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Abstract

The effect of growth hormone (GH) on binding of epidermal
growth factor (EGF) to liver membrane preparations was in-
vestigated in hypophysectomized mice and partially GH-defi-
cient, genetic mutant “little” (/iz//it) mice. The EGF binding of
normal male mice and testosterone-treated females was higher
than in normal females. Due to diminished receptor concentra-
tion, hepatic EGF binding was decreased in male and female
lit/lit mice to a level that was unaffected by gender or androgen
treatment. GH replacement therapy by intermittent injections
and continuous infusion restored the EGF binding of hypophy-
sectomized mice to normal male and female levels, respec-
tively, suggesting a role for the more pulsatile GH secretion in
normal males. In /iz/lit mice, however, both continuous and
intermittent GH resulted in EGF binding levels comparable to
those in normal females. In normal males continuous GH sup-
pressed EGF binding. In conclusion, endogenous GH secretion
induces EGF receptors in mice and this effect may be modu-
lated by sex differences in GH secretion.

Introduction

Epidermal growth factor (EGF)! is a polypeptide originally
isolated from the mouse submaxillary gland (1). Subsequent
studies have shown that EGF exerts a potent mitogenic action,
but also modulates several other biological functions that are
initiated by binding of EGF to a membrane-associated protein
receptor (2, 3). The results of recent studies indicate that the
concentration of EGF receptors markedly affects growth prop-
erties at least in tumor cells (4, 5). Thus, knowledge concerning
the regulation of EGF receptors is essential for understanding
the effects of EGF. There is, however, limited information
about the possible role of EGF in physiological processes dur-
ing adult life and about possible interactions between EGF and
hormones involved in promoting growth. Growth hormone
(GH), the major stimulator of postnatal growth, acts at least in
part by stimulating production of insulin-like growth factor-I
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(IGF-I), which may function in a paracrine and autocrine as
well as endocrine manner (6-8). At present there is little infor-
mation about GH interaction with other locally produced
growth factors such as EGF.

Measurement of GH in repeated blood samples from can-
nulated undisturbed rats has convincingly demonstrated that,
although mean plasma GH levels are similar in males and
females, the GH secretory pattern is sex differentiated. Male
rats, as well as androgen-treated females, display large GH
pulses at 3-3.3-h intervals interrupted by low baseline secre-
tion while normal females have smaller and more frequent
pulses and higher baseline levels, i.e., more continuous GH
secretion (9-11). Although comparable cannulation studies in
mice are unavailable, measurement of plasma GH levels in
single blood samples from large groups of animals are consis-
tent with a more continuous and less variable GH secretion in
females, i.e., sex-related differences similar to those in rats
(12). A pulsatile plasma GH pattern has been shown to be
more effective than a continuous one in promoting body
growth (10, 13, 14), and the GH secretory pattern has also
been implicated in the regulation of several sex-differentiated
hepatic functions (10, 15).

It has recently been reported that hepatic EGF receptor
concentrations in male rodents can be increased by testoster-
one (16, 17), raising the possibility that androgen-induced
changes in the pattern of GH secretion exert a mediating role.
In the present study we investigated the effect of GH on he-
patic EGF binding in two models of isolated GH deficiency.
Homozygous “little” (18) mice carry a recessive single gene
mutation, designated /it, that affects the receptor for GH-re-
leasing factor (19). Although the lit/lit mouse, unlike other
GH-deficient dwarf mouse strains and hypophysectomized
animals, does not exhibit other pituitary hormone deficiencies
(20, 21), it is at present uncertain that the mutation affects
only GH secretion. Therefore, studies were also performed in
hypophysectomized mice given thyroxine, glucocorticoids,
and testosterone as replacement therapy. To elucidate the pos-
sible role of the plasma GH pattern in determining the sex
differentiation of hepatic EGF receptors, the effects of contin-
uous and intermittent GH treatment were compared.

Methods

Animals and experimental protocols. Mature normal (+//it) and mu-
tant (lit/lit) C57BL/6J mice were bred at Jackson Laboratory (Bar
Harbor, ME). Heterozygous (+//it) mice have been reported to be
phenotypically identical to wild type (+/+) mice (18). Normal (+/+)
C57BL/6 mice from Harlan Laboratories (Madison, WI) were hypo-
physectomized by Dr. Les Barnes, Altech Laboratory (Madison, WI) 2
d before initiation of hormone treatment. Completeness of hypophy-
sectomy was verified at autopsy by inspection of the sella. All mice
were fed standard Purina rat chow and water ad lib.
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Human (BV-NPA-13) and bovine (NIH-GH-B18) GH were pro-
vided through the National Hormone and Pituitary Program (Balti-
more, MD). Continuous infusions of these hormones were accom-
plished using osmotic minipumps (model 2001, Alza Corp., Palo Alto,
CA) implanted subcutaneously under ether anesthesia on the backs of
the animals. The filling volume of these pumps is 225 ul and the
pumping rate at 37°C is 1 ul/h. Osmotic minipumps filled with vehicle
only were implanted in some of the control animals without any effect
on EGF binding as compared with untreated animals. Human GH (1
mg/kg per d) was given intermittently as subcutaneous injections at
12-h intervals at 800 and 2,000 h. The last injection was given 12 h
before the animals were killed. Cortisone acetate (500 ug/kg per d) and
L-thyroxine (10 ug/kg per d) were given to hypophysectomized mice in
daily subcutaneous injections at 800 h. The hormone treatment con-
tinued for 5-7 d.

Female mice and hypophysectomized male mice were injected sub-
cutaneously with téstosterone enanthate (15 mg/kg) in 0.2 ml sesame
oil 10 and 7 d, respectively, before measurement of hepatic EGF bind-
ing. Controls received vehicle only.

Hepatic membrane preparation. Immediately after decapitation of
the animals, liver membranes were prepared by a modification of
previously described methods (22, 23). In brief, liver parenchymal
tissue (usually 1 g) kept in ice-cold buffer (250 mM sucrose, 25 mM
Tris-HCl, pH 7.4) was dissected free of connective tissue and larger
vessels, finely minced, and washed. The tissue was then diluted to 5 vol
of buffer and homogenized with a polytron (Brinkmann Instruments,
Inc., Westbury, NY) at setting 7 for 90 s. The crude homogenate was
filtered through two layers of cheesecloth and centrifuged at 600 g for
10 min. The supernatant containing the membrane fraction was then
centrifuged at 10,000 g. The resulting supernatant was adjusted to 0.1
M NaCl and 0.2 mM MgSO, and recentrifuged at 48,000 g for 40 min.
The pellet was washed by resuspension in 50 mM Tris-HCI (pH 7.6)
and centrifuged at 48,000 g for 30 min. All procedures were performed
at 4°C. The pellet was then diluted in 50 mM Tris-HCl and stored in
aliquots at —20°C. The protein content of the membranes was deter-
mined (24) using BSA as standard.

Receptor assay. EGF was prepared from male mouse submaxillary
glands by the method of Savage et al. (25). Radioiodination of EGF
was performed using chloramine-T. The reaction was carried out for
40 s in total volume of 100 ul and was stopped by addition of 2-mer-
captoethanol. 'I-EGF was purified on a disposable C,s SepPak car-
tridge (Waters Associates, Milford, MA) by elution with 35% acetoni-
trile/65% acidified water (pH 2.1). After evaporation of the acetonitrile
under an N, stream, the EGF solution was adjusted to pH 4.5 with
NaOH and purified further on a Sephadex G-25 column (Pharmacia
LKB Biotechnology, Piscataway, NJ). The column was washed with
100 mM ammonium acetate containing 2.5% BSA and equilibrated
with acidified water (pH 2.1) before the EGF-containing solution was
applied. The peptide was eluted in 100 mM ammonium acetate with
2.5% BSA and stored at —20°C.

EGF binding was performed by a modification of the method of
Hock and Hollenberg (23). Liver membranes and 0.5-0.8 ng
(150,000-250,000 cpm, 0.3-0.5 nM final concentration) '*I-EGF
were incubated at room temperature in the presence or absence of
excess (2.5 ug) unlabeled EGF. Under these conditions there was a
linear relation between the quantity of mouse liver membranes (12.5-
200 ug protein) and the specific binding of labeled EGF. In subsequent
experiments 125 ug of membrane protein was used per tube. In dis-
placement experiments 0-100 ng (0-66 nM) unlabeled EGF was
added to the incubation tubes. The specific activity of the labeled EGF
(175-225 uCi/ug) was assessed by comparing the effects of increasing
concentrations of labeled and unlabeled EGF on relative ligand bind-
ing to placental membranes (23, 26).

The binding reaction was performed in a total volume of 0.25 ml
buffer (0.25% BSA in 50 mM PBS, pH 7.3) in 12 X 75-mm plastic
tubes. The reaction was terminated by addition of 4 ml ice-cold buffer
followed by immediate separation of bound and free '*I-EGF by fil-
tration through GF/B filters (Whatman Chemical Separation, Inc.,
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Clifton, NJ) using a multiple manifold apparatus (Millipore/Continen-
tal Water Systems, Bedford, MA). The filters were washed twice with 4
ml buffer. The radioactivity of the filters was counted in a gamma-
spectrometer with an efficiency of 70%. Specific binding was measured
as the difference between total (in the absence of unlabeled EGF) and
nonspecific (in the presence of excess unlabeled EGF) binding of '*I-
EGF. Nonspecific binding was always 2% or less of total added radioac-
tivity. The time course of specific binding of '*’I-EGF to liver mem-
branes is shown in Fig. 1. Maximal specific binding was reached after
~ 30-45 min and then remained relatively constant, as previously
reported (23, 27). In subsequent studies incubation was always per-
formed for 60 min at room temperature. In separate experiments the
possible degradation of iodinated EGF during these conditions was
investigated. After a standard assay incubation, the membranes were
centrifuged and the supernatant was aspirated. More than 90% of the
tracer in the supernatant could be precipitated by 10% TCA. More-
over, the binding of tracer to fresh liver membranes was reduced by
< 10% after preincubation at standard assay conditions, in line with
the results of a previous study in which a slightly different protocol was
used (26).

Data analysis. EGF receptor concentrations and binding dissocia-
tion constants were calculated according to the method of Scatchard
(28), using data obtained from displacement experiments in which
varying concentrations (0-66 nM) of unlabeled EGF were added to 0.3
nM of labeled EGF. The total concentration of bound EGF (labeled
and unlabeled) was calculated assuming a similar relative specific bind-
ing of unlabeled and labeled EGF. The ratio of bound/free EGF was
then plotted as a function of bound EGF, and the slope and the inter-
cept with the x-axis were calculated by standard linear regression.
Comparisons were made by ¢ test, or, when more than two groups were
compared, by one way analysis of variance followed by Student-New-
man-Keul’s multiple range test among different groups (29). Data are
presented as mean=SE. P values < 0.05 were considered significant.

Results

The results of preliminary studies indicated that the specific
binding of EGF to hepatic membranes from GH deficient
lit/lit male mice (3.9£1.3% total added radioactivity; n = 3)
was markedly lower than to membranes of heterozygous +/lit
male mice (24.0+2.8%; n = 3, P < 0.001). A fixed concentra-
tion of labeled EGF and varying concentrations of unlabeled
EGF were incubated with +//it and lit/lit liver membranes.
The total specific EGF binding as a function of total concen-
tration of added peptide is shown in Fig. 2. EGF binding to
+/lit as well as lit/lit (see inset) liver membranes was saturable.
Scatchard analyses of both +//i and lit/lit binding curves were
consistent with a single class of binding sites. The results of
Scatchard analysis of the experiment shown in Fig. 2 and of
two other binding studies are summarized in Table 1. These
data confirm that the EGF receptor concentration (Bp,y) is
~ 12 times greater in +//it than in lit/lit membranes. Al-
though the K, was higher in +//it animals, this difference was
not statistically significant.
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The influence of the /it mutation on hepatic EGF binding
of female mice was next investigated. The specific EGF bind-
ing to liver membranes of normal (+//if) female mice was
about one-third that of normal (+//if) males, as shown in Fig.
3. EGF binding to membrane preparations of /iz//it animals of
both sexes was even lower than that of normal females. In
addition, there was no sex difference in EGF binding in /iz/lit
mice.

The effect of testosterone was next compared in normal
(+/1it) and lit/lit female mice. Testosterone administration to
normal mice produced a threefold increase in hepatic EGF
binding (Fig. 4). In contrast, testosterone had no effect on EGF
binding in /it/lit female mice. EGF binding was significantly
lower in vehicle-treated /iz//it female mice as compared with
vehicle-treated +//it females, confirming the results in Fig. 3.

The effects of continuous and intermittent (two subcutane-
ous injections per day) treatment with human GH on hepatic
EGF binding were compared in male and female /it//ir mice.
As shown in Fig. 5, there was no difference between the effects
of these two treatment protocols in either males or females.
Both continuous and intermittent GH treatment restored EGF
binding to a level comparable to that in +//it female mice (Fig.
5, bottom), but significantly lower than that in +//it male mice
(Fig. 5, top).

The effects of continuous subcutaneous infusions of
human and bovine GH were compared in a separate experi-
ment. Specific hepatic EGF binding in /it//it male mice treated
with human (13.2+1.5%; n = 5) and bovine (11.0+2.3%;

Table I. Characteristics of '’ I-EGF Binding (mean+SE)
to Hepatic Membranes of Adult Male Mice

Genotype Binding capacity (Bmax) K,
fmol/mg protein nM
+/lit 1,249+304 2.21+0.62
lit/lit 101+20* 1.00+0.22

Data are pooled from three separate experiments.
* P <0.01 vs. +/lit
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30 100 two other experiments as calculated ac-

cording to Scatchard are shown in
Table L.

n = 4) GH were similar, although the binding of both groups
was significantly greater (P < 0.01) than in vehicle-treated
lit/lit males (4.4+0.8%; n = 7).

The effects of continuous and intermittent GH treatment
on hepatic EGF binding were compared in another model of
isolated GH deficiency: hypophysectomized, +/+ C57BL/6
male mice given thyroxine, glucocorticoid, and androgen re-
placement therapy. As shown in Table II, the hepatic EGF
binding in hypophysectomized +/+ male mice was of the
same magnitude as that in /it//it male mice (Fig. 5). Moreover,
EGF binding in hypophysectomized mice was markedly lower
than in sham operated males. In contrast to the results in /it//it
mice (Fig. 5), intermittent GH treatment by two daily subcuta-
neous injections in hypophysectomized +/+ male mice com-
pletely restored EGF binding to levels observed in normal +/+
males while continuous GH treatment was less effective (Ta-
ble II).

The effect of eliminating the pulsatile pattern of plasma
GH in +/+ mice was determined by continuously infusing
human GH using osmotic minipumps. This treatment re-
sulted in a significant decrease of hepatic EGF binding in +/+
male mice (Table III), in striking contrast to the results in /it//it
male mice (Fig. 5).
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Figure 4. Effect of tes-
tosterone treatment to
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binding (mean=SE) to
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'°r' (15 mg/kg) was injected
intramuscularly in a
depot preparation 10 d
5 . before the animals were
T sacrificed. Each group
@ contained four to five
L animals. *, **, P < 0.05,
VEHICLE  TEST. vencte test. P < 0.01 vs. +/lit fe-
+/lit lit/lit male mice.

201 =

125 |_EGF, Percent Spacific Binding

Discussion

The present results clearly demonstrate that the hepatic EGF
binding, which is greater than in many other organs (2),istoa
large part dependent on endogenous GH. EGF binding to iso-
lated hepatic membranes from hypophysectomized male mice
given replacement therapy with thyroxine, glucocorticoids,
and testosterone was much lower than to membranes from
sham-operated mice. There was also a marked decrease in
hepatic EGF binding in /iz/lit mice that exhibit an isolated GH
deficiency (18, 20). In addition, GH treatment increased he-
patic EGF binding in both hypophysectomized and lit/lit
mice. Scatchard analysis of the binding data suggests that the
reduction in EGF binding to membranes of GH-deficient mice
is due to a decrease in concentration rather than a change in
affinity of EGF receptors. The decreased EGF receptor con-

Figure 5. Specific EGF
binding (mean+SE) to
liver cell membranes
from +/lit mice, un-
treated lit/lit mice, and
lit/lit mice treated inter-
mittently or contin-
uously with human GH
for 7 d. The animals
were given 1,000 ug/kg
per d either in two daily
subcutaneous injections
(500 ug/kg) at 12-h in-
tervals or as a continu-
ous subcutaneous infu-
sion using osmotic
minipumps. The
experiment was per-
formed in male (fop)
and female (bottom)
mice and there were
three to five animals
per group. +, ++, P
<0.05, P <0.01 vs.
+/lit mice; **, P < 0.01
vs. lit/lit mice

»
(=3
1

l‘ MALES

125 |_gGF, Percent Specific Binding
s
T
44
+
+

o
—
¥

+/lit — ittt ——

— hGH—
b.i.d. contin.

N
o
1

FEMALES

A |

+/lit — ittt ——

125 |_gGF, Percent Specific Binding
o
T

o
—

— hGH—
b.i.d. contin.

1874  Jansson, Ekberg, Hoath, Beamer, and Frohman

Table I1. Specific EGF Binding to Hepatic Membranes

from Sham-operated Male Mice, from Thyroxine-, Cortisone-,
and Testosterone-treated Hypophysectomized Male Mice,

and from Hypophysectomized +/+ Male Mice Also Given
Intermittent or Continuous Treatment with Human GH for 7 d

Experimental group '25L.EGF specific binding

%
Sham 17.3
204
Hypophysectomy 2.2
14
Hypophysectomy + hGH 500 ug/kg X 2 19.3
20.1
Hypophysectomy + hGH 1,000 ug/kg per 24 h 12.2
continuously 9.8
6.6

The animals were given hGH, 1,000 ug/kg per d, either in two daily
subcutaneous injections (500 ug/kg hGH) at 12-h intervals or as a
continuous subcutaneous infusion (1,000 ug/kg per 24 h) using
osmotic minipumps. All hypophysectomized animals were also given
replacement therapy with thyroxine, cortisone acetate, and
testosterone. Values from individual animals are presented.

centration in GH-deficient /it//it mice does not, however, rep-
resent a generalized phenomenon, since levels of GH and pro-
lactin receptors are normal in /it/lit male mice (30, 31). Al-
though human GH binds to both growth-promoting and
lactogenic receptors of rodent liver (30), its stimulatory effect
on EGF binding is exerted only through growth-promoting
receptors, since bovine GH, which does not have lactogenic
properties, was as potent as human GH. The present results do
not exclude the possibility that the changes in EGF binding are
secondary to alterations in EGF levels (3). However, we have
not observed any effects of GH on EGF levels, as measured by
RIA, in mouse submaxillary glands or urine (unpublished ob-
servations). :

In the present study hepatic EGF binding was significantly
greater in normal male than female mice, confirming previous
reports (16, 17). Our data are also consistent with the hypoth-
esis that the sex difference in hepatic EGF binding is related to
the pattern of GH secretion. In addition to the marked de-
crease in EGF binding in both male and female /iz//it mice, the
levels did not differ between the sexes, even though the secre-
tion of other pituitary-dependent hormones, including sex ste-

Table III. Effect of Continuous Subcutaneous Infusion of Human
GH (1,000 pg/kg per 24 h) for 7 d to Normal +/+ Male Mice

on Specific '*I-EGF Binding (Mean+SE) to Purified

Hepatic Membranes

Experimental group n 1235I.EGF specific binding
%
+/+ male mice 4 31.0+2.1
+/+ male mice + hGH continuously 5 20.2+1.1*

* P <0.01 vs. (+/+) male mice.



roids, is not decreased in /it/lit mice (20, 21). Moreover, an-
drogen treatment stimulated hepatic EGF binding in normal
female mice but not in /it/lit females, indicating that the ab-
sence of sex differences in EGF binding of /it/lit mice is not
caused by androgen deficiency but is best explained by a regu-
latory role of GH secretion in normal mice.

There is considerable evidence for androgen-dependent sex
differentiation of GH secretion in the rat (10, 11) and probably
also the mouse (12). GH secretion in normal males and an-
drogen-treated females is characterized by episodic pulses
every 3.3 h, whereas untreated females exhibit a more continu-
ous pattern of GH secretion. The assumption that the plasma
GH pattern is a determinant of hepatic EGF binding is sup-
ported by the present findings that intermittent administration
of GH in a physiological replacement dose (13) at 12-h inter-
vals to hypophysectomized mice restored EGF binding to
levels of normal male mice. Continuous infusion of the same
quantity of GH increased EGF binding only to values seen in
normal females. We have also obtained in hypophysectomized
rats results (not shown) similar to those in hypophysectomized
mice.

Intermittent administration of GH at the physiological re-
placement dose that completely masculinized EGF binding in
hypophysectomized +/+ mice enhanced hepatic EGF binding
in /it/lit mice only to a level seen in normal female mice.
Previous studies suggest that much larger doses of GH are
necessary to masculinize various sex-differentiated hepatic
functions in /it/lit mice as compared with hypophysectomized
rats (31-34). Therefore, factors other than GH appear to influ-
ence hepatic EGF receptors in these animals. Although the
only known defect in /it/lit mice is an isolated GH deficiency
due to a defective GH-releasing factor receptor (19, 20), it is
possible that the /it mutation also directly affects genes related
to GH sensitivity. Alternatively, the continuous presence of
low but measurable levels of endogenous GH in /it//it mice
plasma (30) may inhibit the masculinizing effect of intermit-
tent GH. Continuous infusion of GH to normal male rodents
suppresses EGF binding (present results) and feminizes var-
ious other functions (34, 35). A continuous presence of GH in
plasma of /it/lit mice could also explain why the female pattern
of hepatic steroid metabolizing enzymes is not eliminated in
female /it/lit mice (34) as in hypophysectomized female rats
(32, 35).

A common mechanism of hormonal interaction involves
regulation of receptor binding capacity. The present results
demonstrate that GH induces EGF receptors, though the pre-
cise physiological significance of this finding remains un-
known. While a growth-related process appears likely, few
sustained growth-related effects have been observed after EGF
treatment of adult animals. However, in addition to its other
effects on the liver, EGF enhances hepatic DNA synthesis in
adult rats and mice (2, 36), and there is recent evidence that
the concentration of EGF receptors as well as of the ligand
may influence cell proliferation under selected circumstances
4, 5).

It is well established that GH interacts with a growth factor
other than EGF (i.e., IGF-I), and that GH-stimulated synthe-
sis of IGF-I in various tissues mediates, at least in part, the
stimulatory effect of GH on body growth (6-8). Although
IGF-I and EGF interact under certain conditions in stimulat-
ing cell proliferation in vitro (37, 38), it remains unclear
whether these growth factors interact in vivo, particularly in
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the liver, where there are relatively few IGF-I receptors in the
adult rat (39). It is also currently unknown whether GH in-
duces EGF receptors in tissues other than the liver.

Despite the above-mentioned unresolved questions, the
present results raise the possibility that stimulation of EGF
receptor levels and perhaps EGF sensitivity is of importance
for the growth-promoting effect of GH. Thyroid hormone,
which exerts an anabolic action on the liver of adult rodents
(40), also induces hepatic EGF receptors (27). In addition,
thyroid-stimulating hormone and estradiol increase EGF
binding in the thyroid and the uterus, respectively, where these
two hormones also stimulate cell proliferation (41, 42). There-
fore, enhanced EGF binding may constitute a common step in
a cellular growth pathway that can be initiated by different
stimuli.
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