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ABSTRACT

Suckling rats show a low level of synthesis of epidermal growth factor
(EGF) and obtain this important polypeptide from maternal milk. Thus, this study
was performed to characterize how and where in the gastrointestinal tract the
absorption of rat-EGF (rEG F) occurs and to which organs it is delivered.
Although radiolabeled EGF transferred to the liver by the ileum was significantly
higher than that by the jejunum, the total amounts of immunoreactive and
receptor-binding active 1251-rEGF in the liver were significantly higher from
jejunal than from ileal absorption.

These results indicate that the ileum

degrades most of the 1251-rEGF during absorption, whereas the jejunum
absorbs more intact 1251-rEGF. Higher numbers of EGF receptors were found in
the brush border membranes of jejunum than that of the ileum, suggesting that
the larger amounts of intact EGF delivered by the jejunum to the liver may be
due to a higher capacity of EGF receptors in the jejunum.
Liver and intestine were the main organs taking up the radioactivity after
intrafemoral vein 1251-rEGF administration. The degradation rates of EGF in the
liver, intestine and pancreas were significantly lower in suckling as opposed to
adult rats. In suckling rats intact rEGF was secreted by the liver into the bile and
by the enterocytes into the lumen of the intestine.
The competitive effects of unlabeled rEGF were found at both sides of the
small intestine and at the circulatory side of the liver, submandibular glands,
pancreas, and other organs, indicating a receptor-related uptake of EGF from
the lumen and circulation of these organs in suckling rats.

15
The results indicate that after absorption maternal milk-EGF stays mainly
in the digestive system during the suckling period. The amount of EGF in each
organ may remain relatively stable on a daily basis since EGF is absorbed
continuously from the jejunum in suckling rats and is distributed and circulated
in the digestive system by hepatico-enteric, entero-enteric, and perhaps
pancreatico-enteric circulations; in this way, EGF accelerates the growth of the
digestive system.
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CHAPTER 1

INTRODUCTION

Epidermal growth factor
Epidermal growth factor (EGF) was first discovered in the submandibular
glands (SMGs) of male mice by Cohen when he noticed precocious eyelid
opening and incisor eruption in immature mice after injection with a crude
salivary gland preparation [Cohen, 1962]. The specific location of EGF was
later found to be the cells of the granular convoluted tubules of salivary glands
[Turkington et aI., 1971; Gresik et aI., 1985]. In 1975, Gregory [Gregory, 1975]
isolated a peptide named urogastrone from human urine which inhibited gastric
acid secretion. This peptide was later considered to be identical to EGF
[Cohen, 1986].

1. Sources and locations of EGF·
Several investigators found that EGF exists not only in mice [Byyny et aI.,
1972], but also in cows [Vagi et aI., 1986] and humans [Pesonen et aI., 1987;
Konturek et aI., 1989]. Marti et al. [1989b] reported that EGF derived from the
mouse (mEGF) and human (hEGF) has 53 amino acids, whereas rat EGF
(rEGF) has 48. The locations of EGF peptide in different species were
investigated mainly by radioimmunoassay (RIA) and immunohistochemical
techniques. Poulsen et al. [1986] reported that in humans immunoreactive EGF
is located in the salivary glands, Brunner's glands, Paneth cells of the intestine
and the renal tubular cells. In the intestine, positive staining was found not only
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in the basolateral part of mucous-type cells but also throughout the cytoplasm of
serous mucous-type cells and Paneth cells located at the bottom of the crypts.
Subsequently, Pesonen et al. [1987] found significant amounts of EGF in
human urine, milk, seminal plasma, sweat, saliva, tears, and gastric juices.
Heitz et al. [1978] also reported large amounts of immunoreactive EGF in
Brunner's glands in humans.
The locations.•~f the prepro-EGF messenger RNA (mRNA) were
investigated in different species in order to determine the site of EGF
production. Rail et al. [1985] found that EGF mRNA is abundant in the salivary
gland, distal tubules of the kidney, mammary gland, pancreas and duodenum in
mice. According to Vaughan et al. [1991], the level of EGF mRNA in pigs is
higher in the kidney and pancreas than in the salivary gland. Also, Kajikawa et
al. [1991] examined EGF mRNA expression in the salivary gland, thyroid gland,
mammary gland and kidney in humans and found highest levels in the-kidney.

2. Concentrations of EGF in SMGs and other organs
Investigations of the concentration of EGF have been performed mainly
by RIA technique and it has been found that the concentration of EGF in the
salivary glands increases during postnatal development in mice and rats. For
instance, EGF in the SMGs of mice increased from 0.02 ng per mg wet weight in
immature 15-day-old males to a maximum of 1.0 Ilg per mg wet weight in
mature males [Byyny et aI., 1972]. Popliker and his coworkers [1987] found that
EGF is not detectable in the SMGs of one-week-old mice and is observed only
in the second week of life and even then at a level far below that in the adult.
Also, the kidneys of mice begin to produce EGF mRNA by two weeks
postpartum. Immunoreactive EGF levels in the plasma of 12-day-old mice were
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about one-half of that in female adult mice [Perheentupa et aI., 1985]. The EGF
concentration in the SMGs of suckling and adult rats was measured by
Schaudies et al. [1989] who found only 83 of ng EGF per gram of protein in the
SMGs of 12-day-old suckling rats; whereas the corresponding value was one
mg in adult male rats. Gresik et al. [1985] also reported that EGF mRNA was
undetectable in the SMGs of ten-day old mice.

3. Factors regulating EGF concentration
The amounts of EGF in salivary glands differ according to the sex of the
animal and certain hormones have been reported to regulate to them. Male
adult mice have concentrations of EGF in their SMGs that are 16-140 times
higher than those in female mice [8yyny et aI., 1972, Gubits et aI., 1986; Hirata,
1979]. Androgens, thyroid hormone and glucocorticoids increase EGF
concentrations in the SMGs of adult mice [Gresik et aI., 1981] and suckling rats
[Schaudies et aI., 1991]. 8yyny et al. [1972] demonstrated the effect of
androgen ,on EGF concentrations in mouse SMGs. The levels of EGF
decreased significantly in castrated male mice and increased significantly in
testosterone treated females. Walker [1986] found that thyroid hormone
increased EGF concentrations in neonatal mice and estrogen was reported to
suppress its concentration in the salivary glands of female mice [Kurachi and
Oka, 1986]. Although EGF levels in the SMGs are sex-dependent, their levels
in the kidneys are not modulated by androgens since Rail et al. [1985] found
that EGF levels in the kidney are the same in both male and female mice, while
Gubits et al. [1986] reported that EGF mRNA expression in the kidney is two- to
four-fold higher in female than in male mice. Therefore, no clear correlation
between sex and kidney EGF concentrations can be made.
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4. Effects of EGF
EGF stimulates the proliferation and differentiation of epithelial cells
[Beaulieu et al.. 1981; Cohen. 1986; Puccio et al.. 1988]. This mitogenic action
does not depend on other systemic or hormonal influences [Cohen. 1986].
Other. studies have indicated that EGF exerts its biological activities not only in
epithelial cells. but also in mesothelial and endothelial cells. both in vivo and in

vitro [Gospodarowicz. 1981].

a. Effects on the gastrointestinal tract
The major effects of EGF on the gastrointestinal (GI) tract appear to be an
increase in proliferation of the intestinal epithelium and hepatocytes through the
stimulation of ornithine decarboxylase activity and DNA synthesis [Scheving et
al.. 1980; Stastny and Cohen. 1970; Feldman et al.. 1978; Moriarity et al.. 1981].
On the other hand. EGF inhibits basal or stimulated gastric acid secretion in a
variety of species. including mice [Hollenberg. 1979]. rats [Gonzalez et al..
1981]. dogs [Konturek et aI., 1984] and humans [Koffman et aI., 1977;
Hollenberg, 1979]. It has also been suggested that EGF can accelerate gastric
wound healing and prevent gastric ulcer formation [Konturek et aI., 1981; Soter
et al.. 1985].

b. Effects on the gastrointestinal tract of neonates
EGF influences the development of the neonatal gastrointestinal tract. It
was found that intestinal brush border sucrose activity and DNA synthesis was
increased after subcutanous injection of EGF in suckling mice [Malo and
Menard, 1982] or suckling rats [Oka et aI., 1983]. Puccio et al. [1988] reported
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an increase in the weights and numbers of cells in the gastric mucosa, ileal
mucosa, and pancreas after EGF feeding to suckling rats. Neonatal rats fed
with formula containing EGF have increased stomach and intestinal weights
and DNA synthesis [Falconer, 1987; Berseth, 1987]. O'ioughlin et al. [1985]
also reported that the weights of stomachs and pancreata of suckling rabbits
increased after intraperitoneal and orogastric administration of EGF. There are
important differences in the EGF effects on the gastrointestinal tract depending
upon the route of administration, i.e. intraperitoneal or orogastric. EGF in
formula increased DNA contents in the colon of suckling rats, however, there
was no effect of orally-fed EGF on small intestinal protein and DNA content
[Pollack et aI., 1987]. O'ioughlin et al. [1985] reported that small intestine weight
of suckling rabbits increase in all segments after intraperitoneally, but not
orogastrically, administered EGF.

c. Effects on the neonatal liver and pancreas
In addition to the GI tract, EGF also effects the neonatal liver and
pancreas. Increases in liver weights and DNA synthesis were found in suckling
rats fed with formulas containing EGF [Berseth et aI., 1988] and in rabbits
receiving intraperitoneal injections of EGF [Opleta et aI., 1987]. EGF was shown
to stimulate pancreatic acinar cell growth in vitro in adult rats [Brannon et aI.,
1988; Jaworek et aI., 1990], mice [Logsdon, 1986], guinea pigs [Verme et aI.,
1990] and pancreatic secretion in vivo in adult rats [Jaworek et aI., 1990].

Absorption differences between jejunum and ileum in suckling rats
In suckling rats, the process of extensive degradation of proteins occurs
in the ileal epithelium, whereas the absorption of biologically active peptides
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takes place in the epithelium of the jejunum [Henning, 1987; Weaver and
Walker, 1989]. To test for the transepithelial processing of macromolecules,
Gonnella and Neutra [1984] measured the uptake, intracellular sorting, and
intracellular transport of membrane-bound or fluid-phase macromolecules in
the ileum of suckling rat. They found that even though the uptake of these
molecules from the ileal apical membrane and the transport of them in the
intracellular routes

~:~

different, their lysosomal destination is the same. In

contrast, Abrahamson and Rodewald [1981] reported that the processing of
macromolecules is different in the jejunum from that in the ileum of neonatal
rats. They tested the sorting of horseradish peroxides (HRP) and
immunoglobulin G (lgG) in the jejunal epithelium in suckling rats and found that
both molecules are taken up together and transported to an intracellular
endosomal compartment from which only the IgG is delivered to the basolateral
membrane.
Gonnella et al. [1989] reported that prolactin is transported across the
epithelium of the jejunum and ileum of suckling rats. However, intact prolactin
can be detected in the blood only in the case of jejunal, and not from ileal
transport. By using only the ileum of suckling rats, Siminoski et al. [1986]
showed with electron microscopic autoradiography that nerve growth factor
(NGF) is taken up by the ileum and transported intact across the epithelium in
suckling rats. Silver grains were found in endocytic tubules and vesicles,
suggesting that the absorptive cells of the ileum take up NGF by both receptormediated and nonspecific endocytosis, and deliver it either to a transepithelial
transport pathway or to Iysosomes for degradation.
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EGF absorption in the suckling
It is known that neonatal mice and rats produce little EGF and therefore
the hypothesis that milk is the major source of EGF in suckling rodents is
generally accepted [Koldovsky, 1989a, 1989b; Popliker et aI., 1987]. With
radioimmunoassay (RIA), Schaudies et al. [1989] showed that fasted suckling
rats had significantly lower EGF levels in the small intestine than fed rats.
However, refeeding milk to fasted suckling rats restored EGF levels in the small
intestine, supporting the hypothesis that EGF in milk is the main source in the
gastrointestinal tract of suckling rats.
Thornburg et al. [1984] reported that both orally fed or luminally
administered immunoreactive 1251-mEGF is transported from the lumen of the
gastrointestinal tract into the circulation after crossing the intestinal epithelium in
suckling rats. Only 73% of orally fed 1251-mEGF was recovered from the GI tract
right after the administration, and 56% was recovered after three hours from the
GI tract and other organs. The immunoreactivity and receptor-binding activity
was tested from radioactive material recovered in each organ 60 minutes after
feeding; 14% of radioactivity in the liver and 33% in the lungs was
immunoreactive. However, no receptor-active radioactivity was found in the
liver or lungs. Later, Thornburg et al. [1987] showed that the radioactivity
absorbed by suckling rats has significantly higher immunoreactivity than that in
weaned rats. Applying the everted sac technique, Rao et al. [1990]
demonstrated that the uptake of EGF in the epithelium of the intestine is specific
and independent of sodium.
Gonnella et al. [1987] performed a time course study of 1251-mEGF
absorption from the ileum of suckling rats. They found that the uptake of
radiolabeled EGF into blood was initially rapid, and showed a gradual but
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steady increase between 20 to 120 minutes; the radioactivity in the blood was
tested by both high performance liquid chromatography (HPLC) and SDSPAGE, with these methods no intact EGF was found to exist in blood and the
liver after transport through the ileum. The effects of unlabeled EGF was tested
on the uptake of 1251-mEGF in ileal epithelium at 60 minutes by
autoradiography; the silver grains were found to be decreased significantly in
the basal but not in the apical area.
Recently, Rao et al. [1991] compared the absorption of 1251-mEGF from
the lumen of the stomach, jejunum and ileum in suckling rats. They found that
very little mEGF was absorbed from the stomach lumen, but a considerable
amount was absorbed into the isolated jejunum and ileum. 60 minutes after
1251-mEGF luminal administration, 44% of the radiolabeled mEGF was left in the
jejunum and 40% in the ileum. The radioactivity recovered from the liver
following absorption from the ileum (1 % of total) was significantly higher than
that from the jejunum (0.5%), and the radioactivity in the jejunal luminal
contents and walls showed only slightly higher immunoreactivity but
significantly higher receptor-binding activity than that in the ileal luminal
contents (five-fold) and wall (two-fold). The receptor-binding activity in the liver
samples was higher following jejunal absorption (20%) than that following ileal
absorption (14%). However, a somewhat contradictory result was shown by
HPLC technique. They found that an intact EGF peak separated by HPLC from
ileal absorption was higher than that from jejunal absorption. Furthermore, the
relationship between the EGF doses and the absorption in the jejunum and
ileum was tested. A dose-dependent absorption of immunoreactive EGF was
found in the walls of the jejunum, ileum, liver, blood and lungs at 60 minutes
after the EGF dose was increased from 20 to 1000 ng/rat. Significantly higher
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immunoreactive radioactivity was found in the wall of the ileum, blood and the
lungs from ileal absorption than that from jejunal absorption when the doses
were increased. However, the amount of immunoreactive radioactivity in the
liver did not show significant differences from the two routes of absorption when
the doses were increased.
Rao et al. [1991] also compared the absorption of EGF in suc.kling and
weaning rats and

s~~wed

that significantly higher immunoreactive and

receptor-binding radioactivity was absorbed by suckling rats than that by
weaning rats. Until the present time, only Rao et al. [1991] has compared the
differences in the absorption of EGF between jejunum and ileum in suckling
rats. Since the EGF used in their experiments was mouse EGF, and because of
the contradictory results obtained, the fate of the absorbed EGF in suckling rats
and the specific regions responding to EGF absorption are not yet clear.

EGF receptors
The EGF receptor is thought to be a 172 kDa transmembrane
polypeptide which has tyrosine kinase activity in its cytoplasmic portion. The
tyrosine kinase can phosphorylates tyrosine when it is activated by the binding
of EGF [Adamson et aI., 1981; Gill et aI., 1987]. The EGF binding site is a single
site located on the receptor's external domain [Weber, 1984]. However, studies
on EGF binding to its receptor in vivo suggest the presence of both high and
low affinity classes of binding sites in many cell types [King et aI., 1982; Dunn et
aI., 1986]. When EGF binds to its receptor on the cell surface, receptors
aggregate and then internalize [Chabot et aI., 1986].
EGF receptors are distributed along the entire sinusoidal and lateral
surfaces of hepatocytes. The uptake of circulating EGF by the hepatocytes is
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EGF specific and saturable, suggesting it is receptor mediated [Chabot et aI.,
1986; Dunn et aL, 1984; Dunn et aL, 1986]. Using sucrose gradients, Dunn et
aL [1986] found two types of EGF receptors in rats hepatocytes that had
identical structure and EGF-dependent protein kinase. They reported that the
high-affinity receptor is degraded in the Iysosomes after exposure to EGF.
About fifty percent of the receptor protein has low-affinity receptors which may
be the pool for the continued uptake of EGF. Recently, Jackie et aL [1991]
reported that, after internalization, EGF receptors are rapidly accumulated in an
endosomal fraction of intermediate density (CURL), a low density endosomal
fraction (MVBs), and a high density endosomal fraction (RRC) suggesting
recycling of EGF receptor in the liver of rats.
The number of EGF receptors in the liver changes during development,
increasing on day 17 of gestation and decreasing after birth [De et aL 1991]; in
the liver higher numbers of EGF receptors are found in adult rats than in
neonatal rats [Hoath et al. 1987; De et al. 1991]. Ichii et al. [1991] reported that
the expression of EGF receptor mRNA in the liver is low in new born rats and
increases to the adult level at 21 days after birth. The amount of EGF receptors
in the liver of rats is also influenced by androgens; male rats have a higher level
of EGF receptors than female rats [Hoath et aI., 1987]. Treatment of female rats
with testosterone increased the EGF receptor number and EGF receptor mRNA
levels in the liver to normal male levels [Noguchi et al. 1991].
EGF receptors have also been detected in the gastrointestinal tract in
many species. Studies of the number and location of EGF receptors in the
small intestine of rats have produced different results. Gallo-Payet and Hugon
[1985] reported that there were fewer EGF binding sites in the lateral and
microsomal membranes than in the brush border membranes in the small
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intestine of adult mice. In contrast, Chabot et al. [1986], using light microscopic
autoradiography, found silver grains located at the basolateral, but not at the
brush border membrane after intravenous injection of labeled EGF into adult
rats. Similar results were obtained by Scheving et al. [1989] in their
immunohistochemical and receptor binding studies of various subcellular
membrane preparations. Therefore, they concluded that EGF receptors are
located in the basolateral membrane of enterocytes in adult rats.
Gallo-Payet and Hugon [1985] reported that specific EGF receptor
binding in isolated epithelial cells of adult rats did not show regional differences
among the duodenum, jejunum and ileum. Later, Gallo-Payet et al. [1987]
reported that EGF receptors of two different affinities were present in isolated
epithelial cells in neonatal mice. EGF binding sites increased during the
development from minimum binding at birth to maximum binding on day 21, and
then decreased slightly to adult level. From day 14 onward, the binding
capacity was found to be higher in the proximal segments of the intestine than
in the ileum.
In contrast to the results of Gallo-Payet et al [1987], Toyoda et al. [1986]
reported that specific binding is higher in isolated intestinal epithelial cells from
fetal than suckling rats, and that the low-level of binding in neonates remained
fairly constant until adult age. They also observed two types of EGF receptors
on enterocytes of fetal and neonatal rats. The EGF receptor binding of fetal
enterocytes decreased after pretreatment with milk, suggesting the modification
of EGF receptors by milk. Rao et al. [1986] isolated crypt and villus cells from
jejunal epithelium of suckling rats and found EGF binds specifically to both
types of cells. The cells showed similar extents of EGF internalization and
degradation in vitro. Thompson [1988] found only a single class of EGF
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receptors in the purified microvillus membranes of fetal and adult rats but not
suckling rats. In another study, Thompson et al. [1991] reported that
autophosphorylation of the EGF receptor in the jejunum and liver of neonatal
rats shows a rapid increase after orogastric administration of EGF, indicating
that the transport of EGF through the jejunum is receptor related. Recently,
Thompson et al. [1992], using immunohistochemical techniques, found EGF
receptors at the basolateral membrane but not in the brush border membranes
of fetal rat jejunal epithelium. Menard and Pothier [1991] also found EGF
receptors at the basolateral membrane but not in the brush border membranes
of the human fetal gut.
EGF receptors have also been found in the salivary glands of neonatal
mice [Gattone et al. 1292]. EGF receptors were located in both acinar and
ductal cells in ten-day-old mice, but were found mainly in ductal cells in 20-dayold mice. Location of EGF receptors in the salivary gland suggests autocrine
and/or paracrine effects.
Chabot et al. [1987] found that intravenously injected 1251-EGF is taken
up by the pancreata of adult female rats. EGF receptors were found in the
acinar cells, ductal cells and the pancreatic endocrine cells by light microscopic
autoradiography. Jaworek et al. [1992] described two types of EGF receptors in
acinar cells of the pancreas in adult rats with about one-fourth of the EGF
receptors being of the high affinity type.
Transforming growth factor-alpha (TGFa), a 50 amino acid peptide,
displays about 35% homology with EGF, and the position of all six cystine
residues is conserved [Schreiber et aI., 1986]. This suggests that the three
disulfide bridges are in the same positions in the two growth factors [Derynck,
1988]. TGFa has been found to have mitogenic effects on epidermal and
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epithelial cells by binding to EGF receptors and inducing receptor down
regulation [Carpenter, 1984]. Although TGFa is considered to be an agonist for
EGF receptor, the immunoaffinity of TGFa is distinct from that of EGF.

Distribution of EGF in the body
In the adult male rat, intravenously administered 1251-EGF is taken up
mainly by the liver, kidney, small intestine and skin [Jorgensen et aI., 1988]. At
2.5 minutes after intravenous administration of 1251-EGF, the proportions of

radioactivity distribution in these organs are 52%, 14%, 11 % and 7%,
respectively. Using autoradiography, radiolabeled EGF was localized to the
peripheral parts of the liver lobule, thekidney proximal tubules, the surface
epithelium of stomach, and the surface epithelium of villi in small intestine.
Both St. Hilaire et al. [1983] and Kim et al. [1988] studied the distribution
of circulating EGF in the adult male rat. They found that intravenously
administered 1251-EGF (human or mouse) is taken up mainly by the liver. St.
Hilaire et al. [1983] reported that 99% of intraportally injected EGF and 58% of

.

intravenously injected EGF was taken up by the liver within three minutes and
ten minutes, respectively. The proportional uptake does not show much change
when injected EGF ranged from three to 250 ng [Burwen et aI., 1985], indicating
that the liver is a dominant organ for taking up circulating EGF and may have a
high saturation point for polypeptide. St. Hilaire et al. [1983] also reported the
secretion of radioactive EGF by the liver.
After intraportally administered 1251-EGF is taken up by the liver in adult
rats, the concentration of radiolabeled EGF is much higher around periportal
areas than in central vein areas, suggesting a concentration gradient of EGF
from portal to central vein areas [St. Hilaire et aI., 1983]. However, no such
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concentration gradient has been found for insulin, immunoglobulin A (lgA) and
low density lipoprotein (LDL) [Chao et aI., 1981; Marti et aI., 1989a, Renston et
aI., 1980a, 1980b].
In addition to the synthesis of EGF, the kidney is also important in the
uptake of EGF from circulation. Kidney uptake of circulating EGF may relate to
both proximal tubular excretion and glomerular filtration since the re-absorption
of EGF in the

proxi~~1

tubules has been found to be small in the rat kidney

[Jorgensen et aI., 1990]. It appears that kidneys are able to accumulate EGF
from the circulation and excrete a part of it as intact EGF in the urine [Nielsen et
aI., 1989; Jorgensen et aI., 1990]. Tyson et al. [1989] reported that more than
90% of intravenously injected murine EGF disappeared from plasma of sheep
within five minutes of the injection, while immunoprecipitable EGF was detected
in the urine of sheep five minutes post the injection.
The small intestine also takes up a considerable portion of intravenously
injected 1251-EGF. Radiolabeled EGF were found to be more intensely
localized in the jejunum than in the duodenum or ileum [Jorgensen et aI., 1988],
and was located primarily to the cells of the surface epithelium of the villi and,
only to a minor degree, to the cells of the proliferative zone of crypts.
Approximately one percent of injected EGF is taken up by the stomach at
2.5 minutes, and the radioactivity increases to four percent at 120 minutes after
injection. Also about 0.5% of injected 1251-EGF is taken up by the SMGs in the
adult male rats [Jorgensen et aI., 1988].

Degradation of EGF in the liver and GI tract
The degradation of EGF in vivo has been studied mainly in the liver. St.
Hilaire et al. [1983] reported that about 19% of radioactivity in the liver is
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secreted into the bile at 90 minutes after intra-portal vein injection of 1251-EGF,
and nearly 20% of this is immunoprecipitable. Dunn et al. [1984] found that
EGF is transported rapidly from the surface of the hepatocytes to endosomes in
the Golgi apparatus-lysosome region. Radioactive EGF is not degraded until 20
minutes after endocytosis, suggesting that the molecule remains in endosomes,
but not in Iysosomes. They also reported that EGF enters Iysosomes at a
constant rate which,E1)ay be governed by a cellular event. Hepatocytes take up
portal vein-transported EGF and secrete both degraded and immunoreactive
forms of the peptide into the bile [Burwen, et aI., 1985]; immunoreactive EGF in
the bile reaches its peak (30%) 20 minutes after EGF injection; whereas the
radioactivity peak appears in the bile at 40 minutes after injection; and less than
10% of it is immunoreactive. The amount of immunoreactive EGF secreted in
the bile is not changed with chloroquine administration, nor is its proportion
altered with different administered doses [Burwen et aI., 1984]. This suggests
that the secretion of immunoreactive EGF by hepatocytes is not regulated by
lysosomal action or the load of EGF in the liver. Recently, Renfrew and
Hubbard [1991] found that after internalization in the perfused rat liver, EGF can
be processed in both early and late endosomes by three kinds of proteases at
the carboxyl terminus before it is delivered to Iysosomes. This result suggest
that EGF is rapidly degraded after endocytosis.
Jorgensen et al. [1988] reported that about 30% of the radioactivity
extracted from the small intestines remained immunoreactive at 120 minutes
after intravenous injection of EGF. However, immunoreactive EGF was not
detectable in radioactive material extracted from all stomach samples. No
information is currently available about the fate of EGF in the SMGs and
pancreas after its uptake by these glands from the circulation.
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Secretion of EGF in the intestine
Kirkegaard, Olsen and co-workers [1983, 1984, 1985] tested the
regulators of EGF secretion by Brunner's glands in adult rats. Using RIA, they
found that vasoactive intestinal polypeptide (VIP) and acetylcholine (Ach)
stimulate, whereas adrenergic agonist and somatostatin inhibit, EGF secretion
from the Brunner's gland. VIP and Ach do not influence the concentration of
EGF in blood, suggesting a local stimulatory effect of these neuromodulators.
In man, the release of immunoreactive EGF under basal conditions was
examined in salivary, gastric, duodenal and pancreatic secretions in vivo
[Konturek et aL, 1989]; the concentration of immunoreactive-EGF was 2.7, 0.42,
21.0, and 8.5 ng/ml respectively, suggesting a higher release of
immunoreactive-EGF in the duodenum and pancreas.
The secretion of blood-borne EGF by enterocytes has not yet been
reported. Although circulating EGF is taken up by the intestine of adult rats
[Jorgensen et aL, 1988], neither the mechanism of its uptake from the intestinal
basal-lateral side nor that of its degradation and transport by the enterocytes is
clear. However, it has been reported that in dogs some peptide hormones such
as gastrin and cholecystokinin (CCK) can be removed from the circulation and
transported to the lumen of the small intestine by enterocytes [Inoue et aL,
1982]. This luminal secretion by the intestines of gastrin and CCK can be
stimulated by the presence of food. According to these investigators the direct
secretion of gastrin and CCK from the circulation to the bowel lumen suggests
that the small intestine may be partly involved in the catabolism of these
polypeptides.
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CHAPTER 2

METHODS

Animals
The

obligato~_suckling

period is the first two weeks of postnatal life in

rats. After two weeks of age, the activity of most digestive enzymes in the GI
tract and pancreas increases when the pups begin to consume soljd food.
Therefore, 13-day-old rats were used in these experiments. Rats provide good
models for the study of digestion and absorption by the GI tract, and they are
inexpensive and can be handled easily.
Sprague-Dawley rats (purchased from Charles River Kingston, Stone
Ridge, NY) were bred in our colony. The number of pups in each litter was
randomly culled to ten on the second day of birth in order to standardize the
conditions of the experiments. Pups stayed with their mothers in cages in the
Division of Animal Research" at the University of Arizona Medical Center until 13
days of age. Mothers were provided with water and regular laboratory rat chow
and were examined at least twice a day. The suckling rats were separated from
their mothers for the experiments at the age of 13 days.

Animal fasting and anesthesia
Suckling rats were kept in a cage seated on a heating pad for two hours
prior to the experiment. Body weights and sex were recorded before each
experiment. Each suckling rat received two Jlg /50JlI fentanyl (Pitman-Moore,
Washington Crossing, NJ) subcutaneously for anesthetization. All rats were
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kept in a cage on a heating pad or in an incubator during the experiment to
maintain body temperature.

Preparation of 1251-EGF
rEGF was purchased from Bioproducts For Science, Inc. (Indianapolis,
IN) and further purified by HPLC by Dr. P. Schaudies (Department of Clinical
InvestiQation, Walte!._~eed Army Medical Center, Washington, DC). EGF was
iodinated by the chloramine T method of Greenwood and Hunter [1963] as
modified by Carpenter and Cohen [1976]. The specific activity was 250 IlCilIl9:
the labeled EGF was stored at -20°C and was used within 20 days after the
labeling.

Administration of 1251-EGF via the intestinal segments
After the suckling rats were anesthetized with 50 III of fentanyl (2 Ilg), the
intestines were exposed through a midline abdominal incision. The small
intestine was identified from the ligament of Treitz to the ileocecal junction. The
jejunum, representing one-third of the total length of the small intestine from its
proximal end, was ligated with a silk suture passed through the mesentery
without disturbing mesenteric circulation. The ileum, constituting one-third of
the distal end of the intestine, was ligated in the same manner as the jejunum.
Forty ng of 1251-rEGF was administered in 200111 distilled water via a syringe
and plastic tubing (PE-50) connected to one end of the isolated intestinal
segment. After the tubing was removed the ligation around this end was quickly
tightened to form a leak-free luminal compartment. Since no distinct marker
exists for intestinal segments, the curled jejunum or ileum were recognized by
their color and the estimated length. The verified length after the experiments
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was nearly the same as the expected length. After rEGF administration, the
intestines and stomach were replaced carefully and the abdominal incision
closed with suture.

Intravenous administration of 1251-EGF
The skin of the anesthetized suckling's lower extremity was incised to
expose the femoral.~~in. A 100 III bolus of 1251-rEGF (2, 4 or 20 ng) in saline
was injected into the vein. Since the radioactivity recovered from the pancreas
and SMGs was too low to assay after two or four ng of EGF was administered,
20 ng of 1251-rEGF was injected for pancreatic and SMGs assays.

Portal vein injection
After anesthetization, the rats were placed on a heating pad and their
livers were exposed via a midsagittal abdominal incision. Each liver was
retracted to expose the portal vein, which is dorsal to the liver and parallel to the
bile duct. Four ng of radioactive rEGF in 100 III saline was injected into the vein
through a piece of plastic tubing which had been connected to a syringe and
inserted in the direction of blood flow. After administration, the PE-10 tubing
was secured in place by cyanoacrylate glue in order to stop bleeding.

Bile duct cannulation
After an upper abdominal incision, the intestines and liver of the rat were
exposed and retracted to the left in order that the bile duct could be observed
under a dissecting microscope. The bile duct was cut with scissors and a
catheter conSisting of PE-10 tubing inserted into the duct. The catheter was
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secured in position by cyanoacrylate glue, and bile collected at a rate of 70-100
III per hour.

Tissue collection
Groups of rats were decapitated at intervals of 5, 30, 60 and 120 minutes
after the administration of 1251-rEGF. In absorption studies, the blood was
collected from the neck before the liver and intestinal segments were rapidly
removed. As described previously, the ligament of Treitz was used to
distinguish between the duodenum and jejunum. After the separation of the
duodenum, each intestine was cut into three segments of equal lengths that
represent the jejunum, a middle section, and the ileum. The lumen of intestinal
segments was washed with water and air-dried before tissues were placed into
preweighed test tubes. The radioactivity in the washing represented that in the
contents of this segment. Tubes containing tissues and washings wer€
immediately weighed and stored at -20°C. In the distribution experiment, blood,
livers, intestines, stomachs and the contents of stomachs and intestines were
collected, washed and saved.

Extraction of tissue
Each sample was placed in 1:10 (w/v) ice-cold distilled water and
acidified with 1.0 M HCI to a final concentration of 0.1 M before homogenization
with a polytron (Brinkmann Instruments, Westbury, NY). After 30 minutes the
samples were centrifuged at 100,000 g for 60 minutes at 4°C, and the
supernatant fractions were frozen at -70°C for lyophilization. Before
measurements of the immunoreactivity and receptor-binding capacity, the
lyophilized samples were dissolved in 1.0 ml of Hank's buffer and brought to pH
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7.4 by adding 1.0 M NaOH. The pH of the samples was tested with pH paper
(Micro Essential Laboratory, Brooklyn, NY). Samples were centrifuged at
120,000 g for 15 minutes and the supernatant fractions were used to determine
immunoreactivity.

Human placental membrane preparation
O'Keefe et al.:..[1974] reported that in humans the placenta is one of the
richest sources of EGF receptor. Human placental membrane preparations
were prepared as described by Hock et al. [1980]. Briefly, human placenta was
obtained from the delivery room within one hour after a healthy birth. Sixty gm
of placenta were cut into small pieces and added to 1 :10 (w/v) in buffer (0.25 M
sucrose, 25 mM Tris-HCI, pH 7.4). The placental tissue was homogenized for
four minutes at -1°C and centrifuged at 1,200 g for 10 minutes at 4°e. The
supernatant fraction was centrifuged again at 1,200 g for 10 minutes, and again
at 8,000 g for 30 minutes. Finally, the supernatant fractions were centrifuged at
40,000 g for 40 minutes at 4°e and the pellets collected and resuspended in 6.0
ml of 50 mM phosphate buffer, pH 7.5. The membrane protein content was
determined to be about 15-20 mg/ml. The membranes were stored in 0.5 ml
aliquots at -70 o e.

Intestinal mucosal membrane preparation
Thirteen-day-old rats were fasted for eight hours in a cage placed on a
heating pad. Jejunal or ileal mucosal membranes were collected immediately
after the rats were killed. Intestinal lumen was washed first with ice-cold saline.
then the intestinal mucosa was scraped off with a glass slide, collected and
added to homogenizing buffer (250 mM sucrose, 2.5 mM Tris, 2.5 mM EDTA. 1
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mM PMSF, 8 Jlg/mlleupeptin, and 50 Jlg/ml trypsin inhibitor, pH 7.2) in a
proportion of 1:10 (w/v). Tissues were then homogenized at full speed for one
minute at .... 1.0°C and centrifuged at 600 x g for 10 minutes. The supernatant
portion was collected and NaCI and MgS04 added to the final concentration of
0.1 M and 0.02 mM, respectively. The supernatant fraction was centrifuged
again at 30,000 x g for 30 minutes and the pellet resuspended in 0.05 M
phosphate saline buffer (PBS), pH 7.2 and stored at -70°C.

Intestinal brush border membrane preparation
The mucosa of the jejunum or ileum was scraped off with a glass slide.
Brush-border membranes were prepared as described by Thompson [1988].
Briefly, the mucosa was homogenized in 1:10 (w/v) buffer (50 mM Mannitol, 2
mM Tris-HCI, 0.1 mM PMSF, pH 7.2) for one minute. CaCI2 was added to the
homogenate to a final concentration of 10 mM. The homogenate was placed on
ice and stirred slowly for 30 minutes before being centrifuged at 2,000 x g for 15
minutes. The supernatant portion was centrifuged again at 20,000 x g for 20
minutes and the pellet resuspended in 50 mM Ringer buffer (devoid of
phosphate) and stored at -20°C.

Anti-rEGF affinity column chromatography preparation
Anti-rat EGF serum was prepared in New Zealand white female rabbits
by the method described by Cohen [1962]. The anti-rEGF affinity column was
prepared as described by Thornburg et al. [1987]. Ten ml of anti-rat EGF serum
was added to a protein A-Sepharose CL-4B adsorption column (Pharmacia
Fine Chemicals, Inc.) and the column was washed with Hank's buffer.
Immunoglobulin G (lgG) in the serum which is bound to protein-A, was then
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separated from the column by eluting with 1.0 M acetic acid. The IgG fractions
were dialyzed in 1.0 M N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid
(HEPES) buffer (pH 7.5) for three hours and then overnight in 0.1 M HEPES
buffer. The purified IgG fraction was reacted with 0.5 g cyanogenbromideactivated Sepharose for four hours at 4°C. The reaction was stopped by adding

1.0 ml ethylamine. Finally, the column was washed thoroughly with Hank's
buffer. The efficien9X of the column was determined by loading about 10,000
cpm 1251-labeled EGF on to the column and then washing with buffer. 85-90%
of stock 125J-EGF was bound to the column.

Quantitation of radioactivity
Counts in the samples were measured in a gamma counter (Cobra QC
5005, Packard, Laguna Hills, CA). The radioactivity was expressed as counts

per minute (cpm).

Determination of immunoreactivity from extracted radioactivity
,

The lyophilized samples were dissolved in 1.0 ml Hank's buffer and
brought to pH 7.4 by the addition of 1.0 M NaOH. The samples were
centrifuged at 100,000 x g for 15 minutes, and the supernatant fractions used to
determine immunoreactivity. An aliquot of supernatant containing 10,000 cpm
radioactivity in 1.0 ml Hank's buffer was added to the top of an anti-EGF affinity
chromatography column and was washed with Hank's buffer. Ten 1.0 ml
fractions were collected in test tubes and counted in a gamma counter. The
radioactivity bound to the column was considered as immunoreactive. The
immunoreactivity of the samples was expressed as a percentage of total
radioactivity calculated by dividing the cpm remaining in the column by the total
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cpm. The values were compared with the 1251-rEGF stock which was expressed
as 100% of immunoreactive (see column preparation section).

Receptor-binding ability of extracted radioactivity
One hundred J.1g of human placental membrane protein in 100 J.1I
phosphate buffer, pH 7.4, was added to a sample containing 10,000 cpm. The
nonspecific binding.~as measured by adding 100 J.1g membrane protein and
0.50 J.1g unlabeled rEGF to samples each with 10,000 cpm. The total volume of

the reaction mixture was 300 J.1I. All the reaction tubes were prepared in
triplicate. After a one hour incubation, the reaction was stopped by adding icecold PBS buffer. The membranes were washed three times each with 3.0 ml
buffer through a Whatman GF/B glass microfiber 2.4 cm filter (Whatman
International Ltd. Maidstone, England). The filters were then counted in a
gamma counter. The receptor-binding ability of the radioactive EGF in the
samples was expressed as a percentage of receptor-binding radioactivity.
These values were obtained by subtracting nonspecific binding from total
binding (specific-binding) and then the specific-binding counts were calculated
as the percentage of the counts added in each test tube.

Competitive experiment of distribution of intravenously injected
1251-rEGF
Unlabeled excessive amounts of rEGF were used to measure the
competitive binding to its receptor. Under anesthesia, 10.0 J.1g of unlabeled
rEGF was injected into the femoral vein of suckling rats, together with 4.0 ng of
labeled rEGF in 100 J.1I 0.9% saline. The time intervals of five, 30 and 60
minutes were used in this experiment. Radioactivity recovered from each organ

40
was presented as the percentage of the total radioactivity injected. Four rats
were used at each time interval.

Scatchard analysis of receptor binding data
Two hundred J.lg of intestinal brush border membrane protein was added
to incubation tubes containing various concentrations of 1251-rEGF with or
without 0.5 J.lg unla~~led rEGF (>60 x of the labeled EGF). The incubation was
continued at room temperature for 60 minutes at pH 7.2 in 300 J.lI of total
volume. The reaction was stopped by adding ice-cold buffer to the tubes before
the reaction mixture was rapidly filtered through a GF/B glass filter (Whatman
International, Ltd., Maidstone, England) with 10 ml cold washing buffer. The
counts obtained from filters were used for the calculation according to Bylund
and Yamamura [1990]. Bound I free (B/F) was calculated by dividing the
specifically bound counts by the free counts, and the dissociate constant (Kd)
and maximum binding sites (Bmax) were calculated by computer programs
called SAT5 and KIRK which were designed by Dr. H. Yamamura in the
Department of Pharmacology, University of Arizona.

Lactase activity assay
The lactase activity in the brush border membranes of suckling rats was
measured as described by Koldovsky at al. [1969]. Briefly, 12.5 J.lg brush border
membrane was incubated with lactose and parahydroxy benzoic acid solution
in a total volume of 0.5 ml incubated at 37°e for 15 minutes before being heated
for 2 minutes in boiling water. Tris glucose oxidase solution (0.5 ml) was added
next to each sample tube and these were incubated again at 37°e for 30
minutes. After the reaction was stopped, the lactase activity in each sample was
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measured by comparing the liberated glucose with a series of glucose standard
tubes.

Na-K ATPase activity assay
The measurement of Na-K ATPase was made as described by Fujita et
al. [1971]. Briefly, twenty-five JlI of sample (-0.4 mg protein/ml) was incubated
with 0.5 ml

incubati~~.solution

(5 mM MgCI2, 10 mM KCI, 3 mM ATP, 0.1 M Tris

and 3 mM EDTA, pH 7.4); 0.5 mM ouabain was added to the reaction tube for
the determination of ouabain-sensitive ATPase. The incubation was carried out
at 37°C for 60 minutes and the liberated phosphate was determined by the
Fiske & Subbarow Reducer (Sigma, St. Louis, MO). The specific activity was
calculated in terms of liberated phosphate per mg of protein with a series of
phosphate standards.

Chemicals
Bovine serum albumin (BSA), chloramine-T and cyanogenbromide
activated Sepharose were purchased from Sigma Chemical Co. (St. Louis,
MO); 1251-sodium iodine was obtained from Amersham (Arlington Height, IL),
and rat-EGF was purchased from Bioproducts For Science Inc., (Indianapolis,
IN). All other chemicals used were of analytical grade and were purchased
from Fisher Scientific, Tustin, CA.

Statistical analysis
Mean

± SEM were calculated

and significances of difference of means

were evaluated by ANOVA followed by the Fisher PLSD test; p < 0.05 was
considered significant. The Student's Hest was used to determine the
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significance of differences between independent group samples. The receptor
binding data were analyzed by the programs SATS, KIRK and Macligand in Dr.
Yamamura's laboratory (Dept. of Pharmacology, University of Arizona). The
data from receptor binding assays were analyzed by both one-sided and twosided equations for well fitness.
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CHAPTER 3

STATEMENT OF PROBLEMS AND SPECIFIC AIMS

The salivary glands of suckling rats produce little EGF and hence
maternal milk is considered to be the main source of this mitogenic peptide for
suckling rats. Experiments have shown that mEGF administered orally or intraintestinally to suckling rats can be absorbed and distributed to different organs
in the body [Thornburg et aL, 1984]. Although the absorption of mEGF by the
intestine of suckling rats was found to exhibit regional differences between the
jejunum and ileum [Rao et aL, 1991], neither the time course of EGF absorption
nor the species-specific difference of EGF uptake has been studied. Therefore,
this study was designed to investigate the characteristics and mechanisms of
absorption of EGF in the jejunum and ileum of suckling rats.

.

In adult rats, intravenously administered EGF is partitioned mainly in the
liver, kidney and small intestine [St Hilaire et aL, 1983; Jorgensen et aL, 1988];
a considerable amount of immunoreactive EGF is secreted into the bile.
However, the distribution and processing of intravenously administered EGF by
organs of suckling rats has not been studied. Therefore, another aim of this
study was to examine the distribution of intravenously administered EGF and its
processing by the liver and gastrointestinal tracts of suckling rats.

SCIENTIFIC
1.

HYPOTHESES

The absorption of immunoglobulin and mEGF has been found to differ in

the jejunum and ileum of suckling rats. Therefore, we postulated that the
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absorption of rEGF in the jejunum and ileum could also be different. In suckling
rats, the jejunal epithelium takes up EGF specifically and transports it intact to
blood, whereas the ileal epithelium takes up EGF non-specifically and
degrades it in the cells.
2.

The receptors for immunoglobulin are located in the jejunal but not in the

ileal brush border membrane, thus the absorption of intact immunoglobulin
occurs only in the jejunum. We hypothesize that in suckling rats the differences
in EGF absorption between jejunum and ileum are due to differences in the
number of EGF receptors in their brush border membranes.
3.

In adult rats, intravenously injected EGF is distributed mainly in the liver,

kidney and intestine. We therefore postulate that intravenously administered
EGF will also distribute primarily in the liver, kidney and gastrointestinal tract,
and also in other organs in suckling rats.
4.

After circulating EGF is taken up by the liver in adult rats, it is secreted

into the bile. We postulate that intact EGF can be secreted into bile after it is
taken up by the liver in suckling rats. Since the small intestine of adult rats also
takes up circulating EGF, we hypothesize that circulating EGF can also be taken
up by the small intestine of sucklings, and can further be secreted into the
lumen of small intestine by enterocytes.
5.

EGF receptors have been found in various organs in rats. We postulate

that the uptake of circulating EGF is a receptor-related process in the organs of
suckling rats.

STUDY OBJECTIVES
1.

To evaluate differences in the absorption of rat-EGF between the jejunum

and ileum of suckling rats.

2.
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To explore the differences in degradation of EGF after absorption from

the jejunum or ileum in suckling rats.
3.

To investigate the distribution pattern of intravenously administered EGF

in organs of suckling rats.
4.

To examine the time course of EGF degradation in the liver, bile, small

intestine, stomach and luminal contents.
5.

To examine ~~~ mechanisms of EGF uptake by the mucosa of the

jejunum and ileum.
6.

To study the mechanisms by which circulating rEGF is taken up by the

liver, stomach, intestine and other organs.
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CHAPTER 4

ABSORPTION AND DEGRADATION OF RAT-EGF
IN THE JEJUNUM AND ILEUM OF SUCKLING RATS

RATIONALE
It is well known that the absorption of immunoglobulins occurs in the
jejunum and that of nutritional proteins does so in the ileum of suckling rats
[Abrahamson and Rodewald, 1981; Gonnella et aI., 1984]. The absorption of
mouse-EGF in the jejunum and ileum of two-hour fasted rats has been studied
and the differences between the two segments have been reported [Rao et aI.,
1991]. However, the time course and the species specific rEGF have not been
studied. Therefore, this experiment was performed to determine the differences
in the absorption as well as degradation of rat-EGF in the jejunum and ileum of
suckling rats.

EXPERIMENTAL DESIGN
Forty ng of 1251-rEGF were injected into the lumen of either the jejunum
or ileum of anesthetized, two-hour fasted 13-day-old suckling rats. The animals
were killed after five, 30, 60 and 120 minutes, and trunk blood, jejunum, ileum
and liver collected. Radioactivity in these organs was measured, extracted and
analyzed using immunoaffinity column and human placental EGF receptors.
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RESULTS
Time course of 1251-rEGF absorption
Figure 1 shows the percentage of total radioactivity recovered at different
time intervals from luminal contents. At five minutes after administration, the
radioactivity detected in both the luminal content of jejunum [74.1±3.8% (N=3)]
and ileum [73.6±2.1 % (N=3)] was nearly the same. After 120 minutes, no
significant change in the radioactivity was observed in the jejunal luminal
contents [67.9±2.7% (N=12) at 120 minutes]. In contrast, a significant decrease
in radioactivity was found in the ileal luminal contents at 60 minutes [39.6±2.6%
(N=9)] and 120 minutes [29±3.5% (N=8)].

100

.e-

80

"!>

:g
~

60

~

a

40

~

20

i
.s

*

-0--

Flushing of J

•

Flushing of I

20

40

~

0
0

60

80

100

120

Time (min)

Fig. 1. Radioactivity recovered from the luminal contents of jejunum (Flushing of
J) and ileum (Flushing of I) of 13-day-old suckling rats after the

intraluminal injection of 40 ng of 125I-rEGF. Each value = Mean±SEM
(N~3).

*= Radioactivity in the luminal contents of ileum decreased

significantly at 60 and 120 minutes compared to that at 5 minutes.
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Figure 2 shows the percentage of total radioactivity recovered from the
wall of the jejunum and ileum at different times. The amount of radioactivity did
not show changes in the jejunum [20.4±3.3% (N=4) at 5 minutes; 17.0±1.2%
(=11) at 120 min], but did increase significantly in the wall of the ileum at 30
minutes [28.0±3.7% (N=8)] and 60 minutes [36.5±3.2% (N=10)], before
reaching a plateau.

100

i'11
:a!
~

Wall efJ
Wallefl

60
*

)

40

'S

20

~

..

-0--

80

*

:

*

~

0
0

20

40

60

80

100

120

Time (min)

Fig. 2. Radioactivity recovered from the wall of jejunum (wall of J) and ileum
(wall of I) of 13-day-old suckling rats after intraluminal injection of 40 ng
of 125I-rEGF. Each value = Mean±SEM (N;;::3).

*= Radioactivity in the

wall of the ileum increased significantly at 30, 60 and 120 minutes.

Figure 3 shows the sum of the radioactivity recovered from both the walls
and luminal contents of the jejunum or ileum. Total radioactivity decreased
significantly in the jejunum at 120 minutes [83.8±2.1 % (N=11)], suggesting a
slow but continuous absorption of 1251-rEGF from the jejunum. On the other
hand, significantly decreased radioactivity was detected in the ileum from five
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minutes [91.3±1.7% (N=3)] to 120 minutes [63±4.4% (N=9)], indicating a rapid
transport and uptake of a large amount of radiolabeled rEGF by the ileum.
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Fig. 3. Percentage of radioactivity recovered from the walls and luminal contents
of jejunum and ileum of 13-day-old suckling rats. 40 ng of 125I-rEGF was
administered intraluminally. Each value =Mean±SEM (N;:::3). *=
Radioactivity in the ileum decreased significantly at all times compared to
that at 5 min in the jejunum. **= Radioactivity in the jejunum decreased
significantly than that at 5 min.

Time course of absorbed radioactivity in liver
In adult rats, the uptake of EGF by the liver is receptor mediated, and
constitutes a highly saturable and specific process. Figure 4 shows the amount
of radioactivity absorbed either from the jejunum or from ileum and taken up by
suckling rat liver at different time intervals. The radiolabeled rEGF administered
via the jejunum that was absorbed by the liver increased at five minutes
[0.43±0.06% (n=6)] to 60 minutes [0.71±0.06% (N=12)] and then remained at
nearly the same level [0.62±0.03% (N=13)], whereas that derived from ileal
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absorption increased continuously from 5 minutes [0.27±0.03% (N=6)] to 120
minutes [0.96±0.07% (N=12)]. The amount of radioactivity recovered from the
liver after ileal absorption was significantly lower at five minutes and
significantly higher at 120 minutes when compared to the corresponding data
obtained from jejunal absorption.
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Fig. 4. Radioactivity found in the liver after administration of 125I-rEGF into the
lumen of the jejunum (via jejunum) or ileum (via ileum) of 13-day-old
suckling rats. 40 ng of 125I-rEGF was administered intraluminally as
before. Each value = Mean±SEM

(N~6).

*= Percentage of radioactivity

absorbed from the ileal route are significantly higher than those from the
jejunal route.

Time course of absorbed radioactivity in blood
The radioactivity in the blood after intraluminal 1251-rEGF injection
represents the absorbed component that is not taken by the liver or other
organs, or is released back into the blood after being taken up by those organs.
From Figure 5, it can be seen that this radioactivity increased with time and
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showed a pattern similar to that seen in the liver. The amount of radioactivity
from ileal absorption increased with time and was significantly higher at 60
[O.81±0.06% (N=7)] and 120 minutes [1.9±O.14% (N=7)] than that from jejunal
absorption [0.64±0.06% (7) at 60 minutes, 0.49±0.03% (N=9) at 120 minutes].

3

Blood
-0•

•

Via Jejunum
Via Ileum

•

o+-~~~~~~~~~~~~~~

o

20

40

60

80

100

120

Time (min)

Fig. 5. Radioactivity per ml of blood after the administration of 125I-rEGF into the
lumen of either the jejunum (via jejunum) or the ileum (via ileum). Each
value = Mean±SEM (N~4).

*= Radioactivity from ileal absorption

increased significantly at 60 and 120 minutes compared to that from jejunal
absorption.

Degradation of 1251-rEGF in jejunum and ileum
The immunoreactivity of the radioactive material recovered from the walls
and the luminal contents of the jejunum and ileum was determined by
immunoaffinity column (data not shown). Compared to the stock 1251-rEGF
solution, no significant degradation of these radioactivities was detected at all
time periods by this method. Using specific EGF receptors, after an interval of
120 minutes, a significantly decreased percentage of receptor binding activity
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was found (see Figure 6) in the radioactivity recovered from the wall [62.6±4.6%
(N=6)] of ileum compared to that found in the luminal content [81.0±4.1 % (N=6)].
Lower receptor binding activity was also detected in the samples of the jejunal
wall [71.6±2.3% (N=8)] compared to that of luminal contents [77.7±5.9% (N=8)],
however, the decrease was not significant.
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Fig. 6. Percentage of receptor-active radioactivity derived from the wall and
luminal contents (flushings) of jejunum and ileum at 120 minutes. Each
value = Mean±SEM

(N~4).

Values were compared with that of a stock of

125I-rEGF which was assumed to possess 100% of binding. *= Receptoractive radioactivity from ileal wall was significantly lower than that from
ileal content.

Degradation of 1251-rEGF in liver
The radioactivity in the liver absorbed from either the jejunum or ileum
was tested with the immunoaffinity column and EGF specific receptors. Figure 7
shows the percentage of immunoreactivity in the liver samples derived from
jejunal and ileal absorption. The immunoreactivity from jejunal absorption
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increased with time, whereas that from ileal absorption increased only between
five to 30 minutes, and decreased thereafter. At 120 minutes, a significantly
higher percentage of immunoreactivity in the liver was found from jejunal
[53±2.8% (N=9)] absorption than from ileal absorption [23±3.9% (N=8)].
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Fig. 7. Percentage of immunoreactive radioactivity in the liver after 125I-rEGF
administration into the lumen of either the jejunum (via jejunum) or the
ileum (via ileum). Each value =Mean±SEM (N;?!4). Each value was
compared with 125I-rEGF stock which was assumed to have 100% of
immunoreactivity. *= Percentage of immunoreactivity was significantly
higher at 120 minutes from jejunum than from ileum absorption.

Significantly higher amounts of radioactivity in the liver were found from
ileal absorption (Figure 4), whereas a significantly higher percentage of
immunoreactivity in the liver was observed from jejunal absorption (Figure 7) at
120 minutes. The total amount of immunoreactive 1251-rEGF in the liver was
therefore calculated by multiplying the immunoreactivity and the total
radioactivity. In Figure 8, the total amount of immunoreactive 1251-rEGF
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absorbed from the jejunum was significantly higher at the 120 minutes interval
compared to that from the ileum.
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Fig. 8. Total amount of immunoreactive radioactivity (IR) in the liver absorbed
from jejunum (via jejunum) or from ileum (via ileum). Each value =
Mean±SEM (N~4). Each value was expressed as the percentage of total
immunoreactive rEGF administered into the lumen. *= amount of
immunoreactive radioactivity was significantly higher at 120 minutes from
jejunal than from ileal absorption.

The degradation rate of radioactivity in the liver from jejunal and ileal
absorption was tested by specific receptors. Significantly higher receptor
binding activity of radioactive material in the liver was found from jejunal
absorption [19±2.0% (N=6)] at 120 minutes than that from the ileal route
[5.3±1.4% (N=5)]. By calculating the total amount of receptor binding
radioactivity (Figure 9), significantly higher receptor binding radioactivity in the
liver was found from jejunal [0.11 ±O.01 % (N=6)] absorption at 120 minutes than
that absorbed from the ileum [0.05±O.01 % (N=5)]. As shown in Figure 9, the
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receptor binding radioactivity in the liver following jejunal absorption stayed
relatively at a constant level from 30 to 120 minutes, whereas that following ileal
absorption decreased after 60 minutes.
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Fig. 9. Total amount of receptor-active radioactivity (RR) in the liver after 125I_
rEGF injection into the lumen of the jejunum (via jejunum) or ileum (via
ileum). Each value =Mean±SEM (N~4). Each value was expressed as the
percentage of total receptor-bound rEGF injected into the lumen. *= The
amount of receptor-active radioactivity was significantly higher at 120
minutes from jejunal than from ileal absorption.

Enterohepatic circulation of immunoreactive ~251-rEGF
The bile duct of one group of rats was cannulated before 1251-rEGF
administration into the intestinal lumen. The collection of bile was continued for
120 minutes. Considerable amounts of radioactivity were observed in the bile
during this period of time. Due to the technical difficulties involved in these
experiments, only the radioactivities per 100 III of bile were calculated without
regard to collection time. The immunoreactivity of the radiolabeled material in
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the bile samples was determined by immunoaffinity column. Figure 10 shows
that the total amount of immunoreactive 1251-rEGF in 100 III of bile derived from
jejunal absorption [0.14±0.04% (N=6)] was not different from that derived from
ileal absorption [0.12±0.04% (N=6)].
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Fig. 10. Total amount of immunoreactive radioactivity in 100 III of bile after
luminal administration of 125J-rEGF into either the jejunum (via jejunum) or
ileum (via ileum). Each value = Mean±SEM (N=6). The value for each
sample was compared with a stock of 125J-rEGF which was considered to
be 100% immunoreactive. No significant differences were detected.

DISCUSSION

Differences in time course of absorption of 1251-rEGF from jejunum
or ileum
Rao et al. [1991] reported that a considerable amount of mEGF is
absorbed from isolated jejunum and ileum of two-hour fasted rats. In the
present study jejunal and ileal absorption of EGF was investigated using
purified species-specific 1251-rEGF for the purpose of comparison to the data of
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Rao et al. [1991]. The amount of 1251-rEGF used was four to ten-fold higher than
that used by Rao et al. By calculation, 12-14 day old suckling rat consumes
about 250 n9 of EGF from milk daily [Schaudies et al. 1990]. The amount of EGF
administered in our experiment was 40 ng per rat which was about one-sixth
the normal daily intake. Perhaps it could be argued that two hours of fasting did
not totally eliminate the influence of milk-EGF on the absorption of 1251-rEGF
since the GI tracts ~!_~uckling rats still contain some milk. However, it has been
determined that less than one ml of milk containing EGF is present in the GI
tracts of suckling rats after two-hours of fasting, and less than one-half of this
was in the small intestine. Thus, about 0.2 ml of milk containing less than ten ng
of EGF [Schaudies et al. 1990] would be in either the jejunum or ileum.
Therefore, the influence of milk-borne EGF was ignored. Moreover, since these
experiments were designed to be comparable with the results using mEGF [Rao
et aI., 1991]; two-hour fasted rats were also used.
After the injection of radiolabeled rEGF, about 90% of the total
radioactivity remained in the jejunum after 60 minutes compared with 77% that
remained in the ileum (Figure 3); these values were different from those
obtained by Rao et al. [1991] who found that 44% of radioactivity remained in
the jejunum and 40% remained in the ileum. Furthermore, in our experiments
at 60 minutes, the ratio of disappearance of 1251-rEGF between jejunum and
ileum was 1 :2.3, whereas in that of Rao et al. [1991] it was 1 :1.1. Our results
showed a significantly higher absorption of rEGF by the ileum than by the
jejunum. The differences between our results and that of Rao et al. may be due
to the following: 1) the ten-fold higher dose we used may have partially
saturated the uptake of EGF by the jejunum and ileum and caused a lower
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percentage of disappearance, and 2) the absorption of mEGF by intestinal
epithelium mat be different from that of rEGF in suckling rats.
Although the sum of the radioactivity recovered from the ileum was
significantly decreased at five minutes after 1251-rEGF administration, there was
no significant increase in the radioactivity recovered from the liver or blood.
This phenomenon was also shown in the study by Thornburg et al. [1984] in
which the total recoy~ry of orally administered radioactivity from the GI tract was
73% at the time zero. Since the ileal wall is thinner than that of the jejunum, the
decreased radioactivity in the ileum five minutes after ileal administration might
be due to a simple infusion of radioactivity from the wall of the ileum.
Our results showed that the absorption of 125J-rEGF in both jejunum and
ileum is time dependent (Figure 3). The uptake of radioactivity by the jejunal
wall was nearly the same until 120 minutes, whereas a steady increase was
found in the ileal wall during the first 60 minutes. Also, the rate of
disappearance of radioactivity in the ileum was significantly faster than that in
the jejunum. The radioactivity in the wall of the ileum was continuously
increased from five to 60 minutes (Figure 2), suggesting that most radioactivity
remained in the ileal wall instead of being transported to the circulation. These
results suggest that: 1) the uptake of radioactivity in the wall of the ileum is the
dominating process in the first 60 minutes, and thereafter the amount of
radioactivity taken up is equal to that released into blood; 2) the uptake of
radioactivity in the ileal epithelium has a nonspecific and nonsaturated pattern
during the first 60 minutes. In contrast, the radioactivity in the jejunal wall is
nearly constant during 120 minutes, indicating that the uptake of radioactivity
into the wall of the jejunum is equal to the output of the radioactivity into the
blood. By adding the radioactivity in the wall and the luminal flushings together,
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the total radioactivity in the jejunum was found to decrease significantly at 120
minutes, suggesting that the uptake of radioactivity in the jejunum is a slow but
continuing process.

Appearance of radioactivity in liver
In contrast to blood, most radioactivity in the liver was taken up as intact
EGF. 8t. Hilaire et al. [1983] reported that 99% of the intraportally injected EGF
was taken up by the liver of adult rats in three minutes, suggesting that the liver
has a high capacity to clear the EGF originating in the portal vein. In the results
of Rao et al.[1991], the ratio of the radioactivity appearing in the liver from
jejunal and ileal absorption was 1 :2.2 at 60 minutes, suggesting an early and
higher absorption of EGF by the ileum. In the present study, the radioactivity in
the liver from jejunal absorption at five minutes was significantly higher than that
from ileal absorption (Figure 4). The radioactivity then increased continuously
and did not show a significant difference between jejunal and ileal absorption
until 120 minutes. At 120 minutes the radioactivity in the liver derived from ileal
absorption increased, but this was not the case from jejunal absorption. It was
also observed that a significantly higher amount of radioactivity was detected in
the liver from ileal than from jejunal absorption. The ratio of radioactivity in the
liver from jejunal and ileal absorption at 120 minutes was 1 :1.5, lower than the
results of Rao et al. [1991] who reported a ratio of 1 :2.2. Our data suggest that
even though the ileum takes up more radioactivity, it does not transport it
immediately across the epithelium. Instead, it stores the radioactivity in the
epithelium for about 60 minutes. We conclude that although more radioactive
rEGF is taken up by the ileal epithelium in a nonspecific way, the significantly

60
higher radioactivity absorbed by the ileum appears in the blood and liver only at
or after 60 minutes.

Appearance of radioactivity in blood
If the radioactivity is not taken up by the liver and other organs it remains
in the blood. Therefore, the amount of radioactivity in the blood can directly
reflects the radioactivity absorbed by the intestine. Gonnella et al. [1987]
reported that the uptake of radioactivity from the ileum into blood is initially rapid
and after 20 minutes it increases gradually until 120 minutes. In our
experiments, the radioactivity in the blood (Figure 5) from ileal absorption
increased with time in a steady and continuous pattern, whereas the increase
from jejunal absorption was detectable only at the first 30 minutes after which it
remained constant. Significantly more radioactivity appeared in the blood after
ileal absorption than from the jejunum at both 60 and 120 minute intervals,
suggesting that the degradation of 1251-rEGF in the ileum is delayed by
comparison and the amount of radioactivity taken by the ileum was greater.
Rao et al. [1991] reported that at 60 minutes the radioactivity appearing in the
blood following ileal absorption is more than five-fold higher than that following
jejunal absorption, suggesting that the radioactive mEGF used in their study
was degraded much earlier and at a higher rate than the rEGF used in the
present study.

Degradation of 1251-rEGF in jejunum and ileum
In suckling rats, the epithelium of the ileum is the main site for absorption
of nutritional proteins, whereas the epithelium of the jejunum degrades little
nutritional proteins [Walker et ai, 1972]. In the report of Rao et al. [1991] the
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immunoreactive and receptor-active EGF in the wall and luminal contents of the
jejunum was significantly higher than that in the ileum at 60 minutes after
luminal mEGF administration. In contrast, our study showed that the
immunoreactivity in the wall and luminal content of jejunum and ileum was the
same as that of the stock 1251-rEGF solution up to 120 minutes, suggesting a
low degradation of rEGF in the intestine of suckling rats. This difference might
be due to the highe.~_~mounts, and the different species of EGF used in our
study. In the present study, the receptor binding active radioactivity in the wall
of the ileum did show a significant decrease at 120 minutes compared with that
of luminal contents (Figure 6). The decreased receptor binding activity
indicates an intracellular degradation of EGF in the ileal epithelium. In contrast,
no significant differences were found in the receptor binding activity in the walls
and luminal contents of the jejunum; this supports the view of low degradation
of EGF in the jejunal epithelium and also suggests a low rate of degradation of
rEGF in the lumen of both the jejunum and ileum.

Degradation of 1251-rEGF after absorption
It is know that the breakdown of EGF occurs in Iysosomes. If EGF is not
totally broken up by lysosomal proteases, some antigenicity and receptor
binding activity of EGF should persist. Therefore, the immunoreactivity and
receptor activity of the radioactive EGF can provide indirect information about
the intracellular degradation of EGF. Thornburg et al. [1984] reported that
immunoreactive and receptor active mEGF is found in the liver, lung, kidney and
skin of suckling rats after oral feeding of 1251-mEGF. However, Gonnella et al.
[1987] reported that intact EGF can be detected during ileal intracellular
transport, but can not be detected in the blood and liver thereafter. In the
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experiment of Rao et al. [1991], immunoreactivity and receptor-activity were
detected at 60 minutes in the liver, blood, kidney, and lung from both jejunal
and ileal absorption. The immunoreactivity and the receptor binding activity in
these organs derived from jejunal absorption were higher than that from ileal
absorption.
In our experiments, the immunoreactivity of radioactivity in the liver
derived from

jejun~~ ..~bsorption

was significantly higher at 120 minutes than that

from ileal absorption. Also, receptor-active radioactivity in the liver following
jejunal absorption was about three times higher than following ileal absorption
at 120 minutes. Since the radioactivity in the liver at 120 minutes was
significant,ly higher following absorption from the ileum compared with that from
the jejunum, the total amounts of immunoreactive and receptor binding active
radioactivity were calculated. The results suggest that significantly higher
amounts of immunoreactive (Figure 8) and receptor binding active EGF (Figure
9) are derived from jejunal rather than from an ileal source. The immunoreactive
and receptor binding active rEGF found in the liver after jejunal absorption
increased consistently, whereas that from ileal absorption showed an initial
increase and then decreased after 60 minutes. This result suggests that intact
1251-rEGF is delivered earlier and degraded 1251-rEGF is delivered later from
the wall of the ileum into the portal vein. Also, the ileum requires about 60
minutes to degrade radioactive EGF. This pattern has been reported by Burwen
et al. [1984] who carried out transport experiments in adult rat liver and reported
an intact EGF secretion at 20 minutes followed by degraded EGF secretion at

40 minutes.
We found in our experiments in suckling rats that after the liver cleared
EGF rapidly from the circulation, it exhibits little degradation of EGF (Chapter 6).
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Also, the liver secretes EGF into bile and releases it back into circulation. In the
present study, the immunoreactive and receptor binding active EGF in the liver
following jejunal absorption stayed at nearly the same level (from 30 to 120
minutes), suggesting that the amount of EGF taken up from the portal vein is
equal to the amount of EGF secreted into bile and circulation by the liver. The
immunoreactive and receptor binding EGF in liver following its absorption from
the ileum decreased after 60 minutes, suggesting that after this time the amount
of ileal-derived intact EGF taken from the portal vein by the liver is lower than
that secreted into bile and released back to blood. The data from the present
study also suggest that after 60 minutes little intact EGF was delivered from the
ileum to the liver, even though more than 50% of total 1251-rEGF remained in the
lumen of the ileum.
The present data indicate further that the ileum absorbs more and
degrades most of rEGF during epithelial transport. On the other hand, the
jejunum absorbs less and degrades little 1251-rEGF, which may result in more
immunoreactive and receptor binding active rEGF absorbed from jejunum than
from the ileum. Both the jejunum and ileum can absorb intact EGF; however,
the jejunum showed a stronger and longer lasting pattern of EGF absorption
than did the ileum. Therefore, it may be concluded that the jejunum is the main
site for intact EGF absorption. The present findings are different from those of
Rao et al. [1991] which may be due to the inclusion of only one 60-minute time
point in their experiment, whereas our experiment lasted for two hours.
We also found that the immunoreactivity in the blood, kidney and lung
were lower than 10% and the receptor binding activities in these organs were
nearly undetectable (data not shown). These results suggest that the liver takes

64
up almost all intact EGF from portal blood and leaves small amounts of intact
EGF for the blood, lung and kidney.

Enterohepatic circulation of 1251-rEGF
Many biological compounds undergo enterohepatic circulation. EGF has
been shown to be secreted into the bile after liver perfusion in adult rats
[Burwen et aI., 1984]. However, the enterohepatic circulation of EGF derived
from the intestinal lumen and back to the intestinal lumen has not been
reported. In the present study, we have found radioactive rEGF to be absorbed
from and secreted back into the lumen of the small intestine (Figure 10). Due to
the difficulty of the technique, the bile flow can be disturbed by unavoidable
mechanical manipulations of the intestine during experimentation.
Consequently our results show only that immunoreactive 1251-rEGF can be
absorbed from either the jejunum or ileum and then secreted by the liver via the
bile back to the intestinal lumen. We could not measure the differences in
enterohepatic circulating EGF between these two routes of absorption. On the
other hand, our results do suggest that EGF may maintain its biological effects
on the gastrointestinal tract via enterohepatic circulation.

SUMMARY
1) The absorption and degradation of rat-EGF in the intestine of suckling
rats are different from those of mouse-EGF.
2) There is little degradation of EGF in the jejunal and ileallumma. The
ileal mucosa takes up considerable amounts of rEGF from its lumen and
degrades most of it during the transcellular transport.
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3) Because of its high capacity of EGF uptake the liver can be used to
monitor EGF absorption.
4) The jejunum absorbs intact EGF continuously whereas the ileum
demonstrates little intact EGF absorption after 60 minutes. The jejunum
absorbs more intact EGF than the ileum because the absorption of EGF is
continuous in the for.mer during the time course of study, whereas in the latter
case it is almost restricted after 60 minutes.
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CHAPTER 5

MECHANISMS OF EGF UPTAKE FROM
JEJUNAL AND ILEAL LUMINA

RATIONALE
Although many researchers have found EGF receptors on intestinal
epithelium, most results were obtained from isolated cells. Thompson [1988]
found EGF receptors in the intestinal brush border membranes of fetal and adult
but not in suckling rats. The present experiments were designed to characterize
the specific EGF receptors in the brush border membranes of jejunum and
ileum in eight hour fasted rats. The competitive effects of unlabeled EGF on the
uptake of 1251-mEGF in the ileum of suckling rats have been reported by
Gonnella et al. [1987]. Rao et al. [1991] used unlabeled EGF to compare the
differences in uptake of mEGF between the jejunum and ileum. They found that
,

the appearance of immunoreactive mEGF in the walls of the jejunum and ileum
is dose-dependent and the amount is higher in the ileum than in jejunum;
however, no differences were seen in the liver between jejunal and ileal
absorption routes. The inhibitory effects on uptake of EGF, and the time course
of the uptake of labeled EGF by unlabeled rEGF in the jejunum and ileum have
not been reported. Therefore, these experiments were performed to examine
the competitive effects of unlabeled rEGF on the uptake of 1251-rEGF in the
jejunum and ileum.
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EXPERIMENTAL DESIGN
This experiment explored the possible binding differences between
jejunal and ileal brush border membranes. The EGF receptor binding affinity
and capacity were measured in the brush border membranes of jejunum and
ileum in vitro. The mucosal brush border membranes were prepared in
suckling rats fasted for eight hours before decapitation.
A second study was designed which used labeled and unlabeled EGF to
measure competitive binding to receptors from the luminal side of the jejunum
or ileum of suckling rats in vivo. Two groups of 13-day-old rats were used in this
experiment. The rats in one group were given 8.0 ng of 1251-rEGF into the
lumen of the jejunum or ileum. Another group was given 8.0 ng of 1251-rEGF
together with 1.0 I-1g of unlabeled rEGF. Rats were killed at 30 and 60 minutes
after rEGF administration, and radioactivity in the intestinal wall, luminal
contents, liver, and blood were measured.

RESULTS

Purification of brush border membranes
The brush border membranes were purified by the calcium precipitation
method as described previously (Thompson, 1988; see Method section). The
specific activities of lactase and Na-K ATPase were determined in both the
brush border membranes and homogenates in order to characterize the degree
of purity of the membrane preparation. The total amount of protein, the lactase
and Na-K ATPase activities in the homogenates as well as brush border
membranes of the jejunum or ileum were measured in one litter of suckling rats.
More than 60% of total lactase activity, and about five to eight percent of total
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Na-K ATPase activity were found in the brush border membranes, suggesting
that there was little basolateral contamination (Table 1)

Optimal conditions for binding assays
Preliminary experiments were performed to establish optimal conditions
for the binding assay. Two-hundred Ilg of membrane protein was chosen for
the binding assays for both the jejunal and ileal brush border membranes to
equalize the experimental condition. At room temperature and pH 7.2-7.6, the
time course of EGF binding reached a plateau at 40 minutes and remained
there until 240 minutes. Therefore, all the binding assays were performed at
room temperature and pH 7.2 for 60 minutes. Unlabeled rEGF (0.5 Ilg, at least
60-fold excess) was ,added to measure nonspecific binding.

Characteristics of EGF receptors in brush border membranes of
jejunum and ileum
Figure 11 shows the EGF receptor specific binding in the jejunal (11 a)
and ileal brush border membranes (11 b) with increasing concentrations of 125 1_
rEGF. Experiments were performed by increasing the radioactive 1251-rEGF
from 2.0 pM to 2300 pM in each tube. Under the same conditions, EGF
receptors in the jejunal brush border membranes showed a higher saturation
point than those in the ileum.

Table 1. Total protein and total and specific activities of lactase and Na+-K+ ATPase in the brush-border
membranes and homogenates of jejunum and ielum

protein
mg

Total Amount
lactase
"mol

Na+-K+ ATPase
"mol

Specific activity
Lactase
Na+-K+ ATPase
umoVmg

nmol/mg

Jejunum
BBM

11.S±0.8(7)

49S±42.9(6)

3.43±O.7(6)

88.4±6.4(8)

272±83(S)

Homog.

193±17.S(7)

724±SO.1 (6)

63.8±11.S(S)

6.76±1.32(6)

363±77(S)

BBM/Homog.

6.2±0.6%

6S±7%

7.7±2.7%

1311

111.3

l!m!m
BBM

14.7±1.2(7)

473±40.7(6)

3.42±1.1S(6)

S8.6±S.4(8)

269±67(S)

Homog.

183±16.3(7)

766±S4.2(6)

41.3±1S.6(4)

7.26±1.64(6)

262±103(4)

BBM/Homog.

8.1±0.6%

S9±6%

8.S±S.7%

8.111

111

Values are mean±SEM (N). BBM=brush-border membrane; Homog.=homogenates. Lactase specific activity was
expressed by Jlmol glucose! mg protein! hour. Na-K ATPase :;pecific activity was expressed by nmol phosphate! mg protein!
hour.
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Fig. Ila. Specific binding of 125I-rEGF to the jejunal brush border membrane
with increasing concentrations of 125I-rEGF. Each value =Mean±SEM
(N~4).

Membranes were from six different preparations.
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Fig. lIb. Specific binding of 125I-rEGF to the ileal brush border membrane with
increasing concentrations of 125I-rEGF. Each value = Mean±SEM (N~4).
Membranes were from six different preparations.
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Figure 12 shows a Scatchard plot for 1251-rEGF binding to receptors in
jejunal and ileal brush border membranes. Nonlinear curves were shown in
both membrane receptor binding assays. Although there appears to be
differences in the number of EGF receptors between these two membranes,
significant differences were found by the statistical calculation (see below) only
in the high affinity receptors.
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Fig. 12. Scatchard plot for specific binding of 125I-rEGF to jejunal (open circles)
and ileal (closed circles) brush border membranes. Data were from
saturation studies and each value =Mean±SEM (123).

Scatchard analysis
The nonlinear curves seen with both jejunal and ileal brush border
membranes Scatchard plots suggest different binding capacities of the EGF
receptors in these tissues. The data from EGF receptor binding assays were
analyzed by SAT5 and KIRK, computer programs for receptor binding assays
designed by Doctor H. Yamamura (Department of Pharmacology, University of
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Arizona). The analysis showed that most of the data fit well into the two-site
model, suggesting that more than one type of the EGF receptors exists in both
membranes. The comparison of the Kd and Bmax of EGF receptor binding in
the jejunal and ileal brush border membranes is shown in Table 2. The
maximum high affinity and low affinity binding sites were higher in the brush
border membrane of the jejunum than that of the ileum, but a significant
difference was seen only in the high affinity binding sites.

Table 2. Kd and Bmax of EGF receptor binding in brush border membranes.

KQ1

Kd2
(nM)

Bmax1

Bmax2
(fmollmg)

Jejunal BBM

O.986±O.283(4)

16.9±2.5(4)

10.5±2.5(4) 56.6±13.0(4}

Ileal BBM

O.897±O.O23(3}

13.0±4.1 (4)

3.0±O.5(4}* 33.C±23.8(4}

Values are Mean±SEM (N). BBM= brush border membrane. Kdl= high affinity
dissociate cOil stant. Kd2= low affmity dissociate constant. Bmaxl= maximum high affinity
binding sites. Bmax2 = maximum low affmity binding sites. Data are from Scatchard
analysis by computer program SAT5 and KIRK (see Method section). *= significant
difference.

Competitive effects of unlabeled rEGF on uptake of 1251-rEGF by
intestinal mucosa
Figure 13 shows the radioactivity recovered from the walls of the jejunum
and ileum after administration of 1251-rEGF alone, or together with unlabeled
rEGF, into the lumina of jejunum or ileum of suckling rats. Values represent the
percentage of total radioactivity administered. Unlabeled rEGF significantly
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decreased the uptake of radioactivity into the wall of the jejunum from 27±2.5%
(N=4) to 1S.S±2.1% (N=4) at 30 minutes, and from 30.S±2.S% (N=4) to
17.7±1.9% (N=3) at 60 minutes. Unlabeled rEGF significantly decreased the
radioactivity in the wall of ileum from 4S%±1.9% (N=4) to 34.2±3.3% (N=6) at 30
minutes and was without an effect at 60 minutes. The radioactivity in the jejunal
wall was decreased by 43% at 30 minutes, 42% at 60 minutes, and in the wall
of the ileum by 2S% at 30 minutes, suggesting that the competitive effects of
unlabeled rEGF exist on both jejunal and ileal walls; however, the effects on the
wall of the ileum were weaker and disappeared faster.

60

b

50

:e

40

Wall

~

w/o unlabeled

BJ

wI unlabeled

'S:

~
e

j

30
20

'S
~

10
0
J-30

1-30

J-60

1-60

Time (min)

Fig. 13. Radioactivity in the wall of the jejunum at 30 min (J-30) and 60 min (J60), the wall of the ileum at 30 min (1-30) and 60 min (1-60) after 1251_
rEGF administration either alone or together with unlabeled rEGF, into the
lumen. Each value = Mean±SEM (N~3).

*= The radioactivity in the wall

with unlabeled rEGF administration (w/ unlabeled) was significantly lower
than that with labeled rEGF only (w/o unlabeled).
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Figure 14 shows the radioactivity in the luminal contents of the jejunum
and ileum after the administration of 1251-rEGF alone, or together with unlabeled
rEGF, into the jejunal or ileal lumen of suckling rats. A significantly higher
amount of radioactivity remained in the luminal contents in both jejunum and
ileum at 30 minutes with the addition of unlabeled rEGF, than in the control
group which did not receive unlabeled rEGF. The radioactivity in the luminal
contents of the jejunum was higher, but not significantly so at 60 minutes.
These data further support the competitive effects on the uptake of rEGF in the
walls of the jejunum and ileum by unlabeled rEGF.
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Fig. 14. Radioactivity in the luminal contents of the jejunum at 30 min (J-30) and
60 min (1-60), and of ileum at 30 min (I-30) and 60 min (I-60) after 125I_
rEGF luminal administration, with or without the addition of unlabeled
rEGF. Each value =Mean±SEM (N2:3).

*= Radioactivity in the luminal

contents with unlabeled rEGF (w/unlabeled) was significantly higher than
that with labeled rEGF alone (w/o unlabeled). (N2:3).
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Competitive effects of unlabeled rEGF on radioactivity in liver
Figure 15 shows the percentage of total radioactivity in the liver after
administration of 1251-rEGF alone, or together with unlabeled rEGF, into the
jejunal or ileal lumen. The administration of unlabeled rEGF into the jejunum
significantly decreased radioactivity in the liver from 2.27±0.51 % (N=3) to
0.51±O.09% (N=6) at 30 minutes and from 1.5±O.16% (N=4) to 0.9±0.09°!o (N=5)

at 60 minutes. In the case of ileum, the radioactivity in the liver was also
decreased at 30 minutes [from 1.34±0.30% (N=3) to 0.60±0.11 % (N=6)]. but not
at 60 minutes. Radioactivity in the liver decreased by 78% and 39% at 30 and
60 minutes after unlabeled rEGF administration into the jejunum, and by 55% at
30 minutes after unlabeled rEGF administration into the ileum.
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Fig. 15. Radioactivity in the liver after the administration of 1251-rEGF alone (WiD
unlabeled), or together with unlabeled rEGF (w/unlabeled) into the lumen of
the jejunum after 30 min (J-30) and 60 min (1-60), and of ileum after 30
min (1-30) and 60 min (1-60). Each value = Mean±SEM (N~3). *=
Radioactivity decreased significantly in the presence of unlabeled rEGF.
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Competitive effects of unlabeled rEGF on radioactivity in blood
The radioactivity in blood represents the sum of radioactivity that was not
taken up by the liver and other organs or released from these organs. Figure 16
shows the amount of radioactivity in the blood after the administration of 125 1_
rEGF alone, or together with unlabeled rEGF into the lumen of the jejunum or
ileum. We found that even though unlabeled rEGF significantly decreased the
counts in the walls of jejunum and ileum, there were no effects on the
radioactivity in the blood.
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DISCUSSION

Purification of brush border membranes
Although Thompson [1988] reported that EGF receptors exist in the
intestinal brush border membranes of fetal and adult rats, he failed to detect
EGF receptors in the intestinal brush border membranes in suckling rats.
Hence, he concluded that milk EGF may be responsible for the failure to detect
EGF receptors in suckling rats. However, other investigators [Chabot et aI.,
1986; Scheving et. aI., 1989] reported that EGF receptors are located only at the
basolateral, and not at the brush border side of the epithelium. It was
considered that the failure to detect the brush border EGF receptors by other
investigators could be due to the immunohistological methods adopted, or that
the undetectable EGF receptors in the brush border membranes of suckling rats
[Thompson, 1988] was due to the influence of milk since the rats were not fasted
in his experiment. A highly purified brush border membrane preparation was
used in his study (the lactase activity in the preparation was 10- to 15-fold
higher than that in the homogenates of adult rats and 19- to 24-fold higher in the
fetus). Therefore, the purity of brush border membranes and the effect of milk
EGF on EGF receptors in the brush border membrane were considered to be
important to resolve the controversy.
In the present study, lactase activity was 13-fold higher in the jejunal
brush border membranes, and 8.1-fold higher in the ileal brush border
membrane than found in the jejunal and ileal homogenates, respectively (Table
1). The specific Na-K ATPase activities in the brush border membranes were
nearly the same as those in the homogenates, suggesting that there is little
basolateral contamination in our brush border membrane preparation. The
ratios of the amount of proteins in the homogenates and brush border
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membranes were 16.9±1.3 : 1 (N=7) in the jejunal preparation and 12.6±0.8 : 1
(N=7) in the ileal preparation. These values support the ratio of lactase activity
and the purity of brush border membrane preparations. The exact amount of
basolateral contamination was calculated by dividing total Na-K ATPase activity
in the brush border membranes from total Na-K ATPase activity in the
homogenates; the values were five percent in the jejunal and eight percent in
the ileal brush border membranes.
Toyoda et al. [1986] reported that EGF receptor binding in fetal
enterocytes decreased after pretreatment with milk, implying a modification by
milk on EGF receptors. To reduce the influences of the milk-borne EGF on EGF
receptors of brush border membranes, suckling rats were fasted in the present
study for at least eight hours prior to membrane preparation as recommended
by Grimes et al. [1989].

EGF receptors in brush border membranes of the jejunum and
ileum
During the present experiments it was noticed that measurement of EGF
receptors in the brush border membrane preparation could be influenced by
multiple factors. It was found that the apparent amount of EGF receptors on the
brush border membranes was different between litters; also the length of time
for the storage of mucosa and the membrane preparation was critical. No
specific binding was detected after the mucosa was stored for 30 days at -20°C.
In the present study, the brush border membranes were prepared within one to
ten days after mucosal collection and EGF receptor binding assays were
performed at the same time under identical conditions.
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The data showed that EGF binds specifically to jejunal and ileal
receptors and that the receptors can be saturated in both membrane
preparations. The results support the idea of an influence of milk on the EGF
receptor binding assays as suggested by Thompson [1988].
The Scatchard plot analysis showed a non-linear pattern, and the data
from four out of seven groups of jejunal, and from four out of six groups of ileal
membrane

recepto~.~ssays,

fit the two-site model analysis well, suggesting that

more than one type of EGF receptor exists in the brush border membranes. The
Bmax of the high affinity binding sites in both membranes was about one- to
two-tenths of that of the low affinity binding sites. Two types of EGF receptors
(high vs low affinity) in the epithelial cells from neonatal mice have been
reported by Gallo-Payet et al. [1987] and Toyota et al. [1986]. Present results
support those of the latter two studies, but not that of Thompson [1988] who
found a single type of EGF receptor in the brush border membrane. Thompson
reported that the brush border membrane preparations used in his study
contained no detectable Na-K ATPase activity whereas our preparations
contained a small, but detectable level of this basolateral membrane.
Therefore, we can not dismiss the possibility that the measurement of two
populations of EGF receptors in the present study may have been a
consequence of contamination by basolateral membrane.
Gallo-Payet et al. [1987] also observed that after 14 days of age the EGF
binding capacity is elevated in the proximal segments of intestine over that in
the ileum of mice. The Bmax of EGF receptors is different between the jejunal
and ileal brush border membranes in the present study, however, no significant
differences was found between the low affinity binding Bmax in these two
membranes.
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Competitive effects of unlabeled rEGF on the uptake of 1251-rEGF
from the jejunal and ileal lumen
Gonnella et al. [1987] investigated the uptake of 1251-mEGF by the ileal
epithelium in the presence of unlabeled EGF in suckling rats. Using
autoradiographic techniques, they found that 60 minutes after EGF
administration, the amount of radiolabeled mEGF was significantly decreased in
the basal area (by 44%) but not in the apical area of the epithelium. Their
results suggest that the competitive effect of unlabeled EGF on the uptake of
EGF in the ileum lasts only for a short period. They did not study the competitive
effects of EGF on uptake by the jejunum.
The relationship between EGF doses and absorption in the jejunum and
ileum was tested within a large range (20 to 1000 ng/rat) in the experiments of
Rao et al. [1991]. They reported a linear relationship between dose and
absorption of immunoreactive EGF into the walls of jejunum and ileum at 60
minutes. The immunoreactive EGF in the dose-dependency study was
significantly higher in the wall of the ileum than in that of jejunum. Rao et al.
[1991] did not detect either a saturating or inhibiting effect of a high dose of

mEGF on the uptake of EGF by the mucosa of jejunum and ileum.
In our experiments, the uptake of 1251-rEGF decreased by 43% at 30
minutes and by 42% at 60 minutes in the wall of jejunum, and by 25% at 30
minutes in the wall of ileum with excess amounts of unlabeled rEGF (Figure 13).
These results suggest a receptor-related competitive uptake of EGF in both the
jejunum and ileum, however this phenomenon was higher and longer lasting in
the jejunum than that in the ileum. The specific uptake is the main process in
the jejunum whereas the nonspecific uptake appears to be the main process in
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the ileum. The specific uptake in the ileum may be totally overcome by the nonspecific uptake at or after 60 minutes. This characteristic of the ileum was also
supported be the result of Gonnella et al. [1987]. The data also support the
results presented in Chapter 4 that radioactivity absorbed by the ileum after 60
minutes had little intact EGF since the nonspecific uptake was stronger than the
specific uptake of 1251-rEGF. These results also corroborate the data in the
receptor binding assay that specific EGF receptors exist in the brush border
membranes.

Uptake of 1251-rEGF by liver after luminal administration of
unlabeled rEGF
Luminal unlabeled rEGF also produced a significant effect on the uptake
of 1251-rEGF by the liver (Figure 15). The addition of excess unlabeled rEGF in
the lumen of the jejunum decreased liver uptake of radiolabeled rEGF by 78%
at 30 minutes and by 39% at 60 minutes. On the other hand, excess unlabeled
rEGF injected with radio labeled rEGF into the lumen of the ileum decreased the
radioactivity in the liver by 55% and only at the 30 minutes time pOint. The
inhibition of uptake was higher in the liver than in the wall of the jejunum or
ileum, suggesting that the uptake of radioactive EGF by the liver is more specific
than that by the jejunum and ileum.

Radioactivity in blood after luminal administration of labeled and
unlabeled rEGF
Radioactivity in the blood did not show a significant change after excess
unlabeled rEGF was injected with radiolabeled rEGF into the lumen of either the
jejunum or ileum (Figure 16). This result suggests that radioactivity which is not
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specifically taken up by EGF receptors can traverse the wall of either the
jejunum or ileum by an inactive intracellular transport process, and is not taken
up by the liver or other organs after transport. These results also indicate that
most of the radioactivity in the blood before 60 minutes is coming directly from
intestinal transport and is not derived from the break-down of EGF in intestinal
epithelium since in this case radioactivity in the blood in the with radiolabeled
rEGF only group would be expected to be higher than that with unlabeled rEGF
injected group.

SUMMARY
1) Two types of EGF receptors may exist in the brush border membranes
isolated from the jejunum and ileum; the number of high affinity EGF receptors
in the jejunum is higher than that in the ileum.
2) The uptake of EGF by jejunal and ileal mucosa exhibits both receptorspecific and nonspecific components.
3) The specific uptake of EGF predominates in the jejunum, whereas the

.

nonspecific component is the main process in the ileum.
4) No significant change in uptake of 1251-rEGF by the ileum was seen at
60 minutes in the presence of unlabeled EGF, which suggests that EGF
receptors are not recycled in the epithelium of ileum.
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CHAPTER 6

DISTRIBUTION AND DEGRADATION RATES
OF INTRAVENOUSLY ADMINISTERED EGF

RATIONALE
The experiments in adult rats [Jorgensen et aI., 1988] showed that
intravenously administered 1251-EGF distributes mainly in the liver, kidney and
small intestine. The major sources of EGF are different in adult and suckling
rats. EGF is produced endogenously in adult rats, while in sucklings it is mainly
obtained from an exogenous source. Therefore, it is logical to suggest that the
organ distribution of EGF differs between adult and suckling rats. This
experiment was designed in order to study the distribution of circulating EGF,
and further to understand its degradation rates after uptake by the organs of
suckling rats.

EXPERIMENTAL DESIGN
Every biological compound which passes through the epithelium of the
intestine enters either the portal vein or the lymphatic system. To examine
portal vein delivery of EGF in initial studies four ng of 1251-rEGF was injected as
a bolus in 100 IJ.I of saline into the portal vein of 13-day-old suckling rats. Due
to the difficulties posed by portal-vein injection, intravenous injections were
performed via the femoral vein in most studies. In this case two or four ng of
1251-rEGF was injected via the femoral vein into anesthetized 13-day-old
suckling rats. The bile ducts were cannulated before the injection and bile
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collected during the experiments. Rats were killed after five, 30, 60 and 120
minutes, and trunk blood, liver, bile, intestine, stomach, kidneys, lungs,
pancreata, and SMGs collected. The luminal contents of the GI tract were
washed and saved. Radioactivity in each organ was measured and further
extracted. The radioactive material extracted was characterized by
immunoaffinity column chromatography and specific EGF receptors which
provided the evaluations of EGF degradation.

RESULTS
Distribution of intraportal vein injected 1251-rEGF
Figure 17 shows the distribution of total radioactivity in the liver, small
intestine, stomach, trunk blood, and bile at different time intervals after portal
vein 1251-rEGF injection. Five minutes after EGF administration, about 91 %
(92.4, 89.6, N=2) of total radioactivity was taken up by the liver, 3.8% by the
intestine and 4.2% was in the blood. The percentage of radioactivity in the liver
decreased with time. At 60 minutes, about 52% (52.9, 51.1, N=2) of total
radioactivity stayed in the liver, and 6.6% (7.1, 6.1, N=2) of the total radioactivity
was secreted into the bile. The radioactivity distributed to the stomach and
blood increased during this time intervals, while that in the intestine remained
almost unchanged. A small but significant amount of radioactivity was secreted
into the lumen of the stomach (2.54%, 0.97%) and intestine (0.55%, 0.92%) at
60 minutes.
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Fig. 17. Percentage of total radioactivity recovered in the stomach wall (S- W),
intestinal wall (I-W), liver, trunk blood (NB) and bile at different time
intervals after 125I-rEGF was injected into portal vein. Each value is the
average of two animals and the error bars represent the higher of the two
numbers.

Distribution of 1251-rEGF injected via the femoral vein
Two, four or 20 ng of 1251-rEGF were injected intravenously into 13-dayold anesthetized rats. 20 ng of 1251-rEGF was used for the assays of
radioactivity in the pancreas and SMGs since in preliminary experiments the
radioactivity was too small in these organs after the injection of two or four ng of
EGF. The percentage of radioactivity in each organ at different time intervals is
shown in Table 3. At five minutes 57% of total radioactivity was recovered by
the liver, 10% by the 'small intestine, 6.6% by the kidney, 1.4% by SMG, and
0.7% by the pancreas. The radioactivity in these organs decreased with time.

Table 3. Distribution of intravenously injected 1251-rEGF in different tissues and fluids of suckling rats.
(Radioactivity is expressed as a percentage of the total amount injected)
Time (min):

Gastric wall

S

30

60

120

1.10±0.07 (10)

1.25±0.09 (7)

1.51±0.30 (7)

3.01±1.23 (4)

10.12±0.56 (10)

8.55±0.85 (7)

6.91±0.81 (8)

4.74±0.22 (4)

Gastric luminal content

0.28±O.07 (10)

1.20±0.20 (7)

1.80±0.23 (7)

3.98±0.57 (3)

Intestinal luminal content

0.22±0.03 (9)

0.98±0.20 (5)

1.24±0.18 (8)

1.41±0.18 (4)

57.40±3.43 (11)

45.90±3.88 (9)

29.80±2.03 (6)

9.85±1.17 (6)

Intestinal wall

Liver
Bile

0

1.57±0.36 (6)

2.38±0.55 (5)

4.54±0.43 (4)

Blood

5.06±0.72 (11)

7.32±O.80 (11)

9.70±O.91 (9)

9.43±0.45 (6)

Kidney

6.58±0.30 (5)

5.66±0.65 (6)

4.88±0.48 (6)

3.24±0.54 (5)

Lungs

1.47±0.13 (4)

1.50±0.21 (6)

1.83±0.30 (6)

1.34±0.14 (5)

Pancreas

0.71±0.06 (8)

0.67±0.06 (7)

O. 70±0.1 0 (6)

0.36±0.02(6)

SMG

1.39±0.06 (8)

1.26±0.07 (7)

0.97±0.10 (6)

0.58±0.03(6)

Total

84.3%

75.8%

61.7%

42.5%

Values are Means ± SEM (N). All values were obtained from bile duct cannulated rats except those at 5 minutes. The values in
most organs were from iv injection of 2,4 or 20 ng of 125I-rEGF except those in the pancreas and SMG which were from rats
injected with 20 ng 125I-rEGF.
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By 120 minutes, about 10% of the total radioactivity was in the liver, while the
radioactivity in the intestines, kidneys, pancreata and SMGs decreased to onehalf of the level observed at five minutes. On the other hand, the percentage of
radioactivity in the stomach and blood increased with time.

The radioactivity in

the lung was nearly the same at all time intervals. Significant amounts of
radioactivity appeared with time in the bile, the flushings of the stomach and
intestine.

Distribution of 1251-rEGF in intestinal segments
The radioactivity in the small intestine was also analyzed in each of four
segments after intravenous administration of two ng of 1251-rEGF (Figure 18a).
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Fig. 18a. Radioactivity recovered per gram wet weight of intestinal segments five
minutes after intravenous injection. *= Radioactivity in the duodenum and
jejunum was significantly higher than in the mid-jejunum and ileum. Each
value =Mean±SEM (N=4).
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The radioactivity in both the duodenum [75.7±5.9 x1000 cpm (N=4)] and
jejunum [71.1±3.9 x1000 cpm (N=4)] was significantly higher than in midjejunum [51.6±3.7 x1000 cpm (N=4)] and ileum [45.8±3.5 x1000 cpm (N=4)].
Because of the differences in weights of the various intestinal segments, the
radioactivity expressed as counts per minute (cpm) per entire segment were
significantly higher in the jejunum than in the duodenum and ileum (Fig. 18b).
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Fig. 18b. Radioactivity in the each intestinal segment five minutes after intravenous
injection. *= Radioactivity in the jejunum was significantly higher than in
the duodenum and ileum. Each value =Mean±SEM (N=4).

Characterization of radioactivity in organs
Table 4 shows the percentage of immunoreactive radioactivity from the
extracts of liver, bile, stomach, intestine, luminal contents and blood. More than
90% of the radioactivity extracted from the liver and intestinal wall was
immunoreactive at 60 minutes after EGF administration, and the values
decreased slightly by 120 minutes. In comparison with liver and intestine,

Table 4. Immunoreactive radioactivity as a percentage of total radioactivity found in tissues and fluids.

5

Time (min):

30

120

60

71.3±7.2 (5)

39.7±2.9 (4)

12.4±5.0(4)

98.9±O.4 (16)

89.7±1.2 (20)

68.9±2.9(15)

4.9 *

22.9±18.9 (3)

9.1±1.5 (5)

3.3±1.9(4)

Intestinal luminal content

90.3 *

98.1 ±1.2 (5)

97.9±0.7 (4)

88.6±3.4(3)

Liver

91.0±7.2 (4)

90.5±6.0 (5)

81.2±7.6(4)

Bile

**

85.9±6.0 (6)

91.7±7.5(4)

23.7±7.2 (3)

5.7±3.3(4)

Gastric wall
Intestinal wall
Gastric luminal content

Blood

88.4±4.3 (5)
100.0±0 (16)

58.3±8.3 (2)

100.0±0 (3)
**

39.1±10.0 (3)

Values are Mean±sEM (N). *= Single sample. **= Radioactivity in these samples was too low to be analyzed.
Descriptions are similar to Table 3. Immonoreactive radioactivity in different samples is presented as percentage of total
radioactivity detected in the respective samples.
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the percentage of immunoreactivity in the samples of stomach decreased
quickly with time (40% at 60 minutes, 12% at 120 minutes). The
immunoreactivities in bile and intestinal contents showed the same values as
the liver and intestinal wall, whereas the stomach content exhibited much lower
values. The immunoreactivity in the blood was about 58% at five minutes and
quickly decreased to about 6% at 120 minutes. This suggests that EGF is
cleared quickly from the blood by the liver and other organs, and that the
radioactivity remaining in the circulation is from degradation products.
Table 5 shows the percentage receptor binding of radioactive material
extracted from the liver, intestine and stomach. The receptor binding
radioactivity in the liver was 69.7±8.3%, in the intestine 41.3±5.4% and in the
stomach 16.2±1.89% at 5 minutes; a" values decreased with time. A higher
receptor binding capacity was observed with radioactive material extracted from
bile (43.2 ± 3.2%) compared to the intestine (32.3 ± 3%). The receptor binding
activities from the SMG and pancreas were similar to the intestine, suggesting a
low degradation of EGF in these organs. Radioactivity found in the stomach
contents had almost no binding capacity. Also the radioactivity in blood showed
a low percentage of receptor binding activity «5%).

DISCUSSION
Distribution of portal vein injected 1251-rEGF in suckling rats
Burwen et al. [1984, 1985] have reported that after injection into the
portal vein, more than 90% of EGF was taken up by the adult rat liver. St.
Hilaire et al. [1983] found that 99% of the intraporta"y injected EGF was taken
up by the liver of adult rats in three minutes. However, no one has followed the
fate of EGF after it is released back into the blood from the liver.

Table 5. Receptor bound radioactivity as a percentage of total radioactivity found in tissues and fluids.

5

Time (min):

60

30

Gastric wall

16.2±1.9 (4)

10.7±1.3 (4)

5.3±1.4 (3)

Intestinal wall

41 .3±5.4 (B)

20.3±3.2 (7)

21.1±2.3 (6)

Gastric luminal content

2.B *

Intestinal luminal content

**

Liver

6B.B±10.2 (7)

0.9±0.52 (4)

2.B±2.B (4)

30.5±4.6 (3)

34.2±4.4 (3)

3B.9±7.7 (7)

34.7±B.4 (B)

45.2±3.2 (4)

41.7±1.6 (3)

Bile

**

Pancreas

43.6±1.5 (7)

22.1±2.B (6)

10.2±1.2 (5)

SMG

42.9±2.4 (7)

24.5±1.9 (6)

13.9±1.3 (5)

Values are Mean±SEM (N). *=Single sample. **= Radioactivity in these samples was too low to be analyzed.
Descriptions are similar to those in Table 3.
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It was found in the present study that about 91 % of total radioactivity is taken up
by the liver at five minutes, suggesting that the liver has a high capacity to clear
EGF from the portal vein. The liver also secretes radioactive EGF into the bile
and back into the blood, since the amount of radioactivity leaving the liver was
much higher than that which appeared in the bile at 60 minutes. It was also
noticed that the radioactivity in the intestine was increased slightly with time,
suggesting a release of intact EGF from the liver to the blood. However, since
only two animals were used for each value, no significant difference was
confirmed by statistical analysis.

Distribution of 1251-rEGF after femoral vein administration in
suckling rats
The distribution of intravenously injected EGF has been studied in adult
rats by Jorgensen et al. [1988], Kim et al. [1988] and St Hilaire et al. [1983]. The
present data on the distribution of 1251-rEGF to the liver, small intestine and
kidney of suckling rats showed a similar ratio as that found in adult rats five
minutes after EGF administration [Jorgensen et aI., 1988; Kim et aI., 1988]. In
the present study the liver was the main recipient of circulating rEGF, taking up

57% of the total radioactivity at five minutes after its administration. These data
are also in agreement with the results of Jorgensen et al. [1988] which showed
that 52% of radioactive EGF was taken up by the liver of adult rats at 2.5
minutes. Our results also indicate that the disappearance of radioactivity from
the liver in suckling rats was much slower than that in adult rats. In our
experiments the radioactivity in the livers of suckling rats was two-fold higher
than that in adult rat liver [Jorgensen et ai, 1988] at 60 minutes after intravenous
injection. This could be compared with the results of 8edrick et al. [1987] who
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found that the rate of bile flow in weaning rats is 3.5 times higher than that in
sucklings. Our data also show that as the radioactivity decreased in the liver, a
considerable amount was secreted into the bile. The decrease of radioactivity
in the liver was much higher than that which appeared in the bile, and the
amount of radioactivity in the blood also increased with time, further suggesting
that the liver clears circulating rEGF quickly and is able to secrete it into the bile
as well as back into the circulation.
The small intestine received 10% of the total radioactivity five minutes
after injection, an amount which was higher than that taken up by the kidneys.
The uptake of circulating EGF by the intestine also showed segmental
differences. The jejunum received significantly higher radioactivity than the
ileum. This result agrees with the report by Gallo-Payet et al. [1985]. who found
more radioactivities in the jejunum than in the ileum after intravenous injection
of EGF in adult rats, suggesting that the uptake of 1251-rEGF in the jejunum is
higher than that in the ileum. The radioactivity in the small intestine decreased
and a significant amount of radioactivity in the lumen of small intestine
increased with time, suggesting the secretion of 1251-rEGF by enterocytes. This
data show clearly that radioactivity in the intestine can be directly secreted into
the lumen of the intestine by enterocytes. The radioactivity that appeared in the
lumen of the intestine did not increase proportionally with time, as did the
radioactivity in the bile, suggesting that reabsorption of radioactive material
occurs from the luminal side of intestine.
The kidney is able to accumulate EGF from the circulation and excrete a
part of it as intact EGF into the urine of rats and sheep [Nielsen, et aI., 1989;
Jorgensen, et aI., 1990; Tyson et al. 1989]. In the present study, about 6.6% of
total radioactivity was taken up by the kidneys of suckling rats at five minutes.
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This amount was lower than that reported for adult rats [14%, Jorgensen et aI.,
1988]. The amount of radioactivity in the kidneys decreased with time,
suggesting its excretion into the urine of suckling rats.
Radioactive material increased with time in the stomachs of suckling rats;
this was different from most other organs studied. The amount of radioactivity
secreted into the stomach lumen at 60 minutes was higher than that found in the
wall of the stomach; whereas the amount of radioactivity in the bile or the lumen
of the intestine was considerably lower than that in the liver or small intestines.
These data suggest that the stomach takes up circulating radioactivity
constantly even though intact circulating EGF has been cleared by other organs
and the counts in the blood showed no EGF immunoreactivity and receptor
activity.
In addition, the present data indicate that SMGs also take up circulating
EGF and this uptake of EGF is a receptor-related process.
Only a small amount of radiolabeled rEGF was taken up by the pancreas
of suckling rats and this radioactivity decreased with time. Although the
pancreatic wet weights were similar to those of SMGs in suckling rats, about 0.7
% of the total radioactivity was taken up by the pancreas, which was only onehalf of the radioactivity taken up by SMG. The distribution of radioactivity in the
pancreata of adult rats was three times higher than that of suckling rats, whereas
the weights of the pancreatic tissue corrected by body weight was only 27%
higher in adult rats than in suckling rats (ratio 1.27:1.0/per unit of body weight,
[Kong, unpublished)). The low distribution of radioactive EGF in the pancreas of
suckling rats may be due to the low activity of EGF receptors on the membranes
of pancreatic cells. The radioactivity in one ml of blood at five minutes was 2.4%,
and the mean pancreatic weight was 0.12±0.006 g (N=13). If we assume that the
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weight of blood in pancreatic tissue is 10% of pancreatic weight, radioactivity in
the pancreatic blood probably represents only 0.03% of the total radioactivity in
the pancreas. By calculation, it was concluded that about 4% of the
radioactivities in the pancreas at five minutes is due to contamination by blood
and that about 96% of the radioactivity in the pancreas was specifically taken up
from circulation.
These data ~.~~gest: 1) that the liver of suckling rats has the highest
capacity to take up circulating EGF while small intestines and kidneys are
second and third organs. respectively. 2) that intravenously injected 1251-rEGF
can be secreted into the intestinal lumen not only by the liver but also by
enterocytes, 3) that the amount of radioactivity in bile is increased proportionally
with time, but that this is not true for intestinal contents, which may indicate a
reabsorption of radioactivity by the intestine, and 4) that small amounts of
radioactive EGF are taken up specifically by SMGs and pancreas from ,the
circulating blood.

Degradation of radioactive EGF in organs
Degradation of intravenously administered EGF has not been studied in
suckling rats in vivo. The radioactive material extracted from livers. small
intestines. stomachs, pancreata and SMGs was characterized by both
immunoaffinity column and specific receptors in order to assess the degradation
of EGF.
Although the radioactivity recovered from the liver was immunoreactive at
five minutes after the injection, more than 30% of it had lost receptor binding
activity; this could be explained by the result of Renfrew and Hubbard [1991]
who found that the initial degradation of EGF is in the early endosomes.
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Our experiments indicate a low rate of degradation of EGF after
intravenous injection by the liver over a period of 120 minutes. Compared to
the result in adult rats obtained by Jorgensen et al. [1988], the amount of
immunoreactive EGF was two to three times higher in the livers of suckling rats.
The radioactivity secreted by the liver and small intestine into the bile and
intestinal lumen was about 90% immunoreactive, indicating again a low rate of
degradation and perhaps a specific transport of EGF in the liver and small
intestine. St. Hilaire et al. [1983] reported that about 19% of the radioactivity is
secreted into bile at 90 minutes after intravenous injection, and nearly 20% of
this radioactivity was immunoprecipitable. Burwen et al. [1985] reported that
immunoreactive EGF appearing in bile reaches a peak of about 30% at 20
minutes after EGF injection, whereas degraded EGF appearing in bile reaches
its peak at 40 minutes after injection and less than 10% of it is immunoreactive.
The degradation of EGF in the bile of suckling rats was two to three times lower
when compared to adult rats. This suggests that the process of EGF
degradation in the hepatocytes of suckling rats is different from that in the liver
of adult rats.
Jorgensen et al. [1988] reported that about 30% of the radioactivity in the
small intestines of adult rats still possesses immunoreactivity 120 minutes after
intravenous EGF injection. In the present study, immunoreactive EGF was 69%
in the small intestine at 120 minutes, suggesting a low rate of degradation of
EGF in the intestines. Similar results were found by the specific receptor
binding test which supported the results of the immunoaffinity column in the liver
and intestine.
A lower rate of degradation was detected in the radioactive material
taken up by the pancreata and SMGs of suckling rats. The receptor binding
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activity of EGF in these organs showed a degradation pattern similar to that of
the small intestines. Since there is no information about the degradation of EGF
in these organs of adult rats, we CQuid not make any age comparisons.
Jorgensen et al. [1988] reported that immunoreactivities are not
detectable in radioactive material extracted from stomach samples taken from
adult rats after intravenous EGF injection. We also found that the radioactive
EGF in the stomachs of suckling rats was degraded much faster than that in
other organs. The radioactivity secreted by the stomach into the lumen showed
no immunoreactivity and receptor binding activity, suggesting a loss of its
biological activity during the uptake by and transport through the stomach. The
high amount of degradation in the stomach might be due to its uptake of
circulating radioactivity nonspecifically and transport of free iodine into the
lumen. Since radioactivity increased with time in the stomach, and the
radioactivity secreted into the stomach lumen at 120 minutes was much higher
than that was taken up by the stomach, these observations support a
nonspecific uptake of radioactivity by the stomach.

SUMMARY
1) Intravenously administered EGF can be cleared from the circulation in
five minutes, suggesting that EGF is distributed in organs instead of being
stored in the blood.
2) The liver is the main organ to take up EGF; the degradation of EGF in
the liver is low and hence it releases intact EGF into the bile and blood.
3) The percentages of immunoreactive and receptor-active EGF
radioactive material in the small intestine, luminal contents, SMG, and pancreas
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show similar values during the time course of the study, suggesting that storage
and secretion of EGF in these organs may proceed at the same rate.
4) The percentage of EGF immunoreactivity in the stomach decreases
rapidly, and the gastric contents show a low level of immunoreactivity; this
suggests both nonspecific uptake and higher degradation of EGF in this organ.
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CHAPTER 7

MECHANISM OF 1251-rEGF UPTAKE
BY ORGANS FROM CIRCULATION

RATIONALE
In Chapter 6 we described studies on the distribution of intravenously
injected rEGF in various organs of suckling rats. In an attempt to characterize
the mechanisms of uptake of circulating EGF, this experiment was designed to
examine the competitive effects of unlabeled rEGF on the uptake of circulating
1251-rEGF by each organ.

EXPERIMENTAL DESIGN
Four ng of 1251-rEGF alone, or together with unlabeled rEGF (10.0 Jlg),
was injected via the femoral vein in anesthetized 13-day-old suckling rats. The
rats were killed at five, 30 and 60 minutes post injection. Livers, small
intestines, stomachs, luminal contents, trunk blood, kidneys, lungs, pancreata,
and SMGs were collected. The percentages of radioactivity in each organ were
determined and compared with the data generated with 1251-rEGF
administration alone (see Chapter 6).
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RESULTS
Competitive effects of unlabeled rEGF on the uptake of 1251"rEG F
by liver
Figure 19a shows the amount of radioactive rEGF, expressed as a
percentage of the total administered, in the liver in the presence or absence of
unlabeled rEGF. The amounts of uptake in the absence of unlabeled rEGF are
also shown in Table 3. At five minutes, excess amounts of unlabeled rEGF
decreased the radioactivity in the liver from 57% to 7.3%, and this decrease was
still observable at 30 and 60 minutes.
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Fig. 19a. Radioactivity in the liver after iv injection of 4.0 of ng 125I-rEGF (0)
alone or together with 10 Ilg of unlabeled rEGF (.). *= Radioactivity in the
liver was significantly lower due to the excess amount of unlabeled rEGF.
Each value =Mean±SEM (N~4). Control data (without unlabeled rEGF)
are also shown in Table 3.
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Figure 19b shows the percentages of total radioactivity in the bile after
the injection of radiolabeled rEGF in the presence or absence of unlabeled
rEGF. Similar to the decrease of radioactivity in the liver, the radioactivity
secreted into the bile was significantly decreased by the injection of unlabeled
rEGF at 30 and 60 minutes.
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Fig. 19b. Radioactivity in bile after iv injection of 4.0 ng of 125I-rEGF alone (0) or
together with 10 ~g of unlabeled rEGF (.). *= Radioactivity in the bile was
decreased significantly by the addition of excess amount of unlabeled rEGF.
Each value = Mean±SEM (N~4). Control data (without unlabeled rEGF)
are also shown in Table 3.

Competitive effects of unlabeled rEGF on the uptake of 1251-rEGF in
intestine
The results presented in Chapter 6 suggest that the intestine takes up
circulating EGF. In the present study, the mechanisms of uptake of EGF by the
intestine was investigated. Figure 20a illustrates the percentage of total
radioactivity in the small intestine after its injection in the presence or absence
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of unlabeled rEGF. The amount of radioactivity in the small intestine of the
group injected with unlabeled EGF was decreased from 10% to 3.1 % at five
minutes, from 8.6% to 2.5% at 30 minutes and from 7.3% to 2.0% at 60 minutes.
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Fig.20a. Radioactivity in the intestinal wall after iv injection of 4.0 ng of 125 1_
rEGF alone (0) or together with 10 ~g of unlabeled rEGF (e). *=
Radioactivity in the intestine was decreased significantly by the addition of
excess amount of unlabeled rEGP. Each value =Mean±SEM

(N~4).

Control data (without unlabeled rEGF) are also shown in Table 3.

Figure 20b shows the percentages of total radioactivity in the intestinal
contents after the intravenous injection of radiolabeled rEGF with or without the
addition of unlabeled rEGF. Radioactivity in the intestinal content was
significantly decreased at 30 and 60 minutes by the addition of unlabeled EGF.
The decreased uptake of radioactivity from the intestinal luminal contents
corroborates the inhibitory effects of unlabeled rEGF on the uptake of EGF from
the intestine.
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Fig. 20b. Radioactivity in the luminal contents of the intestine after iv injection of
4.0 ng of 125I-rEGF alone (0) or together with 10 Ilg of unlabeled rEGF

* = Radioactivity in the intestinal content was decreased significantly by
excess amounts of unlabeled rEGP. Each value =Mean±SEM (N~4).

(0).

Control data (without unlabeled rEGp) are also shown in Table 3.

In Chapter 4, we found that the uptake of radioactive EGF from the
luminal side of the intestine showed regional differences. To understand the
mechanisms of EGF uptake from the circulation by different intestinal segments,
the radioactivity in each segment of intestine five minutes after intravenous
injection of unlabeled rEGF was compared to the injection of only labeled EGF
(see Figure 18). Figure 21 a shows the amount of radioactivity recovered in the
intestinal segments (per gram wet weight) at five minutes after intravenous
injection of radiolabeled rEGF, with or without excess unlabeled rEGF. A
significant decrease in radioactivity was observed in each intestinal segment.
The decrease was by 59%, 59%, 54% and 47% in the duodenum, jejunum,
mid-jejunum and ileum, respectively.
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Fig. 21a. Radioactivity per gram wet weight of intestinal segments at five min
after iv injection of radiolabeled rEGF with (w/unlabeled) or without
unlabeled rEGF (w/o unlabeled). *= Radioactivity was decreased
significantly. Each value = Mean±SEM

(N~4).

Control data (without

unlabeled rEGF) are also shown in Figure 18.

The absolute :amount of radioactivity recovered in the intestinal segments
I

is shown in Figure 2~ b. Compared to the effect when 1251-rEGF was given
,

alone intravenously, the decrease caused by the addition of unlabeled rEGF
was by 57%,55%,64%, and 64% in the duodenum, jejunum, mid-jejunum and
ileum, respectively.
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Fig.21b. Radioactivity in the intestinal segments at five min after iv injection of
125I-rEGF alone (w/o unlabeled) or together with 10 Ilg of unlabeled rEGF
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=

Control data (without unlabeled rEGF) are also shown

in Figure 18.

Competitive effects of unlabeled rEGF on uptake of 1251-rEGF in
stomach.
The percenta!;Je of total radioactivity recovered in the stomach wall after
injection of radiolabeled rEGF in the presence or absence of unlabeled rEGF is
shown in Figure 22a. The radioactivity in the stomach wall was significantly
decreased at five and 30 minutes by the addition of unlabeled EGF. However,
at the 60 minutes time interval no significant decrease was found.
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Fig. 22a. Radioactivity in the stomach wall after iv injection of 4.0 ng of 1251_
rEGF alone (0) or together with 10 ~g of unlabeled rEGF (. y. *=
Radioactivity in the stomach wall was decreased significantly by the excess
amount of unlabeled rEGF. Each value =Mean±SEM (N~4). Control data
(without unlabeled rEGF) are also shown in Table 3.

Figure 22b shows the percentage of total radioactivity in the stomach
content after the injection of labeled rEGF in the presence or absence of
unlabeled rEGF. Interesting, the radioactivity in the stomach content was not
significantly influenced by the addition of unlabeled EGF.
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Fig. 22b. Radioactivity in the luminal contents of stomach after iv injection of 4.0
ng of 125I-rEGF alone (0) or together with 10 Ilg of unlabeled rEGF (.).
No significant difference was detected. Each value =Mean±SEM (N~4).
Control data (without unlabeled rEGF) are also shown in Table 3.

Competitive effects of unlabeled rEGF on the uptake of 1251-rEGF
by blood, kidney and lung
Figure 23 shows the percentage of total radioactivity in the blood after the
injection of 1251-rEGF with or without unlabeled rEGF. With unlabeled rEGF the
percentage of radioactivity in blood increased significantly to 24.23±3.6% at five
minutes, which was about 4.8-fold higher than that without unlabeled rEGF, and
11.B7±1.53% at 30 minutes. By 60 minutes, the amount of radioactivity in blood

was not significantly different between the two groups.
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Fig. 23. Radioactivity in the blood after iv injection of 4.0 ng of 125J-rEGF alone
(0) or together with 10 Jlg of unlabeled rEGF (e). *= Radioactivity in the

blood increased significantly by excess amount of unlabeled rEGF at 5 and
30 minutes. Each value =Mean±SEM

(N~4).

Control data (without

unlabeled rEGF) are also shown in Table 3.

The percentage of total radioactivity recovered in the kidneys after
injection of 1251-rEGF with or without unlabeled rEGF is shown in Figure 24.
The radioactivity in the presence of unlabeled rEGF showed significantly higher
values in the kidney at 30 and 60 minutes than in the kidneys of animals
administered labeled rEGF only. The amounts of radioactivity in kidney did not
show an increase at five minutes even though the radioactivity in the blood
increased about 4.8-fold at five minutes. The radioactivity in the kidney
increased when the radioactivity in the blood began to decrease at 30 minutes;
by 60 minutes, the radioactivity in the blood dropped to control levels whereas
the radioactivity in the kidney remained elevated. These data suggest that the
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radioactivity in the kidney at 30 and 60 minutes after 1251-rEGF injection is not
related to the amount in blood.
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Fig. 24. Radioactivity in the kidneys after iv injection of 4.0 ng of 125I-rEGF
alone (0) or together with 10 Ilg of unlabeled rEGF (e). *= Radioactivity in
the kidney was increased significantly by excess amount of unlabeled
rEGF. Each value = Mean±SEM (N~4). Control data (without unlabeled
rEGF) are also shown in Table 3.

Figure 25 shows the percentage of total radioactivity recovered in the
lungs. Due to the presence of unlabeled rEGF, the percentage of radioactivity
was increased significantly only at five minutes. The increased pattern of
radioactivity was similar to that for blood, suggesting a close relationship of
radioactivity between the blood and lung.
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Fig. 25. Radioactivity in the lungs after iv injection of 4.0 ng of 125J-rEGF alone
(0) or together with 10 Jlg of unlabeled rEGF (.).

* = Radioactivity in the

lungs increased significantly by the addition of excess amounts of unlabeled
rEGF.

(N~4).

Control data (without unlabeled rEGF) are also shown in

Table 3.

Competitive effects of unlabeled rEGF on the uptake of 1251-rEGF
by pancreas and SMG
Figure 26 shows the percentage of total radioactivity in the pancreata of
suckling rats after the injection of 1251-rEGF in the presence or absence of
unlabeled rEGF. Addition of excess amounts of unlabeled rEGF significantly
decreased the radioactivity in the pancreata of suckling rats at 30 (from

0.67±0.06% to 0.41±0.03%) and 60 (0.7±0.1 % to 0.4±0.02%) minute, but not at
five minutes (0.71±0.06% vs 0.64±0.06%).
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Fig. 26. Radioactivity recovered in pancreas after iv injection of 4.0 ng of 1251_
rEGF alone (0) or together with 10 Ilg of unlabeled rEGF (e). *=
Radioactivity in the pancreas was decreased significantly by the addition of
excess amounts of unlabeled rEGF. Each value = Mean±SEM

(N~4).

Control data (without unlabeled rEGF) are also shown in Table 3.

Figure 27 shows the percentage of total radioactivity recovered in the
SMGs of suckling rats. Addition of excess amounts of unlabeled rEGF also
decreased the uptake of radioactivity by SMGs at five (from 1.39±0.06% to
0.6±0.03%) 30 (1.26±0.07% to 0.38±0.06%) and 60 (0.97±0.1 % to
I

0.31±0.04%) minutes. The pattern of decrease was similar to that seen in the
intestine and liver.
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Fig. 27. Radioactivity in SMGs after iv injection of 4.0 ng of 125I-rEGF alone (0)
or together with 10 Ilg of unlabeled rEGF (.). *= Radioactivity was
decreased significantly in SMGs by the addition of an excess amount of
unlabeled rEGP. Each value = Mean±SEM

(N~4).

Control data (without

unlabeh!drEGF) are also shown in Table 3.

DISCUSSION
The distribution of intravenously injected EGF in adult rats has been
studied by Jorgensen et al. [1988], Kim et al. [1988] and St. Hilaire et al. [1983].
However, they did not study the competitive effects of the excess amount of
unlabeled EGF on the uptake of EGF by specific organs.
EGF receptors have been studied in the livers of adult rats. They are
distributed along the sinusoidal and lateral surfaces of hepatocytes [Dunn et aI.,
1986]. In the present study it was seen that the radioactivity in the live:decreased significantly (from 57% to 7.3%) at five minutes and stayed at a low
level after the co-injection of unlabeled rEGF (Figure 19a). The radioactivity in
blood increased 4.8-fold at five minutes when unlabeled rEGF was injected
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together with 1251-rEGF (Figure 23). These results suggest the idea that most of
the radioactivity in the liver is taken up specifically. Furthermore, the
radioactivity in bile also decreased after the co-injection of unlabeled rEGF,
suggesting a receptor-mediated uptake of EGF by the liver.
About 70% of the uptake of radioactivity in the intestine was inhibited
after co-injection of unlabeled rEGF (Figure 20a) , suggesting a receptor-related
uptake of EGF fro~. th.~ circulation by the intestine. Unlabeled rEGF also
decreased the uptake of 1251-rEGF from the circulation by individual intestinal
segments (Figure 21) , suggesting that the uptake of 1251-rEGF is a specific
process in each individual intestinal segment. Since the radioactivity in the
blood was increased after unlabeled rEGF administration, the decreased
radioactivity in the entire intestine or in its segments by unlabeled rEGF can
only be explained by the competitive effects of unlabeled rEGF on the uptake of
1251-rEGF. The decreased radioactivity due to unlabeled rEGF in each 'segment
continued for 60 minutes (data not shown). Since the experiment was
performed in vivo, it was only assumed that the uptake of EGF in the small
intestines was regulated by EGF receptors at their serosal side. The fact that
the radioactivity secreted by enterocytes into the intestinal lumen decreased
significantly due to the addition of unlabeled rEGF supports the view that the
uptake of EGF is at the serosal side and is receptor-related.
The radioactivity in the stomach was decreased significantly by the coinjection of unlabeled rEGF at five and 30 minutes, but not at 60 minutes (Figure
22a), suggesting that the uptake of EGF at the circulatory side of the stomach is
only partially related to EGF receptors. Again, since the amount of radioactivity
in the blood was increased by the addition of unlabeled rEGF, the decreased
radioactivity in the wall of stomach could be due to the competitive effect of
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unlabeled rEGF. Since the radioactivity secreted into the stomach lumen was
not influenced by unlabeled rEGF, and was increased with time, some
nonspecific uptake process may be involved in the uptake of radioactivity in the
stomach and that uptake may be only partially receptor-related.
Radioactivity in the blood increased 4.8-fold (Figure 23) in rats injected
with 1251-rEGF plus unlabeled rEGF over the amount in rats injected without
unlabeled rEGF at .!!.~~.minutes. This suggests a transient storage of radioactive
EGF in blood when the concentration of EGF in the body is near saturation
levels.
In contract to the amount of radioactivity in blood, the radioactivity in the
kidney did not increase at five minutes but was increased at 30 and 60 minutes
(Figures 23,24). These results suggest that most of the radioactivity in the
kidney was not influenced by that in blood. The increase of radioactivity in the
kidneys at 30 and 60 minutes suggested that when blood EGF level is high, the
kidney is an important organ for the excretion of EGF from the body. This idea is
supported by the results of Jorgensen et al. [1990] and Tyson et al. [1989] who
found the excretion of immunoreactive EGF by the kidneys of adult rats and
sheep after the intravenous injection of EGF.
Unlike most other organs in which the radioactivity was decreased
significantly by unlabeled EGF, the radioactivity in the lungs increased
significantly (Figure 25), suggesting that the increased radioactivity was
influenced by that located in blood. Since the lungs were not perfused after the
sample collection, two different calculations were used to estimate the
radioactivity contamination by blood in the lungs. The first calculation estimated
that the weight of blood in lung was between five to 20%. On this basis the
possible contamination by blood was therefore calculated and the results are
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presented in Table 6. The calculation showed that if the weight of the blood
represents 20% of lung weight, about 80% of the radioactivity in the lung was
still not due to contamination by radioactive blood in the group treated only with
labeled EGF. In the group given additional unlabeled rEGF, the radioactivity in
the lungs increased two-fold, not 4.8-fold as was seen in blood, suggesting that
only part of the radioactivity (20%) in the lungs was influenced by the blood.

Table 6. Possible contamination by radioactive blood in lungs at five minutes

Weight of Blood in lung

5%

10%

20%

RA in % weight of blood/total RA in lung
W/o unlabeled EGF
Ratio
W/ unlabeled EGF
Ratio

0.07%/1.4%
5%
0.25%/2.6%
10%

0.13%/1.4%
9%
0.50%/2.6%
19%

0.26%/1.4%
19%
1.0%/2.6%
38%

Weight of blood in lung was estimated to be 5%, 10% or 20%; the average weight
oflungs is 0,43±O.01g (N=19). RA= radioactivity. Radioactivity in blood was calculated
by multiplying estimated blood weight and the percentage of radioactivity per ml blood at 5
min.

Another calculation for the estimation of contamination by radioactive
blood in the lungs was based on the assumption that about 40% of the
radioactivity in lung tissue is by blood contamination without regard to the
weight of blood in the lung. By this calculation, 40% of 1.37% of total
radioactivity in the lung at five minutes was 0.55% in the labeled EGF only
group; in the group with unlabeled EGF added, 0.55 times 4.8 was 2.64%
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which was exactly the amount of radioactivity detected in the lungs.

From these

calculations, we can conclude that although the radioactivity in the lung is
increased by unlabeled rEGF, more than 60% of radioactivity was probably
taken up specifically by the lungs.
The radioactivity in SMGs showed a significant decrease after the coinjection of unlabeled rEGF (Figure 26), suggesting a receptor-related uptake of
EGF in these glands. Gattone et al. [1992] have found the presence of EGF
receptors in the SMGs of neonatal mice, and suggested that the existence of
paracrine and autocrine effects of EGF on SMG. Our result support the
presence of EGF receptors in the SMGs, and also suggest that bloodoriginating EGF might have endocrine effect on the SMGs of suckling rats.
Interestingly, the suppression of the uptake of radioactivity by the
pancreas by the co-injection of excess amounts of unlabeled EGF showed a
different pattern from that of SMG in suckling rats (Figure 27). The distrjbution
did not show any decrease at five minutes, but did show a significant decrease
at 30 and 60 minutes, suggesting that the increased radioactivity in the blood
(4.8 x) masked the inhibitory effect of unlabeled EGF in the pancreas at five
minutes. The radioactivity in blood decreased by 30 minutes and this revealed
the inhibitory effect of the addition of unlabeled EGF on the pancreas. The
radioactivity in pancreas was 0.71 % in the group given only labeled EGF
compared with 0.64% in the group given additional unlabeled EGF. Assuming
that about 20% of the radioactivity in the pancreas was due to the contamination
by blood 20% of 0.71 % was 0.14% of total radioactivity in the group given
labeled EGF only at five minutes. Since the radioactivity in the blood was
increased 4.8-fold by the presence of unlabeled EGF, the amount of
radioactivity detected in the pancreas (0.67%) was 0.14% times 4.8. These
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results suggest that more than 80% of the radioactivity specifically taken up by
the pancreas was inhibited by unlabeled rEGF at five minutes after its injection.

SUMMARY
1) The uptake of EGF from the circulation by liver, small intestine, SMG
and pancreas is a specific receptor-related process.
2) When its level in the body is high, EGF is temporarily held by the blood
before being excreted by the kidney.
3) The uptake of EGF from the circulation on the serosal side of the
stomach is both specific and nonspecific; the nonspecific pathway may be
involved in the clearance of radiolabeled rEGF from the circulation as is the
case for the kidney.
4) Although the radioactive EGF in the lung can be influenced by that in
the blood, more than 60% of radioactivity in the lungs is taken up by a specific
process.
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CHAPTER 8

CONCLUSION

The present study supports the hypothesis that the jejunum of suckling
rats is the site for a.~_~~TPtion of many biological compounds, whereas the ileum
is the segment where the nutritional proteins are degraded and absorbed. The
absorption of EGF in the jejunum is similar to that of other biological compounds
which are transported through the epithelium in intact form. Unlike IgG
receptors which are found only in the jejunum, EGF receptors are located both
in the jejunum and, to a lesser extent, in the ileum. The transport of EGF
through the jejunum is a continuous and specific EGF receptor-related process.
This feature may suggest recycling of EGF receptors in the jejunum. On the
other hand, absorption of EGF in the ileum is by both specific and nonspecific
processes. Due to the presence of the EGF receptors in the ileum, a small
amount of EGF might be transported intact through the epithelium; however, this
specific transport process is transient and does not last beyond 60 minutes.
Hence most EGF is taken up nonspecifically similar to the absorption of dietary
proteins in the ileum. From these observations it can be speculated that under
physiological conditions EGF is mainly absorbed from the jejunum since this
transcellular process is fairly constant. In contrast, the absorption of EGF in the
ileum is a temporary process or it may take place only after fasting.
Our data also indicate that the liver is the principal organ to receive the
absorbed or portal vein-derived EGF. The high capacity of the liver is due to the
abundance of EGF receptors in this organ. The liver degrades little EGF.
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Therefore, it can be understood that under physiological conditions the
absorbed EGF is taken up first by the liver, which in turn releases small amounts
of EGF continuously into the blood and bile from which EGF is again taken up
specifically by other organs. Generally, more than 70% of the absorbed EGF
accumulates in the digestive organs including the liver, intestines, SMG and
pancreas. In suckling rats the degradation of EGF is low in these organs
compared to that i~ ..~~.ult rats, suggesting that the life of exogenously derived
EGF lasts longer in suckling rats. Since all these are exocrine organs, it is
possible that EGF is secreted by these organs into the lumen of the GI tract.
EGF can stimulate the proliferation and differentiation of cells and
therefore increase the growth of organs. Our results indicate that in rats
maternal milk-EGF stays, at a certain of level, mainly in the digestive system
during the suckling period. The amount of EGF in each organ may remain
relatively stable and therefore EGF can continuously stimulate cells and
maintain the growth of the digestive system.
Although the present study indicated differences in the absorption and
transport of EGF between the jejunum and ileum, it is still unclear how the
intracellular processes operate to effect the regional differences observed.
Therefore, in the future, electron microscopy or other molecular techniques
should be applied in order to study EGF intracellular transport in these two
segments. Although the liver begins to degrade EGF immediately after
endocytosis, it is still possible that it takes up degraded small peptide fragments.
Therefore, HPLC will be used to analyze the extracted radioactivity at different
times in order to study how specific the uptake of EGF is by the liver.
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Appearance of Exogenous Epidermal Growth
Factor in Liver, Bile, and Intestinal Lumen of
Suckling Rats
, .,

WUYI KONG, OTAKAR KOLDOVSKY, and RADHAKRISHNA K. RAO
Departments of Physiology and Pediatrics. University of Arizona College of Medicine. Tucson. Arizona

This study was performed to investigate the distribution and the degradation of IV administered
rZSI]rat epidermal growth factor (rEG F) in the liver
and gastrointestinal tract of suckling rats. The bile
duct of anesthetized rats was cannulated, and
rZllI]rEGF was injected (with or without 2500-fold
excess unlabeled rEGF) into the femoral vein. After
5, 3D, 50, and 120 minutes, the radioactivitv in the
liver, stomach, small intestine, blood, kidn~y, bile,
and luminal contents of the stomach and small intestine was measured. The extracted radioactivity
was then analyzed by immunoaffinity chromatography and binding to EGF-specific receptors. High levels of radioactivity were found in the liver (57% of
total administered) and small intestine (10%) at 5
minutes, which gradually decreased. On the contrary, radioactivity secreted in the bile and luminal
contents of the small intestine increased with time.
The radioactivity in the bile represented 2.4% and
4.5% of the total administered at 60 and 120 minutes, respectively. During the first 60 minutes, more
than 90% of the radioactivity in the liver, small intestine, bile, and intestinal contents was immunoreactive. Thirty-four to seventy percent of the radioactivity in the bile and liver and 20%-41 % of
radioactivity in the small intestinal wall and contents were capable of binding to EGF-specific receptors. Radioactivity detected in the liver, bile,
small intestine, and intestinal contents was profoundly reduced by the coinjection excess of unlabeled EGF. These studies show that IV administered p25I]rEGF is rapidly taken up by the liver and
the gastrointestinal tract and secreted into the bile
and intestinal luminal contents of suckling rats in
form(s) capable of binding to anti-EGF antibody and
EGF -specific receptors. The uptake and secretion
by the liver and the small intestine appear to be'
receptor mediated.

E

pidermal growth factor (EGF). a single-chain
polypeptide first purified from the mouse salivary gland. can stimulate cell proliferation and d,ifferentiation. 1.2 Several investigators have observed

the maturative effects of EGF after parental administration on the gastrointestinal tract and liver of suckling rabbits,3.4 mice,5.6 and rats. 7.8
In adult rats. IV administered [1 251]EGF is taken up
by the liver9-11 in a receptor-related process. lO •11 EGF
receptors are present in the liver of both suckling 12
and adult 13-16 rats. A small but definitive amount of
EGF appears in the bile in a form capable of binding
to anti-EGF antibodies.ll.17.l8 The time interval of
EGF degradation in the liver and gastrointestinal
g
tract has been studied in adult rats but not in suckling rats. The secretion of EGF by epithelium of the
small intestine has not been reported.
Therefore. we decided to study the organ distribution and degradation of [1251] rat EGF (rEGF) after its
IV administration to suckling rats. Our results indicate that the liver and small intestine are the major
organs taking up EGF in suckling rats. EGF present in
the circulation is secreted into the bile and intestinal
lumen by both the liver via the bile and also directly
by intestinal cells in immunoreactive and receptoractive forms. The appearance of intact EGF in the
bile of suckling rats is several-fold higher than that in
the bile of adult rats. lO.11

Materials and Methods
Chemicals
Bovine serum albumin (BSA). chloramine-T. and
cyanogenbromide-activated Sepharose were purchased
from Sigma Chemical Co. (St. Louis. MO): [125I)sodium iodide was purchased from Amersham (Arlington Heights.
IL). Mouse EGF was purchased from Collaborative Research (Bedford. MA) and rEGF from Bioproducts for
Science. Inc. (Indianapolis. IN). All other chemicals used
were of analytical grade and purchased from Fisher Scientific Co. (Tustin, CAl.

Animals
Thirteen-day-old Sprague-Dawley rats from litters
that were routinely culled to the number of 10 per litter on
@
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Table 1. Distribution of IV Injected [1251J-rEGF in Di.fferent Tissues and Fluids
Tissues time (min)
Gastric wall
Intestinal wall
Gastric luminal content
Intestinal luminal content
Liver
Bile
Blood
Kidney
Lungs

± 0.07
± 0.56
± 0.07
± 0.03
± 3.43
0
5.06 ± 0.72
6.58 ± 0.30
1.47 ± 0.13

1.10
10.12
0.28
0.22
57.40

60

30

5

(10)
(10)
(10)
(9)
(11)

1.25
8.55
1.20
0.98
45.90
1.57
7.32
5.66
1.50

(11)
(5)
(4)

± 0.09
± 0.85
± 0.20
± 0.20
± 3.88
± 0.36
± 0.80
± 0.65
± 0.21

(7)
(7)
(7)
(5)
(9)
(6)
(11)
(6)
(6)

1.51
6.91
1.80
1.24
29.80
2.38
9.70
4.88
1.83

± 0.30
± 0.81
± 0.23
± 0.18
± 2.03
± 0.55
± 0.91
± 0.48
± 0.30

120
(7)
(8)
(7)
(8)
(6)
(5)
(9)
(6)
(6)

3.01
4.74
3.98
1.41
9.85
4.54
9.43
3.24
1.34

± 1.23 (4)
± 0.22 (4)
± 0.57 (3)
± 0.16 (4)
± 1.17 (6)
± 0.43 (4)
± 0.45 (6)
± 0.54 (5)
± 0.14 (5)

NOTE. Values are means ± SEM; n is indicated in parentheses. Values are expressed as percentage of total radioactivity administered.
The values of intestinal wall, stomach wall, and their contents were from bile duct-cannulated rats, except values from the rats killed at
5 minutes after rEGF administration.

the second postnatal day were used. Rats were fasted for 2
hours before EGF administration at 30 D C ambient temperature.

Bile Duct Cannulation
Suckling rats were anesthetized with fentanyl (2 J.1g
per animal; Pitman-Moore, Washington Crossing, NJ).
After an upper abdominal incision, the intestine and liver
were exposed. The upper intestine and liv~r were pushed
to the left to visualize the bile duct. Under a dissection
microscope, the bile duct was cut open with fine scissors,
and a catheter (PE-l0 tubing; Intramedic Inc., Parsippany,
NJl was inserted into the duct. After insertion. the catheter
was secured in position with cyanoacrylate glue, and bile
was collected (between 50 and 80 J.1L/h). Rats were kept on
a heating pad during surgery or in an incubator during the
experiment to maintain body temperature.

tion of EGF administered via the portal vein. A PE-lO tubing connected to a syringe was inserted into the portal vein
and then immediately secured in position with cyanacrylate glue. Four nanograms of [125IJrEGF in 100 J.1L saline
was injected into the portal vein. After injection the tubing
was left in position during the experiment.

Extraction of Tissues
Rats were killed by decapitation at intervals of 5,
30, 60, and 120 minutes after administration of rEGF.
Blood was first collected from the neck, and then the bile,
liver, stomach, and small intestine were quickly removed.
The contents of the stomach and small intestine were
flushed with cold double-distilled water and then saved.
Samples were weighed, and their total radioactivity was
measured using a gamma counter. They were then immediately stored at -20°C.

Administration of P25I]EGF

Homogenization of Tissues and Extraction

After bile duct cannulation, the leg skin of the anesthetized rat was opened, and [1 25 IJrEGF (2, 4, or 20 ng) in
100 ilL of 0.9% NaCI was injected into the femoral vein.
Because a daily intake of milk-borne EGF per suckling rat
of this age is estimated to be about 240 ng/day,19 the doses
used are considered physiological. To evaluate the possibility of receptor-mediated transfer, the unlabeled rEGF (10
J.1g), together with 4 ng of labeled rEGF in 100 J.1L saline.
was ddministered. Six rats were used to study the distribu-

Organ samples in 1:10, wt/vol. ice-cold distilled
water and the flushing samples were homogenized, and
then 10% volume of 1 mol/L HCI was added. After 30 minutes on ice. samples were centrifuged at 10o,000g for 60
minutes at 4°C; supernatants were then frozen at -70°C
for lyophilization. The lyophilized samples were dissolved
in 1 mL Hanks' buffer and brought to pH 7.4 by adding 1
moljL NaOH. Samples were then centrifuged at 120,Ooog
for 15 minutes, and the supernatants were used to deter-

Table 2. Immunoreactive Radioactivity as Percentage of Total Radioactivity Found in Tissues and Fluids
Tissues/time (min)

5

Gastric wall
Intestinal wall
Gastric luminal content
Intestinal luminal content
Liver
Bile
Blood

88.4 ± 4.3 (5)
100.0 ± 0 (16)
4.9"
90.3"
91.0 ± 7.2 (4)
b

58.3 ± 8.3 (2)

60

30
71.3
98.9
22.9
.98.1
1UO.0

± 7.2 (5)
± 0.4 (16)
± 18.9 (3)
± 1.2 (5)
± 0 (3)
b

39.1 ± 10.0 (3)

39.7
89.7
9.1
97.9
90.5
85.9
23.7

± 2.9 (4)
± 1.2 (20)
± 1.5 (5)
± 0.7 (4)
± 6.0 (5)
± 6.0 (6)
± 7.2 (3)

120
12.4 ± 5.0 (4)
68.9 ± 2.9 (15)
3.3 ± 1.9 (4)
88.6 :t 3.4 (3)
81.2 :t 7.6 (4)
91.7 :t 7.5 (4)
5.7 :t 3.3 (4)

NOTE. Valup~ are means ± SEM; n is indicated in parentheses. Descriptions are similar to Table 1. Immunoreactive radioactivity in
different samples is presented as percentage of total radioactivity detected in the particular sample.
·Single sample.
bRadioactivity in these samples was too low to be analyzed. .
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Table 3. Receptor-Bound Radioactivity as Percentage of
Total Radioactivity Found in Tissues and Fluids
Tissues/time
(min)
Gastric wall
Intestinal
wall
Gastric
luminal
content
Intestinal
luminal
content
Liver
Bile

5

30

60

16.2

± 1.9 (4)

10.7

± 1.3 (4)

5.3

± 1.4 (3)

41.3

± 5.4 (8)

20.3 ± 3.2 (7)

21.1

± 2.3 (6)

Statistical Analysis
Results are given as mean ± SEM. The statistical
significance of difference of means was evaluated by Student's t test; P value < 0.05 was considered significant.

Results
Distribution

0.9 ± 0.52 (4)

2.8'

68.8 ± 10.2 (7)

b

30.5 ± 4.6 (3)
38.9 ± 7.7 (7)
45.2 ± 3.2 (4)

2.8 ± 2.8 (4)

34.2 ± 4.4 (3)
34.7 ± 8.4 (8)
41.7 ± 1.6 (3)

NOTE. Values are means ± SEM; n is indicated in parentheses.
Descriptions are similar as in Table 1. The values are presented as
percentage of total radioactivity detected in the particular sample.
·Single sample.
bRadioactivity in these samples was too low to be analyzed.

of Immunoreactivity

The immunoreactive radioactivity of the samples
was determined by applying approximately 10,000 cpm of
each extracted sample to an anti-rEGF antibody affinity
column. Rat EGF anti-serum was prepared in New Zealand white female rabbits by the method described by Cohen. 20 The antibody affinity chromatography was prepared as described previously by Thornburg et al. 21 The
immunoreactivity of samples was expressed as a percentage of that of the stock, [l 2S I]rEGF.

Determination

Preparation

of [125I]EGF

EGF was iodinated by the chloramine-T method. 23
Purity was tested by immunoaffinity chromatography.
More than 85% of the radioactivity was EGF immunoreactive. The specific receptor binding of stock [125 IJrEGF was
approximately 50% of radioactivity added to the assay
system.

p25 I]rEGF
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10
20
30
40
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of Receptor-Binding Ability

Human placental membranes were prepared as described by Hock et al. 22 Ten thousand cpm from each extracted sample in triplicate were incubated with excess of
placental membrane (100 Ilg protein) in 0.3 mL phosphate
buff&. (pH 7.4, containing 0.1 % BSA). Reaction was
stopped by adding 3 mL of ice-cold PBS buffer after I-hour
incubation at 20°C. Nonspecific binding was determined
in the presence of 0.51lg unlabeled mouse EGF. The reaction mixtures were then filtered using Whatman GF /B
glass microfiber filters (Whatman Inc., Clifton. N/). and the
filters were then counted by the gamma counter. Binding
of extracted radioactivity from tissue samples was expressed as a percentage of that of stock [125I]rEGF.

Administered

Radioactivity detected in organs at various intervals is presented as a percentage of the total administered dose (Table 1). The percentage of the radioactivity taken by each organ did not show
significant change with the variation of [125 I]rEGF
doses used. At 5 minutes, 57% of the total radioactivity was recovered in the liver, 10% in the small intestinal wall, and 6.6% in the kidney. Radioactivity in
these organs decreased with time, whereas it increased in the gastric wall. Radioactivity in the bile
and in the luminal contents of the stomach and small

mine immunoreactivity and receptor-binding ability.
More than 75% of radioactivity in each sample was recovered.

Quantitation

of N

4

....o
if

10

20

30

40

50

60

70

Time (min)

Figure 1. Radioactivity in liver (A) and bile (B) after IV administration of [lz'IJrEGF with Ie) or without (0) unlabeled rEGF.
Four nanograms of [1Z'IJrEGF was administered with or without
10 Ilg unlabeled rEGF as described in Materials and Methods
section. Radioactivity detected in liver and bile at different times
after administration is expressed as percentage of total radioactivity administered. Values are mean:!: SEM (n ;:, 4). ·Values
significantly different (P < 0.05) from values obtained with excess unlabeled EGF.
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At 5-minute time interval. 68.8% and 41.3% of
radioactivity recovered from the liver and small intestinal wall, respectively, were capable of binding
EGF receptors, whereas only 16.2% of radioactivity
in the stomach wall was capable of binding to EGF
receptors. These receptor-binding values showed a
gradual decrease with time (Table 3). Receptor-binding ability of radioactivity extracted from bile and
intestinal luminal contents was analyzed at 30 and
60 minutes. Forty-two to forty-five percent of radioactivity in the bile and 31 %-34% of radioactivity in
the intestinal contents were receptor active.

Competitive Effects of Unlabeled rEGF

~ 1.6
.:;

'E

8

~

~

-

Excess unlabeled rEGF (10 !lg, i.e., 2500 times
more than the labeled EGF), together with 4 ng of
125
[
I]rEGF, was administered to each rat. Four rats
were used for each time interval. Figure 1 shows the
distribution of radioactivity in the liver and bile at
different times after administration of [1 25 I]rEGF,
with or without excess amounts of unlabeled rEGF.
Addition of excess unlabeled EGF led to a decrease
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Figure 2. Radioactivity in the intestinal wall (A) and luminal
content (B) after IV administration orrUI]rEGF with (e) or without (0) unlabeled rEGF. Other arrangements are the same as in
Figure 1.
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intestine also increased with time. At 120 minutes,
about 4.5% of the total radioactivity was secreted
into the bile, 4% into the luminal contents of the
stomach and 1.4% into the luminal contents of the
small intestine.

£1

0.8

dee

0.4

A

0.0

The Immunoreactive Radioactivity of the
Tissues
Table 2 shows the immunoreactivity of the radioactivity in the liver, bile, gastric wall, intestinal
wall, and the luminal contents as the percentage of
total radioactivity detected in these tissues. In both
the liver and intestinal wall, >90% of the total radioactivity by the 60-minute time interval was immunoreactive, decreasing only slightly by 120 minutes. In
the stomach, radioactivity decreased quickly wit~
time: only about 40% radioactivity was immunoreactive at 60 minutes and about 12% at 120 minutes.
Intestinal luminal contents had high percentages of
immunoreactivity at all time periods. Immunoreactive radioactivity in the bile analyzed at 60 and 120
minutes was also high (-90%): stomach content had
low immunoreactive values.
.
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Figure 3. Radioactivity in the stomach (A) and luminal contents
after IV administration of ,"'llrEGF with (e) or without (0)
unlabeled rEGF. Other arrangements are the same as in Figure 1.
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1

stomach lumen (Figure 3B). In contrast to the liver.
stomach. small intestine. bile. and small intestinal
luminal content. radioactivity in the blood and kidney was significantly increased by excess unlabeled
EGF (Figure 4). Similarly. radioactivity in the lungs
was also significantly higher at 5 minutes.
Distribution of [125J]rEGF Administered Via
Portal Vein
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Figure 5 shows the percentage of the total radioactivity administered via portal vein in the liver.
small intestine. stomach. trunk blood. and bile at different times. Two rats were used for each value. Five
minutes after EGF administration. about 91 % of total
radioactivity was taken up by the liver. After 60 minutes. about 52% of the total radioactivity was presented in the liver. and nearly 7% ofthe total radioactivity was secreted into the bile. The radioactivity
distributed in the intestine. stomach. and blood increased during the time intervals. The immunoreactivity in the liver. small intestine. stomach. small intestinal luminal content. and stomach content at
5-minute time intervals is 97.5%. 84.6%. 73.8%.
69.4%. and 0%. respectively.

4

Discussion
3
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Figure 4. Radioactivity in the blood (A). kidney (B). and lungs
(e) afler IV administration of (t:15IJrEGF with (0) or without (0)
unlabeled rEGF. Other arrangements are the same as in Figure 1.

(about 85%) in the percentage ofradioactivity recovered in the liver in all three time periods studied
(Figure 11'\); in the bile. a significant decrease was
observed at 30 and 60 minutes (Figure 1B). Interestingly enough. the radioactivity in the small intestinal wall (Figure 2A) and the gastric wall (Figure 3A)
was decreased considerably by the presence of excess unlabeled EGF. A similar decrease was seen in
the intestinal luminal contents at 30 and 60 minutes
(Figure 2B). whereas unlabeled rEGF had no effect
on the radioactivity secreted in the content of the

The present studies have shown that the liver
of the sucklings was. similarly as lil adult rats. 9 - 11 the
major recipient of circulating EGF. Although the
livers of both adult 9 and sucklings take up >50% of
125
[
I]EGF in the first 5 minutes after the radioactivity
administration. the radioactivity in the liver of suckling rats at 60 minutes is twofold higher than that in
adult rat liver. By 120 minutes. 80% of the radioactivity in the liver of sucklings is still immunoreactive.
but no immunoreactive EGF was detected in the
liver of adult rats. 9 These results suggest a lower degradation ofEGF in the liver of suckling rats. A considerable amount of IV administered immunoreactive
125
[
I]rEGF was found to be secreted into the bile of
suckling rats in a time-dependent manner. It is reported that the immunoreactive EGF was secreted
into the bile of adult rats. II •IS However. the immunoreactive EGF in the bile of adult rats was <30%.
which is threefold lower than our present data in
suckling rats. These results suggest that the processes of EGF degradation and transport in hepatocytes of suckling rats are different from those in
adult rats.
The percentage of radioactive EGF taken up by the
wall of the small intestine is similar to that reported
in adult rats. IO •1I The percentage of immunoreactive
EGF in the intestine of suckling rats at 120 minutes is
more than twofold higher than that reported in adult
rats. 9 Our data also showed a high receptor-binding

GASTROENTEROLOGY Vol. 102. No.2

666 KONG ET AL.

•m s-w

100

.>....£
....0
"'0

l-W
liver
EJ
~ NB
0 Bile

ffi

..,;0
(J

(\S

e

.5
,g

ED

40

c...
0

~

ID

0

5

Time (min)
activity of the radioactive EGF extracted from the
intestine during the time periods. However. no similar experiment has been reported on adult rats. In
this paper. we have presented for the first time that
EGF can be secreted from circulation into the intestinal lumen by the small intestinal epithelium of
suckling rats in vivo. Appearance of radioactivity in
the intestinal content after IV administration of
e25I]rEGF (bile flow into the intestinal lumen was
diverted by cannulation of the bile duct during these
experiments) suggested a sequestration of circulating EGF by the small intestine and secretion into the
intestinal lumen. The radioactivity in the luminal
contents did not increase proportionally with time.
as did radioactivity in the bile. which may be due to
the reabsorption of radioactivity from the luminal
side of the intestine.
The radioactivity in the stomach wall showed a
low immunoreactivity and low receptor-binding activity. possibly because (a) the stomach wall takes up
both EGF and other radioactivity and (b) EGF is
mostly degraded in the stomach. A small but considerable amount of radioactivity in the stomach content with low immunoreactive EGF and practically
no receptor-active EGF also suggests the greater degradation of EGF. or the uptake and transport of othe~
radioactivity in the stomach.
The slight increase of total radioactivity in the
blood (Table 1). accompanied by a decrease of percentage immunoreactivity (Table 2). suggests the release of degraded radioactive EGF from other organs
during the time period. The amount of immunoreactive EGF was calculated from Tables 1 and 2. The

Figure 5. The radioactivity
after intraportal administration of (125IJrEGF in the
liver. intestinal wall. stomach wall. blood. and bile at 5.
30. and 60 min. Columns represent mean of two determinations. The bar is the average difference. SoW. stomach
wall; I-W. intestinal wall;
NB. trunk blood.

ratio of immunoreactive EGF in the unit wet weight
of the liver. small intestine. stomach. and blood is
35.4:5.7:2.6:1 at 5 minutes and 55.6:12.3:4.5:1 at 60
minutes. respectively. The evidence that immunoreactive EGF in the blood decreases at a faster rate than
in other organs suggests the relea!l'3 of degraded radioactive EGF into the blood. These results not only
suggest a sequestration of EGF from the blood by the
liver. small intestine. and stomach. but also show
tissue differences in the efficiency in uptake and retention of circulating EGF.
The study of the distribution of intraportally administered EGF showed higher radioactivity in the
liver (90%) at 5 minutes than that via intrafemoral
administration (Table 1). The percentage ofimmunoreactive EGF in the liver. small intestine. and stomach is similar to the data from intrafemoral administration (data not shown). Our previous studies have
shown that orogastricallyll or intraintestinally administered EGf2 4 •25 is absorbed by the gastrointestinal epithelium and transferred via portal vein into
systemic organs. Based on the data described in the
present report. we speculate that the absorbed milkborne EGF in suckling rats can reenter the lumen of
the gastrointestinal tract by both enterohepatic circulation and intestinal secretion.
Coinjection of excess of unlabeled EGF (2500-fold)
suppressed considerably the uptake of injected
[125I]EGF by the liver (approximately 8 times). suggesting the receptor-mediated uptake of EGF in the
liver. The excess amount of unlabeled EGF also resulted in a significant decrease of radioactive EGF
taken by the small intestine. which suggested a re-
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ceptor-related EGF uptake in the basolateral membrane of the epithelium. Excess of unlabeled EGF
resulted in an 2-4-fold increase of radioactivity in
the blood at 5 minutes, which suggests that when the
receptors on the organs reach their saturation point
to EGF, EGF remains in the blood.
In conclusion, the current studies show that IV administered [12 5I]rEGF is rapidly taken up by the liver
and gastrointestinal tract and secreted into the bile
and intestinal lumen in suckling rats. EGF secreted
by the liver and small intestine is in forms capable of
binding to anti-EGF antibody and EGF -specific receptor. The uptake and secretion of EGF by the liver
and the small intestine is receptor mediated.
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