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ABSTRACT

Uteroferrin (UF) is an iron-containing, progesterone-induced glycoprotein present in allantoic

fluid and uterine secretions of swine between Days 30 and 105 of gestation. The role of UF in

maternal-to-fetal iron transport and uptake of macromolecules by allantoic epithelium were

studied in 2 experiments.

In Experiment 1, 8 pregnant guts were assigned to treatment on either Day 30, 60, 90 or 105 of

gestation. Three additional gifts were rendered unilaterally pregnant and assigned to treatment on

Day 60. All gifts received 100 MCi “Fe injected intravenously. Twenty-four h after the “Fe

treatment, guts were hysterectomized and fetal fluids and tissues collected. Uterine flushings were

also collected from the nongravid uterine horn of unilaterally pregnant gifts. Fetal bone, spleen,

liver, kidney and placenta accumulated � Fe, but fetal spleen was the only tissue in which total

“ Fe accumulation was affected (P<0.05) by day of gestation. Radiolabeled UF was also isolated

from uterine flushings (14 cpm/mg protein) and from concentrated allantotic fluid by carboxy-

methyl cellulose (CMC) ion exchange chromatography.

In Experiment 2, macromolecular uptake by the allantoic epithelium, both in vitro and in vivo,

was examined. Sections of ailantois, chorion, amnion and fetal gut (FG) were collected from Day

60 pregnant gilts. Samples of each of the tissues were incubated in minimal essential medium

(MEM) containing 1 of the following proteins labeled with fluorescein isothiocyanate (FITC): 1)

FITC-’y-globuiin; 2) FITC-uteroferrin; 3) FITC-transferrin or 4) FITC-�y-globulin with iO� M

Na-arsenite. Uptake of these proteins by chorion and allantois, but not amnion was observed. The

Na-arsenite inhibited protein uptake. When FITC-’y-globulin was introduced into the allantoic fluid

on Day 60 of pregnancy, uptake by the allantois was observed.

Results of this study support the concept that uteroferrin (UF) plays a major role in iron

transport to the conceptus. In addition, data indicate that the allantoic epithelium is capable of

transporting proteins normally found in allantoic fluid, i.e., uteroferrin and transferrin, as well as a

protein not normally found in either fetal serum or allantoic fluid, i.e., 7-globulin. Failure to detect

uptake of these proteins when Na-arsenite was added to the incubation medium suggests that

transport of these proteins is by an active process.

INTRODUCTION

In mammals having an invasive type of

implantation, e.g., rabbit and human, the

placental chorion has specific receptors for
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transferrin on its maternal surface (Faulk and

Gailbraith, 1979; Wada et al., 1979). Transferrin

has a molecular weight (MW) of about 78,000

daltons and binds a maximum of 2 Fe3’� atoms.

The transferrin-iron complex, once bound

to the chorion, is believed to be taken up by

endocytosis and the iron released within the

chorionic epithelium. The iron may then be

bound to either placental ferritin (Wohler,

1963) or a low molecular weight iron carrier

(Larkin et al., 1970). The transferrin molecule

of maternal origin does not appear to enter the

fetal circulation (Gitlin et al., 1964; Baker and

Morgan, 1970).

In other species, for example the dog and

cat, iron transport to the fetal-placental unit

involves extravasation of maternal erythrocytes
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into the uterine lumen. The erythrocytes are

then subjected to phagocytosis by the chorionic

epithelium and/or uterine macrophages which

degrade the erythrocytes. The iron released

from hemoglobin is then transferred, through

some mechanism, at present not understood, to

the fetal circulation (Wong and Morgan, 1974).

A similar process also occurs in sheep (Myagkaya

and Vreeling-Sindelarova, 1976) and cattle

(Bjorkman, 1969) placenta, especially within

the placentomes.

Animals having diffuse, epitheliochorial

placenta, e.g., the pig and horse, seem to

depend upon secretion of an iron transport

protein by the uterine glands. Placental iron

transport in swine is believed to depend pri-

marily on secretion of uteroferrin (UF), an

iron-containing, progesterone-induced glyco-

protein first described by Murray et al. (1972)

and Chen et al. (1973).

Placental iron transport in swine had previ-

ously been suggested to occur via the embryo-

trophic route of nutrient transfer, i.e., by

uterine secretions (Palludan et al., 1969). After

labeling the circulating iron pool of pregnant

gilts with � Fe, autoradiographic examination

of the uterus revealed the highest concentration

of radioactive granules associated with uterine

glands, their secretions and the placental

areolae (Palludan et al., 1969). These data

confirmed earlier cytochemical studies which

demonstrated the presence of iron in glandular

epithelium and uterine lumen of pregnant swine

(Wislocki and Dempsey, 1946). Uteroferrin has

been detected by an immunofluorescent

antibody procedure in the same regions of the

placenta and pregnant porcine uterus (Chen et

al., 1975). Uteroferrin is transferred across the

placental areolae and can be sequestered in

allantoic fluid between Days 30 and 105 of

gestation, achieving maximum concentrations

between Days 60 and 75 (Bazer et al., 1975).

Iron and Uf accumulation in allantoic fluid

follow a similar pattern (Ducsay, 1980).

Available data suggest that the major role of Uf

is in transplacental iron transport in swine

during gestation (Schlosnagle et al., 1974;

Roberts and Bazer, 1980).

The present study had 2 primary objectives.

The first objective was to examine the transport

of radiolabeled iron from the maternal circula-

tion to the tissues and fluids of the fetal-

placental unit and uterus. The second objective

was to determine whether proteins and/or

protein-iron complexes, e.g., Uf and transferrin

(Tf), known to be sequestered in allantoic fluid,

can be transported by the allantoic epithelium

into the fetal circulation. It has been proposed

that Uf in allantoic fluid represents a temporary

storage form of iron (Roberts and Bazer, 1980).

Animals

MATERIALS AND METHODS

Crossbred gilts of similar age, weight and genetic

background were bred at 12 and 24 h after onset of

estrus using mature boars. Day of onset of estrus was

designated Day 0.

Experiment I Placental “Fe Transport

Eight guts were randomly assigned to treatment on

either Day 30, 60, 90 or 105 of gestation. On the

assigned day, 100 MCi “ Fe (Amersham Corp.) in 10

ml sterile saline was injected through a polyvinyl

catheter into an ear vein of each gilt. The syringe and

catheter were flushed with 5 ml of sterile saline

following the injection. A maternal blood sample

was collected immediately from a vein in the contra-

lateral ear at a time designated as T0. After 24 h, gifts

were hysterectomized and samples of allantoic fluid

(AIf) and amniotic fluid (Amf) were collected and the

volumes recorded as described by Knight et al. (1977).

A maternal blood sample designated T24 was collected,

as previously described, and fetal blood samples were

obtained from the umbilical cord and fetal heart with

a 22 gauge needle attached to a I cc syringe. Fetal

spleen, liver, left kidney and a section of right tibia

were dissected out, weighed and stored at -20#{176}C until

analyzed. Each placenta was treated in a similar

manner. Representative samples of endometrium were

also collected.

Three additional gifts were rendered unilaterally

pregnant by the method of Basha et al. (1980). On

Day 18 of gestation, the gilts were laparotomized and

an 18 gauge needle was inserted through the uterine

wall of 1 of the uterine horns near the cervix. Twenty

ml of sterile saline was introduced into the uterine

lumen and the bolus of fluid was massaged toward the

oviduct. A small incision was made in the uterine horn

near the tubouterine junction and the embryos were

flushed out of the uterus. A ligation was placed

around the uterine horn near the junction of the

uterine horn and body and the uterine incision was

closed. The uterus was then returned to the body

cavity and the gilts were allowed to recover. On Day

60 of gestation, the unilaterally pregnant gifts were

injected with 100 MCi “ Fe and 24 h later they were

hysterectomized and fetal tissues and fluids were

collected as previously described. The nongravid

uterine horn from each gilt was flushed with 80 ml of

sterile saline and the uterine flushing recovered and

volume recorded.

Radioactivity Determination

Fetal spleen, kidney and bone samples were placed

in 13 X 100 mm culture tubes and counted in a

Packard (Model 5130) gamma counter. Liver, placenta

and endometrium were minced, and representative

samples were weighed, placed in culture tubes and
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UTEROFERRIN-MEDIATED IRON TRANSPORT IN SWINE 731

counted in duplicate. One ml aliquots of AIf and Amf

were pipetted into culture tubes and counted.

Pooled AIf samples from Day 60 unilaterally
pregnant gifts were lyophilized and reconstituted to

0.1 the original volume with deionized water. One ml

aliquots of concentrated Alf samples were counted,

then mixed with an equal volume of settled carboxy-

methyl cellulose (CMC, Whatman), a cation exchanger,

and incubated for 2 h at 4#{176}Cto absorb uteroferrin.

The samples were centrifuged at 2000 X g for 10 mm.

The pellet was recovered, washed in 10 mM Tris, pH

8.0, resuspended and centrifuged again. The pellet was

recovered and counted and then treated with a high

salt buffer (10 mM Tris, 1 M NaCI, pH 8.0) to deter-

mine if counts previously associated with Uf in the

CMC pellet could be removed.

Uterine flushings collected from unilaterally

pregnant gilts were centrifuged at 12,000 X g for 20

mm to remove cellular debris. A volume of 3 ml from

each flushing was counted and loaded on a 1.5 X 90

cm Sephacryl S-200 column previously equilibrated

and eluted with barbital saline (.02 M, .4 M, pH 8.0)

buffer system. One ml fractions were collected,

counted for radioactivity, and the protein concentra-

tion (Lowrey et al., 1951) of each fraction was deter-

mined. Acid phosphatase activity was measured as

previously described (Schlosnagle et al., 1974) using

p-nitrophenylphosphate as substrate. Coincident peaks

of radioactivity and protein were examined for the

presence of Uf and Tf by Ouchterlony agar gel im-

munodiffusion analysis with specific antiserum pre-

pared against IJF (Chen et al., 1975) and TF (Buhi,

1981). Aliquots of whole blood were collected from

fetuses and gifts and radioactivity (CPM) was deter-

mined. Samples were centrifuged at 2250 X g for 10

mm and plasma was recovered and counted. The

remaining red blood cells were washed in cold normal

saline, centrifuged and the supernatant was discarded.

The process was repeated and the cells then were

resuspended in 1 ml normal saline and radioactivity

was determined.

Statistical Analysis

Data were analyzed by the method of least squares

analysis of variance employing Statistical Analysis

System (Barr et al., 1979). The pattern of “Fe

accumulation in fluids and tissues was examined over

days of gestation relative to variation airiong gifts

within day of gestation.

Experiment 2: In Vitro and In Vivo Uptake of

Fluorescein Isothiocyanate-Labeled Proteins by

Porcine Chorioallantoic Membranes

In vitro studies. A total of 8 gifts was utilized for

various aspects of this experiment. Surgery was

performed on Day 60 of gestation. The uterus was

exposed by midventral laparotomy and a 3-4 cm

incision was made through the uterine wall, exposing

the placenta. A section of chroioallantois was separated

from the underlying endometrium and placed into a

sterile culture dish containing minimal essential

medium (MEM). The tissue was rinsed to remove

excess blood and smaller sections of approximately 1

cm diameter were cut for incubations. In addition,

sections of amnion and fetal small intestine were

obtained and used as control tissues. After rinsing,

sections of chorioallantois, amnion and fetal intestine

were placed in individual 30 ml incubation flasks

containing 5 ml MEM and exposed to an atmosphere

of 95% 02, 5% CO2 in a Dubnoff Metabolic Shaker at

37#{176}Cfor 30 mm for tissue equilibration.

At the end of the equilibration period, chorioal-

lantois and amnion tissues were transferred to fresh

MEM containing either: I) MEM alone as a control;2)

fluorescein isothiocyanate (FITC)-labeled 7-globulin;

3) FITC-Uf or 4) FITC-Tf. Fetal small intestine was

incubated either in MEM alone or with FITC-’y globulin.

The FITC-y globulin was prepared as described by

Lecce (1966). Porcine 7-globulin (United States

Biochemical) was added to 0.5 M carbonate-bicarbo-

nate buffer, pH 9.0, to give a concentration 40 mg/mI.

The � globulin solution was then mixed with 1 g FITC

(10% on celite, United States Biochemical) and stirred

for 16 h at 4#{176}C.The solution was stirred,centrifuged

at 2,000 X g for 15 mm and the supernatant removed

and dialyzed against 3.5 I of 10 mM Tris-HCL, pH

8.0, at 4#{176}Cfor 7 days with daily changes of buffer.

Uteroferrin, purified by the procedure of Chen et al.

(1973), and Tf, purified as described by Buhi (1981)

were labeled with FITC using the same procedure.

Upon completion of the incubation with FITC-

labeled proteins for 30 mm, the tissue sections were

washed in fresh MEM, placed in 10% buffered formalin

for 16 h and then processed through increasing con-

centrations of alcohol and xylene. After fixation, the

tissues were blocked in paraffin and 5 M sections were

cut, placed on slides and dried. The paraffin was

subsequently removed and the sections were mounted

in a nonfluorescent mountant (Permount).

Sections of chorion and amnion were also incu-

bated with FITCi-globulin in an anaerobic atmosphere

(N2) or in MEM with FITC-7-globulin and 1o’ M

Na-arsenite. Previously described incubation conditions

and tissue preparation methods were utilized. Results

of these incubations would indicate whether or not

protein uptake was an active process.

A modification of the in vitro method outlined

above was used with a portion of the chorioallantois.

Instead of being placed directly into an incubation

flask, a section of chorioallantois was placed on a

modified Ussing chamber (Ussing and Zerahn, 1951).

This consisted of a lucite chamber filled with MEM,

but divided by the section of chorioallantois. A

mixture of 95% #{176}2’ 5% CO2 was bubbled through

MEM on both sides of the chamber for a 30 mm

equilibration period at 37#{176}C.Then, FITC-�)’-globulin

was added to either the chorionic or allantoic side of

membrane in a concentration of 5 mg/mI. The incu-

bation was terminated after 30 mm and tissues were

washed, fixed and sectioned as described earlier, to

determine if uptake of 7-globulin was preferential by

either the chorion or allantois.

In vivo studies. Porcine uterine secretions, fetal

serum and allantoic fluid do not contain 7-globulins

(Lecce, 1966; Buhi, 1981). Therefore, this part of the

study was to determine whether or not the allantoic

epithelium is capable of transporting porcine 7-globulin

into the fetal circulation. Porcine 7-globulin was

chosen since it is not normally present in fetal serum

and because it is normally absorbed by gut epithelium

of the neonate; allantoic epithelium is derived from

an evagination of the fetal hindgut.

On Day 60 of gestation, the gilt was laparotomized

to expose the uterus and individual allantoic fluid sacs
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were isolated. A 20 gauge needle was inserted through

the uterine wall into an individual allantoic sac.

Correct placement was assured by insertion near the

end of each allantoic sac and away from the amniotic

sac and withdrawal of a small amount of allantoic

fluid into a 20 ml syringe. Once needle placement was

confirmed, either 400 mg FITC-y-globulin in 20 ml or

100 mg unlabeled 7-globulin in 10 ml sterile saline was

injected into the allantoic sac. 1he position of each in-

jected conceptus was noted, the uterus returned to the

body cavity and the incision closed. The gilts were

hysterectomized 24 h later and sections of chorioal-

lantois from conceptuses which had FITCi-globulin

injected into the allantoic sac were fixed and sectioned.

Blood samples were collected from fetuses which had

unlabeled 7-globulin injected into the allantoic fluid

compartment and from uninjected control fetuses. In

addition, allantoic fluid volumes were measured.

Maternal blood was also collected. Blood samples were

refrigerated overnight, centrifuged at 2000 X g for 10

mm and serum was collected and frozen at -20#{176}C

until analyzed. Serum samples were tested for the

presence of 7-globulin by Ouchterlony agar gel im-

munodiffusion analysis against specific antibody

prepared against porcine 7-globulin.

lodination of Transferrin

lodination of Tf was by the method of Markwell

(1978) using lodo-Gen (Pierce Chemicals). Porcine Tf

(0.4 to 1.1 mg) in 1 ml 0.02 M sodium barbital buffer,

pH 7.5, containing 0.4 M NaCl, was added to an

lodo-Gen coated tube (100 �g) previously rinsed with

labeling buffer. Carrier-free Na’3’ I (Amersham Corp.)

(0.5 to 1.5 mCi) was added and the tube Thaken gently

for a few seconds every minute for 10 to 15 mm. The

125 I-Tf was separated from unreacted 1251 by gel

filtration on Sephadex G-50 or G-100. To determine if

Tf could cross the placental barrier, 125 I-Tf was

introduced into the maternal circulation of a gilt on

Day 58 of pregnancy. Twenty-four h later fetal blood,

allantoic fluid and amniotic fluid from 6 conceptuses

were examined for the presence of ‘25I-Tf by tn-

chloroacetic acid precipitation and immunoprecipita-

tion with rabbit anti-porcine Tf antiserum. Radio-

activity was determined in the precipitate and super-

natant after treatment of each sample.

Photomicroscopy

Tissue sections were observed and photographed

using a Zeiss fluorescence microscope. Photographs

were made on Kodak Plus X film with bracketed

exposure times of 1, 2 and 3 mm through a 10 X

occular and either a 27 X or 54 X oil objective.

RESULTS

Experiment 1: Placental 59Fe Transport

Total � Fe accumulation in fetal tissues 24 h

after introduction of 100 jiCi 59Fe into the

maternal circulation is summarized along with

tissue weights in Table 1. Total 59Fe (X ± SEM)

in fetal liver increased substantially from Day

30 (1809 ± 267 CPM) to Day 60 (56,551 ±

8083 CPM), but changed very little thereafter.

The overall day trend was significant (P<0.01).

The increase in total � Fe in fetal liver was

closely associated with the increase in weight

(P<0.01) of the fetal liver and not with major

changes in CPM of 59Fe per g of liver. The same

trend was also observed for total 59Fe in the

placentae.

Fetal spleen and kidney tissues could not be

obtained on Day 30 of gestation. However,

total 59Fe in kidney increased, but not signifi-

cantly, between Days 60 and 105 of gestation.

Changes in total � Fe in the spleen were signifi-

cant (P<0.05) over the days studied. The

increase in total 59Fe in fetal spleen and kidney

was associated with increased weights of those

tissues and not with increased concentrations of

� Fe/g in the respective tissues.

Data on 59Fe concentration and total 59Fe

in bone and endometrium are summarized in

Table 1. The S9 Fe concentration changes during

gestation were significant (P.zO.05) for bone

and endometrium. For bone, only 59Fe/g was

determined for femur; however, increased

values after Day 60 were consistent with

increased hematopoeisis in bone marrow.

For endometrium, 59Fe/g was higher on Days

30 and 60 of gestation than Days 90 and 105.

It has been demonstrated previously that Uf

secretion by endometrium decreases after Day

60 (Basha et al., 1979); therefore, the decrease

in � Fe/g of tissue was consistent with previous

data.

The major portion of radioactivity in

maternal blood at T0 was associated with the

plasma fraction while the erythrocyte fraction

contained the majority of counts at T24 (Table

2). This difference was attributed to 59Fe

incorporation into maternal red blood cells and

uptake by maternal tissues. The amount of

radiolabeled iron in whole fetal blood, plasma

and erythrocytes was maximal on Day 60 and

declined to Days 90 and 105 (Table 3). The

major proportion of counts was associated with

the erythrocyte fraction indicative of incor-

poration of transferred � Fe into erythrocytes

and, presumably, fetal hemoglobin.

Radioactivity in allantoic fluid was very low;

however, when samples of Day 60 allantoic

fluid were concentrated, significant amounts of

� Fe were detectable (Table 4). Ion exchange

chromatography on carboxymethyl cellulose

(CMC) demonstrated that essentially all of this

radioactivity was retained by the CMC, but

could be eluted with 1 M NaCI (Table 4). Since

Uf is the only known basic iron-containing
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TABLE 2. Levels of “Fe in maternal whole blood, plasma and erythrocytes at T, and T�, gestation.a

Cells

Whole

Day of blood Plasma

gestation Time (cpm/ml) (cpm/ml)

(cpm/ml

resuspended

cells)

30 T, 4113 ± 411 6635 ± 1243 133 ± 130

T2., 1453± 444 740± 231 2241±1893

60 T, 6096± 1800 10144±4994 164± 103

T� 1235± 795 560± 519 134.6± 594

90 T0 3881 ± 1539 7929 ± 1240 167 ± 24

T� 1468 ± 546 281 ± 80

T0 ... ...

982 ± 81

...

T24 ... ...
...

aMean ± SEM.

bSampIes hemolyzed.

TABLE 3. Accumulation of “ Fe in fetal whole blood, plasma and erythrocytes during gestation.a

Whole

Cells

(cpm/ml

Day of blood Plasma

gestation Nb (cpm/ml) (cpm/ml)

resuspended

cells)

30 ... ... ...

60 16 3349±436 275± 52 964±171

90 22 1479 ± 52 135 ± 15 588 ± 48

105 16 1123 ± 97 106 ± 39 591 ± 37

aMean ± SEM.

bNnumber of observations.

TABLE 4. Levels of “Fe in concentrated allantoic

fluid from Day 60 unilaterally pregnant gilt.s.a

No. of samples 3

cpm/ml 29± 11

CMC + fraction (cpm) 20 ± 10

Counts remaining after

high salt wash (cpm) 2 ± 2

aMean ± SEM.

protein in allantoic fluid, the majority of 59Fe

in allantoic fluid seemed to be associated with

u teroferrin.

In an attempt to determine whether any

� Fe-protein complexes other than uteroferrin

were present in uterine secretions of unilaterally

pregnant pigs, uterine flushings were obtained

from the nongravid uterine horn on Day 60 of

gestation from gilts that had received 100 iCi

59Fe 24 h prior to collection of uterine secre-

tions. The uterine flushings were analyzed for

acid phosphatase activity, protein and 59Fe

content. The results are summarized in Table 5.

The uterine flushings contained about 14 CPM

of 59Fe/mg protein and a total (X ± SEM) of

11,557 ± 2218 CPM. To determine if 59Fe was

associated with Uf, total 59Fe-labeled uterine

flushings were subjected to Sephacryl S-200

column chromatography. A representative

elution profile is shown in Fig. 1. Two major

protein peaks were observed which contained

significant amounts of radioactivity. The first

peak centered around Fraction 81 had an

elution position similar to that of Tf, i.e., an

apparent molecular weight of 70,000 to 80,000

daltons, whereas the second peak (Fraction 95)
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TABLE 5. Acid phosphatase activity, protein content and “Fe content per horn in uterine flushings from the

nongravid horn of unilaterally pregnant gilts.a

No. of flushings 3

Acid phosphatase concentrations (.pmol Pi/min/ml) 100.8 ± 29.3

Total acid phosphatase (pmol Pj/mjnJflush) 5,442 ± 2,380

Protein concentration (mg/mI) 17.0 ± 1.0

Total protein (mg) 855 ± 170

“Feconcentration(cpm/ml) 232 ± 28

TotaI59Fe(cpm) 11,557 ±2,218

aMean ± SEM.

eluted at a volume coincidental with that for

Uf, i.e., a MW of about 35,000 daltons. The

peak elution volumes of Tf and Uf had previ-

ously been determined by column calibration

with purified iodinated Tf and Uf as noted by

the arrows (Fig. 1). Ouchterlony agar gel

immunodiffusion revealed that proteins in each

peak cross-reacted with rabbit anti-Uf (Fig.

2A), but not antiserum to Tf (Fig. 2B). Fur-

thermore, acid phosphatase activity was de-

tected in fractions in each of the peaks. It has

been reported previously that uteroferrin exists

as a monomer and as a dimer in low ionic

strength buffers (Chen et al., 1973). These data

E

a-
4-)

V
U-

09

support the presence of Uf, but not Tf in

uterine secretions from the nongravid uterine

horn of unilaterally pregnant gilts. Based on

data presented by Basha et al. (1980), proteins

secreted by endometrium from the gravid and

nongravid uterine horns of unilaterally pregnant

pigs are qualitatively identical.

In a related experiment, 125 l-Tf was intro-

duced into the maternal circulation to determine

if it could cross the placental barrier and act to

transport iron to the pig conceptus. Twenty-four

h after 125 I-Tf injection into the maternal

blood, radioactivity could be detected in

allantoic fluid, amniotic fluid and fetal umbilical

FIG. 1. Sephacryl S-200 chromatography of a uterine flushing collected from a Day 60 unilaterally pregnant

gilt injected with OFe. Protein concentration (---) and � Fe content (-) are plotted against elution volume (1

ml fractions).The column (1.5 X 90 cm) was previously calibrated with purified iodinated porcine transferrin

(Tf) and uteroferrin (Uf). Expected elution volumes of these proteins are indicated by arrows.
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FIG. 2. A) Ouchterlony immunodiffusion analysis of protein fractions (see Fig. 1) eluted from a Sephacryl

S-200 column loaded with uterine flushing from a Day 60, unilaterally pregnant gilt. Uteroferrin antiserum

(A UP) was placed in the center well. Wells labeled 76, 81 and 95 represent those respective protein fractions

and the well labeled Uf represents uteroferrin standard. Single precipitin lines formed against protein in fractions

76, 81 and 95 indicated the presence of uteroferrin in each of the fractions. B) Antiserum to transferrin (ATF)

was placed in the center well. Wells labeled 76, 81 and 95 represent those respective protein fractions and the

well labeled Tf represents porcine transferrin standard. No precipitin lines were formed against protein in any of

the fractions which is indicative of the absence of transferrin.

cord blood. These samples were subjected to

both 50% (w/v) trichloroacetic acid and rabbit

anti-transferrin antibody to achieve precipitation

of ‘25lTf. No precipitation of radioactivity was

achieved by either method. These results

suggest that the � I in the fetal fluids and cord

blood was no longer associated with Tf or

peptides of significant (5,000 to 10,000 M1)

size which would be precipitated by trichloro-

acetic acid. These results further indicate that

maternal Tf does not cross the placental bar-

rier.

Experiment 2: In Vitro and In Vivo Uptake

of Proteins by Porcine Chorioallantois

In vitro studies. The gut of neonatal pigs is

known to take up 7-globulins by an energy

dependent form of pinocytosis (Lecce, 1966;

Clarke and Hardy, 1971). Since Uf (Bazer et al.,

1975) and Tf (Buhi, 1981) are known to be

present in allantoic fluid and since the allantois

is derived embryologically from gut epithelium,

this study was designed to determine whether

or not the allantois is capable of uptake of

macromolecules. Uptake of FITC-’y-globulin

and its concentration in some, but not all

epithelial cells, of Day 60 fetal gut is indicated

in Fig. 3A. These areas of specific uptake are in

contrast to nonspecific fluorescence observed in

sections of amnion incubated with FITC-

7-globulin (Fig. 3B). No fluorescent droplets

were observed in any cells within the amniotic

epithelium.

Uptake of FITC-labeled proteins was difficult

to recognize in chorionic epithelium because of

heavy nonspecific fluorescence seen in control

sections. However, when chorionic areolae were

examined, bright regions of fluorescence,

not seen in control sections, were observed for

FITC labeled 7-globulin, Uf and Tf. These

observations suggest that uptake of all of these

proteins occurs by a similar mechanism. The

presence of FITC-labeled 7-globulin (Fig. 4A),

Uf (Fig. 4B) and Tf (Fig. 4C) in epithelial cells

of the allantois was also demonstrated.

Sections of chorioallantois placed in a

modified Ussing chamber permitted incubation

with only the allantoic side of the membrane in

contact with FITC-7-globulin. Uptake of the

FITC-’y-globulin was observed (Fig. 5C). How-

ever, when sections of chorioallantois were

incubated under anaerobic conditions or in the

presence of 10� M Na-arsenite, uptake of

FITC-7-globulin was not observed (Fig. 5B).

Incubation of intestine from neonatal pigs in

the presence of i0� M Na-arsenite or under

anaerobic conditions also prevented FITC-

7-globulin uptake (Lecce, 1966).

In vivo studies. The first part of this study

involved introduction of FITC-’y-globulin into
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FIG. 3. A) Section of Day 60 fetal gut incubated in vitro with fluorescein-labeled -y-globulin (F’vG) at 37#{176}C

for 30 mm in MEM. Arrows point to droplets of F’vG within epithelium. X 270. B) Section of Day 60 amnion

incubated in vitro with fluorescein-labeled ‘y-globulin (FyG) at 37#{176}Cfor 30 mm in MEM. No adsorption of

FyG was observed. X270.

the allantoic fluid compartment of Day 60

pregnant guts to determine its uptake by

allantoic epithelium in vivo 24 h later. The

FITC-7-globulin is not a normal component of

allantoic fluid, but served as a means of assessing

protein uptake. Data from this study con-

firmed the in vitro results since uptake of the

FITC-7-globulin by the allantois was observed

(Fig. 5A).

In the second part of this study, unlabeled

7-globulin (100 mg/ allantoic sac) was intro-

duced into the allantoic fluid compartment of 2

Day 60 pregnant guts to determine whether

the 7-globulin reached the fetal circulation.

Since fetal piglet serum is normally devoid

of 7-globulin (Lecce, 1966), this protein served

as a useful probe to study macromolecu-

lar uptake by the allantoic epithelium and

transport into the fetal circulation.

Two of 6 treated fetuses had detectable
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FIG. 4. A) Section on Day 50 areolae incubated in vitro with fluorescein-labeled ‘v-globulin (FyG) at 37#{176}C

for 30 mm in MEM. Arrow indicates droplet of F-1G within epithelium. X 270. B) Section of Day 60 allantois

incubated in vitro with fluorescein-labeled uteroferrin (Uf) at 37#{176}Cfor 30 mm in MEM. Absorption of Uf

indicated by ar-row. X 270. C) Section of Day 60 allantois incubated in vitro with fluorescein-labeled transferrin

(TO at 37#{176}Cfor 30 mm in MEM. Absorption of Tf indicated by arrow. X270.

UTEROFERRIN-MEDIATED IRON TRANSPORT IN SWINE 739

7-globulin in serum samples based upon Ou-

chterlony immunodiffusion analysis, while

7-globulin was not detected in serum collected

from control fetuses. A representative Ouch-

terlony plate with fetal serum samples from 1

of the gilts is shown in Fig. 6. The combined

results of Experiment 2 are summarized in

Table 6.

DISCUSSION

It has been demonstrated that Uf crosses the

placenta (Chen et al., 1975) and is sequestered

temporarily in allantoic fluid, but not in

amniotic fluid (Bazer et al., 1975). The Uf-

mediated iron transport from allantoic fluid

into the fetal circulation was hypothesized to

occur by uptake of iron or protein-iron com-

plexes by allantoic epithelium. Based upon

this concept, it was postulated that adminis-

tration of 59Fe to the dam would result in

accumulation of radiolabeled iron in allantoic

fluid and fetal and placental tissues.

Tissue and blood 59Fe concentrations

observed in fetuses in Experiment I are com-

parable to those obtained in earlier studies

(Hoskins and Hansard, 1964; Palludan et al.,

1969). That is, they found 59Fe accumulation

in placenta and liver to be much greater than

that in spleen, kidney, bone and plasma;

however, they did not evaluate allantoic fluid

for radiolabeled iron. In this study, 59Fe in

allantoic fluid was present in low concentra-

tions, but that which was recovered appeared

almost exclusively associated with uteroferrin.

There are several possible explanations for the

low amount of 59Fe-Uf in allantoic fluid. First,

since only 100 jiCi of 59Fe was injected into

the maternal circulation, the amount of

59Fe-Uf produced within 24 h may be small. If

so, it would become diluted in the large volume

of allantoic fluid found in pregnant pigs at Day

60 of gestation (Goldstein et al., 1980). Second,

the 59Fe-Uf produced by the uterine endo-

metrium may initially enter the fetal circulation

via the placental areolae and give up a majority

of the iron to liver and spleen. The 59Fe-Uf not

degraded by fetal tissues might then be cleared

through the kidney and enter the allantoic

sac via the urachus. The 59Fe-Uf “spillover”

into the allantoic sac might be rather small

considering the limited mass of 59Fe introduced

into the maternal circulation.

Unilaterally pregnant pigs were utilized to

determine the form of 59Fe in uterine secretion

of pregnant pigs. It had been established

previously (Basha et al., 1980) that endometrial

secretions from the gravid and nongravid

uterine horns of unilaterally pregnant pigs are

qualitatively indistinguishable. Acid phosphatase

activity and protein content in uterine flushings

from unilaterally pregnant guts in Experiment I

(Table 5) are comparable to those reported by

Basha et al. (1980). However, a total of only

11,500 CPM 59Fe was obtained. This represents

a small fraction of that found even in a single

fetus at Day 60, i.e., at least 100,000 CPM,

after the gilt received 100 �uCi intravenously.

Radiolabeled iron was not found to be present

as free 59Fe nor bound to any macromolecule

other than Uf in uterine secretions. An explana-

tion for the relatively low 59Fe-Uf in the

uterine flushings may be due to either a rapid

turnover of Uf in uterine secretions or the fact

that most of the 59Fe-Uf remained trapped

within the uterine glands by 24 h after 59Fe

administration. It us also possible that � Fe-Uf

synthesis and/or secretion is limited if the

product is not taken up by the placental

areolae.

It has been established that the areolae of

the pig chorioallantois are the primary sites of

absorption of endometrial secretory products

(Brambell, 1933; Palludan et al., 1969; Chen et

al., 1975). Although the mechanism of transport

is not known, Uf produced by the uterine

glands of pigs accumulates in the allantoic sac.

The Uf may be: 1) transported across the

chorionallantoic membranes, as well as the

mesenchymal tissue separating those 2 mem-

branes, and into the allantoic fluid or 2) trans-

ported from the areolae into the fetal circula-

tion, cleared through the kidney and moved

into the allantoic sac via the urachus. Once in

the allantoic sac, results from Experiment 2
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FIG. 6. Ouchterlony immunodiffusion analysis of serum from fetuses (r, and r2) which had porcine ‘y-

globulin introduced into allantoic fluid in vivo and uninjected control fetuses (1, and 12). The center well

contains antiserum to porcine ‘v-globulin. Maternal serum and ‘v-globulin standard (S) were also tested. A single

precipitin line between R, and M indicated the presence of ‘v-globulin in serum from fetus R, and maternal

serum.

0 - not tested.

UTEROFERRIN-MEDIATED IRON TRANSPORT IN SWINE 741

FIG. 5. A) In vivo absorptive capacity of Day 60 allantois. Section of allantois from a Day 60 pregnant gilt

which had fluorescein-labeled ‘v-globulin (FyG) injected into the allantois was obtained at hysterectomy. Arrows

point to droplets of FyG within allantoic epithelium. X270. B) Effect of i0� M sodium arsenite on absorption

of fluorescein-labeled ‘v-globulin (FyG) by Day 60 allantois. This section of allantois was preincubated in vitro

at 37#{176}Cwith 104M sodium arsenite in MEM for 30 mm. Following preincubation, allantoic tissue was trans-

ferred to fresh MEM containing F-1G for 30 mm. No droplets of FyG were observed within epithelium. X 540. C)

Section of Day 60 allantois incubated in vitro in an Ussing chamber with fluorescein-labeled ‘v-globulin on the

epithelial side of the membrane. After incubation at 37#{176}Cin MEM, FyG was present within the epithelium

(arrow). X270.

VP.,
F

F.
F

7: :ii �

TABLE 6. Absorption of fluorescein-tagged proteins by porcine chorion (C), allantois (AL), amnion (AM) and

fetal intestine (Fl) in vitro and in vivo.

In vitro lnvivo

FyG Ussing F’yG 104M FyG N2

Tissue FyG FUF FTF chamber Na-arsenite atmosphere FyG

C + + �1. + - - 0

AL + + + + - - +

AM - - - - - - 0

Fl + 0 0 0 0 0 0

+ - uptake.

- - lack of observable uptake.
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indicate that the allantoic epithelium can

transport macromolecules by an active cellular

process that may be analagous to that of

7-globulin uptake by the gut of neonatal piglets

(Lecce, 1966; Clark and Hardy, 1971). Recent

results (Buhi, 1981) suggest that Uf may

give up its iron to fetal Tf in the allantoic sac.

The Tf in allantoic fluid can then be transported

across the allantoic epithelium and into the

fetal circulation, while apo-Uf is rapidly de-

graded in the allantoic sac. Goldstein et al.

(1979) indicated that cellular proteins and

peptides may be transported across cells by

receptor mediated endocytosis; however, the

presence of Uf receptors in allantoic or chorionic

tissues was not examined in this study.

In in vivo studies 7-globulin was introduced

into the allantoic fluid of pregnant gilts to

determine its uptake by allantoic epithelium

and transport into the fetal circulation. Since

7-globulin is not normally found in either

allantoic fluid or fetal serum, it served as a

convenient probe for these studies. Immuno-

precipitable 7-globulin was observed in one-third

of the treated fetuses, but none of the control

fetuses. The lack of detectable 7-globulin in the

remaining treated fetuses using the Ouchterlony

double immunodiffusion technique, may be

attributed to differences in dilution of the

7-globulin either in allantoic fluid or fetal

serum or possibly degradation.

Although uptake of macromolecules by

allantoic epithelium does occur, the major

portion of 59Fe was in fetal and placental

tissues by 24 h after injection of 100 pCi 59Fe

into the maternal circulation. These results

suggested that the 59Fe-Uf in allantoic fluid

may represent only that which was not metabo-

lized by fetal tissues. The fetal vascular drainage

from the areolae is into the umbilical veins and

almost all of this blood passes through the fetal

liver before reaching the heart and being

pumped through the arterial system (Patten,

1948). Very little or no umbilical blood is

routed through the sinus venosus after about

the 12 mm embryo stage of development in

pigs. The liver is the primary site of hemato-

poesis as evidenced by increasing total liver

�9Fe (X ± SEM) from Day 30 (1809 ± 267

CPM) to Day 60(56,551 ± 8083 CPM) and Day

90 (72,972 ± 3440 CPM). The erythrocyte

forming centers shift to include bone marrow

later in gestation as indicated by increasing

59Fe (CPM/g, X ± SEM) on Days 60(466 ± 53),

90 (1146 ± 67) and 105 (1067 ± 67) in the

femur.

Further research is underway to determine

the precise route of Uf movement from uterine

glandular epithelium and into the allantoic fluid

and the potential rate of uptake and degradation

of Uf by fetal organs.
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