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Abstract

 

Maternal lipoproteins provide nutrients to the fe-
tus via the placenta, yolk sac, and uterine membrane plus de-
cidua. To determine the transport processes that are responsi-
ble for the removal of lipoproteins from the maternal
circulation, we measured the clearance rates of maternal LDL
and HDL in vivo, as well as the tissue distribution of expres-
sion of the LDL receptor, glycoprotein 330 (gp330) and the
newly described HDL receptor, SR-BI, in the placenta, yolk
sac, and uterine membrane plus decidua at mid- and late-
gestation of the hamster. In mid-gestation (day 10.5), LDL
clearance rates of the placenta and yolk sac were similar to
those in the liver (

 

<

 

100 

 

m

 

l/h per g) and higher than those in
the decidua (18 

 

6

 

 3 

 

m

 

l/h per g). Clearance rates for HDL-
apoA-I and HDL-cholesteryl ether were similar to those of
LDL in the placenta and decidua whereas rates in the yolk sac
were dramatically higher (

 

.

 

1700 

 

m

 

l/h per g). Additionally,
albumin was cleared in the placenta and decidua at 

 

<

 

16 

 

m

 

l/h
per g whereas the yolk sac cleared the protein at much higher
rates (196 

 

6

 

 22 

 

m

 

l/h per g). Low levels of LDL receptor were
detected by immunoblot analysis in the placenta with trace
amounts in the yolk sac. Gp330 and SR-BI were both barely
detectable in the placenta but were expressed at high levels in
the yolk sac. As gestation progressed to day 14.5, LDL and
HDL clearance rates decreased in all three tissues; immuno-
detectable LDL receptor decreased in the placenta whereas
the expression of gp330 and SR-BI in the placenta and yolk
sac remained relatively constant.  These data suggest that
the clearance of maternal lipoproteins by the placenta, yolk
sac, and decidua are mediated by receptor-mediated as well as
receptor-independent processes.—

 

Wyne, K. L., and L. A.
Woollett.
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Tissues that are directly involved with fetal develop-
ment, including the fetus, placenta, yolk sac, and de-
cidua, require a large amount of cholesterol for mem-

 

brane formation and maintenance as well as hormone
synthesis. The necessary sterols can either be synthe-
sized endogenously or acquired from circulating lipo-
proteins (1). Rates of sterol synthesis in the fetus, pla-
centa, and yolk sac are greater than in other
extrahepatic tissues (2–8) but cannot account for all
the sterol that is accrued in these tissues in the hamster
in mid- to late-gestation (7). Clearance rates for mater-
nal low density lipoprotein (LDL) also are high in the
placenta and yolk sac during this stage of gestation (6,
7) and could be a source of a significant amount of ste-
rol. The sterols most likely support tissue growth and
hormone synthesis (7, 9, 10) but may additionally be
transferred to the fetus via apolipoprotein B (apoB)-
containing lipoproteins (11–13).

The receptors that mediate the uptake of maternal LDL
by extra-embryonic fetal tissues, such as the placenta and
yolk sac, have not been clearly delineated. Several different
lipoprotein receptors are expressed in the placenta, in-
cluding the low density lipoprotein receptor, which is re-
sponsible for the removal of apoB-100- and apolipoprotein
E (apoE)-containing lipoproteins (14), and an acetylated
LDL receptor (15), which binds and internalizes nega-
tively charged (modified) lipoproteins as in macrophages
(16). Two other members of the LDL receptor gene family
that are found to be expressed in the placenta (17, 18), the

 

Abbreviations: LDL, low density lipoprotein(s); apoB-100, apolip-
oprotein B-100; apoE, apolipoprotein E; VLDL, very low density lipopro-
tein(s); apoA-I, apolipoprotein A-I; SR-BI, scavenger receptor type BI;
TCB, tyramine cellobiose; mhLDL, methylated human LDL; LDL- and
HDL-C, cholesterol carried in LDL and HDL fractions, respectively; HDL,
high density lipoprotein(s); gp330, glycoprotein 330; hh, hedgehog.
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very low density lipoprotein (VLDL) receptor and LDL
receptor-related protein, also bind apoE-containing lipo-
proteins in vitro (19, 20). In the yolk sac, still another
member of the LDL receptor gene family, glycoprotein
330 (gp330), is found in large amounts (21, 22). Gp330
binds and internalizes lipoproteins containing either
apoB-100 and/or apoE in tissue culture cells (19, 23). The
relative roles each of these receptors play in development
of fetal tissues and membranes are not known but there
may be some redundancy in receptor function as mice
lacking various proteins involved in transport of lipids,
such as the VLDL receptor (24) and the LDL receptor
(25), are fertile.

In addition to apoB- and apoE-containing lipopro-
teins, high density lipoproteins (HDL) also bind to
trophoblastic cells in vitro (26, 27), are cleared by the
placenta in vivo (7) and stimulate production of pro-
gesterone (28). There are two different processes re-
sponsible for transport of HDL components into cells.
The first is by whole particle uptake, as measured by
clearance of HDL-apolipoprotein A-I (apoA-I) (29, 30).
Selective uptake of the lipid component of HDL by tis-
sues can also occur (29–32). This selective uptake is
mediated by a new member of the scavenger receptor
family called the scavenger receptor, class B, type I (SR-
BI). Expression of the recombinant protein in cultured
cells is associated with cell surface binding of HDL and
transport of the lipid from the particles to the cell with-
out any associated degradation of apoA-I or apoA-II
(31). SR-BI is located in highest concentrations in tis-
sues that selectively take up significant amounts of
HDL-associated lipids from the circulation, such as the
liver, adrenal glands, ovaries, and testes (30–33). Only
trace amounts of SR-BI are present in the placenta of
the rat and mouse (31, 32).

The present studies were undertaken to begin to ex-
amine the different pathways by which LDL and HDL
are removed by the tissues that directly support fetal
development. In addition, the tissue distribution of
the receptors shown to remove LDL and HDL, such as
the LDL receptor, gp330, and SR-BI, was determined in
the placenta and yolk sac due to their relatively high
clearance rates of LDL and HDL. The studies were
completed in the female hamster because it is one of the
few species that resembles humans in that it becomes
hypercholesterolemic late in pregnancy (7, 34–36).

METHODS

 

Animals

 

Male and non-pregnant female Golden Syrian ham-
sters (

 

Mesocricetus auratus

 

) (Charles River Laboratories,

Kingston, NY), weighing 100 and 90 g, respectively,
were housed in colony cages in a temperature and hu-
midity controlled room. Animals were subjected to 12 h
of darkness and 12 h of light and were fed ad libitum a
ground cereal-based diet (Rodent Diet no. 8604) (Tek-
lad Premier Laboratory Diets, Madison, WI) which had
an inherent cholesterol and triacylglycerol content
of 0.02% and 5% (wt/wt), respectively. After 1 week of
acclimation, animals were mated (7), and the dams
were studied at days 10.5 and 14.5 of gestation. Females
not mated were used as non-pregnant controls. All of
the animal experiments were approved by the Institution-
al Animal Care and Research Advisory Committee of
the university.

 

Determination of tissue cholesterol content

 

Dams were anesthetized, arterial blood was collected,
and the fetus, placenta, yolk sac plus amnion, and re-
maining uterine membrane plus decidua were isolated.
The placenta included both the maternal- and fetal-
derived portions. Plasma was separated into LDL
(1.020–1.063 g/ml) and HDL (

 

.

 

1.063 g/ml). Lipopro-
tein fractions and tissues were saponified, and the
amount of cholesterol was measured by GLC using stig-
mastanol as an internal standard (37).

 

Determination of native and methylated human LDL 
clearance and uptake rates in vivo

 

Plasma was isolated from blood of hamsters that had
been maintained on a standard cereal-based diet and
from human donors. LDL in the density range of
1.020–1.055 g/ml was isolated from both species and
labeled with [

 

125

 

I]tyramine cellobiose (TCB) (38) or

 

131

 

I (39). The radiolabeled human LDL was extensively
methylated (mhLDL) prior to use (40). The [

 

125

 

I]TCB-
labeled LDL and mhLDL (41) were given as a primed-
continuous infusion via a femoral catheter for 4 h. The
infusion rates for LDL (10% of bolus) and mhLDL (3%
of bolus) were determined as those that would main-
tain a constant dpm of 

 

125

 

I/

 

m

 

l plasma of non-pregnant
females over the 4-h infusion. Infusion rates of all lipo-
proteins and proteins described in this paper were de-
termined in the same manner. All initial boluses were

 

<

 

5,000,000 dpm in 0.5 ml. The 

 

131

 

I (

 

<

 

500,000 dpm in
0.5 ml) was injected via the catheter 10 min before ex-
sanguination to correct for plasma contamination (42–
44). After 4 h, animals were anesthetized, exsan-
guinated, and tissues were excised. Control livers from
non-pregnant females, maternal livers, placentas, yolk
sacs, and surrounding membranes were assayed for 

 

125

 

I
and 

 

131

 

I. Using the average dpm of 

 

125

 

I in the plasma of
each dam over the 4-h infusion and the dpm of 

 

131

 

I at
10 min, the rates of LDL clearance by the various tis-
sues were calculated (42). Data are presented as 

 

m

 

l of
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plasma cleared of its LDL content per h per g tissue.
Clearance rates were converted to uptake rates by mul-
tiplying the rate of LDL clearance by the concentration
of cholesterol circulating in LDL (1.020–1.063 g/ml)
(LDL-C) in the pregnant dam. The total LDL cleared by
both receptor-mediated as well as receptor-independent
processes was determined in hamsters infused with
hamster LDL. Receptor-independent transport was
measured with mhLDL. Receptor-mediated transport was
the difference between total and receptor-independent
clearance rates.

 

Determination of HDL-apoA-I clearance
and uptake rates in vivo

 

HDL (1.070–1.210 g/ml) was isolated from plasma
of donor hamsters fed a standard cereal-based diet.
The HDL was labeled with [

 

125

 

I]TCB (38) or 

 

131

 

I (39).
Tissue clearance rates for HDL-apoA-I (41) were mea-
sured using a primed-continuous infusion of [

 

125

 

I]TCB-
labeled HDL followed by an infusion of 

 

131

 

I-HDL 10
min prior to exsanguination. Radiolabeled HDL-apoA-I
was infused for 4 h at an hourly rate that was 5% of the
bolus. Tissues were excised and calculations were de-
termined as described in the previous section. Clear-
ance rates were converted to uptake rates of HDL-C by
multiplying the rate of HDL clearance by the concen-
tration of circulating HDL-C (d 

 

. 

 

1.063 g/ml) in the
pregnant dam.

 

Determination of HDL-cholesteryl ether
clearance rates in vivo

 

Isolated hamster HDL was labeled with [1

 

a

 

,2

 

a

 

(n)-

 

3

 

H]cholesterol oleyl ether and [cholesteryl-4-

 

14

 

C]ole-
ate as described previously (41). Primed-continuous in-
fusions of the [1

 

a

 

,2

 

a

 

(n)-

 

3

 

H]oleyl ether-labeled HDL
(41) were maintained for 4 h or 45 min. [

 

3

 

H]oleyl
ether-labeled HDL was infused at an hourly rate that
was 15% of the bolus. Ten min before the completion
of either infusion, [

 

14

 

C]cholesteryl ester-labeled HDL
was infused via the catheter to determine plasma con-
tamination of tissues.

Plasma from each dam was separated into non-HDL
(d 

 

, 

 

1.063 g/ml) and HDL (d 

 

. 

 

1.063 g/ml) fractions
by preparative ultracentrifugation. Percentage of 

 

3

 

H in
each fraction was determined at 45 min and 4 h. In the
pregnant dam, 9.0 

 

6

 

 0.7% and 32.5 

 

6

 

 1.3% of labeled
cholesteryl ether was transferred to non-HDL particles
(d 

 

, 

 

1.063 g/ml) after 45 min and 4 h of the infusion,
respectively. Clearance rates for HDL-cholesteryl ether
were determined using average dpm of 

 

3

 

H/

 

m

 

l HDL. It
should be noted that as a result of the transfer of radio-
label between lipoproteins, some of the radiolabel
within tissues could be radiolabeled LDL. The amount
of label removed as LDL should be minimal in that

LDL clearance rates were either equal to or less than
those for HDL, and a relatively small amount of label
was transferred over the entire infusion period. Regard-
less, all cholesteryl ether taken up by the tissues origi-
nated as HDL.

 

Determination of albumin clearance rates in vivo

 

Hamster albumin (Sigma Chemical Co., St. Louis,
MO) was labeled with [

 

125

 

I]TCB (38) or 

 

131

 

I (39). La-
beled albumin (41) was infused at an hourly rate that
was 2% of the bolus. The study was performed as de-
scribed above.

 

Immunoblot analysis of hamster tissues

 

Hamster tissues were frozen in liquid N

 

2

 

 immediately
after harvesting and stored at 

 

2

 

80

 

8

 

C. Membranes were
prepared as described previously (31, 32). Immunoblot
analyses were performed using a polyclonal rabbit anti-
bovine LDL receptor antibody (IgG-713) (45), a poly-
clonal rabbit anti-rat gp330 antibody (IgG-611) (46),
and a polyclonal rabbit antipeptide antibody corre-
sponding to residues 495 to 509 of human SR-BI (IgG-
Q820)(47).

 

Immunocytochemical localization of SR-BI

 

Female hamsters that were at day 10.5 of gestation
were anesthetized and the intact placenta, yolk sac, and
fetus were excised and placed in fixative A (3% [wt/
vol] 

 

p

 

-formaldehyde, 3 mmol/L trinitro-phenol, 5
mmol/L MgCl

 

2

 

 in 50 mmol/L Sorenson’s phosphate
buffer, pH 7.4) for 24 h (48). Fixed tissues were rinsed
three times with PBS then processed for conventional
paraffin embedding and sectioning. Deparaffinized
sections were either stained with hematoxylin and
eosin or immunostained after heating for 5 min 

 

3

 

 2 in
Antigen Retrieval AR-

 

10

 

 solution (BioGenex, San Ra-
mon, CA) once endogenous peroxidase activity had
been quenched with a 20-min immersion in 0.3%
hydrogen peroxide in 20% methanol. The sections
were incubated for 30 min in buffer B (0.2 mol/L
NaCl, 25 m

 

m

 

 HEPES, pH 8.0, 0.5% [wt/vol] BSA) to
block nonspecific binding sites followed by an incu-
bation for 1 h with either preimmune IgG (5 

 

m

 

g/mL)
or IgG-Q820 (5 

 

m

 

g/mL) in buffer B. The sections were
rinsed for 10 min 

 

3

 

 2 with buffer C (0.2 mol/L NaCl,
25 m

 

m

 

 HEPES, pH 8.0, 0.1% [wt/vol] BSA), incubated
for 30 min with a biotinylated goat anti-rabbit IgG
(30 

 

m

 

g/ml) in buffer B, rinsed for 10 min with buffer
C, rinsed in PBS and incubated with an avidin-biotiny-
lated peroxidase complex (Vector ABC Elite Kit, Vector
Laboratories, Burlingame, CA) in PBS as suggested by
the manufacturer. Antibody binding was visualized with
Vector VIP substrate then counterstained with Gill’s
hematoxylin.
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Immunocytochemical localization of human apoA-I

 

Femoral catheters were implanted into female ham-
sters that were at day 10.5 of gestation. A 0.5 ml bolus of
human HDL (containing 10 mg of cholesterol) was
given to pregnant dams followed by an infusion of lipo-
protein at an hourly rate that was 15% of the bolus. A
second set of pregnant dams was bolused and infused
with sterile saline. One h later, animals were anesthe-
tized and the intact placenta, yolk sac, and fetus were
excised. Tissues were prepared and incubated as de-
scribed above for the immunocytochemical localization
of SR-BI except the primary antibody was either non-
immune (5 

 

m

 

g/ml) (data not shown) or a monoclonal
mouse anti-human apoA-I (5 

 

m

 

g/ml) (Pierce, Rock-
ford, IL). The specificity of the anti-human apoA-I anti-
body was verified by immunoblot analysis of human
plasma, hamster plasma, saline-infused hamster plasma,
and human HDL-infused hamster plasma; apoA-I was
only detected in the human plasma and human HDL-
infused hamster plasma (data not shown).

 

Statistical analysis

 

Values are presented as means 

 

6

 

 SEM for livers or
summed fetus, placenta, yolk sac, or decidua in each
dam. Significant (

 

P

 

 

 

# 

 

0.05) changes between ages were
determined using a Student’s 

 

t

 

-test.

RESULTS

The concentration and content of cholesterol was
measured in the fetus, placenta, yolk sac, and uterine
membrane plus decidua at day 10.5 and day 14.5 of ges-
tation. During these 4 days, cholesterol concentration
did not change significantly in the fetus or yolk sac and
increased modestly in the placenta and uterine mem-
brane (

 

Fig. 1A

 

). In contrast, the sterol content of the
fetus, placenta, yolk sac, and uterine membrane in-
creased 25-, 10-, 3.6-, and 1.7-fold, respectively (Fig.
1B). The increases in cholesterol content in the fetus
and yolk sac were due predominantly to an increase in
tissue mass. In the placenta and uterine membrane, the
increases in cholesterol content were due to an in-
crease in both cholesterol concentration and tissue
weight. The mass of the fetus, placenta, yolk sac, and
uterine membrane at day 10.5 of gestation was 0.08 

 

6

 

0.01, 0.04 

 

6

 

 0.01, 0.02 

 

6

 

 0.001, and 0.24 

 

6

 

 0.003 mg,
respectively, and increased to 1.83 

 

6

 

 0.10, 0.39 

 

6

 

 0.04,
0.11 

 

6

 

 0.01, and 0.30 

 

6

 

 0.01 mg by day 14.5.
The clearance rates of hamster LDL at day 10.5 (

 

Fig.
2A

 

) and day 14.5 (Fig. 2B) of gestation were examined
first. The total clearance rates of LDL were similar in

the placenta at day 10.5 and the liver of a non-pregnant
female (86.9 

 

6

 

 8.9 

 

m

 

l/h per g) (data not shown). The
liver of the non-pregnant female is used for comparison
because LDL clearance is increased in the liver of the
pregnant hamster (Fig. 2A). In the placenta, mhLDL, an
indicator of receptor-independent clearance, was cleared
at 23% of the rate of homologous LDL, an indicator of to-
tal clearance, which was higher than that observed in the
non-pregnant liver (6%). By day 14.5, total, receptor-
mediated and receptor-independent clearance rates in
the placenta decreased dramatically. Although the total
LDL clearance rate in the yolk sac at day 10.5 was simi-
lar to the placenta and control liver, the proportion
cleared as mhLDL was much greater (78%). As gesta-
tion progressed to day 14.5, total and mhLDL clear-
ance rates decreased in this tissue. Similarly, total and
mhLDL clearance rates in the uterine membrane de-
creased between day 10.5 and day 14.5 though not as
dramatically as in the other two fetal tissues. Receptor-

Fig. 1. Cholesterol concentration (A) and content (B) in fetal
tissues of hamsters at day 10.5 and day 14.5 of gestation. Dams
were fed a cereal-based diet throughout gestation. At the appro-
priate age, dams were killed and fetuses, placentas, yolk sacs plus
amnions, and uterine membranes plus deciduas were removed
from each dam. Placentas included the fetal plus maternal por-
tions. Values represent means 6 1 SEM for summed fetal tissues
(3–7 fetal units) in 4 dams at each gestational age. Significant dif-
ferences (P # 0.05) between gestational ages are shown.
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mediated clearance in this tissue accounted for a ma-
jority (

 

<

 

63%) of the total transport and decreased with
the progression of gestation. Finally, clearance rates
were measured in the maternal liver, a tissue that con-
tains a significant amount of LDL receptor activity (1,
43). At day 10.5 of gestation, clearance rates were 2-
fold greater in the liver of the pregnant dam as com-
pared to the non-pregnant control. A majority of this
transport was receptor-mediated (96%). As gestation
progressed, total and receptor-mediated clearance de-
creased, whereas receptor-independent clearance re-
mained constant.

To ascertain the actual mass of lipoprotein-choles-
terol removed by each tissue (

 

m

 

g/h per g tissue or per

organ), the LDL clearance rates were multiplied by ma-
ternal LDL-C concentration (mg/dl). Maternal plasma
LDL-C levels increased 27-fold between day 10.5 (3.8 

 

6

 

0.8 mg/dl) and day 14.5 (103.0 

 

6

 

 6.2 mg/dl) of gesta-
tion. The amount of LDL-C that was taken up per g tis-
sue increased 4-fold, 15-fold, and 14-fold in the pla-
centa, yolk sac, and decidua, respectively, between day
10.5 and day 14.5 of gestation (

 

Fig. 3A

 

). When organ
weight was taken into account (Fig. 3B), the increase in
uptake rates during gestation was more dramatic (13-
fold, 77-fold, and 24-fold in the placenta, yolk sac, and
uterine membrane, respectively, between days 10.5
and 14.5). This dramatic increase in uptake in all three
tissues was due to an increase in substrate (LDL-C) and
tissue weight.

To determine whether HDL was taken up as a whole
particle or whether the cholesteryl ester component
was selectively delivered to these tissues, both the apoA-
I and the cholesteryl ester moieties of HDL were la-
beled, and clearance rates were determined at day 10.5
(

 

Fig. 4A

 

) and day 14.5 (Fig. 4B) of gestation. In the
control liver, which has been previously shown to selec-
tively remove HDL-cholesteryl ester (29, 41), clearance
of HDL-apoA-I was relatively low at 6.0 

 

6

 

 0.5 

 

m

 

l/h per g
whereas clearance of HDL-cholesteryl ether was much
greater (164 

 

6

 

 17 

 

m

 

l/h per g) (data not shown). The

Fig. 2. Rates of plasma cleared of LDL in hamsters at day 10.5
(A) and day 14.5 (B) of gestation. Clearance rates were deter-
mined in vivo using a primed-continuous infusion of [125I]TCB-
labeled hamster LDL to measure total LDL clearance rates and
[125I]TCB-labeled methylated human LDL to determine non-
receptor-mediated clearance. Receptor-mediated clearance was
the difference between total and receptor-independent rates. Af-
ter the infusions, dams were killed and livers, placentas, yolk sacs
plus amnions, and uterine membranes plus deciduas were re-
moved from each pregnant dam. Livers were removed from non-
pregnant dams. Data are expressed as ml of plasma cleared of its
LDL per h per g tissue. Values represent means 6 1 SEM for
summed fetal tissues (2–4 fetal units) and maternal livers in 3–11
dams at each gestational age. Significant differences (P # 0.05)
between gestational ages are shown.

Fig. 3. Rates of uptake of LDL-C in fetal tissues of hamsters at
day 10.5 and day 14.5 of gestation. The clearance rates for total
LDL in Fig. 2 were multiplied by the LDL-C concentrations to de-
termine uptake of LDL-C in the placenta, yolk sac and uterine
membrane. Data are presented as mg of LDL-C taken up per h per
g tissue (A) and per organ (B). Significant differences (P # 0.05)
between gestational ages are shown.
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clearance rates of HDL-apoA-I in the placenta at day
10.5 of gestation were 10-fold greater than those in the
liver of a non-pregnant female and were not signifi-
cantly different from those for HDL-cholesteryl ether.
In the yolk sac, clearance of HDL-apoA-I and HDL-
cholesteryl ether was extremely elevated as compared
to the other tissues and the control liver. As in the pla-
centa, clearance rates for both moieties decreased to
<210 ml/h per g at day 14.5. Clearance rates in the
uterine membrane were similar for both HDL-apoA-I
and HDL-cholesteryl ether at day 10.5 (<28 ml/h per
g) and decreased by day 14.5 (<14 ml/h per g) of ges-
tation. In the maternal liver, clearance rates for apoA-I
remained relatively constant between days 10.5 and
14.5 of gestation whereas clearance rates for cholesteryl
ether decreased 80% by day 14.5 of gestation. In all

three tissues supporting fetal development, but not the
liver, clearance rates of the protein and lipid moieties
of HDL were strikingly similar, raising the possibility
that the whole HDL particle was internalized.

Assuming that HDL-apoA-I clearance was indicative
of internalization of HDL, HDL-C uptake rates were de-
termined by multiplying clearance rates for HDL-apoA-
I by maternal plasma HDL-C concentration. The con-
centration of HDL-C increased 5.8-fold as gestation
progressed between day 10.5 (9.2 6 0.6 mg/dl) and
day 14.5 (53.6 6 0.9 mg/dl). HDL-C uptake (mg/h per
g) increased 2.2-fold in the placenta and 2.6-fold in the
uterine membrane and did not change significantly in
the yolk sac (Fig. 5A). When organ weight was taken
into account (Fig. 5B), an increase in uptake rates from
day 10.5 to day 14.5 was measured in the placenta (0.6 6
0.2 to 4.9 6 0.9 mg/h per organ) and uterine mem-
brane (0.6 6 0.1 to 2.5 6 0.4 mg/h per organ).

To determine non-selective endocytotic activity of
the various tissues, the clearance rate of radiolabeled
hamster albumin was measured. Albumin was cleared
by the maternal liver at the rate of 6.0 6 0.7 ml/h per g
at day 10.5 and did not change by day 14.5 (Table 1). In
contrast, clearance rates were <3-fold greater in the
placenta and uterine membrane at day 10.5 than were
rates in the liver and remained at this level throughout
gestation. The rate of clearance of albumin by the yolk

Fig. 4. Rates of plasma cleared of HDL in fetal tissues of ham-
sters at day 10.5 (A) and day 14.5 (B) of gestation. Clearance rates
were determined in vivo using a primed-continuous infusion of
[125I]TCB-labeled hamster HDL-apoA-I or 3H-labeled hamster
HDL-cholesteryl ether. After the infusions, dams were killed and
livers, placentas, yolk sacs plus amnions, and uterine membranes
plus deciduas were removed from each dam. Livers were removed
from non-pregnant dams. Data are expressed as ml of plasma
cleared of its HDL-apoA-I or HDL-cholesteryl ether per h per g
tissue. Values represent means 6 1 SEM for summed fetal tissues
(3 fetal units) and maternal livers in 3 dams at each gestational
age. Significant differences (P # 0.05) between gestational ages
are shown.

Fig. 5. Rates of uptake of HDL-C in fetal tissues of hamsters at
day 10.5 and day 14.5 of gestation. The clearance rates for HDL-
apoA-I in Fig. 4 were multiplied by the HDL-C concentrations to
determine uptake of HDL-C in the placenta, yolk sac, and uterine
membrane. Data are presented as mg of HDL-C taken up per h
per g tissue (A) and per organ (B). Significant differences (P #
0.05) between gestational ages are shown.
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sac was strikingly high at day 10.5 and day 14.5, sup-
porting the idea that a significant amount of endocy-
totic activity occurred in this tissue.

To further elucidate the mechanism responsible for
the uptake of the maternal lipoproteins, the relative
amounts of SR-BI (Fig. 6, upper row), the LDL recep-

tor (Fig. 6, middle row), and gp330 (Fig. 6, lower row)
were evaluated by immunoblot analysis in the yolk sac
and placenta using the liver as a control tissue; the sam-
ples used for the immunoblot are representative of a
minimum of six separate tissue samples. SR-BI was
present in the non-pregnant liver and pregnant liver in
relatively equal amounts. Only trace amounts of SR-BI
were present in the placenta. In contrast, the yolk sac
contained high levels of immunodetectable SR-BI; the
concentration of this receptor did not appear to
change dramatically between day 10.5 and day 14.5 of
gestation. The amount of LDL receptor in the placenta
was less than that in the liver and decreased from day
10.5 to day 14.5. The large variability that occurred in
the placenta was representative of the variability seen
on immunoblot analyses of multiple different placental
units. There was very little LDL receptor in the yolk sac
at either time point. Finally, gp330 was present in the
livers and placenta in trace amounts. As with SR-BI,

TABLE 1. Clearance of albumin in various tissues of hamsters at days 
10.5 and 14.5 of gestation

Gestatational
Age Liver Placenta Yolk Sac Membrane

days ml/h per g

10.5 6.4 6 0.7 16.3 6 1.1 196.1 6 21.6 26.1 6 0.9
14.5 7.0 6 0.2 20.3 6 1.0a 144.9 6 26.2 19.9 6 0.8a

Hamster albumin was conjugated to radiolabeled tyramine cello-
biose as described in Methods. Clearance rates represent the mean 6
1 SEM for summed fetal tissues (3–4 fetal units) and maternal livers
in 4 pregnant dams at each age.

aSignificant differences (P # 0.05) between ages are shown.

Fig. 6. Immunoblot analysis of SR-BI, the LDL receptor, and gp330 in non-pregnant livers, and livers,
placentas and yolk sacs of hamsters at day 10.5 and day 14.5 of gestation. Membrane proteins from non-
pregnant livers (lanes 1, 2), maternal livers at gestational days 10.5 (lanes 3, 4) and 14.5 (lanes 5, 6), pla-
centas at gestational days 10.5 (lanes 7, 8) and 14.5 (lanes 9, 10), and yolk sacs at gestational days 10.5
(lanes 11, 12) and 14.5 (lanes 13, 14) were analyzed for SR-BI (upper row), the LDL receptor (middle
row) and gp330 (lower row). Immunoblotting was performed as described in Methods. Molecular mass
standards are indicated on the right in kilodaltons.
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Fig. 7. Immunocytochemical localization of SR-BI and human apoA-I in the yolk sac and placenta of hamsters at day 10.5 of gestation.
Yolk sac, placenta, and fetus were removed from the dam as a unit, immediately fixed, then processed as an intact unit. The placenta is on
the left in panels A and B and the yolk sac is represented by the villi on the right of the panels. Arrows in IC and IIC depict localization of
SR-BI and human apoA-I, respectively. In panel I, sections were either immunostained with preimmune IgG (A) or anti-SR-BI (B, C) as de-
scribed in Methods. A 3100, B 3200 and C 3400. Sections in panel II were obtained from dams infused with saline (A) or human HDL
(B, C) for 1 h, and were immunostained as described in Methods with anti-human apoA-I. A 3100, B 3200 and C 3400.

gp330 was expressed in high concentrations in the yolk
sac at both 10.5 and 14.5 days.

To examine the cellular localization of SR-BI, the in-

tact yolk sac plus placenta was fixed as described in
Methods and incubated with the same antibody used to
detect SR-BI in the immunoblot analysis. As seen in Fig. 7,
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panel I, SR-BI immunostaining was visualized on the
cells of the yolk sac but not the placenta; even though
trace amounts of SR-BI were found in the Western blot
of the placenta, immunostaining of this tissue was not
observed. Immunoreactive protein in the yolk sac was
visualized on the apical surface of cells and was present
in a fine, lacy reticular pattern that was found intracel-
lularly but not in the nucleus. No staining was seen
when sections were incubated with preimmune anti-
body. This pattern of staining is similar to that seen in
the mouse (49) and the human (K. L. Wyne and H. H.
Hobbs, unpublished data) adrenal.

To begin to ascertain the function of SR-BI in the
yolk sac, human HDL was infused into dams at day 10.5
of gestation. Human HDL was used because it could be
detected using antibodies specific to human apoA-I
and would not cross react with hamster apoA-I. In this
way, the location of exogenously administered HDL
versus the apoA-I synthesized within the cells could be
determined (Fig. 7, panel II). By 1 h, human apoA-I
was present along the villi of the yolk sac in a pattern
similar to that seen with the anti-SR-BI antibody (Fig.
7). Further studies are in progress to attempt to co-
localize the endogenous HDL and SR-BI in this tissue.

DISCUSSION

The major finding of the present studies is that lipo-
protein transport by the placenta, yolk sac, and uterine
membrane plus decidua is mediated potentially by a va-
riety of different receptor-mediated as well as receptor-
independent processes. Specifically, the placenta and
yolk sac cleared LDL and HDL at rates significantly
greater than other extrahepatic tissues, i.e., the uterine
membrane plus decidua, at day 10.5 of gestation. Rates
for both LDL and HDL decreased significantly by day
14.5 of gestation as maternal plasma LDL-C and HDL-C
concentrations increased 27- and 5.8-fold, respectively.
Clearance of both homologous LDL (total) and
mhLDL (receptor-independent) occurred in all three
tissues; the relative proportion of mhLDL to total clear-
ance rates varied in each of the tissues. Finally, the
whole HDL particle appeared to be internalized in all
the tissues studied even though SR-BI, which has been
shown to be responsible for selective transfer of choles-
teryl ester (31), was expressed in high quantities in the
yolk sac and was localized to surfaces of the microvilli.
These studies do not rule out the possibility that choles-
teryl ester is first selectively removed by SR-BI, and that
uptake of the apoA-I-containing HDL occurs second-
arily via a separate pathway.

The fundamental role of the placenta, yolk sac, and

uterine membrane plus decidua is to isolate the fetus
from direct association with plasma constituents of the
maternal circulation while simultaneously supplying
the fetus with nutrients required for fetal growth. Each
of these tissues has a specific function in aiding fetal de-
velopment and, as such, a different requirement for cho-
lesterol. The amount of sterol each of these tissues takes
up during pregnancy-induced hypercholesterolemia is
dictated by the proportion of receptor-mediated to
receptor-independent transport of lipoproteins in tis-
sues (1). If a large portion of transport is mediated by a
receptor, then clearance rates will fall as substrate con-
centration increases and/or receptor number de-
creases. In contrast, if a majority of the transport is in-
dependent of a receptor, then clearance rates will
remain constant unless the receptor is saturated or the
function of the tissue changes. An example of these dif-
ferent processes is seen in the maternal liver, a tissue that
contains receptor-mediated and receptor-independent
transport of LDL (1, 42, 43) and HDL (30, 41). At day
10.5 of gestation, maternal plasma LDL-C and HDL-C
concentrations were very low and receptor-mediated
transport rates of both particles were relatively high. As
lipoprotein-cholesterol concentrations increased dur-
ing pregnancy, total and receptor-mediated clearance
rates of LDL and clearance rates of HDL-cholesteryl
ether decreased dramatically whereas clearance of
mhLDL and HDL-apoA-I changed little. Thus, as dem-
onstrated by the liver, one can now begin to elucidate
the mechanisms responsible for lipoprotein clearance
during gestation in the fetal tissues by examining the pro-
portion of receptor-mediated and receptor-independent
transport in these tissues.

The first layer of these three protective tissues which
lies in closest proximity to the dam is the uterus. Dur-
ing pregnancy, the cells of this tissue fill with lipids and
glycogen to form the decidua (50). The decidual cells
are present not only as an anatomical barrier between
the fetus and dam but also as a source of nutrients for
the early developing embryo (50).

By mid-gestation (day 10.5 of the hamster), the pla-
centa and yolk sac are functionally active and will sup-
ply a majority of nutrients to the fetus. Thus, LDL and
HDL clearance rates in the membrane plus decidua at
day 10.5 of gestation were no greater than those mea-
sured in other extrahepatic tissues. Clearance rates for
LDL and HDL decreased in parallel with the dramatic
elevation in plasma LDL-C and HDL-C concentrations
which is consistent with tissues that have a majority of
receptor-mediated transport. In addition to the satura-
tion of transport sites, LDL clearance rates decreased
due to a reduction in the amount of LDL receptor ex-
pressed (data not shown).

The next layer of protective tissues, which is adjacent
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to the uterine membrane plus decidua, is the placenta.
While the membrane plus decidua structurally sepa-
rates the fetus and dam, the placenta plays a more met-
abolic role. Nutrients and waste products are trans-
ported between the maternal and fetal blood in the
chorion villi of this tissue via a number of different
types of transport processes (51, 52).

Previous studies have shown that maternal lipopro-
teins are one of the sources of sterol for the placenta
(9, 10). As one might expect, the in vivo clearance rate
for LDL was moderately elevated at day 10.5 of gesta-
tion as compared to other extrahepatic tissues with
77% of transport being mediated by a receptor, most
likely the LDL receptor. As gestation progressed to day
14.5, the receptor-mediated clearance rate decreased.
As in the uterine membrane plus decidua, this decrease
was the result of a reduction in the amount of LDL re-
ceptor expressed (Fig. 6) which possibly was a result of
the change in sterol balance across the tissue (3.5 6 0.2
versus 4.3 6 0.2 mg cholesterol/g), and/or a saturation
of the receptor. Interestingly, during this same time pe-
riod, the rate of receptor-independent clearance de-
creased in the placenta. The clearance rates for albumin
(Table 1) changed only slightly between day 10.5 and
day 14.5 of gestation, suggesting that the decrease was
not due to a change in the function of the tissue. How-
ever, as demonstrated in the maternal liver, transport
that was independent of a receptor did not decrease as
substrate concentration increased. It is possible that the
clearance of mhLDL, which is usually indicative of receptor-
independent transport in other tissues, actually was me-
diated by a receptor in the placenta, possibly the acety-
lated LDL scavenger receptor (16) which is expressed in
human trophoblastic cells (15). The second source of ma-
ternal lipoproteins, HDL, was cleared at rates similar to
those for LDL. As expected in a tissue lacking SR-BI, the
whole HDL particle appeared to be removed by these
cells. It seems likely that the high placental clearance
rate for LDL, and possibly HDL (41), is primarily recep-
tor-mediated and, as such, changes with the number of
lipoprotein particles competing for transport sites and
with the absolute number of transport sites.

The final layer of tissue responsible for the sequestra-
tion of the fetus from the maternal circulation is the
yolk sac. In the rodent, the yolk sac is inverted and re-
mains functional throughout gestation. Due to the ab-
sorptive properties of the microvilli that extend to-
wards maternal tissues, the rodent yolk sac is often
considered a second placenta. A separate function of
this tissue is to synthesize and secrete lipoproteins into
the medium of cell cultures (53) and presumably the
vitelline circulation (11). Even though the human yolk
sac is not inverted, it also has the capacity to synthesize
various apolipoproteins (54).

In the present study, the yolk sac cleared maternal
plasma constituents at relatively elevated rates as com-
pared to other tissues, including mhLDL and albumin.
Clearance rates for all maternal lipoproteins decreased
as gestation progressed, including those taken up via a
receptor-independent pathway. It is not possible at the
present time to determine the proportion of transport
that is receptor-mediated versus that which is receptor-
independent in that all of the substrates of gp330 and
SR-BI are not known.

It was shown in the yolk sac that both HDL-choles-
teryl ether and HDL-apoA-I appeared to be cleared by
the tissue at equal rates, even though SR-BI was ex-
pressed in high quantities and was localized on the sur-
face of the villi of this tissue in the same pattern as in
tissues where it is highly active (32, 49). Maternal-
derived HDL was found along the apical surface of the
yolk sac in this same vicinity and in a similar pattern
(Fig. 7). Either the role of SR-BI is different in the yolk
sac as compared to transfected CHO cells (31) and
other tissues (29, 32, 41, 49), or the transport of HDL
into the yolk sac is a multi-step process. Cholesteryl es-
ter initially could be removed via SR-BI, followed by in-
ternalization of the whole HDL particle through a sec-
ond process. It is possible that more HDL is removed
by the yolk sac as compared to albumin and mhLDL be-
cause as the HDL is “docked” to the SR-BI on the sur-
face of the cell, rapid endocytosis occurs, internalizing
the membrane-bound particle. Interestingly, human
apoA-I was not found within the yolk sac (Fig. 7). How-
ever, the lipid-containing particles taken up by the yolk
sac appear to be degraded within vesicles very close to
the apical surface (11) and, thus, non-degraded apolip-
oproteins should not be found within the cytosol. To
further elucidate the transport process for HDL, and
thus, the function of SR-BI in this tissue, it will be nec-
essary to determine first, the process through which
HDL is internalized using a non-degradable marker
and second, saturation kinetic curves for HDL. The
role of SR-BI could also be addressed by studying an an-
imal lacking SR-BI (55).

Assuming that these clearance rates are representa-
tive of internalization of lipoprotein particles, it is pos-
sible to calculate the amount of cholesterol supplied to
these tissues from the maternal circulation. Though
the internalization of lipoproteins by the yolk sac has
not been demonstrated in vitro, there are several
pieces of data that when taken together suggest that
the yolk sac internalizes maternal lipoproteins, as do
other tissues. First, lipoprotein receptors are found on
membranes of the yolk sac (21, 22) as are numerous
clathrin-coated pits (56). Second, lysosomal- and phago-
cytic-like vesicles are located within the yolk sac near
the apical surface (53, 56). Third, lipid-containing par-
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ticles that are similar in size to VLDL are found in vesi-
cles near the bases of microvilli (11). Finally, clearance
rates are relatively high and thus, are most likely repre-
sentative of internalization of particles. Thus, on day
10.5 of gestation, 160 mg of LDL-C plus HDL-C was
taken up by the placenta, yolk sac, and uterine mem-
brane plus decidua. The amount of sterol taken up in-
creased to 810 mg per day as gestation progressed to
day 14.5. Assuming that LDL-C and HDL-C uptake in-
creased exponentially between days 10.5 and 14.5 of ges-
tation (7), <1.6 mg of maternal lipoprotein-cholesterol
was taken up during this 4-day period which was almost
equal to that accrued by these three tissues during this
same time (1.9 mg). A significant amount of sterol is
synthesized simultaneously with the active removal of
maternal lipoproteins (7). The excess of cholesterol
could be packaged into lipoproteins within the yolk sac
and transported to the fetus (11) or could be used for
hormone synthesis (9, 10).

Recent studies have shown the necessity for an ade-
quate amount of sterol in normal fetal growth, and that
a lack of cholesterol in the fetus or embryo can lead to
embryonic and developmental malformations. For ex-
ample, individuals lacking 7-dehydrocholesterol-D7-
reductase, the enzyme responsible for the final step in
the cholesterol biosynthetic pathway, develop the Smith-
Lemli-Opitz syndrome (57, 58). The defects associated
with this syndrome include mental retardation, as well
as abnormal development of various organs and limbs
(59). Proper fetal development is regulated in part by
the hedgehog (hh) proteins (60) that require choles-
terol for signaling activity; cholesterol is involved in the
autoproteolysis of the hh proteins and is covalently at-
tached to the active sterol-containing amino terminal
fragment (61). When the Sonic hh protein is absent in
mice, holoprolencephaly occurs as does developmental
abnormalities of limbs and the axial skeleton (62). A
similar, though not exact, embryonic phenotype is
found in mice lacking apoB (63, 64). Prior to resorp-
tion of the apoB-lacking mice, the developing embryos
have low cholesterol and vitamin E concentrations (11,
63). The low concentration of these two lipids could be
due to the inability of the yolk sac to synthesize and se-
crete lipoprotein-like particles into the vitelline circula-
tion in the absence of apoB (11). Taken together, these
findings suggest a critical role for cholesterol in proper
fetal development. A significant quantity of cholesterol
in the whole fetal unit is derived from the maternal cir-
culation as shown in the present studies. To understand
the importance of the various maternal lipoproteins
in fetal development, the uptake of maternal-derived
cholesterol by fetal tissues must now be studied in ani-
mals lacking various proteins involved in intra- and extra-
cellular lipid transport.
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