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Abstract

Exposure of the fetal rat hepatocyte to ethanol in vitro blocks
epidermal growth factor (EGF)-dependent cell replication. To
define possible mechanisms for this growth arrest, we deter-
mined the effects of ethanol on EGFbinding and EGFreceptor
(EGF-R) levels. During a 24-h exposure to ethanol (1.7
mg/ml, 31 mM), cell replication was completely blocked while
EGFbinding per cell doubled. This effect was not specific for
EGF, with variable degrees of increased binding noted for in-
sulin, transferrin, and glucagon. Significantly increased EGF
binding was seen after 6 h of ethanol exposure, and both
growth arrest and enhanced EGFbinding were reversed within
12 h of ethanol withdrawal. Increases in both "high" and
"low" affinity sites were seen, with no changes in the apparent
Kd's. Total RNA, f,-actin mRNA, and EGF-R mRNAwere

increased 50-70% in ethanol exposed cells. However, direct
measurements of EGF-R synthesis rates by I35Sjmethionine
incorporation revealed no differences between control and eth-
anol exposed cells. Internalization of EGF-R was significantly
altered by ethanol exposure. A 2-h incubation resulted in the
internalization of 57% of the ligand in control cells, while only
31% of bound EGF was internalized in the ethanol exposed
cells. Thus, the enhanced EGF binding may be due to de-
creased efficiency of internalization.

Introduction

Since 1972, the term "fetal alcohol syndrome" has been used
to describe the pattern of cranofacial, cardiac, and other devel-
opmental abnormalities associated with heavy maternal eth-
anol consumption (1, 2). While the complete spectrum of ab-
normalities has not been reproduced in any one animal model,
numerous investigators have documented fetotoxic effects of
maternal ethanol ingestion (3-6). Ubiquitous among these is
reduced fetal weight which, in part, reflects impaired cell rep-
lication (5-7). To test this, we have used monolayer cultures of
fetal hepatocytes from the Sprague-Dawley rat, a strain that
exhibits well-documented fetal growth retardation with mater-
nal alcohol exposure (6, 7). Our previous studies with this
system have shown that ethanol exposure (4 mg/ml for 24 h or
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less) caused significant increases in cell protein, water and
plasma membrane amino acid transport, yet resulted in a vir-
tual block of epidermal growth factor (EGF)'-dependent cell
replication (8). The studies reported herein focus on this latter
effect at a more reasonable intrauterine ethanol concentration
(1.7 mg/ml). The mechanisms underlying EGF-dependent
mitogenesis are poorly understood, but one certainty is that
EGFmust first bind to the external domain of specific plasma
membrane receptors for such a mitogenic response to occur
(9). This, combined with the many documented effects of eth-
anol on cell membranes (10, 1 1), prompted a series of studies
probing the effects of ethanol on initial EGF-receptor interac-
tions. Wedocument here an ethanol-induced derangement of
EGFreceptor expression reflecting, at least in part, perturba-
tion of EGF-receptor internalization.

Methods

Cell culture. Fetal hepatocytes were obtained from Sprague-Dawley
rats (Harlan Sprague-Dawley, Indianapolis, IN), isolated from the fe-
tuses at the nineteenth day of gestation by collagenase digestion as
previously described (8, 12). Hepatocytes were allowed to plate over-
night on Primaria 35-mm plates or 75 cm2 flasks (Falcon Plastics,
Oxnard, CA) in William's essential (WE) custom culture medium
without arginine (Irvine Scientific, Santa Ana, CA) supplemented with
10%dialyzed fetal calf serum. For subsequent refeedings, WEmedium
without arginine was supplemented with 2 ng/ml EGF(Culture Grade,
Collaborative Research Inc., Bedford, MA). No fetal calf serum was
added. Whenethanol was included, concentrations were maintained at
1.7 mg/ml by incubation in an ethanol atmosphere. Ethanol levels
were constant as determined at various time points after refeeding
(Stat-Pack ethyl alcohol test kit; Behring Diagnostics, La Jolla, CA).
Ethanol exposure did not exceed 48 h and cultures were used within 72
h of plating. This system has been extensively validated and consists of
> 99% parenchymal cells that remain viable throughout the culture
period (8, 12).

Immunoassay of EGFconcentration. ELISA of EGFwas per-
formed in standard 96-well microtiter plates (Dynatech Laboratories,
Alexandria, VA). The wells were coated overnight at 4°C with a 1:200
dilution of monoclonal anti-mouse EGF(kindly provided by Dr. Peter
Ravdin) in 0.05 MNa2CO3, pH 9.0. The wells were then washed with
PBS (150 mMNaCl, 5 mMsodium phosphate, pH 7.4) plus 0.05%
Tween-20. 100 ul of the standards (receptor grade EGF; Collaborative
Research, Inc., Bedford, MA) and unknowns were incubated in the
wells for 30 min at 37°C. After washing with PBS-Tween, bound EGF
was detected by the sequential addition of 100 Ml of 1:2,000 rabbit
anti-mouse EGF(Cappel Laboratories, Organon-Technika, Malvern,
PA) in PBS-Tween and 1:20,000 peroxidase conjugated goat anti-rab-
bit IgG (Cappel). Each was allowed to bind for 30 min at 37°C, fol-
lowed by washes with PBS-Tween. Bound peroxidase was assayed with
o-phenylenediamine (13).

1. Abbreviations used in this paper: EGF, epidermal growth factor;
FAS, fetal alcohol syndrome; PDGF, platelet-derived growth factor;
WE, William's essential medium.
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EGFbinding to fetal liver cells. EGFbinding to the surface of fetal
hepatocytes was determined at 4°C on monolayer cells on 35 mm
Primaria plates. The plates were washed twice with PBS, then 1.5 ml of
binding medium (WEmedium plus 1%BSA) containing 0.1 to 0.5 MCi
of '25I-labeled EGFand added unlabeled EGFto achieve various final
EGFconcentrations. After the times indicated (usually 2 h), the bind-
ing medium was aspirated and the cell monolayer washed five times
with cold PBS. Bound radioiodine was determined by solubilizing the
cells with 2 ml of 2% SDS, 0.5 MNaOHand counting in a gamma
counter (Beckman Instruments, Palo Alto, CA). Nonspecific binding
was estimated in the presence of a 500-fold excess of unlabeled EGF.
This value was < 10% of specific binding and was not altered by eth-
anol exposure. Cell number per plate was determined in quadruplicate
on parallel plates treated identically except no radiolabeled EGFwas
used. The cells were counted with a model ZM Coulter counter
(Coulter Instruments, Hialeah, FL). Due to the previously observed
changes in cell protein with ethanol exposure (8), binding is expressed
as femtomoles EGFbound per 104 cells. The time interval for binding
equilibrium to be reached at 4°C was 2 h and was not affected by
ethanol (Fig. 1 A and B). Acid stripping (see below) of the cells demon-
strated that > 90% of the cell associated radioactivity was surface
bound and equally acid labile in both control and ethanol exposed
cells.

Binding of EGFto fetal liver cell membranes. Liver cell plasma
membranes were prepared from fetal hepatocytes cultured in 75 cm2
Primaria flasks (Falcon). The monolayer was washed twice with cold
PBS then briefly incubated with 25 mMsucrose, 100 mMNaCl, 10
mMHepes, 1 mMEDTA, pH 7.0, at 4°C. The cells were removed with
a rubber scraper and collected by centrifugation at 7,500 g for 15 min.
The pellet was then resuspended in 5 ml of homogenization buffer (250
mMsucrose, 10 mMHepes, 1 mMEDTA, 0.1 mMPMSF, pH 7.4)
and homogenized with 10 passes at high speed with a tight teflon
homogenizer. The resulting homogenate was diluted to 30 ml with
homogenization buffer and centrifuged at 2,500 g for 10 min to re-
move unlysed cells. A plasma membrane enriched cell membrane
fraction was prepared by a modification of the method of Blitzer and
Donovan (14). The Percoll gradient fractions were diluted in PBS,
collected by centrifugation, and resuspended in homogenization
buffer.
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Figure 1. Effect of eth-
anol on EGFbinding to
fetal hepatocytes. EGF
binding to fetal hepato-
cytes was determined
after a 24-h exposure to
ethanol (1.7 mg/ml)
with no ethanol present
during binding (A) or

with ethanol present
only during binding (B).
(A) Binding capacity
was determined at 40C
with 2 ng/ml EGF.
Each point represents
the mean of four deter-
minations with all eth-
anol values exceeding
its corresponding con-
trol (P < 0.05). Stan-
dard errors did not

differ > 5% of the mean. (B) Binding was measured after 2 h of incu-
bation with various concentrations of EGF. Nonspecific binding (in
the presence of 500-fold molar excess) was subtracted. Each value

represents the average of four determinations. Ethanol and control
values did not differ (P > 0.05).

For binding studies, 10-50 ,g of membrane protein was added to I
ml of 100 mMNaCl, 10 mMHepes, 5 mMCaC12, 0.1 mMMgC92,
0.01 mMPMSF, 1 mg/ml BSA, pH 7.4, containing '25I-labeled EGF
(0.05-0.1 MCi) and unlabeled EGFto achieve selected final concentra-
tions of ligand. After 3 h at 4°C, the mixture was filtered through a
0.2-Mm GVWPMillipore filter (Millipore Corp., Waltham, MA) and
the filter was washed 10 times with PBS. The filters were then dried and
counted. Membranes incubated with 500-fold excess of unlabeled li-
gand served as controls for nonspecific binding, which was < 20% of
specific binding and < 0.3% of added counts.

EGFreceptor upregulation. Fetal hepatocytes were grown in WE
medium containing 2 ng/ml of EGFwith or without 1.7 mg/ml eth-
anol. After 24 h of exposure, the cells were washed twice with PBSand
incubated with WEmedium, with or without ethanol, containing EGF
in concentrations from 0 to 2 ng/ml. After 1 h at 37°C, the cells were
washed with PBS and the EGFbinding assay was performed as de-
scribed above. Parallel plates were treated identically and cell counts
were performed to measure cell loss per plate during the washing steps.
Initial experiments showed that fetal hepatocytes grown in 2 ng/ml
EGF were maximally downregulated, upregulation was rapid and
complete by 1 h, and the process was inhibitable by cycloheximide
(Fig. 2).

Biosynthesis of EGFreceptor. Fetal hepatocytes were grown in 75
cm2 Primaria flasks with or without ethanol exposure for 24 h. The
culture medium was removed and replaced with WEmedium, without
arginine or methionine, containing 2 ng/ml EGFand 50 ,Ci/ml of
[35S]methionine (ICN Radiochemicals, Irvine, CA). After various la-
beling periods, the cells were washed twice with PBS and collected as
above and solubilized in lysis buffer (150 mMNaCl, 10 mMHepes, 5
mMEDTA, 1% Triton X-100, 0.1% SDS, 0.1% BSA, 0.1 mMPMSF,
pH 7.0). Undissolved material was removed by centrifugation and the
supernatant was treated with nonimmune mouse IgG and Affi-Gel-
Protein A for I h at RT. After centrifugation, 5 Ml of monoclonal
anti-EGF-R (monoclonal 29. 1. 1; ICN Immunobiologicals, Irvine, CA)
was added to the supernatant and incubated at 4°C overnight, followed
by precipitation with Affi-Gel-Protein A at RT for 1 h. The beads were
washed five times with the lysis buffer. The immunoprecipitated
EGF-R was eluted by boiling the beads with 2% SDS, 2% 2-mercap-
toethanol, 60 mMTris-HCI, pH 6.8, and subjected to electrophoresis
on 6% polyacrylamide gels in the buffer system of Laemmli (15). The
gel was dried, autoradiographed at -70°C with Kodak RP X-Omat
film, and the 1 85-kD band was identified and cut from the dried gel.
The gel slice was rehydrated in 10% methanol, fragmented, hy-
drolyzed, and then counted in ACS (Amersham Corp., Arlington
Heights, IL).

RNAisolation and quantitation by dot-blot method. Cytoplasmic
RNAwas isolated from cultured hepatocytes as described by Gough
( 16). Whole cell lysates for direct blotting were prepared as described
by Krawczyk and Wu (17). The cytoplasmic RNA content of the
cultured hepatocytes was measured according to the method of Fleck

0.6- Figure 2. Effect of cy-
_ Q5I cloheximide on EGFre-
le 0.4 /ceptor upregulation.
Z" ,Cells were fully down-

regulated with 2 ng/ml
EGF, then medium

co o.1 - without EGFwas added
w302 to initiate upregulation0 OS 1.0 i.5 2.0 (37°C). Plates with

Tire After EGF WithdraWl (h) media containing cyclo-
heximide (-, 50 Mg/ml)

were treated in parallel with controls (o). After the individual times,
binding was assayed with a 2-h incubation at 40C with 2 ng/ml of
EGF. Specific EGFbinding to cycloheximide-exposed cells was sig-
nificantly less (P < 0.05) than control values at each time point (five
plates per point±SEM).
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and Munro (18). EGF-R specific and ,B-actin specific RNAsequences
were determined by dot-blot hybridization to total RNA(19) or to
whole cell lysates (17) using pE7 (American Type Culture Collection,
Rockville, MD) as the EGF-R probe. For prehybridization and hybrid-
ization buffers, 5% Bailey's Irish Cream in 2x SSC was used. After
autoradiography, quantitation was performed using a Quick-Scan R&
Ddensitometer (Helena Laboratories, Helena, MN)and GS370 densi-
tometry software (Hoeffer Scientific Instruments, San Francisco, CA).

EGFinternalization. Internalization experiments were performed
similarly to those reported for asialoglycoprotein (20). Cells were first
incubated with '251-labeled EGFat 2 ng/ml for 3 h at 4°C as described
above, then washed five times with cold PBS. Internalization was initi-
ated by the addition of 2 ml of warmed WEmedium containing no
added EGFfollowed by incubation at 25°C. After the appropriate time
interval, cells were washed twice with cold PBS, acid stripped (21) with
0.2 Macetic acid, 0.5 MNaCl for 6 min, and washed five times with
cold PBS. Cell associated radioactivity was measured on the solubilized
cells as described above. Total (surface bound plus internalized) EGF
was measured in parallel plates before stripping. Parallel plates incu-
bated with 500-fold excess cold EGFwere used to estimate nonspecific
binding and fluid phase pinocytosis. These values were always < 10%
of total binding. Consistent with other reports, 7-12% of the cell bound
radioactivity in plates with excess EGFcould not be removed with the
acid stripping technique (21, 22). This value was determined in each
experiment and was subtracted from the surface binding and internal-
ization estimates.

Transferrin, insulin, and glucagon binding. Determination of
transferrin, insulin and glucagon binding were done identically to the
procedure described for EGF. '25I-transferrin (Amersham Corp.) and
unlabeled apotransferrin (Sigma Chemical Co.) were converted to the
diferric form by addition of FeCI3 to a final concentration of 8 uM at
pH 7.4. Binding assays included 0.2-0.5 AM/Ci per ml of labeled
transferrin and unlabeled transferrin to achieve the indicated concen-
trations. Labeled insulin and glucagon were from Amersham, unla-
beled insulin from E. R. Squibb & Co. (Princeton, NJ) and glucagon
from Sigma Chemical Co.

General methods. Protein determinations were by the method of
Lowry (23).

Statistical methods. Experimental data was analyzed by a one-way
ANOVAwith P < 0.05 considered to be significant. Curve fitting of
binding isotherms used a least squares method for both one- and two-
component models (Enzfitter, Elsievier Software).

Results

Effects ofEGF and ethanol on fetal hepatocyte replication. Fig.
3 A illustrates the dependence of fetal hepatocyte replication
on EGFconcentration in the culture medium. A concentra-
tion of 1 ng/ml (not shown here) resulted in no net increase in
cell number, while levels up to 10 ng/ml caused no additional
replication compared to the 2 ng/ml used under standard cul-
ture conditions. The use of insulin, glucagon, transferrin, or
platelet-derived growth factor (PDGF) alone, or in combina-
tion with EGF, resulted in no enhancement of the growth
response to EGF (data not shown). Addition of ethanol (1.7
mg/ml) to the culture medium blocked cell replication (Fig. 3
B) and this inhibition could not be overcome by increased
concentrations of EGF(8). The ethanol effect was also revers-
ible. After 24 h of exposure, withdrawal of ethanol resulted in a
resumption of cell division.

Effects of ethanol on EGFbinding to the fetal hepatocyte.
EGFbinding at 4°C reached a steady state after 2 h and there
was no significant increase in associated counts with longer
incubations (Fig. 1 A). EGFbinding to fetal hepatocytes pre-
viously growth arrested by exposure to 1.7 mg/ml ethanol for
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(mean±SEM). All
values with EGFpres-

ent exceeded those without added EGF(P < 0.05). (B) Subsequent
experiments utilized 2 ng/ml EGFwith ethanol exposure for 24 h
and a concentration of 1.7 mg/ml over that period.

24 h exceeded (P < 0.05) that to control cells by a median ratio
of 2 (range 0.75 to 4; n = 5 plates/point). This was not a direct
effect on the association of EGF with its receptor since no
ethanol was present during the binding assay. In addition, in-
clusion of ethanol at concentrations up to 4 mg/ml only during
binding produced no significant change in EGFbinding for
either control cells or for cells previously exposed to ethanol
(Fig. 1 B).

Onset and reversal of receptor overexpression. A significant
increase in EGFbinding to cells cultured in the presence of
ethanol was observed only after 6 h of exposure (Fig. 4). For
the next 18 h, EGFbinding continued to increase. If ethanol-
containing medium was replaced by standard culture medium
without ethanol, EGFbinding declined to control levels within
12 h of ethanol withdrawal.

Upregulation of EGF receptor. One explanation for the
enhanced EGFbinding following ethanol exposure could be
upregulation of an otherwise normal receptor population. For
a number of receptors, including EGFreceptor, withdrawal of
the ligand or reduction in receptor occupancy results in an
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Figure 4. Rate of onset and reversal of the ethanol enhancement of
EGFbinding. Hepatocytes were maintained in defined medium with
2 ng/ml EGFfor 24 h before exposure to ethanol (1.7 mg/ml). Eth-
anol containing medium was introduced at time 0 and sets of plates
were removed for assay of EGFbinding. (A) Ethanol values (o) ex-
ceeded (P < 0.05) control (-) at all time points (five plates/
point±SEM) except 12 and 24 h after withdrawal of ethanol. (B)
Time course expressed as EGFbinding in ethanol exposed ceUs
minus that in control cells at various times of exposure.
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increase in receptor binding to the ligand (24). As shown in
Fig. 1 B, ethanol did not directly cause any decrease in binding
to the receptor. The possibility that ethanol-exposed cells
might metabolize EGFin the medium more rapidly than con-
trols was also tested. ELISA of EGFconcentration in the me-
dium showed no differences in the levels of EGFafter 12 to 24
h in either group.

The ability of ethanol-treated hepatocytes to upregulate
was then examined. Cells were initially in a downregulated
state after culture for 24 h in medium containing 2 ng/ml
EGF. This was replaced with WEmedium containing 0.1 to
2.0 ng/ml EGFand the cells were incubated for 1 h at 37°C,
sufficient time for complete upregulation to occur (Fig. 2).
EGFbinding was measured in the usual fashion at an EGF
concentration of 2 ng/ml. The results are plotted as a function
of EGFconcentration during this upregulation period (Fig. 5).
The range of EGF-induced modulation of the receptor was
virtually identical for both groups, with the maximally upreg-
ulated state binding twice as much EGFin both instances. The
shape of the response curve was nearly identical. The concen-
tration of EGF which produced half-maximal upregulation
was the same in both cases (0.25 ng/ml; 0.04 nM). The data
confirm that the ethanol effect was not due to homologous
upregulation of the EGFreceptor as exposure of both experi-
mental groups to defined EGFconcentrations did not abolish
the observed differences. The exposure to ethanol appeared to
have altered the "set point" or minimum level of receptor for
regulation of EGF-R on the cell surface.

Effect of ethanol on the EGFbinding isotherm. To deter-
mine if the enhanced EGFbinding observed above reflected an
ethanol induced change in receptor affinity or receptor num-
ber, EGFbinding to fetal hepatocytes was measured over a
range of EGFconcentrations from 0.01 to 10 nM. A Scatchard
analysis of the binding isotherm was then employed to extract
the relative receptor numbers and affinities (Fig. 6). For up-
regulated cells, the binding curves so derived show a definite
curvilinear character, indicating that the receptor does not be-
have according to a simple, single site model. A nonlinear
least-squares fit to a two-site model (Table I) yielded an appar-
ent high affinity site with a Kd of 0.7±0.2 nMand a low affinity
site with Kd of 10.2±2.7 nM, numbers very similar to those

0.32- Figure 5. Upregulation
of control and ethanol-

0.28- exposed cells. Fetal he-

Q24\ patocytes were main-
Q24- \iw tained for 24 h in WE

medium containing 2
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> 0.12- 24bEd taining 0-2 ng/ml EGF
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Car" lated cells. After I h at
0.04- 37°C, in media with

various EGFconcentra-
0 0.5 1.0 i 2.0 tions, EGFbinding and

EGF in Prein (ng/mi) cell counts were deter-
mined (see Methods).

Value represents the mean±SEMof five plates per point. All ethanol
values exceeded control (P < 0.05).

1.5- Figure 6. Scatchard plot
of EGFbinding to in-
tact fetal hepatocytes.
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min exposure to WE
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0 0.3 0.6 0.9 1.2 1.5 1.8 2.1 Binding was then deter-

EGFBound (fmol/104 Cells) mined as per Methods.
Curves were fitted to a

two-site model generated by a non-linear least-squares method. Re-
sults are shown in Table II. Each point is a mean of five values.

reported in other cell types (24). The number of such sites
varied between isolations. For the high affinity site, each cell
possessed an average of 30,500 receptors. The inclusion of
ethanol in the binding assays resulted in no change in the
derived binding isotherm, but in culture with 1.7 mg/ml eth-
anol for 24 h, an increase in both high and low affinity sites
was observed. On ethanol exposed cells, no significant change
in the apparent affinity of the receptor sites for EGFwas seen
(Kd's of 0.83±0.2 and 9.1±2.5 nM). Both the high and low
affinity sites showed a twofold increase in a given isolation.

Binding of EGF to plasma membrane enriched fractions
from fetal hepatocytes confirmed the binding data from the
cell monolayers. A similar curvilinear Scatchard plot was ob-
tained (Fig. 7). The dissociation constants derived from a fit to
a two-component model were similar to those found for the

Table L Results of Two Component Fit for EGF
Binding to Fetal Hepatocytes

Experimental group

Parameter Control Ethanol

Cell monolayers
High affinity

Kd 0.73±0.19 0.83±0.19
n 30,470±12,000* 64,680±17,000

Low affinity
Kd 10.2±2.7 9.1±2.5
n 191,000±13,000* 373,000±103,000

Plasma membranes
High affinity

Kd 0.63±0.2 0.55±0.2
n 1.3±0.3* 1.9±0.4

Low affinity
Kd 7.2±1.1 6.4±1.5
n 11.3±3.1* 17.0±4.8

Kd values in nanomoles per liter. n (number of sites) is expressed as
sites per cell for cell monolayers and as femtomoles of EGFbovine
per milligram protein for plasma membranes. Numbers are given as
mean±the standard deviation. The results are derived from five dif-
ferent isolations and determinations of the binding curve with each
point measured in quadruplicate. * P < 0.05 ethanol vs. control.
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Figure 7. Scatchard plot
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membrane fractions de-
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100- Each point represents a
mean of three values.
Binding parameters and

50 0 8 fitted curves were deter-
0 20 40 60 80 mined as in Fig. 6 and
EGFBound (fmol/104 Cells) are presented in Table I.

whole cell. The number of sites per milligram membrane pro-
tein was increased for both high and low affinity receptor in
the alcohol-exposed cells.

Biosynthesis of the EGFreceptor. An increase in the syn-
thesis of the EGF-R could explain the increased receptor num-
ber on ethanol exposed cell if the internalization process was
not able to clear the cell surface of these additional receptors.
The rate of synthesis and accumulation of "newly" synthe-
sized EGF-R were estimated using incorporation of [35S]-
methionine into immunoprecipitable receptor. The number of
counts in the mature 180-kD receptor band on SDS PAGE
was determined after various periods of labeling (Fig. 8). There
did not appear to be a difference in free methionine accumu-
lation between control and ethanol exposed cells as the num-
ber of soluble counts in the cell lysates was similar for both
experimental groups. At early time points, methionine incor-
poration into EGF-R was not detectably different in the two
cell groups. At later time points (12 and 24 h, data not shown),
35S incorporation into the immunoprecipitated EGF-R was
increased for ethanol exposed cells. With these long labeling
times, however, the amount of labeled EGF-R does not reflect
synthetic rate alone, but the size and balance of synthesis and
degradation in the labeled receptor pool.
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300 methionine incorpora-

200 *

tion into EGFreceptor
(D 200- " in control and ethanol-

I _ _ exposed fetal hepato-

o

100-
cytes. Fetal cells wereX

0
cultured in WEme-

cn o.4 > 310 Elo gldium±2 mg/ml of eth-
Labeling Time (Min) anol for 24 h. At zero

time, the cell mono-
layer was washed and the medium replaced with WEmedium with-
out methionine±ethanol containing 20 ,Ci [35S]methionine/ml. At
the given time, the cells were washed, collected, solubilized, and the
EGFreceptor immunoprecipitated. After SDSPAGEof the immun-
oprecipitate, the gel was autoradiographed and the 180-kD band was

identified. The band was cut from the gel, and the labeled protein
eluted for scintillation counting. Each point represents the mean and
standard deviation of three or four experiments. *P < 0.05, ethanol
(o) vs. control (.).

An additional measure of capacity for synthesis of EGF-R
is the availability of the mRNAfor EGF-R. Dot blots indicated
a 65% increase in both ,i-actin and EGF-R mRNAin whole
cell lysates from ethanol-exposed cells (Table II). Direct mea-
surement of RNAcontent revealed a 50% increase in total
RNAin fetal liver cells cultured for 24 h in the presence of
ethanol (30.6±6.4 ,ug RNA/106 for control cells vs. 20.4±1.6
for ethanol-treated cells). Dot blots performed with equal
amounts of cytoplasmic RNAshowed that the abundance of
EGF-R mRNAwas not detectably different (Table II).

Effect of ethanol on EGFinternalization. Increased surface
binding of EGFfollowing ethanol exposure could be explained
by impaired internalization of the EGF/receptor complex. To
test this, rates of internalization of externally bound EGFwere
determined in a format that isolates these from the kinetics of
surface binding. Fig. 9 illustrates both the rates and the abso-
lute amount of EGF internalized by control and ethanol-
treated hepatocytes. On control cells, the amount of surface
bound EGFdeclined in an exponential fashion until 57% of
the surface receptor-ligand complex had been internalized.
The initial rate of uptake of the ligand was 1.2 fmol/ 106 cells/
min. After a 24-h exposure to ethanol at 1.7 mg/ml, the initial
rate of uptake was similar, but only 31% of the original EGF-
receptor complex was internalized when a plateau was
reached.

Effect of ethanol on transferrin, insulin, and glucagon bind-
ing to fetal hepatocytes. To determine if the effect of ethanol
was specific for EGF receptor, levels of surface binding for
three other ligands were measured. After 24 h of ethanol ex-
posure, the binding of transferrin, insulin, and glucagon were
increased by 107, 67, and 68%, respectively (Fig. 10). The
measured binding isotherm for insulin (Fig. 11) revealed es-
sentially the same result as for EGF. The apparent affinity of
the receptor was unchanged while the total amount of binding
to the surface of the cells was increased.

Discussion

Ethanol is known to perturb a number of cellular processes
such as transcription, protein synthesis, and protein secretion
(25) which could result in reduced cell growth. In the case of
fetal growth, work from our laboratory and others have docu-
mented inhibition of placental nutrient transport by chronic
alcohol consumption (26, 27), which may also contribute to
intrauterine growth retardation in fetal alcohol syndrome
(FAS). Investigations of transmembrane amino acid and nu-
trient transport and the effects on fetal cells themselves are still
incomplete, but no inhibitory effects have yet been reported
(8). The principal intent of this report is to document the
effects of ethanol directly on fetal cells and on the growth
factor interactions required for replication of these cells. These
studies indicate that (a) exposure to moderate concentrations
of ethanol blocks EGF-dependent replication of rat fetal hepa-
tocytes in culture, (b) ethanol exposure causes a progressive
reversible increase in EGF-receptor number per hepatocyte,
(c) the increase in EGF-receptor expression is associated with
reduced fractional internalization of the EGF-receptor com-
plex, and (d) binding of other ligands to fetal hepatocytes is
also enhanced by a 24-h exposure to ethanol. One potential
common link between these receptors is their internalization
via the coated pit, both as a functional carrier for receptor-me-
diated endocytosis and in receptor downregulation. Formal
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Table II. Effect of Ethanol on Fetal Hepatocyte RNA

Abundance of mRNA(% of control)

Total RNA # - Actin EGF-Receptor

Mg/lJO6 cells per usg RNA per 106 cells per Ag RNA per 106 cells

Control 20.4±1.6 100 100 100 100
Ethanol 30.6±6.4* 99.3±8.2 172±37* 103±13 165±34*

Numbers are means±standard deviations of four experiments. * P < 0.05, ethanol vs. control. mRNAvalues are expressed relative to the
amount of specific mRNAin control hepatocytes, either as mRNAper ,Ag of cytoplasmic RNAor as mRNAper 106 cells.

measures of internalization of insulin, transferrin, and other
ligands have not yet been completed. However, this apparent
nonspecific increase in binding of other ligands is consistent
with yet another membrane related effect of ethanol on cells
such as interference with coated pit function or other common
mechanisms involved in receptor internalization.

Fetal and neonatal hepatocytes have previously been re-
ported to replicate in response to EGF(8, 28). Our data con-
firm this and further show that exposure to ethanol blocks this
growth. The earliest potential site for a perturbation of the
mitogenic response to EGF is at the first step in the process,
binding of EGF to the membrane receptor. Ethanol did not
directly (acutely) reduce binding of EGFto its receptor (Fig. 1
B). Unexpectedly, EGFbinding was doubled in the cells cul-
tured for 24 h in ethanol. Subsequent experiments found this
to be relatively slow in onset, requiring 6 h of ethanol exposure
to significantly exceed control values, progressive with time
and reversible on withdrawal of ethanol (Fig. 4). Several mech-
anisms were considered as an explanation for this phenome-

0.50-
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Incubation Time (Min)
Figure 9. Effect of ethanol on internalization of the EGFreceptor
complex. Hepatocytes were upregulated by a 60-min incubation in
EGF-free medium then exposed to labeled EGF(2 ng/ml) for 3 h at
4°C. Internalization was initiated by addition of warmed binding
medium without EGFand incubation at 25°C continued for various
intervals up to 2 h. Internalized 1251 was determined by acid stripping
as described in Methods. Ethanol-exposed cells were cultured in 1.7
mg/ml ethanol for 24 h before the experiment. Each point represents
the mean of five values±SEM. Both surface bound and internalized
1251 are illustrated: A control-surface bound, ethanol-surface bound;
o control-internalized; * ethanol-internalized. P < 0.05 ethanol vs.
control for all surface bound points and P > 0.05 for all internalized
points.

non, based on what is known about the regulation of EGF
receptor levels. Increase in EGF binding assayed at a given
ligand concentration could be due to an increase in the affinity
of existing receptors and/or an increase in surface receptor
number. The latter may occur via increased receptor synthesis,
a redistribution of existing receptor to the cell surface, im-
paired internalization and degradation of the receptor, or some
combination of these.

The role of a change in the affinity of the receptor resulting
in increased binding was addressed by comparison of the bind-
ing isotherm for the two experimental groups. For both whole
cells and cell membranes, such binding studies yielded curvi-
linear Scatchard plots. The data was fit to a two-component
model and the numbers and dissociation constants of so-called
high and low affinity binding sites were derived. There is no
direct evidence that such distinct sites exist; indeed, coopera-
tive binding behavior is a more likely explanation (24). Never-
theless, such an analysis is widely used. The effect of ethanol
was to increase the number of both types of sites without any
change in the affinity of these sites for EGF.

The data presented here also argue against a role for ho-
mologous up- or downregulation of EGF-R in the observed
increase in ligand binding. Increase in receptor number on
ligand withdrawal is a commonly observed phenomenon (24).
Upregulation of EGF receptor number rapidly occurred on
withdrawal of EGF in cultured fetal hepatocytes (Fig. 2), but
the observed ethanol effect took more than 6 h to be manifest.
A reduced occupancy of the EGF-R due to a direct effect of
ethanol on ligand binding to the receptor could trigger such
upregulation. Direct assay of the acute effects of ethanol on
binding of EGF, however, revealed no such interference (Fig. 1
B). If ethanol-exposed cells metabolized EGF more rapidly
than control cells, EGFconcentrations in the medium could
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ligands. Incubation with binding medium was for 2 h. Ethanol-ex-
posed cells were cultured in 1.7 mg/ml ethanol for 24 h before assay.
Each bar represents the mean of five values±SEM. C, control, E,
ethanol treated. *P < 0.05 ethanol vs. control.
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1.0- Figure 11. Scatchard
plot of insulin binding

0.8- A to intact fetal hepato-
cytes. Cells were treated

06- as described in the leg-
A end for Fig. 6. Hepato-

0.4- cytes had no prior expo-
A sure to insulin. Ethanol

02- exposure was for 24 h
(1.7 mg/ml). Ethanol

0- i i'' cells are identified by
0 1.0 20 3.D 4.0 5.0 60 7.0 filled triangles (A) and

Insulin Bound (fmol/104 Cells) control by filled circles
(m). Each point repre-

sents a mean of five values. P < 0.05, ethanol vs. control for all points.

fall over a 24-h period, resulting in upregulation. However,
inclusion of higher levels of EGF in the medium (5 or 10
ng/ml) and shorter feeding intervals had no effect on the in-
crease in binding. Direct ELISA of EGF levels after 24 h of
culture further revealed no significant differences between
control and ethanol exposed cells. Finally, exposure of both
experimental groups to controlled concentrations of EGFdid
not abolish the observed differences. It is difficult, therefore, to
explain how such upregulation could account for the increased
binding observed. What was seen is more consistent with an
alteration in the "set point" of such EGF-mediated receptor
modulation, with an increase in total receptor on the surface.

Total EGF-R levels could increase if receptor synthesis was
enhanced without a compensatory increase in degradation.
Our data do not rule out such an effect. The increase necessary
to double the receptor amount over a 24-h period is relatively
small (6-7% per h). Such a small increase in rate could occur
and not be detectable. Because of potential differences in me-
thionine transport (8), intracellular amino acid pool sizes (38),
and turnover rates of cellular protein in alcohol-exposed cells,
an exact comparison of receptor synthesis with control cells is
difficult. At the early time points, where initial rates of incor-
poration should reflect rate of synthesis of EGF-R most
closely, there was no detectable difference in appearance of 35S
counts in immunoprecipitated EGF-R between control and
ethanol exposed cells. After labeling for 12 or more hours,
increased accumulation of radiolabel in EGF-R in ethanol ex-
posed cells was seen, reflecting not only synthesis, but turnover
and pool size of the receptor. As an additional indicator,
EGF-R mRNAlevels were measured and found to be in-
creased by 62%. However, total cellular RNA, the constituiti-
vely expressed f3-actin mRNAand EGF-R mRNAwere all
increased proportionally in ethanol exposed cells. Thus, the
increase in EGF-R mRNAis nonspecific, but could neverthe-
less result in increased EGF-R synthesis. No definite evidence
for this could be demonstrated.

A role for impaired internalization as a mechanism leading
to EGF-R accumulation on the cell membrane is attractive in
light of the known membrane disordering effects of ethanol
and previous reports of ethanol-related impairment of receptor
mediated endocytosis (30, 31). Subsequent experiments indi-
cated that this was the case with EGFand the fetal hepatocyte.
Receptor mediated endocytosis exhibits first order kinetic be-
havior which is accurately described by the fractional endocy-
totic constant (Ks) (29). Initial rates of internalization
[0.056±0.025 SE vs. 0.057±0.035 SE (fmol/min per 105 cells)

for control and ethanol, respectively] were similar, while the
ultimate fraction internalized (57 vs. 31%) was markedly re-
duced in ethanol exposed cells. Expressed in terms of K, eth-
anol exposure reduced this kinetic constant from 0.061±0.008
SE to 0.0305±0.006 SE. Similar effects have been reported for
asialo-orsomucoid (30, 31). Reduced fractional internaliza-
tion, with or without a small increase in receptor synthesis,
would result in an increase in EGF-R pool, as internalization
precedes degradation. An alternate explanation is the accu-
mulation of a population of receptor on the cell surface which
accounts for the overexpression of EGFbinding. These recep-
tors bind EGFidentically to the usual receptor (i.e., there is no
appearance of a new receptor population on Scatchard plots),
yet they are not efficiently internalized upon binding EGF.
The experiments reported herein cannot distinguish between
these two mechanisms.

Such a kinetic effect does not identify the point of ethanol
effect. Potential sites of interference with endocytosis include
receptor migration, formation of the coated pit by association
of clathrin with the membrane, or budding of the endocytotic
vesicle. The endocytotic process has been demonstrated to be
exquisitely sensitive to changes in intracellular pH and potas-
sium levels (32, 33), as well as the pH of the endosome (34).
The parallel enhancement of transferrin, insulin and glucagon
binding, in our hands, and the effects on asialoglycoprotein
handling in other reports (30, 31) argue for a relatively nonspe-
cific effect of ethanol on some key membrane function. As a
final note, several groups have provided evidence that trans-
mission of the mitogenic signal may be related to postendocy-
totic trafficking of the EGF-receptor complex (35-37). Thus,
altered endocytosis that results in a reduction in intracellular
receptor or redistribution of receptor may contribute to the
ethanol-induced impairment of fetal hepatocyte replication.
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