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ABSTRACT. The everted gut sac technique was used to
study adaptive changes in small intestinal handling and
uptake of radiolabeled bovine serum albumin and ovalbu-
min during lactation in rats. Binding and uptake of both
proteins by the gut sacs of lactating animals were signifi-
cantly less, compared to controls (p < 0.001, after 30 min
of incubation). This change was reversible after lactation
ceased. The differences could not be explained by oral
immunization since there were no specific antibodies found
in sera, mucosal extracts, or breast milk; prior exposure to
the protein did not alter the observed differences. No
differences in mucosal breakdown of bovine serum albumin
could be demonstrated by precipitation with trichloroacetic
acid (10%); an increase in breakdown of ovalbumin in the
Iactating animals was shown under the same conditions.
The injection of prolactin produced differences in bovine
serum albumin binding and uptake similar to the ones
observed in the lactating group (p < 0.01, after 30 min of
incubation, compared to solvent-injected controls). Since
food protein antigen binding, breakdown and uptake are
functions of the local intestinal host defense, these findings
suggest that there are adaptive changes of the gut mucosal
barrier during lactation which decrease the transfer of
dietary antigens from mother to infant. The adaptation of
the maternal intestinal host defense was shown to be
influenced by prolactin. (Pediatr Res 19: 320-324, 1985)

Abbreviations

BSA, bovine serum albumin
OVA, ovalbumin
TCA, trichloroacetic acid

Small intestinal mucosal structure and function undergo adap-
tive changes during lactation (1). Morphological and biochemical
aspects of this adaptation have been widely investigated. An
enhanced uptake of nutrients and increased activity of certain
mucosal enzymes have been reported (2-6). It is not known,
however, if the intestinal uptake of macromolecules (7, 8) also
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changes during lactation. Studies into the intestinal handling and
uptake of food proteins in lactating animals are of particular
interest since these are maternal factors which affect the com-
position of milk and thereby modulate the postnatal intestinal
development of suckling newborns (9, 10). The recent concept
of an enteromammary immune system as an important part of
newborn host defense against uptake of foreign antigens has been
investigated mainly for its efferent components and for the
specific constituents of breast milk such as secretory IgA (11).
The afferent intestinal components of this system are less com-
pletely understood. .

To study the effect of lactation on the maternal small intestinal
barrier, the everted gut sac model (12) was used, as recently
modified for the investigation of food protein binding, break-
down, and uptake (13). In addition, the effect of prolactin was
studied (14).

METHODS

Animals. Pregnant Sprague-Dawley rats (Charles River Labo-
ratories, Wilmington, MA) were kept on a milk and egg protein-
free Rat Chow (Ralston Purina Inc., St. Louis, MO) for at least
7 days prior to the study. None of the animals had prior exposure
to OVA. After delivery, newborn animals were allowed to suckle.
After 24 to 48 h, lactating animals were sacrificed by cervical
dislocation. Adult female Sprague-Dawley rats weighing between
200 to 250 g served as controls. In a group of the same species,
1 mg of ovine prolactin (31 IU/mg; Sigma Chemical Co., St.
Louis, MO) was injected subcutaneously, 24 and 48 h before the
intestine was removed for incubation (15). Prolactin was dis-
solved in TS hormone solvent (Sigma) containing 3 mg phenol
and 50 mg glucose per ml water. Control rats received injections
with the solvent.

Radiolabeled proteins. BSA (5 X crystallized; Sigma) and OVA
(5 X crystallized; Calbiochem-Behringwerke, La Jolla, CA) were
found to be sufficiently pure for this study by polyacrylamide gel
electrophoresis (13). BSA was labeled with Na'*I (New England
Nuclear, Boston, MA) according to Markwell and Fox (16).
OVA was labeled with Na'?’I using a modified chloramine T
technique (17). Free iodine was removed by gel filtration and
dialysis. The specific activity was 2.5 uCi/ug BSA and 21 nCi/
ug OVA. Over 90% of the radioactivity was precipitated by 10%
(w/v) TCA.

Everted gut sacs, binding, and uptake. Everted gut sacs of 5
cm length were prepared from proximal jejunum according to
Wilson and Wiseman (12) as recently modified (13). Sacs were
filled with 1 ml and incubated in Erlenmeyer flasks containing
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10 ml of Tris-HCI buffer (30 mM, pH 7.4) with NaCl 125 mM
and fructose 10 mM. Viability of the sacs was monitored by
morphology and by the active uptake of “*Ca 0.2 mM, 3-O-
[methyl-*H]-D-glucose 10 mM, and amino-cyclopentane-1-['*C-
carboxylic acid] 10 mM, as described earlier (13). The final
incubation fluid contained 1 mg/ml of BSA or OVA. These
solutions were trace-labeled to yield 2 X 10° cpm/ml. Incubations
were done using a Dubnoff metabolic shaking water bath (Lab-
line Inc., Chicago, IL) for up to 30 min at 37° C in an atmosphere
of 100% oxygen. Nonspecific adsorption of protein to glass
surfaces was taken into account by preincubating all incubation
flasks with the labeled solutions for 30 min, taking reference
samples for specific activity before and after this preincubation.
After 1 to 30 min of final incubation, gut sacs were removed
from the flasks and blotted on filter paper. Sac contents were
drained by syringe and the mucosa was scraped using glass slides.
Contents and scrapings were counted separately in a Gamma
7000 counter (Beckman Instruments, Inc., Irvine, CA). Mucosal
scrapings were homogenized using a Potter-Elvehjem Teflon
pestle homogenizer for 5 min at 4° C (13), and their protein
content was determined (18). Results for binding and uptake
were calculated from the original specific activity of the solutions,
corrected for nonspecific adsorption to the flasks and expressed
as ug of '*I-labeled protein equivalents per mg mucosal protein
(13). Uptake was defined as the amount of radioactivity found
inside the gut sacs. Binding was defined as the radioactivity
found in mucosal scrapings (8, 13).

One ml of the homogenized scrapings and the sac contents
were subjected to precipitation by 10% (w/v) TCA in the cold.
Ten ug of cold protein were added as a carrier to the sac contents
before precipitation. The amount of radioactivity precipitated
was compared to the total radioactivity. In preliminary experi-
ments (n = 8), there was no inhibition of TCA precipitability
when cold Nal was added either to homogenized scrapings or to
sac contents (19). The restrictions on the use of radioiodinated
proteins for uptake studies which have been reported in a whole
mouse system using blood samples (19) thus do not apply to the
rat gut sac system. In addition, results of studies using '“C-labeled
BSA were very similar to the ones using '>I-BSA (13).

Antibodies against BSA and OVA. Breast milk, intestinal
contents, mucosal scrapings, and sera from lactating animals and
nonlactating controls were examined for the presence of antibod-
ies to BSA and OVA by a Farr radioimmunoassay (20).

Statistical method. Student’s ¢ test was used to assess statistical
significance of differences between lactating animals and controls
or between prolactin- and solvent-injected animals.

RESULTS

Binding and uptake of BSA in lactating animals. In prelimi-
nary experiments at 4° C and in experiments using sodium
fluoride ! mM as an effective inhibitor, binding and uptake were
found to be energy-dependent processes. Less BSA was bound
to the jejunal mucosa of lactating rats, compared to controls
(Fig. 1). Timed experiments showed that there was no further
binding of BSA after | min in the lactating groups, contrary to
controls. Compared to the amount bound, the amount of BSA
taken up (Fig. 2) was small. Again, there was less uptake of BSA
in the lactating group. The time course of BSA uptake was almost
linear between | and 30 min. There was no correlation found
between BSA binding and uptake in lactating animals.

To determine the degree of protein breakdown, TCA precipi-
tation studies were done. There was no significant difference in
TCA precipitability between the animal groups when BSA was
used (Table 1).

In two animals, the differences in BSA binding and uptake
were shown to persist for 3 wk of lactation (data not shown).
Two maternal rats who had been separated from their litters 12
to 24 h after delivery and kept single were studied for BSA uptake
and binding after 3 wk. Figures for binding (30 min) were similar
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Fig. 1. Binding of '*I-BSA by gut sacs from lactating rats (n = 6) and
controls (n = 6). Means + SD are given. BSA concentration 1 mg/ml.
Differences in binding are statistically highly significant ( p < 0.001) after
10 and 30 min, significant (p < 0.02) after 20 min.
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Fig. 2. Uptake of '*I-BSA by gut sacs from lactating rats (n = 6) and
controls (n = 6). For details see legend Figure 1. Differences in uptake
are statistically significant after 10 min (p < 0.05) and after 20 min (p <
0.01), highly significant after 30 min (p < 0.001).

Table 1. TCA precipitability in binding and uptake of '**I-BSA
by gut sacs from lactating rats and controls*

Female controls Lactating animals

(n=6) (n=6)
Binding (min)
87+4 91 = 1 NSt
10 86+ 4 91 £ 2 NS
20 88+ 3 90 = 1 NS
30 88 + 1 89 + 3 NS
Uptake (min)
1 48 + 15 52 +4NS
10 40 + 24 51 £ 8 NS
20 26 £ 13 35+ 7NS
30 29+ 11 34 £ 7NS

* Mean =+ SD, percentage TCA precipitable/total cpm.
+ Not significant at level of p < 0.05.
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Fig. 3. Binding of '*I-OVA by gut sacs from lactating rats (n = 6)
and controls (7 = 6). For details see legend Figure 1. Differences in
binding are statistically significant (p < 0.01) after 1 min, highly signifi-
cant (p < 0.001) after 10, 20, and 30 min.
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Fig. 4. Uptake of '*I-OVA by gut sacs from lactating rats (n = 6).
For details see legend Figure 1. Differences in uptake are statistically
significant after 1 and 10 min (p < 0.05) and 20 min (p < 0.01), highly
significant after 30 min (p < 0.001).

to the ones obtained in the original control group of nonlactating
female rats (Fig. 1). They differed from the binding figures
obtained in lactating animals: 2.63 + 0.35 (n = 2) versus 1.48 +
0.27 (n = 6) ug '"PI-BSA equivalents/mg mucosal protein, p <
0.01. The same was true for BSA uptake (30 min): 0.20 + 0.06
pg (n = 2) versus 0.12 £ 0.03 pg (n = 6), p < 0.05. Limited by
the small number tested, this might indicate reversibility of the
adaptive changes in BSA handling and uptake which occur
during lactation.

It is possible that the pregnant animals had been fed a milk-
protein containing Chow before they were purchased. In order
to exclude any effect of oral immunization on food protein
handling (8), separate experiments were carried out using OVA
which is not present in any of the commercially available rat
foods. In addition, it was shown that neither sera, breast milk,
intestinal contents nor mucosal extracts from test and control
animals exhibited any specific antigen binding capacity for BSA
or OVA.

Differences in OVA binding and uptake in lactating animals
were similar to the ones observed with BSA in that there was less
binding and uptake than in the control group (Figs. 3 and 4).
Contrary to BSA findings in lactating rats, OVA binding and
uptake were correlated in this animal group (r = 0.87, p <0.001,
n = 24) and in the controls (r = 0.67, p < 0.01, n = 24). TCA
precipitation studies (Table 2) suggested more breakdown of
OVA in the lactating group, indicated by a lower percentage of
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TCA precipitable radioactivity. Although this difference in TCA
precipitation was not large, it was more clearly shown in the
radioactivity present in mucosal scrapings than in the sac con-
tents. Thus, less binding and uptake of OVA, a different protein
the animals had never ingested, was accompanied by increased
breakdown in the lactating group.

Effect of prolactin. Two consecutive daily injections of 1 mg
prolactin produced changes in BSA handling very similar to
those observed in lactating rats (Table 3). The differences were
most pronounced in BSA binding, but there was also less uptake
in the prolactin group. Binding and uptake were correlated in
this group (r = 0.68, p < 0.001, n = 24). As in the lactating
animal group, there was no significant differences in TCA pre-
cipitation data between prolactin- and solvent-injected animals
(data not shown). Thus, less binding and uptake of BSA by
everted gut sacs could be induced in nonpregnant rats by the
injection of prolactin. This change was not accompanied by
changes in mucosal breakdown of BSA, as indicated by TCA
precipitation.

DISCUSSION

In this study, the everted gut sac technique has been applied
to look at adaptive changes in gut mucosal barrier functions

Table 2. TCA precipitability in binding and uptake of '*I-OVA
by gut sacs from lactating rats and controls*

Female controls Lactating animals
(n=26) (n=26)
Binding (min)
1 84 +2 75 £ 5¢
10 865 78 + 4%
20 85+4 78 + 4%
30 85+4 79 + 8 NS§
Uptake (min)
1 62+9 51 + 4%
10 57+12 51 £ 10 NS
20 50 + 16 44 £ 4 NS
30 44+ 10 41 £ 3NS
* Mean =+ SD, percentage TCA precipitable/total cpm.
1p<0.01.
$p<0.05.

§ Not significant at level of p < 0.05.

Table 3. The effect of prolactin on binding and uptake of **I-
BSA by everted gut sacs*

Controls Test animals
(n=T7) (n=06)
solvent-injected prolactin-injected
Binding (min)
1 1.52 £ 0.27 0.96 + 0.33}
10 3.48 £ 0.70 1.03 £ 0.35%
20 2.77+£0.71 1.15 £ 0.34%
30 3.04 £ 0.68 1.77 £ 0.33%
Uptake
1 0.02 £ 0.03 0.03 + 0.02 NS§
10 0.20 £0.15 0.05 £ 0.03]
20 0.35+0.21 0.12 + 0.09]
30 0.62 £0.29 0.22 + 0.08t
* Mean =+ SD, ug '*I-BSA equivalents/mg mucosal protein.
+p<0.01.
$p<0.001.
§ Not significant at level of p < 0.05.
I »<0.05.
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during lactation. Binding and uptake of BSA and OVA were
defined in concordance to earlier publications (8, 13). It has to
be noted that the gut sac technique does not allow a clear-cut
separation between binding to surface structures and uptake into
intestinal cells. Thus, figures for radioactivity found in mucosal
scrapings included material bound and material taken up into
intestinal cells. The term uptake for the radioactivity on the
serosal side was used as before (8, 13, 21), although it can also
be depicted as transport.

It was shown that there was less binding and uptake of BSA
and OVA in the lactating animal groups, compared to controls.
Except for BSA in lactating animals, the correlation between
protein binding and uptake that had been shown earlier (13) was
also found in this study. The changes in protein handling were
unlikely to be due to an oral immunization effect (21) since there
were no specific antibodies to the proteins studied in sera,
secretions, and intestinal contents of the animal groups, and
since the changes were observed with BSA as well as with OVA,
a protein which had never been fed to the animals.

The trace-labeled protein used to investigate binding and
uptake represents the original protein and its breakdown prod-
ucts generated by the activity of mucosa-associated enzymes (7,
13, 22). Consequently, there are no direct quantitations possible
from our data on the uptake of intact BSA or OVA. Since the
occurrence of foreign food protein in breast milk has been
reported both in the experimental animal and in man (23), and
since the absorption of antigenically intact BSA is known to be
increased in suckling animals (24), changes in the intestinal
handling of food antigens in lactating animals could lead to
considerable changes in the degree of exposure of immature
animals to foreign macromolecular antigens. In that respect, and
in the context of current knowledge about the enteromammary
immune system (11, 25), the observed changes in antigen han-
dling during lactation appear to be part of a system which protects
maternal animals and their immature suckling offspring from
excessive exposure to food protein antigens. Increased mucosal
protein breakdown as has been observed using TCA precipitation
and the OVA label, would decrease the amount of intact food
protein present at the mucous coat. In the case of BSA, a partial
breakdown has been shown by gel filtration in earlier experiments
(13). This partial breakdown of BSA to large fragments can not
be demonstrated by the relatively rough method of TCA precip-
itation (Table 1).

The observed decrease in protein binding to the mucous coat
of gut sacs could act as a further protective function of the gut
barrier, leading to a decrease in the uptake of food proteins and
their fragments that could be shown here. Mucus layer factors
appear to contribute to these host defense mechanisms together
with mucosa-associated proteolytic enzymes (21). It appears to
be of interest in this context that decreased food protein binding
and uptake were also observed in gut sacs prepared from im-
mature suckling rats, compared to adults (26). The decreased
binding in these studies depended on the presence of the mucous
coat. The basic mechanisms underlying the observed changes in
food protein handling and uptake during lactation remain to be
clarified. Hormonally controlled changes in the fluidity or charge
of the microvillus membrane (27) or the biochemical composi-
tion and viscosity of intestinal mucus (28) might influence the
interaction of the small intestine and food proteins. The immu-
nological significance of the findings reported here remains to be
established. There was no evidence from our study that antigen
exclusion by intestinal antibodies played any role in the groups
tested, but this question awaits to be answered in more detail by
our further work. It appears to be obvious from our present data
that, as a sum of different events, the total amount of food
protein antigenic material coming into close contact with the
local immune system of lactating animals was decreased.

In the present study we also demonstrated that the changes in
protein handling and uptake observed in lactating rats were
reversible when lactation ceased, although the number investi-

323

gated was low. The injection of prolactin alone, in a dose which
has been shown to induce the typical changes in fluid transfer
(15), caused changes very similar to those observed in the lactat-
ing group. These changes included less binding and uptake of
BSA than was seen in solvent-injected control animals. Since
prolactin has been reported not to be a trophic factor causing
intestinal hyperplasia during lactation (1, 14), our findings sug-
gest that the effect of prolactin on intestinal barrier functions is
a separate and specific phenomenon. Preliminary studies cur-
rently in progress show that the changes observed occurred only
during lactation and not earlier during pregnancy. The further
identification of gestational and hormonal factors connected to
the changes in gut barrier functions is an objective for future
work. Our data suggest that the afferent intestinal component of
the enteromammary immune system is subject to hormonal
control. A similar control mechanism has been reported for the
efferent part of this system (29). The changes in food protein
handling and uptake imply an important mechanism to protect
lactating animals and their suckling litters against excessive sys-
temic food protein exposure.
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Effect of Maternal Oxygen Inhalation on the
Fetus with Growth Retardation

RITA A. VILEISIS

Department of Pediatrics, Duke University Medical Center, Durham, North Carolina 27710

ABSTRACT. Decreased nutrient and oxygen transfer to
the fetus accounts for fetal growth retardation in pregnan-
cies complicated by severe uteroplacental insufficiency. A
model of uteroplacental insufficiency was produced by
ligation of the uterine artery of one horn in pregnant rats
at 17 days of gestation. The pregnant rats were assigned
to environmental chambers containing a gas mixture of
either an increased fractional inspired oxygen concentra-
tion of 0.40 (O;) or room air from day 17 through 21 of
gestation. Supplemental oxygen inhalation resulted in in-
creased survival of the fetuses from the ligated horn {34 *
6% in intrauterine growth retardation (IUGR)-room air
versus 57 * 8% in IUGR-O;] and an increase in fetal
weight, expressed as a percentage of nonligated appropri-
ate for gestational age control littermates (67 * 2% in
IUGR-room air versus 74 * 2% in IUGR-0,). A role for
hypoxia in the suppression of fatty acid synthesis in IUGR
fetal tissues had been postulated; however, maternal oxy-
gen inhalation did not result in any increase in fatty acid
content or specific activity in liver, lung, or carcass of
IUGR fetuses. These data indicate that supplemental ma-
ternal oxygen inhalation improves survival and growth of
fetuses compromised by uteroplacental insufficiency, but it
has no apparent effect on lipogenesis at term. (Pediatr Res
19: 324-327, 1985)

Abbreviations

IUGR, intrauterine growth retardation
RA, room air

AGA, appropriate for gestational age
ip, intraperitoneal

Fetal growth is dependent on placental function, maternal
nutrition, as well as many other factors. Limitation of blood flow
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to the pregnant uterus restricts availability of all potential meta-
bolic substrates to the placenta both for its own metabolic needs
and for subsequent delivery to the growing fetus. Placental
transfer of analogs of glucose and amino acids correlates directly
with maternal placental blood flow in fetuses with spontaneous
and experimentally induced growth retardation (13, 17). In ad-
dition, low uteroplacental blood flow results in decreased oxygen
delivery to the placenta (4, 11, 14).

Hypoxemia impairs the placenta’s capacity to transfer glucose
(9) and amino acids (8), thus contributing an additional mecha-
nism for fetal growth retardation in pregnancies complicated by
uteroplacental insufficiency. Furthermore, severe restriction of
uterine blood flow has been shown in several animal models to
result in fetal hypoxemia, and thus, contribute to growth retar-
dation (12). The causal relationship between hypoxia and IUGR
may be mediated by decreased release of growth promoting
factors, and/or decreased synthetic capability due to decreased
fetal oxygen consumption.

The purpose of this study was to determine the effect of
increased ambient oxygen concentration in the maternal envi-
ronment on the IUGR fetus. The animal model chosen was one
in which all potential substrates for fetal growth were severely
limited by means of uterine artery ligation, and then only one
factor in the maternal environment was augmented, oxygen.
Fatty acid synthesis was evaluated because it is a synthetic
function that is known to be impaired in the IUGR conceptus
(19), is responsive to improved nutrient availability (20), and is
dependent on adequate oxygen supply (21).

MATERIALS AND METHODS

Twenty-eight pregnant Sprague-Dawley rats weighing between
250 and 325 g were obtained from the Charles River Laboratories
(Wilmington, MA) and allowed free access to a stock diet. Rats
had been mated between 19.00 and 11.00 h. The next morning
was considered to be day 0 of pregnancy. On day 17 of gestation,
under ketamine anesthesia (20-30 mg, ip), a laparotomy incision
was made. The uterus was exposed and a 3-0 silk ligature placed
around the uterine artery supplying the uterine horn with the
larger number of fetuses to produce uteroplacental insufficiency
as described by Wigglesworth (23). The vasculature of the op-
posite uterine horn and ovarian artery of the ligated horn were
left untouched. The fetuses from the nonligated horn served as
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