Transport of 3-lactoglobulin across rabbit ileum in vitro
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MARCON-GENTY, DOMINIQUE, DANIEL TOME, OMAR KHER-
OUA, ANNE-MARIE DUMONTIER, MARTINE HEYMAN, AND JE-
HAN-FRANCOIS DESJEUX. Transport of (-lactoglobulin across
rabbit ileum in vitro. Am. J. Physiol. 256 (Gastrointest. Liver
Physiol. 19): G943-G948, 1989.—Intestinal transepithelial
transport constitutes a major limiting step in the transfer of
food protein antigens to the blood. This transport was studied
in isolated rabbit ileum in Ussing chamber in vitro for the milk
protein antigen $3-lactoglobulin (8-Lg). The transepithelial pas-
sage of 8-Lg was measured by enzyme-linked immunosorbent
assay (ELISA) and radiolabeled protein transfer and compared
with that of the nonmetabolizable marker polyethylene glycol
(PEG)-4000. When 1 mg/ml of 8-[**C]Lg or [*H]JPEG was
added to the mucosal side of the tissue, the total uptake,
measured as the transfer of radiolabeled material across the
ileum, was significantly higher for 8-Lg than for PEG (5.46 +
1.75 vs. 1.43 + 0.26 ug-h™'.cm™2). Measured by ELISA, 6-9%
of the total amount of 3-Lg transported was absorbed in an
intact antigenic form. This transport of intact 8-Lg was inhib-
ited by the metabolic inhibitors 50 mM 2-deoxyglucose and 1
mM azide added simultaneously, was reduced by the microtu-
bule assembly inhibitor 0.05 mM colchicine, and was enhanced
by 20 mM ammonia, which inhibits lysosomal proteolytic ac-
tivity. These results indicate that 8-Lg is efficiently absorbed
by the intestinal mucosa of adult animals, partly in intact
antigenic form and that 8-Lg transport is probably transcellu-
lar, as observed for other proteins. The finding that 3-Lg is
absorbed in intact antigenic form agrees with other reports
implying that 8-Lg is the main factor responsible for milk
protein immunoreactivity and intolerance.
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AMONG FOOD PROTEINS, bovine milk proteins constitute
a major source of dietary proteins for humans and are
known to induce hypersensitive reactions in some pre-
disposed subjects (2, 6, 20, 23). These proteins consist of
two major fractions: a micellar casein fraction and a
whey fraction. Caseins are rapidly degraded by proteo-
lytic enzymes of the gastrointestinal tract (14, 16, 18).
In the whey protein fraction, §-Lactoglobulin (8-Lg)
seems to be the most resistant to intraluminal digestion
and is generally considered the main factor responsible
for milk protein immunoreactivity and intolerance (12—
14, 16, 18, 20, 23, 25).

Minute absorption of intraluminal proteins by the
intestine of adult animals is believed to play a key role
in inducing sensitization to food proteins ingested orally
(1, 4, 5, 8, 9, 22). The passage of intact proteins across
the intestinal epithelium constitutes a major limiting
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step in this absorption. In fact, previous studies with
model proteins such as horseradish peroxidase (HRP) or
bovine serum albumin (BSA) clearly established that
macromolecules are absorbed across the intestinal epi-
thelium of adult animals (7, 11, 27-29). They indicate
that the intestinal transepithelial passage of proteins is
mainly transcellular and proceeds by endocytotic uptake
at the luminal membrane, intracellular transfer, and
exocytosis through the basolateral membrane. The main
route for this passage involves intracellular protein deg-
radation by the lysosomal system and transport of de-
graded products to the extracellular space, but a small
fraction of protein that escapes degradation is also trans-
ported intact (11).

Food proteins were also demonstrated to be absorbed
by the gut, but few investigations have evaluated the
magnitude and the mechanism of their transport (4).
The present study was undertaken to investigate the
pathway and the magnitude of 8-Lg transport across the
intestinal epithelium of the adult rabbit. For this purpose
the rate of its transepithelial passage across isolated
rabbit ileum in an Ussing chamber was measured by
enzyme-linked immunosorbent assay (ELISA) and ra-
diolabeled protein measurement. The absorption of 8-Lg
was compared with that of the nonmetabolizable mac-
romolecular marker polyethylene glycol (PEG)-4000.
The results indicated that the transport of §-Lg was
mainly transcellular and that a fraction of this protein
was transported intact.

MATERIALS AND METHODS

Chemicals. Bovine 8-Lg (Sigma) was radiolabeled with
4C by reductive alkylation of amino groups using [**C]-
formaldehyde (15). This labeling was verified by reverse-
phase high-performance liquid chromatography (RP-
HPLC). The specific activity was 1 uCi/mg. PEG-4000
was purchased from Sigma, and [’H]PEG (2 mCi/g) was
from Amersham.

Ussing chamber experiments. Male New Zealand White
rabbits weighing 2-3 kg were killed by intravenous pen-
tobarbital sodium injection. Segments of distal ileum
were removed and rinsed free of intestinal content. The
external muscle layers were stripped off with fine forceps,
and the tissue was opened along the mesenteric border.
Pieces of stripped tissue were mounted as flat sheets
between the two halves of a Lucite chamber (exposed
area 3.14 cm?) and bathed on each side at 37°C by 12 ml
of isotonic Ringer solution containing the following (in
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TABLE 1. Electrical parameters and mucosal
concentration of [*H]JPEG or 8-[*C]Lg
after their addition to the mucosal side

of rabbit ileum in an Ussing chamber

Control PEG B-Lg

Electrical parameters

I, uA/cm? 35.6+x4.7 34.3+5.2 36.4+6.8

PD, mV —-2.3+0.3 —2.2+0.4 —2.3+04

G, mS/cm? 15.1+1.7 15.6£1.6 15.9+1.6
Mucosal labeled material

equivalent, mg/ml
t = 0 min 1.03+0.07  0.99+0.05
t = 120 min 0.97+£0.08  0.95+0.06

Values are means + SE for 18 tissues. 8-[**C]Lg (1 mg/ml) or [*H]-
PEG or Ringer only for control was added to the mucosal reservoir at
time 0. I, PD, and G values were measured between 60 and 120 min
after such addition. During this period none of the electrical parameters
ever varied significantly, and no significant differences were found
between the mucosal radioactivities expressed in labeled material
equivalent (mg/ml) at time 0 and 120 min for 8-[**C]Lg or [*H]PEG.
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FIG. 1. Reverse-phase HPLC pattern at ¢t = 0 and ¢ = 140 min of
the content of the mucosal reservoir of an Ussing chamber after
addition of 1 mg/ml 8-[**C]Lg to the mucosal side of stripped rabbit
ileum (exposed area 3.14 cm?). Sixty microliters of this mucosal reser-
voir’s content were injected into the chromatograph. Absorbance at
214 nm (Az,4) was directly recorded with an ultraviolet detector, and 2-
ml fractions were collected for radioactivity determination (histogram).

mM): 140 Na*, 5.2 K*, 1.2 Ca?*, 1.2 Mg?*, 120 CI-, 25
HCOs3, 2.4 HPOS™, 0.4 H,PO; (pH 7.4 with 95% 0,-5%
CO.). As required, 2-deoxyglucose (50 mM, Sigma) and
sodium azide (1 mM, Prolabo), colchicine (0.05 mM,
Sigma), or ammonium chloride (20 mM) were added to
each reservoir. The spontaneous transmucosal electrical
potential difference (PD) was continuously short-cir-
cuited by a short-circuit current (I,.) delivered by an
automatic voltage clamp system (WPI, New Haven, CT)
that corrected for fluid resistance. The electrical con-
ductance (G) of the tissue was calculated according to
Ohm’s law.

Measurement of mucosal transport. After the stability
of the electrical parameters of the tissue was checked for
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30 min, 5 uCi of either 8-[**C]Lg or [’H]PEG adjusted
to 1 mg/ml with either cold 3-Lg or PEG, or Ringer only
for the control, was added to the mucosal reservoir.
Aliquots were collected at different times from the mu-
cosal and serosal reservoirs for radioactivity measure-
ment and ELISA. After the above additions (140 min),
the solution remaining in the serosal reservoir was col-
lected, adjusted to 12% in trichloroacetic acid (T'CA),
and centrifuged. The resulting TCA-insoluble precipitate
was washed with chloroform to eliminate TCA, freeze-
dried, and used for ELISA, electrophoresis, and HPLC.

High-pressure liquid chromatography. Samples were
injected in a Waters gradient system equipped with a
Waters C,5 u-Bondapack column (350 X 4.6 mm) and an
ultraviolet detector at 214 nm. The column was eluted
at 40°C with a linear gradient of 0-75% acetonitrile for
20 min in 0.1% trifluoroacetic acid at a flow rate of 2 ml/
min. Fractions of 2 ml were collected and used either
immediately for radioactivity determination or, after
evaporation of the solvent, for ELISA and electropho-
resis.

Enzyme-linked immunosorbent assay. Microtiter plates
(Polylabo) were coated overnight at 4°C with 100 ul of
samples adjusted to pH 9.6 with 0.5 M carbonate buffer.
Plates were washed and incubated for 1 h at 37°C with
1% gelatin. After washing, plates were again incubated
for 1 h at 37°C with 100 ul of rabbit anti-3-Lg serum (1/
1,000). Samples were detected with goat anti-rabbit im-
munoglobulin G conjugated with HRP (Institut Pasteur,
1/3,000) using diaminoorthophenylene and H,0, as sub-
strates. Calculation of the protein concentration in the
samples was based on the standard curve obtained with
purified 3-Lg. The detection limit was 5 ng/ml.

Electrophoresis. Sodium dodecyl sulfate-polyacrilam-
ide gel electrophoresis (SDS-PAGE) was performed in
10-20% polyacrylamide gels in the presence of 0.1% SDS.
Gels were silver stained (17).

Calculations. C was used to measure the apparent
total transport of 8-Lg (intact and degraded) and ELISA
the intact B-Lg. PEG was used as an extracellular
marker, and G was used as a measure of paracellular
ionic permeability. Results are expressed as means + SE.
Statistical treatment was performed by analysis of vari-
ance.

RESULTS

Electrical parameters and transport of radiolabeled ma-
terial. Addition of 1 mg/ml 3-[**C]Lg or [PH]PEG on the
mucosal side of the ileum mounted in an Ussing chamber
had no effect on the electrical parameters of the tissue,
and 140 min after this addition, the total radioactivity
in the mucosal reservoir remained unchanged (Table 1).
Moreover, in the chamber with mucosal g-[**C]Lg,
HPLC analysis of the mucosal content showed that at
120 min this radioactivity was still located on the intact
protein fraction, thus indicating that none of the protein
in the mucosal reservoir had been degraded (Fig. 1).

In the serosal reservoir, the radioactivity increased as
a function of the time elapsing after the addition of 1
mg/ml B-[**C]Lg or [PH]PEG to the mucosal side of the
rabbit ileum (Fig. 2). During the period from 60 to 140
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FIG. 2. Time-dependent accumulation of radioactivity on the ser-
osal side of stripped rabbit ileum mounted in an Ussing chamber
(exposed area 3.14 cm?) after addition to the mucosal reservoir of 1
mg/ml 8-[“C]Lg or [PH]PEG. Results are expressed in 8-[*C]Lg or
[*H]PEG equivalents in micrograms per square centimeter of tissue.
Values are means + SE for 18 tissues.
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FIG. 3. Time-dependent accumulation of antigenic determinants of
BLg on serosal side of stripped rabbit ileum mounted in an Ussing
chamber (exposed area 3.14 cm?) after addition to the mucosal reservoir
of 1 mg/ml $8-Lg or Ringer only for control. Results are expressed in
antigenic B-Lg equivalents in nanograms per square centimeter of
tissue. Values are means * SE for tissues from 6 animals.
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FIG. 4. Reverse-phase HPLC pattern with ELISA detection of the
TCA-insoluble fraction of the serosal reservoir content of an Ussing
chamber 140 min after addition of 1 mg/ml 8-Lg into the mucosal
reservoir. Arrow represents position of elution of standard 8-Lg. Ay,
absorbance at 492 nm.

min after this addition, the rates of accumulation of
serosal radiolabeled material were 5.46 + 1.75 and 1.43
+ 0.26 ug-h™'.cm™? for B8-[**C]Lg and [*’H]PEG, respec-
tively, i.e., significantly higher for g-[**C]Lg than for
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[*H]JPEG (P < 0.01).

Transepithelial passage of antigenic intact 3-Lg. After
adding 3-Lg to the mucosal reservoir of the Ussing cham-
ber, the antigenic response that emerged on the serosal
side of the tissue was measured by ELISA (Fig. 3). This
response became significantly different after 70 min from
that of a control chamber without mucosal protein and
then increased with time at a rate of 0.43 + 0.08 ug-h™*.
cm~2 In addition, 77% of the total serosal response
measured after 140 min of incubation were recovered in
the TCA-insoluble fraction.

To demonstrate that some intact 8-Lg crossed the
epithelium, the T'CA-insoluble fraction of the serosal
reservoir was analyzed by HPLC coupled with ELISA
detection after 140 min of incubation of 3-Lg on the
mucosal side of the ileum (Fig. 4). On the chromatogram,
an antigenic response was detected precisely at the po-
sition of the intact 8-Lg, whereas the corresponding peak
did not appear in the serosal reservoir of a control
chamber without mucosal protein. This peak was col-
lected and the solvent evaporated. The T'CA-insoluble
serosal fraction and this peak were analyzed by electro-
phoresis (Fig. 5). In both samples, a band was detected
on the gel at exactly the position occupied by (-Lg,
whereas the corresponding band did not appear in the
control chamber without mucosal protein.

Effect of inhibitors on the transport of 8-Lg and PEG.
The effect of various inhibitors on the passage of 8-Lg
was tested to get some insight into the mechanism of its
transport (Table 2).

The passage of both radiolabeled material and anti-
genic 3-Lg was reduced by 50% in the presence of 0.05
M colchicine, which is known to inhibit transcellular
transport. In the same conditions the passage of [*H]-
PEG was reduced by 38%, but no effect was observed on
the conductance of the tissue.

The metabolic inhibitors 50 mM 2-deoxyglucose and 1
mM azide added simultaneously reduced by 20% the
passage of radiolabeled material and completely sup-
pressed the transport of antigenic 8-Lg. These inhibitors
did not significantly modify the transport of [*H]PEG
but significantly increased the conductance of the tissue.

In the presence of 20 mM ammonium chloride, which
inhibits lysosomal proteolytic activity, the passage of
radiolabeled (-Lg remained unaffected, whereas the
transport of antigenic 3-Lg was significantly increased.
A significant increase in the passage of [’H]PEG and in
the conductance of the tissue was also observed.

DISCUSSION

The present study confirms the idea that proteins are
absorbed through the epithelium of the intestine and also
demonstrates that the food protein 8-Lg is transported
partly in an intact antigenic form, probably by a trans-
cellular mechanism. This conclusion was supported by
the following observations: 1) 3-Lg was found both intact
and degraded in the serosal side of the ileum; 2) meta-
bolic inhibitors reduced both total and intact transport
of 3-Lg, indicating that this transport requires energy;
and 3) the transport of 3-Lg was modulated by modulat-
ing cellular metabolism.
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FIG. 5. SDS-PAGE analysis of §-Lg in serosal reservoir of an Ussing
chamber 140 min after addition of 1 mg/ml 8-Lg to mucosal reservoir.
A: standard §-Lg. B: TCA-insoluble fraction of the serosal reservoir.
C: B-Lg antigenic fraction prepared by RP-HPLC of the TCA-insoluble
fraction of the serosal reservoir (see Fig. 4). Arrow represents position
of elution of standard 3-Lg.
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Previous reports have established that proteins can be
absorbed by the intestine (7, 11, 27, 29) and that the
limiting step in the absorption of macromolecules is
probably the initial endocytotic uptake at the luminal
membrane of the enterocyte (7, 27). Furthermore, it is
also assumed that tight junctions completely prevent the
diffusion of macromolecules through the intercellular
spaces across the epithelial cell layer (10). In the present
study, the total uptake of macromolecules was measured
by the equivalent transfer of radiolabeled material. This
total uptake was significantly higher for 8-Lg than for
PEG, an extracellular marker that is not believed to
enter the cells (19). The transport of intact §-Lg was
probably not due to passage through a damaged edge
because it was modulated by pharmacological drugs and
because it exhibited different kinetics from those of PEG.
The role of damaged edge was already found insignificant
in the transport of HRP (11) or polypeptides (26) in
previous experiments using Ussing chambers of different
areas. The degradation of the major part of 8-Lg during
the transport and the inhibition of intact 8-Lg absorption
by metabolic inhibitors also suggested that its transport
was transcellular. In addition, the modifications in the
transport of PEG by the different inhibitors were highly
correlated (r = 0.98) to their effect on the conductance
of the tissue, whereas this correlation was not found for
B-Lg (r = 0.66). Though it appeared difficult to establish
whether the passage of PEG is entirely paracellular,
these results further strengthen the hypothesis of a
transcellular route for 8-Lg and a paracellular route for
PEG. Although the mechanism of 3-Lg uptake remains
to be clearly established, these observations strongly
imply that in our experiments the absorption of 8-Lg
was transcellular and that this protein was efficiently
taken up by the intestinal mucosa.

It was previously assumed that after internalization,
the endocytotic vesicles are probably transferred to the
lysosomal system, where their proteins are degraded (24,
27) but that a fraction of protein may escape this deg-
radation and is transported intact (11, 29). In the present
study, the antigenic intact 3-Lg transported across the
intestinal epithelium was measured by ELISA. Electro-
phoresis and HPLC showed that most of the antigenic

TABLE 2. Effect of drugs on the transepithelial passage of -["*C]Lg and [°H]PEG across isolated rabbit ileum

Electrical Parameters

Serosal Accumulation Rate, ug-h™ .cm™

#-Lg equivalent.

Ly PD, G, [FH]PEG
wA/em? mV mS/em? Labeled Antigenic equivalent
material protein
Ringer 42.50+4.60 —2.30+0.20 18.50+1.90 6.21+£0.95 0.37+0.14 1.11+0.17
Colchicine (0.05 mM) 48.60+2.50 —3.10+0.40 15.70+1.70 3.07+0.99 0.11+0.06 0.69+0.10
P NS NS NS 0.05 0.05 0.05
2-Deoxyglucose (50 mM) + 57.90+2.20 —2.02+0.40 28.20+2.60 4.90+0.75 0.01+0.01 1.55+0.19
NaN; (1 mM)

P 0.01 NS 0.05 0.05 0.01 NS
Ammonia (20 mM) 50.30+6.3 —1.14+0.20 38.10+3.80 6.84+1.60 1.15+0.22 2.06+0.32
P NS 0.05 0.05 NS 0.05 0.05

Values are means + SE for tissues from 6 rabbits. 8-['*C]Lg (1 mg/ml) or [*H]PEG (1 mg/ml) were added to mucosal side of the ileum, which
was either untreated (Ringer) or pretreated by an inhibitor. The radiolabeled material equivalent and the antigenic protein equivalent that
appeared in the serosal reservoir were measured during the period from 70 to 140 min after such addition. I, PD, and G values were also

measured between 70 and 140 min after such addition.
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activity that crossed the epithelium was linked to intact
B-Lg. Comparison of total §-Lg uptake with intact trans-
port indicated that 91-94% of the amount transported
was degraded during its transepithelial passage and 6-
9% was transported intact. An initial common mecha-
nism of uptake is strongly suggested by the fact that
colchicine reduced the transport of both degraded and
intact 8-Lg to the same extent. A subsequent lysosomal
degradation of an important part of the absorbed protein
is also confirmed by the reduction of this degradation by
ammonia without alteration in the total uptake of 8-Lg.
The modification in the passage of PEG in the presence
of colchicine and ammonia suggested that these com-
pounds could also affect the paracellular route. These
effects were however different for 8-Lg and PEG. Am-
monia increased the total uptake of PEG but not of 8-
Lg. An effect of colchicine at the tight junctions does not
explain the reduction in the transport of degraded 8-Lg.

The present results confirmed the existence of intact
protein transport, as previously described for horseradish
peroxidase (11). The amount of 8-Lg transported intact
here appeared larger than that previously observed for
HRP (11). One possible reason is that the resistance of
B-Lg and HRP to hydrolysis by lysosomal enzymes is
different. Another is that protein molecules differentially
escape the lysosomal system. As observed earlier, the
intestinal mucosal breakdown process of different pro-
teins generated fragments with different sizes (11, 24).
Lastly, it is also possible that enzyme inhibitors are
released during the intracellular hydrolysis of some pro-
teins. A substantial difference had previously been ob-
served between 8-Lg and BSA inasmuch as more 3-Lg
was bound and taken up by rat jejunum in vitro (24).

One of the main points of interest of this study is the
alimentary origin of 8-Lg. This protein was previously
demonstrated to be highly resistant to digestion by pro-
teolytic enzymes of the gastrointestinal tract and was
recovered intact at various levels of the alimentary canal,
whereas other milk proteins, including caseins or a-
lactalbumin, were rapidly degraded in the intestinal lu-
men (14, 16, 18). The present study demonstrated that
some (-Lg was efficiently absorbed across rabbit ileum
in intact antigenic form. This implies that it is able to
stimulate the immunocompetent cells in the lamina pro-
pria from the luminal side of the intestine. This conclu-
sion agrees with reports indicating anaphylactic sensiti-
zation to 8-Lg and the secretion of 8-Lg antibodies in
the serum and intestinal mucosa of milk-drinking ani-
mals or humans (2, 3, 9, 20, 23, 25). However, it is known
that there are important differences in the immunologi-
cal response of different animals to milk proteins, and
results obtained on rabbit ileum may not be necessarily
directly relevant to other animals or humans. In addition,
the protective role of the secreted mucosal surface im-
munoglobulin A of the intestine must also be evaluated
as a barrier against macromolecular movements across
the intestinal mucosa in vivo (4).

Address for reprint requests: D. Tome, INSERM U290, Hopital St.-
Lazare, 107 rue du Faubourg St. Denis, 75010 Paris, France.

Received 21 December 1987; accepted in final form 18 January 1989.

G947

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

ANDRE, C., J. F. HEREMANS, J. P. VAERMAN, AND C. L. CAMBIASO.
A mechanism for the induction of immunological tolerance by
antigen feeding: antigen-antibody complex. J. Exp. Med. 142: 1509-
1519, 1975.

. BAHNA, S. L. Pathogenesis of milk hypersensitivity. Immunol.

Today 6: 153-154, 1985.

. BAIRD, A. W., W. S. BARCLAY, B. L. BLAZER-YOST, AND A. W.

CUTHBERT. Affinity purified immunoglobulin G transfers imme-
diate hypersensitivity to guinea pig colonic epithelium in vitro.
Gastroenterology 92: 635-642, 1987.

. CariNI, C. IgE immune complexes in food allergy: significance,

pathogenicity and clinical considerations. Clin. Allergy 17: 485-
497, 1987.

. CHALLACOMBE, S. J., AND T. B. ToOMASI. Systemic tolerance and

secretory immunity after oral immunization. J. Exp. Med. 152:

1459-1472, 1980.

. CHANGIN, G., R. PATTERN, J. VERKASALO, P. KUITINEN, AND E.

SAVILATHI. Cow’s milk intolerance. Acta Pediatr. Scand. 10: 31-
35, 1981.

. CORNELL, R., W. A. WALKER, AND K. J. ISSELBACHER. Small

intestinal absorption of horseradish peroxidase: a cytochemical
study. Lab. Invest. 25: 42-48, 1971.

. DANNAEUS, A., M. INGANAS, S. G. O. JOHANSON, AND T. Fou-

CARD. Intestinal uptake of ovalbumin in malabsorption and food
allergy in relation to serum IgG antibody and orally administered
sodium cromoglycate. Clin. Allergy 9: 263-270, 1979.

. FALLSTROM, S. P., S. AHLSTEDT, B. CARLSON, B. WETTERGREN,

AND L. A. HANSON. Influence of breast feeding on the development
of cow’s milk protein antibodies and the IgE level. Int. Arch. Allergy
Appl. Immunol. 75: 87-91, 1984.

GUBINER, B. Structure, biochemistry and assembly of epithelial
tight junctions. Am. J. Physiol. 253 (Cell Physiol. 22): C749-C758,
1987.

HEYMAN, M., R. Ducroc, J. F. DESJEUX, AND J. L. MORGAT.
Horseradish peroxidase transport across adult rabbit jejunum in
vitro. Am. J. Physiol. 242 (Gastrointest. Liver Physiol. 5): G558-
G564, 1982.

HUANG, Q., J. W. COLEMAN, AND D. STANWORTH. Investigation
of the allergenicity of 8-lactoglobulin and its cleavage fragments.
Int. Arch. Allergy Appl. Immunol. 78: 337-344, 1985.

HUANG, Q., AND D. R. STANWORTH. Studies of 3-lactoglobulin as
an experimental allergen in rats. Int. Arch. Allergy Appl. Immunol.
76: 86-88, 1985.

JACOBSON, I., T. LINDBERG, AND B. BENEDIKSON. In vitro diges-
tion of cow’s milk proteins by duodenal juice from infants with
various gastrointestinal disorders. J. Pediatr. Gastroenterol. Nutr.
1: 183-191, 1982.

JENTOFT, N., AND D. G. DEARBORN. Labelling of proteins by
reductive methylation using sodium cyanoborohydride. J. Biol.
Chem. 254: 4359-4365, 1979.

Koritz, T. N., S. Suzuki, AND R. R. A. CooMBS. Antigenic
stimulation with proteins of cow’s milk via the oral route in guinea
pig and rats. I. Measurement of antigenically intact -lactoglobulin
and casein in the gastrointestinal contents of duodenum, jejunum
and ileum. Int. Arch. Allergy Appl. Immunol. 82: 72-75, 1987.
MARSHALL, T. Detection of protein in polyacrylamide gels using
an improved silver staining. Anal. Biochem. 136: 340-346, 1984.
MIRANDA, G., AND J. P. PELISSIER. Kinetic studies of in vivo
digestion of bovine unheated skim-milk proteins in the rat stomach.
J. Dairy Res. 50: 27-36, 1983.

MUNCK, B. G., AND S. N. RASMUSSEN. Paracellular permeability
of extracellular space markers across rat jejunum in vitro. Indica-
tion of a transepithelial fluid circuit. J. Physiol. Lond. 271: 473-
488, 1971.

PEARSON, J. P., D. KINGSTON, AND M. SHINER. Antibody produc-
tion to milk proteins in the jejunal mucosa of children with cow’s
milk protein intolerance. Pediatr. Res. 17: 406-412, 1983.
PowegeLL, D. W., H. J. BINDER, AND P. F. CURRAN. Electrolyte
secretion by the guinea pig ileum in vitro. Am. J. Physiol. 223: 5631~
5317, 1972.

RicuMAN, L. K., J. M. CHILLER, W. R. BROWN, D. G. HANSON,
AND M. VAz NELSEN. Enterically induced immunologic tolerance:
induction of suppressor T lymphocytes by intragastric administra-
tion of soluble proteins. J. Immunol. 121: 2429-2434, 1978.



G948

23.

24.

25.

26.

SAAVEDRA-DELGADO, A. M., AND D. D. METCALFE. Interactions
between food antigens and the immune system in the pathogenesis
of gastrointestinal diseases. Ann. Allergy 55: 694-702, 1985.
STERN, M., AND W. A. WALKER. Food proteins and gut mucosal
barrier. I. Binding and uptake of cow’s milk proteins by adult rat
jejunum in vitro. Am. J. Physiol. 246 (Gastrointest. Liver Physiol.
9): G556-G562, 1984.

Suzuki, S., T. N. Koritz, AND R. R. A. CooMBSs. Antigenic
stimulation with proteins of cow’s milk via the oral route in guinea
pig and rats. II. Antibodies to B-lactoglobulin secreted into the
alimentary canal and serum. Int. Arch. Allergy Appl. Immunol. 82:
76-82, 1987.

ToME, D., A. M. DUMONTIER, M. HAUTEFEUILLE, AND J. F.

217.

28.

29.

B-LACTOGLOBULIN TRANSPORT

DESJEUX. Opiate activity and transepithelial passage of intact 8-
casomorphins in rabbit ileum. Am. J. Physiol. 253 (Gastrointest.
Liver Physiol. 16): G737-G744, 1987.

WALKER, W. A., R. CORNELL, I. M. DAVENPORT, AND K. T.
ISSELBACHER. Macromolecular absorption: mechanism of horse-
radish peroxidase uptake and transport in adult and neonatal rat
intestine. J. Cell Biol. 54: 195-205, 1972.

WARSHAW, A. L., W. A. WALKER, R. CORNELL, AND K. T. ISSEL-
BACHER. Small intestinal permeability to macromolecules. Trans-
mission of horseradish peroxidase into mesenteric lymph and por-
tal blood. Lab. Invest. 25: 675-684, 1971.

WARSHAW, A. L., W. A. WALKER, AND K. T. ISSELBACHER. Protein
uptake by the intestine: evidence for absorption of intact macro-
molecules. Gastroenterology 66: 987-992, 1974.




