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Transepithelial Transport of Epidermal Growth Factor
by Absorptive Cells of Suckling Rat Ileum
Patricia A. Gonnella, Kerry Siminoski, Richard A. Murphy, and Marian R. Neutra
Department ofAnatomy and Cellular Biology and Harvard Digestive Diseases Center,
Harvard Medical School, Boston, Massachusetts 02115

Abstract Introduction

Epidermal growth factor (EGF), an acid-stable peptide present
in rodent and human milk, is absorbed and promotes intestinal
growth when fed to suckling rats. To determine whether ab-
sorptive cells of suckling rat ileum conduct selective transepi-
thelial transport of EGF, we followed uptake of 1"I-EGF from
ileal loops by autoradiography and biochemical methods. Specific
binding sites for '"I-EGF were localized by electron microscope
autoradiography on apical membranes of ileal epithelial sheets
in vitro. During uptake in vivo, radiolabeled molecules were con-
centrated in apical endosomal compartments and were also as-
sociated with lysosomal vacuoles, basolateral cell surfaces, and
lamina propria. Excess cold EGF reduced basolateral label by
44% and TCAprecipitable serum label by 38%. After 30 and 60
min of continuous uptake, radiolabeled molecules in epithelium,
denuded mucosa, blood, and liver were analyzed under reducing
conditions by reversed-phase high-pressure liquid chromatog-
raphy (HPLC) and sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). Although considerable degra-
dation of 15I-EGF occurred after uptake from the lumen, a por-
tion of radiolabel in epithelium and mucosa represented '"I-
EGFwhich eluted somewhat more rapidly from C18 HPLCcol-
umns and showed a slight decrease in apparent molecular weight
by SDS-PAGE. All radiolabel in blood and liver represented
breakdown products. Thus, EGFis selectively transported across
the ileal epithelium in suckling rats but is modified during trans-
port. Milk EGFmay accumulate in the lamina propria where it
could influence growth and maturation of the suckling intestine.
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1. Abbreviations used in this paper: CF, cationized ferritin; EDB, epithelial
dissociation buffer, EGF, epidermal growth factor, EM, electron micro-
scope; HB, homogenization buffer; HD, half-distance; LM, light micro-
scope; NGF, nerve growth factor; TFA, trifluoroacetic acid.

Epidermal growth factor (EGF),' a polypeptide hormone that
affects proliferation and differentiation of epithelial tissues (1,
2), is present in the milk of lactating mice (3, 4), rats (5), and
humans (6, 7). Previous investigators have shown that after oral
administration of 1251-EGF, radiolabeled molecules with EGF
immunoreactivity can be recovered in blood, liver, and other
tissues of suckling rats (5). Thus EGFmay be absorbed from
the gastrointestinal tract, but the specific sites of absorption and
the mechanism by which EGFcrosses the epithelial barrier are
not known.

Intestinal epithelial cells of suckling rats are specialized for
uptake, sorting, and digestion of milk macromolecules. In prox-
imal regions, specific IgG receptors on luminal membranes of
absorptive cells function in selective uptake of maternal im-
munoglobulins, intracellular sorting of IgG from soluble milk
proteins, and subsequent transport of IgG to basolateral cell sur-
faces (8, 9). In the ileum, in contrast, IgG receptors have not
been demonstrated; rather, ileal absorptive cells are specialized
for massive endocytosis and intracellular lysosomal degradation
of milk macromolecules (10-12). In previous studies, we ex-
plored the function of the complex system of endocytic com-
partments in ileal absorptive cells and demonstrated that mem-
brane-bound and fluid-phase tracer macromolecules enter sep-
arate prelysosomal compartments (13). Although both adsorbed
and fluid-phase tracers were generally transported to a common
lysosomal destination, we also detected transcellular transport
via small vesicles, a previously unrecognized pathway, when
cationized ferritin was used as an adsorptive ultrastructural tracer
protein. We recently demonstrated that nerve growth factor
(NGF), a peptide present in milk, is transported intact across
the ileal epithelium of suckling rats (14). This raised the possi-
bility that other physiologic milk proteins such as EGFmay be
selectively transported to the blood stream via this pathway.

Recently, EGFreceptors were demonstrated in membrane
preparations enriched in microvillar vesicles from small intestines
of suckling rats (15), and specific receptor-mediated binding and
endocytosis of EGFwas detected in isolated crypt and villus
cells from suckling rat small intestine (16). Whether any of these
receptors mediate transepithelial transport of the peptide has
not been examined. This study was conducted to further elu-
cidate the functions of the endocytic complex in absorptive cells
of suckling rat ileum. Specifically, our goal was to determine
whether luminal EGFbinds to apical endocytic domains of ileal
absorptive cell surfaces, whether it enters the adsorptive endocytic
pathway, and whether this peptide is selectively transported
across the ileal epithelium of the suckling rat.

Methods

Preparation of '25I-EGF. EGFwas purified from extracts of mouse sub-

mandibular glands by the method of Savage and Cohen (17) and was

iodinated using chloramine T. The specific activity of the '25I-EGF prep-
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arations used was 37.5 uCi/Mg EGF. All injected EGFsolutions con-
tained 1%bovine serum albumin (BSA) to minimize nonspecific sticking
of EGFto glassware, syringes, and tissues.

Ligated loops in vivo. Suckling Sprague-Dawley rats (10-15 d old)
(Charles River Breeding Laboratories, Inc., Wilmington, MA) were
anesthetized by an intraperitoneal injection of 0.1-0.2 ml of a solution
of 25% urethane in phosphate-buffered saline (PBS). An incision was
made along the midline of the abdomen, a segment of distal ileum was
exposed, and ligatures were passed through the mesentery without dis-
turbing mesenteric circulation. The distal ligature, placed 3 cmproximal
to the cecum, was tightened. A 27-gauge needle was passed through the
proximal loose ligature, the ligature was tightened around the needle,
and a solution of '25I-EGF in PBS/BSA was injected. As the needle was
withdrawn, the ligature was further tightened to form a leak-free luminal
compartment. After the appropriate time interval, blood was withdrawn
by cardiac puncture and the ligated loop was excised intact. The loop
lumen was rinsed with PBS and either filled with fixative solution (for
autoradiography) or processed for biochemical analysis as described
below.

To monitor possible leakage of '25I-EGF from ligated loops into the
adjacent intestinal lumen, a loop containing labeled peptide was incubated
in vivo for 60 min and then excised intact. 10 successive I-cm segments
from the unligated intestine both proximal and distal to the loop were
also excised, and radioactivity was counted. Significant radioactivity was
detected only in segments 1-3 on either side of the loop, indicating that
luminal EGFwas confined to ileum in these experiments, and did not
enter jejunum or colon. In separate studies (13) we showed that the
ligation procedure used here did not result in leakage of horseradish
peroxidase or ferritin through epithelial tight junctions.

Fixation, tissue processing, and autoradiography. Ileal tissues and
epithelia were fixed in a solution consisting of 2% freshly depolymerized
formaldehyde, 2.5% glutaraldehyde, and 4 mMCaCI2 in 0.1 Msodium
cacodylate buffer, pH 7.4. Fixative-filled ileal loops were immersed in
fresh fixative and sliced at 0.5 mm. After 2-4 h of fixation at room
temperature, slices were rinsed in 0.1 Mcacodylate buffer at 4°C, postfixed
in 1%osmium in cacodylate buffer, stained en bloc in 1%uranyl acetate,
dehydrated in graded ethanols, and embedded in Epon-Araldite. Epithelial
samples were processed in the same solutions in microfuge tubes and
pelleted in Epon-Araldite. For light microscopic autoradiography, 1-Mm
sections were stained with iron hematoxylin, coated with Ilford L4 or
K5 emulsion (diluted 1: 1 with distilled water), exposed for 1-4 wk, and
developed for 4 min in Kodak D-19 at 18°C. For electron microscope
(EM) autoradiography, thin sections were collected on forrmvar-coated
nickel grids and stained with lead citrate. Grids were carbon coated,
placed on a glass slide, and coated with a thin film of Ilford L4 emulsion
(diluted 1:4 with distilled water) by the loop method (i8). The emulsion
coat consisted of a monolayer of silver halide crystals as confirmed by
electron microscopy of undeveloped grids. After 6-8 wk, autoradiographs
were developed in Kodak D-19 (diluted 1:9) for 45 s at 18°C and were
fixed in 24% sodium thiosulfate for 3 min at 18°C. Sections were ex-
amined and photographed with a JEOL 100 CX electron microscope.

Uptake of 'II-EGF in vivo. To follow uptake of '251-EGF by light
microscope (LM) autoradiography, we injected 100 Ml of PBS/BSA con-
taining 100 ng '251-EGF (8.3 X 106 cpm) into a 5-cm ileal loop in each
of four 13-d-old rat pups. After 5, 20, 60, and 120 min, blood was collected
and the loop was excised, rinsed, and fixed. For EMautoradiography,
200 Ml of PBS/BSA containing 100 ng '251I-EGF (8.3 X 106 cpm) was
injected into a 3-cm loop in each of three 12-d-old pups. Bl6od was
collected and the loop excised, rinsed, and fixed after 20, 60, or 120 min
of continuous uptake.

The presence of '251I-EGF in endocytic pathways of absorptive cells
was assessed in EMautoradiographs. For each time interval, 15 well-
oriented cells sectioned along a central longitudinal axis were selected,
and all grains over these cells were counted. Most grains were located
entirely over large, readily demarcated compartments and were assigned
accordingly to microvilli, apical endocytic complex, giant vacuole, nu-
cleus, or basal cytoplasm. Grains were assigned to lateral or basal mem-
branes if they spanned the membrane or lay within 900 nm, the estimated

half-distance (HD) for Ilford L4 emulsion exposed by 125I and processed
as in this study ( 19).

Relative surface densities of cell compartments were calculated from
the same sections by outlining compartment boundaries, overlaying a

standard grid, and scoring the locations of all grid intersects (20). These
values were used to calculate the relative grain density in each com-
partment (21). The "apical endocytic complex" includes deep invagi-
nations ofapical plasma membrane, endosomal tubules, and endosomal
vesicles. Because of the close packing of these membranes and the in-
tervening cytoplasm, the entire area was considered a single compartment
for grain counts. The resolution of the method did not allow us to dis-
tinguish radiolabel associated with membranes or lumens from possible
radiolabel in the adjacent cytosol. Because EGFin endosomes should
be largely intact and there is no evidence for passage of EGF through
endosome membranes, we assumed that most radiolabel in this area was
within membrane compartments. The basolateral membrane compart-
ment was defined by drawing a "corridor" 2 HDwide that spanned the
basolateral cell surface. Werecognize that longitudinal sections through
polarized cells do not provide a true random sample of cellular com-
partments, because structures along the central axis are overrepresented
in such sections. Nevertheless, this method allowed us to accurately assess
relative densities of label in subcellular compartments of these polarized
cell monolayers.

Specificity of '25I-EGF uptake. To compare uptake of '25I-EGF to
that of free 125I, we injected 250 ,l of PBS/BSA containing 200 ng of
'25I-EGF (16.6 X 106 cpm) into loops in each of four 15-d-old rat pups.
Loops averaged 18 cm in length and included the entire ileum from
jejuno-ileal junction to ileo-cecal valve. Three other pups received 250
Ml of a solution containing 9.5 X 106 cpm of free 125I in similar loops.
Blood samples were collected from one pup of each group after 3, 20,
and 60 min of continuous uptake. (Two pups were sampled after 3 min
of '25I-EGF uptake.) Loops were then excised and their exact lengths
recorded so that levels of serum radiolabel could be corrected for loop
length. Blood samples were allowed to clot and serum was collected.
Radioactivity was counted in standard volumes of serum and in TCA
precipitates of standard volumes.

To test the effect of unlabeled EGFon the uptake of '25I-EGF in
vivo, we injected 50 Ml of PBS/BSA containing 50 ng '25I-EGF (4.15
X 106 cpm) into a 3-cm loop in each of two 15-d-old pups. One of the
loops also received 50 Mg of unlabeled EGF(a 1,000-fold excess). After
60 min of continuous uptake, blood was collected from both pups (com-
peted and noncompeted) and the loops were excised, rinsed, fixed, and
processed for LM autoradiography. Total radioactivity in standard vol-
umes of serum samples and TCA precipitates of these samples was

counted. Paired LM autoradiographs were photographed, and for each
sample three segments of well-oriented epithelium were selected that
included a total of 43 cells per sample. Three major areas were demarcated
as shown in Fig. 1: apical (including microvilli and endocytic complex),
vacuolar (consisting largely of lysosomal vacuoles and intervening lateral
cell surfaces), and basal (including nuclei, basal cytoplasm, and basolateral
cell surfaces). All epithelium-associated grains were assigned to one of
these compartments, and relative distributions were calculated as the
percent of the total within each sample.

'25I-EGF binding to isolated ileal epithelium. To visualize the dis-
tribution of specific EGFbinding sites on epithelial cell surfaces, we

isolated intact epithelial sheets devoid of basal lamina from the ileum
of 15-d-old pups by intravascular EDTA perfusion according to the
method of Bjerknes and Cheng (22), as modified by Phillips et al. (23).
Samples of isolated epithelium were either transferred to Hanks' balanced
salt solution (HBSS) containing 20 mMHepes buffer at 4°C, or were

fixed for 15 min in 1.5% glutaraldehyde in 0.1 Mcacodylate buffer at

23°C. Fixed tissues were briefly rinsed in cacodylate buffer, incubated
in HBSS/Hepes containing 0.1 Mglycine for 15 min at 23°C to block
free aldehyde sites, and rinsed extensively in HBSS/Hepes (without gly-
cine) at 4°C. Fixed and unfixed epithelia were then immersed in PBS
containing '25I-EGF (1 Mug/ml, 83 X 106 cpm/ml) at 4°C for 30 min,
rinsed in cold PBS, and fixed. Control epithelial sheets were exposed to
100 Mg/ml cold EGFbefore and during incubation with '251-EGF. All
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showed cell surface label; these preparations were analyzed by EMau-
toradiography. Binding of radiolabeled EGF to apical and basolateral
cell membranes of isolated epithelia was assessed by counting total plasma
mnembrane-associated silver grains in a standard length (100 Mm)of ep-
ithelium in EMautoradiographs. The standard length was obtained by
pooling random short lengths of well-oriented epithelial regions.

Analysis of radiolabeled molecules. To determine what portion, if
any, of the '25I-EGF remained intact during and after epithelial uptake
and transport, we analyzed radioactive molecules in tissue samples by
high-pressure liquid chromatography (HPLC) and sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE). Two rat pups, 14
d of age, received 100 ,l of PBS/BSA containing 2.5 Mig EGF(2 X 105
cpm) in 15-cm ileal loops. After 30 and 60 min of continuous uptake,
0.5 ml of cardiac blood was collected, the entire liver was excised, and
the ligated loop was removed intact. Blood was mixed with an equal
volume of homogenization buffer (HB), consisting of 0.1 Mphosphate
buffer containing protease inhibitors (0.5 mMphenylmethylsulfonyl
fluoride, 1 ug/ml aprotinin, 2 ug/ml antipain, and 2 ug/ml leupeptin),
and frozen on dry ice. A liver extract was prepared in a dounce homog-
enizer containing I ml of the same buffer and frozen. To separate epi-
thelium from mucosa, the ileal loop was flushed with 10 ml of ice-cold
PBSand cut into three segments. Each 5-cm segment was everted on a
wooden rod, washed in two changes of cold PBSfor 5 min, and immersed
in epithelial dissociation buffer (EDB) for 10 min at 40C. EDBconsisted
of 200 mMsucrose, 76 mMNa2HPO4, 19 mMKH2PO4, 60 mMNaCl,
and 20 mMEDTAwith protease inhibitors. Everted segments were then
transferred to 10 ml of fresh EDBand shaken. Epithelia are selectively
removed by this procedure, leaving basal lamina and lamina propria
intact (22). Denuded mucosa was scraped into 1 ml of HB, homogenized,
and frozen. Epithelia were pelleted, resuspended in 1 ml HB, and also
homogenized and frozen.

Reversed-phase HPLCwas performed on a C18 Bondapack column
(Waters Instruments, Inc., Rochester, MN) equilibrated in 0.1% tri-
fluoroacetic acid (TFA) with 21%acetonitrile. Samples (epithelium, mu-
cosa, or liver extracts, and serum) were diluted 1:1 with starting solvent,
applied to a 7.8 X 30-cm column, and the column was washed for 5
min in the same solvent. Material was eluted with a 20-min acetonitrile
gradient (21-63%) in 0.1% TFA. Flow rate was 2 ml/min. Fractions (0.2

IB

Figure 2. EMautoradiographs of apical borders of representative absorptive cells in isolated epithelial samples exposed in vitro to '25I-EGF at 40C.
(A) Microvilli (MV) and deep invaginations of apical plasma membrane (INV) are labeled but internal compartments are not. (B) In the presence
of 100-fold unlabeled EGFthe number of apical silver grains was reduced by 80% and no label was detected on many cells, as shown here.
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or 0.5 min) were collected, and radioactivity in each was measured in a
gammascintillation counter (75% efficiency; Packard Instrument Co.,
Inc., Downers Grove, IL).

For SDS-PAGE, samples of serum and extracts of epithelium, de-
nuded mucosa, and liver were precipitated with 20%6 TCA, washed twice
in acetone, and solubilized in sample buffer containing SDSand mer-
captoethanol. Aliquots containing 2,000 cpm were applied to 13-22%
polyacrylamide gels along with 2,000 cpm of stock '25I-EGF. Gels were
stained with Coomassie Blue, dried, autoradiographed by exposure to
XAR5film (Eastman Kodak Co., Rochester, NY) with a Cronex Lighting-
Plus intensifying screen (DuPont Co., Wilmington, DE) at -80'C, and
developed after 7 d.

Results

Specificity of '25I-EGF binding, uptake, and transport. The pres-
ence and distribution of '25I-EGF binding sites on plasma mem-
branes of ileal absorptive cells were assessed by briefly exposing
fixed isolated epithelial sheets to '251I-EGF at 40C, in the presence
or absence of excess (100-fold) unlabeled EGF. EMautoradio-
graphs showed that '25I-EGF bound to both the microvillar and
invaginated domains of villus cell apical membranes (Fig. 2 A)
and also to basolateral membranes. In the presence of competing
unlabeled peptide, binding was reduced by 80%on apical surfaces
(Fig. 2 B) and by 76% on basolateral surfaces (not shown).

To test the possibility that the radiolabel appearing in blood
after uptake from ileal loops represented free '25I derived from
the stock '251-EGF solution or from rapid luminal proteolysis
of 1251-EGF, uptake of free 1251I from ileal loops was compared
with that of '251-EGF (Fig. 3). Free 125I was readily transported
and accumulated rapidly in the blood during the first 20 min,
but blood levels did not increase thereafter. At all times after
free 1251 uptake, only 1-2% of serum counts were TCA precip-
itable. In contrast, uptake of radiolabel into blood from 1251_
EGF-filled loops showed an early, rapid increase (comparable
with that of free 1251) followed by a more gradual but steady
increase from 20 to 120 min. From 5 to- 16% of these counts
were TCAprecipitable. Control samples of EGFwere 77%TCA
precipitable both in the presence and absence of serum.

The degree of specificity of the transepithelial transport
pathway for EGFwas estimated by analysis of LM autoradio-
graphs and by TCA precipitation of blood radiolabel after 60
min of continuous 1251I-EGF uptake in the presence or absence
of 1,000-fold competing unlabeled EGF. LM autoradiographs
of tissue from noncompeted loops (as in Fig. 1) revealed 27%
of epithelial label located apically, 30% in the vacuolar com-
partment, and 43% in the basal area. In competed loops, total
grain counts over the epithelium were comparable with non-
competed loops, and apical label was only slightly decreased
(from 27 to 23%). Label in the basal area, however, was clearly
decreased (from 43 to 24%), and relatively more grains were
located over vacuoles (53%). Total radioactivity per unit volume
of blood was comparable in rat pups with competed and non-
competed loops, but the presence of excess cold EGFreduced
the proportion of serum radiolabel that was precipitated by TCA,
from 15.3% in the noncompeted rat to 9.5% in the presence of
cold EGF.

Intracellular route of '25I-EGF. Uptake and transport of 125j1
EGFby ileal epithelial cells was first visualized by LMautora-
diography (Fig. 4). At 5 min the microvillus border and a narrow
strip of apical cytoplasm was radiolabeled, but no significant
label was detected in deeper regions of absorptive cells or in the
lamina propria (Fig. 4 A). By 20 min (Fig. 4 B) silver grains were
present over the apical portions of absorptive cells (corresponding
to the region occupied by the endocytic complex), over the giant
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Figure 4. LMautoradiographs of villus epithelium fixed after either 5 min (A) or 20 min (B) of continuous uptake of '25I-EGF from ileal loops in
vivo. (A) At 5 min, radiolabel retained by fixation is confined to luminal cell borders (arrows), a region including microvilli and apical portions of
the endocytic complex. (B) By 20 min, radiolabel is present in apical regions and also in deeper regions of epithelial cells (arrows).

Epidermal Growth Factor Transepithelial Transport in Suckling Rat Ileum 25

. 5~ i'
%,A

II- An
A..

.4.1



Table I. Distribution of Radioactivity in Absorptive Cells during Continuous Uptake of '25I-EGFfrom Ligated Loops

Autoradiographic grain distributiop

20 min 60 min 120 min

Relative grain Relative grain Relative grain
Cellular compartment Relative volume Grains density Grains density Grains density

Microvilli 7.3 14 1.9 10.5 1.4 14 1.9
Endocytic complex 13.9 33 2.4 44.5 3.2 28 2.0
Giant Vacuole 44.8 20 0.4 22.5 0.5 24 0.5
Golgi complex 1.1 0 0 0.5 0.5 0.5 0.5
Nucleus 8.7 6 0.7 4 0.5 8 0.9
Basal cytoplasm 7.5 12 1.6 4 0.5 11.5 1.5
Basolateral membrane 16.7 15 0.9 14 0.8 14 0.8

Total 100 100 100 100
(202 grains) (200 grains) (374 grains)

Distribution of silver grains was calculated from EMautoradiographs of 15 absorptive cells at each time interval as described in Methods. Relative
volumes of subcellular compartments were uniform at the three time intervals examined. Relative grain density refers to the percent of grains in a
given compartment divided by the relative volume of that compartment (21). This provides a basis for comparing relative concentrations of radio-
label in various subcellular regions.

lysosomal vacuole, and over basolateral regions of epithelial cells.
Some label also appeared in the lamina propria. After 60 and
120 min of continuous uptake, the general distribution of grains
over the epithelium was comparable with that observed at 20
min, but at 120 min the autoradiographic reaction over all areas,
including lamina propria, increased significantly.

EMautoradiographs prepared after 20, 60, and 120 min of
continuous 1251-EGF uptake were analyzed as described in
Methods. Percentages of total grains associated with major cell
regions, the relative volumes of these regions, and relative grain
densities are shown in Table I. At all three time intervals, 10-
14% of total grains were present over microvilli. Some of these
grains were at the bases of microvilli (Fig. 5), and may have
been associated with intermicrovillus membrane, a site of fre-
quent coated pit formation. At all times, the highest numbers
of grains (up to 44%at the 60-min interval) and the highest grain
densities were over the apical endocytic complex (Figs. 5 and
6), indicating a significant concentration of label in endosomal
compartments (Table I). The close proximity of apical plasma
membrane invaginations, smooth endocytic vesicles, coated
vesicles, and labyrinthine tubular membranes within this area
made more precise localization impossible, but many heavily-
labeled areas contained only tubulocisternae (Fig. 6). Beneath
the endocytic complex, the giant lysosomal vacuole contained
20-24% of the total grains at all times. Because the vacuole
represents - 45% of cell volume, however, radioactivity was
not highly concentrated in this compartment. Some '251-labeled
molecules had apparently already been delivered to the baso-
lateral side by 20 min: 26% of the grains were present in the
basal regions of absorptive cells with 1%over basal cytoplasm
and 15% associated with basolateral membranes (Fig. 7, A and
B). Calculated grain densities in the basolateral membrane com-
partment were low (0.8-0.9) in spite of apparent association of
many grains with this structure (Fig. 7 A). This may be because
the basolateral membrane "compartment" was defined for the
purpose of grain counts as a wide, membrane-spanning corridor

whose relative volume was much greater than the membrane
itself, a single line source running through this corridor. 25I-
EGFwas sometimes found in the vicinity of coated vesicles and
coated areas of basolateral membrane (Fig. 7 B), but the reso-
lution of the autoradiographic technique did not permit us to
confirm the presence of EGFin these structures.

To confirm the existence of transepithelial transport vesicles
in neonatal ileum, tissues were fixed and examined by EM60
and 90 min after introduction of cationized ferritin (CF) into
the lumen as described in reference 13. Small clusters of CF
were contained in vesicles in the basal cytoplasm of absorptive
cells and were also present along basolateral cell surfaces
(Fig. 7 C).

Fate of '25I-EGF after uptake and transport. To determine
tb what degree EGFwas altered or degraded during and after
transepithelial transport, we analyzed radiolabeled molecules in
the epithelium, underlying mucosa, blood, and liver by HPLC
(Fig. 8) and SDS-PAGEautoradiography (Fig. 9). When stock
radiolabeled EGFwas chromatographed on a C18 reversed-phase
column, radioactivity eluted in a single major peak at 48% ace-
tonitrile, with a retention time of 17.5 min (Fig. 8 A). Radiolabel
in extracts of epithelium and mucosa eluted somewhat earlier
than stock EGF. Epithelial extracts eluted in three distinct peaks,
at 14, 15.5, and 16.5 min (Fig. 8 B). Mucosal radioactivity eluted
in a broad peak over a similar range, from 14 to 18 min (Fig. 8
C). In addition, a portion of the radioactivity extracted from
tnucosa eluted in much earlier peaks, at 5 and 6 min. In contrast,
radioactivity in serum and liver eluted principally in the early
peak at 5 min, and a portion of label in serum also eluted in a
smaller peak at 6 min. Free 125I eluted entirely in a peak at 5
min, in the presence or absence of serum.

SDS-PAGEand autoradiography of the same tissue extracts
(epithelium, mucosa, serum, and liver) obtained after 30 min
of continuous -25I-EGF uptake, is shown in Fig. 9. Stock samples
of '25I-EGF electrophoresed in a diffuse band with molecular
weight in the range of 6-12 kD, as previously reported (24).
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'25I-EGF fed orally to suckling rats was recovered as immuno-
reactive, labeled molecules of a size large enough to be excluded
from Sephadex G25 columns in various tissues including intes-
tinal wall, blood, and liver (5). In other studies, orally admin-
istered EGFpromoted growth of intestinal tissues of adult (25)
and suckling rats (26). Systemically administered EGFis trophic
for gastrointestinal tissues (27-30) and EGFreceptors have been
demonstrated on epithelial cells isolated from both adult (31,
32) and suckling (16) rodent intestines. EGFreceptors were re-
ported present in equal numbers on both crypt and villus cells
isolated from suckling rats (16), but their distribution along the
length of the small intestine or their exact location on apical or
basolateral surfaces was not ascertained. In our studies using
isolated villus epithelial sheets, '25I-EGF bound to basolateral
but also to apical membranes of ileal villus cells. In vivo, 125I-
EGFwas taken up from the lumen by villus cells, but little or
no binding or uptake of luminal '25I-EGF was observed in crypts.
This suggests that EGFreceptors on crypt cells may be located
primarily on basolateral membranes, perhaps functioning to
promote proliferation of the epithelium itself. Subcellular frac-
tions of rat small intestinal villus cells, enriched in microvillus
membranes, were recently found to contain specific EGF-binding
activity (15), indicating that villus EGFreceptors are located at
least in part on luminal membranes and thus would be available
to bind EGFin milk. By EMautoradiography, we have now
shown that in the ileum, EGF binds specifically not only to
microvillus membranes but also to the invaginated apical mem-
brane domains previously shown to be involved in endocytosis
of membrane-bound luminal molecules (13, 33). It should be
emphasized that the goal of this study was to elucidate trans-
epithelial transport systems in the specialized absorptive cells of
suckling rat ileum, and thus only ileum was examined. The pos-
sibility remains that luminal EGFreceptors are also present on
duodenal and jejunal cells and that endocytosis and transcytosis
of EGFoccurs in proximal as well as distal small intestine.

The absorptive epithelium of the entire rat small intestine
is highly endocytic during the suckling period, the first 3 wk
after birth. During this time, proteolytic enzyme activity in the
intestinal lumen is low (34), so that little degradation of milk
occurs in the lumen of the gastrointestinal tract. In absorptive
cells of proximal small intestine, specific receptors for the Fc
portion of IgG mediate uptake and transepithelial transport of
intact maternal antibodies from milk to the circulation of the
young (8, 9). Undigested milk then passes to the ileum where it
is endocytosed and degraded intracellularly. Ileal absorptive cells
take up luminal contents into a highly developed complex of
endosomal compartments and transport them to a giant lyso-
somal vacuole for degradation (10-12). Degradation products
are presumed to diffuse across vacuolar and cell membranes,
and hence into the neonatal circulation. Although this process
was generally thought to be nonselective, directing all compo-
nents of milk along a single lysosome-directed path, recent studies
from this laboratory demonstrated that the tubulocisternal sys-
tem is involved only in uptake of membrane-bound molecules
(including CF and certain lectins) and that soluble molecules
such as native ferritin are directed by the ileal cell into separate,
vesicular prelysosomal compartments (13). The observation that
small amounts of membrane-bound (but not soluble) tracers
were transported to basolateral cell surfaces suggested that ileal
cells, like their counterparts in jejunum, might sort certain
membrane-bound milk molecules, perhaps bound to specific
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Figure 6. EMautoradiograph of the apical region of an ileal absorptive cell 60 min after intraluminal injection of '251-EGF. Although label was
present throughout the endocytic pathway, in lysosomal vacuole (LVi) and basolateral regions, it was most concentrated in apical tubulocis-
ternae (TC).

receptors, out of the lysosome-directed pathway for transepi-
thelial transport. Wehave now shown that the physiologic milk
peptide EGFmay be selectively transcytosed via this pathway.

The doses of luminal EGFused in this study were well in
excess of the levels present in rat milk, and presumably also far
higher than the total binding capacity of ileal cell EGFreceptors.
To detect uptake and transport by EMautoradiography, we ap-
plied up to 1 gg/ml to an epithelium that normally would be
exposed to milk concentrations of only - 40 ng/ml (5). Under
these conditions, nonspecific binding of the peptide to cell
membranes may occur (16) and in addition, significant amounts
of soluble EGFwould be expected to enter the fluid-phase uptake
pathway. Nonspecific uptake by both of these mechanisms could

have contributed to lysosomal degradation and subsequent dif-
fusion of free 125I and labeled amino acids into the mucosa and
blood, measured in this study as radiolabel not precipitable by
TICA, and label appearing very early during elution from the
reversed-phase HPLCcolumn. Previous tracer studies indicated
that the giant lysosome receives all of the proteins present in
fluid-phase vesicles as well as most of the adsorbed molecules
that enter the tubulocisternae (13). The proportions of EGFthat
reached the lysosome via these two pathways could not be de-
termined in our EMautoradiographs. In any case, lysosomal
degradation and loss of label would account for the lack of in-
crease in relative grain density over lysosomes between 20 min
and 2 h of continuous '25I-EGF uptake. Lysosome membranes
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Figure 7. Lateral and basal surfaces of absorptive cells, 120 min after
injection of 125I-EGF (A and B) or 90 min after injection of CF (C)
into ileal loops. (A) Silver grains are associated with highly interdigi-
tated surfaces of adjacent absorptive cells. Parallel lateral plasma

RI~ ~ ~ ~ ~ ~ *

membranes (LM) are indicated by arrows. (B) Silver grains are also
associated with noninterdigitated regions of lateral cell membrane
(LM). (C) Small clusters of CF appear along basolateral membranes
after 60-90 min of uptake from the lumen.
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Figure 8. HPLCelution profiles of stock '12I-EGF (A) and radiolabeled
molecules recovered from tissues (B-E) after 60 min of continuous uptake of25 30 '251I-EGF from ileal loops. (B) epithelium; (C) mucosa (epithelium removed);
(D) serum; (E) liver.

are generally permeable to amino acids but not to dipeptides or
larger molecules (35) so EGFand large degradation products
should not diffuse from lysosomes into the cytoplasm or lamina

E M EGF
.y y y

Figure 9. Autoradiograph of
13-22% SDS-PAGEafter
electrophoresis of epithelial
extract (E), mucosal extract
(M), and stock 1251I-EGF.
Molecular weight of radio-
labeled bands in E and M
are slightly lower than that
of stock EGF.

propria. Free 1251I and radiolabeled amino acids released by ly-
sosomal digestion would be lost from tissues during fixation and
embedment before autoradiography, and should not have con-
tributed to the autoradiographic reaction in basal cell regions
and lamina propria.

Although the autoradiographic and biochemical data ob-
tained in this study are consistent with transport of the major
portion of endocytosed EGFto the giant lysosomal vacuole and
subsequent degradation, they are also consistent with entry of a
small amount of intact EGF into a transepithelial transport
pathway. Transepithelial transport of EGF has been demon-
strated in hepatocytes and was determined to depend in part on
binding of the peptide to hepatocyte membranes (36). In ileal
cells, high grain densities observed over apical tubulocisternae
suggest that a significant amount of EGFwas initially taken up
in membrane-bound form. The site at which EGFenters the
transepithelial pathway could not be ascertained, however. Small
amounts of EGFcould have been sequestered in transepithelial
transport vesicles formed directly from clathrin-coated regions
of apical membrane, or alternatively could have been withdrawn
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from the tubulocisternae, where clathrin-coated pits are also fre-
quently observed. Transcytosis was due at least in part to binding
of '25I-EGF to specific receptors, because inclusion of 1,000-fold
unlabeled EGFresulted in a 44%decrease in radiolabel in basal
regions of epithelial cells as visualized by autoradiography and
a 38% reduction in TCA pfecipitable serum radiolabel. In ad-
dition, however, a significant amount of 23I-EGF appeared to
cross the epithelium in a nonspecific fashion. The possible ex-
istence of a nonselective, fluid-phase transepithelial transport
pathway, comparable with that documented in hepatocytes (37)
has not been ruled out. Weconsider it unlikely that ileal transport
of EGFwas due simply to fluid-phase vesicles, however, because
no transepithelial transport was detected in previous studies in
which soluble proteins were applied to the ileal mucosa in con-
centrations as high as 25 and 10 mg/ml (native ferritin, references
10 and 13) or 20 mg/ml (horseradish peroxidase, reference 11).
It seems more likely that honspecific adherence of '251I-EGF was
responsible for a portion of the labeled peptide that entered apical
tubulocisternae and transepithelial transport vesicles because
nonphysiological, adherent tracers such as cationized ferritin
were seen to follow the same route.

Previous investigators demonstrated that a portion of orally
fed EGFthat is transported across the gastrointestinal epithelium
retains immunoreactivity and, at least in mucosa, retains its
ability to bind to EGF receptors (5). Although the isoelectric
point of orally fed '25I-EGF was reported to shift in the lumen
and during uptake, some of the transported peptide recovered
from blood and liver was considered structurally intact on the
basis of its elution in the void volume of Sephadex G25 gel
filtration columns (5). In preliminary intestinal uptake studies,
however, we observed that radiolabeled molecules recovered
from serum and liver eluted from Sephadex G50 columns at
molecular weights higher than that of standard EGF, suggesting
noncovalent binding of labeled EGFor its fragments to other
proteins. In parallel studies on uptake of 125I-NGF, we showed
that degradation products of 125I-NGF (but not intact '251-NGF)
were recovered from liver and brain noncovalently bound to
larger molecules and that such binding accounted for all radio-
activity in the void volume of such columns (14). In the present
study, we therefore chose to examine transported EGFradiolabel
under dissociating conditions: reversed-phase HPLCin strong
acid and organic solvents, and SDS-PAGE.

Radiolabeled molecules in extracts of epitheliusf and mucosa
were eluted from C18 HPLCcolumns at positions slightly dif-
ferent from the elution position of standard EGF, indicating
that the charge or hydrophobicity of the peptide was modified
during transepithelial transport. On SDSgels, radiolabeled pep-
tides from epithelium and mucosa appeared as bands migrating
somewhat more rapidly than the broad band representing
monomeric and dimeric forms of standard radiolabeled EGF
(24), and therefore slightly reduced in molecular weight. The
magnitude of this reduction could not be determined in the gel
system used. Internalization of EGFin fibroblast target cells has
been reported to result in sequential changes (38-41) beginning
with a rapid, minor modification that appears to occur after
entry into an acidic compartment (39, 40) but before entry into
lysosomes (40, 41). This early modification, consistent with re-
moval of one or more amino acids from the carboxy terminus
(38, 41), did not result in loss of receptor binding activity (40,
41) or immunoreactivity (41). Subsequent stages of modification

and breakdown required lysosomal enzyme activity and resulted
in loss of receptor binding (40, 41). Our data suggest that EGF
also undergoes limited cleavage during transepithelial transport.
Such changes may occur rapidly, perhaps upon entry of EGF
into an apical endosomal compartment in ileal cells, because
no unmodified EGFwas detected in epithelial extracts. Further
studies are needed to map the exact transcellular route of EGF
and to determine whether EGF remains receptor-associated
along this pathway.

Radiolabel in serum and liver extracts, in contrast, eluted
as markedly different positions from those of both "standard"
and "modified" EGFby HPLCand were not detected on SDS
gels, suggesting that extensive degradation had occurred. Serum
EGFis known to be rapidly and efficiently bound by hepatocyte
receptors (42); as much as 90% of an injected dose was cleared
during a single pass through the liver (43). In this study, the
mucosal EGFthat entered the bloodstream must have been rap-
idly removed and degraded in liver and perhaps in other target
tissues, because no accumulation of intact or modified peptide
could be detected in serum at any point during uptake. In con-
trast to our data, Thornburg et al. (5) detected labeled immu-
noreactive peptides in blood and liver after oral feeding of 125I-
EGFto suckling rats. Our HPLCand SDS-PAGEresults do not
rule out the possibility that immunoreactive fragments of EGF
persisted in blood and liver after ileal uptake.

Despite modifications during its uptake from the lumen, the
EGFderived from milk that accumulates in the mucosa may
be biologically active (5) and could bind to local receptors such
as those on crypt cell basolateral membranes to stimulate cell
proliferation in the suckling intestine. This hypothesis is sup-
ported by the observation that feeding of EGF-supplemented
formula to suckling rats induced intestinal growth but had no
effect on stomach or liver (25). In separate studies, we have dem-
onstrated that nerve growth factor, a peptide also present in
milk, is transported across the ileal epithelium of suckling rats
but is not cleared as rapidly from the blood and thus could
potentially influence the development of distant neural tissues
as well as enteric neurons (14). The influence of milk EGF, in
contrast, may be limited to the intestinal mucosa because rapid
hepatic clearance would prevent the delivery of biologically active
peptide to distant sites.
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