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Expression of epidermal growth factor in the rat kidney
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Summary. The renal localization and the site of synthesis
of epidermal growth factor (EGF) were investigated in
the rat kidney by immunohistochemistry and in situ hy-
bridization techniques. EGF was localized in the cells
of the thick ascending limb of Henle (TAL) and distal
convoluted tubule (DCT). At the ultrastructural level,
EGF immunoreactivity was distributed on the apical
membrane and trans-Golgi complex of the TAL and
DCT cells. These segments of the rat nephron also hy-
bridized to prepro-EGF cRNA probes in a specific man-
ner, indicating that TAL and DCT are the sites of EGF
synthesis in the rat kidney.

Introduction

Epidermal growth factor (EGF) is an acid stable poly-
peptide that is widely known to act as a mitogen as
well as a differentiation factor for a wide variety of cell
types (Carpenter and Cohen 1979). This factor has been
identified in tissues and body fluids of several mamma-
lian species (Hirata and Orth 1979a, b; Moore 1978;
Rubin and Bradshaw 1984 ; Simpson et al. 1985). In all
species studied, urine has been reported to contain EGF
in relatively high concentrations (Fisher and Lakshman-
an 1990). Considerable evidence suggests that urine-
EGF originates from the kidney (Atkin et al. 1990; Fish-
er et al. 1989; Salido et al. 1989). Prepro-EGF mRNA
and EGF-like immunoreactivity are localized to cells of
the distal convoluted tubule and the thick ascending limb
of Henle in the adult mouse kidney (Atkin et al. 1990;
Salido et al. 1989). Our electron microscopic investiga-
tion has also revealed that most of EGF immunoreactiv-
ity is localized at the luminal membrane and apical vesi-
cles of the tubular cells, suggesting that EGF is synthe-
sized and stored as a transmembrane pro-EGF molecule
in the kidney (Salido et al. 1986). Although the localiza-
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tion of EGF in the mouse kidney is well established,
the information available on the expression of EGF in
kidneys in other species, as demonstrated with immuno-
cytochemical methods, do not conform to that in the
mouse. In the rat, EGF was first reported to be immuno-
localized to the afferent arteriole of the juxtaglomerular
apparatus (Olsen et al. 1984), while in a more recent
investigation, EGF localization was seen confined to the
distal convoluted tubule (Poulsen et al. 1986). In man,
one study localized EGF in the proximal tubule (Poulsen
et al. 1986) while in another investigation immunoreac-
tive EGF was found diffusely in the interstitium of the
renal medulla (Kasselberg et al. 1985). This disagreement
between the localization of EGF in the mouse kidney
and in other species could be not only of possible biolog-
ical importance but also of practical significance since
many studies aimed to elucidate the function of EGF
are carried out in experimental animals other than the
mouse.

In an effort to resolve the apparent discrepancy be-
tween the Jocalization of EGF in the mouse kidney and
that seen in other species, we have investigated the im-
munolocalization of EGF in the rat kidney at the light
and electron microscopical levels, as well as the distribu-
tion of prepro-EGF mRNA by in situ hybridization.

Material and methods

Six male adult Sprague-Dawley rats (Charles River, Wilmington,
Mass., USA) were perfused with 4% paraformaldehyde in phos-
phate-buffered saline (PBS), pH 7.4. Kidneys and submandibular
glands (SMG) were removed and immersed in the same fixative
for 30 min. After rinsing with PBS, the tissue for immunocytochem-
istry was cryoprotected with PBS containing 20% sucrose for
30 min, embedded in OCT compound (Miles, Naperville, T,
USA), and snap-frozen in liquid N,. Eight-micrometer-thick sec-
tions were obtained with a cryostat microtome and were mounted
on glass slides coated with 50 pg/ml polylysine (ICN Immunobio-
logicals, Costa Mesa, Calif., USA). For in situ hybridization, fixed
tissue was rinsed with PBS containing 1 mM aurintricarboxylic
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acid, dehydrated with ethanol and embedded in paraffin. Five-
micrometer-thick sections were mounted on glass slides coated with
2% aminopropyltriethoxysilane (Sigma, St. Louis, Mo., USA).

The immunocytochemical detection of EGF was performed using
a 1:2000 dilution of rabbit anti-rat EGF serum and the Avidin-
Biotin Immuno-Peroxidase procedure, using biotinylated goat anti-
rabbit Ig serum and avidin-biotin-peroxidase complexes (Vector
Laboratories, Burlingame, Calif., USA). The antiserum was gener-
ated against purified EGF isolated from rat submaxillary glands
(Schaudies and Savage 1986) and its specificity of the anti-rat EGF
serum was determined by radioimmunoassay and by immunoblot-
ting (Lakshmanan et al., unpublished). The sections were incubated
with the anti-rat EGF serum overnight, washed with PBS for
30 min, and incubated with 5 pl/ml of biotinylated goat anti-rabbit
Ig serum for 1 h. After a 15-min wash with PBS, the slides were
immersed in methanol containing 0.1% hydrogen peroxide, to in-
hibit the endogenous peroxidase, for 5 min. After another 15-min
wash with PBS, tissue sections were incubated with avidin-biotin-
peroxidase complexes for 1 h, washed for 30 min with PBS, and
incubated with the substrate solution (0.5 mg/m diaminobenzidine
(DAB) and 0.03% hydrogen peroxide in 50 mM Tris-HCI buffer,
pH 7.6). Sections were then rinsed for 15 min in PBS, dehydrated
in a graded series of alcohol solutions, and mounted. Control sec-
tions were incubated with 1:1000 dilution of non-immune rabbit
serum and processed in a similar manner.

In situ hybridization analysis of pro-EGF mRNA was carried out
by using antisense RNA probes generated by in vitro transcription.
A 1.7 Kbp BamH1-Pstl fragment (from base pair 1304 to 3062)
of the rat pro-EGF ¢cDNA (Dorow and Simpson 1988) was sub-

cloned into the BamH1-Pst1 site of the RNA transcription vector
pGEM-4 (Promega, Madison, Wisc., USA) using T4 DNA ligase
and standard cloning procedures (Maniatis et al. 1982). The plas-
mid was linearized by using either EcoR1 or Hind3 to generate
appropriate templates for in vitro transcription of pro-EGF anti-
sense RNA (cRNA) and pro-EGF sense RNA, respectively. The
in vitro transcription was carried out using either T7 or SP6 RNA
polymerase (Promega) to generate cRNA or sense RNA, respec-
tively, according to previously published methods (Melton et al.
1984). *S-labeled CTP (100 pmol sp act 1400 Ci/mmol, Amersham
Corp., Arlington Heights, I1l., USA) was included in the nucleotide
mixture. The specificity of the reaction was determined by autoradi-
ography of 1 pl of the transcription product separated in formalde-
hyde-agarose gel (Maniatis et al. 1982).

Tissue sections were dewaxed, hydrated, and treated with 1 ug/
ml proteinase K (Sigma) for 7 min at 37° C. After rinsing with
PBS containing 2 pg/ml of glycine (Sigma) sections were post-fixed
with 4% paraformaldehyde for 10 min, and sequentially rinsed
with PBS containing 2 pg/ml of glycine, and 0.2 x saline sodium
citrate (SSC). The slides were drained and incubated at 37° C for
2h in a prehybridization mixture containing 50% formamide,
0.75 M NaCl, 25 mM piperazine-N, N'-bis-2ethanesulfonic acid
(pH 6.8), 25 mM EDTA, 1 x Denhardt’s, 100 mM dithiothreitol
(DTT), 0.2% sodium dodecyl sulfate (SDS), and 300 pg/ml salmon
sperm DNA. Next, the hybridization mixture (containing 3 x
10 cpm/ul of *3S-labeled pro-EGF antisense-RNA in a solution
identical to the prehybridization mixture with the addition of 5%
dextran sulfate) was applied. In control sections 33S-labeled pro-
EGF sense-RNA of similar specific activity was used. Siliconized
cover slips were placed on the sections with the hybridization mix-
ture, and the hybridization reaction was carried out at 45° C for

Fig. 1A, B. Expression of EGF in the rat submandibular gland.
Granular convoluted tubules (arrowheads) show intense EGF im-
munoreactivity (A) and prepro-EGF mRNA hybridization (B) in

adjacent serial sections of paraffin embedded material. No signals
are evident in the acini of the gland. Bar=150 pm
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Fig. 2A-D. EGF immunoreactivity in the rat kidney. A Renal cor-
tex: dense immunostaining is observed in the distal convoluted
tubules (d) and thick ascending limb of Henle (7). B Juxtamedullary
zone: EGF immunoreactivity is shown in the thick ascending limb
of Henle (¢) at the outer medulla (OM). C Crosssection at the
outer medulla: thick ascending limbs of Henle (7) show abundant
EGF immunoreactivity and a characteristic distribution around
vascular bundles (asterisk). D Renal medulla: EGF-containing
thick ascending limbs of Henle (¢) are observed in the outer medulla

(OM), while the inner medulla (M) lacks EGF immunoreactivity.
E High resolution immunocytochemistry: apical membrane distri-
bution of EGF immunoreactivity is present in the distal convoluted
tubules (d) and thick ascending limbs of Henle (¢). No EGF is
detected in proximal tubules (p), glomeruli (g), or juxtaglomerular
apparatus. The macula densa (arrows) lacks EGF immunoreactivi-
ty in clear contrast with the adjacent cells of the TAL, which are
notably positive. Bars=150 pm



Fig. 3A-D. Immuno electron microscopy of EGF in the rat kidney.
A Thick ascending limb of Henle: EGF immunoreactivity (arrow-
heads) is present along the apical membrane. B Distal convoluted
tubule: EGF immunoreactivity is shown on the apical membrane
(arrowheads). C Higher magnification of the distal convoluted tu-

bule cells shown in B: numerous EGF-positive vesicles (asterisks)
are distributed in the apical portion of the cytoplasm. D Higher
magnification of the distal convoluted tubule cell: vesicles associat-
ed to the trans-Golgi complex (G) show EGF immunoreactivity
along with the apical membrane (arrowheads). Bar=1 pm
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Fig. 4A, B. In situ hybridization of prepro-EGF mRNA in the
rat kidney. 3S-labelled pro-EGF cRNA hybridizes to numerous
tubular profiles in both cortical — panel A — and outer medullary
(OM) regions — panel B — corresponding to the distal convoluted

12 h. After hybridization, cover slips were removed and slides were
washed with 4 x SSC solution prior to ribonuclease A digestion.
This was performed by incubating the slides for 30 min at 37° C
with 25 pg/ml ribonuclease A (Sigma) in 0.5 M NaCl, 10 mM Tris-
HCI (pH 8.0), 1 mM EDTA, 10 mM sodium thiosulfate. Next, the
slides were washed with the same buffer without the ribonuclease
A for 30 min at room temperature and then for 30 min with 2 x
SSC and 10 mM sodium thiosulfate at room temperature. A final
high-stringency wash was carried out with 0.1 xSSC and 5 mA/
sodium thiosulfate at 45° C for 60 min. The sections were dehy-
drated in a graded series of alcohol solutions and vacuum dried.
The sections were dipped in a 50% aqueous solution of photo-
graphic emulsion NTB-2 (Eastman Kodak, Rochester, NY) at
45° C, exposed for 7-10 days at 4° C in bakelite boxes containing
desiccant, developed with D19 developer (Eastman Kodak) and
fixed with Rapid Fix (Eastman Kodak). The sections were counter-
stained with hematoxylin, dehydrated, and mounted.

Sections were examined and photographed with a Zeiss (Ober-
kochen, FRG) Axiophot photomicroscope using bright field and
dark field condensers.

For immuno-electron microscopy, the samples were fixed with 4%
paraformaldehyde containing 0.01% glutaraldehyde in PBS. Sev-
enty-five-micrometer-thick vibratome sections were incubated with
a 1:1000 dilution of the anti-rat EGF serum overnight and the
avidin-biotin-immunoperoxidase procedure was performed as
above, but a 1% glutaraldehyde post-fixation step was introduced
after the avidin-biotin-peroxidase incubation. The slides were dehy-
drated and embedded in Epon resin. The blocks were sectioned

tubules () and thick ascending limbs of Henle (¢). The inner medul-
lary region (IM) is negative. The macula densa (arrow) lacks pro-
EGF cRNA hybridization, while the rest of the TAL at this level
is positive. Bar=150 pm

for high resolution light microscopy and electron microscopy. Thin
sections were observed and photographed in a Siemens electron
microscope.

Results

The anti-rat EGF antisera reacted specifically with the
granular convoluted tubules of the SMG, as determined
by avidin-biotin immunoperoxidase (Fig. 1 A). The same
cells also hybridized with 33S-labeled pro-EGF ¢cRNA,
as shown by in situ hybridization of adjacent serial sec-
tions (Fig. 1B). SMG acini and ducts lacked both EGF
immunoreactivity and pro-EGF mRNA (Fig. 1). Con-
trol sections treated with either non-immune rabbit se-
rum or sense probe showed no immunostaining or hy-
bridization, respectively (data not shown).

In the kidney, both EGF immunoreactivity and pre-
pro-EGF mRNA were localized in tubular profiles of
the cortex and outer zone of the medulla. Distal convo-
luted tubules (DCT) in the cortex of the rat kidney
showed intense EGF immunoreactivity (Figs. 2 and 3)
as well as abundant hybridization with pro-EGF ¢cRNA
probe (Fig. 4). In addition, the cortical thick ascending
limb of Henle (cTAL) showed both EGF immunoreac-
tivity and pro-EGF mRNA (Figs. 2 and 4). However,
the macula densa cells did not show EGF or EGF
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mRNA, whereas the rest of the cells of the TAL at this
level were positive (Figs. 2A and 4A). The outer zone
of the medulla was rich in TAL (mTAL) that reacted
specifically with anti-EGF serum (Fig. 2B-D) and pro-
EGF cRNA (Fig. 4B). EGF-expressing mTALs were
observed in a characteristic peri-vascular pattern in
cross-sections at the transition between the outer and
inner stripes of the outer zone of the medulla (Fig. 2C).
No EGF immunoreactivity or pro-EGF mRNA was de-
tected in the inner zone of the medulla (Figs. 2D and
4B). Neither the anti-EGF serum nor the pro-EGF
probe labeled other portions of the nephron, vasculature
or interstitium.

At the ultrastructural level, EGF immunoreactivity
was localized on the apical membrane of the DCT and
TAL cells, as well as the vesicles of the trans-Golgi com-
plex (Fig. 3). Most of the EGF-positive vesicles were
observed in the supra-nuclear area of the cytoplasm,
close to the apical membrane of the cells.

Discussion

The EGF antiserum used in the present study was gener-
ated against an electrophoretically pure EGF prepara-
tion isolated from adult male rat SMG. The antiserum,
at 1:1000 dilution, showed a single immunostainable
peptide in the 6 kDa region when reacted with 20 pg
of purified EGF on Western blot analysis, indicating
that the preparation used for immunization was free of
significant contaminants (Lakshmanan J., et al., unpub-
lished). In rat SMG, the antiserum produced strong im-
munostaining of the granular convoluted cells, which
also showed intense hybridization signals for pro-EGF
mRNA. The parallel distribution of pro-EGF mRNA
signals and EGF immunostaining in the granular tubule
cells is consistent with the view that these cells are the
site of EGF synthesis and storage in the SMG. Similar
findings have been reported regarding EGF expression
in mouse SMG (Gresik et al. 1985).

In the kidney, EGF immunoreactivity was observed
in medullary and cortical regions, corresponding to the
thick ascending limb of Henle (TAL) and distal convo-
luted tubule (DCT). The macula densa was consistently
negative for EGF immunostaining. No EGF-positive
immunostaining was observed in other regions of the
nephron, vasculature or interstitium. In particular, both
afferent and efferent arterioles showed no EGF immu-
noreactivity. This finding is in contrast with a previously
reported study of EGF in the rat kidney, where immuno-
staining was localized in the renin-containing cells of
the juxtaglomerular apparatus (Olsen et al. 1984). In an-
other immunohistochemical study, EGF immunoreac-
tivity was reported to be present in the distal convoluted
tubule (Poulsen et al. 1986). The reason for the discrep-
ancy between these two reports is not clear. In the pres-
ent study, intense hybridization signals were observed
in the cells of the TAL and DCT, the same portions
of the nephron that showed EGF immunoreactivity. The
absence of EGF expression in the macula densa cells,
even when the rest of the cells of the TAL at this level
are strongly positive, is a consistent finding of unknown

significance. A similar situation has been reported pre-
viously in the mouse kidney (Atkin et al. 1990; Salido
et al. 1986). The present results, together with similar
observations in mouse kidney, convincingly demonstrate
that TAL and DCT are the sites of EGF expression
in both rat and mouse.

At the electron microscopic level, the EGF immuno-
reactivity was localized to the apical membrane and vesi-
cles of the trans-Golgi complex from both TAL and
DCT cells. Vesicles in the supranuclear area, some in
close association with the apical membrane, were rich
in EGF immunoreactivity. EGF-immunoreactive vesi-
cles were found only occasionally in basal cytoplasmic
zones. The observed intracellular distribution of EGF
immunoreactivity is very similar to our previous findings
in mouse kidney (Salido et al. 1986), suggesting that re-
nal tubular pro-EGF is processed similarly in the mouse
and rat. The similarity in the domain distribution of
mouse and rat prepro-EGF ¢cDNA (Dorow and Simpson
1988; Rall et al. 1985; Scott et al. 1983), also supports
this concept.

The cloned prepro-EGF cDNAs for mouse (Scott
et al. 1983), rat (Dorow and Simpson 1988), and human
(Bell et al. 1986) predict the EGF precursor in all three
species to be twenty times larger than mature EGF. The
predicted precursors contain a 20 amino-acid transmem-
brane domain and several EGF-like repeats. There are
several proteolytic cleavage sites and N-linked glycosyla-
tion sites. If the precursors undergo proteolytic cleavage
and glycosylation at these predicted sites, there is the
potential to generate multiple biologically active pep-
tides in addition to mature EGF. The ultrastructural
localization of EGF immunoreactivity to the apical
membrane of the TAL and DCT cells suggests that uri-
nary EGF might be generated by cleavage of membrane-
bound EGF precursor by proteases present in the tubu-
lar fluid. At the present time, there is little information
regarding the intracellular and membranous processing
of the EGF-precursor in mouse, rat, or man. Based on
the metabolic studies with mouse SMG and kidney tissue
slices, Rall et al. (1985) suggested that the EGF precur-
sor is processed to yield the 6 kDa mature EGF only
in the salivary gland and was present as a 130 kDa spe-
cies in kidney. Recently, Breyer and Cohen (1990) dem-
onstrated the presence of a 140-150 kDa glycosylated
membrane-associated EGF-precursor in mouse kidney.
The antiserum used in our present investigation reacted
strongly with both SMG-EGF and kidney-EGF, sug-
gesting that it recognizes mature EGF as well as the
EGF-precursor protein.

Membrane-bound human pro-EGF expressed in vi-
tro is capable of binding to and activating EGF recep-
tors (Mroczkowski et al. 1989). High affinity EGF re-
ceptors have been described in cells of the mesangium,
proximal tubule and inner medullary collecting duct
(Breyer et al. 1988; Gusterson et al. 1984; Harris 1989;
Harris et al. 1988; Margolis et al. 1988; Norman et al.
1987; Real etal. 1986; Stanton and Seifter 1988). In
these cells, EGF induces a variety of responses, including
phospholipase A, activation (Bonventre etal. 1990;
Margolis et al. 1988) and contraction (Harris et al. 1988)



of mesangial cells, inhibition of gluconeogenesis (Harris
and Daniel 1989), increase of intracellular pH and en-
hancement of hexose monophosphate shunt activity
(Stanton and Seifter 1988) in proximal tubule cells, and
modulation of sodium absorption (Vehaskari et al.
1989), arachidonate metabolism (Harris 1989) and hyd-
raulic conductivity (Breyer et al. 1988) in collecting duct
cells. In addition, EGF stimulates cell proliferation and
maturation in a variety of tissues and cultured cells, in-
cluding renal cells (Adler and Eng 1990; Goodyer et al.
1988; Normen et al. 1987). Thus, it can be speculated
that EGF could act in a paracrine fashion in the kidney.

There is evidence to suggest that EGF may play an
important role in the regenerative response after renal
injury (Humes et al. 1989 ; Norman et al. 1987; Safirstein
et al. 1989). However, EGF receptors have been found
in the basolateral membrane of proximal tubules and
collecting ducts, and it is not obvious how EGF from
the luminal membrane of the distal nephron might inter-
act with the basolateral membrane receptors of these
segments of the nephron. In situ studies on the distribu-
tion of EGF receptors in the urinary system should help
clarify the conflict between the location of EGF recep-
tors and the site of EGF synthesis in the kidney.

The rat has been widely used as an experimental ani-
mal in the investigation of the function of renal EGF
(Bonventre et al. 1990; Harris 1989; Harris and Daniel
1989; Harris et al. 1988; Humes et al. 1989; Safirstein
et al. 1989). We have shown that the TAL and DCT
cells are the site of EGF expression in the rat kidney.

Acknowledgements. The authors thank Dr. D. Dorow (Monash
University, Victoria, Australia) for providing us with cloned rat
¢DNA, Dr. W.D. Odell (University of Utah School of Medicine,
Salt Lake City, USA) for the anti-rat EGF serum, Sobpheacnea
Koy for preparing the illustrations and manuscript, and Marilyn
Jones and Li Liu for the sectioning of Epon embedded material.

This work was supported by Grants RO1 HL-18340 from
NHLBI, Grants RO1 HO-12178 and RO1 HD-04270 from
NICHD and by the Howard Hughes Medical Institute.

References

Adler S, Eng B (1990) Reversal of inhibition of rat glomerular
epithelial cell growth by growth factors. Am J Pathol 136:557—
563

Atkin BM, Franklin WA, Bell GI, Toback FG (1990) Macula densa
of mouse kidney do not synthesize epidermal growth factor
precursor mRNA. Nephron 54:313-317 .

Bell GI, Fong NM, Stempien MM, Worsted MA, Capt D, Ku
I, Uredea MS, Rall LB, Sanchez-Pescador R (1986) Human
epidermal growth factor precursor: cDNA sequence, expression
in vivo and gene organization. Nucleic Acids Res 14:8427-8446

Boventre JV, Gronich JH, Nemenoff RA (1990) Epidermal growth
factor enhances glomerular mesangial cell soluble phospholi-
pase A, activity. J Biol Chem 265:4934-4938

Breyer JA, Cohen S (1990) The epidermal growth factor precursor
isolated from murine kidney membranes. J Biol Chem
265:16564-16570

Breyer MD, Jacobson HR, Breyer J (1988) Epidermal growth fac-
tor inhibits both chlorophenylthio-cyclic AMP and vasopressin
stimulated hydraulic conductivity in the rabbit cortical collect-
ing tubule. J Clin Invest 82:1313-1320

Carpenter G, Cohen S (1979) Epidermal growth factor. Annu Rev
Biochem 48:193-216

Dorow DS, Simpson RJ (1988) Cloning and sequence analysis of

1

a ¢cDNA for rat epidermal growth factor. Nucl Acid Res
16:9338

Fisher DA, Lakshmanan J (1990) Metabolism and effects of epider-
mal growth factor and related growth factors in mammals. En-
docr Rev 11:418-442

Fisher DA, Salido EC, Barajas L (1989) Epidermal growth factor
and the kidney. Annu Rev Physiol 51:67-80

Goodyer PR, Kachra Z, Bell C, Rozen R (1988) Renal tubular
cells are potential targets for epidermal growth factor. Am J
Physiol 255:F1191-F1196

Gresik EW, Gubits RM, Barka T (1985) In situ localization of
mRNA for epidermal growth factor in the submandibular gland
of the mouse. J Histochem Cytochem 33:1235-1240

Gusterson B, Cowley G, Smith JA, Ozanne B (1984) Cellular local-
ization of human epidermal growth factor receptor. Cell Biol
Int Rep 8:649-658

Harris RC (1989) Response of rat inner medullary collecting duct
to epidermal growth factor. Am J Physiol 256:F1117-F11124

Harris RC, Daniel TO (1989) Epidermal growth factor binding,
stimulation of phosphorylation, and inhibition of gluconeogen-
esis in rat proximal tubule. J Cell Physiol 139:383-391

Harris RC, Hoover RL, Jacobson HR, Badr KF (1988) Evidence
for glomerular actions of epidermal growth factor in the rat.
J Clin Invest 82:1028-1039

Hirata Y, Orth DN (1979a) Concentrations of epidermal growth
factor, nerve growth factor and submandibular gland renin in
male and female mouse tissues and fluids. Endocrinology
105:1382-1387

Hirata Y, Orth DN (1979b) Epidermal growth factor (urogastrone)
in human tissues. J Clin Endocrinol Metab 48:667-672

Humes DH, Cieslinski DA, Coimbra, Messana JM, Galvao C
(1989) Epidermal growth factor enhances renal tubule cell re-
generation and repair and accelerates the recovery of renal func-
tion in postischemic acute renal failure. J Clin Invest 84:1757—
1761

Kasselberg AG, Orth DN, Gray ME, Stahlman MT (1985) Immu-
nohistochemical localization of human epidermal growth fac-
tor/urogastrone in several human tissues. J Histochem Cyto-
chem 33:315-322

Maniatis T, Fritsch EF, Sambrook J (1982) Molecular cloning:
laboratory manual. Cold Spring Harbor Laboratory, Cold
Spring Harbor, NY

Margolis BL, Bonventre JV, Kremer SG, Kudlow JE, Skorecki
KL (1988) Epidermal growth factor is synergistic with phorbol
esters and vasopressin in stimulating arachidonate release and
prostaglandin production in renal glomerular mesangial cells.
Biochem J 249:587-592

Melton DA, Krieg PA, Rebagliati MR, Maniatis T, Zinn K, Green
MR (1984) Efficient in vitro synthesis of biologically active
RNA and RNA hybridization probes from plasmids containing
a bacteriophage SP6 promoter. Nucl Acids Res 12:7035-7056

Moore JB Jr (1978) Purification and partial characterization of
epidermal growth factor from male rat submaxillary gland.
Arch Biochem Biophys 189:1-7

Mroczkowski B, Reich M, Chen K, Bell GI, Cohen S (1989) Re-
combinant human epidermal growth factor precursor is a glyco-
sylated membrane protein with biological activity. Mol Cell
Biol 9:2771-2778

Norman J, Badie-Dezfooly B, Nord EP, Kurtz I, Schlosser J,
Chaudhari A, Fine LG (1987) EGF-induced mitogenesis in
proximal tubular cells; potentiation by angiotensin II. Am J
Physiol 253:F299-F309

Olsen PS, Nexo E, Poulsen SS, Hansen F, Kirkegaard P (1984)
Renal origin of rat urinary epidermal growth factor. Regul Pept
10:37-45

Poulsen SS, Nexo E, Olsen S, Hess J, Kirkegaard P (1986) Immuno-
histochemical localization of epidermal growth factor in rat
and man. Histochemistry 85:389-394

Rall LB, Scott J, Bell GI, Crawford RJ, Penshow JD, Niall HD,
Coghlan JP (1985) Mouse prepro-epidermal growth factor syn-
thesis by the kidney and other tissues. Nature 313:228-231



72

Real FX, Rettig W], Chesa PG, Melamed MR, OId LJ, Mendel-
sohn J (1986) Expression of epidermal growth factor receptor
in human cultured cells and tissues: relationship to cell lineage
and stage of differentiation. Cancer Res 46:4726-4731

Rubin JS, Bradshaw RA (1984) Preparation of guinea pig prostate
epidermal growth factor. In: Methods for preparation of media,
supplements, and substrata for serum-free animal cell culture.
In: Barnes DW, Sirhbasku DA, Sato GH (eds) Culture meth-
ods for molecular and cell biology. Liss, New York, pp 139~
145

Safirstein R, Zelent AZ, Price PM (1989) Reduced renal preproepi-
dermal growth factor mRNA and decreased EGF excretion
in ARF. Kidney Int 36:810-815

Salido EC, Fisher DA, Barajas L (1986) Immunoelectron microsco-
py of epidermal growth factor in mouse kidney. J Ultrastruct
Mol Struct Res 96:105-113

Salido EC, Yen PH, Shapiro LJ, Fisher DA, Barajas L (1989)
In situ hybridization of prepro-epidermal growth factor mRNA
in the mouse kidney. Am J Physiol 256: F632-F638

Schaudies RP, Savage CR Jr (1986) Isolation of rat epidermal

growth factor (tfEGF): chemical, biochemical and immunologi-
cal comparisons with mouse and human EGF. Comp Biochem
Physiol 84B:497-505

Scott J, Urdea M, Quiroga M, Sanchez-Pescador R, Fong N, Selby
M, Rutter WJ, Bell GI (1983) Structure of a mouse submaxill-
ary messenger RNA encoding epidermal growth factor and sev-
en related proteins. Science 221:236-240

Simpson RJ, Smith JA, Moritz RL, O’'Hare MI, Rudland PS, Mor-
rison JR, Lloyd CJ, Grego B, Burgess AW, Nice EC (1985)
Rat epidermal growth factor: complete amino acid sequence.
Homology with the corresponding murine and human proteins;
isolation of a form truncated at both ends with full in vitro
biological activity. Eur J Biochem 153:629-637

Stanton RC, Seifter JL (1988) Epidermal growth factor rapidly
activates the hexose monophosphate shunt in kidney cells. Am
I Physiol 253:C267-C271

Vehaskari VM, Hering-Smith KS, Moskowitz DW, Weiner 1D,
Hamm LL (1989) Effect of epidermal growth factor on sodium
transport in the cortical collecting tubule. Am J Physiol
256:F803-F809



