia, inter-
gitid cells

Eythropaetin  (Boo) is a gycoprotein hormone produced by
thekidney and liver inthe adult human which regulates red
cell production (Fsher, 1993). Snce the human, monkey,
mouse and sheep Bpo gene have al been cloned (Jacobs € &,
1985; Lacombe € &/, 1988b; Lin & &, 1985; McDonald € &,
1986; Shoemaker & Mitsock, 1986; Fu & &, 1993), cDNA
probes for these species have been developed to locdize Epo
mRNA. Mogt previous studes invaving the localization of
BEoo mRNA in the kidneys o mice and rats using in stu
hybridzation and/or transgenic techndogy have suggested
that peritubular intergitia cells as the source of B
(Bachmann ¢ &, 1993; Koury € &, 1988, 1989; Lacombe
d a, 1988a Shuder € &, 1992, Ssmenza € 4, 199149
Maxwell € a, 1993); however, two sudes have reported
that tubular epitheia cdls are thesource of Bo (Loya € 4,
1994; Maxwell € a, 1990). One of these gudes, identifying
tubular cells asthe source of Epo (Maxwell & &, 1990), was
performed under condtions in which the resolution o the
in stu autoradogams was considered to be quegionable
(Koury € &, 1991a). Recently, peritubular interdtitia cells
werefound to produce oo in fetal and adult sheep kidneys as
well (Darby € a, 1995). Localization of BEo mRNA in
dscrete cells of a norma primate kidney has not previoudy
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been reparted But cells in thecyst wall of pdycystic human
kidneys have been reported to produce Eoo (Eckardt € 4,
1989). In thepresent study, Epo production in hypoxic and
nonhypoxic monkey kidneys was evaluated usng in stu
hybridzation with a monkey-speciZe Epo cDNA probe.

MATERIALS AND METHODS

Hypoxic simuaion Akation and proosssng of tisses from
rheslis monkeys Tworhesus monkeys were obtained from the
Tulane Regonal Primate Center in Covington, Louisana
The haematdogcaly normd non-hypoxic mae rhesus
monkey was anaeshetized with pentoberbital anaesthesa
and the right kidney removed through a retroperitoneal
incigon. A portion of the kichey was immedatdy frozen in
liquid nitrogen and sored a& 70 C until sectioned for
microscopic  studes Ancther potion o this kidney was
placed in 10%formalin and preserved for later embeddng in
perafA. A sample of bHood was taken post-surgcaly to
determine the haematocrit and serum Epo levds The
haematocrit of this normal monkey was 38%, which isin
thenorma range for rhesus monkeys at the Tulane Primate
Center (34:3+ 413%). A second (female) rhesus monkey was
placed in a hypobaric chamber (0-42 atm) for 18 h and the
fdlowing organ specimens were taken under pentoberbital
anaestheda immedately after the monkey was removed
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from the hypobaric chamber: kidney, liver, lung, bran,
skeletal muscle, and speen. A sample of Hood was taken
before exposure to hypoxia and immedately upon removal
from the hypobaric chamber, for determination of the
haematocrit and serum Boo levels After determining the
haematocrit, the blood sampe was dlowed to dd,
centrifuged at 1000 rpm and the serum removed for BEpo
analydss usng a sendtive radommunoassay (RIA) for Bo
(Garcia & &, 1990). The linear range o this RIA was
between 5 and 400 mU/ml. The mean and sandard error of
the mean for the assay of Afe samples from thesame organ
are shown in Table |. Table | dso shows the results o the
haematocrit, body weight and serum and kidney levels of
Eoo in the 18 h hypoxic and contrd monkeys The
haematocrit of the femade monkey was 49% before, and
50% folowing, exposure to hypoxia and sacri/Ee, which is
above the norma range for rhesus monkeys at the Tulane
Primate Center. It is posibe that this monkey was dightly
dehydrated Epo was extracted from thekidney as described
previoudy (Katsuoka & a, 1983). The amount of B
contained in the kidney was egimated to be 814 mU/g and
after correcting for the estimated amount of Epo in the
dasma in thekidney (238 mU/g), Boo levels were 576 mU/g
(Shyder d al, 1974). No detectable Bpo was found in skeleta
muscle.

Instu hybridization. Tissue sections were cut from paraf/
Hocks at athickness of 3+ 5 m, deparafBized and treated
with proteinase K and acetic anhydride as previoudy
described (Koury € 4, 1988). Sides contaned dther one
section of kidney taken from the hypoxic monkey and one
section of kidney taken from the normoxic monkey, or liver,
seen and skeletal muscle from the hypoxic monkey. A 645
base par Kpn/-Bglll arrangement of monkey Epo cDNA was
subcdoned into the plasmid vector pGEM 4Z (Promega Biotec,
Madson, Wis) and used to generate both sense and
antissnse  RNA probes [ -**Pluridne 5 -triphogphate
(3000 G/mmd) (Dupont/NEN, Boston, Mass) was used to
label theprobes An identicd fragment of human Eoo cDNA
has previoudy been used in sudes to localizz human
BEoo mRNA in transgenic mice (Koury & &, 1991a).
Duplicate sections from the same area of both the hypoxic
and non-hypoxic kidney were hybridzed with either the
antisense probe to detect Epo mRNA, or the sense probe
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to detect non-speci/£ hybridzation. Hybridzation, post-
hybridzation washes autoradography and documentation
of morphology of Epo-producing cells by the periodc acidt
Schiff reaction were performed as previoudy described
(Koury € 4, 1991a).

The anima protocd was approved by The Tulane
Univergty Inditutional Advisory Committee for Anima
Resources

RESULTS

In situ hybridization

Kidney tissue taken from the monkey exposed to 18 h of
hypoxia were subjected to in stu hybridzation usng the
antisense Epo probe in order to localize cels producing Bpo
mRNA. Epo mRNA was locaizzd in  intergitid cells
throughout the kidney cortex (Fgs 1A and 1B). No Epo
mMRNA was locdized in either gomerular or tubular cells
(Fg 2). No such cells were detected when the sense strand
probe was used on ether hypoxic or normoxic kidneys (nct
shown). Glomeruli exhibited only background hybridzation
with the probe (Fg 1). Ags 2A and 2B bath document the
interstitial cel localization of the Bpo-producing cdls by the
demonstration of Epo mRNA in these cdls Cdls that were
overlaid by dlver gans in FAg 1A are clearly shown tolie
outsde of the tubular cel besement membranes and
domerular tuft as seen in Ag 1B and Fgs 2A+ D.

Bath the antisense and sense strand probes were used on
liver, sdleen and skdetal muscle of hypoxic monkeys in order
to determine if Bpo-producing cells could be locaized in any
of these tissues No Bpo-producing cells were detected in any
of these tissues even after 6 weeks of exposure to auto-
radograms (not shown). An occasonal intergtitid cdll
containing Epo mRNA was seen in the kidney from the
normd non-hypoxic monkey.

Tisske levds of eythropoidin

As noted in Table |, the kidney levels of Bpo in the 18 h
hypoxic monkey were 814 mU/g, and even when corrected
for the edimated amount of pasma (usng the haematocrit
and egimated bood vdume of each monkey) contained in
the kidney, the kidney Epo leves were 576 mU/g The Bo
levels in the normal monkey kichey were undetectable. Boo

Tablel. Serum erythropoietin, body weight and haematocrit values in normal and hypoxic* monkeys.

Serum levels of Epo (mU/ml) Kidney
Body wt Haematocrit Epo levels
(kg) Sex (%) Pre-hypoxic Post hypoxic (mU/g)
Normal 76 38 4-4 b N .D.
Hypoxic(18h) 96 49 57 57866 814 271

*Thehypoxic rhesusmonkey wasexposed to hypoxia (0-42atm) for 18h in a hypobaricchamber .

Haematoarit wastaken post-surgically immediately after thekidney wasremoved under pentobarbital anaesthesia.
Thekidney Epo levels (814 27 1 mU/g) indudestheplasma contained in thekidney. Even when thekidney levels of
Epo were correded for approx. 41 | plasma/g (Snhyder e &, 1974)oontained in thekidney (238mU/g), it isestimated
to contain approx. 576mU Epo/g. Epo levels in skdetal musde were undeectable

1996 Blackwell Sdence Ltd, British Jaurnd of Haemadogy 95:27+32



Case 1:05-cv-12237-WGY  Document 578-18  Filed 06/29/2007 Page 4 of 7

Renal Interstitial Cells and Erythropoietin 29

Fig 1. Localization of Epo-producing cdlls Dark-A8d (A and C)andoorresponding bright-A8d(B andD) images of hypoxic (A and
B)andnonhypoxic(CandD) kidney sedionshybridized withtheantisenseEpo probe Bar 50 m. G glomerulus Threeobvious
peritubular aggregates of silver grainsare indicated in A and B (a,bandc).
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levels in the skeletal muscle extract of the hypoxic monkey
were undetectable.

DISCUSSION

The data in the present report demonstrates that messenger
RNA for Bpo in hypodic monkey kidneys is expressed only in
the cdls of the peritubular intergitium. Peaitubular intergtitial
cells have been previoudy identi/ed as Bpo-producing cdls in
kidheys of normal (Bachmann € a/, 1993; Koury & &, 1988,
1989; Lacombe € &, 19884) and transgenic (Maxwell & &/,
1993; Semenz € &, 1991a) mice, in rats (Schuster € 4/,
1992) and in sheep (Darby & al, 1995). It has been proposed

that these interdtitial cdls are ABroblags based on immuno-
higochemistry at the light and electron microscopic levels
Bachmann € & (1993) used a combination of high-resdution

interference contrast optics and co-localization of Epo mRNA
and ecto-5-nuclectidase to demonstrate that peritubular
Aaroblagts produce Epo in normal mice. Maxwel & & (1993)
localized expresson of a BEpo-S/ 40 T antigen transgene to a
dmilar cell population, using both light and electron micro-
scopy (Bachmann, 1993; Maxwell € al, 1993). A recent study
by Loya € a (1994) has reported that transgenic mice
carrying the Epo gene promator linked to /acZ express the
reporter in proximal convduted tubule cells rather than in
peritubular interditial cells after hypoda. The reasons for the
dscrepancy between thestudy of Loya € a/ (1994) and those
o Semenza € & (1991a) and Maxwdl € & (1993) could be
due to the fact that the transgene used by Loya € & (1994)
contained only approximately 6 kb of 5 @anking sequence. In
contrast, Semenza € & (1991a) found interditial cell
expression in transgenic animals having 13-5 and1 6-5kb of
5 -@anking sequence. On the other hand, Maxwdl & & (1993)
used a consgtruct contaning approximatdy 9kb of 5 @anking
sequences Thus it is posibe that an important element that
contrds the cell type speci/E expresson of Boo in interdtitial
cells lying between 6kb and 9 kb 5 to the Boo gene, was not
present in the congruct of Loya € & (1994). Furthermore,

congructs used by Semenza € & (1991a) contained between
0-3and2 -2kb of 3 @anking sequence, whereas the construct
used by Maxwell & a (1993) contained more than 3kb of 3

@nking sequence. All of these congructs contained a known
3 hypoxia inducible enhancer element (Semenza € &/, 1991b;
Beck € &, 1991; Pugh € al, 1991). The Epo/LacZ congruct
used by Loya & al (1994) contained no 3 sequence, and thus
lacked the known hypoxa inducibe enhancer element.

The speciity o our in stu hybridztion results in the
kidheys is supported by the Adng that no spec/E
hybridztion was detected when the sense strand probe
wasused on either the hypoxic or norma kidhey. Our Aading
of an occasond interdtitia cell with Epo mRNA in normal
monkey kidneys is condgstent with the studes reported in
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mice (Koury € &, 1989) and rats (Shusger € a, 1992),
wheresmall numbers of Epo-producing cells weredetected in
the kidneys of nonhypoxic or nonanaemic animals

No Bpo mRNA was detected in the liver, seen or skeleta
muscle of the hypoxic monkey. The inahlity to detect Epo-
producing célsin the liver wassomewhat surprisng, becausea
mixed population of hepatocytes and nonparenchyma cells
have been observed to contain Bpo mRNAin both mice (Koury
d al, 1991b) and rats (Shuster € &, 1992) usng in stu
hybridzation. Further, primary cultures of puri/éd rat hepa-
tocyteshave been shown to produce Epo mRNA (Schugter € 4,
1992; Eckhardt € &, 1993) and an Bpo-Sv40 antigen fuson
gene product has been localized in both nonparenchyma | TO
cells and a subset of hepatocytes in transgenic mice (Maxwell
d a, 1994). The inability to detect BEpo-producing cellsin the
livers of hypoxic monkeys could have been dueto a number of
factors These could include insuf/ient exposure time of the
in stu autoradograms, a very low level of expresson of Bo
mRNA by the majority of hepetocytes or regonal dfferences
within theliver with regard to Epo production. Sncetheliver of
a monkey is much larger than that of either a mouse or rat,
multiple sections of tissue from dfferent areas of the hypoxic
liver would need to be analysed in future in stu hybridzation
experiments in order torule out thisposshility. It isadso possible
that very littleBpo isproduced in the primate liver as compared
to rodents

As dated above, the maority of studes invoving the
localization of Epo mRNA by in stu hytridzation  have used
rodent modds One of these studes invdved the use of
transgenic mice carrying ahuman Epo transgene. Sesmenzad &
(1991a) found that human Epo mRNA was speci/Edly
expressed in peritubular interditid cells in two of the trans-
genic mouse lines studed Although those results suggested
that Epo might be produced in peritubular cellsin humans as
wedl as mice, no in stu hybridzation sudes invaving
localization of Epo in norma human kidneys have been
published. Epo mRNA has been reported in thewadl of kidney
cygsdo pdycygic human kidneys (Eckarct € a/, 1989) and this
Aadng is condgent with the hypotheds that Bpo-producing
cellsin human kidneys are probaly derived from an interstitia,
ABroblag-like cell (Bachmann ¢ &, 1993). However, the kidney
architecture was too dsrupted in the pdycystic kidney to
determine if the Epo-producing cel was intergtitid cells The
present Aading that interdtitial cells produce Epo in hypoxic
monkey kidneys suggeds that interstitiad cdlsin thekidneys of
other primates such asthe human are likely to be the primary
ste of Bpo production aswell.
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