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ABSTRACT

Acute tubular necrosis induced by aminoglycoside antibiotics and various
other nephrotoxins is followed by a regenerative process which leads to the
restoration of damaged tubules. Several lines of evidence indicate that tubular
regeneration is mediated by polypeptide growth factors such as epidermal
growth factor (EGF). Previous studies devoted to cisplatin nephrotoxicity have
shown that this agent causes tubular cystic degeneration possibly related to an
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impairment of renal tissue repair. Thus, we examined on a comparative basis
the time course of the regenerative response subsequent to tubular damage
induced by, tobramycin or cisplatin, particular attention being paid to renal
EGF and its receptor. Female Sprague—Dawley rats {(160—-180 g body weight)
were treated during 4 consecutive days with daily doses of 200 mglkg tobra-
mycini.p. (BID) or 2 mgikg cisplatin (once a day). Sham-treated rats were given
0.9% NaCl i.p. following the same protocol. Groups of experimental animals (n
= 5-10) were terminated at increasing time intervals (1, 4, 7, 14, 21, 60 days)
after cessation of treatment. One hour prior to sacrifice, each individual
received i.p. 200 mgikg 5-bromo-2'-deoxyuridine (BrdU) for the immunohisto-
chemical demonstration of cell proliferation. Blood was collected at the time of
sacrifice in order 1o assess glomerular filtration rate by measuring serum
creatinine and BUN levels. Kidneys were analyzed with respect to total EGF
determined by RIA in renal tissue homogenates, and soluble EGF was assayed
in extracts prepared by centrifugation. Renal tissue was processed for the
immunohistochemical detection of S-phase cells, of EGF, of EGF receptors,
and of the intermediate filament vimeniin, the latter being used as a marker of
epithelium dedifferentiation. In absence of nephrotoxic alterations, EGF was
immunolocalized in distal tubules, whereas EGF receptor immunostaining was
seen in proximal tubules cells. Vimentin immunostaining was confined 1o
glomeruli and blood vessels, Tobramycin and cisplatin caused acute tubular
necrosis in proximal convoluted tubules and proximal straight tubules, respec-
tively. Tissue damage was accompanied by renal dysfunction reflected by an
elevation of serum creatinine and BUN levels. Tubular necrosis was followed by
a proliferative response indicative of tubular regeneration. Regenerative hyper-
plasia was associated with a reduction of total immunoreactive EGF due to a
decrease gf tissue-bound proEGF. Tubules undergoing regenerative repair were
characterized by a disappearance of EGF receptors and the presence of
immunoreactive vimentin. In tobramycin-treated rats, renal dysfunction lasted
for 4-7 days and was fully reversible, as indicated by the return of serum
markers to normal values. Accordingly, tubular regeneration had led 1o the
restoration of wubular epithelium in approximately 7-14 days. Moreover, the
reduction of proEGF in renal tissue, and the loss of EGF recepiors and vimentin
expression in regenerating tubules occurred as a sequence of transient events so
that kidneys had resumed a normal appearance by 14 days. In contrast with
what was observed after exposure to tobramycin, cisplatin administration
induced a protracted renal impairment probably related to a defective tissue
repair. Kidneys of treated animals displayed a persistent depletion of immuno-
reactive proEGF. In addition, cystic tubules developing in the long term after

- exposure to cisplatin remained devoid of EGF receptors and exhibited contin-
wous vimentin expression. The current study suggests that renal tubules dam-
aged by cisplatin cannot undergo normal regeneration and probably remain in
a dedifferentiated state.
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INTRODUCTION

Acute renal failure characterized by an abrupt decline of glomerular filtration rate is
generally associated with morphological evidences of tubular necrosis, particularly in
proximal segments of the nephron (1, 2). Tissue damage may result from renal ischemia or
from exposure to various nephrotoxic compounds, some of them used for therapeutic or
diagnostic purposes. Nephrotoxicity is encountered as an adverse effect in several groups of
drugs widely differing in structure and mechanism of action (3, 4), and sometimes is
regarded as a major dose-limiting toxicity.

In clinics, both aminoglycoside antibiotics such as gentamicin and tobramycin, and
platinum-based anticancer agents, in particular cisplatin, are known to be nephrotoxic
(5-7). Moreover, these drugs have been repeatedly shown to induce acute tubular necrosis
and renal failure in experimental animals. Beside the fact that tobramycin and cisplatin do
not share any common feature with respect to their structure and toxicity mechanism, they
also offer an interesting contrast regarding the reversibility of drug-induced renal dysfunc-
tion and the evolution of tubular damage after renal intoxication.

Functional impairment induced by aminoglycosides and many other nephrotoxins
appears mostly reversible, and the return to a normal function occurs concomitantly with a
repair of necrotic lesions by regenerative hyperplasia (2, 6, 8-10). In contrast, cisplatin has
been reported to cause irreversible renal dysfunction in patients (5, 11-16). Moreover,
animal studies have revealed that protracted functional impairment induced by cisplatin is
accompanied by persisting morphological abnormalities in renal tissue (17, 18). In previous
studies, we hypothesized that cisplatin nephrotoxicity might not only lead to tubular necro-
'sis, but also result in a deficiency in the mechanisms undertying renal tissue repair (19, 20).

Tubular regeneration entails important changes in cell proliferation and differentiation,
and is undoubted!y submitted to a variety of control mechanisms. Most significant progress
made in the understanding of this complex process concerns the possible involvement of
polypeptide growth factors as regulators of renal cell proliferation/differentiation (21, 22).
Although current evidence indicates that tubular regeneration might require the participa-
tion of several growth factors (22), the bulk of experimental data reported to date points to
the particular importance of epidermal growth factor (EGF). In particular, we and others
demonstrated previously that EGF administration stimulates kidney regenerative response
and accelerates the recovery of renal function in animals undergoing renal failure of
ischemic or nephrotoxic origin (23-28). Previous work of our group also suggests that
tubular regeneration involves an enzymatic processing of renal proEGF into diffusible EGFE,
thus allowing the latter to interact with EGF receptors on proximal tubular cells (10, 29-31).
Therefore, the present study was initiated in order to compare the regenerative response
elicited by the administration of tobramycin and cisplatin, with particular attention paid to
EGF and its receptor in kidney tissue. :

METHODS'
Animals and Treatment '
Experimental studies were conducted on female Sprague-Dawley rats (160180 g body

weight) supplied by a commercial breeding farm (Iffa Credo, L'Arbresle, France). Upon
their arrival, the animals were distributed in groups of 5 individuals per cage. They were
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allowed a minimum of 1 week of acclimatazation before starting any treatment. During this
period and until termination, the rats were housed in a central facility submitted to a regular
12-h light/dark cycle and were provided with food and tap water ad libitum.

The animals ‘were treated i.p. with the drug formulation available for parenteral
administration in clinical practice. Tobramycin (Obracin®) was given twice a day at a daily
dosage of 200 mg/kg and cisplatin (cis-diamminedichioroplatinum II) once a day at a daily
dosage of 2 mg/kg. Both treatments were administered over 4 days. Before each drug
injection the animals were weighed in order to adjust the volume of drug solution (approx.
0.5 mL and 0.8 mL for tobramycin and cisplatin, respectively) according to body weight.
Sham-treated rats received i.p. 0.9% NaCl on the same schedule of administration.

Groups of experimental animals and controls were terminated by decapitation 1, 4, 7,
14, 21, and 60 days after the end of treatment. One hour before sacrifice each individual
received i.p. 200 mg/kg 5-bromo-2’-deoxyuridine (BrdU) for pulse labeling of DNA and
immunocytological demonstration of S-phase cells. At the time of sacrifice, blood was
collected from the stump for the measurement of serum creatinine and BUN. After
laparotomy, right and left kidneys were quickly excised and bisected. Tissue corresponding
to renal cortex/OSOM was dissected from right kidneys and snap-frozen in dry ice whereas
left kidneys were immersed in Duboscq-Brazil fixative for light microscopy. Necropsies of
right kidneys were stored frozen until biochemical analysis.

Immunochemical Measurement of EGF in Renal Tissue

The levels of total and soluble immunoreactive EGF in renal tissue were determined by a
double-antibody nonequilibrium radioimmunoassay using rabbit polyclonal anti-rat EGF
antiserum. Frozen tissue samples were transferred to ice-cold distilled water in a volume:
tissue weight ratio of 8 mL/g and homogenized in a Potter—Elvehjem device equipped with
a teflon pestle. All subsequent steps were carried out at 0—4°C. After a 30-min incubation,
each sample was split and mixed with concentrated phosphate-buffered saline (0.5 M
phosphate, 1 M NaCl, pH 7.4) with or without 10% Triton X-100, added in a volume ratio of
1:10. Total EGF was estimated in detergent-containing homogenates after a further incuba-
tion of 30 min. For the determination of soluble EGE samples without detergent were spun
at 100.000 X g for 30 min, and supernatants were recovered and used as soluble fractions.

Radicimmunoassay of renal EGF was performed on triplicate samples, in comparison
with purified rat EGF used as a reference. Anti-EGF antiserum (100 pL, 1:20,000 dilution)
was added to test tubes containing 100 pl. of either tissue extract or standard (0.005-10
ng/mL rat EGF) and the mixtures were allowed to stand for 16 h. Fifty microliters of murine
153].EGF (200,000 cpm/mL) were then added to each tube. After a further incubation of 3 h,
500 uL of goat anti-rabbit IgG conjugated to cellulose beads (3 mg protein/g cellulose)
were mixed thoroughly with each sample. Immunocomplexes were allowed to form during a
period of 2 h at 4°C and the mixtures were centrifuged at 1000 X g for 10 min. Supernatants
were discarded and pellets were suspended in 3 mL phosphate buffered saline (0.05 M
phosphate, 0.1 M NaCl, 0.25% bovine serum albumin, pH 7.4). Samples were spun for $
min as above, supernatants were discarded, and the radioactivity present in pellets was
measured in 2 LKB minigamma counter.

Biochemical Assays

Protein concentrations were evaluated by the method of Lowry et al. (32), using bovine
serum aibumin as standard. Serum was decanted after compietion of blood clotting at room
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temperature. Serum creatinine and BUN were measured by Jaffe's method (with deprotein-
ization) and the urease method, respectively. Both assays were performed using commercial
kits and according to the instructions of the suppliers.

Morphological Methods

Tissue specimens fixed in Duboscq—Brazil were dehydrated in graded ethanol solutions,
finished in butanol, and embedded in paraffin wax (Paraplast Plus®) following routine
procedure. Sections of 4- to 5-pum thickness were produced on a Reichert Autocut 2040
microtome, For histopathological examination, tissue was stained with periodic acid-
Schiff, hemalun and luxol fast blue. '

Immunohistochemical methods were applied to dewaxed paraffin sections rehydrated in
distilled water. Cells in S phase were revealed by the immunolabeling of BrdU incorporated
into DNA. To unmask hidden epitopes, sections were pretreated with trypsin and HCI, as
described previously (10). Tissue sections were thereafter incubated in presence of a mouse
anti-BrdU monoclonal antibody in phosphate-buffered saline (0.04 M Na,H PO,, 0.01 M
KH,PO,, 0.12 M NaCl, pH 7.2-7.4). The same buffer composition was used along all
subsequent steps of this and following histochemical procedures. Exposure to anti-BrdU
monoclonal antibody was followed by an incubation with biotinylated rabbit anti-mouse
IgG antibodies. Immunocomplexes were revealed as described below.

EGF was immunostained in tissue section by application of the same rabbit anti-rat EGF
antiserum as that used in radioimmunoassay. This was followed by exposure to biotinylated
swine anti-rabbit IgG antjbodies. : ‘ '

EGF receptors were immunolocalized in renal tissue by using a rabbit antiserum raised
against a 12-amino acid sequence (residues 985-996) located within the intracellular
domain of human EGF receptor (33), Rabbit immunoglobutins were detected as described
above by applying a second layer of biotinylated antibodies.

Vimentin immunostaining was performed after pretreatment of tissue sections with
trypsin (0.1 mg/mL; 20 min). We used mouse monoclonal anti-pig vimentin as a primary
antibody. The second layer consisted of biotinylated rabbit anti-mouse IgG antibodies.

In all cases, biotinylated antibodies were demonstrated by exposure to biotinylated
peroxidase—avidin (ABC) complexes (34). Bound peroxidase activity was visualized by
incubation in a solution of 0.02% 3,3’-diamincbenzidine, 0.01% H,0,. Sections were
finally counterstained with periodic acid—Schiff, hemalun, and luxol fast blue for histologi-
cal examination. The specificity of immunostaining was checked by performing positive
and negative controls, as described previously (31).

Morphometric Analysis

Paraffin sections processed for the immunohistochemical demonstration of BrdU-
labeled DNA or of EGF immunoreactivity were submitted to an interactive computer-
assisted morphometric analysis in order to obtain a quantitative assessment of S-phase cells
and of distal tubules containing immunoreactive EGE As described previously (10, 30),
sections (one slide per experimental animal) were scanned by a high-resolution color video
camera mounted on a Zeiss Axioplan microscope and connected to an IBM-compatible
microcomputer. Microscopic fields were analyzed using softwares designed for grey level
discrimination, object counting, and surface calculation (Systémes d’Analyses Microsco-
piques 4 Balayage Automatique—SAMBA; Alcatel TITN Answare, Grenoble, France).
The relative areas occupied by tubular profiles staining for EGF were estimated on 10
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microscopic fields at 50X magnification (approx. total surface: 8.5 mm?). The numbers of
labeled nuclei per unit surface were evaluated on 10 microscopic fields at 100X magnifica-
tion (approx. total surface: 2.1 mm?).

Statistical Analysis

Analysis of experimental data was first run on a program allowing fully factorial analysis
of variance (ANOVA). In cases of p values lower than 5%, treated groups were compared to
controls by the Tukey post hoc test. For selected groups, effects of tobramycin and cisplatin
were compared using Student’s or Cochran’s ¢ tests, Level of statistical significance was
arbitrarily set at p =<.05S.

Drugs and Reagents

Tobramycin (Obracin®) and cisplatin (Platinol *) were courteously supplied by E. Lilly-
Benelux (Brussels, Belgium) and Laboratoire Bristol Benelux (Brussels, Belgium), respec-
tively. Rabbit polyclonal antiserum raised against rat EGF was obtained and checked for its
specificity as described previously (10, 35). Anti-EGF receptor antiserum was a kind gift
from R. M. Kris (Department of Pharmacology, New York University School of Medicine,
New York) and was elicited by using as an immunogen a [2-residue peptide corresponding
to positions 985-996 near the carboxyterminus of human EGF receptor (33). Anti-BrdU
and anti-vimentin monoclonal antibodies, biotinylated rabbit -anti-mouse IgG antibody,
biotinylated swine anti-rabbit IgG antibody, and ABC complexes came from Dakopatts
(Glostrup, Denmark). Commercial kits for serum creatinine and BUN assays were pur-
chased from Boehringer (Mannheim, Germany) and Merck (Darmstadt, Germany), respec-
tively. 125[-labeled EGF came from Amersham Belgium (Gent, Belgium). Goat anti-rabbit
IgG antibody was conjugated to cetlulose beads according to the protocol described by
Axen et al. (36).

RESULTS

During the 4-day period of drug administration. the body weight gain of tobramycin-
treated rats appeared lower than that observed in animals receiving saline (3.0 = 2.7%
vs. 7.4 = 0.9%), and animals exposed to cisplatin actually lost 8.3 = 2.6% of their initial
weight. Two weeks posttreatment, the mean body weight of rats dosed with cisplatin was
still approx. 20% tower than that of controls or tobramycin-treated animals. This effect of
cisplatin on the growth rate was attributed to the well-known gastrointestinal toxicity of the
anticancer agent. Other than this, we did not encounter gross manifestation of toxicity or
animal loss related to drug injection.

Examination of kidney paraffin sections revealed morphological signs of acute tubular
necrosis resulting from drug-induced renal toxicity. The appearance of tissue damage was
similar to that reported in previous studies on aminoglycosides (see Ref. 10 and references
therein) or cisplatin (19, 20) nephrotoxicity. In tobramycin-treated rats, tubular necrosis
preferentially affected proximal convoluted tubules of renal cortex and culminated at days
4 and 7, although some animals sacrificed at day 1 also exhibited morphological evidence of
tubular injury. However, at days 14, 21, and 60, renal tissue had become almost unremark-
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infiltration. Contrasting with what was seen after tobramycin administration, tubular
necrosis due to cisplatin exposure was more prominent in proximal straight tubules of
OSOM. Necrotic injury was particularly severe at day 4 and was followed by progressive
cystic tubular degeneration {(17-19). Two months after treatment with cisplatin, renal
OSOM of treated animals was still mostly occupied by tubular cysts between which one
could note the frequent occurrence of peritubular infiltrates.

As shown by the monitoring of BUN and serum creatinine (Fig. 1), nephrotoxic insult
was accompanied by a reduction of glomerular filtration rate. In rats receiving tobramycin,
serum creatinine rose sharply to reach at day 1 a concentration approx. twice that measured
in sham-treated animals. During the following days, creatinine level returned to the normal
range [Fig. 1(a)]. BUN concentration followed a parallel course, with peaks at days 1 and 4
and a subsequent return toward baseline level [Fig. 1(b)]). Serum creatinine and BUN
measurements in cisplatin-treated animals disclosed a different pattern. Serum creatinine
increased slowly but steadily and attained by day 14 a plateau twice above control level [Fig.
1(c)]. In a quite similar fashion, BUN rose to a maximum level (approx. 6 times the mean
control value) at day 14 and only showed thereafter a limited tendency to decrease
(Fig. 1{d)]. Thus, in rats sacrificed at-day 60, both serum creatinine and BUN were still
significantly higher than control values. Although the progression of kidney dysfunction
obviously differed depending on the treatment, comparison of peak levels of serum
creatinine and BUN (tobramycin-treated rats, day 1 vs. cisplatin-treated rats, day 14) did not
disclose a significant difference (Student’s 7 test).

Drug-induced tubular necrosis elicited a process of tubular regeneration which was
assessed by the immunohistochemical demonstration of BrdU incorporation into DNA and
the morphometric estimation of S-phase cells in renal tissue. Exposure to tobramycin was
followed by a burst of proliferative activity in both renal cortex and OSOM, the mitogenic
response showing a peak at day 4. The rate of cell proliferation declined subsequently and
became virtually equivalent to control values by day 14 [Fig. 2(a)). As compared to animais
which received tobramycin, the proliferative response appeared slightly delayed in
cisplatin-treated rats [Fig. 2(b)] but also peaked at day 4. Rate of cell proliferation
progressively abated past that time point. Although at day 60 no statistically significant
difference was observed between cisplatin-treated and control rats, mitotic activity still
appeared slightly higher in the kidneys of the former animals. Thus, at that time point, renal
cell proliferation following cisplatin exposure remained higher (p <.05, Cochran’s 1 test)
compared with that measured in tobramycin-treated rats.

Since several lines of evidence indicate that EGF acts as a positive mediator in the
process of renal tubular regeneration, we applied immunochemical and immuno-
histochemical approaches in order to uncover possible modifications of this growth factor
during the course of tubular necrosis and repair. Distinct forms of immunoreactive EGF
have been identified in rat renal tissue (29). Soluble immunoreactive EGF that is detected
in the-Kidney consists of native EGF (undistinguishable from mature EGF secreted by
submaxillary glands) and of EGF lacking the carboxyterminal arginine, both of which
appear biologically active. Tissue-bound immunoreactive EGF most likely corresponds to
the high molecular weight precursor (proEGF) synthesized within distal tubules of the
kidney (37). It has been shown that treatment of this fraction with trypsin generates a single
form of immunoreactive EGF (29). In the present study, we used a simplified procedure to
estimate total EGF since preliminary experiments showed that 30-min Triton extraction
combined with a modification of the separation system in RIA (double-antibody solid-phase
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Figurel. Assays of serum creatinine (a, ¢) and of BUN (b, d) in animals terminated at different time
intervals after 4-day exposure to tobramycin (a. b) or cisplatin (c, d) (cross-hatched columns: treated
rats; open columns: sham-treated rats). Columns refer to the mean values found in different
experimental groups, with the standard deviations indicated by the vertical bars. Statistical signifi-
cance (*p <.03 as compared fo controls) was evaluated by ANOVA and Tukey post hoc test.

trypsin treatment. Figure 3 illustrates displacement curves generated by the inclusion of
either samples at increasing concentrations in the RIA incubation mixture. Soluble renal
EGF produces a displacement parallel to the standard curve obtained with EGF purified
from rat submaxillary glands. In the case of renal homogenates, most likely containing a
mixture of soluble and proEGE, the displacement curve departs slightly from the standard
curve. Levels of soluble and total immunoreactive EGF measured in renal tissue of control
and drug-treated animals appear in Figure 4. Even though comparison of RIA data must be
made with caution because of different immunoreactivities, examination of the figure
reveals that soluble EGF accounts for only a minor (approx. 4%) fraction of total EGF, at
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Figure 2. Morphometric evaluation of cell proliferation in kidneys of rats sacrificed at different time
intervals after treatment with tobramycin (a) or cisplatin (b) (CONT: sham-treated animals). Each
animal received i.p. 200 mg/kg BrdU 1 h prior to sacrifice for the immunohistochemical demonstra-
tion of DNA synthesis. S-phase cells [see. e.g., Fig. 6(c)] were revealed by using an anti-BrdU
monoclonal antibody, as described in Methods. Frequencies of labeled nuclei per unit surface in renal
cortex (filled columns) and OSOM (striped columns) were determined by computer-assisted mor-
phometry. Columns give the mean values of different experimental groups, with the standard
deviations indicated by the vertical bars. Statistical analysis as in Figure 1 (*p <.05 as compared to

controls).
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Figure3. Displacement curves generated by the addition of different EGF-containing samples to the
EGF radioimmunoassay mixture (see Methods). ®: EGF purified from rat salivary glands (reference
curve); ¥: soluble fractions of kidney homogenates (dilutions 1:16 to 1:2); ®: total kidney homogenates
(dilutions 1:128 to 1:16). Each symbol is the mean of triplicate measurements, vertical bars in the
reference curve indicating standard deviations. Curves obtained with renal tissue samples were
arbitrarily set on the graph and do not necessarily correspond to EGF concentrations on the abscissa.

least in the kidneys of untreated rats. This is consistent with the fact that, in normal
conditions, renal EGF exists mostly in the precursor form. As shown in Figures 4(a) and

" 4(c), treatments with tobramycin or cisplatin induced a substantial reduction in the amount
of total EGE the trough values being statistically similar (Student’s ¢ test) in both cases.
During the recovery period following exposure to tobramycin, concentrations of total EGF
eventuaily returned to values equivalent to those found in controls (Fig. 4(a)]. In contrast,
after cisplatin administration total] EGF remained significantly lower throughout the whole
period of observation (i.e., up to 2 months) [Fig. 4(c)]. Thus, at day 60 totai EGF was
significantly lower (p <.05, Cochran’s ¢ test) in the case of cisplatin-treated rats compared
with animals exposed to tobramycin. No statistically significant departure from control
values appeared when soluble EGF was assayed in renal tissue of treated rats, although a
moderate decrease was noted 7 days after tobramycin injection and throughout the whole
period of observation following cisplatin dosing.

In accordance with previous studies (10, 30, 37) EGF was immunolocalized in distal
convoluted tubules and thick ascending loops of Henle. When estimated by morphometric
analysis, immunostained tubular profiles were found to occupy approximately 3.5% of
tissue section area in renal cortex of controls. Treatment with either tobramycin or cisplatin
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Figure 4. Vzlues of immunoreactive EGF in the kidneys of rats sacrificed at different time intervals
after tobramycin (a, b) or cisplatin (¢, d) administration. Renal EGF was determined by radioimmuno-
assay using purified salivary gland EGF as a standard (see Fig. 3), in Triton-treated renal tissue
homogenates [(a, c): total EGF] or in supernatants recovered after centrifugation [(b, d): soluble
EGF). Cross-hatched and open columns refer to treated and sham-treated animals, respectively.
Columns give the mean values of different experimental groups, with the standard deviations indicated
by the vertical bars. Statistical analysis as in Figure 1 (*p <.05 as compared to controis).

led to a sizable reduction of EGF immunostaining, particularly evident in cortical tissue
(Fig. 5). Thus the relative area covered by immunolabeled tubular profiles remained
significantly lower than mean control value during a period of 2 weeks following tobra-
mycin exposure. Thereafter, EGF immunostaining gradually resumed a normal appearance
[Fig. 5(a)}]. In contrast, in animals treated with cisplatin, the quenching of EGF immuno-
staining persisted during the whole period of observation [Fig. 5(b)].

Consistent with a recent report from our group (31), immunohistochemical staining with
an antiserum raised against the EGF receptor demonstrated the presence of the latter on the

Soluble Immuneoreactive EGF (ng/mg protein)
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Figure 5. Morphometric evaluation of distal tubules displaying EGF immunoreactivity in renal
cortex of rats sacrificed at different time intervals after exposure to tobramycin [(a), filled columns} or
cisplatin [(b), filled columns]. Open columns: sham-treated rats. Tissue sections were processed
for the immunohistochemical demonstration of EGF, as described in Methods, and relative areas
occupied by immunostained tubular profiles were determined by computer-assisted morphometry.
Columns give the mean values of different experimental groups, with the standard deviations indicated
by the vertical bars. Statistical analysis as in Figure 1 (*p <.05 as compared to controls).

epithelium of proximal tubules [Fig. 6(b)]. Immunolabeling was particularly conspicuous
at the contraluminal pole of epithelial cells. In addition, juxtaglomerular cells of afferent
arterioles exhibited a strong reaction with anti-EGF receptor antiserum. Nephrotoxic insult
did. not immediately result in the disappearance of immunoreactive EGF receptor in
proximal tubules, since some immunostaining could still be observed in tubular sections
showing evidence of necrosis or sublethal injury. However, in tobramycin-treated rats
[Fig. 6(d)] as well as in animals exposed to cisplatin {Fig. 7(b)], tubular sections endowed
with proliferative activity and/or lined by undifferentiated epithelium appeared virtually
devoid of immunoreactive EGF receptors. After exposure to tobramycin, the disappearance
of EGF receptor immunostaining was particularly evident at days 4 and 7. Subsequently,
immunoreactive EGF receptors reappeared along with the redifferentiation of tubular
epithelium [Fig. 6(f}], i.e., after completion of regenerative hyperplasia. In contrast,
tubular profiles lacking immunoreactive EGF receptors were observed throughout the
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Figure 6. Immunohistochemical demonstration of EGF receptors in renal tissue. Each set of
micrographs—(a-b); (c-d); (e-f)—shows corresponding fields on consecutive tissue sections. In
panels (b), {d), and (f), EGF receptors were immunostained as described in Methods. In panels (a), (c),
and (e), tissue sections were processed to reveal S-phase cells by the immunohistochemical detection
of BrdU incorporated into DNA. Micrographs (a-b), (c-d), and {e-f) correspond to kidney necropsies
collected from a control rat or from tobramycin-treated animals sacrificed 7 or 21 days after drug
exposure, respectively. All proximal tubules profiles appearing in micrograph (b) exhibit immuno-
reactive EGF receptors, whereas no immunostaining is seen in distal tubules (D). Seven days after
tobramycin exposure, i.e., during the regenerative response, some tubular profiles show numerous
labeled nuclei [(c), arrowheads] and are also devoid of differentiation characters. Disappearance of
EGF receptor immunostaining is observed in these immature, regenerating tubules [(d), R]. Twenty-
one days after treatment with tobramycin—thus well beyond the episode of tubular regeneration—the
incidence of S-phase cells has fallen to baseline level [compare (e) and (a)], and proximal tubules have

recovered immunoreactive EGF receptors (f) (x356).
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Figure 6. Continued.
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period of observation following treatment with cisplatin [Figs. 7(d) and 7(f)]. In particular,
cystic tubules, atrophic tubules, and tubules which had not regained differentiation

characters remained negative after EGF receptor immunostaining.

In kidneys of sham-treated rats, only glomeruli, cortical blood vessels (endothelial and
smooth muscie cells), and vasa rectae of renal meduila displayed positive reaction upon
vimentin immunostaining. Thus, no morphological evidence of vimentin expression was
found in epithelium of renal tubules. Vimentin immunostaining remained present in these
histological entities of the kidney after nephrotoxic injury. However, postnecrotic tubular
regeneration was also associated with the appearance of immunoreactive vimentin in
tubular epithelium, concomitant with the loss of differentiation characters. In tobramycin-
treated rats, tubules showing vimentin immunostaining were particularly prominent at
dav 7 [Fig. 8(a)l. and virtually disappeared thereafter. In a similar fachian immunaraartiva
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Figure 6. Continued.

vimentin only became conspicuous in tubular epithelium 7 days after cisplatin exposure
[Fig. 8(b)]. However, in the latter case vimentin expression persisted in tubular epithelium
for a protracted period of time. In rats sacrificed 2 months posttreatment, cystic tubules
[Fig. 8(d)] and tubules with evidence of incomplete repair and/or redifferentiation [Fig.
8(c)] frequently stained for vimentin.

DISCUSSION

In most cases, tubular necrosis due to renal ischemia or exposure to nephrotoxic agents
elicits a regenerative process leading to the complete restoration of tubutar epithelium in
segments which have undergone damage (38, 39). Accordingly. acute renal failure related
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Figure 7. Immunohistochemical demonstration of EGF receptors in kidneys of animals treated with
cisplatin and sacrificed 1 (a, b), 21 (c, d), or 60 (e, f) days after drug exposure. Presentation of
micrographs as in Figure 6. At day |, EGF receptor immunostaining (b) can still be observed in many
profiles of proximal tubules (P). Tubular sections with an immature appearance and signs of high
proliferative activity [(a), arrowheads] appear negative for EGF receptor immunostaining (R). At day
21 (¢-d), cystic tubules (CT) or tubules with evidence of incomplete repair (I} are devoid of
immunoreactive EGF receptors (CT, I}, whereas morphologically normal proximal tubules (P) exhibit
immunostaining. Sixty days after cisplatin administration (e-f), cystic tubules {CT) are still charac-
terized by a quasi-absence of EGF receptor immunostaining. EGF receptors are also lacking in tubular
profiles with evidence of incomplete repair [(e-f), arrows] (X 356).
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to tubular insult and consisting of a fall in glomerular filtration rate is typically reversible, as
reflected by the rapid return of functional markers to baseline values. In this regard,
cisplatin stands as an exception since in both clinical studies and animal experiments this
drug has been found to induce persistent renal dysfunction (5, 40). This was confirmed by
our own measurements of BUN and serum creatinine, which showed only a transient
increase in tobramycin-treated rats whereas animals exposed to cisplatin exhibited a marked
tendency to develop chronic functional impairment, indicated by a sustained elevation of
these functional markers.

As revealed by the observations of Dobyan et al. (17, 18) and of our group (19, 20),
persisting renal dysfunction caused by cisplatin administration to experimental animals is
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Figuré 7. Continued.

associated with a progressive deterioration of tubular epithelium particularly affecting
proximal straight tubules and culminating in the development of tubular cysts. In a previous
study (19), the extent and duration of renal tissue repair in the kidneys of rats exposed to
cisplatin was evaluated by measuring the rate of DNA synthesis in renal tissue, We found
that the initial episode of tubular necrosis was followed by a protracted increase of DNA
synthesis, in contrast with what has been reported for other nephrotoxic agents such as
mercuric chloride (41) or gentamicin (10), Here also, the immunohistochemical analysis of
cell proliferation suggests that kidneys damaged by cisplatin do not completely return to a
normal rate of cell turnover even though interindividual variations (and maybe other factors
such as tissue edema or the presence of cystic tubules) cause a lack of statistical
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significance. Along with the long-lasting morphological abnormalities and renal dysfunc-
tion, these data suggest that cisplatin nephrotoxicity involves somehow a defect in the
control mechanisms underlying postnecrotic tubular regeneration.

The repair of tubular necrosis occurs through regenerative hyperplasia and is also
accompanied by a temporary dedifferentiation of tubular epithelium. From a mechanistic
point of view, this process appears particularly complex since it implies a controlled
modification of cell behavior. It undoubtedly depends on cell—cell interactions and inter-
actions between cells and the extracellular matrix, and also requires the participation of
extracellular mediators acting as physiological regulators. In this respect, recent advance
has led to the unraveling of changes in gene expression related to regenerative hyperplasia
(42, 43). Other reports also point to extracellular signals, namely growth factors, which
might play a role in the control of cell proliferation and/or differentiation in the kidney (22).
In this study, we have chosen to concentrate on EGF since various experimental data
support the view that it could contribute as a renotrophic factor to tubular regeneration.
Among these data are the facts that EGF binding sites have been demonstrated on proximal
tubular epithelium, and that cultured kidney-derived epithelial cells respond to the mito-
genic effect of EGF in vitro (44—46). EGF has also been shown to enhance tubular
regeneration and accelerate the recovery of renal function after acute renal failure of
ischemic (23, 24) or nephrotoxic (25-28) origin.

In our experiments, EGF was demonstrated in renal tissue by immunchistochemistry,
and also measured by radioimmunoassay in tissue homogenates and soluble fractions
prepared by high-speed centrifugation. As discussed in a previous publication (30), EGF
immunostaining in the kidney most probably reflects the membrane-bound precursor
synthesized in distal tubules, with little if ady contribution of soluble EGE In a similar
fashion, our radioimmunoassay data indicate that in control kidneys soluble EGF represents
only a minor fraction of total EGF assayed in tissue homogenates. Therefore, we believe that
the reduction of EGF immunostaining and the decrease of total immunoreactive EGF
measured in kidneys of drug-treated rats is best accounted for by a diminution of proEGE
Two possible reasons can be advanced to explain this observation. On the one hand,
hybridization studies of Safirstein et al. (47, 48) and of Verstrepen et al. {(49) have revealed
that acute tubular necrosis due to renal ischemia or resulting from treatment with cisplatin
or gentamicin leads to a marked depletion of mRNA coding for preproEGE Such 2 finding,
which suggests a temporary switching off of preproEGF gene expression, has been taken as
evidence against a role of EGF as a renotrophic factor during tubular regeneration (49). On
the other hand, we have recently reported that, prior to the regenerative response subse-
quent to tubular necrosis induced by ischemia, the fall of proEGF is accompanied by a
concomitant and commensurate elevation of soluble immunoreactive EGF (30). Increase of
soluble renal EGF has also been demonstrated after treatment with mercuric chloride (50).
These observations suggest a proteolytic conversion of proEGF into soluble, mature EGF
(29) and have been put forth as an argument in favor of a paracrine action of EGF as a
positive regulator of regenerative hyperplasia (30). Actually, data generated by hybridiza-
tion techniques or obtained by radioimmunoassay are not necessarily conflicting since EGF
might be required as a mitogenic signal only for a short period of time at the onset of tubular
regeneration.

At variance with what we found previously in postischemic kidneys (30). our measure-
ments did not disclose a significant increase of soluble EGF in kidneys exposed to
tobramycin or cisplatin. This raises the possibility that EGF might not be the most
important mediator involved in the process of regenerative hyperplasia subsequent to
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Figure 8. Immunostaining of vimentin in kidneys of animals treated with tobramycin (a) or cisplatin
(b, ¢, d). Micrographs illustrate kidney necropsies collected 7 days (a-b) or 60 days (c-d) after drug
exposure. Immunohistochemical staining of vimentin was performed as indicated in Methods. Under
normal circumstances, vimentin is not present in tubular epithelium (not shown). Seven days after
treatment with tobramycin {a) or cisplatin (b), numerous undifferentiated tubuiar profiles exhibit
vimentin. Vimentin expression can also be noted in glomeruli [(a), G] and blood vessels [{a), V], but
this is also observed in control kidneys. In kidneys exposed to tobramycin, tubular epithelium lose
rapidly vimentin expression (not shown). In contrast, 60 days after exposure to cisplatin (c-d),
vimentin immunostaining is still apparent in cystic tubules [(c-d), CT] or tubules devoid of
differentiation characters [(c), 1] (a, b, c: X336; d: X725).
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Figure 8. Continued,

nephrotoxic insult. Indeed, other growth factors such as IGF-1 (28, 51), HGF (52), or even
FGF-1 (53) have been proposed as plausible candidates for the positive regulation of
nephrogenic repair. However, one must also realize that while soluble EGF is produced by
an enzymatic processing of the precursor, it is also likely to be taken up and degraded by
target cells, such as proximal tubules cells which possess the receptor (see below). This
latter phenomenon could prevent a significant accumulation of soluble EGE Another
possibility would be an elimination of soluble EGF in tubular fluid. Even though we did not
assay urinary EGE we consider that a massive loss of renal soluble EGF through that
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pathway is hardly conceivable since it has been shown previously that the concentration of
urinary EGF sharply decreases after tubular necrosis (48). Anyway, we surmise that, during
the period which immediately follows tubular injury, the concentration of renal soluble EGF
could obey a complex kinetics, making it hard to observe a significant accumulation of
soluble EGF in every experimental circumstance. As compared to the ischemia model,
increase of soluble EGF might also be more progressive, and thus more readily counter-
balanced by EGF consumption in the tobramycin and cisplatin models where several days of
treatment are required to induce substantial tubular necrosis. However, it must be kept in
mind that soluble EGF does not undergo a decrease parallel and commensurate with that of
total EGE in contrast with what would have been expected if the variation of renal EGF had
merely resulted from depressed transcription and protein synthesis.

If it is true that EGF exerts a mitogenic effect contributing to tubular regeneration, this
implies that the growth factor must interact during this process with receptors displayed by
target cells. In our study, we used a polycional antiserum raised against a 12-residue
sequence within the cytoplasmic domain of the EGF receptor (33) in order to immunclocal-
1ze the latter in kidneys of experimental animals. Upon immunostaining of tissue sections in
control kidneys, immunoreactive EGF receptors exhibited a quite specific and restricted
distribution since they were confined to proximal tubules and juxtaglomerular cells. In
proximal tubules cells, immunocomplexes were particularly apparent at the contraluminal
side. This result confirms data that we obtained in a previous study (31) and appears in good
agreement with EGF binding studies performed by other investigators (45, 54-56). The
presence of immunoreactive EGF receptors in juxtaglomerular cells, which are the site of
prorenin synthesis, emerges as an original finding and its poszible physiological implica-
tions are still to be uncovered _It has been reported that angiotensin II. whose production is
mediated by renin. potentiates EGF mitogenic effect on kidney proximal tubules cells (38).
Maybe also of signilicance is the fact reporied recently that EGF behaves as a potent
inhibitor of renin secretion (57).

After renal tissue insult caused by tobramycin or cisplatin, tubular sections became
negative for EGF receptor immunostaining. Strikingly, the disappearance of immunoreac-
tive EGF receptors did not occur during the early phase of tubular necrosis but was more
charactenistic of regenerating tubular segments lacking differentiation characters and
displaying signs of extensive proliferation. In kidneys exposed to tobramycin, alteration of
EGF receptor expression was reversible and a normai pattern of immunostaining was
recovered after completion of tubular regeneration, whereas after exposure to cisplatin,
tubular sections—particularly cystic tubules and tubules lined by an undifferentiated
epithefium—remained devoid of detectable EGF receptors. A transient disappearance of
EGF receptors in tubular epithetium has already been found during tubular regeneration
following ischemic tubular necrosis (31). As discussed previously, the apparent loss of EGF
receplors could be due to a process of downregulation. Binding of EGF to its receptor is
indeed followed by the endocytosis of the complex which 1s transferred to the lysosomal
compartment. Although the kidney has not been examined in this respect, in liver
parenchyma EGF-receptor complexes have been clearly shown to undergo degradation in
lysosomes (58, 59). In agreement with a putative phenomenon of receptor downregulation
is the fact that the disappearance of EGF receptor immunostaining occurs precisely in
tubules displaying evidence of a regenerative response.

Other investigators have reported that acute tubular necrosis due to ischemia (48) or folic
acid intoxication (55) is followed by an increase of EGF binding in renal tissue, i.e., a
process of receptor upregulation. Our own data neither support nor invalidate these
observations. Although an increase of immunoreactive EGF receptors might theoreti-



EGF After Nephrotoxic Injury _ : 605

cally be reflected by stronger immunostaining, the intensity of immunohistochemical
staining may also depend on other factors unrelated to the actual density of antigenic site
and difficult to assess in an objective manner. On the other hand, since we clearly show that
the disappearance of EGF receptors during the regenerative response only involves a
fraction of renal tubules, this modification might be difficult to demonstrate in binding
studies which are performed on membranes isolated from whole-kidney tissue.

As an alternative, the apparent loss of EGF receptors might be attributed to the
dedifferentiation of tubular epithelium occurring in the course of tubular regeneration. To
explore this possibility, renal tissue sections were processed for the immunohistochemical
demonstration of vimentin. Earlier studies indeed indicate that this intermediate filament
might be a useful marker of the epithelium dedifferentiation associated with tubular
regeneration (60). In unaltered kidney, distribution of immunoreactive vimentin is re-
stricted to glomeruli, cortical blood vessels, and medullary vasa rectae (31, 60). However,
during the repair of nephrotoxic (60) or ischemic (31) tubular injury, a transient expres-
sion of vimentin can be evidenced in the epithelium of regenerating tubules. Our observa-
tions on tobramycin-treated rats confirm the fact that vimentin immunostaining appears in
tubular epithelium during a short period of time during tubular regeneration and is most
prominent after the peak of regenerative hyperplasia. A similar sequence of events has been
found by Wallin et a}. (60), who expressed the opinion that vimentin expression is more
associated with cell motility than with cell proliferation. Moreover, vimentin expression
clearly occurs well after the loss of EGF receptors. Thus, EGF receptors do not seem to
disappear as a mere consequence of epithelium dedifferentiation. However, one must point
out that, in the long term after cisplatin exposure, altered tubules remain positive for
vimentin immunostaining and devoid of EGF receptors. This suggests that, in tubular
epithelium damaged by cisplatin, a permanent loss of EGF receptor can be associated with’
an inability to redifferentiate.

The data reported here confirm and extend previous findings (10, 30, 31) on postnecrotic
regenerative hyperplasia in the kidney. As illustrated by the example of tobramycin-induced
insult, renal tissue repair is characterized by transient modifications of EGF and EGF
receptors accompanying an increase of mitotic activity. Moreover. the cell dedifferentiation
associated with the proliferative response also appears mostly reversible. One can reason-
ably surmise that a similar reversibility would be observed in other cases of nephrotoxin-
induced injury. In sharp contrast, kidney. tissue changes associated with cisplatin nephro-
toxicity show a marked tendency to become permanent. In particular, some nephrons do not
recover the capacity of producing EGF and EGF receptors, whereas tubular segments show
sustained expression of an intermediate filament normally absent in differentiated epithe-
lium. It is interesting to note that a defective expression of EGF gene has also been reported
in some forms of inheritable murine polycystic kidney disease (61, 62). This unexpected
evolution of nephrotoxic lesions after cisplatin remains intriguing but is consistent with the
well-known interactions of this iype of agent with cellular DNA (Ref. 63; see also
discussion in Ref. 20). Thus, DNA damage caused by cisplatin might lead to irreversible
changes in genomic expression, possibly resulting in a severe imbalance in the control of
cell proliferation and differentiation in the kidney.

ACKNOWLEDGMENTS

Part of the study was supported by the Fund for Medical Scientific Research (Belgium)
(grant 3.4551.86). Guy Laurent is Senior. Research Associate of the Belgian National Fund



for Scientific Research. Isabelle Leonard is the recipient of a fellowship from the Institut
pour I'Encouragement de la Recherche Scientifique dans I'Industrie et 'Agriculture. Denis
Nonclercq was Research Collaborator {“Télévie 1992") of the National Fund for Scientific
Research. Antiserum RK-2 against EGF receptor was a kind gift from R. M. Kris
(Department of Pharmacology, New York University School of Medicine, New York).
Obracin?® and Platinol® were kindly provided by E. Lilly-Benelux and Laboratoire Bristol
Benelux. respectively. We thank Mrs. S. Moulin-Vandenvinne, Mrs. E. Vanderbeken-
Daubry, and Mr. J. Noél for their technical assistance. The secretarial help of Mrs. M.
Fontaine-Lhost is gratefully acknowledged.

10.

11,

i3
BL2

15.

REFERENCES

Solez K: The pathology and pathogenesis of human “acute tubular necrosis”. In Acute Renal Failure (Solez
K. Whelton A, eds). New York, Dekker, 1984, pp 1742,

Cotran RS, Kumar V, Robbins SL: Robbins' Pathologic Basis of Disease. Philadelphia, WB Saunders, 1989,
pp 1048-1051.

Sondheimer JH. Migdal SD: Toxic nephropathies. Crir Care Clin 5:883-907, 1987.

Walker R). Duggin GG: Drug nephrotoxicity. Ann Rev Pharmacol Toxicol 28:331-345, 1988.

Literst CL, Weiss RB: Clinical and experimenual nephrotoxicity of cancer chemotherapeutic agents. In

Nephrotoxicity in the Experimental and Clinical Situarion (Back PH. Lock EA, eds). Dordrecht, Martinus

Nijhoff Publishers. 1987, pp 771-816.

Tulkens PM: Nephrotoxicity of aminoglycoside antibiotics. Tovicol Lerr 46:107-123, 1989.

Bennett WM: Mechanisms of aminoglycoside nephrotoxicity. Clin Exp Phurmacol Physiol 16:1-6, 1989,
Vaamonde CA: Antibiotic-induced nephrotoxicity. In Nephrology, Vol 1, Proceedings of the 9th International
Congress of Nephrology, Lus Angeles, {Robinson RR, ed). New York, Springer-Verlag, 1984, pp 844-868.
Mathews A. Bailie GR: Clinical pharmacokinetics, toxicity and cost effectiveness analysis of amino-
glycosides and aminoglycoside dosing services. J Clin Pharm Ther 12:273-291, 1987.

Nonclercq D. Wrona 5. Toubeau G. Zanen J. Heuson-Stiennon JA, Schaudies RP. Laurent G: Tubular injury
and regeneration in the rat kidney following acute exposure to gentamicin: a ime-course study. Renal Failure
14:507~321. 1992,

Denting M, Luft FC, Yum MN, Williams SD. Einhorn LH: Long-term effects of cis-diamminedichloride
piatinum (CDDP) on renal structure and function in man. Cuncer 41:1274-1281, 1978.

Roth BJ. Einhorn LH. Greist A: Long-term complications of cisplatin-based chemotherapy for testis cancer.
Semin Oncol 15:345-350. 1988,

Daugaard G. Abildgaard U: Cisplatin nephrotoxicity. Cancer Chemother Pharmacol 25:1-9, 1989.
Gouge SF. Tietien DP. Moore J: Irreversible renal failure after intraperitoneal cisplatin administration, J
Reprod Med 34:931-933, 1989.

Hacker MP: Toxicity of platinum-based anticancer drugs. In The Toxicity of Anticancer Drugs (Powis G,
Hacker MP. eds). New York, Pergamon Press. 1991, pp 82-103.

Bianchetti MG, Kanaka C. Ridolfi-Liithy A. Hirt A, Wagner AP. Oediker OH: Persisting renotubular
sequelae after cisplatin in children and adolescents. Am f Nephrol 11:127-1530. 1991,

* Dobyan DC. Hill D. Lewis T. Bulger RE: Cyst iormation in rat kidney induced by cis-platinum administra-

tion, Lub Invest 45:260-268, 1981, :

Dobyan DC: Long-term consequeaces of cisplannum- mduced renal injury: a structural and functmnnl study.
Anat Rec 212:239-245, 1985.

Laurent G, Yernaux V. Nonciercq D. Toubeau G, Maldaguc P. Tulkens PM. Heuson-Stiennon JA: Tissue
injury and proliferative response induced in rat kidney by cis-diamminedichloroplatinum (1), Virchows Arch
B—Cvell Pathol 55:129-145, 1988,

Nonclereq D. Toubeau G, Laurent G, Tulkens PM. Heuson-Stiennon JA: Tissue injury and repair in the rat
kidney after exposure to cisplatin and carboplatin. Exp Mol Pathoi 51:123-140, 1989,

Segal R, Fine LG: Polypeptide growih factors and the kidney. Kidney Int 36:(suppl. 27} 5210, 1989.
Hammerman MR. Oshea M, Miller $B: Role of growth factors in regulanon of renal growth, Ana Rev
Physiol 55:305-321, 1993,



23

24,

25,

26.

27.

28.

29.

30.

3l

32.

33

M.

3s5.

36.

.

38,

Humes HD, Cieslinski DA, Coimbra TM, Messana JM, Galvao C: Epidermal growth factor enhances renal
tubule cell regeneration and accelerates the recovery of renal function in postischemic acute renal failure. J
Clin Invest 84:1757-1761, 1989.

Norman J. Tsau YK, Bacay A. Fine LG: Epidermal growth factor accelerates functional recovery from
ischemic acute tubular necrosis in the rat: role of the epidermal growth factor receptor. Clin Sci (Lond)
78:445-450, 1990.

Coimbra TM. Cieslinski DA, Humes HD: Epidermal growth factor accelerates renal repair in mercuric
chloride nephrotoxicity. Am J Physiol 259:F438-443, 1590,

Alberti P, Bardella L, Comolli R: Ribosomal protein 56 kinase is activated after folic acid injury and
epidermal growth factor administration but not after unilateral nephrectomy in lhc rat kidney. Nephron
60:330-335, 1992.

Morin NJ, Laurent G, Nonclercg D, Toubeau G, Heuson-Stiennon JA, Bergeron MG. Beauchamp D:
Epidermal growth factor (EGF) accelerates renal tissue repair in a rat model of gentamicin nephrotoxicity.
Am J Physiol 263:F806--811, 1992,

Miller $B, Martin DR, Kissane I. Hsmmerman MR: Insulin-like growth factor-1 accelerates recovery from
ischemi¢ acute tubular necrosis in the rat. Proc Natl Acad Sci USA 89:11876-11880, 1993.

Schaudies RP. Johnson JP; Increased soluble EGF after ischemia is accompanied by a decrease in membrane-
associated precursors. Am J Physiol 264:F523-531, 1993,

Schaudies RP, Nonclercq D, Nelson L. Toubzau G, Zanen J. Heuson-Stiennon JA, Laurent G: Endogenous
EGF as a potential renotrophic factor in ischemia induced acute renal failure. Am J Physiol 265:F425-434,
1993. -
Toubeau J, Nonclercq D, Zanen I, Laurent G, Schaudies P. Heuson-Stiennon JA: Renal tissue expression of
EGF and of EGF receptor after ischemic tubular injury: an immunohistochemical study. Exp Nephrol 2:229-
239, 1994,

Lowry OH. Rosebrough NJ. Farr AL, Randall R): Protein measurement with the Folin phenol reagent. J Biol
Chem 193:265-275, 1951.

Kris RM, Lax 1, Guitick W. Watertield MD, Ullrich A. Fridkin M, Schlessinger J: Antibudies against a
synthetic peplide as a probe for the Kinase activity of the avian EGF receptor and v-erbB protein. Ceil
40:619-625. 1985. - -
Nilaver G, Kozlowski GP: Comparison of the PAP and ABC immunocgnoi:hemical techniques. In Tech-
niques in Immunocyiochemisiry, vol 4 (Bullock GR. Petrusz P, eds). London. Academic Press. 1949, pp
199-215.

Schaudies RP. Savage CR: Isclation of rat epidermal growth factor (rEGF): chemical, biological and
immunological comparisons with mouse and human EGFE Comp Riochem Physiol 84B:497-505. 1986.
Axen R, Porath J, Ernbach 5: Chemical coupling of peptides and proieins to polvsaccharides by means of
cyanogen halides. Nature 213:1302-1304, 1967.

Salida EC, Lakshmanan 1. Fisher DA, Shapiro L], Barajas L: Expression of epidermal growth factor in the rat
Kidney. Histochemistry 96:65-72. 1991,

Laurent G. Toubeau G. Heuson-Stiennon JA. Tulkens P. Maldague P: Kidney tissue repair after nephrotoxic
injury: biochemical and morphological characterization. CRC Crit Rev Toxicol 19:147-183, 1988.

Toback FG: Regeneration after acute tubular necrosis. Kidneyv Inr 41:226-246. 1992,

Safirstein R. Winston J. Moel D. Dikman 8, Guitenplan J: Cisplatin nephrotoxicity: insights into mecha-
nisms, /nt J Androl 10:325-~346, 1987, |

Cuppage FE. Tate A: Repair of the nephron following injury with mercuric chloride. Am J Pathol 51:405-
429, 1967.

Norman JT. Bohman RE. Fischmann G. Bowen JW. McDonough A. Slamon D. Fine LG: Patterns of mRNA
expression during early cell growth differ in kidney epithelial cells destined to undergo compensatory
hypertrophy versus regenerative hyperplasia. Proc Natl Acad Sci USA 85:6768-6772, 1988.

Cowlev B. Chadwick L. Grantham J. Calvet I: Sequential protooncogene expression in regenerating kidney
following acute renal injury. J Biol Chem 264:8389-8393. 1989

Norman J, Badie-Dezfooly B. Nord EF, Kurtz |, Schlosser J, Chaudhant A, Fine LG: EGF-induced
mitogenesis in proximal tubular cells: potentiation by angioteasin II. Am J Phvsiol 253:F299-309, 1987.
Goodyer PR, Kachra Z, Bell C. Rozen R: Renal tubular ceils are potential targets for epidermal growth
factor. Am J Phvsiol 255:F1191-1196, 1988.

Humes HD, Beals TF, Cicslinski DA, Sanchez 10, Page TP: Effects of transforming growth factor-B,
transforming growth factor-a. and other growth factors on renal proximal tubuie ceils. Lab Invest 64:538—
545, 1991.



o08

17,
48,
49,
0.
5t
h¥ 2

53.

54.
55,
506.

57.

39.

60,

ol.
62,

61,

Leonard et ol

Salirstein R, Zetemt AZ, Price PM: Reduced senal prepro-epidermal growth Tactor messenger RNA and
decreaseill EGEF excretion in ARE Kidney Tt 30:810-K15, 1989,

SatirsteinR, Price UM, Suggi 83, Harris RC: Chungey in gene expression. alter temporiry renal ischemia,
Kiclney I 37:1515-1521, 190,

Versirepen WA, Nowwen E), Yue XS, De Broe MES Aliered growth Bactor expression duving toxie proximal
twbular necrosis and regencration. Kiduey Int AV1207-1279, 1990,

Teiva T, Yoshimura A, Ioui K, Oshiden K, Ideura T, Koshikawa §, Solez K: Iimmunochemicasl sonly of
épidcrmnl prawth factor in rats with mercuric chloride-induced acute renal failure. Nephron 67:88-91, 1994,
Matejka GL, Jennische E: IGF-1 binding and 1GF-1 mRNA expressiun in the post-ischemic regencrating rat
kiduney. Kidney fut 42:1113-1121, 1992,

lpawa T, Mutsumoto K, Kanda 5, Saito Y, Nakamura T2 Hepatocyte growth faclor may function as a
renotropic Gactor for regencration in rs with acute renal injury. Am J Physiol 265:1°61-69, 1993,
Zhang G, ichimura T, Maice JAM, Maciag T, Stevens JL: A role for libroblastic growth Factor type-! in
nephrogenic repaire: autucrine expression in rat kidney proximal tubule epithelial cells in virro and in the
regenerating, cpithiclivm fotlowing nephrotoxic damage by 5-01,1,2. 2-retralluoracshyD)-L-cysteine in vive.
J Biof Chem 268:11542<51547, 1993,

Harris RC, Danicl TO: Epidermal growth factor binding stimulation of phosphorylation and inhibition of
pluconcogenesis in e proximal whule, J Celf Phvaiod 13%9:383-391, 1989,

Betiens MT, Corhin AL, Hise MK Epidermal prowth factor receptor regubtion in rat Kidney: twe manlels of
teml gonvth, A J Phvaiol J8T1H50 1060, 189,

breyer MDD, Redha R, Breyee JA: Scpmental disteibution of cpidermal growth factor binding sites in rabbit
ncphron. Am J Physiol 25%9:F553-558, 1990.

Antonipillai E: Epidermal growth Tactor is o potemt inhibitor of renin secretion. IHypertension 21:654-659,
1993.

Dunn WA, Connolly TP, Hubbard AL: Receptormediaied endocytosis of epidermal growth factor by r
hepatocytes: receptor pathway. J Cell Biol 102:24-36, 1986

Renfrew CA, Hubbard AL: Degradation of epidermat prowth factor receptor in rat liver: membrane lopelugy
through the lysosomal pathway. J Biol Chem 266:21265-29273, 1991,

Waltlin A, Zhang G, Jones TW, Juken 5, Stevens J1L: Mechonism ol the aephropenic repair response: studies

-on prodiferation and vimentin expression after ¥S-1,2-dichloravinyl-r-cysicine neplirotaxicity in vive and in

culivred proxtmal tubule epithelial cells. Lab Invesr GO474-d80, 1992,

Gattone VH, Andrews GK, Fu-Wen N, Chadwick'LY, Klein BRM, Calvet JP: Defective epidenma) growth
factor gene expression in mice with polyeystic kidney discase. Dev fliol [38:225-2.3, 1990,

Nakamura T, Ebihara 1. Nagaoka |, Tomine ¥, Nagae 8, Takahashi 11, Koide 16 Growth fuctor gene
expression in Kidney of murine polycystic kisloey discase. J Am Soe Nephrol 313781386, 1993,
Salirstein R, Zelent AZ, Gordon R: Cisplatin nephrotoxicity: new insights imto mechanism. ln Organ
Directed Tonicities of Amiicancer Drengs {Hacker M Laze 1S, Trivton TR, eds). Boston, Martinus Nijhofl,
YRS, pp 172-189,





