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Abstract

Epidermal growth factor (EGF) has been reported to stimulate
adrenocorticotropin hormone (ACJH), growth hormone and
prolactin secretion from pituitary tissue in vitro, and in large
doses evokes ACIH secretion in adult sheep in vivo. In order
to assess a possible role for EGFin the pituitary hyperfunction
characteristic of the in utero fetus, we measured changes in
plasma immunoreactive ACTHconcentrations after acute ad-
ministration of saline, purified mouse EGFor synthetic ovine
corticotropin releasing factor (CRF) to chronically catheterized
fetal sheep. Both CRFand EGFwere associated with increases
in plasma immunoreactive AC7Hconcentrations. Peak values
60 min after 10-ig injections of either EGFor CRF increased
from baseline ACIH values of 61±11 pg/ml to 191±37 and
178±25 pg/ml, respectively. Dose-response studies indicate that
at low doses (< 20 pg) EGF is as potent a stimulus for ACGH
release as CRF. EGFinfusion was not associated with detectable
changes in circulating CRF, catecholamines, arginine vasopressin
levels, or plasma growth hormone concentrations. Wespeculate
that EGFmay be important in the regulation of pituitary function
in the developing mammalian fetus.

Introduction

Epidermal growth factor (EGF)' is a 6,000-D peptide first pu-
rified from mouse submandibular glands (SMG) (1). The human
counterpart of EGF, urogastrone, was isolated from urine and
named for its ability to inhibit gastric acid secretion (2). EGF
acts as a mitogen or progression factor for mitosis in a variety
of cell lines, and has important developmental effects (3, 4). It
promotes eyelid opening, palate development, tooth eruption,
and gut development in rodents; it is important in the maturation
and function of hair follicles in several species; and lung mat-
uration and alveolarization are promoted by EGFin the sheep
(3-6). EGFand EGFreceptors have been identified in fetal ro-
dent tissues and a role for EGFin fetal development has been
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1. Abbreviations used in this paper: ANOVA, analysis of variance; AVP,
arginine vasopressin; CRF, corticotropin-releasing factor, E, epinephrine;
EGF, epidermal growth factor, CH, growth hormone; NE, norepineph-
rine; oCRF, ovine CRF; POMC,proopiomelanocortin; SMG, subman-
dibular glands.

proposed (5, 7). Significant levels of EGFare found in human
amniotic fluid (8).

Hormone-EGF interactions have been reported and it has
been proposed that EGFmaymediate the developmental effects
of selected hormones (9). EGFproduction in mouse SMGis
thyroxine and testosterone responsive and urine EGFproduction
and kidney EGFconcentrations are thyroxine responsive in the
mouse (10-12). EGFconcentrations in several other tissues in-
cluding liver, skin, and eye also are thyroxine responsive (13,
14) as is EGFreceptor binding in skin and liver (15, 16). Finally,
EGFhas been shown to evoke hormone secretion from cultured
anterior pituitary cells (17-19), and a recent paper reports that
EGFaugments ACTHrelease in vivo in adult sheep (20).

The circulating levels of anterior pituitary hormones, par-
ticularly ACTH, growth hormone (GH), and gonadotropins are
markedly elevated in the mammalian fetus during the latter half
of gestation (21). These high levels presumably are due to rela-
tively high rates of secretion, but the mechanism(s) remain ob-
scure (21). A role for EGFand perhaps other growth factors in
this pituitary hyperactivity is possible. To explore this hypothesis
we assessed the effects of acute EGFadministration on plasma
ACTHand GHlevels in the chronically catheterized sheep fetus.
Dose response studies were conducted to compare relative po-
tencies of EGFand CRFas corticotropin releasing factors. In
addition we measured the blood levels of CRF, arginine vaso-
pressin (AVP) and catecholamines after EGFinjection to better
characterize the mechanism of the EGFeffect on ACTHrelease.

Methods

Time-dated pregnant ewes with single fetuses were obtained from our
usual source (Nebeker Ranch, Lancaster, CA) and acclimated to labo-
ratory conditions and feed. Laparotomies were conducted in five ewes
with fetuses at 134-136 d gestation using continuous ketamine anesthesia.
Under sterile conditions, fetal arterial and venous hindlimb catheters
were inserted and exteriorized onto the ewe's flank. Starting at 142-144
d gestation, fetuses were randomly injected intravenously with either 3
ml of 0.9% saline, 10 ,g (1.6 nmol) of mEGFor 10 ytg (2 nmol) of ovine
(o)CRF. The saline injected fetuses served as negative and the oCRF
injected fetuses served as positive controls. Injections were conducted
on successive mornings of the study period.

Pregnant ewes (n = 5) for the dose response studies were catheterized
at a gestational age of 118-126 d and studied after 5 d of postoperative
recovery. All ewes were treated for 5 d after catheterization with daily
intravenous chloramphenicol and gentamycin. The dose-response fetuses
were randomly injected with 0.5, 1, 2, 5, 10, or 20 ug of either mEGF
or oCRF in 3 ml of 0.9% saline on successive mornings. To minimize
the effects of gestational age on dose response data, paired doses of EGF
and CRFwere administered on alternate days; if a fetus received EGF
on one day an equivalent dose of CRFwas injected the next. Every
seventh day, the fetus received 3 ml of 0.9% saline as a control. Fetal
blood samples for both sets of studies were collected before and at 30
and 60 min after injection. Blood samples were immediately processed
into plastic tubes for hormone assays. All samples were processed in
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Figure 1. Plasma ACTHactivity after saline (solid bars), oCRF(open
bars) and mEGF(hatched bars) infusion in fetal sheep. Both oCRF
and mEGFare associated with an increase in ACTHactivity (P
< 0.001).

duplicate. Fetal heart rate, arterial blood pressure, and arterial blood
gases were measured at each sampling time.

Materials. EGFwas purified to homogeneity from adult Swiss Web-
ster mice as reported previously (14, 22). The final product migrated as
a single band by polyacrylamide gel electrophoresis and had an apparent
molecular mass approximating 6,000 D. oCRF, synthesized using solid
phase techniques, was purchased commercially (Bachem Co., Torrance,
CA) and used for injection and for development of the radioimmu-
noassay.

Hormone assays. ACTHwas determined by radioimmunoassay (RIA)
in EDTAplasma using a second antibody-polyethylene glycol procedure
after QUSOextraction (North America Silica Co., Teterboro, NJ) at the
Nichols Institute, San Juan Capistrano, CA (23). The antiserum (from
Dr. Donald West, University of Utah School of Medicine) was used in
a final dilution of 1:75,000 (23); ACTHfrom Bachem Co. was labeled
with 12"I using the chloramine T method (24), and the labeled hormone
was purified by HPLC. The same Bachem material was used as standard
in the RIA. Intraassay and interassay coefficients of variation were 9 and
13.2%, respectively. Sensitivity of the assay was 8 pg/ml (at 90% B/Bo).

Arginine vasopressin was determined in plasma after Sep-Pac C18
cartridge (Waters Associates, Milford, MA) elution using our previously
described RIA (25). The sensitivity of this assay was I pg/ml. Epinephrine
(E) and norepinephrine (NE) were determined in EGTA/GSHplasma
by radioenzymatic assay with a sensitivity approximating 2 pg/ml (26).
Growth hormone was measured by RIA using material generously pro-
vided by the National Institute of Arthritis, Diabetes, Digestive and Kid-
ney diseases. Sensitivity of this assay was 100 pg/ml.

CRFwas measured by a homologous RIA developed in our labo-
ratory. Synthetic oCRF, conjugated to thyroglobulin using carbodiimide,

was dialyzed, suspended in complete Freund's adjuvant (Miles Laboratory
Inc., Naperville, IL) and used to develop antisera in virgin female New
Zealand white rabbits. The antiserum utilized for the RIA bound 40%
of '251-labeled oCRF at a final dilution of 1:320,000. Synthetic oCRF
was iodinated using the chloramine T method (24) and the label purified
using an 80-cm Sephadex G-50 column equilibrated with 0.01 Mphos-
phate-buffered saline (PBS) with 0.01 MEDTA, 0.01% bovine serum
albumin (BSA), pH 7.4 at 4VC.

The RIA was conducted in 10 X 75-mm glass tubes; 200 gl assay
buffer (0.01 MPBS, 0.01 MEDTA, 0.1% BSA, pH 7.4) 50 ,1 antiserum
1:40,000 in assay buffer, and 100 ul of serum or oCRFstandard in assay
buffer were added to each tube and incubated for 24 h at 40C. At 24 h,
50 Al 125I-oCRF (- 6,000 counts) were added and tubes were incubated
another 24 h. After 48 h total incubation time, oCRF antibody was
precipitated with 70 Al goat anti-rabbit gammaglobulin/25% polyethylene
glycol. Tubes were centrifuged at 1,000 g, the supernatants decanted,
and the precipitates counted in an autogamma spectrometer. Standard
tubes were set up over the range 0.1 pg to I ng oCRF. Standard curves
and sample results were calculated using a microcomputer based log-
logit program. 5%and 95%confidence limits for the RIA approximated
I and 1,100 pg oCRF. Intra- and interassay coefficients of variation were
7 and 14%, respectively. HumanCRFshows 10% crossreactivity in the
RIA system. No cross-reactivity was observed for ACTH(synthetic 1-
24 or crude pork), AVP, EGF, sauvagine, secretin, pancreatic polypeptide,
vasoactive intestinal peptide, gastric inhibiting peptide, somatostatin,
somatomedin-C, or angiotensinogen.

Statistical procedures. ACTH, AVP, E, NE, GH, heart rate, blood
pressure, and blood gas responses after EGFor CRFinjection were an-
alyzed using Student's paired t test, corrected as indicated for repeated
measures. ACTHdose response data after CRFor EGFinjection were
analyzed by two-way analysis of variance (ANOVA). All data are reported
as mean±SEMunless otherwise stated.

Results

The ACTHresponses after saline, mEGFor oCRF injections
are shown in Fig. 1. Baseline plasma ACTHvalues were similar
in each instance and averaged 61±11 pg/ml. There was a sig-
nificant increase in plasma ACTHafter injection of either oCRF
or mEGFwith peak values (at 60 min) of 178±25 and 191±37
pg/ml, respectively. No increase in plasma ACTH could be
demonstrated in fetuses injected with saline. Mean fetal heart
rate, arterial blood pressure, and arterial blood gas values were
unchanged during the study (Table I).

Plasma AVP, E, NE, and GHconcentrations from the saline-
and EGF-treated animals are shown in Table II. Baseline AVP

Table I. Heart Rate, Mean Arterial Blood Pressure, and Blood Gases Before (0 Time)
and After (+30 and +60 min) Administration of Saline, EGF, or CRFto Fetal Sheep*

Saline EGF CRF

0 +30 +60 mnu 0 +30 mnu +60 mnu 0 +30 mnu +60 mnu

Heart rate (BPM) 163±12 162±15 162±13 162±17 164±13 162±11 161±11 165±18 164±16
Mean arterial blood

pressure (torr) 56±6 54±5 55±5 55±5 53±5 56±7 56±5 53±7 56±6
Arterial pH 7.38±.02 7.37±.02 7.38±.02 7.38±.02 7.38±.01 7.39±.01
Po2 (toWM 22±2 21±3 21±2 22±2 21±3 20±2
Pco2 (to) 44±3 42±3 44±2 44±3 40±2 42±3

* All values recorded as mean and SEM. There were no significant differences among heart rate, mean arterial blood pressure or blood gases
values before or after saline, EGF, or CRFtreatments in these fetal lambs.
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Table II. A VP, E, NE, and GHConcentrations Before (0 time) and After (+30 or +60 min)
Saline or EGF(10 gg Bolus) Administration in Chronically Cannulated Fetal Sheep*

Saline EGF

0 +30 min +60 min 0 +30 min +60 min

AVP(pg/ml) 2.9±0.8 4.0±0.5 3.2±1.1 2.5±1.3 2.4±1.0 5.2±1.1
E (pg/ml) 50±14 58±20 67±13 60±21 57±22 51±12
NE (pg/ml) 240±53 190±62 300±30 280±41 292±48 220±32
GH(ng/ml) 163±43 161±24 152±33 217±26 278±26 155±42

* Values recorded as mean and SEM. There were no significant differences among AVP, E, NE, or GHvalues either before or after saline or EGF
treatment in these fetal lambs.

values were similar in both groups and averaged 2.7±1.0 pg/ml.
AVPlevels were unaffected by mEGFinjection after 30 and 60
min at which times values averaged 3.7± 1.0 pg/ml. Baseline E
and NEvalues were similar in both groups (E averaged 55±17
pg/ml, NEaveraged 260±47 pg/ml) and unchanged after mEGF
injection. E values after injection averaged 58±16 pg/ml and
NE values after injection averaged 250±43 pg/ml. Baseline
plasma GHlevels were similar in both groups and averaged
190±35 ng/ml. Plasma GHlevels were unchanged after 30 and
60 min at which time values averaged 186±38 ng/ml.

Serum CRFconcentrations after saline, mEGF, or oCRF
injection are shown in Table III. oCRF immunoreactivity was
measurable only in the sera of fetuses injected with oCRF. Serum
oCRF values after 10 ,ug of injected CRFwere 6.1±1.0 ng/ml
and 2.2±0.6 ng/ml at 30 and 60 min, respectively.

ACTHdose-response data after serial mEGFand oCRFin-
jections are shown in Fig. 2. Both mEGFand oCRF increased
plasma ACTHconcentrations in a dose-dependent manner. The
minimal doses producing a significant ACTHresponse were 1
Mg for EGFand 2 Mg for oCRF. Although no plateau in ACTH
response was seen for the dosages of EGFand CRFused in these
studies, CRFin the largest dose used (20 Mg) was associated with
a greater increase in plasma immunoreactive ACTHthan an
equal dose of EGF.

Discussion

Three substances are known to be important regulators of ACTH
release by pituitary corticotrophic cells. The first, CRF, is a 4,700-
Dpeptide primarily produced by the hypothalamus and secreted
into the hypothalamic-pituitary portal circulation (27, 28). The

Table III. Serum Immunoreactive oCRFConcentrations
after Normal Saline (NS), oCRF(10 g), or mEGF(10 ,ug)
Infusion in Chronically Catheterized Fetal Sheep

'Immunoreactive CRF(pg/ml)

NS oCRF mEGF

Baseline <10 <10 <10
+30 min <10 6,100±1,000 <10
+60 min <10 2,200±600 <10

* Values recorded as mean and SEM. Sensitivity of the assay was 10
pg/ml.

second, AVP, is an 1, 100-D peptide produced in the hypothal-
amus for storage in the posterior pituitary and secretion into the
pituitary portal circulation for transport to the anterior pituitary
(28, 29). Finally, catecholamines probably augment the secretion
of CRFand AVP, as well as directly modulate ACTHsecre-
tion (28).

The results of the present study indicates that EGFacts as
a CRF in the fetal sheep (Figs. 1 and 2). The dose response
studies indicate that EGFat low doses is at least as potent a
CRFas synthetic oCRF (Fig. 2). When compared on a molar
basis, EGFis a more potent CREthan synthetic CRFat dosages
< 1 nmol. However, at the highest dosages used in this study
(20 Mug or the equivalent of 3.2 nmol of EGFand 4 nmol of
CRF), CRFadministration is associated with nearly three times
the plasma ACTHimmunoreactivity when compared with EGF
administration (Fig. 2). The mechanisms for these differences
are not clear but may represent additional effects of CRFon
AVPrelease, resulting in augmented ACTHresponses. Our pu-
rified mouse EGFshows no crossreactivity with our anti-oCRF
antiserum and does not increase circulating immunoreactive
oCRFconcentrations to measurable levels in the RIA. By con-
trast, plasma oCRFimmunoreactivity increased to a level of 6.1
ng/ml after the injection of 10 Mg of oCRF (Table III). These
data suggest that EGF is not acting to provoke CRF release,
although an effect on hypothalamic CRFrelease to increase pi-
tuitary portal blood CRFwithout altering peripheral levels is
possible; we did not measure endogenous pituitary portal blood
oCRF concentrations in the present study. Neither did EGF
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Figure 2. Plasma ACTHactivity after mEGF(hatched bars) or oCRF
(open bars) infusion in fetal sheep.
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stimulate AVPor catecholamine release measurable in peripheral
blood (Table II). These results support the hypothesis that EGF
may-stimulate ACTH release via a direct action on anterior
pituitary corticotrophic cells.

Circulating EGFlevels after injection of EGFwere not de-
termined, but circulating levels of oCRF 30 min after a 10-,g
injection of synthetic oCRFwere 6.1 ± 1 ug/ml (Table III). If the
plasma levels of EGFattained after a 10-,gg dose of EGFwere
similar, then the EGFlevels would approximate plasma levels
of EGFthat have been reported in humans and rodents (4). This
lends further support that these low levels of circulating EGF
may have physiologic significance.

The oCRFpeptide is comprised of 41 amino acid residues
and differs from human and rat CRFby seven residues (27).
Human, rat and ovine CRFshare primary sequences with several
nonmammalian peptides, notably sauvagine and urotensin I,
and demonstrate some homology with calmodulin and angio-
tensinogen (27). The tetrapeptide Phe-His-Leu-Leu is common
to both angiotensinogen and CRFand this sequence is the site
of renin and converting enzyme cleavage (27). Comparison of
CRF, sauvagine, and urotensin I suggests that the double leucine
residues at positions 14-15 and 37-38 and the basic groups at
16 and 35 are critical in preserving the ACTHreleasing potencies
of these peptides. Conformationally, an a-helix for residues 5-
30 and a ,8-bend encompassing residues 31-35 is predicted (27).

This structure contrasts with that of EGFas defined by nu-
clear magnetic resonance; this protein shows a predominantly
#-structure with little or no a-helicity (30). EGF, a single poly-
peptide chain of 53 amino acid residues containing three disulfide
bands, demonstrates 32% homology with a-transforming growth
factor, and these two substances probably bind to a similar re-
ceptor site in the target cell membrane (31, 32). EGFalso has
been reported to have 8-10% similarity in primary structure to
the secretin family of peptides (gastric inhibiting peptide, glu-
cagon, and vasoactive intestinal peptide), as well as pancreatic
secretory trypsin inhibitor (33). These similarities may account
for the EGFeffect on gastric acid secretion. Thus, there are no
homologous domains for EGFor CRF, and primary, secondary,
or tertiary structural similarities would seem an unlikely expla-
nation for the CRF-like effects of EGF.

EGF receptors are demonstrable in a number of cell lines
and organs. Fetal animal studies show that liver and carcass
(including skin) bind the highest amounts of EGFand that re-
ceptors are present early in gestation during the trophoblastic
stage in the mouse (34). Brain receptors are described and show
lower binding capacities and association constants than liver
and skin receptors (34). Ontogenic studies show that although
receptor numbers increase as a function of gestation, binding
affinity decreases (34). In vitro studies using tumor cells derived
from rat pituitaries show a dose response effect of administered
EGF(16, 17). Saturable high affinity membrane receptors for
EGFhave been characterized in these cells (15, 16) and a recent
report described EGFreceptors in the normal adult rat pituitary
gland (35).

Other effects of EGFon pituitary function have been de-
scribed in vivo. Changes in prolactin, growth hormone, thyroid
stimulating hormone, and follicle stimulating hormone have
been reported (18, 36). Many of these studies have used very
large (milligram) quantities of EGFadministered over a subacute
period of time and were accompanied by significant changes in
cardiovascular function so that it is difficult to establish a primary
effect of EGF rather than effects of these secondary changes.

Growth hormone was measured in the sera of many of the pres-
ent fetuses injected with EGFand no consistent changes were
seen. In vitro data suggests that EGFmay alter prolactin secretion
in rat pituitary tumor cells (15, 16, 37) perhaps at the level of
DNAtranscription (38). Whether acute EGFadministration in
small doses is associated with changes in serum prolactin in vivo
remains to be demonstrated.

It is possible that the ACTHresponse demonstrated in the
current study occurred independently of a change in pituitary
ACTHrelease. The human placenta, in addition to being a source
of extrahypothalamic peptides such as gonadotropin releasing
hormone, thyrotropin releasing hormone, somatotropin releasing
inhibiting factor, corticotropin releasing factor, and growth hor-
mone releasing factor, also may synthesize a proopiomelano-
cortin (POMC)-like substance (39, 40). In women, the nonsup-
pressibility of maternal plasma ACTHlevels near term has sug-
gested a placental source of ACTH(41). However, the control
of "chorionic ACTH" production is unknown. In the mouse,
the developing trophoblast contains large numbers of high affinity
EGFreceptors (34). Thus, an effect of EGFon chorionic POMC
metabolism and ACTHproduction is possible.

In summary, we have demonstrated that administration of
EGFto near term, chronically catheterized, ovine fetuses is as-
sociated with an increase in circulating immunoreactive ACTH
concentrations. Wewere unable to demonstrate a change in
circulating CRF, AVP or catecholamine levels in response to
the EGFinfusions, and dose response curves suggest that EGF
is as potent a corticotropin releasing factor as synthetic oCRF
at low doses. Wespeculate that EGFmay be important in the
regulation of pituitary function in developing ovine fetuses.
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