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The proportion of extracted 57Co eluting as free cobalamin increased to 39-46%, that eluting as intrinsic factor-cobalamin
complex declined to 22-45%, and 9-34% now eluted as a macromolecule that reacted with antitranscobalamin II antibody
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Intrinsic Factor-mediated Absorption of
Cobalamin by Guinea Pig Ileal Cells

CYRUSR. KAPADIA, DEL SERFILIPPI, KURTVOLOSHIN, and
ROBERTM. DONALDSON,JR., Veterans Administration Medical Center,
West Haven, Connecticut 06516; Yale University School of Medicine,
New Haven, Connecticut 06510

A B S T R A C T To investigate the fate of intrinsic fac-
tor and cobalamin during cobalamin absorption, we
incubated enterocytes isolated from guinea pig ileum
for periods of up to 30 min with 57Co-labeled cyano-
cobalamin bound either to human intrinsic factor or
to rabbit intrinsic factor biosynthetically labeled with
[35S]methionine. When the labeled complex was in-
cubated for 30 min with isolated ileal cells under con-
ditions that block cellular metabolism, virtually all
cellular radioactivity could be removed by washing
the cell surface with EDTAor acid. In contrast, wash-
ing removed only half the radioactivity from cells in-
cubated at 370C in 02 When residual cellular radio-
activity was extracted and analyzed by gel filtration,
80-94% of both the 35S and 57Co radioactivity eluted
in the same fractions as the original complex. The re-
maining 6-20% eluted as free [57Co]cobalamin or
[35S]methionine. To examine events occurring after 30
min, we instilled into tied-off ileal loops of intact
guinea pigs radiolabeled intrinsic factor-cobalamin
complex and extracted nondissociable radioactivity 2-
4.5 h later. The proportion of extracted 57Co eluting
as free cobalamin increased to 39-46%, that eluting
as intrinsic factor-cobalamin complex declined to 22-
45%, and 9-34% now eluted as a macromolecule that
reacted with antitranscobalamin II antibody but not
antiintrinsic factor antibody. Extracted 35S radioactiv-
ity eluted in several peaks in addition to the intrinsic
factor peak. These findings suggest that (a) after re-
versible attachment of intrinsic factor-cobalamin com-
plex to its ileal surface receptor, an energy-dependent
process prevents removal of the complex from the cell

Parts of this research were reported at the Annual Meet-
ings of the American Society for Clinical Investigation in
May 1979, and the American Gastroenterological Association
in May 1980 and May 1981.

Received for publication 10 November 1981 and in re-
vised form 3 November 1982.

surface by EDTA or acid; (b) cobalamin dissociates
from intrinsic factor and, as suggested by previous
workers, binds to a molecule antigenically similar to
transcobalamin II; and (c) intrinsic factor is slowly
degraded and forms breakdown products that are de-
tectable in ileal extracts.

INTRODUCTION

Efficient intestinal absorption of physiologic amounts
of cobalamin (Cbl),' previously called vitamin B12,
requires binding of the vitamin to gastric intrinsic fac-
tor (IF) followed by attachment of the IF-Cbl complex
to specific receptors present on the surface of ileal ab-
sorptive cells (1). Although detailed information is
available about these initial events, the subsequent fate
of the IF-Cbl complex remains uncertain. Investiga-
tions to date have yielded conflicting conclusions. Re-
sults of experiments with everted gut sacs (2, 3), iso-
lated loops of ileum (4), and intact animals (5, 6) have
suggested that the entire IF-Cbl complex may enter
the absorptive cell, whereas other results with everted
sacs (7) and ileal loops (8) have been consistent with
release of Cbl from the IF-Cbl complex and retention
of IF at the cell surface.

Previous workers have measured ileal uptake of ra-
dioactively labeled cyanocobalamin in the presence
and absence of IF. Since either EDTAor acidification
below pH 5.4 completely dissociates IF-Cbl complex
from its receptor on isolated ileal brush borders or
microvillus membranes (MVM) (9), surface attach-
ment of labeled Cbl has been distinguished from cel-
lular absorption by measuring radioactivity before and

1 Abbreviations used in this paper: Cbl, cobalamin;
[57Co]Cbl, 57Co-labeled cyanocobalamin; CCCP, carbonyl-
cyanide m-chlorophenyl hydrazone; IF, intrinsic factor;
KRB, Krebs-Ringer bicarbonate; MVM, microvillus mem-
branes; TCII, transcobalamin II.
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after washing ileal mucosa with EDTAor an acidified
buffer. In one recent study (8), an immunocytochem-
ical technique was used to localize IF during Cbl ab-
sorption.

To investigate events occurring after attachment of
IF-Cbl complex to the ileal surface, we have used iso-
lated guinea pig enterocytes as well as tied-off loops
of guinea pig ileum. In addition to examining uptake
of 57Co-labeled cyanocobalamin ([57Co]Cbl), as has
been described in previous investigations, we also mea-
sured cellular uptake of a purified IF preparation bio-
synthetically labeled with ["S~methionine, in an effort
to trace both IF and Cbl during absorption of the vi-
tamin.

METHODS
HumanIF-Cbl complex. Gastric juice obtained with pen-

tagastrin stimulation during routine gastric secretory studies
served as the source of human IF. After treatment to inac-
tivate pepsin (10), the gastric juice was centrifuged at 40C,
pooled, and stored in small aliquots at -20'C. This pool of
gastric juice bound 105 ng of [57Co]Cbl/ml as determined
by a charcoal-binding assay (11). Greater than 90% of the
binding activity was blocked by anti-IF antibody obtained
from a pernicious anemia patient whose serum contained a
high titer of both blocking (type I) and binding (type II)
antibody activity. Human IF-Cbl complex was prepared by
adding an excess of [57CoJCbl (sp act 15 ,gCi/flg or 220 ,Ci/
jag, Amersham Corp., Arlington Heights, IL) to an aliquot
of gastric juice and removing free Cbl with hemoglobin-
coated charcoal as previously described (11).

Rabbit IF biosynthetically labeled with "S. Explants of
rabbit oxyntic mucosa were maintained in organ culture as
described previously (12) except for modifications in the
culture medium. Three explants, -3 mmeach in diameter,
were cultured over 1 ml of medium. The culture medium
consisted of Cbl-free and methionine-free Trowell's T8
(80%), Cbl-free and methionine-free NCTC-135 (10%) and
dialyzed fetal calf serum (10%), all purchased from the Gibco
Laboratories, Grand Island Biological Co., Grand Island, NY.
Each milliliter of medium also contained 100-200 uCi of
[3S]methionine (500-1,000 Ci/mmol, New England Nu-
clear, Boston, MA), 100 U of penicillin and 100 ;tg of strep-
tomycin. After 24 h of incubation at 370C in an atmosphere
of 95% 02-5% CO2, 50-72 mucosal explants were pooled and
homogenized with an all glass homogenizer (Kontes Co.,
Vineland, NJ), in 5 ml of 0.1 M phosphate buffer, pH 7.4
containing 0.3% sodium desoxycholate. The homogenate was
centrifuged at 15,000g for 10 min at 40C and the super-
natant was filtered through Sephadex G-25 (Pharmacia Fine
Chemicals, Piscataway, NJ) to remove residual f'S]meth-
ionine. Incubation media were pooled and either exhaus-
tively dialyzed for 72 h against 0.1 Mphosphate buffer, pH
7.4 or filtered through Sephadex G-25 to remove free
[35S]methionine.

IF was then isolated from the combined tissue extract and
culture medium by affinity chromatography as described by
Allen and Majerus (13) except that the size and Cbl content
of the Cbl-Sepharose columns were greatly reduced to per-
mit adequate recoveries of purified IF from the minute
quantities present in the cultured explants and media (14).
Five such isolations yielded 35S-labeled preparations con-
taining 16-73 pmol of IF with a 20,000-79,000 cpm/pmol

sp act Anti-IF antibody blocked >98% of the Cbl-binding
activity of all 35S-labeled preparations. Whensaturated with
unlabeled cyanocobalamin and fractionated on Sephadex G-
150, the 35S-labeled eluted in a single peak identical to that
obtained with human IF-[57Co]Cbl complex. This peak was
shifted completely to the void volume when treated with
anti-IF antibody (Fig. 6). In the four preparations tested,
94-107% of the 'S radioactivity was precipitated during
double-antibody immunoprecipitation with anti-IF antibody
(15) compared with 8-13% with normal human serum. When
subjected to sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis, the purified IF preparation yielded a single peak
of 35S radioactivity with an apparent molecular mass of
53,000 D. The amount of 35S-labeled IF bound to [57Co]Cbl
taken up by ileal enterocytes was 17-fold greater than that
taken up by jejunal enterocytes.

In vitro studies. Nonfasted Hartley strain male guinea
pigs weighing between 250 and 400 g were used. Enterocytes
were isolated from the proximal one-third ("jejunum") or
distal third ("ileum") of the intestines as described by
Weiser (16).

Aliquots of isolated enterocytes containing 1-4 mgprotein
(17) were incubated in 5 ml of Cbl-free NCTC-135 supple-
mented with 1.5% bovine serum albumin and containing
either free [57Co]Cbl, IF-bound [57CoJCbl, or [57CoJCbl bound
to transcobalamin II (TCII) isolated from guinea pig plasma
(18). In some experiments, 0.2 mMcarbonylcyanide m-chlo-
rophenylhydrazone (CCCP) was added to the incubation
medium. Incubations were carried out for 1-30 min at pH
7.4 in 50-ml plastic flasks gassed with 95% 02-5% CO2. Up-
take of radioactivity was terminated by addition of 8 ml of
ice-cold Krebs-Ringer bicarbonate buffer (KRB) followed by
centrifugation at 1,000 g for 5 min' at 4°C. The cellular pellet
was then washed twice in 8 ml of KRBand radioactivity was
extracted and analyzed as described below.

In three separate experiments, MVMwere prepared (19)
from isolated enterocytes incubated with IF-[57Co]Cbl. We
then measured the protein content (17), sucrase activity (20),
and [57Co]Cbl radioactivity of these isolated MVM.

The viability of isolated enterocytes was assessed by their
ability to exclude trypan blue (0.5% in phosphate-buffered
saline (PBS), pH 7.2) and by their capacity to incorporate
[1-'4C]leucine into trichloroacetic acid-precipitable pro-
tein (12).

In vivo studies. To investigate IF-mediated uptake of
Cbl by ileal mucosa for periods longer than 30 min, we in-
cubated radiolabeled IF-Cbl complex in tied-off loops com-
prising the distal third (ileum) of guinea pig intestine. Loops
were constructed between ligatures of 3-0 silk in animals
anesthetized by intramuscular injection of Innovar-Vet (Pit-
man-Moore, Washington Crossing, NJ). Either human IF
bound to 1-6.7 pmol of [57Co]Cbl or purified rabbit 35S-la-
beled IF bound to 2.4-32 pmol of unlabeled Cbl were diluted
in 6-10 ml of Hanks' balanced salt solution and injected
through the wall of the loop with a 30-gauge needle. The
abdominal incision was sutured and the animal allowed to
recover. After 30 min, 2 h or 4.5 h, animals were killed, ileal
loops excised, and contents removed. Enterocytes were then
isolated from these loops as described above.

Extraction and analysis of cellular radioactivity. To re-
move IF-Cbl complex attached to cell surface receptors, we
washed isolated ileal cells with 2.5 mMEDTA in PBS, pH
6.3 (EDTA buffer) or 50 mMacetate buffer, pH 0.5 (acid
buffer). Cells were vortexed in 10 ml of buffer, centrifuged,
resuspended in the same buffer, incubated at 37°C for 15
min with constant agitation, and recentrifuged. To extract
residual radioactivity from washed cells, we used repeated
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freezing and thawing followed by sonication with a Kontes
microultrasonic cell disrupter (Kontes Co.). The lysate was
then centrifuged at 90,000 g for 45 min at 4°C and the su-
pernatant containing the extracted radioactivity was col-
lected. Two of these extractions were carried out in the con-
tinuous presence of three tissue protease inhibitors: 0.5 mM
phenylmethylsulfonylfluoride (Sigma Chemical Co., St. Louis,
MO), 0.1 mg/ml soybean trypsin inhibitor (Sigma Chemical
Co.), and 1,000 U/ml Trasylol (FBA Pharmaceuticals, New
York). In 10 such experiments, 41-75% of the radioactivity
in the lysate was recovered in the supernatant.

The extracted radioactivity in each experiment was di-
vided into either two or three aliquots. The first aliquot was
directly subjected to gel filtration on a Sephadex G-150
(Pharmacia Fine Chemicals) column with dimensions of 75
X 1.6 cm (i.d.). 2 ml-fractions were eluted with phosphate
buffer pH 7.4 containing 2 mMEDTA.

The second aliquot of extracted radioactivity was treated
with anti-IF antibody in a quantity sufficient to bind 20 times
the amount of IF-Cbl complex present. In two experiments,
a third aliquot of extracted radioactivity was treated with
both anti-IF antibody and rabbit anti-human TCII antibody
(21) before gel filtration.

57Co radioactivity was determined using a gammaspec-
trometer, model 5230, Packard Instrument Co., Inc., Down-
ers Grove, IL. Samples containing 35S were prepared with
Atomlight fluor for radioactivity measurements in a Beck-
man LS 7000 liquid scintillation system, Beckman Instru-
ments, Inc., Fullerton, CA. Appropriate corrections were
made for the contribution of 57Co radioactivity to 35S mea-
surements.

RESULTS

In vitro studies. During in vitro incubations, 88-
93% of isolated guinea pig enterocytes excluded trypan
blue when incubated for up to 60 min in oxygenated
nutrient medium. Wealso assessed viability by deter-
mining rates of incorporation of [1-_4C]leucine into tis-
sue protein. Leucine incorporation increased in a lin-
ear fashion during the first 30 min of incubation but
then declined. Wetherefore examined uptake of Cbl
by isolated enterocytes for no longer than 30 min.

When cells from ileum or jejunum were incubated
with [57Co]Cbl, IF enhanced by 33-fold the uptake of
[57Co]Cbl by ileal cells but had no effect on Cbl uptake
by jejunal cells. Addition of type II anti-IF antibody
completely prevented IF-mediated Cbl uptake by ileal
cells. In contrast to IF, TCII did not at all increase
[57Co]Cbl uptake by ileal enterocytes.

In 24 experiments, IF-[57Co]Cbl was incubated with
ileal cells for 30 min at 370C in the presence of oxygen.
Under these conditions, 47±6% (SD) of the radioac-
tivity taken up could be dissociated from the cells by
2.5 mMEDTA whereas 53±6% (SD) was considered
to be "internalized" in that it could not be removed
from the cell surface. Table I shows, however, that
when cells were incubated at either 40 or at 370C in
the presence of the uncoupler of oxidative phosphor-
ylation CCCP, total Cbl uptake was reduced by ap-

TABLE I

Uptake of Human IF-bound [r'Co]Cbl by Ileal Cells

Surface Internalized Total
Incubation conditions attachment Cbl uptake

fmod CM/mgceU protein

370C 32±10 30±15 62±22
370C, CCCP° added 21±4 3±2 24±4
40C 27±10- 2±1 29±9

Cells were incubated for 30 min with human IF-bound [nCo]Cbl
(300 pM). 57Co uptake was measured after washing with PBS (total
uptake) or EDTAbuffer. (Surface attachment = Cbl removed by
EDTAwash; internalized Cbl = Cbl remaining after EDTAwash).
Mean results (±SD) obtained in four animals.
°CCCP: 0.2 mM.

proximately one-half, virtually all of the Cbl taken up
could be dissociated from the cell surface by EDTA,
and very little radioactivity had been internalized
(Table I). Identical results were obtained in four ex-
periments in which cells were washed with an acid
buffer instead of EDTA.

Table II summarizes results obtained when isolated
ileal enterocytes were incubated with [57Co]Cbl bound
to 35S-labeled rabbit IF. After incubation for 30 min
at 370C in the presence of oxygen, 42% of the 57Co
radioactivity and 44% of the '5S radioactivity had been
internalized and could not be washed from the cell
surface by EDTA. When cells were incubated in the
presence of CCCP, however, neither the 57Co radio-
activity nor the 35S radioactivity was internalized to
any substantial extent.

Wealso prepared MVMfrom isolated ileal entero-
cytes after they had been incubated for 30 min at 370C
with IF-bound [57Co]Cbl and then washed with either
PBS or EDTA. Preparation of MVMfrom isolated en-

TABLE II
Uptake of Rabbit 'S IF-bound [57Co]Cbl by Real Cells

Surface Internalized Total
Incubation conditions Isotope attachment Cbl uptake

fmol of Cwor IF/mg protein

370C 5Co 19±5 14±2 33±7
35S 15±9 12±5 27±12

370C, CCCPadded 5Co 18±6 1±0.2 19±5
W5S 14±4 1±0.2 15±4

Cells were incubated for 30 min with purified rabbit 5S IF-bound
[57GCoCbl (300 pM). Both 57Co and 35S radioactivity was measured
after washing with PBS (total uptake) or EDTA buffer (surface
attachment = 57Co or &5S removed by EDTA; internalized Cbl
= 57Co or 35S remaining after washing with EDTA). Mean results
(±SD) obtained in three animals.
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terocytes resulted in a 16-fold increase in sucrase ac-
tivity. When ileal cells had been washed with PBS
before MVMwere prepared, the Cbl content of MVM
in two experiments (155 and 88 fmol Cbl/sucrase unit)
was substantially greater than when the cells had been
washed with EDTA(15 and 10 fmol Cbl/sucrase unit).
On the other hand, the sucrase content of MVMpre-
pared from cells washed with EDTA (0.70 sucrase
units/mg MVMprotein) was not reduced compared
with that of cells washed with PBS (0.55 sucrase units/
mgMVMprotein). In these two experiments, the Cbl,
which was still associated with MVMafter ileal cells
had been washed with EDTA, amounted to 0.5-0.7
fmol Cbl/mg ileal cell protein. The internalized Cbl
present in the ileal cells after the EDTAwash was 19-
35 fmol/mg cell protein.

In an additional experiment, ileal cells were incu-
bated with IF-bound [57Co]Cbl for 10 min at 37GC,
centrifuged, and resuspended in nonradioactive me-
dium. Half the cells were then incubated at 4VC and
the other half at 370C for an additional 20 min, after
which time MVMwere prepared. Total sucrase activ-
ity per milligram MVMprotein were similar in MVM
prepared from the two groups of cells. However, MVM
isolated from cells reincubated at 40C contained 159
fmol Cbl/sucrase unit compared with only 74 fmol
Cbl/sucrase unit in MVMfrom cells reincubated
at 370C.

Fig. 1 illustrates the time course of IF-Cbl uptake
by ileal enterocytes during 30 min of incubation with
[57Co]Cbl bound to human IF. Surface attachment of
Cbl increased rapidly with time and was maximal at

5 min. In contrast, internalized Cbl was detectable at
5 min and accumulated thereafter in a linear fashion.

To determine whether continuous protein synthesis
was essential for surface attachment or internalization
of Cbl, we incubated ileal cells with IF-bound [57Co]Cbl
for 30 min in the presence or absence of cycloheximide
(0.5 mg/ml), a concentration five times that which
completely blocked incorporation of leucine into pro-
tein. In three such experiments, cycloheximide had no
effect on total Cbl uptake, surface attachment or in-
ternalization.

In four separate experiments, internalized radioac-
tivity was extracted from isolated ileal cells incubated
with IF-[57Co]Cbl complex for 30 min. When applied
to a Sephadex G-150 column, 93-99% of the extracted
radioactivity was recovered in virtually identical elu-
tion patterns. Of the recovered radioactivity, 80-94%
eluted symmetrically in a single major peak (hence-
forth termed "IF peak"), identical to the peak ob-
tained when human IF bound to [57Co]Cbl had been
applied separately to the same column. The remaining
6-20% eluted in a minor peak, identical to the peak
obtained when free [57Co]Cbl was separately applied.
When aliquots of the extracted radioactivity in two
experiments were subjected to gel filtration after re-
action with anti-IF antibody, the major peak of ra-
dioactivity shifted completely to the void volume.

To determine whether the radioactivity that eluted
as free [57Co]Cbl had been released from IF during
absorption or during the extraction procedure, we
added human IF-bound [57Co]Cbl to isolated ileal cells
at 4°C and immediately extracted the radioactivity.

Z ZLLJIoo0- 100-
o TOTAL UPTAKE 0W

752 1 < W 7a- 75-a75
-jw w

C) 0 INTERNALIZED'"Cb
CP 5- 0150-

gE0.

25/ 25SURFACEBOUNDCb1

O 10 2b 30 0 6 ~D 3b
MINUTES MINUTES

FIGURE 1 Time course of Cbl uptake by isolated ileal cells. Cells were incubated with 300 pM
IF-bound [57Co]Cbl at 37°C. Total uptake of Cbl (closed circles, left panel) was determined
in an aliquot of cells washed with PBS. A second aliquot was washed with EDTA for mea-
surement of internalized Cbl (right panel). The calculated difference between total and inter-
nalized Cbl gave surface bound Cbl (open circles, left panel). Circles and bars represent mean
results±SD for four experiments.
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In this control experiment, 95% of the extracted ra-
dioactivity was recovered as intact IF-[57Co]Cbl com-
plex, whereas 5%eluted as free Cbl. By contrast, when
human IF-bound [57Co]Cbl was directly applied to Se-
phadex without being subjected to the extraction pro-
cedure, 100% eluted as IF-Cbl complex. Thus, a small
proportion of the radioactivity that elutes in the minor
(free Cbl) peak during gel filtration results from deg-
radation of the IF-Cbl complex due to the extraction
process itself or to exchange between endogenous and
labeled Cbl. When ileal enterocytes were incubated
for 30 min with 'S-labeled IF bound to [57Co]Cbl, the
internalized radioactivity consisted of both 35S and
57Co. Fig. 2 shows that in the absence of anti-IF an-
tibody, all the extracted 35S radioactivity eluted in the
IF peak. Of the extracted 57Co radioactivity, 92%
eluted in this same peak. The ratio of 35S to 57Co ra-
dioactivity in the peak was the same as that in the
original incubation medium. Moveover, reaction with
anti-IF antibody shifted all of the 35S and 57Co radio-
activity to the void volume.

In vivo studies. To examine ileal mucosal uptake
of IF-Cbl for periods longer than 30 min, we instilled
human IF-bound [57Co]Cbl into tied-off ileal loops of
guinea pigs and at various intervals thereafter, isolated
enterocytes from these loops. In all experiments, Cbl
was absorbed from ileal loops as indicated by readily
detectable 57Co radioactivity in plasma and increasing
amounts of radioactivity in the liver, spleen, and kid-
neys.

ialo-
V o'

W 5

0

X0 '

> 5-

0 5

01
0S, 1030 50 70

FRACTIONS (2ml)
FIGURE 2 Gel filtration of internalized radioactivity. Ileal
cells were incubated with [57Co]Cbl (0) bound to 35S-labeled
rabbit IF (0) for 30 min and then washed with EDTA. The
upper panel shows the elution profile of extracted residual
activity. The lower panel shows the elution pattern after
treatment with anti-IF antibody. Vo marks the end of dex-
tran blue elution.

Afer 30 min of in vivo incubation, the results of gel
filtration (Fig. 3A) were the same as those obtained
after 30 min of in vitro incubation. Of the 57Co re-
covered, 75% eluted in the IF peak and was completely
shifted to the void volume with anti-IF antibody. The
remaining 25% eluted as free [57Co]Cbl. After 2 h of
incubation, 46% of the radioactivity eluted as free
[57Co]Cbl while the remainder eluted in the IF peak
(Fig. 3B). However, anti-IF antibody now shifted only
67% of the IF peak in one experiment and 84% in the
other to the void volume, suggesting that 16-33% of
the [57Co]Cbl in this peak was bound to a macromol-
ecule other than IF. After 4.5 h of in vivo incubation
in three animals (Fig. 3C shows results of a represen-
tative experiment), 39-41% of the recovered radio-
activity eluted as free [57Co]Cbl, 55-56% in the IF peak
and 4-5% in the void volume. The nature of this small
peak in the void volume is unclear but was a constant
finding at 4.5 h. In four animals, anti-IF antibody now
shifted only 39-54% of the IF peak to the void volume
so that 46-61% of the [57Co]Cbl in this peak was now
bound to a macromolecule other than IF. Fig. 4 shows
that when this IF peak was treated with an excess of
anti-TCII antibody and reapplied to the column, 59%
of the radioactivity now shifted to the void volume
and the remaining 41% eluted with the IF peak. In
two additional experiments, the extracted cellular ra-
dioactivity was treated with both anti-IF antibody and
anti-TCII antibody before gel filtration. Now 80-87%
of the IF peak shifted to the void volume (Fig. 5).

In three separate experiments, we instilled purified
rabbit 35S-labeled IF bound to unlabeled Cbl into tied-
off ileal loops, isolated enterocytes from these loops 4.5
h later, and extracted the internalized 35S radioactivity.
Fig. 6 shows that the original complex yielded a single
peak of radioactivity, which shifted entirely to the void
volume when treated with anti-IF antibody. In con-
trast, the 35S extracted from cells yielded several peaks
of radioactivity (Fig. 6). One peak of 35S eluted in the
region of purified 35S-IF. One peak eluted before and
several peaks eluted after the IF peak. When the ex-
tracted radioactivity was reacted with anti-IF anti-
body, all of the 35S in the IF peak and 85% of that in
the smaller peaks shifted to the void volume. To be
certain that these peaks of 35S radioactivity were not
produced by tissue proteases activated during the ex-
traction procedure, we added tissue protease inhibitors
throughout one extraction and obtained identical re-
sults.

DISCUSSION

Guinea pig enterocytes appeared to be suitable for
examination of IF-mediated absorption of Cbl since
IF markedly enhanced Cbl uptake by cells isolated
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B
(2-h Incubation)
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Cbl
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C
(4.5-h incubation)

Free
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plus Anti-IF AB

50

FRACTIONS (2mi)
FIGURE 3 Gel filtration of internalized radioactivity. IF-bound [57Co]Cbl was instilled into
distal ileal loops. After 30 min (A), 2 h (B), or 4.5 h (C), mucosal cells were isolated and washed
with EDTA. Residual radioactivity was extracted and subjected to gel filtration before (upper
panels) and after (lower panels) treatment with anti-IF antibody. Vo marks the end of blue
dextran elution.

from the ileum but not the jejunum, since this IF-me-
diated uptake was completely blocked by anti-IF an-

tibody, and since IF action was specific in that another
Cbl-binding protein, TCII, did not promote Cbl up-

take. Because of the limited viability of isolated en-

terocytes, however, these cells could be used for only
30 min. Moreover, isolated enterocytes may be suffi-
ciently damaged in their preparation that observed
phenomena cannot be assumed to be physiological.
Therefore, it was necessary to examine IF-mediated
absorption of Cbl not only by isolated ileal cells but
also by ileal mucosa of intact guinea pigs.

Using various experimental methods, previous in-
vestigators have shown that ileal uptake of IF-bound
Cbl requires extracellular calcium and a pH >5.4 (9,
10, 22-24). Reduction of pH or chelation of calcium
ions not only prevents attachment of IF-Cbl complex
to ileal surface receptors, but also completely disso-
ciates IF-Cbl already attached to isolated MVM(9).

Therefore, by incubating isolated ileal cells with ra-

diolabeled IF-bound Cbl and by washing these cells
with EDTA or a pH 5.0 buffer, we were able to dis-
tinguish radioactivity attached to the cell surface from
that which had been internalized. The washing pro-
cedure used was particularly vigorous to assure com-

plete removal of surface attached radioactivity.
When isolated ileal cells were incubated for 30 min

under conditions that blocked cellular metabolism,
virtually all the labeled Cbl and IF taken up by ileal
cells could be dissociated from the cell surface by
EDTAor acid. In contrast, incubation at 370C in the
presence of oxygen resulted in internalization of ap-

proximately half the radioactivity taken up.
To be certain that washing cells with EDTAor acid

had not merely stripped MVMfrom cells with IF-Cbl
complex still attached, we isolated MVMfrom ileal
cells previously incubated with IF-bound [57Co]Cbl
and then washed with EDTA. These experiments in-
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FIGURE 4 Effect of anti-TCII antibody on gel filtration of
internalized radioactivity. The macromolecular IF peak
shown in Fig. 3C, upper panel was treated with anti-TCII
antibody and subjected to gel filtration. Vo marks the end
of dextran blue elutions.

dicated that Cbl, but not sucrase, had been removed
from MVMby EDTA. Moreover, the amount of Cbl
remaining on MVMafter ileal cells had been washed
with EDTA (0.5-0.7 fmol/mg cell protein) was sub-
stantially less than the amount of Cbl internalized (19-
35 fmol/mg cell protein), and could not be dissociated
from the cells by vigorous washing with EDTA.

The results of these in vitro studies, thus, clearly
document two distinct steps in IF-mediated uptake of
Cbl: an initial, energy-independent attachment of IF-
Cbl complex to the ileal cell surface followed by in-
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FIGURE 5 Effect of anti-IF and anti-TCII antibodies on gel
filtration of internalized radioactivity. Residual radioactivity
was extracted from ileal mucosa which had been incubated
in vivo with IF-bound [57Co]Cbl for 4.5 h. The extract was
treated with antibodies against both IF and TCII. Vo marks
the end of dextran blue elution.
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FIGURE 6 Gel filtration of 35S internalized radioactivity.
Residual radioactivity was extracted from ileal mucosa in-
cubated in vivo with 35S-labeled rabbit IF bound to unlabeled
Cbl for 4.5 h. The closed circles show the elution pattern
before (upper panel) and after (lower panel) treatment with
anti-IF antibody. The open circles show the elution patterns
of the original 35S-labeled IF bound to unlabeled Cbl.

ternalization of Cbl by a process that requires cellular
metabolic energy but not the continuous synthesis of
new protein by the cell. Previous workers have used
everted gut sacs in attempts to distinguish surface at-
tachment from cellular absorption, and entry of Cbl
into mucosa has been detected within 20 min (24).
Until now, however, it has not been possible to delin-
eate clearly the early time course of these two phases
of IF-mediated cellular uptake of Cbl (Fig. 1). It is
likely that suspensions of mucosal cells are more rap-
idly and uniformly exposed to IF-Cbl complex than
are everted sacs or slices of intestine during in vitro
incubations. Since internalization of Cbl can be readily
detected within 5 min of exposure of ileal enterocytes
to IF-bound [57Co]Cbl, the long delay that occurs dur-
ing IF-mediated transport of Cbl across the ileum (25)
may occur after entry of Cbl into ileal cells.

The results of in vitro incubations also support the
concept that IF as well as Cbl is altered so that it can
not be removed from the absorptive cell surface. When
ileal cells were incubated with 35S-labeled IF bound
to [57Co]Cbl, both the 3S and the 57Co were consistently
internalized to the same extent (Table II). Moreover,
both the -5S and 57Co radioactivity extracted from ileal
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cells after washing with EDTAeluted in a single peak
of radioactivity identical to that obtained with IF-
bound Cbl and that reacted with anti-IF antibody.

When radiolabeled IF-Cbl complex was incubated
in ileal loops of intact guinea pigs for 30 min, the
results were similar to those obtained with in vitro
incubations: nearly all the internalized radioactivity
was present as immunoreactive IF-Cbl complex. After
2 and 4.5 h of such in vivo incubation, however, the
proportion of internalized radioactivity present as free
Cbl increased markedly. In addition, an increasing
amount of [57Co]Cbl was now bound to a macromol-
ecule which reacted with anti-TCII antibody but not
with anti-IF antibody.

These observations suggest that internalized Cbl is
slowly released from IF and then binds to a macro-
molecule antigenically similar to TCII. The binding
of Cbl to a TCII-like molecule within guinea pig ileal
mucosa has previously been described by Rothenberg
et al. (26) and is consistent with the results of in vivo
perfusions of Cbl in rats (27) as well as indirect ob-
servations in man (28). Still unclear is whether the
TCII-like molecule is synthesized by the ileal cell or
enters that cell from plasma. Results reported by Roth-
enberg et al. (26) suggest that this binder cannot be
detected in ileal cells until Cbl absorption occurs.

To examine the fate of internalized IF, we incubated
35S-labeled IF bound to Cbl in guinea pig ileal loops
for 4.5 h. When the m5S radioactivity was extracted
from these loops and filtered on Sephadex, it eluted
not only as immunoreactive IF, but also as a high-
molecular weight peak in the void volume and as sev-
eral small peaks, some of which reacted with anti-IF
antibody. These results suggest that cellular degra-
dation yields fragments of -5S-labeled IF, some of
which share antigenic determinants with intact IF
(Fig. 6). Some 35S-labeled IF may well be completely
degraded within the enterocyte, at the cell surface or
within the lumen to form free ['S]methionine, which
the ileal cell then incorporates into new 35S-labeled
protein. Obviously needed are experiments that ex-
amine directly the degradation of 35S-labeled IF by
homogenates and subcellular fractions of ileal mucosal
cells.

From this investigation, it is evident that a substan-
tial proportion of IF-Cbl complex cannot be disso-
ciated from the cell surface after it has been taken up
by ileal enterocytes. Our studies, however, do not per-
mit conclusions concerning the cellular location of this
internalized IF-Cbl complex. Much of the nondisso-
ciable IF-bound Cbl does appear to be membrane-
bound. Rigorous extraction procedures including son-
ication were necessary to release the complex from
cellular homogenates. When ileal cells were simply
homogenized in isotonic medium and centrifuged, the

100,000 g supernatant contained <5% of the internal-
ized radioactivity. This finding is similar to that pre-
viously reported by Marcoullis and Rothenberg (29),
who extracted immunoreactive (but biologically in-
active) IF from ileal mucosa during IF-mediated Cbl
absorption in the dog. These workers found that a sub-
stantial proportion of extracted [57Co]Cbl was mem-
brane bound and was solubilized with Triton X-100.
Our results suggest that internalized IF-Cbl complex,
although membrane bound, does not appear to be
bound to MVMsince most of the complex disappeared
from the MVMfraction of cells that had been exten-
sively washed with EDTA. It should, nevertheless, be
emphasized that our results do not provide direct ev-
idence of entry of the IF-Cbl complex into the cell.

Other investigators (2-6) have previously reported
findings consistent with such entry but were unable
to trace IF directly with a specific label. Using an
approach very similar to that used in our in vivo ex-
periments, for example, Rothenberg et al. (4) previ-
ously described IF-bound labeled Cbl associated with
the mitochondrial fraction of guinea pig ileal cells. On
the other hand, there has been no direct morphologic
demonstration of the presence of IF within ileal cells
during absorption. In a carefully executed study, Lev-
ine et al. (8) instilled IF-bound Cbl into loops of guinea
pig ileum and searched for IF with a sensitive im-
munocytochemical technique. IF was detected at the
surface of ileal enterocytes in pits between adjacent
microvilli, but no IF could be identified within ab-
sorptive cells. Although the possibility remains that the
technique used was not sufficiently sensitive to detect
intracellular IF, it is also clear that further investi-
gation are needed to delineate the precise pathways
taken by IF and Cbl during ileal absorption of the
vitamin.
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