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The relation between intrinsic factor (IF) and
the vitamin B12-binding activity of gastric juice is
controversial. There is considerable evidence that
IF either binds vitamin B12 or is intimately as-
sociated with a binding substance (2), but the
importance of binding in IF function is not clear
(3). It is apparent that binding of vitamin B12 is
not the sole basis for IF action, since there are
many substances that bind the vitamin but lack
IF function (4, 5). It has been suggested that ab-
sorption of physiological quantities of vitamin B12
requires that the vitamin be bound to IF when it
reaches absorption sites (6, 7). Under these
conditions, the quantitative estimation of vitamin
B12 absorption derived from isotope studies would
depend upon the amount of radioactive cyanoco-
balamin (radioB12) bound to IF at the time of ab-
sorption. Biliary excretion of vitamin B12 has
been documented (8, 9) and an enterohepatic cir-
culation of the vitamin postulated (8). If ex-
change took place in the intestinal lumen between
this unlabeled vitamin B12 and IF-bound radioB12,
then measurements of radioactivity would under-
estimate the total amount of vitamin B12 absorbed.
Previous investigations have not been directly
concerned with the possibility that such an ex-
change might occur.

This report describes studies of gastric juice
binding and absorption of radioB12 in which Co60-
labeled cyanocobalamin (Co60B12) and Co57-la-
beled cyanocobalamin (Co57B12) were used simul-
taneously. A significant exchange between free
and gastric juice-bound cyanocobalamin was ob-

* A preliminary report of part of this investigation has
appeared in abstract form (1). This work was sup-
ported in part by U. S. Public Health Service training
grant 2A-5155 from the National Institute of Arthritis
and Metabolic Diseases to the Boston University School
of Medicine.

tClinical Investigator, Veterans Administration.

served in vitro. Absorption tests carried out in
pernicious anemia patients and in gastrectomized
rats suggested that IF was involved in this ex-
change. Exchange also occurred between gastric
juice-bound radioB12 and unlabeled vitamin B12
present in the intestinal juice and tissues of rats.

METHODS

Collection of gastric juice. Human gastric juice was
obtained after the administration of histamine (10) to
fasting hospitalized patients. Care was taken to prevent
contamination with saliva, and specimens containing bile
or blood were discarded. The juice obtained during
each 15-minute period was immediately titrated electro-
metrically to pH 10 with 10% NaOHin order to inacti-
vate pepsin (11). After 20 minutes, the pH was ad-
justed to 7 with 1 N HCl and the juice was then filtered
through coarse filter paper. During collection and neu-
tralization, the individual specimens were kept chilled.
The 3 or 4 specimens obtained from each patient were
pooled and stored in small samples at -20' C.

Gastric juice was collected from fasting albino rats
by ligating the pylorus and instilling 1 ml of 10%
NaCO, into the stomach (11). Five hours later, the
stomach was removed and its contents were emptied into
a flask. A volume of 3 to 12 ml of juice at pH 8.1 to 9.8
was obtained from each rat. Juice from several rats was
pooled, neutralized to pH 7.0, filtered, and stored at
-200 C.

Measurement of radioactivity. Samples containing
CoB57B2 and Co'B,, were counted in well-type scintillation
counters. Samples of small volume were measured by
means of a counter containing a U-inch sodium iodide
crystal and equipped with an automatic sample-changing
device. Samples of large volume were counted in an in-
strument containing a 21-inch crystal and accommodating
25-ml vials. Both instruments were equipped with spec-
trometers. Because of a wide difference in their gamma
spectra, Co' and Co" were easily resolved in mixtures
of the two. Optimal window and voltage settings for
each isotope were obtained in order to give maximal
efficiencies and minimal cross-counting. For mixtures
of the isotopes the following calculations were applied:
Co' counts = [N,, - R2 (N,,)I]/(1 - R,R2) and Co""
counts = [N57 R, (N,,) I / (1 - RI R2), where N,, equals
counts obtained for mixed samples at optimal Co' settings,
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N,, equals counts obtained for mixed samples at optimal
Co"7 settings, R, equals NST/N° for pure Cow, and R2
equals N6O/N\T for pure Co"7. Since R, was 0.04 to 0.09
and R. was 0.003 to 0.005, the denominator (1 - RR2)
was considered to equal unity.

Enough counts were obtained at each setting to reduce
counting error to less than 2%. When standard samples
containing various mixtures of the two isotopes were
compared with samples containing a single isotope, the
results agreed to within 2%.

Absorption tests. The absorption of 0.25 ,ug of radio-
B,2 was tested in fasting, hospitalized patients by means
of the Schilling test (12). A "flushing' dose of 1,000 ;Lg
of cyanocobalamin was administered intramuscularly 2
hours after radioB,, had been given orally; urine was then
collected for 24 hours. A 25-ml sample of urine was
counted. The pernicious anemia patients tested had been
shown to have histamine-fast achlorhydria, megaloblastic
anemia, low serum vitamin B,2 levels, and a reticulocyte
response to injected cyanocobalamin.

In rats, absorption was studied by a fecal excretion test
previously described in detail (13). Stools were col-
lected for 7 days after 0.01 ,Mg of radioB,, had been ad-
ministered into the stomach through a fine polyethylene
tube.

Separation of free and bound cyanocobalamin by dialy-
sis, starch gel electrophoresis, and dextran gel filtration.
Dialysis was used to separate free from gastric juice-
bound radioB12, since the latter is unable to pass through
a cellophane membrane (11). Duplicate 2-ml samples
were placed in Visking cellophane bags and dialyzed with
constant stirring against 3 L of 0.15 M NaCl for 72
hours at 60 C. The dialysate was replaced daily. The
bags were then removed and their contents were assayed
for radioactivity.

Electrophoretic separation of free and gastric juice-
bound radioB,2 was accomplished by the vertical starch
gel technique described by Smithies (14). Electrophore-
sis was carried out for 15 hours at room temperature with
0.023 M borate buffer at pH 8.6. In this system, as has
been shown previously (15), free radioB12 migrates
cathodally, whereas radioB12 bound to normal gastric
juice migrates anodally. Since concentration of gastric
juice was avoided in these experiments, no amido black-
staining material was detected after electrophoresis.
Therefore, normal human serum was placed in each of
the outermost slots of the gel to serve as a reference for
the migration of radioactivity. After electrophoresis, the
two areas of gel containing serum were sliced and stained
with amido black 10B. Under the conditions described,
beta,-globulin (transferrin C) moved anodally 5.2 to 6.4
cm. RadioB,2 bound to human or rat gastric juice had the
same mobility as the postalbumin region of normal hu-
man serum. Recovery of radiocativity applied to starch
gels varied from 85 to 97%.

The use of dextran gel (Sephadex) columns to sepa-
rate free and bound radioB12 has not been previously
described in detail, although Kakei and Glass (16) have
published an abstract concerned with dextran gel filtra-

tion as a means of measuring the binding of cyanocobala-
min. The dextran gel used in this study (Sephadex G-50)
excludes substances with molecular weights greater than
8,000 to 10,000. Thus, free radioB,2 (molecular weight
1,355) mixes in the intragel water phase and is not com-
pletely eluted until a volume of eluant equal to the total
column volume is applied. On the other hand, radioB12
bound to the substances of gastric juice with large molecu-
lar weights does not mix in the intragel water phase and
is therefore eluted by a volume of eluant equal to the
volume of the external water.

In the present study, 2-ml samples of free, or bound
radioBl, or both were applied to 15 X 1.6-cm columns of
Sephadex G-50. The columns were then eluted with 0.15
MNaCl at a rate of 0.3 to 0.8 ml per minute. The eluate
was collected with an automatic fraction collector in 3.0
to 5.0-ml samples. Satisfactory separation of free and
bound radioB,2 was regularly accomplished within 90 min-
utes and was reproducible (Figure 1). In 45 experi-
ments, the recovery of radioactivity applied to the col-
umns was 98.9 ± 2.4 (SD) %. Radioactivity eluted
from the column in the "bound peak" (peak I) was non-
dialyzable and had the same electrophoretic mobility as
gastric juice-bound radioBl2. Radioactivity eluted in the
"free peak" (peak II) was dialyzable and migrated with
the same electrophoretic mobility as free radioB12. When
increasing amounts of radioB,, were added to a constant
amount of gastric juice, the quantity of radioactivity ap-
pearing in peak I remained constant while that in peak
II increased.

RadioB12 was added in excess to each of nine speci-
mens of neutralized human gastric juice, and the bind-
ing capacity of these specimens was determined both by
dialysis and by dextran gel filtration. The binding ca-
pacities as measured by both methods agreed in each case
within 3%.

Two separate Schilling tests were performed in a pa-
tient with pernicious anemia. When 0.25 Ag of radioB,2
eluted in peak I was administered orally, 18.9% of the
radioactivity was excreted in the urine. In the second
test, only 2.5% of 0.25 Mug of radioBl, obtained from the
column in peak II was excreted.

Measurement of endogenous vitamin B121 activity.
Fasting female albino rats weighing 150 to 250 g were
sacrificed by a blow on the head. The intestine was
quickly ligated and divided at the pylorus and at the ileo-
cecal valve. The entire small intestine wuras then re-
moved, and its contents were gently flushed into a gradu-
ated tube with 5 ml of chilled Krebs-Ringer-bicarbonate
solution (KRB) (17). Everted sacs were made from
10-cm segments of mid-intestine and were incubated in 5
ml of KRB according to the method of Wilson and
Wiseman (18). Liver and segments of mid-intestine
were homogenized in Potter-Elvehjem glass homogeni-
zers in 5 ml of chilled KRB. These homogenates were
then washed with additional chilled KRB, centrifuged,

1 The term "vitamin B12" is used here in a generic sense
and refers to substances that promote growth of Euglena
gracilis in the bioassay.
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VOLUMEELUTED, ml

FIG. 1. SEPARATION OF FREE AND HUMANGASTRIC JUICE-BOUND RADIOB,2
BY DEXTRANGEL FILTRATION. An excess of Co°'B,2 was added to normal hu-
man gastric juice, and the mixture was incubated at 370 C. After 2, 4, 6,
and 24 hours, a 2-ml sample of the mixture was applied to the same dextran
gel column and eluted with 0.15 M NaCl. Elution rates and collection vol-
umes were varied slightly to demonstrate the reproducibility of elution pat-
terns. Only peak I radioactivity was nondialyzable. Incubation at 370 C did
not alter the binding capacity of gastric juice.

and finally resuspended in 5 ml of KRB. Everted in-
testinal sacs, intestinal homogenates, and liver homoge-
nates were incubated for 1 hour at 370 C with shaking in
an atmosphere saturated with 95%o 02 and 5% CO2.
After incubation, the everted sacs were removed from
the flasks, dried in an oven, and weighed. Liver and
intestinal homogenates were separated from the su-
pernatant fluid by centrifugation at 25,000 X g for 5 min-
utes, dried, and weighed. Total vitamin Bl,-like activity
of intestinal juice and of KRB that had been incubated
with everted intestinal sacs, intestinal homogenates, and
liver homogenates was measured by Euglena gracilis as-
say (19).

RESULTS

Exchange between free and gastric juice-bound
radioB,2 in vitro. Bound radioB,2 was prepared
by adding Co60B,2 to neutralized rat or human
gastric juice at room temperature. The amounts
of Co0B12 -added were approximately twice those
necessary to saturate the binding capacities of the
gastric juice. One hour later the mixture was
subjected to dialysis for 72 hours at 60 C. The
bound- Co6OB12 remaining in the bag was then re-
moved and incubated at pH 6.8 to 7.0 for varying
periods with an equal quantity of free Co57B,2.
After incubation, 2-ml samples of the mixture

were dialyzed for 72 hours at 60 C. The amounts
of Co57B12 and Co60B12 remaining in the bag were
then determined. In control experiments, bound
Co60B12 was mixed with 0.15 M NaCl, incubated
for varying periods, and then dialyzed for 72 hours.
Exposure of human or rat gastric juice to repeated
and prolonged dialysis at 370 C did not result in a
significant decrease in binding capacity or loss of
IF activity of the gastric juice. In 14 experiments,
the binding capacity after dialysis at 370 C was 91
to 102% of that observed when the same speci-
mens were dialyzed at 60 C. Retention of IF
activity after prolonged dialysis was demonstrated
in 15 patients with pernicious anemia and in 2
gastrectomized rats.

As illustrated in Table I, it was regularly ob-
served that a significant quantity of the initially
free Co57B12 became bound (nondialyzable) while
a similar amount of the Co60B12 disappeared from
the dialysis bag. The longer the mixtures were
incubated before dialysis, the greater was this
exchange between the two isotopes, but the total
amount of bound radioB12 did not change sig-
nificantlv. In six other dialysis experiments, the
protocol was similar, but the amounts of radioB12
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TABLE I

Demonstration of exchange between free and bound radioactive cyanobalamin (radioB12) by dialysis

RadioB12 remaining in dialysis bags

Mixture of free Co57 B12
and bound Co6w B12*

Bound
Total Co60 B12*

Time Co57 B12 Co60 B12 radioB12 alone

mpg mnug mpg mIg
Before dialysis 12.7 12.4 25.1 12.4
After dialysist following

incubation for: 2 hours 3.5 8.9 12.4 12.1
4 hours 4.4 7.7 12.1 11.8
8 hours 5.3 6.9 12.2 11.9

24 hours 5.8 6.7 12.5 11.9

* Bound to neutralized human gastric juice.
t After incubation at 370C, the mixture of Co57 B12 and Co60 B12 or the bound Co60 B12 alone was dialyzed at 6° C for

72 hours.

were varied and the isotopic forms of radioB12
were alternated. Exchange was demonstrated in
all experiments, and the percentage of theoretical
exchange in all periods never varied more than
14%.

Exchange between the two isotopes was ex-
pressed as the percentage of theoretically complete
exchange. Thus, if the mixture initially contained
exactly equal quantities of bound Co60B12 and free
Co57B12, exchange would be complete when one-
half of the radioB12 remaining in the dialysis bag
consisted of the initially free Co57B12. In all ex-
periments, therefore, the amount of exchange
that occurred was calculated by dividing the ob-
served ratio of the two isotopes by the ratio ex-
pected for complete exchange. Experiments were
carried out in which mixtures were incubated at
pH 6.8 to 7.0 at 370, 220, and 60 C. As Figure 2
shows, the rate of exchange between free and
bound radioB12 increased as the temperature in-
creased. The rate of exchange was similar for
both rat and human gastric juice.

Mixtures containing varying proportions of
Co57B.2 and Co60B12 were added to either rat or
human gastric juice, and after incubation for 1
hour at room temperature, dialysis was carried
out for 72 hours. The relative amounts of the
two isotopes that became nondialyzable were the
same as the relative amounts present before dialy-
sis. Therefore, one isotope did not appear to be
more readily bound by gastric juice than the other.
When gastric juice-bound radioB12 was incubated
at 370 C with 10-4 M cobalt sulfate for 24 hours
and then dialyzed, the amount of bound radioac-

tivity did not decrease. Thus the observed ex-
change between free and bound radioB12 appar-
ently involved the entire cyanocobalamin mole-
cules rather than the cobalt isotopes per se.

In vitro exchange between free and gastric juice-
bound radioB12 could also be demonstrated by

LIOO

80

pE 60

g 40
20

L0~- 20

2 4 8
HOURSOF INCUBATION

24

FIG. 2. EFFECT OF TEMPERATUREON EXCHANGEBE-
TWEENFREEANDBOUNDRADIOBV. Mixtures of free Co"7B12
and gastric juice saturated with Co'Bl2 were incubated
at various temperatures. At 2, 4, 8, and 24 hours, samples
of the mixtures were dialyzed in cellophane bags for 72
hours at 6° C, and the amounts of nondialyzable Co' and
Co'0 were then determined. The observed exchange be-
tween free and bound radioB12 was expressed as the per-
centage of theoretically complete exchange as defined in
the test. In two other experiments, the protocol was

similar except that the amounts of radioBmD used and the
times of incubation were different. In all experiments,
rate of exchange increased with increasing temperature,
and percentage of theoretical exchange at 24 hours always
agreed within 10%.
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mia; fecal excretion tests in gastrectomized rats
were performed with Co57B12 bound to rat gastric
juice.

The results of a series of Schilling tests car-
ried out in six patients with pernicious anemia
are summarized in Table II. A separate Schilling
test was performed after the oral administration
of each of the following: free Co57B12, bound
Co6OB12, a mixture of the two prepared immedi-
ately before administration, and a mixture of free
and bound radioB12 incubated at pH 6.8 to 7.0 at
370 C for 18 hours. In each patient, the per-
centage of initially free Co57B12 excreted in the

10 AAM

FIG. 3. DEMONSTRATIONOF EXCHANGEBETWEENFREE

AND GASTRIC JUICE-BOUND RADIOB12 BY STARCH GEL ELEC-
TROPHORESIS. A mixture of equal quantities of Co'B,2
bound to human gastric juice and free Co51B,2 was sub-
jected to starch gel electrophoresis. Bound Co'B12 mi-
grated anodally while free Co7B, l migrated cathodally.
When the mixture was incubated at 37° C for 4 and 24
hours, an exchange between Co"7B,2 and Coe°B12 was

noted. The total amount of radioB12 in each of the peaks
remained constant.

starch gel electrophoresis. When free Co57B12
and bound Co60B12 were mixed and immediately
subjected to electrophoresis, separation of the two
isotopes on starch gel was virtually complete,
as Figure 3 shows. When, however, this mixture
was incubated at pH 6.8 to 7X0 at 370 C, signifi-
cant quantities of the initially free Co57B12 mi-

grated anodally while equal amounts of Co6°B12
moved cathodally. During these experiments, the
total amounts of free and bound radioB12 re-

mained constant.
Finally, mixtures of free and gastric juice-

bound radioB12 were subjected to dextran gel
filtration after incubation at 370 C. Exchange be-
tween bound and free radioB12 was again demon-
strated (Figure 4). The rate of exchange at
37° C, as determined by dextran gel filtration, is
shown in Figure 5.

Absorption tests. For these experiments, the
binding sites of human and rat gastric juice were

saturated with radioB12 as described above.
Co6OB12 bound to human gastric juice was used
for Schilling tests in patients with pernicious ane-

40
QT
lz.
Z.
th

F.. ,

VOLUMEELUTED, ml

FIG. 4. DEMONSTRATIONOF EXCHANGEBETWEENFREE

AND GASTRIC JUICE-BOUND VITAMIN Br, BY DEXTRANGEL

FILTRATION. A mixture of equal quantities of free Co'TB,,
and human gastric juice-bound Co'Br, was incubated at
370 C. At intervals, 2-ml samples of the mixture were

applied to dextran gel columns. The elution pattern is
shown for samples incubated for 0.1 and 4.0 hours. The
solid lines represent total radioB%, (Co5TBr2 plus Co°B2I),
whereas the dashed lines represent Co6'B,2 alone. With
incubation, an increasing amount of CoOTBr, was found in
peak I ("bound peak") while an equal amount of Co"B,2
disappeared from peak II ("free peak"). The total
radioB,2 in each peak remained constant.
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z40
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TABLE II

Absorption of free and bound radioactive cyanobalamin (radioBI 2) by patients with pernicious anemia

Radioactivity excreted in urine

Experiment I* Experiment II* Experiment III*

C&57 B12 Co60 Bl2t Co57 B12 Co60 B12t Co57 B12 Co60 Bl2t
Patientt (free) (bound) (free) (bound) (free) (bound)

% % % % 7o %
1 1.4 13.7 5.0 14.4 5.8 8.8
2 1.7 16.8 5.0 12.2 8.0 10.5
3 2.7 17.2 4.2 10.6 5.7 6.3
4 2.3 19.8 4.8 14.3 7.1 10.0
5 5.6 23.4 10.0 16.3 11.2 12.6
6 1.0 14.9 4.2 8.6 5.0 6.2

Mean 2.4 17.6 5.5 12.7 7.2 9.1

* Experiment I: Co57 B12 and Co6O B12 given separately at least 1 week apart. Experiment II: Co57 B12 and CoBO B12
given together without prior incubation. Experiment III: Co57 B12 and Co6B B12 given together after prior incubation
of the mixture at 370 C for 18 hours.

t Each patient received the same gastric juice specimens in all 3 experiments.

urine was observed to be higher when the unin-
cubated mixture was given than when free
Co57B12 was given alone. In five of the six sub-
jects, there was concomitant decrease in excretion
of initially bound Co60B,2. These changes were
even more marked when the mixture was incu-
bated before its administration.

Similar experiments were carried out in two to-
tally gastrectomized rats, except that in this case

HOURSAFTER ADDITION OF C057

FIG. 5. KINETICS OF EXCHANGEBETWEEN FREE AND

BOUNDRADIOB12 AS DETERMINEDBY DEXTRANGEL FILTRA-

TION. The experimental conditions were the same as

described in Figure 4. If complete exchange occurred,
then 50% of both the free and bound fractions would
consist of CoeB12. The plot above illustrates the ap-

proach to this equilibrium (Ceq) for Co'B12 only. The
plot for Co"7B12 is superimposable, thus demonstrating
true exchange.

Co57B12 was bound to rat gastric juice and Co60B12
was given as the free vitamin. As shown in Fig-
ure 6, the results of these experiments paralleled
those obtained in patients with pernicious anemia.
Absorption of initially free Co60B,2 was enhanced
in the presence of gastric juice fully saturated with

14IJ
t 100
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q 80
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'4.
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FIG. 6. ABSORPTION OF FREE AND GASTRIC JUICE-
BOUNDRADIOB12 BY TOTALLY GASTRECTOMIZEDRATS. In 2
rats, fecal excretion of radioactivity was measured for 7
days after oral administration of 10 m/g of free Co'B12,
or 10 m/ug of Co"7B,2 that had been bound to rat gastric
juice, or both. In experiment I, free Co'B,2 and bound
Co17B,2 were administered at least 1 week apart. In
experiment II, free and bound radioB,2 were given im-
mediately after mixing the two. In experiment III, the
mixture of free Co'B12 and bound Co57B,, was incu-
bated for 24 hours at 37° C before its administration.
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TABLE III

Total vitamin B,2 in rat tissue extracts as
determined by Euglena gracilis assay

Vitamin Amount
Tissue B12* dialyzable

Intestinal juice 11.7t 73
Everted intestinal sac 1.4$ 42
Washed intestinal homogenate 3.9 48
Washed liver homogenate 7.4 25

* Expressed as millimicrograms per total intestinal juice
from a single rat or per 100 mg of tissue.

t Average of 3 determinations.
$ Average of 4 experiments.

Co57B12. At the same time, absorption of ini-
tially bound Co57B12 was correspondingly dimin-
ished in the presence of free Co60B12. Absorp-
tion of Co57B12 and Co06B12, as determined by fe-
cal excretion measurements, was approximately
equal when the mixture was incubated before its
administration. Absorption of total radioB12
(Co57B12 plus Co60B,2) was the same whether the
free and bound radioB1, were given separately or
in either of the mixtures.

Exchange between gastric juice-bound radioB12
and vitamin B12 obtained from tissues of the rat.
Since exchange in the above experiments had
been determined by use of two radioisotopic spe-
cies of cyanocobalamin, it was of some interest to
determine whether naturally occurring vitamin B12
could also participate in such a process. This
might have considerable bearing on the interpre-
tation of various in vitro experiments employed by
other workers to assess the absorption-promoting
properties of IF. The techniques used to deter-
mine the extent to which vitamin B12 escaped
from tissues (see \'Methods) were therefore de-

signed to simulate the conditions under which
most of these in vitro studies have been performed.

Table III lists the amounts of total and dialyz-
able vitamin B1, found in these studies. A single,
gentle flushing of the intestinal lumen with a small
quantity of KRByielded considerable amounts of
vitamin B12 as determined by Euglena assay. This
vitamin B12 was considered to have been present
in the intestinal juice, and 73% of it was found to
be dialyzable. When everted sacs of intestine
were washed and incubated with KRBfor 1 hour,
additional vitamin B12 activity was found in the
medium bathing the mucosal surface and 42% was

dialyzable. About twice as much activity was

leached out of intestinal segments that were ho-
mogenized and washed before incubation, but the
proportion of dialyzable material remained the
same. Washed liver homogenates treated in a

similar fashion yielded a still larger amount of
vitamin B.2, but only 25% of this was dialyzable.

In order to determine whether the substance
that was biologically active in the Euglena assay

was capable of exchange with cyanocobalamin
bound to gastric juice, the following experiment
was performed. Two ml of rat gastric juice with
binding sites completely saturated with 9.1 m/ug of
Co57B12 was placed in each of five dialysis bags,
which were then individually dialyzed for 24 hours
at 370 C at pH 7.4 against 5 ml of each of the tis-
sue extracts. In a control experiment, one bag was

dialyzed against 5 ml of KRB. After this initial
dialysis, the bags were removed and dialyzed
against a large volume of 0.15 MNaCl at 60 C for
48 hours in order to remove unbound material.

The first two columns of Table IV list the total
and dialyzable vitamin B12 present in the various

TABLE IV

Exchange of gastric juice-bound Co57B12 with vitamin B12 extracted from tissues

Final bag contents
(after second dialysis)

Vitamin B12*
Vitamin Theoretical

Tissue extract Total Dialyzable B12t Co67 B12 Co05 B12$

mpg mpug mpg mpAg mpg
Intestinal juice 12.5 9.1 10.0 3.4 4.5
Everted intestinal sac extract 1.9 0.8 8.3 8.1 8.4
Homogenized intestinal extract 4.2 2.0 8.6 7.9 7.5
Homogenized liver extract 11.2 2.8 9.4 6.9 6.9
Krebs-Ringer-bicarbonate solution (control) 0 0 8.8 8.7 9.1

* Amount present by Euglena assay in fluids against which Co"' B12 bound to gastric juice was initially dialyzed.
t By Euglena assay.

Assuming complete exchange during initial dialysis.
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tissue extracts against which the gastric juice-

bound Co17B.2 was initially dialyzed. The third
and fourth columns record, respectively, the total
vitamin B12 content as determined by bioassay
and the Co15B12 remaining in the dialysis bag at
the completion of the second dialysis. The last
column shows the amounts of Co57B12 theoretically
present in the dialysis bags at the end of the sec-

ond dialysis if complete exchange during the first
dialysis is assumed.

In general, the greater the amount of dialyzable
vitamin B12 in the extracts, the lower the activity
of Co57B12 remaining in the bags at the comple-
tion of the experiment, and considering the ex-

perimental errors involved, the expected and ob-
served values agree well. Also, the total content
of vitamin B12 remaining in the bags after the sec-

ond dialysis was approximately equal to that pres-

ent at the beginning of the experiment (9.1 mug),
indicating that the amount of Co57B12 displaced
from the gastric juice was replaced with an equiva-
lent amount of tissue-extracted vitamin. In three
other experiments, the protocol was similar, ex-

cept that the total vitamin B12 content remaining
in the bags was not measured. In all experiments,
the reduction in final bag radioactivity was pro-

portional to the vitamin B12 content of the tissue
extracts. Thus, in whatever chemical form vita-
min B12 may exist in intestinal juice or in tissue
extracts, its biological activity in the Euglena as-

say appeared to be proportional to its ability to
exchange with gastric juice-bound radioB12.

DISCUSSION

The meaning of the phrase "binding of vitamin
B12" depends upon the methods used to measure

this binding (11). In the present study, a sig-
nificant exchange between free and gastric juice-
bound radioB12 could be demonstrated in vitro
whether binding was determined by dialysis, by
electrophoresis, or by dextran gel filtration. At
370 C, exchange between free and bound radioB12
was approximately 40% complete within 2 hours
(Table V). At lower temperatures, a much
slower rate of exchange was observed. Highley
and Ellenbogen (20) have recently shown that
only 10%c of hog IF-bound radioB12 was made
dialyzable by incubation with an equal quantity
of unlabeled cyanocobalamin at 40 C for 24 hours,

TABLE V

Rate of exchange between free radioBs2 and radioB12 bound
to human gastric juice as determined by different methods

for measuring binding*

Percentage of theoretically complete exchange

Starch gel
Incubation Dialysis Gel filtration electrophoresis

hours
2 39 [36-43] 43 [41-45]
4 56 [52-61] 61 [59-64] 70 [67-73]
8 75 [66-80] 84 [81-88]

24 84 [79-87] 96 [95-97] 95 [93-97]
No. of

experiments 7 3 2

* In all experiments, free and bound radioB12 were mixed in approxi-
mately equal quantities and incubated at 37° C. Average values are
given, with ranges in brackets.

i.e., only 20% of theoretically complete exchange
had occurred. These results agree with our ob-
servations at 60 C.

IF cannot be equated with the binding activity
of gastric juice, since vitamin B12-binding sub-
stances that lack IF activity are present in gas-
tric juice (21). The exchange observed between
free and gastric juice-bound radioB12 may have
involved only nonspecific binding substances unre-
lated to IF. Absorption studies, however, in pa-
tients and rats lacking IF showed that: 1) the
absorption of free radioB,2 was consistently en-
hanced when it was administered with gastric juice
fully saturated with an equal amount of radioB,2;
2) at the same time, bound radioB12 was ab-
sorbed more poorly when it was given with free
radioB12 than when it was given alone; and 3)
when a mixture of equal amounts of free and bound
radioBl2 was incubated at 370 C for long periods
before it was administered, the free and bound
radioBl2 were absorbed to approximately the same
extent. These results indicate that IF may share
in the exchange observed in vitro between free and
gastric juice-bound radioB12.

The correlations observed in the present study
between gastric juice binding and absorption of
cyanocobalamin are consistent with the concept
(3) that binding of vitamin B12 may play an im-
portant role in the function of IF. The results
obtained confirm previous observations in man
(22, 23) which suggest that, in the presence of
free cyanocobalamin, gastric juice-bound cyano-
cobalamin is preferentially absorbed.

In contrast to our findings, Toporek (22) con-
cluded from similar experiments that exchange

541



ROBERTM. DONALDSON,JR., ANDJAY H. KATZ

between free and gastric juice-bound cyanocobala-
min was "slow or negligible." The data of Schil-
ling and Schloesser (23) tend to support Topor-
ek's conclusion. This discrepancy may be due to
differences in experimental techniques, since in
both studies only small changes in the percentage
of excretion of radioactivity were possible with the
large doses of cyanocobalamin used, and the re-
sults of giving gastric juice-bound radioB12 alone
were not reported. Even so, the results in six of
eight of Toporek's patients could be interpreted as
demonstrating some degree of exchange.

It was demonstrated by Euglena gracilis assay
that vitamin B,2 was present in the intestinal juice
of rats in quantities approaching the amounts of
radioB12 given in various absorption studies (24-
26). The assay method is not specific and will
measure pseudovitamin B.2 as well as cyanoco-
balamin and cobamide coenzymes (27-29). Since
the material found in intestinal contents was able
to exchange with gastric juice-bound radioB'2, it
is unlikely that this material consisted only of
pseudovitamin B12, which does not compete ef-
fectively with radioB12 for gastric juice-binding
sites (30).

It should be emphasized that cyanocobalamin
does not exist as such in nature and that the vi-
tamin probably occurs naturally as a cobamide co-
enzyme (31). In whatever form the unlabeled
vitamin B12 exists in intestinal juice, it appears to
be able to displace radioB12 from the binding sites
of gastric juice and may therefore effectively com-
pete with gastric juice-bound radioB12 for ab-
sorption sites.

The presence of unlabeled vitamin B12 in in-
testinal contents can be attributed to the signifi-
cant quantities of the vitamin that have been found
in bile (8, 9). Intestinal excretion of unlabeled
vitamin might also occur, since it has been ob-
served both in the present study and previously
(32) that vitamin B12 is released in vitro from the
mucosal surface of everted intestinal sacs.

It would appear that absorption tests that meas-
ure radioactivity after the oral administration of
radioB12 cannot be interpreted as representing an
absolute estimation of total vitamin B12 absorption.
As a result of exchange with unlabeled vitamin
B12 present in the intestinal lumen, the amount of
radioB12 that is bound to IF would tend to di-
minish during its passage down the small bowel.

Total absorption of the vitamin would therefore
be underestimated if calculated only on the basis
of the specific activity of the administered radioB12.
The difference between actual and apparent ab-
sorption would vary depending upon: 1) the rela-
tive amount of unlabeled vitamin available for ex-
change, 2) the length of time during which ex-
change could take place in the intestine, and 3)
intraluminal factors, such as the presence of vita-
min B12-binding substances, which might affect
the rate of exchange.

Unlabeled vitamin B12 present in the intestine
could also become bound by any available IF and
could then compete with IF-bound radioB12 for
absorption sites. Again total absorption of the
vitamin would be greater than apparent absorp-
tion based on radioactivity measurements. It
seems unlikely that unlabeled vitamin could inter-
fere with absorption of IF-bound radioB12 on the
basis of simple isotope dilution, since it has been
shown that the IF-dependent and IF-independent
mechanisms for vitamin B12 absorption are en-
tirely different (33). Therefore, in order to in-
terfere with the physiologic mechanism of radioB12
absorption, unlabeled vitamin must either become
bound to available IF or exchange with radioB19
that is already bound.

Decreased absorption of radioB12 is observed
when a relatively large amount of cyanocobalamin
is given parenterally before the oral administra-
tion of radioB12 (34, 35). Although this phe-
nomenon might be due to "saturation" of intra-
mural intestinal receptors (36), it is possible that
some of the parenterally administered cyanocobala-
min is excreted into the intestine, where it could
either exchange with bound radioB12 or be bound
by any available IF. Similarly, the inhibitory ef-
fect of rat bile on radioB12 absorption (37) has
been attributed to unlabeled vitamin B12 present
in the bile (9). This unlabeled vitamin B12 might
interfere with radioB12 by the mechanisms dis-
cussed above. Wewould conclude that the inter-
pretation of absorption tests which utilize radioB1,
must take into account the possibility of exchange
between gastric juice-bound radioB12 and un-
labeled vitamin B12 present in the intestinal lumen.

Studies of tissue uptake of radioB12 in vitro
have provided evidence concerned with the mecha-
nism of vitamin B12 absorption (6) and have led
to methods for the assay of human IF (38, 39).
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Systems in which uptake of radioB12 is meas-
ured, however, may be more complex than has
previously been supposed. In the present investi-
gation, endogenous vitamin B12 was observed to
escape from rat liver and intestine into the incu-
bating medium in quantities exceeding the amounts
of radioB12 previously reported to be taken up by
these tissues. Turner and Hughes (32) have
described quantitatively similar losses of endoge-
nous vitamin B12 from the mucosal surface of
everted intestinal sacs. Thus simple measure-
ment of radioactivity may not necessarily indi-
cate that net uptake of vitamin B12 by a tissue has
actually taken place. When the effects of gastric
juice on tissue uptake of radioB12 are studied in
vitro, interpretation of results is further compli-
cated by the ability of tissue vitamin B12 that leaks
into the incubation medium to exchange with
radioB12 bound to gastric juice.

The mechanism by which tissue uptake of
radioB is altered by factors such as temperature
(40, 41), pH (42), calcium or EDTA (42, 43),
or IF itself may in part depend upon the amount
of endogenous vitamin that escapes from the tis-
sue. The uncontrolled presence of endogenous
vitamin B12 could unpredictably distort the quan-
titative effects of various substances, including
IF, on the tissue uptake of radioB12. The im-
pact of inhibitory factors might be exaggerated,
whereas the effects of factors which stimulate
radioB12 uptake might be minimized. It would
appear that in vitro studies of tissue uptake of
radioB12 should include data concerning the quan-
tities of unlabeled vitamin B12 present in the sys-
tem being studied.

Finally, it has been suggested that radioB12 is
"released" from IF by a "releasing factor" pres-
ent in intestinal extracts (44-46), or in extracts
of other tissues (47). In the present study, "re-
lease" of radioB12 from gastric juice binders oc-
curred when bound radioB12 was placed inside a
dialysis bag and intestinal juice, or extracts of
liver, or intestinal homogenates were placed out-
side the bag. When the total vitamin B12-like
material present was measured, it appeared that
this "release" of radioB12 could be best explained
by exchange between the bound radioB12 and the
unlabeled vitamin B12 derived from tissues. Such
an exchange does not explain all of the experi-
ments that have suggested the presence of a "re-

leasing factor" in the intestine. For example, mere
exchange cannot account for the species-specific
action of "releasing factor" which has been re-
ported in rat (44, 48) and human (48) intestine.
Nevertheless, it would appear that in studies con-
cerned with the "release" of radioB12 from bind-
ing substances, a distinction should be made be-
tween exchange and true release.

SUMMARY

Exchange between free and gastric juice-bound
radioactive cyanocobalamin was demonstrated in
vitro when free and bound cyanocobalamin were
separated by dialysis, by starch gel electrophore-
sis, or by dextran gel filtration. Absorption stud-
ies in patients with pernicious anemia and in gas-
trectomized rats suggested that intrinsic factor
was involved in this exchange.

Significant quantities of endogenous vitamin B12
were found in the intestinal lumen of rats. When
rat liver or intestine was incubated, tissue vitamin
B1, escaped into the incubation medium. Ex-
change between this endogenous vitamin B12 and
gastric juice-bound radioactive cyanocobalamin
was demonstrated.

These findings are pertinent to the quantitative
interpretation of studies concerned with in vitro
tissue uptake and in vivo absorption of radioactive
cyanocobalamin.
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