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Epidermalgrowthfactor (EGF) ispresent in large
amounts in the urine, but the effects ofsystemically
administered EGF on the urinary tract have not
been described previously. In the present paper,
we describe a potent growth induction ofEGF on
the urinary tract Goettingen minipigs were treated
with solvent (n = 5), EGF30 pg/kg/day (n = 6)for
4 weeks, orEGF30 pg/kgldayfor5 weeksfollowed
by 3 weeks of recovery (n = 5). The ureters and
bladders were examined by routine histology and
electron microscopy and were immunostainedfor
proliferating ceUl nuclear antigen Four weeks of
EGF treatment increased the median cross sec-
tional area ofthe ureterfourfold withgrowth ofall
waUl layers. The urothelium was widenedfrom 5
cell layers in the controls to 10 in the EGF-treated
animals. Proliferating ceUl nuclear antigen immu-
nostaining revealed an increased mitotic activity in
the basal zone of the urothelium. In the luminal
zone, glycoconjugates accumulated in goblet ceUs,
in cels with intracytoplasmic lumina, and beneath
the luminal cel mnnebrane in the umbrela cells.
Our studiespresent a new experimental approach
to growth induction ofthe urinary tracL Thefind-
ings implicate the EGF system in regulating

urothelial growth and glycoconjugate biosynthe-
sis. (AmJPathol 1995, 147:1330-1338)

The epidermal growth factor (EGF) system is of im-
portance in normal, regenerative and neoplastic
growth.1 EGF and related ligands such as transform-
ing growth factor-a (TGF-a) exert their effects
through binding to the same EGF receptor.1 The
action of the ligands depends on the context in
which they operate; ie, when administered around
the time of birth EGF accelerates eyelid opening2
and lung maturation3 (for review see Carpenter and
Wahl4), whereas transgenic mice overexpressing
TGF-a develop epithelial changes in several organs,
mainly the pancreas, liver, and mammary glands.5-7
EGF is synthesized in the kidneys and secreted in

an exocrine manner to the urine.89 Contact of urinary
EGF with the urothelium may exert a trophic action
on this tissue.10 Few studies have been performed
on the distribution of the EGF family within the wall of
the normal urinary tract; TGF-a and the EGF receptor
have been described within the urothelium.10'11 In
contrast several studies have examined the EGF
growth factor system in the urothelium in relation to
malignancy (for review see Neal and Mellon12).
The systemic effects of EGF and its therapeutic

potential for stimulating tissue repair have been ex-
plored in relation to different organs.1-15 We inves-
tigated treatment effects of EGF on experimentally
induced damage of the esophagus of Goettingen
minipigs.13'16 In the course of this work, we discov-
ered several unknown effects of EGF. The most pro-
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nounced findings were considerably enlarged ure-
ters and epithelial hyperplasias with intracellular
glycoconjugate accumulations in the urothelium and
excretory ducts of the pancreas. In the present pa-
per, we describe the potent growth-promoting effect
on all layers of the ureters with focus on the hyper-
plastic urothelium.

Materials and Methods

Study Animals
The study comprised 11 Goettingen minipigs, of
both sexes, weighing 17.5 to 23.4 kg (ranges), -12
months of age. The animals were housed individually
in pigsties. Once a week they were placed in a
metabolic cage for urine sampling. They were al-
lowed free access to water, which was never more
than 4 L. The protocol complied with Danish and
United States regulations for the care and use of
laboratory animals.

Design and Treatment

A detailed description of the study is given in Juhl et
al.16 In brief, portal hypertension was induced by
banding of the portal vein as previously described.17
The animals were allowed to recover for 6 weeks.
They underwent, thereafter, a period of 4 weeks with
a weekly endoscopic sclerotherapy session, daily
treatment with EGF or placebo, and they were sub-
sequently sacrificed at the end of week 4.

All animals received subcutaneous injections of
human recombinant EGF (lot no. 11435, Upstate
Biotechnology, NY) or vehicle (Tris-HCI) during the 4
weeks as detailed below:

Group 1, Controls (n = 5)

Vehicle (Tris-HCI) was administered subcutaneously
three times daily for 28 days.

Group 2, EGF Treatment (n = 6)

EGF (10 ,ug/kg) was administered subcutaneously
three times daily for 28 days.

Group 3, EGF Treatment and Recovery (n = 5)

To evaluate the morphology of the ureter after recov-
ery from EGF treatment, tissue samples were ob-
tained from five additional Goettingen minipigs from
another similar treatment series.13 These animals

were injected three times daily with EGF (10 ,ug/kg)
for 5 weeks and were given an additional intrae-
sophageal intramural injection of EGF (20 ,ug/kg)
once a week. They recovered, thereafter, without
EGF treatment, for 3 weeks before sacrifice.
One animal from the control group died one week

before the planned termination because of a defec-
tive respirator. Tissue samples for histological anal-
ysis were obtained from this animal immediately after
its death.

Autopsy and Preparation of Tissue Samples
At sacrifice, tissue samples were collected from ure-
ters 3 cm below the left renal pelvis and from the
fundus of the bladder. The samples were fixed in a
4% solution of neutrally buffered paraformaldehyde,
routinely processed, and embedded in paraffin. Sec-
tions (5 ,um) for morphological examination were
stained with hematoxylin and eosin (H&E), van Gie-
son's stain, and periodic acid-Schiff/Alcian blue at
pH 2.7 (PAB) with and without diastase pretreatment.
The ureters were cut perpendicular to the longitu-

dinal axis, and the bladder was sectioned perpen-
dicular to the luminal surface. The number of cell
layers of the urothelium was counted. The cross-
sectional area (CSA) of the ureter was calculated as
follows. The sections were evaluated using a projec-
tion microscope with projection to a test system with
regularly arranged points (1 cm between each point)
at a magnification of x72.5. The number of points
falling into the muscle, submucosa, epithelium, and
lumen were counted and the CSAs of the respective
layers calculated.

Electron Microscopy

The ureters of one placebo- and two EGF-treated
animals were used for electron microscopy. After
primary fixation in paraformaldehyde, small pieces of
tissues were immersed in glutaraldehyde (2.5%) in
0.1 mol/L cacodylate buffer (pH 7.3), postfixed for 1
hour in 1% osmium tetroxide in the same buffer,
dehydrated in alcohol and propylene oxide, and em-
bedded in Epon 812. The ultrathin sections were
stained with uranyl acetate and lead citrate.

Immunohistochemistry for Proliferating Cell
Nuclear Antigen (PCNA)
PCNA, a highly conserved DNA polymerase-6-asso-
ciated protein, was used as a marker for cell prolif-
eration.18 Sections from the ureters (from all animals
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from groups 1 and 2) were stained with a mouse
monoclonal antibody against PCNA (PC 10, lot no.
121, DAKO, Copenhagen, Denmark). Five ,um thick,
paraformaldehyde-fixed, paraffin-embedded sec-
tions were employed. The sections were treated in
jars with sterile demineralized water for 10 minutes in
a household microwave oven (Miele Electronic
M696, Germany) at 700 W and incubated overnight
with the primary antibody against PCNA (diluted
1:20). The second layer was biotinylated rabbit anti-
mouse immunoglobulin (DAKO), diluted (1:400) for
30 minutes, followed by incubation with the horse-
radish peroxidase-labeled streptavidin (DAKO,
Copenhagen) according to the manufacturer's in-
structions. Color development was done with 3-ami-
no-9-ethyl-carbazole, and cell nuclei were stained
using Mayer's hematoxylin. Because of an obvious
difference in number of immunostained nuclei in the
controls and EGF-treated animals, only a gross his-
tological description is given and illustrated.

Immunohistochemistry for Human EGF
In group 2, human recombinant EGF was adminis-
tered subcutaneously 8 hours before sacrifice. We
have previously demonstrated that human recombi-
nant EGF is detectable in plasma up to 12 hours after
subcutaneous administration in pigs.13 To investi-
gate the tissue binding of the human recombinant
EGF, paraformaldehyde-fixed, paraffin-embedded
sections were stained with an EGF antibody on two
placebo and two EGF-treated animals. The sections
were pretreated with 10% porcine serum for 30 min-
utes and incubated overnight with antisera against
EGF (4554 and 90001) diluted 1:400 and 1:1600.
The immunoreaction was visualized by the unlabeled
peroxidase-antiperoxidase technique using porcine
antirabbit IgG (Z196, Dakopatt, Copenhagen, Den-
mark) and peroxidase-antiperoxidase (Z113, Dako-
patt) and diaminobenzidine for staining. For control
the primary antisera were preincubated with excess

of antigen (30 ,ug/ml).

Measurements of Human and Pig EGF in
Urine

The urinary concentration of EGF was evaluated by
measuring human recombinant as well as pig EGF in
urine obtained once per week from each animal.
Human EGF was measured as previously de-
scribed.19 Pig EGF was quantitated by an enzyme-

linked immunosorbent assay method developed as

previously described for rat and human EGF.19'20

Recombinant pig EGF was employed as calibrator
(0.04 to 0.25 nmol/L), and the e-globulin fraction of a
polyclonal rabbit antiserum raised against recombi-
nant pig EGF21 was employed as catching and de-
tecting antibody. Human EGF of 1 nmol/l was recog-
nized as <0.04 nmol/L.

Statistics
Data are given as median and ranges. Mann-Whit-
ney's nonparametric test for nonpaired data was
employed. The level of significance chosen was
0.05.

Results
The animals thrived throughout the study with no
weight differences between the groups. At autopsy,
the ureters appeared thicker and longer in the EGF-
treated animals.

Microscopic Examination
Gross histological examination revealed ureters in-
creased approximately fourfold in CSA because of
enlargement of all components of the ureter wall
(Figure 1, Table 1). After 3 weeks of recovery from
EGF treatment in group 3, the CSA decreased but
remained greater than control values.
The urothelium appeared hyperplastic with an in-

crease in cell layers from 4 to 5 to -10 after 4 weeks
of EGF treatment. The urothelium returned to a thick-
ness of four to five cell layers after 3 weeks of recov-
ery (Figure 2). Based on the PAB staining with and
without diastase pretreatment, the control urothelium
was divided principally into three zones: a basal
zone of one cell layer with unstained cells; an inter-
mediate zone of three cell layers where the PAB
staining appeared as small magenta colored glyco-
gen granules, which could be digested with dia-
stase; and a luminal zone consisting of umbrella
cells, which stained with PAB with and without di-
astase pretreatment. In the EGF-induced hyperplas-
tic urothelium, the basal zone was widened to three
to four layers of cells in most animals. The interme-
diate zone characterized by glycogen granules was
also widened. The luminal zone was expanded to
include the luminal two to three and four to five cell
layers in the bladder and ureter, respectively. This
zone was characterized by accumulation of PAB-
positive material in colors from magenta to deep blue
in an increased number of goblet cells, in cells with
intracytoplasmic lumina, and below the luminal cell
membrane of the umbrella cells. These changes
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still observed, and the latter structures were at this
time always located just beneath the lumen.

Electronmicroscopic Examination

The morphology of the control urothelium is demon-
strated in Figure 3. Single cells resembling mucinous
goblet cells were observed beneath the umbrella
cells. The most remarkable changes in the EGF-
induced hyperplastic urothelium were seen in the
luminal half of the urothelium corresponding to the
luminal zone on the light microscopic examination
(1-Igure 4). A large number OT goolet celis ana celis
with intracytoplasmic lumina of various sizes were
present. In the goblet cells mucin granules envel-
oped by a plasmalemma membrane were visible.
The intracytoplasmic lumina were bordered by the
cellular membrane from which microvilli projected
into the lumina. The glycoconjugates in the intracy-
toplasmic lumina appeared as fibrogranular threads.
Also in the luminal parts of the umbrella cells an

increased amount of secretory vesicles was demon-
strated.

Immunohistochemistry for PCNA

In the control urothelium PCNA staining was demon-
strated in scattered cells in the basal cell layer (Fig-
ure 5A). In addition, very few nuclei in the interme-
diate zone and in the umbrella cell layer stained. In
the EGF-induced hyperplastic urothelium the interin-
dividual variation was more pronounced than in the
controls. The number of nuclei with PCNA immuno-
reactivity was considerably increased, especially in
the basal cell layer (Figure 5B). The cells lying in the
next layers stained with gradually declining intensity,

Figure 1. Uretersfrom Goettingen minipigs treated with placebo for 4 demonstrating that the cells moved upward after
weeks (A), EGF(30 ,ug/kg/day) for 4 weeks (B), orEGF(30 p.g/kglday)
for 5 weeks followed by 3 weeks of recovery (C). The sections are division. Scattered nuclei stained heavily In the inter-

stained with MDS Trichrome. (Magnification X8). mediate and luminal zones.

were more pronounced in the ureter than in the blad-
der. After 3 weeks of recovery from treatment, the
urothelium had returned to its normal thickness and In the EGF-treated animals, EGF immunoreactivity was
CSA. Goblet cells and intracytoplasmic lumina were visualized on several cells in the basal cell layer of the

Table 1. CSA of Ureters from Treated Goettingen Minipigs

Group Treatment Ureter Muscle Submucosa Urothelium Lumen

1 Placebo (n = 5)* 4.6 (3.2 to 6.4) 2.8 (1.8 to 3.6) 0.8 (0.5 to 1.5) 0.6 (0.4 to 0.9) 0.2 (0.1 to 0.4)
2 EGF (n = 6)t 17.2 (10.0 to 43.8) 12.0 (6.8 to 27.5) 2.7 (1.7 to 12.9) 2.1 (1.1 to 7.5) 0.5 (0.5 to 3.9)
3 EGF (n = 5)* 12.7 (10.9 to 13.2) 10.1 (8.6 to 12.7) 1.8 (1.3 to 2.4) 0.5 (0.3 to 0.9) 0.6 (0.1 to 0.8)

Values are in mm2 and given as median (range).
*4 weeks of treatment.
t4 weeks of treatment, 30 ,ug/kg/day.
55 weeks of treatment, 30 jAg/kg/day, 3 weeks of recovery.

/r-:-. A\ A 1---- - .-L- -Z --L-1-4. --Il- ---J --ll-
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IvuiyuzL. Ur-etenc uroineiumjrom cuoettingen minipigs treated Vitb placebo br 4 ueeks (A, B), EGF(30 .g/kg/day) for 4 weeks(C, D), orEGF(30,tg/kglday) for 5 weeksfollowed by 3 u'eeks of recovery (E, F). Sections A, C, and E are stained wvith H&E. Sections B, D, and F arce stained with PABatpH 2.7. (Magnification X 165).

urothelium (Figure 6). The immunoreaction was inhib-
ited by preincubation of the antibody with human re-
combinant EGF. No immunoreactivity for human EGF
was seen in the placebo animals examined.

Excretion of Pig and Human EGF
The concentration of pig EGF in urine did not differ
between the groups before the systemic treatment with
human recombinant EGF began. The concentration of
pig EGF in the urine of the EGF-treated animals was
significantly reduced after 1 week of treatment (P <
0.02) and stayed at the same reduced level throughout
the treatment period (P < 0.02 for the comparison

each week). The figures for all measurements in the
placebo- and EGF-treated groups were 6.8 (range 1.4
to 13.0) nmol/L and 1.8 (range 0.4 to 4.7) nmol/L,
respectively. The concentration of human EGF in the
urine of the treated animals ranged from 0.0 to 0.5
nmol/l. Diuresis was similar in the placebo- and EGF-
treated groups based on the measurements of water
intake. A total urinary EGF overload in the EGF-treated
animals was thereby excluded.

Discussion
The pronounced growth of the urinary tract due to
EGF treatment was an unexpected response. Al-

Ficitirp 9- Ilrotor-ir iirntholi1j." 1,-- I-- _j --l- -I -I
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Figure 3. Electron micrograph ofureteric urotheliumfrom Goettingen
minipig treatedfor 4 weeks with placebo. In the upper left corner below
the umbrella cell layer a single goblet cell is visible. (Magnification
X 1000; bar indicates 10 ,um).

though several investigators have induced EGF re-

ceptor hyperstimulation by treating animals with EGF
or by generating transgenic mice overexpressing
TGF-a5'- and related ligands,22 this remarkable
growth effect has not been previously reported.
Pathological or experimental growth of the ureters
and the bladder is usually confined to conditions
characterized by urinary overload, ie, obstruction or

hyperdiuresis. The growth during these conditions
involves mainly the muscular coat and the connec-

tive tissue.23 In contrast, EGF treatment induces pro-

nounced urothelial hyperplasia without noticeable
urinary overload, in addition to effects on muscle and
connective tissue. Our data, together with recent
preliminary data demonstrating upregulated EGF re-

ceptor gene transcription proximal to an ureteric ob-
struction,24 make it important to clarify whether EGF
receptor hyperstimulation is part of the mechanism
leading to growth of the urinary tract in urinary over-

load.
EGF is synthesized in the kidney, from which it is

excreted into the urine.8 It has been proposed that
urinary EGF exerts a trophic action to the urothe-
lium10 similar to the well recognized trophic effect of
salivary EGF on gastric mucosa.25 It is therefore
tempting to speculate that increased urinary load of
EGF caused by filtration of the administered EGF
induced the urothelial growth. However, several un-

ambiguous findings indicate an antiluminal effect.
First, in pigs only a few percent of systemically ad-
ministered EGF appears in the urine.26 Second, total
urinary EGF concentration was decreased. Third,
systemically administered human EGF bound to the
basal urothelial cell layer of the hyperplastic urothe-
lium. An antiluminal effect of EGF on the urothelium is
consistent with observations in the stomach. EGF in
gastric juice cannot inhibit gastric acid secretion,25
whereas systemically administered EGF and TGF-a
are potent inhibitors.27 At present, we cannot explain
the reason for the reduced concentrations of pig
EGF in the urine of the EGF-treated animals. They
may be a consequence of an inhibitory effect of
exogenous EGF on the renal endogenous EGF pro-
duction and/or secretion, or they may reflect some
degree of renal impairment.

In contrast to the dramatic growth reported here,
two recent studies found that urothelial cells in cul-
ture proliferated in an EGF-independent man-
ner.11'28 There is no simple explanation for these
apparently contrasting findings, but growth factor
requirements in vitro may differ from those that limit
proliferation in vivo. In addition, cellular interactions
within tissues may influence growth factor respon-
siveness in vivo.
The PCNA staining demonstrated an increased

number of cell divisions in the basal proliferative
zone as marked by the lack of glycogen staining with
PAB. The number of cells immunostained with PCNA
might overestimate the actual proliferation as PCNA
expression can be upregulated in nondividing epi-
thelial cells close to tumors or by in vivo administra-
tion of EGF and TGF-a.29 In the luminal zone, major
changes had taken place with accumulation of gly-
coconjugates in an increased number of goblet
cells, in cells with intracytoplasmic lumina, and be-
low the luminal cell membrane in the umbrella cells.
These glycoconjugates represent most likely a mix-
ture of mucins and glycosaminoglycans as judged
from the electronmicroscopic appearance and the
staining with PAB. It may have clinical implications
that EGF stimulates urothelial glycoconjugate bio-
synthesis. Glycoconjugates take part in urothelial
protection and are of importance in preventing uro-
genital infections and for the impairment of crystal
adhesions initiating stone formations.30'31

The presence of the intracytoplasmic lumina is
somewhat intriguing. During the development of
these structures, vesicles normally confined to the
Golgi apparatus differentiate around a lumen within a
cell.32 Intracytoplasmic lumina are rare in normal
epithelia but are a common finding in malignant ep-
ithelia in various organs, including the urothelial
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A

Figure 4. Electron micrographs of ureteric urothelium from Goettingen minipig treated with EGF(30 g,g/kg/day) for 4 weeks. (A) Total width of the
urothelium. In the luminal halfof the urothelium are several goblet cells and cells with intracytoplasmic lumina. Thbe intracytoplasmic lumina are

of various sizes. (Magnification X 1000; bar indicates 10 ,.m). (B) Umbrella cell and goblet cell from the upper right corner offigure 4A.
(Magnification X 6667; bar indicates 1.5 p.m). (C) Goblet cell and cell with a minor intracytoplasmic lumen from the upper right corner ofFigure
4A. (Magnification X2000; bar indicates 5 p.m). (D) Intracytoplasmic lumen from Figure 4C. (Magnification X6667; bar indicates 1.5 p.m).

tract.93-33 It has been proposed that their formation
is due to an alteration of the secretory system after
loss of differentiation,32 but the formation of these
structures might be due solely to increased glyco-
conjugate biosynthesis.32

In conclusion, our studies describe a new exper-
imental approach to induction of growth of the uri-
nary tract by chronic systemic administration of EGF.
The urothelial growth was reversible and character-
ized by increased mitotic activity in the basal zone
and accumulation of glycoconjugates in goblet cells,

in cells with intracytoplasmic lumina, and below the
luminal cell membrane in the umbrella cells. The
findings implicate the EGF system in regulating
urothelial growth and glycoconjugate biosynthesis.
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Figure 5. Immunostaining for PCNA in ureter.s from Goettingen Minipigs treated for 4 weeks- with placebo (A) or EGF (30 jtLglkglday) (B).
(Magnification X 72).

-~~~~~~~~~~~~~~~~~~~-MO

Figure 6. Immunostaining for human recombinant EGE in a Goettin-
gen minipig treatedfor 4 weeks with EGF (30 p.g/kg/daV). The immu-
nostaining is seen on the basal cell layer (Magnification X 250)
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