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Introduction

Chapter 1
1.1 General introduction

Iron is an essential element for all living cells, with the exception of certain members of
the Lactobacillus and Bacillus bacteria (I). It plays an important role in growth and
development because of its presence in the active centres of enzymes that catalyze key
reactions involved in energy metabolism (e.g. cytochromes of the electron transport chain,
mitochondrial aconitase), respiration (e.g. hemoglobin, myoglobin) and DNA synthesis
(e.g. ribonucleotide reductase) (2,3).
The main oxidation states of iron are the ferric [Fe(III)] and ferrous [Fe(Il)] states.
Under most physiological conditions, iron exists in the oxidized ferric state. At neutral pH,
ferric salts are hydrolyzed to the nearly insoluble ferric hydroxide (solubility product of
Fe(OH), is 4xI0''') (3,4). Moreover, free iron can be very toxic by catalyzing the fornlation
of hydroxyl radicals in the presence of molecular oxygen (5). These hydroxyl radicals are
extremely strong oxidizing agents and can lead to damage to DNA, proteins and lipids.
Thus, on the one hand iron is essential for living organisms, but on the other hand free iron
can be very toxic. In order to maintain low concentrations of free iron, iron is usually
bound to chelator molecules, like transfelTin. Furthermore, cells contain sophisticated
mechanisms for the regulation of iron uptake, utilization and storage.

1.2 Transferrin, an

il"on~transport

protein

Transferrin (Tf) has two major functions: it serves as transport protein for iron in senull
and it minimizes the amount of free iron in plasma. Human selUm Tf is a glycoprotein with
a molecular mass of 80 kD (for reviews: 6,7). It consists of two homologous domains (the
N-tenninal and C-tenninal domain), which both are capable of binding one ferric atom.
Binding of iron to Tf is pH dependent and requires the binding of a synergistic anion (e.g.
carbonate or bicarbonate) for stabilization (8). The affinity constants for Fe(III) binding to
the N- and C- terminal domains at pH 7.4 are respectively IxIO" and 6x10" 1M (9).
11,. C-terminal domain of Tf contains two N-Iinked complex type oligosaccharide
chains: the glycan chains (Figure l.l). These glycan chains show variety in their degree of
branching, differing from bi-antennary to tetra-antenn",), stlUctures (10). Both the degree
of branching of the N-Iinked glycan chains and the varying amount of sialic acids at their
terminal residues are responsible for the microheterogeneity of Tf. Differences in sialic
acid content result in different pI-values, which can be shown by isoelectric focusing (II).
During pregnancy, the complexity of the carbohydrate chains increases in maternal and
fetal guinea-pig serum (12) as well as in maternal human serum (II), whereas the
complexity ofTf is reduced in term human fetal serum.
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Figure 1.1
Schelllatic representation of a dijerric Tf lIIolecllle, containing two N-linked glycan chains
in the C-terlllinal dOlllain. Both the C- and the N-terminal dOlllain contaill a ferric atolll.
Three isoTfvariants are shown at the bollolll of the pictllre: bi-bi-antennGlY tetra-sialo Tf,
bi-tri-alltennary penta-sialo Tf and tri-tri-antenIlGlY hexa-sialo Tf Reprinted/i'olll (7).

The major site of Tf synthesis is the liver, although Tf synthesis (in limited amounts)
has also been shown in the brain, Sertoli cells and fetal membranes (13-16). Recently, Tf
mRNA has been demonstrated in rat and mouse placental extracts (14,17). Furthermore, rat
placental ceUs in cuiture secrete Tf (18), suggesting Tf synthesis in placenta.

1.3 Cellular iron uptake
1.3.1 Tf-dependent iron uptake
Several mechanisms have been described for cellular iron uptake fTom Tf. The first step
involves binding of two ferric atoms to Tf. Next, either of the following mechanisms can
take place:

4
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1) Tj-receptor mediated endocytosis.
The major route of cellular iron uptake from Tfis receptor-mediated endocytosis (7,1921). At physiological pH, diferric Tfbinds to a specific transferrin receptor (TfR) at the cell
surface. The TfR (Figure 1.2) is a disulphide-linked dimer of two identical transmembrane
subunits, which both are able to bind one diferric Tf (22). The TfR has a higher affinity for
diferric Tf (K, = I.IxlO' 1M) than for apoTf (K, = 4.6xlO' 1M) at pH 7.4. ApoTf will
therefore not compete with diferric Tf in binding to the TfR under physiological conditions
(23). The diferric Tf-TfR complexes are clustered and localized in clathrin-coated pits
before internalization into the cytoplasm in endocytic vesicles, called endosomes. These
primary endosomes lose their clathrin coat and the intravesicular pH is lowered to pH 5-6
by means ofa vacuolar type W ATPase (V-ATPase) (24). At this reduced pH, the affinity
of iron for Tf is lowered, resulting in iron release from the Tf-TfR complex.
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Figure 1.2
Schematic representation of the transferrin receptor. The TfR is a dimer consisting of two
identical 95 kD pol)peptide structures, linked by disulphide bonds. The N-terminal
domains are found in the cytoplasm and contain phosphO/ylation sites. The extracellular
C-terminal domains dontain a number of oligosaccharides ( <>,0,0 ). Each monomer
can bind one Tf molecule (which may contain two ferric atoms).
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Complete release of iron from the Tf-TfR complex would take hours at the pH of the
endosome (25), whereas the entire endocytosis takes only 2 to 3 minutes in most cell types
(20). Additional mechanisms have therefore been proposed, such as: (i) a change in
conformation of the TfR at pH 5.6, which will accelerate the release of iron from Tf
(20,26); (ii) NADH-dependent reduction of iron, which has been suggested to playa role in
endosomal iron release and subsequent translocation (27,28); after reduction, ferrous iron is
transferred across the membrane into the cytoplasm, presumably through a channel formed
by the 17 kD proton channel subunit of the V-ATPase (28,29).
The affinity of the TfR for apoTf at pH 5.5 (K, ~ 7.7x 10' 1M) (19) is high enough to
keep Tf bound to the TfR after iron is released in the acidic endosome. In this way Tf
escapes traffic towards the Iysosomes with successive digestion. The iron-depleted
endosome returns to the cell membrane, with which it fuses. Since the apoTf-TfR complex
is then exposed to the extracellular pH of 7.4, the apoTf will dissociate from the TfR and
can be used for a new cycle of iron uptake and delivery.
II) Reduction ofdijerric Tf
Another, probably less important, mechanism of iron uptake from Tf involves a

transmembrane reductase (19,30,31). This model also stmts with the binding of diferric Tf
to the TfR at the cell surface. However, before endocytosis of the Tf-TfR complex, Tfbound iron is reduced. In the reductive model diferric Tf is suggested to bind to TfR in
close proximity to a plasma transmembrane NADH:ferricyanide oxidoreductase. Such a
reductase has been shown in hepatocytes and reticulocytes (32-34). Intracellular oxidation
of NADH followed by cooperative proton and electron fluxes will destabilize the Tf-iron
bond and reduce iron, which becomes bound to a plasma membrane binder specific for
ferrous iron (19,21,35). Iron is then transported across the plasma membrane to the
cytosolic compartment by hitherto unidentified channels. The iron·depleted Tf is finally
released from the TfR.
III) Low affinity adsorptive endocytosis.
A third method for iron uptake from Tf is independent of the TfR. Hepatocytes have
been shown to possess a mechanism for non-specific and non-saturable iron uptake in
parallel with TfR-mediated iron uptake (36). Difen'ic Tf is non-specifically and with low
affinity bound to the cell membrane followed by endocytic internalization. As with TfR-

mediated endocytosis, the release of iron from Tf is both pH- and energy·dependent (37).
After iron is transferred into the cytosol, it is predominantly incorporated into ferritin for
storage. This mechanism has been described to playa physiological role in iron uptake by
hepatocytes. However, thus far it has not been described for other cell types.
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IV) Fluid phase endocytosis.
A minor pathway for iron uptake is fluid phase endocytosis. Binding ofTfto the plasma
membrane is not required. Extracellular fluid is endocytosed together with the particles that
are present in the fluid.Uptake of particles in this way is also called pinocytosis.

1.3.2 Tf-indepcndent iron uptake
Recent studies show that some cells are able to take up iron independent of Tf (recent
review: 5). The Tf-independent iron transport system may playa role in some pathological
conditions with iron overload, where the iron-binding capacity ofTf is exceeded.
The essential fust step in Tf-independent iron uptake in all eukaryotes requires the
activity of a ferrireductase. A Tf-independent iron uptake mechanism, involving reduction
of ferric iron, has been described in Saccharomyces cerevisiae (recent review: 38). Iron
uptake in these simple eukaryotes starts with the reduction of Fe(III) to Fe(II) by externally
directed reductases Fre I p and Fre2p. The external reduction is mediated by the oxidation of
intracellular compounds followed by electron transport across the membrane. The uptake
of ferrous iron requires the activity of Fet3p, a copper-containing oxidase. Uptake of
copper, which occurs via the plasma membrane copper transport protein Ctr I p, is necessary
for the function of Fet3p. The FEn gene is homologous to the mUlti-copper oxidase
family that includes cel1lloplasmin (39). Part of this mechanism for iron uptake in yeast
may be conserved in higher eukaryotes.
Surface felTireductases have been demonstrated in hepatocytes (32,33), reticulocytes
(33), liver plasma membranes (40), mouse duodenum (41,42), human duodenum (43),
human placental trophoblast membranes (44), human erythroleukemia K562 cells (45,46),
HeLa cells (47) and Caco-2 cells (48). Several investigators have shown the coupling of
iron reduction and uptake in cultured cells (46,47,49). The exact mechanism of iron
translocation after reduction is not clear yet. However, more than one Tf-independent iron
transport system seem to exist. Some characteristics of Tf-independent iron transport
systems are described below:
1) Neither endocytosis nor acidic endosomes are required for the Tf-independent pathway
(5).
II) Either "high"- and "Iow"-affinity transport systems have been described. Fibroblasts,
HeLa cells (50,51), and HepG2 cells (49) show low affinity (K,,: 5-30 ~M), while
hepatocytes (52), reticulocytes (53,54) and K562 cells (55) show high affinity (K,,: 0.31.5 ~M) Tf-independent iron transport systems.
111) Both calcium-dependent (HeLa cells, 50; human skin fibroblasts, 51) and calciumindependent (K562 cells, 55) mechanisms have been shown.
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JV) The Tf-independent uptake system can be inhibited by other transition metals. The
ability of the metal to inhibit iron transp0l1 is a function of the cell type, its physiological
state, and the media in which the studies are carried out (5).

1.4 Intracellular iron pool
After iron is released from Tf in the endosome and transferred into the cytosol, it will
incorporate into an intermediate labile iron pool (LIP) before it is used for heme synthesis
or stored into ferritin (56-58). In studies with cultured rat hepatocytes, the LIP has been
shown to be a desferrioxamine (DFO)-chelatable pool, which is rapidly in transit through
the cell (59). With petmeable and non-permeable Fe(lI) and Fe(lIl) chelators it has been
demonstrated that the LIP in K562 cells mainly consists of Fe(II), indicating the presence
of intracellular reductive mechanisms (60). Pollack, Campana & Weaver (61) suggested
that the low molecular weight iron in guinea pig reticulocytes is in the ferrous oxidation
state.
With intracellular fluorescence analysis in intact cells, using the iron-sensitive probe
calcein, it has been shown that the LIP concentrations in resting erythroid and myeloid cens
are in the range of 0.2-1.5 IlM, varying with cell iron loads and iron chelator treatment
(62).
The LIP is probably composed of low molecular weight ligands. Some low molecular
weight ligands that have been described are sugars, amino acids, peptides, citrate, ATP or
other nucleotides (56,58,61,63,64). Recently, mobil ferrin, a soluble 56 kD protein, has
been identified as a low molecular weight iron binding protein (65) and suggested to playa
role in intracellular iron transport (66,67).
When the amount of iron exceeds the amount that is required for metabolic processes,
iron is stored in ferritin, the main iron storage protein (68,69 for reviews). Ferritin is
composed of 24 polypeptide subunits from which two distinct isofOlms exists: a 21 kD
H(heavy)- and a 19 kD L(light)-isoform. Ferritin shows variable combinations of these
subunits, allowing heterogeneity of the protein. The subunit composition of ferritin seems
to be tissue specific. For example the placenta and the heart contain H-rich ferritin, whereas
L-rich ferritin predominates in liver and spleen. Ferritin can contain up to 4500 ferric
atoms, however, in vivo ferritin is normally 20 % saturated. Iron enters ferritin mainly in its
ferrous form, is then oxidized by a ferroxidase located on the H-subunits, and stored in the
ferric state as fetTic-oxyhydroxide phosphate (FeOOH)8(FeO-OPO,H,) (70). The L-subunit
has a nucleation site that is involved in the fonnation of the Fe core. Differences in the
proportion of H- and L-subunits result in differences in function of the ferritin. A high
amount of the L-subunit is associated with Fe storage, whereas a higher amount of the H-
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subunit is responsible for easier uptake of free iron and may therefore playa role in cell
protection (68,71).

1.5 Regulation of intracellular iron homeostasis
Since iron is an essential element for living cells, but also can be very toxic when it is
present in excess, a sensitive regulation mechanism is very imp0l1ant. Intracellular iron
homeostasis is maintained by the co-ordinated regulation of the expression of the TIR and
ferritin. Ferritin and TIR contain specific sequences, iron responsive elements (IRE), within
their mRNA. These IREs are located in the 5'- and 3'- untranslated region of respectively
fen-it in and TIR mRNAs. A cytoplasmic protein, the IRE-binding protein (lRE-BP), can
bind to these IREs. Binding ofiRE-BP to the IRE at the 5'-end of ferritin mRNA inhibits its
translation, therefore decreasing the amount of ferritin protein. Binding of lRE-BP to the
IRE at the 3'- end of TfR mRNA protects the mRNA from degradation, resulting in higher
amounts ofTIR. IRE-BP to IRE binding is mediated by intracellular free iron. The IRE-BP
is an iron-sulphur protein and can show aconitase activity. When the concentration of
intracellular free iron is high, the IRE-BP is in its [4Fe-4S] state, resulting in high aconitase
activity and low affinity for IREs. On the other hand, when intracellular free iron
concenh'ation is low, the IRE-BP is in its [3Fe-4S] state, corresponding with low aconitase
activity and high affinity for IREs. Thus, low iron concentrations result in an increase in the
concenh'ation of the TIR and a decrease in the concentration of ferritin, whereas high iron
concentrations show the opposite. (See 72-74 for reviews).

1.6 Human term placenta
The placenta is an organ that separates the maternal from the fetal blood circulation. It
displays several unique functions: it plays a role in the exchange of compounds between
mother and developing fetus, mediating the transport of nutrients from mother to fetus and
the reverse transport of waste products from fetus to the mother; it serves as an endocrine
organ, secreting steroid and protein honnones; and it is involved in the immunologic
barrier against rejection of the fetus by the maternal immune system.
The human placenta is of the haemomonochorial type, which means that maternal blood
directly contacts the trophoblast (haemochorial) and only one (mono) layer of trophoblast
divides the maternal blood from the fetal endothelium (75,76). At the end of the fourth
month the human placenta is fully formed and weighs about 100 g. The tenu placenta is
discoid, with a diameter of approximately 20 em and weighs about 500 g (77).
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Figure 1.3 shows a diagrammatic presentation of the human term placenta. Maternal
blood enters the placenta by the spiral arteries and is carried away by uterine veins.
Entering of maternal blood into the intervillous space by means of the spiral arteries occurs
probably not before 28-30 days post-ovulation (78). The fetal arterial blood is supplied
from two arteries within the umbilical cord and returns to the fetus via a single cord vein.

UmbiliCOI

Fetal blood in copillaries

Une 01
cleavage ot
parturition

Placental Septum

Figure 1.3
Schematic representation of the stmcture ofhulllan terlll placenta. From (79).

The most important placental structures are the highly branched villi, which are fully
surrounded by maternal blood (77,79). A villous consists of villous stroma, containing the
fetal vessels, and a trophoblast layer, consisting of syncytiotrophoblast overlying a layer of
cytotrophoblast which rests on a basement membrane (Figure 1.4). The syncytiotrophoblast
is formed by differentiation and fusion of cytotrophoblast cells (80,81). The maternalfacing plasma membrane of the syncytiotrophoblast is in immediate contact with maternal
blood and contains microvilli, enlarging the surface with a factor of 9.4 between 25 and 36
weeks and a factor of7.7 at 40 weeks of gestation. The total microvillous exchange surface
is estinlated at 94 m' at 36 weeks, decreasing to 67 m' at the end of gestation (82). Early in
pregnancy the microvilli are relatively long, whereas they become shorter and more
branched as pregnancy progresses (82,83). The basal surface of the syncytiotrophoblast,
10
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directed to the fetal side, lacks microvilli. During pregnancy part of the cytotrophoblast
layer disappears, thus decreasing the distance between fetal and matemal circulation (77).
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Figure 1.4
Figure 1.4a shows a schematic representation of a cross-section through a villolls, which is
surrounded by maternal blood in the intervillous space (see also Figure 1.3). A
magn(jication of the trophoblast layer (bordered in Figure l.4a) is represented in Figure
lAb. In the trophoblast layer, cytotrophoblast cells are covered with syncytiotrophoblast,
which is formed by fusion and differentiation of cytotrophoblast cells. The microvillous
sill/ace of the syncytiotrophoblast faces the maternal blood, whereas the basal sill/ace is
directed to the fetal side. From (79).

The syncytiotrophoblast is Ihe major site for placental transport. As mentioned before,
the syncytiotrophoblast is formed by differentiation and fusion of cytotrophoblast cells.
There are some major differences between cytotrophoblast and syncytiotrophoblast. The
cytotrophoblast is undifferentiated and contains relatively few mitochondria, vesicles,
Iysosomes and endoplasmic reticulum (77). Furthennore, it produces human chorionic
gonadotropin (hCG)-releasing hormone and inhibine (84,85). Whereas the cytotrophoblast
is quite undifferentiated, the syncytiotrophoblast is a metabolically aclive epithelium and
contains a high concentration of organelles like mitochondria, Iysosomes, vesicles and both
rough and smooth endoplasmic reticulum (77). The syncytiotrophoblast produces specific
II

hormones like hCG, human placental lactogen (hPL), progesterone, human pregnancyspecific p,-glycoprotein and so called schwangerschaftsproteins (SP's) (86-88).

1.7 Placental transport mechanisms

One of the more important functions of the placenta is the transfer of all kind of
nutrients from mother to fetus. The rate of placental transfer depends upon a number of
physical factors such as the surface area of the exchange membrane, the thickness of the
endothelio-syncytial membrane, the matemal and fetal blood flow, hydrostatic pressure in
the intervillous chamber, blood pressure in fetal capillaries, and the difference between
matemal and fetal osmotic pressures (89). Several mechanisms can be distinguished in
u'ansplacental exchanges (89-92).
I) Passive dijJilsiol1.

Most compounds cross the human placenta by passive diffusion. This process is energyindependent. Compounds are transferred down a concentration gradient. Water,
electrolytes, respiratory gases, as well as most lipid soluble drugs cross placental
membranes by passive diffusion (91).
II) Facilitated dijJilsion.

With facilitated diffusion, substances also are transferred from a region with a higher to
a region with a lower concentration. However, a specific carrier is required. Facilitated
diffusion is an energy-independent, saturable process that can be competitively inhibited.
Glucose and other carbohydrates are transfelTed by this mechanism (93,94).
III) Active transport.

Active transport occurs against an electrochemical or concentration gradient and
requires energy. Transport is carrier-mediated, saturable and competition between related
compounds is possible. Energy, needed for this uphill transp0l1, can be supplied directly by
ATP-hydrolysis or through coupling to the flux of another compound down its
electrochemical gradient in the same (cotransport or symport) or in the opposite (exchange
or antiport) direction of substrate movement. Nearly all amino acids (95) and several
cations like Na+, H+, Ca'+ and Mg" are transported in this manner (96-99).
IV) Endocytosis.

Principally three ways of endocytosis can be distinguished: I) receptor mediated
endOCyiosis, 2) fluid phase endocytosis (also called pinOCyiosis) and 3) phagocytosis.
12
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Phagocytosis refers to a ligand-induced process responsible for the uptake of large
particles. For fluid phase endocytosis specific binding of the substrate to the membrane is
not necessmy. Vesicles are formed at the plasma membrane and the substrate enters the
cytoplasm together with the fluid in these vesicles. With receptor mediated endocytosis the
ligand molecule must first interact with a specific receptor at the cell surface. The ligandreceptor complexes are clustered in coated pits, which are invaginated and pinched off to
form coated vesicles in the cytoplasm. Clustering of the receptor proteins within coated pits
is the initial and essential step of receptor-mediated endocytosis. This process may be either
spontaneous or triggered by the ligand (100). Receptors such as those for LDL, Tf, a2macroglobuline, mannose-6-phosphate and asialoglycoproteins are clustered in coated pits
independent of prior ligand binding. Receptors for EGF, PDGF and insulin for example
require ligand binding as a trigger for internalization. Metabolic energy is needed for all
these processes. An example of receptor mediated endocytosis in the placenta is transport
ofIgG (101). 11le trophoblast also expresses several members of the LDL-receptor family,
with one of its functions the uptake of lipids (102). Iron can be taken up by means of
receptor mediated endocytosis of diferric Tf (I 03, 104).

1.8 Placental iron transfer
Iron is an important element for growth and development. During pregnancy, the
demand for iron is increased. Together with the increasing demand, there is an increase in
the amount of iron that is transferred across the placenta. In humans about 5 mg iron per
day is transferred at tenn (105). The total amount of iron transferred during pregnancy is
250-300 mg (106), corresponding to 23 % of maternal stores (107). Maternal serum Tf is
the major source of iron in men (107). Placental iron transfer is unidirectional from mother
to fetus. In the last trimester iron transfer is directed against a concentration gradient: both
the concentration and the iron-saturation of Tf are higher in fetal plasma compared to
maternal plasma (107,108).
Human trophoblast cells in culture express TfRs during differentiation towards
syncytiotrophoblast (109). Both the maternal-facing microvillous (110,111) and the fetalfacing basal plasma membrane (112) of placental syncytiotrophoblast contain TfRs. It has
been shown that iron but not maternal Tf is transferred to the fetus, and that iron passes a
placental LIP prior to transport across the basal membrane (113,114). Using cultured
cytotrophoblast cells as a model for the in situ syncytiotrophoblast, it has been shown that
the syncytiotrophoblast takes up iron by means of receptor-mediated endocytosis of
matemal diferric Tf. After endocytosis and release of iron, apoTf returns to the maternal
surface (103). Syncytiotrophoblast cells in culture regulate their iron uptake by variation of
the number of TfRs and the rate of receptor-mediated endocytosis and exocytosis (104).
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Besides Tf-mediated iron uptake, iron in the form of ferric ammonium citrate is also taken
up by cultured cytotrophoblasts (115). The mechanism for this iron uptake has not been
described.
BeWo cells, derived from a human choriocarcinoma cell line that displays many
biochemical and morphological properties common to placental trophoblast, have been
shown to take up iron tram Tf by receptor-mediated endocytosis just like normal
trophoblast cells in culture (116). Polarized BeWo cells, cultured on permeable filters, are
shown to contain TfRs at the microvillous and the basal surface and to take up diferric Tf
tram both sides (117). The recycling of Tf and its receptor occurs through relatively
separate endosomes (117).
In the cytosol iron is released from the endosomes into the LIP, probably as ferrous iron
(118), where it becomes chelated to a heterogeneous family of low molecular weight
components. The LIP is in dynamic equilibrium with other compartments among which
fen'itin (103,113,115). From the LIP iron is available to meet the fetal needs. How and in
which form iron is transferred across the basal syncytiotrophoblast plasma membrane is
unknown. The most likely hypothesis is that iron is transported as low molecular weight
chelates. For example, lactate has been described as a binding molecule for low molecular
weight iron (119). However, in humans lactate is mainly transported tram the fetus to the
mother (120). Other candidates are ATP, citrate and peptides. Also cytoferrin, another low
molecular weight iron binding compound that has been found in human placenta, has been
suggested to playa role in matemofetal iron transport (121).
Another hypothesis has been suggested by Harris (122). In this model a special role is
contributed to the TfRs at the basal plasma membrane. It suggests that iron enters the
placenta by receptor-mediated endocytosis at the maternal side, binds to felTitin (which is
probably in dynamic equilibrium with LIP) in the cell and from there it becomes
assimilated into fetal apoTf. 111is hypothesis seems not likely, since at physiological pH
basal TfRs have a much higher affinity for diferric Tfthan for apoTf(l12). Therefore, fetal
apoTf will hardly enter the placenta. Moreover, fetal Tf is not in direct contact with the
placental basal membrane.

1.9 Aim of the thesis
Although placental iron transfer has extensively been studied for many years, the exact
mechanisms have not been cleared up yet.
The main mechanism for placental iron uptake is receptor-mediated endocytosis of
maternal diferric Tf. The placental trophoblast expresses TfRs not only on the maternalfacing microvillous surface, but also on the fetal-t:1cing basal surface. No convincing
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functional explanation for the presence of basal TfRs has been given so far. During
pregnancy the isoTf pattern in maternal serum changes to Tfs with more complex
carbohydrate chains. Human fetal serum Tf shows a distribution to less complicated Tfs.
These changes might be functional with respect to the regulation of placental iron transfer.
We therefore investigated the binding of some isoTf variants to microvillous and basal
plasma membrane vesicles, isolated ftom the same human term placenta (Chapter 4). The
observation that Tf binds to basal membranes, as studied with membrane vesicles, is not
sufficient to conclude that these receptors are effectively involved in Tf uptake. With polar
cultured trophoblast cells we investigated the binding and endocytosis of Tf at the
microvillous and basal side of the syncytiotrophoblast (Chapter 5). We also determined
uptake of diferric Tf by trophoblast cells cultured on plastic dishes and compared the initial
rate of endocytosis ofdiferric Tfwith the steady state rate of iron uptake (Chapter 5).
Tf is mainly synthesized in the liver. Other organs have been shown to synthesize Tf,
although in a smaller amount. Tf mRNA was detected previously in rat and mouse
placental extracts. The exact origin of this Tf remained unclear. Using a highly purified
trophoblast cell population, we were able to show that the human syncytiotrophoblast
synthesizes Tf. The heterogeneity of this Tf was determined and appeared to be different
from both maternal and fetal serum Tf (Chapter 6).
Although receptor-mediated endocytosis of diferric Tf is the major pathway for iron
uptake in eUkaryotic cells, Tf-independent iron transport mechanisms have been described
for several cell types. With membrane vesicles we were able to characterize a NADHdependent ferrireductase. We provided evidence that this reductase is involved in uptake of
non-Tf iron in cultured human term trophoblast cells. We suggested a role for this
mechanism ill transfer of iron across the basal membrane to the fetal side (Chapter 7).
Finally, we propose a model for iron transfer in human term placenta (Chapter 8).
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Chapter 2

2.1 Materials
2.1.1 Chemicals

Human serum transferrin was purchased from Behringwerke (Marburg and Labn,
Germany). Calcium/magnesium free Earle's Balanced Salts (EBSS) and Modified Eagle's
medium (MEM) without L-methionine and L-glutamine were from Gibco BRL, Life
Technologies LTD (Scotland). Dulbecco's modification of Eagle's medium (DMEM)
without L-glutamine with 4.5 gil dextrose, fetal calf serum (FCS), Medium 199 (MI99),
penicillin, streptomycin and amphotericin were from ICN Biomedicals Inc. (Costa Mesa,
CAl. NADH, NADPH, DNase I, L-glutamine and Complete® protease inhibitor cocktail
were from Boehringer Mannheim (FRG). Trypsin J :250, aprotinin (protease inhibitor),
bovine
senun
albumin
(BSA),
DL-propranolol,
L-methionine
and
phenylmethylsulphonylfluoride (PMSF) were from Sigma Chemical Co. (St. Louis, MO).
PeI'coll and Concanavalin A (Con A) Sepharose were from Pharmacia (Sweden). Phosphate
buffered saline (PBS) tablets were from Oxoid Unipath LTD (Hampshire, UK). Reverse
transcriptase was from Perkin Eitner Cetus (Nonvalk, CT, USA). Restriction enzymes Pst!
and HindIII were respectively from Boehringer Mannheim (FRG) and Gibco BRL
(Gaithersburg, USA). Goldstar DNA polymerase and PCR-buffer were from Eurogentic
(Seraing, Belgium). All other chemicals and reagents were from Sigma, ICN or Boehringer
Mannheirn.
Isotopes
["Sl-methionine was from ICN Biomedicals Inc. (Costa Mesa, CAl. [,Hldihydroalprenolol and Na!"J were fi'om Amersham Life Science (Buckinghamshire, UK).
"FeCI, in 0.5 M HCL was from DuPont, NEN Life Science Products (Boston, MA).
Antibodies
Mouse anti-vimentin and mouse anti-cytokeratin were from ICN Biomedicals Inc.
(Costa Mesa, CAl. Rabbit anti-human transferrin (titre ~ 2800 mgll), mouse anti-human
platelet p24, CD9 clone PI/33/2 and FITC-Iabelled rabbit anti-mouse IgG were from

DAKO AlS (Denmark). Dynabeads® M-450 goat anti-mouse IgG was from Dynal A.S.
(Oslo, Nonvay). Anti-transferrin receptor mouse monoclonal antibody clone B3/25 was
from Boehringer Mannheim (FRG). AuroProbe EM 10 nm gold labelled goat anti-mouse
IgG was from Amersham Life Science (Buckinghamshire, UK). Goat anti-rabbit IgG
coupled to alkaline phosphatase was from BioRad (Richmond, USA). Rabbit polyclonal
antibody to the 67 kD subunit of the Neurospora vacuolar ATPase (V-ATPase) (I) was
kindly supplied by Dr. B.J. Bowman, University of California, Santa Cruz: Sinsheimer
Laboratories).
N
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2.1.2 Tissue source
Nonnal human tenn placentae were obtained fi'om the department of Obstetrics and
Gynaecology, University Hospital Rotterdanl/Dijkzigt, within half an how' after spontaneous
vaginal delivelY.

2.2 Isolation and culture of human term trophoblast cells
The placentae were processed according to Kliman et al. (2) with slight modification
(3). Approximately 50 g of villous tissue was cut into small pieces, washed with ice-cold
0.15 M NaCI aud incubated in calcium/magnesium fiee EBSS pH 7.4, supplemented with
25 mM 2-[4-(2-hydroxyethyl)-I-piperazinyIJ-ethansulphonic acid (HEPES), 0.04 mg/ml
gentamicin, 0.8 mM MgSO" 1.0 mM CaC!" 0.1 mg/ml DNase I and 13.5 mg/ml trypsin
I :250 in a shaking water bath at 37°C. After the first incubation step of 10 min in 75 ml of
this trypsin-DNase solution, the placental tissue was filtered through a nylon mesh (90 J.Im
pore size). 11le filtrate was discarded and the remaining tissue was further digested three
times for 30 min at 37"C in respectively 200, 125 and 100 ml trypsin-DNase solution. After
each incubation, the cell suspension was filtered and centrifuged in the presence of FCS at
1,000 g for 5 min at 4°C. The pellets were resuspended in DMEM, pooled, centrifuged
again at 1,000 g for 10 min and resuspended in 4 ml DMEM. A small trace of DNase was
added to the cell suspension, followed by incubation for 5 min at 37°C. Subsequently the
cell suspension was divided into two equal parts and each layered over a Percoll gradient.
The gradient was made from 70 % to 5 % Percoll (v/v) in 5 % steps of3 ml by dilutions of
Percoll in EBSS. The osmolarity of the gradient was 300 mosmol. The gradient was
centrifuged at 1,200 g for 20 min. Trophoblast cells were obtained from the middle of the
Percoll gradient (density: 1.048-1.062 g/ml), washed with DMEM and fmally resuspended
in DMEM containing 10 % FCS. The isolated cell population was additionally purified by
indirect immunopurification using mouse anti-human CD9 as primary (4) and goat antimouse IgG bound to Dynabeads as secondary antibody. For immunopurification cells were
diluted to a concentration of 4xlO' cells/ml DMEM with 10 % FCS and incubated with IJ.lg
anti-CD9/2x I 0' cells for 30 min at 4°C, centrifuged at 800 g for 6 min, washed twice and
finally resuspended in 0.5 - I ml DMEM. Dynabeads (10 7 beads/20xlO' cells) were added
and cells were incubated for 20 min at 4°C. Cells coated with anti-CD9 became attached to
the beads. The beads were removed from the cell suspension by a magnet. The remaining
cell population consisted for over 96 % of cells from trophoblast origin. This was revealed
by immunolabelling studies using mouse-anti-vimentin, mouse-anti-cytokeratin and F1TClabelled rabbit anti-mouse IgG. About 1.5 x 10' cells were cultured on 35 mm Falcon
culture dishes (Greiner and Sohne, Germany) in 2.5 ml culture medium consisting of 80
vol. % Medium 199, 20 vol. % FCS, 4 mM L-glutamine, 0.3 mg/ml gentamicin, 50 JU/ml
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penicillin, 50 flg/ml streptomicin and 2.5 flg/ml amphotericin. For some experiments
0.5 x 106 cells in 0.25 ml culture medium were cultured on 0.45 I'm microporous
membrane filters (Millicell HA culture plate inserts, Millipore). Cells were cultured at 37°C
in humidified 5 % CO,I95 % air. After 24 h, the cells were washed with phosphate buffered
saline (PBS) and the medium was refreshed. After 48 h, the culture consisted of 17 %
mononuclear cells, 21 % aggregates and 62 % syncytia (5).

2.3 Isolation and characterization of membrane vesicles

2.3.1 Isolation ofmembranc vesicles
Both microvillous and basal membrane vesicles were isolated from the same human tenn
placenta. Microvillous membrane vesicles (MMV) were isolated according to the method of
Booth, Olaniyan and Vanderpuye (6), modified by Dicke et al. (7). Basal membrane vesicles
(BMV) were isolated according to a modification (7) of the method of Kelley, Smith and King
(8).
All steps of the procedure were perfonned at 4°C, except where noted. After the decidua
and the chorionic plate were removed, approximately 100 g of villous tissue was cut into small
pieces and washed in 0.15 M NaCI to remove excess of blood. 111e villous tissue was
homogenized, fU'st using an electrical blender for 20 - 30 s and secondly using a motor-driven
Potter homogenizer with ten sh'Okes at 1700 rpm. This material was gently stirred in 150 ml
phosphate-buffered saline (PBS, consisting of 136.9 mM NaCI, 2.7 mM KCI, 8.1 mM
Na,HP04 and 1.4 mM KH,P04) at pH 7.4 for I h. The tissue was filtered through nylon mesh
(90 flm pore size). 111e filtrate was used for fmiher purification of MMV, whereas BMV were
prepared from the remaining tissue.

Purification ojBMV
After filtration, the remaining tissue was washed with 400 ml of 50 mM Tris-HCI buffer
pH 7.4 and collected on nylon mesh (90 flm pore size). The tissue was sonicated in a total
volume of 600 ml 50 mM Tris-HCI pH 7.4, using a Vibra-cell high intensity 250 Watt
ultrasonic processor (Sonics & Materials Inc., Connecticut, USA) willi a W' standard probe.
The tissue was cooled in an ice-ethanol bath and sonicated at setting 10 (250 W) for 25 s.
Sonicated tissue was collected on nylon mesh, washed three times with 5 mM Tris-HCI pH 7.4
(total volume of 400 ml) and then gently stirred for 30 min in 600 ml of the same buffer. To
remove the basal cell membrane fi'om the basement membrane, the tissue was incubated in
125 ml of200 mM sucrose/50 mM Tris pH 7.4, containing 10 mM EDTA for 30 min at room
temperatme. This mixture was cooled with an ice-ethanol bath and sonicated at setting 10 for
25 s. Large pieces of remaining tissue were removed by filtration through nylon mesh (90 flm
pore size) and the filtrate was centrifuged at 10,000 g for 20 min. The resulting supernatant was
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centrifhged at 90,000 g for 30 min to yield a crude preparation of basal cell membrane. TIle
pellet was resuspended in 15 ml of250 mM sucrose/50 mM Tris pH 7.4 by passing it through
syringe needles (23G and 25G) and cenh'ifuged again at 90,000 g for 30 min. TIle final pellet
was resuspended (23G and 25G syringe needles) in PBS pH 7.4 at a concentration between
6 and 10 mg/ml, fi'ozen in liquid nih'ogen and stored at -80°C.

Purification ojMMV
The filtrate was stored ovemight at 4 C. Next day, the filtrate was cenh'ifi,ged at 800 g for
10 min, followed by subsequent centrifilgation of the supernatant at 10,000 g for 10 min and
re-centrifugation of the resulting supematant at 90,000 g for 35 min. TIle pellet from the last
centrifilgation step was resuspended in 60 ml of 300 mM mmlllitolllO mM Hepesl2 mM Tris
pH 7.4 by passing it through a 23G and a 25G syringe needle. TIle suspension was stirred in
the presence of 10 mM MgCI, for 10 min. Non-microvillous membranes were aggregated in
the presence of Mg'+ and precipitated by cenh'ifugation at 2,200 g for 12 min. TIle supematant
was re-centrifuged at 90,000 g for 35 min to yield the MMV. TIle final pellet was resuspended
in PBS pH 7.4 (23G and 25G syringe needles) at a protein concentration between 6 and
10 mg/ml, frozen in liquid nitrogen and stored at-80°C,

Tissue homogenate (HcJ
Ho was prepared by homogenizing 109 of villous tissue in 50 ml of 250 mM
sucrose/50 mM Trisll mM EDTA pH 7.4, first in an electrical blender for I min, followed by
homogenizing with a motor-driven Potter for 10 strokes at 1700 rpm. TIle tissue was filtered
through 6 layers of cotton gauze, the filtrate was frozen in liquid nitrogen and stored at -80°C.
2.3.2 Markel' enzymes

Alkaline phosphatase
We measured the alkaline phosphatase activity according to Richterich, Colombo and
Weber (9) as a marker for the microvillous membranes. Diluted vesicles (Ho mId BMV
10 times; MMV 50 times; 25 Ill) were incubated in I ml reaction medium (I: I of 100 mM
Tris-maleate buffer pH 9 and a solution consisting of 10 mM MgCI" 0.5 mM CaCI, and
0.4 mM ZnCI,) containing the substrate p-nitrophenyl-phosphate (1.86 mg/ml) for 5 min at
37°C. TIle reaction was stopped by the addition of 3 ml ice-cold I M NaOH. TIle extinction
was detennined at 410 nm (Ultrospec III spectrophotometer, Phannacia LKB). Pm'anih'ophenol at varying concentrations was used as standard.

Dihydroalprenolol binding
Dillydroalprenolol bindulg (8,10) was detennined as a marker for basal membranes. We
incubated 10 III of vesicles in a total volume of 150 III PBS pH 7.4 containing 10 nM [,Hldihydroalprenolol for 30 mUI at 30°C. TIle incubation was stopped by the addition of 2.5 ml
ice-cold PBS pH 7.4. The vesicles were filtered through two glass-fibre filters GF/C (Whahnan
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International Ltd., UK) and washed four times with 2.5 ml ice-cold PBS pH 704. Filters were
dried, universal liquid scintillation counting cocktail for aqueous and non-aqueous samples
(lnsta-gel plus, Packard, USA) was added and radioactivity was counted in a Packard liquid
scintillation counter. Non-specific bindulg was determined Ul the presence of 30 IlM
DL-propranolol.

Aly/su/phatase
Arylsulphatase was measured as a marker for Iysosomes (II). Reaction was started by the
addition of 004 ml diluted reaction medium (0.02 M 4-nitrocatecholsulfate in 0.5 M NaAc-HAc
buffer pH 5.5, diluted 1:1 with distilled water) to 20 ~"of undiluted samples, incubated for
15 mUl at 37°C and stopped by the addition of I ml ice-cold I M NaOH. Extinction was
determined within I h at 515 nm. TIle extinction coefficient used was 11,200 VmoVcm.

Succinate dehydrogenase
TIle activity of succinate dehydrogenase was dete,mined as a marker for mitochondria (12).
Undiluted samples (20 ~'I) were shaken Ul I ml reaction medium (50 mM potassium phosphate
buffer pH 704; 50 mM Na-succinate; 25 mM sucrose; 0.1 % 2-(p-iodophenyl)-3(p-nitrophenyl)-5-(phenyltetrazolium) for 15 min at 37°C, After addition of I mIlO %
trichloroacetic acid (TCA), the fonnazan was extracted with 2 ml ethylacetate and its
extinction measured at 490 nm. The activity was determined using an extinction coefficient of
20, I 00 VmoVcm for fomlazan in ethylacetate.

NADPH-dependent cytochrome c reductase
NADPH-dependent cytochrome c reductase was measured as marker for tlle endoplasmic
reticulum (13). Reduction of cytochrome c was detemlined by following the decrease in
extinction at 550 mn in 3 ml reaction medium containing 0.1 mM NADPH, 0.33 mM KCN,
0.05 mM cytochrome c, and 0.05 M potassium phosphate buffer pH 7.5 for 5 min. We
compared the reduction in the presence of 20 pi undiluted samples to a control without tlle
addition of vesicles. An extulction coefficient of 18,500 VmoVcm for reduced minus oxidized

cytochrome c was used.
All enzyme activities were detennined relative to the protein concentration (see 204). We
compared the enzyme activities of the vesicles to those of Ho Ul order to determine the
enrichments of membranes and organelles in our preparations.

2.3.3 Ol'ientation of membl'3ne vesicles
Orientation of MMV was detennined by assaying the alkaline phosphatase activity as
described, with and without previous treatment of the vesicles with 0.1 % saponin. Orientation
of BMV was detennined by assayulg the Na+K+-ATPase activity (14) after treannent of the
vesicles with or without 0.1 % saponul or 40 nM valulOlllycin (15). ATPase activity of20 III
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five tunes diluted vesicles was detennined in 0.2 ml medium, containing 100 mM NaCI,
10 mM KCI, 5 mM MgCI" 30 mM imidazole and 5 mM Na,ATP at pH 7.4 and in the same
medium without KCI, but with the addition of 0.1 mM ouabain. The samples were incubated
for 30 min at 37°C, after which the reaction was stopped by the addition of 0.75 ml 8.6 %
TCA. The amount of inorganic phosphate fonned was detemlined by addition of 0.75 ml
0.66 M H,S04, 1.15 % ammonium heptamolybdate, 9.6 % FeS04.6H,O and detemlination of
the extinction at 700 nm after 30 min at room temperature. As standards we used varying
concentrations of K,HP0 4. The NaK+-A TPase activity could be detenllined as tlle difference
in ATPase activity in these media.
2.3.4 Gel electrophoresis of membrane vesicles
Approximately 50 ~lg (5 ~ll) of BMV and MMV was diluted five times in sample buffer
containing 10.0 ml distilled water, 2.5 ml 0.5 M Tris-HCI pH 6.8, 2.0 ml glycerol, 4.0 milO %
(w/v) SDS, 1.0 ml 0.8 M dithiothreitol (DlT) and 0.5 ml I % bromophenol blue. Samples
were boiled for 5 min and put on 4-20 % Tris-HCI ready polyacrylamide gel (BioRad,
Richmond, USA). Gels were run at 200 V for 45--{i0 min in Mini-PROTEAN II apparatus
(BioRad) using nnmingbuffer, containing 0.3 % (w/v) Tris, 1.44 % (w/v) glycine and 0.1 %
(w/v) SDS at pH 8.3. After electrophoresis, gels were dried and stauled with Coomassie blue
R-250 (BioRad). Kaleidoscope prestained standards (BioRad) and low molecular weight
markers (Phmmacia, Sweden) were run togetller with the samples. In order to demonstrate the
presence of V-ATPase, vesicles were subjected to SDS polyacrylamide geleleco'ophoresis on a
10 % Tris-HCI gel (BioRad) under reducing conditions (I h, 100 V). The gel was blotted on a
0.2 micron nitro-cellulose membrane (I h, 100 V, 250 mA, 4°C, BioRad Trans-Blot Cell).
V-ATPase was identified with an Immuno-Iite" assay kit (BioRad) using a rabbit polyclonal
antibody to the 67 kD subunit of Neurospora V-ATPase (I) as prhnary and goat anti-rabbit
IgG coupled to alkaline phosphatase as secondary antibody. TIle blots were exposed to
photosensitive film for 15 min and scmmed with an Ultroscan XL Enhanced Laser
Densitometer (Pharmacia LKB, Sweden). As a control the blot was incubated with preinunune selUm.
2.3.5 Determination of membrane cholesterol and phospholipid content

Lipid extraction
Lipids were exu'acted using the method of Bligh and Dyer (16). Approxinlately I mg
membrane vesicles was diluted with distilled water until a volume of 0.4 ml. These dilutions
were v0l1exed for I min in the presence of 0.5 ml chlorofonn and 1.0 011 methmlOl. Another
0.5 ml chlorofoml was added and samples were vortexed again for I min. Finally 0.5 ml
distilled water was added, followed by I min of vortexing and centrifugation at 1,000 g for
15 min. The chloroform layer (bottom layer) contained the purified lipids. The extracted
samples were saponified by incubation oflhe lipids in 3 ml ofa mixture of95 % ethanoll3.3 %
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KOH for 30 min at 60°C (17). Samples were cooled to room temperature and hexane extracted
twice (fIrst with 3 ml, second with 2 ml hexane). Hexane was evaporated tOlder nitrogen. Part
of the evaporated lipid extract was directly used for a phosphorus assay, whereas another part
was dissolved in isopropanol before detennination of the cholesterol content.

Determination ofcholesterol content
Total cholesterol content was measured with an enzymatic test from Boehringer according
to the manufacturer's protocol (Boehringer Mannheim, FRG).

Total phosphorlls analysis
Total phosphorus content was determined according to a modifIcation (18) of the method
of Fiske and Subbarow (19). Evaporated lipid extracts were destructed in 0.4 ml
H,SO,IHCIOJdistilled water (1.5: 1.5: 1.0) (v/v) at 210°C until solutions were colourless (about
4 h). Samples were slowly cooled, 3 ml distilled water, 200 JlI 5 % ammoniummolybdate and
200 JlI Fiske/Subbarow reagent (125 mg l-amino-2-naphtol-4-sulphonic acid in 50 ml freshly
prepared 15 % (w/v) Na,S,O, with the addition of 250 mg Na,SO,) were added and the
solution was incubated for 10 min at 90°C. The extinction was measured at 830 mn and
compared to standards up to 60 nmol inorganic phosphate.
2.3.6 Fatty acid analysis in phospholipids
Membrane lipids were extracted according to Bligh and Dyer (16) as described above.
The lipids were separated by thin layer chromatography on Kieselgel 60 F254 plates
(Merck, Datmstadt, Germany) activated at 110°C for I h. The solvent system contained nhexane/diethylether/acetic acid (60:40: I) (v/v/v) with 0.02 % butylated hydroxytolueen.
Cholesterol esters and phospholipids were identifIed by comparison with simultaneously
run standards. Phospholipid spots were scraped off and fatty acids were transmethylated
with 14 % borontrifluoride in methanol for 10 min at 100°C, according to the method of
Morrison and Smith (20). TIle fatty acid methyl esters were separated and quantifIed by
capillat)' gas liquid chromatography on a CP-Sil88 column (WCOT, 50 m x 0.25 mm,
0.20 Jlm fIlm; Chrompack, Bergen op Zoom, NL) in a Chrompack CP9000 capillary gas
chromatograph. IdentifIcation of the fatty acid methyl esters was performed by comparison
of the retention times to those of authentic standards (Alltech Ass., DeerfIeld, IL, USA).

2.4 Protein determination
Membrane vesicle protein was determined by a modifIcation (21) of the Lowry method
(22), using BSA as standard. In the case of cells, protein in the Iysates was detennined either
by the method of Markwell (21) or using the Pierce Micro BCA Protein Assay Reagent, as
indicated. In both cases BSA was used as standard.
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2.5 Isolation of t ... nsferrin variants
Three isoTf variants bi-bi·antennary tetra·sialo Tf (bb Tf), bi-tri-antennary penta-sialo Tf
(bt Tf) and tri-tri-antennary hexa-sialo Tf(t! Tf) were isolated from human serum Tfby Con A
Sepharose chromatography and preparative isoelectric focusing (23). TIle subfi'actions were
checked on sialic acid content by isoelectric focusing, using PhastGel IEF pH 4-6.5
(pharmacia, Sweden) (24). Furthermore, carbohydrate analysis was perfomled on the isolated
Tf variants (25). About 5-50 ~Ig Tf was hydrolyzed in 2 M trifluoro acetic acid at pressures
< 1 mm Hg for 16 h at 100°C. Approximately 5 nnlOl rhamnose was added as internal
standard. TIle hydrolyzed samples were evaporated at room temperature and the residue was
redissolved in 0.1-1 ml 90 % (v/v) ethanol. Carbohydrates were quantified by partition
chromatography with 90 % ethanol as eluent and tetrazolium blue chloride as reagent, using an
adapted amino acid analyzer (Alpha Plus, Pharmacia LKB, Cambridge, UK). The reaction
product lVas measured at 570 nm.

2.6 Labelling of transferrin with "Fe and .lSi
2.6.1 Loading ofapoTfwith "Fe
ApoTf (in 0.1 M NaHCO, solution) was incubated with "FeCI, (specific activity ranging
from 32 - 290 cpm/pmol Fe) in the presence of NTA (NTA:"Fe ~ 2:1) for 30 min at room
temperature. Excess of "Fe was removed by filtration on a disposable Sephadex PD-IO
column (Phaflnacia, Sweden). DifeITic "Fe-Tf fractions were collected and fi.rther labelled
with .251.
2.6.2 Labelling of diferric Tf with .lSi
About 300 ~g of difelric Tf (either 56Fe 01' "Fe) was reacted Witll 0.25 mCi Na'''1 for
10 min at room temperature. The reaction was ca!Tied out in a glass vial containing 100 ~g
10doGen. Excess of iodine lVas removed by filtration on a disposable Sephadex PO 10 column,
followed by extensive dialyses against PBS pH 8. TIle final specific activity ranged from
2.3xlO' - 6.lxlO' cpm •25 I1pmol Tf.

2.7 Transferrin binding to placental membrane vesicles
2.7.1 Estimation of endogenous transferrin
TIle amount of endogenous Tf in the membrane preparations was estimated using the
Laurell-rocket immunoelectrophoresis (26). Electrophoresis was performed in 1% agarose
36

Chapter 2

containing I% Triton X-100 and 30 J.lI of rabbit anti human Tf (antibody titre ~ 2800 mgl!) at
10 VIcm for 6 h. After drying the precipitates were stained with Coomassie Brilliant Blue
R250. The amount of Tf in membrane vesicles was detemlined by comparing with Tf
standards.
2.7.2 Transferrin binding assay
For each experunent, membrane vesicles (MMV and BMV) from the same human tenn
placenta were used. Membrane vesicles were washed respectively with an acidic buffer
(l00 mM sodium citrate pH 5, contauling 50 ~Iglml desferal) and an alkaline buffer (I M
sodium chloride in 10 mM Tris pH 8) to remove Tfbound to TfRs (27). After washing, 250 J.lI
of membrane vesicle suspension (75 J.lg proteul for MMV mId 100 J.lg protein for BMV) were
incubated with I"I-Iabelled isoTfvariants, with fmal concentrations of9.3xI0· 1O - 9.3xI0·8 M
for MMV and 4.6xlO· 1O -7.0xlO·8 M for BMV. After I h ofulcubation at 4°C (equilibrium was
reached between 30 and 40 min), 0.2 ml ofthe vesicle suspension was centrifuged at 100,000 g
for 20 min, washed with PBS without resuspending the pellet and centrifuged again (28). The
fmal pellet was dissolved UI 2 ml I% sodium dodecyl sulphate (SDS) and radioactivity was
measured. 11le data were evaluated by a non-linear curve-fit program, using the Langmuir
equation for equilibrium binding (B ~ [Bmax * x] I [x + K,] + non-specific binding, where B is
the ITaction of Tf that is bound, Bmax is the saturation level for specific binding, x is the
concentration of Tf in the incubation medium, K, is the concentration of Tf at which halfmaxuual specific saturable bUlding is achieved, and the non-specific binding is a linear
function of x). Non-specific binding was experimentally determined in the presence of a
100-fold molar excess of unlabelled human iso Tfvariants. 11le limited anlounts of especially
bt and tt iso Tf made it inlpossible to routinely assess non-specific binding in this way. SUlce
the experunentally determined specific binding corresponded with the specific binding
calculated by the non-Iulear curve-fit program, we further used the laUer method. Both the
maxunal binding and the affinity constant (K, ~ 11K,) of the isoTfvariants were detennined.

2.8 Uptake of difenic Tf by cultured trophoblast cells
2.8.1 Uptake of 125I-"Fe,Tfby t\'Ophoblast cells cultured on plastic dishes
After 48 h of culture, cells were washed with PBS pH7.4 mId pre incubated in DMEM
containing 100 nM '''I_59Fe, Tf for 30 min at 4°C to saturate the surface TfRs. The medium
was replaced by prewanned Medium 199 with 100 nM 125I_59Fe,Tf. After incubation for
specified times at 37°C, cells were rinsed with PBS pH 7.4 and exposed to two acidlneutral
wash steps to remove smface-bound Tf. One acidlneutral wash step consisted of 10 mUI of
incubation with 25 mM NaAc/l50 mM NaCl12 mM CaC!, pH 4.5 followed by 10 min of
incubation with PBS pH 7.4, both incubations on ice. Cells were Iyzed in Complete@ protease
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inhibitor cocktail. Radioactivity and protein were detennined in the Iysates. The amount of
radioactivity in celllysates that were only incubated for 30 min at 4°C was taken as a measure
for non-specific binding to cells and dishes and subtracted from the total radioactivity.
2.8.2 Uptake of 125I_59Fe,Tf by trophoblast cells cultured on a permeable filter
Cells were cultured for 48 h, washed witll PBS pH 7.4 and preincubated with MI99
containing 0.5 mg/ml BSA and either 0.5 mg/ml ovalbumin (medium A) or 0.5 mg/ml human
difelTic Tf (medium B) for I h at 3JOC as described by Gottlieb et al. (29). The upper and
lower compartment contained respectively 0.7 and 0.45 ml medium in order to have the same
level of fluid in both compartments to avoid pressure differences. To avoid stratification of
diffused l2'I_59Fe:,Tf at the receptor side of the filter, the media were regularly mixed during
incubations. Incubation was started by changing the medium on one side of the mter by
prewanned medium containing 100 nM 1251_59Fe:,Tf. Incubation occurred at 37°C, For
incubation longer tllan I h, the medium from the side opposite that to which tlle labelled ligand
had been added was replaced every hour with fresh medium. At fixed time points, medium was
removed, membrane filters were put on ice and washed with ice-cold PBS. Filters were then
treated with an acid/neutral wash as described for uptake experinlents with cells cultured on
plastic dishes. Radioactivity in the filters was counted in a Packard gamma counter. Cellspecific radioactivity was determined as the difference between the average radioactivities
associated with medium A and medium B incubations.

2.9 Uptake of gold-labelled diferric Tf (Au-TI) by cultured trophoblast cells
2.9.1 Coupling of 6 11m gold to Tf
Human difen'ic Tf was bound to 6 nm gold particles (Aurion) according to the
manufacturer's ins~'lIctions. 11le optimal pH for gold conjugate preparation is considered to be
approximately 0.5 pH unit higher than the iso electric point (IEP) of the protein that is to be
labelled (IEP of hTf is approximately 5.5). To be ascertained that iron stays bound to Tf we
used a pH of 1.0 unit higher than the IEP. For each preparation the minimal amount of Tf
required to stabilize the sol was determined. Depending on the result of this detennination an
amount of human diferric Tf was dissolved in I ml 5 mM NaHCO, pH 7.4. To this solution
10 ml of the 6 nm gold sol (pH 6.5) was added under continuous stirring. This suspension was
left to stand for 10 min, 1.1 ml 10 % BSA (pH 9.0) was added and left to stand for anotller
10 min. To remove unbound Tf and gold-aggregates, the suspension was centrifuged at
100,000 g for I h. The supematant was removed, the pellet washed with PBS containing 0.5 %
BSA (pH 8.0), loaded on a linear 10-30 % glycerol gradient and centrifuged at 80,000 g for
I h. The Au-Tf band was collected, frozen in liquid ni~'ogen and stored at - 20°C. Before use,
the solution was dialyzed against DMEM with 0.1 % BSA overnight at 4°C.
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2.9.2 Incubation of membrane-grown trophoblast cells with Au-Tf
Cells were cultured on a permeable membrane. After 48 h of culture. cells were washed
with PBS pH 7.4 and preincubated with DMEM containing 0.1 % BSA and 0.5 % ovalbumin.
Cells were incubated with Au-Tf on either the microvillous (upper compartment) or the basal
(lower compartment) side.

Incubation on upper side ofthe membrane
Cells were incubated with I ~g Au-Tf in 0.25 ml DMEM containing 0.1 % BSA on the
upper side of the membrane and 0.5 ml DMEM containing 0.1 % BSA and 100 ~Ig of human
diferric Tf in the lower compaltment. for 3 min at 37°C. The media were removed and
respectively 0.25 and 0.5 ml DMEM containing 0.1 % BSA was added to the upper and lower
compartment. Cells were tinther incubated for specified tinleS to allow endocytosis of Au-Tf.

incubation on lower side ofthe membrane
Cells were incubated with 2 ~g Au-Tf in 0.5 ml DMEM containing 0.1 % BSA in the
lower compartment and 0.25 ml DMEM with 0.1 % BSA in the upper compartment, for I h at
4°C to saturate the basal TfRs with Au-Tf. Cells were washed twice with DMEM containing
0.1 % BSA (first with cold medium, second with medium of37°C), prewatmed 0.5 ml DMEM
with 0.1 % BSA and 0.25 ml DMEM with 0.1 % BSA and 60 ~g hwnan diferric Tfwere
added to respectively the lower and upper compartments and cells were further incubated for
specified times at 37°C to allow endocytosis of Au-Tf.
Endocytosis was stopped by placing the cells on ice and washing them with ice-cold PBS
pH 7.4. The filters were fixed ovemight at 4°C with standard fixation medium containing 1 %
glutaraldehyde and 4 % fonnaldehyde.

2.10 Immunolocalization of Tills
Tills were visualized by postfixation preembedding innnnno elech'on microscopy (!EM)
using a protocol described by Hansen, Sandvig & van Deurs (30). After 48 h of culhlre,
membrane-grown cells were washed with PBS pH 7.4 containing 0.5 % BSA and fixed with
2 % fonnaldehyde, 0.1 % glutaraldehyde in 0.1 M phosphatebuffer pH 7.4 for 30 min at 4°C.
Cells were first incubated with 10 ~glml anti-Till (mouse monoclonal antibody clone B3125,
Boehringer Matmhehn) for I h at room temperature, fixed for 30 min at 4°C, second incubated
with 1:20 (w/v) 10 nm gold-conjugated goat-anti-mouse atllibody (Amersham, UK) and fmally
fixed ovemight at 4°C. At the concentrations used, controls omitting the prinlary antibody were
negative.
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2.11 Electron microscopy
All samples were postfixed in a mixture of I % (w/v) OS04 and 1.5 % (w/v) K.Fe(CN)6 for
30 min at 4°C. After washing with distilled water, samples were dehydrated in graded ethanols
(respectively 50 %,80 %, 90 % and twice 100 %, 15 min each step) and infiltrated with Epon
(respectively 30 min 3:1 EtOH/Epon, 30 min 1:1 EtOI-llEpon, three times 30 min pure Epon
and fmally overnight pure Epon, all steps at room temperature). Polymerization with Epon
occun'ed ovell1ight at 68°C. The Epon embedding fluid consisted of a mixture of 38 ml
LX-I 12 (LADD Research Industries Inc., Burlington, USA), 26 ml dodecylsuccinic anhydride
(DDSA) (Merck, FRG), 20 ml methyl nonborene 2,3-dicarboxylic anhydride (MNA) (Merck,
FRG), and 1.5 mI2,4,6-bis(dimethyl aminomelhyl)-phenol (DMP30) (Merck, FRG).
Ultrathin sections were made with an Ultratome (LKB, Sweden), equipped with
Diatome 1.5 mm diamond knives and collected on unfilmed 250 mesh copper grids.
Contrast of the samples was enhanced by staining with uranyl acetate. Sections were
studied in a Zeiss EM 209 transmission electron microscope (Zeiss, Oberhochen, FRG),
with an integrated electron spectrometer. This instrument allows high-resolution imaging
with energy-filtered eleelrons. For furlher details see Sorber el al. (31,32).

2.12 Transferrin synthcsis by cultul'ed trophoblast cells
2.12.1 Identification oftl'ansferrin mRNA by RT-PCR
Trophoblast cells were isolated as described and additionally immuno-purified. After 48 h
of cell culture, RNA was isolated according to Chomczynski and Sacchi (33). About 0.72 fig
RNA was reverse o'anscribed (RT) in a volume of 5 fli. A fifth pmt of the resulting cDNA was
amplified by polymerase chain reaction (PCR). 111e PCR was pelformed in 20 fli PCR-mix,
consisting of I x PCR-buffer (75 mM Tris-HCI pH 9.0, 20 mM (NH4),S04, 0.01 % Tween 20),
2.0 mM MgCI" 3.75 pmol each ofTf-specific primers Ttl (5'-CGCTGGCTGGAACATCC-3')
and Tf2 (5'-CTACGGAAAGTGCAGGCTTC-', Eurogentec), and 0.5 unit of Goldstar DNA
polymerase. Using a DNA Thennal Cycler an u1itial denaturation step of 3 min at 96°C was
followed by 45 cycles of amplification (30 s at 94°C, 30 s at 60°C, and 30 s at n°C) and a
fmal extension for 5 min at 72°C. Plasmid ptacRRTF3101 (34), containing Tf cDNA, was used
as a positive cono'Ol for PCR. As a negative cono'ol a RT-PCR was done without the addition
of reverse transcriptase. 11le fonvard pruner (TfI) was located at nucleotides 1458-1474 of
human Tf mRNA, whereas the reverse primer (Tf2) was located at nucleotides 210 1-2120 (35).
The size of Ihe fragment amplified tram Tf eDNA would therefore be 663 bp. The PCRproduct trom Tf eDNA was digested with either Pst I which would cut the PCR-product in two
ft'agments of 50 bp and 613 bp, or Hind 1Il, which would yield fl'agments of 412 bp and
251 bp. 11le PCR- and the digestion products were examined on I % agarose gels wilh
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ethidium bromide stauling. DNA molecular weight marker VI (Boehringer, Mannhehu) was
used as a standard.
2.12.2 De novo synthesis of transferrin
35S-l11ethionine pulse

labelling

Cultured trophoblast cells were pulse-labelled with "S-methionine according to Starreveld
et al. (3). At indicated culture times, cells were washed twice with ice-cold PBS. Preincubation in methionine-fi'ee medium for I h at 37°C was followed by incubation with
60-80 flCi translabelled "S-methionine (1089 CilnllllOl) per 1.5x I 0' cells for 2 h at 37°C. Cells
were washed twice with PBS and Iyzed in 500 flllysis buffer, consisting of I % Triton X-100,
I ruM PMSF and 0.5 Ulml aprotulul UI PBS pH 7.4. The cell Iysates were centrifuged at
10,000 g for 2 min. 111e supematants were used for detelluination of both total protein
synthesis and Tf synthesis.

Total protein synthesis
Total proteul synthesis was determined as previously described (3). After addition of 0.1 ml
distilled water and 0.1 ml ice-cold 20 % TCA to 20 fll supematant of the cell Iysates, samples
were ulCubated for 10 min at 4°C and centrifilged at 1,500 g for 15 min. The pellets were
washed with 0.5 milO % TCA and subsequently vigorously mixed with 0.5 ml Soluene-350
(Packard, USA). Radioactivity was counted in a sample of 20 fll, after the addition of 10 ml
Insta-gel Plus (Packard, USA), using an Isocap 300 counter. Total proteul synthesis was
expressed in dpm/mg protein.

T/ synthesis
In order to detennine Tfsynthesis, BSA (400 flg) and L-methionine (10' times pulse-label
concentration) were added to the supematants. After incubation with 50 fll rabbit-anti-hTf for
18 h at 4°C, the Tf-antiTf complex was precipitated with 50 fll Proteul-A Sepharose CL4B
(Pharmacia, Sweden) during 2 h of rotation at room temperature. 111e samples were spun down
and the precipitates were washed four tunes with PBS containing 0.2 % sodium deoxycholate,
0.2 % Triton X-100, I mM PMSF and I mg/ml BSA. The fmal precipitates were boiled with
electrophoresis sample buffer (4 ml distilled water, I ml 0.5 M Tris-HCI pH 6.8, 0.8 ml
glycerol, 1.6 ml 10 % SDS, 0.4 ml 0.8 M DTT and 0.2 ml I vol. % bromophenol blue) for
5 min and centrifuged at 10,000 g for 2 min. 111e supematants were electrophoresed (I h,
200 V; Mini-Protean II Cell; BioRad, Richmond, USA) under reducing conditions using 10 %
Tris-HCI gels (BioRad, Richmond, USA). After dryUlg, the gels were exposed to Kodak
X-OMAT AR films for one week. 111e autoradiographs were sCalmed with an Ultroscan XL
Enhanced Laser Densitometer (Pharmacia LKB, Sweden) and peak surfaces of the Tf bands
were detelllluled in absorption units (AU) x basis (nUll). The ratio of peak sUlfaceltotal protein
synthesis (AU x nllll I dpm) was used as a measure for de novo Tfsynthesis.
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2.12.3 Estimation of transferrin content
The Tf content was estimated in both cultured and non-cultured immunopurified and nonimmunopurified h'ophoblast cells. The procedure was perfonned at 4°C. The cells were
washed twice with PBS, Iyzed in 0.5 ml distilled water containing I mM PMSF and sonified
for 10 s on ice. Total cell protein was determined in the cell lysate using the Micro BCA
Protein Assay Reagent (Pierce).
In order to estimate the Tf content, the lysate was centrifuged at 20,000 g for 10 min, the
supernatants were filtered through 0.5 fun Millipore-GS filters and concentrated (Centriflow).
TIle culture media were collected and centrifuged at 15,000 g for 10 min. PMSF was added to
the supematant to a fmal concentration of I mM. The media passed a 0.5 flm Millipore-GS
filter and were concentrated. Both the cell Iysates and culture media were subjected to
electrophoresis (10 % Tris-HCI gels, BioRad, reducing conditions, 1 h , 200 V) and blotted on
0.2 micron nitro-cellulose membranes (1 h, 100 V, 250 mA, at 4°C, BioRad Trans-Blot Cell,
Richmond, USA). Tf was identified with an Immuno-lite® assay kit (BioRad, Richmond,
USA), using rabbit anti-hTf as primalY and goat anti-rabbit IgG coupled to alkaline
phosphatase as secondary antibody. TIle blots were exposed to photosensitive fihn for 15 min.
The Tf bands were scanned with an Ultroscan XL Enhanced Laser Densitometer (Phannacia
LKB, Sweden) and the Tf content of the samples was calculated by reference to Tf standal'ds
processed simultaneously.
2.12.4 Heterogeneity of trophoblast transferrin
The sialic acid-dependent heterogeneity of Tf was assessed by isoelectric focusing using
the PhastSystem with PhastGel pH 4-6.5 (Pharmacia LKB, Sweden) according to the protocol
described by van Eijk and Vall Noort (24). Prior to focusing, the Tf samples were saturated with
iron. After focusing the Tf bands were inllnunoprecipitated with 80 ft! of rabbit anti-Tf (tih'e
2800 mg/I). The gels were washed with 0.15 M NaCI for 48 h and the Tfbands were visualized
with a silver Protein Staining kit using the Phast System (Pharmacia). In the case of
"'I-labelled Tf, the gels were exposed to photosensitive films. Bands were scanned with an
Ultroscan Enhanced Laser Densitometer (Phannacia LKB, Sweden).

2.13 Uptake of non-Tf iron by cultured trophoblast cells
2.13.1 Stock-solutions of "Fe(III)nitriiotriacetate and "Fe-ascol'bate
The "Fe(III)nitriiotriacetate (NTA) stock-solution was prepared from solutions
consisting of'9FeCI, in 0.1 M HCI and a four-fold excess of NTA in 20 mM HEPESlTris
pH 6.0. The solution was titrated to neutral pH by dropwise addition of 0.5 M NaOH.
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The 59Fe-ascorbate stock-solution was prepared by adding a five-fold molar excess of
cold FeS04 in 0.1 M HCI and a twenty-fold molar excess of L-ascorbic acid to 59FeCI,.
After equilibration for 30 min at room temperature the pH was carefully brought to neutral
(pH 7) with a saturated NaHCO, solution. All solutions were saturated with N, to prevent
oxidation and depletion of ascorbate by molecular oxygen.
For each experiment the stock-solutions were freshly prepared.
2.13.2 Non-Tf it'on uptake by cultured trophoblast cells
After 48 h of culture, cells were washed with PBS pH 7.4, pre-incubated in semm-free
Ml99 and incubated in uptake medium (150 mM NaCI and 25 mM HEPES pH 7.4) in the
presence or absence of Fe(IIl)CN, I mM of Fe(III)chelator desferrioxamine (DFO) or
I mM of Fe(Il)chelators bathophenanthroline disulphonic acid (BPS) or ferrozine (FZ) at
37°C. Uptake was initiated upon addition of either 59Fe(III)NTA or 59Fe-ascorbate. After
the desired incubation time, medium was removed, cells were cooled on ice and washed
three tintes with I ml of ice-cold PBS pH 7.4 for 5 min and Iyzed in Complete® protease
inhibitor cocktail. Radioactivity in the lysate was determined in a Packard gamma counter.
Protein was determined according to Markwell et al. (21).

2.14 Ferrireductase assays
Reduction of ferricyanide (Fe(III)CN) was measured in a reaction mixture, containing
140 mM NaCI, 5 mM KCI, I mM MgCI" 5 mM NaH,P04 and 5 mM HEPES pH 7.4 with
or without NADH or NADPH, and Fe(III)CN, by following the decrease in absorbance at
420 minus 500 run with a Cary I E spectrophotometer (extinction coefficient: l/mM/cm).

Cells. After 48 hr of culture, cells were washed with PBS pH 7.4 and incubated in reaction
mixture at 37°C. TIle reaction was started by the addition of Fe(III)CN and terminated after
the desired incubation period by cooling the cells on ice. The absorbance at 420 minus
500 nm was measured in the medium and compared to a control without cells.
Vesicles. The reaction was started by the addition of either 10ft! BMY (2.5 J.lg/J.ll) or 10ft!
MMY (5.0 J.lg/ft!) to 990 J.lI of the reaction mixture. The decrease in absorbance at 420
minus 500 nm was directly measured at 37°C. NADH oxidation was followed at 340 minus
430 I1In (extinction coefficient: 6.22 /mM/cm). Kinetic parameters were determined for
NADH and Fe(III)CN, using the Michaelis-Menten plot from Enzyfit curve-fitting
program.

43

References

I. Dschida W & Bowman BJ (1995) 11le vacuolar ATPase: sulfite stabilization and the
mechanism of nitrate inactivation. Journal of Biological Chemishy, 270: 1557-1563.
2. Kliman HJ, Nestler JE, Sermasi E, Sanger JM & Strauss III JF (1986) Purification,
characterization, and in vitro differentiation of cytotrophoblasts from human term
placentas. Endocrinology, 118: 1567-1582.
3. Starreveld JS, Kroos MJ, van Suijlen JDE, Verrijt CEH, van Eijk HG & van Dijk JP
(1995) FelTitin in cultured human cytotrophoblasts: synthesis and subunit distribution.
Placenta, 16:383-395.
4. Yui J, Garcia-Lloret M, Brown AJ, Berdan RC, Morrish DW, Wegmann TG & Guilbert LJ
(1994) Functional 10ng-ten11 cultures of human term trophoblasts purified by columnelimination ofCD9 expressing cells. Placenta, 15:231-246.
5. Starreveld JS, van Denderen J, Verrijt CEH, Kroos MJ & van Dijk JP (1998)
Morphological differentiation of cytotrophoblasts cultured in Medium 199 and keratinocyte
growth medium. European Journal of Obstetrics & Gynecology and Reproductive Biology
(in press).
6. Booth AG, Olaniyan RO & Vanderpuye OA (1980) An hnproved method for the
preparation of human placental syncytiotrophoblast microvilli. Placenta, 1:327-336.
7. Dicke JM, Verges D, Kelley LK & Smith CH (1993) Glycine uptake by microvillous and
basal plasma membrane vesicles fi'om term human placentae. Placenta, 14:85-92.
8. Kelley LK, Smith CH & King BF (1983) Isolation and pal1ial characterization of the basal
cell membrane of human placental trophoblast. Biochhnica et Biophysica Acta, 734:91-98.
9. Richterich R, Colombo JP & Weber H (1962) Ultralnikromethoden im klinischen
Laboratorium. VII. Bestimmung der sauren prostata-phosphatase. Schweizerische
Medizinische Wochenschrift, 47: 1496-1500.
10. Williams LT, Jarett L & Lefkowitz RJ (1976) Adipocyte B-adrenergic receptors.
Identification and subcellular localization by (-)-['Hjdihydroalprenolol bhldhlg. Journal of
Biological Chemistry, 251 :3096-3104.
II. Milson DW, Rose FA & Dodgson KS (1972) 11le specific assay ofarylsulphatase C, a rat
liver microsomal marker enzyme. Biochemical Journal, 128:331-336.
12. Pennington RJ (1961) Biochemistry of dystrophic muscle. Mitochondrial succinateteh'azolium reductase and adenosine h·iphosphatase. Biochemical Joumal, 80:649-654.
13. Dallner G, Siekevitz P & Palade GE (1966) Biogenesis of endoplasmic reticulum
membranes. n. Synthesis of constitutive microsomal enzymes in developing rat hepatocyte.
Joumal of Cell Biology, 30:97-117.
44

Chapter 2
14. Schoot BM, Schoots AFM, De Pont JJHM, Schuunnans-Stekhoven FMAH & Bonting SL
(1977) Studies on (Na++K') activated ATPase. XLI. Effects of N-ethyhnaleimide on overall
and partial reactions. Biochimica et Biophysica Acta, 483: 181-192.
15. Kato M & Kako J (1987) Orientation of vesicles isolated from baso-Iateralmembranes of
renal cortex. Molecular and Cellular Biochemisny, 78:9-16.
16. Bligh EG & Dyer WJ (1959) A rapid method of total lipid extraction and purification.
Canadian Journal of Biological Chemistly and Physiology, 37:911-917.
17. Jansson T, Powell TL & IlIsley N (1993) Non-electrolyte solute pelmeabilities of human
placental microvillous and basal membranes. Journal of Physiology, 468:261-274.
18. Bartlett GR (1959) Phosphorus assay hI column chromatography. Joumal of Biological
Chemistry,234:466-468.
19. Fiske CH & Subbarow Y (1925) TIle colorimetric detennh18tion of phosphorus. Joumal of
Biological Chemistry, 66:375-400.
20. MOlTison WR & Smith LM (1964) Preparation of fatty acid methyl esters and
dhnethylacetals from lipids with boron fluoride-methanol. JOlll'llal of Lipid Research, 5:600.
21. Markwell M-AK, Haas SM, Bieber LL & Tolbert NE (1978) A modification of the Lowry
procedure to simplity protein determination in membrane and lipoprotein samples. Analytical
Biochemistry,87:206-21O.
22. Lowry OH, Rosebrough NJ, Farr AL & Randall RJ (1951) Protein measurement with the
Folin phenol reagent. Journal of Biological Chemistry, 193:265-275.
23. Van Noort WL, de Jong G & van Eijk HG (1994) Purification of isotransferrins by
Concanavalin A Sepharose chromatography and preparative isoelectric focusing. European
Journal of Clinical Chemishy and Clinical Biochemistry, 32:885-892.
24. Van Eijk HG & van NOOlt WL (1992) The analysis of human serum transferrins with the
Phast-System: quantitation of micro heterogeneity. Electrophoresis 13:354-358.
25. Van Noort WL & van Eijk HG (1990) Quantification of monosaccharides occurring in
glycoproteins at subnanomole levels using an automated LC analyzer. LC-GC International,
3/5:50-52.
26. Laurell CB (1966) Quantitative estimation of proteins by electrophoresis in agarose gel
containing antibodies. Analytical Biochemistry, 15:45-52.
27. Berczi A & Faulk WP (1992) Iron-reducing activity of plasma membranes. Biochemistry
International,28:577-584.

45

28. Van Dijk JP, van der Zande FGM, Kroos MJ, StmTeveld JS & van Eijk HG (1993) Number
and affinity of transfe'Tin-receptors at the placental microvillous plasma membrane of the
guinea pig: influence of gestational age and degree of transferrin glycan chain complexity.
Journal of Developmental Physiology, 19:221-226.
29. Gottlieb TA, Ivanov IE, Adesnik M & Sabatini DD (1993) Actin microfilmnents playa
critical role in endocytosis at the apical but not the basolateral surface of polarized epithelial
cells. Journal of Cell Biology, 120:695-710.
30. Hansen SH, Sandvig K & van Deurs B (1992) Internalization efficiency of the transferrin
receptor. Experimental Cell Research, 199: 19-28.
31. Sorber CWJ, de Jong AA W, den Breejen NJ & de Bmijn WC (1990) Quantitative energyfiltered image analysis in cytochemishy. I. Morphometric analysis of contrast-related inlages.
Ultramicroscopy, 32:55-68.
32. Sorber CWJ, van Dort JB, Ringeling PC, Cleton-Soeteman MI & de Bruijn WC (1990)
Quantitative energy-filtered inlage analysis in cytochemistry. II. Morphometric analysis of
element-distribution images. Ultramicroscopy, 32:69-79.
33. Chomczynski P & Sacchi N (1987) Single-Step of RNA Isolation by Acid Gumudiniulll
TIliocyanate-Phenol-Chlorofonn Extraction. Analytical Biochemistry, 162: 156-159.
34. De Smit MH, Hoefkens P, de Jong G, van Duill J, van Knippenberg PH & van Eijk HG
(1995) Optimized bacterial expression of nonglycosylated human transferrin and its halfmolecules. Intemational Journal ofBiochemistty and Cell Biology, 27:839-850.
35. Yang F, Lum JB, McGill JR, Moore CM, Naylor SL, van Bragt PH, Baldwin WD &
Bowman BH (1984) Human transferrin: cDNA characterization and chromosomal location.
Proceedings in National Academic Sciences ofthe USA, 81 :2752-2756.

46

3
••• •••••••• ••••••
Two models for placental transport studies:
purified membrane vesicles and trophoblast
cells in culture

Chapter 3
3.1 General introduction
An important function of the placenta is its role in the exchange of compounds between
mother and fetus. The placenta mediates transfer of nutrients from mother to fetus and
reversely the transfer of waste products from fetus to mother. Several in vitro models can
be used to study transfer across the placenta, such as perfused whole placenta or placental
cotyledons, isolated membrane vesicles from the microvillous and basal membranes or in
vitro cultures of either choriocarcinoma cell lines or freshly isolated trophoblast cells. All
these models have their own advantages and disadvantages.
General mechanisms involved in placental transfer can easily be studied with the
perfused placenta. This model enables the determination of the preferential transport
direction. However, the perfused placenta is not suitable for studying specific transport
phenomena, particularly not at cellular or molecular level. Membrane vesicles from
syncytiotrophoblast microvillous and basal membranes are veIY useful to study basic
characteristics of transport systems. They allow to separately study specific transport
mechanisms on the two membranes. However, the effect of intracellular metabolism cannot
be studied with this model. A good model to hlVestigate placental transpOlt in relation to its
metabolism are the cultured trophoblast cells. Nevertheless, a combination of models is
preferred for investigation of mechanisms involved in placental transport .
. In this repOlt we describe two models for placental transport studies: isolated
microvillous and basal membrane vesicles and cultured trophoblast cells.

3.2 Isolation and characterization of microvillous and basal membrane vesicles.
3.2.1 Introduction
The human placental syncytiotrophoblast forms the main barrier between mother and
fetus. Membrane vesicles are a good model to examine transport mechanisms on
microvillous and basal plasma membranes. Nowadays it is possible to isolate both
membranes from the same placental tissue. The vesicle preparations need to be well
characterized before use. In this chapter we describe in detail the characteristics of our
membrane preparations, which have been used hI further studies.
3.2.2 Materials and Methods

Chemicals
['H)-alanine was from Amersham Life Science (Buckinghamshire, UK). Rabbit
polyclonal antibody to the 67 kD subunit of Neurospora V-ATPase was kindly supplied by
Dr. B.l. Bowman, University of California. Goat anti-rabbit IgG coupled to alkaline
phosphatase was fi'om BioRad (Richmond, USA).
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Tissue source
Nonnal human term placentae were obtained from the department of Obstetrics and
Gynaecology, Dijkzigt University Hospital Rotterdam, lVithin 30 min after spontaneous
vaginal de livelY.
Preparation o/membrane vesicles
Both microvillous and basal membrane vesicles were isolated fi'om the same human
term placenta as described in 2.3.1. Microvillous membrane vesicles (MMV) lVere isolated
according to Dicke et al. (I) based on the method of Booth, Olanyian and Vanderpuye (2).
Basal membrane vesicles (BMV) were isolated according to the method of Kelley, Smith
and King (3) as modified by Dicke et al. (I). The final pellets lVere resuspended in
phosphate buffered saline (PBS; containing 136.9 mM NaCI, 2.7 mM KCI, S.I mM
Na,HPO, and 1.4 mM KH,PO,) at pH 7.4, frozen in liquid nitrogen and stored at - SO°C

until use.
Placental tissue homogenate was prepared by homogenizing villous tissue in 250 mM
sucrosel50 mM Trisll mM EDTA (see 2.3.1).
Protein determination
Protein was determined by a modification (4) of the Lowry method (5).
Marker enzyme activities
Alkaline phosphatase activity (6) was determined as marker for microvillous
membranes, and the binding of dihydroalprenolol (7) as marker for basal membranes.
Activities of mylsulphatase (S), NADPH-dependent cytochrome c reductase (9) and
succinate dehydrogenase (10) were detennined as markers for respectively Iysosomes,
endoplasmic reticulum and mitochondria. The activities of the membrane preparations
(/mg protein) were compared to enzyme activities of placental tissue homogenate
(hng protein). These detelminations are described in detail in 2.3.2.
Orientation ofmembrane vesicles
The orientation of membrane vesicles was determined as described in 2.3.3. Orientation
of MMV was determined by assaying the alkaline phosphatase activity with and without
previous treahnent of the vesicles with 0.1 % saponin. Orientation of BMV was determined
by assaying the Na+K+-ATPase activity (II) after tl'eatment of the vesicles with or without
0.1 % saponin or 40 mM valinomycin (12). The amount of inside-out vesicles could be
determined in the presence of valinomycin.

Uptake of!'H}-alanine
Uptake of ['H)-alanine was measured in the presence of either a Na- or a K+-gradient
using a rapid filtration technique. For these experiments, vesicles were resuspended in
300 mM mannitoVIO mM HEPES/2 mM Tris pH 7.4. Uptake was started by the addition of
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10 J.lI (approximately 70 ~lg) vesicles to 40 J.lI of extravesicular medium containing 0.1 mM
['Hj-L-alanine in 200 mM mannitol, 10 mM HEPES, 2 mM Tris pH 7.4 and either 50 mM
NaCI or 50 mM KCI. Incubations were carried out for 15 sec - 60 min at 37°C, Uptake was
stopped by the addition of 2.5 ml ice-cold stop solution (300 mM mannitol/lO mM
HEPES/2 mM Tris pH 7.4), samples were filtered under vacuum through two glass-fibre
filters GF/C (Whatman, UK) and filters were washed three times with 2.5 ml stop solution.
Filters were counted for radioactivity in a Packard liquid scintillation counter.
Electron microscopy
Membrane vesicles were fixed in suspension in a mixture of 4 % glutaraldehyde and
4 % formaldehyde in 0.1 M phosphate buffer (pH 7.4) overnight at 4°C. After
centrifugation at 90,000 g for 30 min, pellets were washed with PBS pH 7.4, postfixed in a
mixture of I % (w/v) OS04 and 1.5 % K4Fe(CN)6 at 4°C, dehydrated through graded
alcohols, and embedded in Epon. Ultrathin sections, stained with uranyl acetate, were
examined in a Zeiss EM 902 transmission electron microscope (Zeiss, Oberkochen, FRG).

Gel electrophoresis o/membralle vesicles
Membrane vesicles were subjected to SDS polyacrylamide gel electrophoresis (PAGE)
under reducing conditions as described in detail in 2.3.4. Samples were run on 4-20 %
gradient Tris-HCI polyacrylamide gels (BioRad, Richmond, USA). In order to demonstrate
the presence of vacuolar ATPase (V-ATPase), vesicles were subjected to SDS-PAGE on a
10 % homogenous ready gel (BioRad) under reducing conditions. After blotting on
nitro-cellulose, V-ATPase was identified with an Immunolite® assay kit (BioRad) using a
rabbit polyclonal antibody to the 67 kD subunit of Neurospora V-ATPase as primary and
goat anti-rabbit IgG coupled to alkaline phosphatase as secondary antibody (see 2.3.4). As a .
control the blot was incubated with pre-immune serum.
Determination afmembrane cholesterol GIld phospholipid contents
Lipids were extracted according to the method of Bligh and Dyer (13). TIle extracted
samples were saponified in a mixture of 95 % ethanol/3.3 % KOH and extracted with
hexane (14). Total cholesterol content was measured in either untreated membrane vesicles
or in extracted lipids, using a cholesterol test from Boehringer (Mannheim, FRG). Total
phosphorus content was determined according to a modification (15) of the method of
Fiske and Subbarow (16). Samples were heated in H,SO,lHCIO,ldistilled water
(1.5:1.5:1.0), cooled and the phosphorus content was spectrophotometrically measured
using ammoniummolybdate as reagent. See 2.3.5 for detailed descriptions of these
procedures.

Fatty acid allalysis in phospholipids
Fatty acid analysis was performed as described in 2.3.6. In short: Phospholipids were
separated by thin layer chromatography on Kieselgel 60 F254 plates (Merck, Darmstadt,
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Germany). Phospholipid spots were scraped off and the fatty acids were transmethylated
with 14 % boronfluoride in methanol according to the method of Morrison and Smith (17).
The fatty acid methyl esters were separated and quantified by capillary gas liquid
chromatography on a CP-Sil88 column (WCOT, 50 m x 0.25 mm, 0.20 ~m film;
Chrompack, NL) in a Chrompack CP9000 capillary gas chromatograph. The fatty acid
methyl esters were identified by comparing their retention times to those of authentic
standards (Alltech Ass., Deerfield, IL, USA).

3.2.3 Results
Marker enzyme activities a/microvillolls and basal membranes
Approximately 37 and 21 mg of protein was recovered for MMY and BMY respectively,
starting with 100 g human tenn placental tissue. TIle elll'ichments of binding and enzyme
activities (ling protein), relative to whole placental tissue homogenate, are given in Table 3.1.
Contamination of the membrane preparations with the oppositemenibranes or with subcellular
organelles was velY small.

Table 3.1
Elll'ichments of binding and enzyme activities (/mg protein), relative to the activities
(/mg protein) ofwl;ole placental tissue homogenates.
BMY

MMV

2.7 ± 1.1

(n~24)

19.3 ± 4.6

28.6 ± 6.5

(n~ II)

1.8 ± 0.2

(n~)

Alylsulphatase

2.0 ± 0.8

(n~21)

1.2 ± 0.4

(n~22)

NADPH cyt c reductase

1.4 ± 0.4 (n~11)

0.7 ± 0.3

(n~11)

Succinate dehydrogenase

0.8 ± 0.6 (n~8)

Alkaline phosphatase
Dillydroalprenolol binding

(n~24)

0.14 ± 0.07 (n~8)

Orientation of membrane vesicles
With the alkaline phosphatase assay, with or without previous treatment of the vesicles
with 0.1 % saponin, we could discriminate between inside-out MMY and either unsealed
vesicles or right-side-out MMV. As a result we found 88 ± 7 % (n~) of MMY to be rightside-out or unsealed and 12 % to be inside-out. For BMY, discrimination between inside-out,
right-side-out and unsealed vesicles was possible using the Na+K+-ATPase assay with or
without previous treahnent of the vesicles with saponin or valinomycin. TIle major part of
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BMV was either right-side-out or unsealed, namely, 28 ± 8 % was right-side-out, 60 ± 8 %
unsealed and 12 ± 6 % was inside-out.

Uptake of!'H}-alanine
The isolated membrane vesicles were functionally validated by measuring the Na+gradient dependent uptake of [,Hl-alanine. MMV revealed an overshoot above equilibrium
uptake in the presence of an inwardly directed Na'-gradient (not shown). ['Hl-Alanine
uptake by BMV was stimulated in the presence of an inwardly directed Na+-gradient, but an
overshoot was not seen.
Electron micrographs
Figure 3.1 shows electron micrographs of MMV and BMV preparations. TIle membrane
preparations contained round or tubular smooth membrane structures. A large part of the
membrane structures seemed vesicular. The sizes of the vesicles varied widely. The
preparations were relatively fi'ee of subcellular structures.

Figure 3.1
Electron micrographs of MMV (3.1A) and 8MI' (3. 18}. Salllpies were prepared as
described in Materials and Methods. (bar ~ 0.25 IIIII).
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Membrane protein profiles
To further characterize both MMV and BMV preparations, the vesicles were subjected
to SDS gelelectrophoresis under reducing conditions. Figure 3.2 displays different protein
patterns for MMV and BMV preparations. Most protein bands were seen in both MMV and
BMV preparations, although some proteins significantly differed in their relative
concentrations (indicated by arrows and arrowheads for respectively BMV and MMV
specific protein bands). Using a polyclonal antibody to the 67 kD subunit of Neurospora
V-ATPase, two specific bands of respectively 70 and 45 kD were visualized in Western
blots of MMV and BMV (Figure 3.3). With Western blots of gels run under native nonreducing conditions, we found that both bands were subunits of a high molecular weight
complex (not shown). The response was specific since incubation with pre-immune serum
in stead of the polyclonal antibody did not show the specific bands of 70 and 45 kD. These
results suggested the presence of V-ATPase in MMV and BMV.
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Figure 3.2
Comparison 0/ plasma membrane proteins ji'01il MMV and 8MI' by SDS
gelelectrophoresis. Approxililately 50 pg of protein ji'olll MMV and 8MI' were Pllt on
4-20 % gradient polyaclylamide gel (BioRad, Richmond, USA). Lane I and 2: 8MV; lane 3
and 4: MMV; lane 5: Kaleidoscope prestained standards (BioRad); lane 6: low lIIoleclllar
weight lIIarker (Pharlilacia, Sweden). Arrows indicate 8MI' specific proteins and
arrowheads indicate proteins enriched in AlAfl/ preparations.
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Figure 3.3
Western biot ofMMV (lanes 1,2,5) and BMV (lanes 3,4) subjected to SDS-PAGE on a /0 %
homogellous gel under reducing conditions and biotted all lIitro-cellulose. The blot was cut
in two parts: one part was incubated with rabbit polyclonal antibody to the 67 kD subunit
of Neurospora V-ATPase (lane 1-4), the other part with pre-immune sel'llm (lane 5). The
bands were visualized using the 111111111110lite:" assay kit with goat anti-rabbit 19G coupled to
alkaline phosphatase as secondlll)' antibody.

Membrane cholesterol and phospholipid contents
The cholesterol and phospholipid contents of MMV and BMV are shown in Table 3.2.
The ratio of cholesterol content in lipid extract with respect to that in untreated membrane
vesicles was used as a measure for the recovery of lipid extraction (approximately 85 %).
The cholesterol content of BMV was 1,2 times higher compared to MMV. TIle content of
phospholipids was also higher in BMV (1.4 times compared to MMV), therefore resulting
in a cholesteroVphospholipid ratio that was not significantly different between the two
vesicle preparations.
To futiher analyze the phospholipid content of both membrane preparations, we
performed fatty acid analysis of total phospholipids, As shown in Figure 3.4, MMV and
BMV revealed no significant differences in fatty acid composition (represented as mol %)
of total phospholipids.
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Table 3.2
Cholesterol and phospholipid contents ill isolated MMV alld BMV (llmollmg protein).
Membrane

MMV
BMV

cholesterol

phospholipids

(n ~9)

(n ~4)

cholesteroll
phospholipid
(n ~4)

371.9 ± 35.8 •
439.5 ± 39.4

447.8 ± 50.1 •
609.4 ± 69.9

0.88 ± 0.17"
0.78± 0.07

• P < 0.05 versus BMV (unpaired two-tailed Student's t-test)
•• not significantly different fi'om BMV
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Figure 3,4
Fatty acid analysis of total phospholipidsji'olll MMV and BMV. Fatty acids with a 11101 %
above 2 % are presented in this jigure. All other fatty acids are combined in the last bal'.
The mol % ofpolyunsaturatedfallY acids was 46.7 ±I.I for MMV and 44.4 ± 2.2for BMV.
The ratio of saturated/unsaturated fatty acids was 0.81 ± 0.04 and 0.84 ± 0.06 for
respectively MMV and BMV.
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3.2.4 Discussion
Membrane vesicles provide a good model system to investigate specific transport
mechanisms. Vesicles can be isolated from both maternal-facing microvillous and fetalfacing basal membranes and transport mechanisms on either of these membranes can
separately be studied. Studies with membrane vesicles allow manipulation of the
composition of solution (e.g. osmolarity, pH) inside and outside the vesicles. Transport of
substrates across membranes can be investigated by (pre-)incubating the vesicles with
labelled substrates and measuring either influx into or efflux !Tom the vesicles. Vesicles can
then be separated from the external medium by means of rapid filtration. To distinguish
transport of the subso'ate from binding to the membrane surface, equilibrium uptake can be
measured with varying osmolarities of the incubation medium. The intravesicular volume
changes as the osmolarity outside the vesicles changes. Consequently the amount of
substrate within the vesicles alters, whereas binding to the membrane surface does not alter.
Another purpose of vesicle studies can be the investigation of plasma membrane associated
enzyme systems. For all these studies it is important to know the purity and orientation of
the membrane preparations.
In this repmi we describe the characteristics of MMV and BMV isolated !Tom the same
human tern} placenta. The vesicles were isolated according to Dicke et al. (I), based on the
methods of Booth, Olaniyan and Vanderpuye (2) and Kelley, Smith and King (3)
respectively. We showed that MMV were 19-fold enriched in alkaline phosphatase activity,
whereas BMV were 28-fold enriched in dihydroalprenolol binding. These results were
similar to those described by other researchers (2,3,18-22). Contamination of basal
membranes in our MMV preparations and the opposite contamination of microvillous
membranes in the BMV preparations was low (1.8-fold and 2.7-fold enrichments of
dillydroalprenolol binding and alkaline phosphatase activity respectively in MMV and
BMV preparations). Contamination of subcellular organelles such as lysosomes,
endoplasmic reticulum and mitochondria was very small.
For most experiments it is essential to know the orientation of the vesicle preparations.
For MMV we revealed that 12 % of the vesicles was inside-out and therefore 88 % was
either right-side-out or unsealed. BMV were 28 % right-side-out, 60 % unsealed and 12 %
inside-out. Illsley et al. (21) and Eaton and Oakey (22) previously determined vesicle
orientation by measuring the binding of Concanavalin A to their vesicle preparations before
and after lysis by repeated freeze-thawing in liquid nitrogen. They showed that about 90 %
of MMV and either 73 % (21) or 90 % (22) of BMV was right-side-out. However, as with
the alkaline phosphatase assay the Concanavalin A binding assay cannot discriminate
between vesicles that are right-side-out or unsealed. For BMV this is possible with the
Na+K+-ATPase assay. Given these facts, our results agreed with the results previously
described. For the interpretation of vesicle studies, the orientation of the vesicles must be
kept in mind. It can for example be very difficult to determine the polarity of certain
enzyme systems.
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To examine the functional validity of our membrane preparations, we measured the
uptake op ['H)-alanine as described for microvillous and basal membranes (23,24). Uptake
of ['H)-alanine was stimulated by an inwardly directed Na+-gradient and MMV even
revealed an overshoot above equilibrium uptake. Our results were in agreement with those
described and they suggested the functionality of our membrane preparations.
We compared the proteins of microvillous and basal plasma membranes by SDSelectrophoresis under reducing conditions. A lot of proteins were common to both
membranes, although significant differences were observed in their relative concentrations.
BMV for example contained some low molecular weight proteins, which were considered
as good markers for basal membranes (25,26). Vanderpuye and Smith (25) identified a 66
kD protein as placental alkaline phosphatase. In our electrophoresis we observed a major
band of approxhnately 68 kD in the MMV fraction. If this band would represent the
alkaline phosphatase, it would predominantly be present in the MMV fraction. This would

agree with the enzymatic determination of alkaline phosphatase activity, which was much
higher in MMV compared to BMV. With respect to iron uptake some proteins have
previously been described: mobilferrin with a molecular mass of 56 kD (27,28) and the
proton pore subunit of V-ATPase with a molecular mass of approximately 17 kD (29).
Mobilferrin is homologous to calreticulin (30), which was previously isolated from human
term placental tissue and was pmtly characterized (31). V-ATPase was shown in MMV
from human teml placenta (32). In the present study we visualized a 70 kD and a 45 kD
band in Western blots of MMV and BMV, incubated with a rabbit polyclonal antibody to
the 67 kD subunit of Neurospora V-ATPase. This suggested the presence of V-ATPase in
both the microvillous and basal membrane of human term placenta. The 70 kD subunit
might be identical to one of the cytosolic subunits of the V-ATPase and the 45 kD subunit
might represent a trans-membrane subunit of V-ATPase (review: 33).
The fluidity of plasma membranes is a major determinant in regulating transport
processes. Membrane fluidity essentially depends upon the cholesterol/phospholipid ratio: a
decrease in this ratio results in an increase in fluidity. Our results revealed no significant
differences in cholesterol/phospholipid ratio between MMV and BMV preparations,
although both cholesterol and phospholipid contents were higher in BMV. Our results
differ from previous reported results (14,34), which revealed that the cholesterol content
was significantly less in basal membranes. Lafond, Ayotte and Brunette (34) found that the
phospholipid content in basal membranes was higher compared to microvillous
membranes, just as we observed with our membrane vesicles. However, the
cholesterol/phospholipid ratio was significantly higher in their microvillous membranes
compared to their basal membranes. These differences in results might be explained by a
different preparation of particularly the basal membrane vesicles. Our vesicles were
prepared by sanification of tissue that was separated fi'om microvillous membranes after
stirring in isotonic solution. Lafond, Ayotte and Brunette (34) and Jansson, Powell and
IIIsley (14) separated their basal membranes fi'om microvillous membranes after the Mg'+
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precipitation step and further purified them on either a Ficoll or sucrose gradient. Therefore,
the staIting material for purification of BMV is quite different.
Further analysis of total phospholipids from our membrane vesicles was performed by
fatty acid analysis (Figure 3.4). Our results were comparable to those reported for total
human placental phospholipids (35).
In summary, we isolated MMV and BMV from the same human term placenta. Both
preparations were relatively free from contamination of the opposite membrane or
subcellular organelles. The vesicles were able to take up ['Hl-alanine, which was
stimulated by an inwardly directed Na+-gradient. With MMV an overshoot above
equilibrium was observed, suggesting the functionality of the membrane vesicles. We
showed siguificant differences between the protein profiles of the two preparations after
SOS-electrophoresis. Both the cholesterol and phospholipid contents were higher for BMV
compared to MMV, resulting in a cholesterol/phospholipid ratio that was not significantly
different for the membrane preparations. Thus we characterized in detail the membrane
preparations, which were used in further studies.

3.3 Descl'iption of tr'ophobIast cells in culture.
3.3.1 Introduction
Purified membrane vesicles are a suitable model to investigate the characteristics of
transport carriers on microvillous and basal membranes of placental trophoblast. However,
in order to study trans-syncytiotrophoblast transfer and its interaction with intracellular
metabolism, an intact cell preparation is needed. The cell preparation must consist of
predominantly pure trophoblast cells. Contamination with other cell types may lead to
properties of the cell culture that are not characteristic for trophoblast cells. In vivo,
cytotrophoblast cells differentiate to form a syncytiotrophoblast layer. For studies with
cultured trophoblast cells it is important to be acquainted with the morphological and
biochemical differentiation state of the cells. Conditions of cell preparation and culture may
playa role in differentiation (recent review: 36,37). In this report we will describe the
isolation, purification and in vitro differentiation of trophoblast cells. With respect to these

points we will discuss our own cultures.
3.3.2 Isolation and purification of tr'ophoblast cells.
The method of Kliman et al. (38) is the most widely used method for the isolation of
trophoblast cells. This method involves trypsin-DNase I digestion of villous tissue followed
by Percoll gradient centrifugation. Cells obtained by this procedure are mononuclear,
appeal' round and are not contaminated to a significant extent with endothelial cells,
fibroblasts or macrophages, as demonstrated by the lack of immunocytochemical staining
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with anti-vimentin (intermediate filament protein, present in endothelial cells and
fibroblasts) and anti-ACT (marker for macrophages). TIle isolated cells do not stain for the
p-subunit of human chorionic gonadotropin (hCG), human placental lactogen (hPL), human
pregnancy-specific PI-glycoprotein (SP l ) and cytokeratin. In situ, the villous
syncytiotrophoblast and not the cytotrophoblast stains for these markers, suggesting that the
isolated cells are cytotrophoblast cells rather than fragments of syncytioo'ophoblast (38,39).
We isolated trophoblast cells according to the method of Kliman et al. (38) except for
the addition of ImM CaC!, and 0.8 mM MgSO. to the enzyme solution (40). The obtained
cell population consisted of at least 95 % predominantly mononucleated trophoblast cells,
as revealed by immunolabelling studies using motlse-anti-vimentin, mouse-anti-cytokeratin
and FITC-Iabelled rabbit anti-mouse IgG (40,41). Moreover, 96 % of freshly isolated cells
reacted with trophoblast-specific monoclonal antibody EO 341 (42). Only 3.5 % of freshly
isolated cells reacted with cytotrophoblast-specific monoclonal antibody EO 235, possibly
because this antigen is susceptible to the oypsinization procedure (42). The major
contaminants of isolated trophoblast cells are fibroblasts and macrophages, which can be
removed by selective immuno-absorption using anti-C09 antibodies (43,44). Our

trophoblast cells were purified by indirect immullopurification using mouse anti-human
C09 as prilllaIY and goat anti-mouse IgG bound to Oynabeads as secondaIY antibody (45).
The final cell population contained mononuclear cells that were able to fuse during culture.
Cells were cultured either on 35 mm Falcon culture dishes (Greiner and Sohne, FRG) or on
0.45 11m microporous membrane filters (Millicell-HA culture plate inserts, Millipore) at
37°C in humidified 5 % C0 2/95 % air.
3.3.3 Differentiation of cultured trophoblast cells
In vivo, cytotrophoblast cells differentiate into syncytiotrophoblast. This involves both
morphological and biochemical differentiation. Morphologically, cytotrophoblast cells
aggregate and fuse to form multinucleated syncytia. Biochemical differentiation includes

the synthesis andlor secretion of hormones such as hCG, hPL, progesterone and oestrogen
and the expression of for example placental alkaline phosphatase, SPI and interferon.
In vitro, isolated human placental cytotrophoblast cells differentiate into
syncytiotrophoblast during culture, although mOlllhological and biochemical differentiation
do not necessarily coincide. It has for example been shown that epidermal growth factor
(EGF) and cyclic AMP enhance hormone secretion and other biochemical differentiation
processes without enhancing syncytium formation (39,46-48). For experiments with
cultured trophoblast cells it is important to detennine the differentiation state of these cells,
morphologically as well as biochemically.
Morphological di./ferellfiafion

The syncytiotrophoblast is formed by fusion of mononuclear, quite undifferentiated
cytoo'ophoblast cells, containing relatively few subcellular organelles. The differentiated
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syncytiotrophoblast is multinucleated, metabolically active and contains a high
concentration of all kind of organelles. The outer surface of the syncytium is covered by
microvilli that are surrounded by maternal blood (review: 49). Morphological
differentiation is specific in the way that cytotrophoblast cells only fuse with other
trophoblast cells, possibly only with syncytiotrophoblast, and not with other fetal cells (50).
In vitro, isolated cells attach to the culture dishes, aggregate and fuse to form large
multinucleated complexes during culture (38). In order to make contact cells have to move
over the culture surface. Under standard culture conditions there is a requirement for serum
or extracellular matrix proteins to allow cellular movement and therefore to allow
aggregation and fusion (review: 37). In suspension, serum is not required for aggregation,
probably because shaking is sufficient to facilitate cell contact (50). Aggregated
cytotrophoblast cells are coupled by numerous junctional complexes, such as desmosomes.
This junctional communication is stimulated by hCG and 8-bromo-cyclic AMP (51).
Desmosome formation can be visualized by desmoplakin staining using
immunofluorescence microscopy. Freshly cultured cytotrophoblast cells show a punctuate
staining pattern of desmoplakin throughout the whole cytoplasm. Upon cell aggregation
desmoplakin is redistributed and becomes located at intercellular boundaries, consistent
with desmosome fonnation. After fmiher differentiation a pavement-like pattern of
desmoplakin staining can be observed (41,47). Other characteristics of syncytia are the
covering of the apical surface with microvilli and the appearance of cytoplasmic organelles
and structures.
Figure 3.5 shows the morphology of trophoblast cells cultured on a permeable filter for
48 h. 111e cells are polarized with the basal membrane grown Ulto the filter and the apical
membrane, containing lots of microvilli, free at the upper side (Figure 3.6). Clathrin coated
pits and vesicles are present on both sides of the cells. The cells have a well developed
cytoskeleton and contain organelles such as the golgi system, mitochondria, rough and

smooth endoplasmic reticulum, which seem active. Sometimes, lllultivesicular bodies are
found. Figure 3.7 shows some specialized regions between two cells (arrows), which might
be junctional complexes like desmosomes or tight junctions. The electron micrographs
(Figures 3.5 - 3.7) clearly show the presence of cellular aggregates in 48 h cultures. They
also show that cells within the aggregates are Ul contact with each other by means of
several junctional complexes. Desmoplakin staining using immunofluorescense microscopy
(visualizing desmosomes) has revealed that about 15 % of the 48 h cultured cells is still
mononuclear, 30 % of the nuclei is present in aggregates and approximately 55 % of the
nuclei is present in syncytia (41).
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Figure 3.5
Electron micrograph of trophoblast cells grown on a permeable nitro-cellulose filter. Cells were cultured for 48 h An
aggregate of three cells is seen. The basal side of the cells is grown into the filter (F). whereas the microvilli (MV) on the
apical membrane are free at the upper side. N refers to the nucleus of a cell. Notice the structured regions at places of cell
fusion (arrows). (bar ~ 2.0 pm)
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Figure 3.6
Electron micrographs oj trophoblast cells. cllltlired Jar 48 h on a permeable membrane.
Figure 3.6A shows the microvillolls membrane. The membrane contains a /01 of villi.
Ciat/win coated pits, coated vesicles, mitochondria and part oj the nile/ells are seen. Notice
the absence of intracellular membranes, suggesting real syncytia. Figure 3.6B shows the
basal side oj the cell, which is grown into the jilter. N reJers to a nile/ells and M reJers to a
mitochondrion (bar ~ 1.0 JlII/).
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Figure 3.7
Electron micrograph showing an intercellular border between trophoblast cells, cultured
for 48 h. Arrows point to specialized regions, which might be junctional complexes like
desmosomes or tight junctions. N refers to the nucleus (bar = 1.0 I/m).

/
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Figure 3.8
Electron micrograph of trophoblast cells, cultured for 66 h. Four nuclei with condensed
chromatin can be seen. The intercellular borders are completely lost, as well as the
microvilli on the upper membrane. N refers to a nucleus (bar = 1.5 I/m).
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If cells are cultured for a longer time (66 h), most of the intercellular borders completely
disappear, resulting in large multinuclear syncytial complexes (Figure 3.8). However, the
long cultured cells also reveal apoptotic changes: the nuclei show condensed chromatin;
cytoplasmic organelles lose their distinctive profiles; mitochondria are swollen and their
cristae are disrupted; the cell exhibits membrane blebbing and mivrovilli are lost. The
features of these cells correspond to the features of apoptotic human placental
syncytiotrophoblast cells, as previously described by Nelson et al. (52).
With respect to morphological differentiation it is very impOliant to culture cells long
enough to obtain syncytiotrophoblast-like structures, although not too long, since apoptosis
has to be avoided.
Biochemical differentiation
As mentioned above biochemical differentiation of trophoblast cells involves the
expression and synthesis of specific hormones such as hCG, hPL and progesterone and the
expression of specific proteins as placental alkaline phosphatase and SPI. The most widely
used detelminant for the differentiation state of cultured trophoblast cells is the ability of
cells to synthesize and secrete hCG and hPL. Proliferating, relatively undifferentiated,
cytotl"Ophoblast cells do not express hCG or hPL. In the initial state of differentiation,
cytotrophoblast cells start to express the a-subunit of hCG. In a second stage, where

multinucleated intermediates may be involved, synthesis of phCG is induced. As the
multinucleated cells differentiate into real syncytium, the synthesis of phCG may stop and
synthesis of hPL is started (53). Further differentiation include a series of apoptotic events,
leading to loss of multinucleated cells, which in turn leads to a decline in the levels of hCG
(54). The synthesis of hCG and hPL by cultured trophoblast cells can be stinlUlated by
epidermal growth factor (EGF) and cyclic AMP (39,46-48). Trophoblast cells cultured on
uncoated surfaces in the absence of serum, and therefore not able to fuse into syncytium,
also secrete hCG. lllis secretion can be stimulated by 8-bromo-cyclic AMP (39). Thus,
single mononuclear trophoblast cells may be able to express endocrine functions of
syncytiotrophoblast, suggesting that syncytium formation is not a prerequisite for
biochemical differentiation. Another differentiation marker is the expression of TfRs. It has
been shown that TfRs are expressed on the villous syncytiotrophoblast whereas they are
absent from the villous cytotrophoblast (55). Bierings et al. (40) have shown that cultured
human tenn trophoblast cells express TfRs and that expression increases during culture, in
parallel with the increase in the number of cell aggregates and syncytia. However,
mononucleated cells are still present after 60 to 70 h of culture and they express TfRs as
well.
The observation that biochemical and morphological differentiation are not necessarily
coupled, is lIsed as an argument for the hypothesis that the primary cell population consists
at least partly of mononuclear syncytiotrophoblast fragments. This could explain the
syncytioo·ophoblast characteristics in the primary mononuclear cells. Moreover, these
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cells remains unclear until specific markers for cyto- and syncytiotrophoblast have been
discovered.
Although the origin of the isolated trophoblast cells can be discussed, it is clear that
cells cultured for 48 h mainly consist of syncytiotrophoblast-like structures with
syncytiotrophoblast-like biochem ieal characteristics.
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Chapter 4

4.1 Intl'Oduction
The fetus requires a large amount of iron during the course of gestation. Iron is actively
transported from mother to fetus across the placenta. TIle major source of iron in human
placental iron transport is maternal transferrin (T/).
Tf shows microheterogeneily based on the variation in the structure of the N-linked glycan
chains (1,2). During pregnancy, the complexity of the carbohydrate chains of Tf increases in
maternal guinea pig serum (3) as well as in maternal human serum (4), whereas the
complexity ofTf in fetal serum is reduced.
Tf-mediated iron transpOll involves transferrin receptors (TlRs), which are present both on
the maternal-facing microvillous plasma membrane (5,6) and on the fetal-facing basal plasma
membrane (7) of human placental syncytiotrophoblast. Leger et al. (8) showed that the affmity
of Tf for TlRs on the microvillous membrane decreases as the complexity of the Tf glycan

chains increases.
In the present study, we investigated the binding of isoTfvariants to TlRs on microvillous
and basal membrane vesicles, isolated from the same human term placenta. We studied the
binding of the following purified human diferric isotransferrins: bi-bi-antennary tetra-sialo Tf
(bb T/), bi-tri-antennaIY penta-sialo Tf (bt T/) and tri·tri·antennary hexa-sialo Tf (It T/).

4.2 Materials and Methods
Chemicals
Human serum Tf was purchased from Behringwerke (Marburg an Lahn, Gennany).
Rabbit anti-human Tf antibody (titre ~ 2800 mgtl) was from DAKO (Demnark). Na'''1 was
obtained from AmershaIn (Buckinghamshire, UK).

Tissue source
Nonnal human term placentae were obtained from the department of Obstetrics and
Gynaecology, University Hospital Rotterdam/Dijkzigt, within half an hour after spontaneous
vaginal delivery.
Iso/ation and characterization a/membrane vesicles
Both microvillous and basal membrane vesicles were isolated from the same hUmaIl term
placenta (see 2.3.1 in Chapter 2 for a detailed description of the isolation). Microvillous
membrane vesicles (MMV) were isolated according to the method of Booth, Olaniyan and
Vanderpuye (9), modified by Dicke et al. (10). Basal membrane vesicles (BMV) were isolated
according to a modification (10) of the method of Kelley, Smith and King (II). The fmal

75

pellets were resuspended in PBS pH 7.4. Membrane protein was detennined according to
Markwell et al. (12).
As shown in Chapter 3, MMV were enriched 19-fold in alkaline phosphatase and BMY
were enriched 28-fold in dillYdroalprenolol binding. Contamination of Iysosomes,
endoplasmic reticulum and mitochondria was low.
Orientation of MMV was determined by assayulg the alkaline phosphatase activity with
and without previous treatment of the vesicles with 0.1 % saponin. Orientation of BMV was
determined by assaying the Na'K+-ATPase activity (13) after treatment of the vesicles with or
without 0.1% saponin or 40 nM valinomycin (14). We found that MMV were 88 % either
right-side-out or unsealed and 12 % of MMV was u!Side-out. For BMV we found that 28 %
was right-side-out, 60 % unsealed and 12 % inside-out (Chapter 3).
isolation a/transferrin variants

TIle Tf variants (bb, bt and tt Tf) were isolated from human serum Tf by Concanavalin A
Sepharose chromatography and preparative isoelech'ic focusing (15). The subfi'actions were
checked on sialic acid content by isoelectric focusing, USUlg PhastGels IEF pH 4-6.5 (16). TIle
molar proportions of the sugars rrom the Tf variants were determined (17). This procedure is
described more detailed in 2.5.

Labelling ofdiferric transferrin with 1251
Diferric Tf was labelled with "51 as described in 2.6.2. TIle fmal specific activity ranged
fi'om 2.3x I 0' - 6.1 X 10' cpm/pmol Tf.

Estimation ofendogenous transferrin
TIle amount of endogenous Tf in the membrane preparations was estunated using the
Law'ell-rocket immunoelectrophoresis (18) as described in 2.7.1. Rabbit anti human Tfwas
used as the antibody. The precipitates were stained with Coomassie Brilliant Blue R250. TIle
amount ofTf in membrane vesicles was detennined by comparing with Tf standards.
Transferrin binding assay

For each experunent, membrane vesicles (MMV and BMV) rrom the same human tenn
placenta were used. The assay for Tf binding is described in detail in 2.7.2. In short:
Membrane vesicles were washed respectively with an acidic and an alkaline buffer to remove
Tf bound to TfRs (19) and incubated with "51-labelled isoTf variants for I h at 4°C. The
vesicle suspension was centrifuged, washed with PBS without resuspending the pellet, and
centrifuged again (20). TIle fmal pellet was dissolved in 2 ml I % SDS and radioactivity was
detennined. TIle data were evaluated by a non-linear curve-fit program, using the Langmuir
equation for equilibrium binding (B ~ [Bmax • xl / [x + Kdl + non-specific binding), where B
is the fraction of Tf that is bound, Bmax is the saturation level for specific binding, x is the
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concentration of Tf in the incubation medium, Kd is the concentration of Tf at which halfmaximal specific saturable binding is achieved, and the non-specific binding is a linear
function of x. Non-specific binding was experimentally determined in the presence of a
100-fold molar excess of unlabelled human isoTfvariants. The limited amounts of especially
bt and tt isoTf made it impossible to routinely assess non-specific binding in this way. Since
the experimentally determined specific binding cOITesponded with the specific binding
calculated by the non-linear curve-fit program, we f\lliher used the latter method. Both the
maximal binding and the affmily constant (K, ~ 11K,) of the isoTfvariants were determined.
Dala allalysis

Data were analyzed by Multifactor Analysis of Variance (ANOVA) procedure, followed
by paired Student's I-test, using Statgraphics' computer program (Table 4.1 and left part of
Table 4.2). S.d. values for K, ratios (right part of Table 4.2) were derived from the coefficient
of variation for a ratio, CoeJJVar.{lIl1lde) which was calculated as
CoeJJVar.2{lIl1lde) ~ Coeff.Var.2{lIu) + Co~ffVar,2{de)

- [2 x r x Coeff.Var.{lIu) x Coeff.Var.{de)]
where Coeff.Var.{lIu) and CoeJJVar.{de) are the coefficients of variation and r the correlation
coefficient for numerator (nu) and denominator (de) (21).
For the K, ratios, unpaired two-tailed Student's I-tests were performed and the following
test value was employed: U ~ (X-Y)/sqli(s.d.'X/II.,. + s.d.'Y/lly),
with (lIx + ny - 2) degrees offTeedom for determination of P-values (21).

4.3 Results

Purification ofserum isoT! variants
The sialic acid contents of the isoTf variants were checked by isoelectric focusing. The
number of sialic acids was respectively 4, 5, and 6 per Tf for the different isoTf variants
(results not shown). TIle isoTfvariants were checked on carbohydrate molar proportions. TIle
molar mannose and galactose contents were 5.6, 5.7 and 5.6 mol mal1l1ose and 4.0, 5.3 and
7.2 mol galactose per mol protein of tetra-, penta- and hexa-sialo Tf. TIlese results make clear
that the isolated isoTf variants were: bi-bi-antel1l1ary tetra-sialo Tf (bb Tf), bi-tri-antennary
penta-sialo Tf (bt Tf) and tri-tri-antennaJY hexa-sialo Tf (It Tf) (see Chapter I, Figure 1.1).
ESlimation ofendogellous Tf

Microvillous and basal membrane vesicles contained up to 2.5 and 1.2 llg Tf Img protein,
as estimated by Laurell-rocket immunoelectrophoresis. After washing the vesicles according
to Berczi and Faulk (19), the amount ofTfper mg protein reduced to approxinlately 60 % in
relation to the unwashed vesicles (Figure 4.1). When the vesicles were extensively washed
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with both 3M KCI and with the procedure according to Berczi and Faulk (19), a lot of protein
was lost with no further purification. TIle enrichm.ents of enzyme activities did not improve
and the amount of endogenous Tf did not further decrease (Figure 4.1).

Figure 4.1
Laurell-rocket immunoelectrophoresis in 1% agarose with 1% Triton X-l00 and 30 ml ofanti
human Tf(titre:2800 mg/I). Samples contained 4 pg/pl protein and 12 pi of the samples was
put on gel. Lane 1: unwashed BMV; lane 2: BMV washed according to Berczi and Faulk
(19); lane 3: BMV washed both with 3 M KCI and according to Berczi and Faulk (19); lane
4: unwashed MMV; lane 5: MMV washed according to Berczi and Faulk (19); and lane 6:
MMV washed both with 3 M KCI and according to Berczi and Faulk (19).

Binding ofiso1J variants to microvillous and basal membrane vesicles
TIle specific binding of each of the isoTf variants to both MMV and BMV was saturable
in the range of the Tf concentrations used. The non-specific binding never exceeded 10 % of
total binding. Figure 4.2 gives the result of one experiment for bb Tfbinding to MMV (A) and
to BMV (B). Similar binding curves were obtained for each study. The Scatchard plots were
deduced from the fitted binding curves, resulting in an alternative presentation of the
calculated specific binding.
Table 4.1 lists the numbers of Tffis on MMV and BMV, which were determined
according to the Langmuir equation. ANOV A revealed that the number of TtRs was not
influenced by the isoTf variants, whereas the influence of the membrane preparation (BMV
versus MMV) was highly significant (P<O.OO I). Since the large variations in number of TtRs
were due to interplacental variations, we compared data from the same human term placenta
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to investigate the differences in number of TfRs on MMV and BMV. The number of TfRs on
MMV was 6.1 ± 2.4 (mean ± s.d.) times higher than the number of TfRs on BMV,
independent of the isoTfused (paired Student's t-test, P<O.O I; IF 15).
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Figure 4.2
Specific equilibrium binding 01 diferric bb Tlto MMV (A) or to BMV (B) /i'om the same
human term placenta. Washed membrane vesicles (75 jig lor MMV and 100 pg lor BMV)
were incubated with various concentrations 01dijerric 1 51_ Tf Aj/er 1 h 01 incubation, vesicle
suspensions were centri/ilged. pellets were dissolved in 1% SDS and binding was measured
and analyzed by a nonlinear curvejit program, using the Langmuir equation (r~0.99). Free
1frelers to the TI concenu'ation in the incubation medium, bound Tlrejers to the amount olTI
that is bound to the membrane vesicles, and bound//i'ee is the quotient olthe amount olbound
1f (pmo!) and the amount 01 TI (pilla!) in the incubation medium. The Scatchard plots are
deduced ./i·om the jilled binding CIII'Ve, giving another presentation 01 the resllits. Data are
./i·Olll one alit oljive experiments with jive different placentae.
79

Table 4.1
Number ofTfRs on MMV and BMV

TfRs #

membrane

bb'

bt'

Tt'

MMY
s.d.

1.4xlO IJ
0.7x1OIJ

I.3xlO IJ
0.7x1OIJ

1.2xlOIJ
0.7x1O IJ

BMV
s.d.

2.7x1012 ..
1.8xl0 12

2.5x10 12 ..
1.7xl0 12

2.4xlO 12 **

1.7xl0 12

The numbers of7:fRs for each iso7J variant (mean ± s.d. fi'om five experiments with five

diffirent membrane preparations) were determined according to the Langmuir equation.
#j number of7:fRs / mg membrane protein
*j The number of7:fRs was not ilif/uenced by the isoTfvariants (ANOVAj
"j P<O.OI vs MMV (Student's paired t-test)

Table 4.2
K, values and K, ratios ofTfRs on MMV and BMV
K,(/nM)

membrane

Ka ratio

bb

bt

It

bblbt

bb/lt

btllt

MMV
s.d.

0.16
0.05

0.11
0.03

0.10
0.03

1.45 b.,
0.06

1.59 '
0.10

1.09
0.03

BMV
s.d.

0.58 '
0.15

0.43'
0.12

0.37'
0.10

1.36 b"
0.11

1.57 '
0.04

l.l6
0.08

The Ka values for each iso7J variant (mean ± s.d. fi'om five experiments with five difforent

membrane preparations) were determined according (0 the Langmuir equation. The influence
a/the isoT/variants is reflected by the Ka ratios, which were determined/or e:>.periments with

membrane preparations /i'om one placenta and are presented as mean
m.:pel'iments with five different membrane preparations.
aj P<O. aI I'S MMV (Student's paired t-test)
bj P<O.05 vs bb/It (unpaired two-tailed Student's t-test)
cj P<O.05 vs bt/It (unpaired two-tailed Student's t-test)
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TIle affinity constants are shown in the left part of Table 4.2. The large s.d.s are due to
differences in binding when membrane preparations from different placentae were used.
According to the ANOV A procedure, the K. values were significantly influenced by both the
origin of membrane preparation (P<O.OO I) and the isoTf variants (P<0.05) on the K. of the
TfR. For all isoTf variants, the K, ofTfRs on BMV was 3.9 ± 0.4 (mean ± s.d.) times higher
than the K. of TfRs on MMV fi'om the same human term placenta (paired Student's I-test,
P<O.O I; IF 15). The K, values for the isoTf variants showed no significant differences (paired
Student's I-test), because the differences caused by different placentae were larger than the
differences caused by the isoTf variants. To further determine the influence of isoTf variants
on the K, values, we used K, ratios (bb : bt, bb : It and bt : ttl. TIle ratios were detennined for
experiments with membrane preparations from one placenta. TIle right pmt of Table 4.2
shows the K. ratios as mean ± s.d. fi'om five experiments with five different membrane
preparations. The K, ratios of the isoTf variants were significantly different (unpaired
two-tailed Student's I-test, P<O.05) and show that the K, for bb Tf> K, for bt Tf and tt Tf, and
the K, for bt Tf> K, for tt Tf.

4.4 Discussion
During pregnancy, there is a shift to Tfs with more complex carbohydrate chains in
maternal serum and less complex carbohydrate chains in fetal serum (2,3,22). Leger et al. (8)
showed a decrease in affinity constants ofTfRs on microvillous membranes as the number of
Tf triantennmy glycan chains increased. In this study we investigated the binding of purified
human diferric isoTf variants to TfRs on both MMV and BMV from the same human telm
placenta, and the effect of increasing complexity of Tf on number and affinity of these
receptors. In order to diminish the effect of endogenous Tf, the binding assays were
performed after extensive washing of the membrane vesicles.
Each of the isoTf variants showed saturable binding to TfRs on both MMV and BMV.
TIle number of TfRs was comparable for each isoTf variant with a sixfold higher number of
TfRs on MMV compared with BMV. Since 88 % of both MMV and BMV were either rightside-out or unsealed, 88 % of the TfRs of both MMV and BMV were accessible for Tf.
Therefore, vesicle orientation gives no explanation for the observed differences in the number
of TfRs. Vanderpuye et al. (7) demonstrated a twofold higher binding capacity of TfRs on
microvillous membranes compared with TfRs on basal membranes. The number of TfRs on
microvillous membranes (l.3xIO") was thousandfold higher than that observed by Leger et
al. (8), bnt comparable with that estimated by Vanderpuye et al. (7). Because endogenous Tf
was still present in the membrane suspensions of Leger et al. (8), it was possible that the
seroTfvariants added were not able to displace all receptor-bound endogenous Tf, resulting in
an underestimation of the number ofTfRs.
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TIle affInity of Tf for TfRs on BMV was higher than that for TfRs on MMV. Similar
differences were observed by Vanderpuye et al. (7) who supposed that these differences were
the result of differences in endogenous Tf content. Tsunoo and Sussman (23) showed
endogenous Tf affected the binding of Tf to its receptor. It would behave like a competitive
inhibitor, and therefore, lower the experimentally determined receptor atfmities. In the present
study we tried to completely remove endogenous Tf by washing with respectively and acidic
and an alkaline buffer according to Berczi and Faulk (19). However, only about 60 % of the
endogenous Tf could be removed (Figure 4.1). Another method to remove endogenous Tf
fI'om membranes is treatment with chaon'ope (24). Washing our membrane vesicles with 3 M
KCI resulted again in no more than 60 % reduction of endogenous Tf (results not shown).
Even washing with either 3 M KCI or 0.3 M ammonium thiocyanate followed by washing
according to Berczi and Faulk (19) did not further decrease the amount of endogenous Tf
(Figure 4.1, lane 3 and 6). Therefore, we supposed that the endogenous Tf left represented
non-exchangeable Tf and did not disturb the Tf binding assays. The differences in affinity of
Tf for TfRs on MMV and BMV might be due to the hetereogeneity of the TfRs. Differences
in glycosylation pattern of human placental TfRs has been shown to be greatly influenced by
glycosylation (26). Another explanation could be the difference in microenvironment
surrounding the TfRs on microvillous and basal membranes. The number of available TfRs in
bone marrow cells was influenced by changes in lipid fluidity (27). Recently, DiGiulio et al.
(28) reported differences in binding capacity of human placental TfRs in different liposomes.
Although they did not show signifIcant differences in atfmity constants, they made it clear that
the microenvironment plays a crucial role in the bindulg behaviour of the TfR. In Chapter 3
we showed that both the cholesterol and the phospholipid content were higher Ul BMV
compared to MMV (Table 3.2). These differences might playa role in the affinities of Tf
binding to TfRs on BMV and MMV.
For TfRs on both MMV and BMV, a decrease in affinity constant was observed as bb Tf
was replaced by bt Tf or tt Tf, but these differences are probably too small to be of
physiological importance (K.,« [difwic Tfj). Leger et al. (8) showed up to sixfold decrease
in affinity constant with an increasulg number of Tf triantennary glycan chains. However,
theh' membrane suspensions contained endogenous Tf, which might have disturbed the
bindulg assays.
Iron transport across the placenta is unidirectional from mother to fetus. Only iron and
not maternal Tf is transferred from mother to fetus (review: 29). TfRs al'e virtually absent
on placental endothelial cells (30), suggestulg that iron may reach the fetal circulation via a
non-receptor-mediated process. In trophoblast-like BeWo cells, which were stimulated to
form syncytia, it was shown that due to differences in post-endocytotic sorting, 25 % of
diferric I25I-Tf was transcytosed ITom microvillous to basal direction and 16 % in the
reversed direction (31). These data explained that under steady state conditions the
distribution of TfRs on the basolateral surface is about double that on the apical surface
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(31). In our study, we found six times as much Tills on MMV than on BMV, which could
indicate merely unidirectional transcytosis in basal to microvillous direction, in
combination with limited Till. recycling at the basal membrane. This way of Till. sorting
would be important if denovo synthesized TlRs were preferentially trafficked to the basal
membrane, and then enter the recycling pathway at the microvillous membrane after
transcytosis. A possible additional function of the Till. at the basal membrane, in situ, could
be to regulate the re-uptake of maternal Tfthat reached the fetal side. The observed higher
affmities of TfRs on BMV support this hypothesis. If indeed TfRs on basal membranes are
not involved in iron transfer across this membrane, a Tf-independent transport mechanism
for iron, released from the endosomes, has to be postulated in the basal membrane.
In conclusion, the number of TfRs on MMV was six-fold higher than that on BMV,
with a higher affinity of Tf for TfRs on BMV. For both membrane preparations, a slight
decrease in affinity was shown as bb Tf was replaced by bt Tf or It Tf. However, these
differences are probably not of physiological impOIiance.
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Accumulation and release of iron in polarly
cultured trophoblast cells

Chapter 5
5.1 Introduction
Iron is an essential element for growth and development. The fetal demand for iron
increases during pregnancy. At the end of pregnancy, an amount of 5 mg iron per day is
transported across the human placenta. The major pathway for placental iron uptake is
receptor-mediated endocytosis of maternal diferric transferrin (Tf) (l). Previous studies
have shown that cultured trophoblast cells express Tf receptors (TtRs) (2) and take up
difenic Tfby receptor-mediated endocytosis (3,4).
Trophoblast cells cultured on plastic dishes (cultured long enough to allow
differentiation of the cells) were found to accumulate iron during incubation with difenic
Tf (3,5). Since, in vivo, iron is transferred across the differentiated syncytiotrophoblast,
accumulation was not expected. It could be argued that non-polarized cells do not express
the mechanism for iron release and therefore accumulate iron. In the present study we
looked at iron transfer in polarly cultured trophoblast cells, and found that they
accumulated iron as well. It might be possible that, after release into the cytosol, part of the
iron is actually transfened out of the cell, whereas the remaining part is accumulated in
fenitin. In this case, the rate of iron uptake must exceed the rate of iron accumulation. We
therefore assessed the initial rate of Tf mediated iron uptake and compared this rate with the
rate of iron accumulation in the cells. We also determined whether intracellular iron was
present as low molecular weight iron or incorporated in ferritin.

5.2 Materials and Methods

Tissue source
Nonnal human term placentae were obtained from the department of Obstetrics and
Gynaecology, University Hospital RotterdamlDijkzigt, within 30 min after spontaneous
delivery.

Isolation and culture ofhuman term trophoblast cells
Trophoblast cells were isolated from human tenn placenta according to Kliman et al.
(6), additionally purified by indirect immunopurification. Cells were cultured either on 35
mm Falcon culture dishes at a concentration of 1.5 x 10' cells in 2.5 ml culture medium, or
on a permeable membrane (Millicell HA culture plate insert, 0.45 Ilm pore size) at a
concenlration of 0.5 x 10' cells in 0.25 ml culture medium in humidified 5 % CO,I95 % air
at 37°C. After 48 h, the culture consisted of 17 % mononuclear cells, 21 % aggregates and
62 % syncytia (7). TIlis procedure is described in detail in 2.2.

Labelling oftransferrin with 59Fe and

J15I

Apo Tf (in 0.1 M NaHCO, solution) was loaded with S9Fe and labelled with 1251 as described in
2.5. TIle saturation ofTfwith iron was checked by determination ofthe E470 : E,80 ratio.
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Uptake of"I-J9Fe,Tlby trophoblast cells cultured on a permeable filter
Uptake was measured as described in detail in 2.8.2. In short: Cells were cultured for 48 h,
washed with PBS pH 7.4 and preincubated with MI99 contalliing 0.5 mg/ml bovine serum
albumin (BSA) and either 0.5 mg/ml ovalbumin (medium A) or 0.5 mg/ml human diferric Tf
(medium B) as described by Gottlieb et al. (8). Cells were llicubated at 37°C in medium A or B
with 100 nM I25I_"Fe,Tf on one side of the cells. At fixed times, medium was removed,
membrane filters were put on ice, rinsed Witil ice-cold PBS and subjected to two acid/neutral
washes. Filters were counted for radioactivity in a Packard gamma counter. Cell-specific
radioactivity was determined as the difference between the average radioactivities in the filters
associated with incubations in either medium A or medium B.

Coupling 016 nlll gold to 7J
Human diferric Tf was bound to 6 Illi gold particles (Aurion) according to the
manufacturer's instructions, as described in 2.9.1.

Illcubation olmembrane-growlltrophoblast cells with Au-TI
After 48 h of culture on a permeable membrane, ceJls were washed with PBS pH 7.4,
preincubated with DMEM containing I mg/ml BSA and 5 mg/ml ovalbumin and incubated
with Au-Tf Ii'om either the microvillous (upper compartment) or the basal (lower
compill1ment) side as described in 2.9.2. Endocytosis was stopped by placing the cells on ice.
Filters were washed with icecold PBS pH 7.4 and fixed overnight at 4°C Witil standard fixation
medium containing 1 % glutaraldehyde and 4 % fomlaldehyde. Samples were embedded in
Epon and studied by electron microscopy (EM).

lmlllullolocalizatioll olTfRs
TfRs were visualized by postfixation preembedding immuno electron microscopy (!EM)
using a protocol described by Hillisen, Sandvig & van Deurs (9). A detailed description of the
procedure is found in 2.10. We used anti-TfR (mouse monoclonal antibody clone B3/25,
Boehringer Mannhelln) as prhnary and 10 Inn gold-conjugated goat-anti-mouse IgG
(Amersham, UK) as secondalY antibody. At the concentrations used (10 g/ml anti-TfR and
1:20 (w/v) gold-conjugated anti-mouse-antibody), controls omitting the primary antibody were
negative.

Elech'on microscopy
TIle methods for EM a1'e described in 2.11. Sanlples were postflXed in a mixture of 1 %
(w/v) OS04 and 1.5 % (w/v) K,Fe(CN)" dehydrated in graded etllanols and embedded III Epon.
Ulh'athin sections were collected on unfilmed 250 mesh copper grids, and studied in a Zeiss
EM 209 transmission electron microscope. Contrast of the samples was enhanced by
staining with uranyl acetate.
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Uptake of P'Fe,'Ifb), trophoblast cells cultured 011 plastic dishes
After 48 h of culture, cells were washed with PBS pH 7.4 and preincubated in M 199
containing lOa nM l25I_"Fe,Tf for 30 min at 4°C to saturate the surface TfRs. Without prior
washing, the medium was replaced by prewarmed M 199 with 100 nM 125I-"Fe,Tfand cells
were incubated at 37°C. After uICubation, cells were rinsed with PBS pH 7.4 and exposed to
two acid/neutral wash steps. Cells were Iyzed in Complete"' protease uIhibitor cocktail.
Radioactivity and protein were determined in the Iysates. The amount of radioactivity in cell
Iysates that were only incubated for 30 min at 4°C was taken as a measure for non-specific
binding. See 2.8.1 for a more detailed description.
Separation ofintracellular iron content
Cells were incubated for 4, 8 or 18 h at 37°C with 100 nM "Fe,Tf. After lysis, celllysates
were centrifuged at 1,000g for 10 min. TIle supematant was loaded onto an ACA 34 Ultrogel
(Phannacia/LKB) column, equilibrated and eluted with 0.1 M TrisfO.5 M NaCI pH 8.
Radioactivity in the separated fractions was counted in a Packard gamma counter.

Protein determination
Cellular protein was determined according to Markwell et al (10).

5.3 Results
lllllllullolocalization ofTjRs
In order to investigate iron transfer in polarly cultured trophoblast cells we first
determined whether TfRs are present at the cells and if they are able to endocytose diferric
Tf. Previous experiments with microvillous and basal membrane vesicles from human term
placenta showed that the number of TfRs on microvillous membranes was about six times
higher than that on basal membranes (II). With postfixation preembedding !EM we
visualized the distribution of surface TfRs on polarly cultured trophoblast cells. Cells were
polarized with lots of microvilli on the upper cell membrane (Figure 5.IA), whereas the
basal cell membrane, which was grown into the filter, lacked microvilli (Figure 5.IB). The
number of TfRs on the microvillous side was considerably higher than the number of TfRs
on the basal side of the cells (Figure 5.1), which agreed with the fonner results.
Uptake ofAu-labelled Tfb)' membrane-grown trophoblast cells
We used diferric Au-Tf to visualize the uptake of Tf by polarly cultured trophoblast
cells. As shown in Figure 5.2, Au-Tfwas taken up from both the microvillous and the basal
side of the cell. Au-Tf was present Ul coated pits, coated vesicles and tubular-like
shuctures, possibly late endosomal structures. The number of coated pits and vesicles was
higher at the microvillous compared to the basal side of the cell.
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B
Figu!'e 5.1
Distribution ofslIIface TjRs on the microvillous (5.1 A) and basal (5.1 B) slIIface ofpolarly
cultured trophoblast cells. TjRs were visualized by incubating fixed cells with monoclonal
anti-TjR antibody and then with goat anti-mouse JgG coupled to 10 mn gold (bar ~
0.25 }lin)
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A

Figure 5.2
Electron micrographs showing the microvillous (5.2A) alld basal (5.2E) sUI/ace of 48 h
cultured trophoblast cells, which were incubated wilh 611111 Au-conjugated Tf as described
in the Methods section. Au-Tf (arrows) is shown near the cell SUI/ace, in coated pits (1),
coated vesicles (2) and tubular-like stmctures (3). (bar ~ 0.25 pm).
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The processing of Au-Tf appeared limited to the cell periphery since Au-Tf was
detected only near the cell surface and not in deeper layers of the cells. There was no
indication for transcytosis ofTf. Tfwas not found in Iysosomes.

Uptake ojJ151_59Fe,Tjby trophoblast cells cultured all a permeable filter
With EM studies we showed that both microvillous and basal membranes of polarly
cultured trophoblast cells contahls TfRs and that diferric Au-Tf was taken up by receptormediated endocytosis from both sides of the cell. With l"I_'9Fe, Tf we investigated the
contribution of these processes to h'on transfer. In order to detelmhle cell-specific in stead
of filter-specific uptake, we incubated the filters, with or without cells, with 125I_'9Fe,Tf in
two different media. Medium A contained BSA and ovalbumin, whereas medium B
contained BSA and human diferric Tf (8). As shown in Figure 5.3, uptake of 1251_'9Fe,Tf in
filters without cells was equal for both media, allowing us to take the difference between
uptake from medium A and uptake from medium B as a measure for cell-specific uptake in
case of filters containing h'ophoblast cells. The amount of 1251_'9Fe,Tf that was transported
across the empty filter increased with incubation time. After 5 h of incubation with 100 nM
1251_'9Fe,Tf in either the upper or lower compartment, a concentration of approximately
8 nM l"I_'9Fe, Tf was reached at the opposite side. Since the '''V'9Fe ratio remained
constant, we supposed that diferric Tf unchanged crossed the filter by diffusion.
Cell-specific uptake of '''I-''Fe, Tf was determined from both the microvillous and the
basal side of 48 h cultured cells. As shown with empty filters there was some diffusion of
radioactivity through the filter. Could the diffused radioactivity result in uptake of diferric
Tf from the side opposite to that Tf was supplied to? To examine this question, membranegrown cells were incubated for 60 mhl at 37°C with varying concentrations of "'I-59Fe,Tf,
up to 250 nM, in either the upper or lower compartment. For each concentration we
determhled the concentration of diferric Tf at the opposite side of the filters, as well as the
cell-specific uptake. Our results revealed that uptake fi'om the opposite side could be
neglected in this concentration range (not shown). In fmiher experiments we incubated the
cells with 100 nM l"I_'9Fe,Tf.
Figure 5.4 shows the cell-specific uptake of diferric Tf from either the microvillous or
the basal side. We found that intracellular "'I-Tfreached a steady state level and that '9Fe
was accumulated, independent of the side I25 I_'9Fe,Tf was supplied to. Uptake of '''I-Tf
from the microvillous side appeared to be faster and reached a higher steady state level of
intracellular '''I-Tf. In agreement with these results, accumulation of'9Fe was higher from
the microvillous than from the basal side. Since diffusion of '''I_'9Fe, Tf through the filter
was high compared to cellular uptake, we were not able to determine the direction of
h'anspOli out of the cell.
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Figure 5.3

Uptake of"1- Tf(,9 Fe), in filters without cells. Filters were incubated for indicated times at
37°C with 100 nM 125I_Tf(59Fe), in either medium A (., Tl or medium B 0,. OJ lfi'om the
upper ( .' /:;. l or lower ("" <;jJ compartment. Afier acid/neutral washes. filters were
countedfor radioactivity. Figure 5.3A represents uptake ofl25I-Tfin the filter. Figure 5.3B
represents uptake of59Fe. Results are mean values (± s.d.) ji'om fOllr experiments.
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Figure 5.4
Uptake of125I-Tf("FeJ> by polarly cultured trophoblast cells. Cells were culturedfor 48 h
and incubated with 100 nM 125I_Tf("FeJ> ji-om either the upper (6) or lower (V)
compartment as described in the Methods section. Cell specific uptake was determined as
the difference between uptake ji-om medium A and uptake ji-o/II mediuln B. Figure 5.4A
represents uptake of125I-T! Figure 5.4B represents uptake of "Fe. Results are ji-om one

representative e;t,;perimenl.
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Uptake ofl251-"Fe,Tf by trophoblast cells on plastic dishes
Polarly as well as non-polarly cultured trophoblast cells accumulate iron. Can
trophoblast cells transfer iron besides its accumulation? If so, the rate of iron uptake should
exceed the rate of iron accumulation. In order to determine the initial rate of difenie Tf
uptake, cells were preincubated with 1"I-"Fe,Tf at 4°C to saturate the surface TfRs.
Without prior washing, incubation at 3rc was st..ted by the addition of prewarmed
incubation medium, containing I"I-"Fe, Tf. In this way, cells were able to inlll1ediately
endocytose diferric Tf. Uptake of 125 1_Tf reached a steady state level (about 5 pmol/mg
protein) after approximately 3 min, whereas "Fe was accumulated for at least 4 h (Figure
5.5).
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Figure 5.5
Uptake of l25I-Tf(59Fej, by trophoblast cells cultured on plastic dishes. Cells were cultured
for 48 h, preincubated with 100 nM 1251_Tf(59Fe), at 4°C, washed with PBS and reincubated
at 37°C with Fesh medium containing 100 nM l251_ Tf(,9 Fe),. At the times shown. cells were
placed on ice, rinsed with cold PBS and exposed to acid/neutral washes. Data are Fom one
ref.resentative a\periment. The inset shows uptake in the first minutes of incubation. The
12 1- Tf uptake reveals a one ",ponenfial curve fit {rate ~ steady state x (l - exp(-k x t)) with
steady state = 5.65 plllolllllg protein and k = 1.05 min· J for this experiment]. Initial uptake
of'9Fe is fast, followed by a slower linear uptake {rate = 1.516 + 2.044 x t for this
experiment} at least untill four hours.
( • = l251,
= '9Fe)
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TIle initial rate of J25I_ Tf uptake was determined for two independent experiments
(respectively 5.9 and 2.6 pmollmg protein/min). In the same experiments, we observed
steady state rates of 59Fe accumulation of respectively 2.1 and 1.1 pmollmg protein/min. In
order to determine whether intracellular iron was incorporated in ferritin or present as low
molecular weight iron, we separated the intracellular iron pool by colunm chromatography.
Table 5.1 shows that a small amount of iron was present as low molecular weight iron, the
extent of which was relatively constant with time. The major part of intracellular iron was

accumulated in ferritin, increasing with time.

Table 5.1
Intracellular iron pool after respectively 4, 8 and 18 h of incubation with 100 nM 59Fe,Tf.
Incubation
Time (h)

59 Fe in total lysate
(pmollmg cell protein)

4
8
18

170
248
607

59Fe in ferritin
(pmollmg cell protein)
95

139
326

59Fe as LMW iron
(pmollmg cell protein)
29
20
34

Cells were incllbated with 5'Fe,Tj jar the indicated times. After lysis, cell Iysates were
cOllnted jar radioactivity,centrifi'ged and the sllpematants were loaded on an ACA 34
Vltrogel coilimn (see Materials and Methods). Over 96 % oj radioactivity, loaded on the
column, was recovered ill the eluate. Radioactivity was determined in the separated
Factions.

5.4 Discussion
The main process for placental iron uptake is receptor-mediated endocytosis of maternal
diferric Tf (I). Previous studies showed that h'ophoblast cells in culture were able to take up
diferric Tfby receptor-mediated endocytosis (3,4). Iron was accumulated in the cells, which
was rather unexpected because differentiated syncytiotrophoblast cells should behave like a
transfer epithelium with respect to iron. The syncytiotrophoblast is a polarized layer. It is
possible that non-polarly cultured trophoblast cells lack the mechanism for iron h·ansfer.
We therefore investigated iron transfer in polarly cultured trophoblast cells.
With EM we showed that trophoblast cells cultured on a permeable membrane are
polarized, with the basal membrane grown into the filter and the upper membrane
containing lots of microvilli. With postfixation preembedding !EM we visualized the
distribution of TfRs and observed a higher number of TfRs on the microvillous than on the
basal cell membrane (Figure 5.1), corresponding to the results from studies with membrane
vesicles (II). Diferric Au-Tf was taken up fi'om both the microvillous and the basal side,
probably by receptor-mediated endocytosis. In order to investigate iron transfer, the cells
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were incubated with 1251_59Fe,Tf. It was previously shown that polarly cultured BeWo cells
took up iron from both sides of the cell (12). In the present study we showed endocytosis of
diferdc Tf from both the microvillous and the basal surface of polarly cultured trophoblast
cells. Uptake of 1251_Tf ITom the microvillous side was faster than from the basal side.
Moreover, the steady state level of intracellular "'1_Tf was higher in the case of uptake
from the microvillous side. This agreed with the fact that iron is transferred from mother to
fetus. However, as well as with non-polarly cultured trophoblast cells, iron was
accumulated in polarly cultured trophoblast cells, independent of the side 1251_59Fe,Tfwas
supplied to. An explanation could be that patt of the iron released ITom the endosomes into
a labile iron pool is actually transferred out of the cell, whereas the remaining pm is
accumulated in ferritin. 111is means that the rate of iron uptake must exceed the rate of iron
accumulation.
In order to estimate the initial rate of iron uptake we saturated all surface TfRs with 1251_
59Fe,Tf. To prevent dissociation of Tf from TfR, incubation was started by the addition of
prewarmed medium containing 1251_59Fe,Tf without prior washing. In this way we could
measure the initial rate of endocytosis with TfRs fully occupied with diferric Tf. The initial
rates of 1251_Tf uptake were 5.9 and 2.6 pmolimg protein/min for two independent
experiments. Because of the low specific activity we were not able to determine the initial
rate of 59Fe uptake. We assumed that the initial uptake rate of 59Fe was equivalent to twice
the initial uptake rate of 1251_ Tf (since one molecule of Tf can bind two atoms of iron).
Taking this initial 59Fe uptake rate as a measure for the rate of iron internalization during
the entire incubation period, iron would be accumulated at a rate of respectively II.S and
5.2 pmol Fe/mg protein/min for the two independent experiments. We observed
accumulation rates of respectively 2.1 and l.l pnlOl 59Fe/mg protein/min at steady state
conditions. These results suggested that about SO % of internalized iron already was
transported out of the cell. However, the rate of iron uptake was probably overestimated. In
our experiments, the initial uptake rates were determined with fully occupied TfRs while it
is predicted that at steady state only 25 % of the surface TfRs will be occupied with diferric
Tf(Appendix in 5.5). The rate of endocytosis is given by V"do ~ k, x [TfFe,-TfR]" with k,
the rate constant for internalization of the surface TfFe,-TfR complex and [TfFe,-TfR], the
conceno'ation of surface TfRs occupied with diferric Tf. The rate of endocytosis at steady
state will therefore be only 34 % of the initial rate of endocytosis. In our study we observed
initial rates of endocytosis of 5.9 and 2.6 pmolimg protein/min, which corresponded with
initial iron uptake rates of 11.8 and 5.2 pmol/mg protein/min. Iron uptake in steady state
conditions (34 % of the initial rate) can thus be estimated at 4.0 and 1.8 pmolimg
protein/min. The steady state rates for iron accumulation were 2.1 and l.l pmolimg
protein/III in, respectively 53 and 61 % of the estimated uptake values. Therefore, about 47
and 39 % of internalized iron could be released from Tf into the cytosol and successively
transported out of the cell. We further have to keep in mind that diferric Tf could be
recycled without releasing all its iron into the cytosol. As shown in Table 5.1, iron was
predominantly acculllulated into ferritin and only a small patt of 59Fe was present as low
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molecular weight (LMW) iron. The amount of LMW iron was relatively constant during
incubation. We suggest that iron from this LMW iron pool might be transported out of the
cell at a constant rate.
In summary, we found that TIRs were present on both the microvillous and the basal
surface of cultured human term trophoblast cells and were able to endocytose diferric Tf.
[ron was accumulated in the cells. Most of accumulated iron was incorporated in ferritin.
The number of TIRs on the microvillous surface was higher than on the basal surface,
resulting in higher rates of Tf endocytosis and iron accumulation on the microvillous side.
The rate of "Fe accumulation at steady state was lower than the rate of 59Fe uptake, as
estimated from the initial uptake rate, suggesting that part of the iron released into the
cytosol was transported out of the cell. Another explanation could be that not all iron was
released from Tf during the endocytosis cycle.

5.5 Appendix
Ciechanover et al. (13) described the endocytic cycle of tranferrin by a set of four
differential equations:
I. d[R] / dl ~ k.JR-TfFe,], - kJTfFe,}{R], + ko[R-Tn,
~

kJTfFe,}{R], - (k. I + k,)[R-TfFe,],

2.

d[R-TfFe,],1 dl

3.

d[R-Tfl,! dl

~

k,[R-TfFe], - kJR-Tfl;

4.

d[R-Tfl,/ dl

~

kxfR-TflI- kdR-Tfl,

: diferric Tf
s
: surface
R
: TIR
: intracellular
R-Tf
: apoTf-TIR complex
R-Tf.Fe, : diferric Tf- TIR complex
ki : second order rate constant for binding of diferric Tf to surface TIRs.
k.I : rate constant for dissociation of diferric Tf from surface TIRs.
k, : rate constant for internalization of surface TfFe,-TIR complex.
kx : rate constant for dissociation of Fe and movement ofapoTf-TIR
complex to the cell surface.
ko : rate constant for dissociation of apoTf fi'om cell surface TIR.
Tf.Fe,

The second order rate constant ki can be modified to a pseudo first order rate constant
by multiplication with the concentration of diferric Tf in the medium [Tf.Fe,] since this
concentration stays constant during the incubation experiment. Thus k ~ kI[TfFe,] Imin.
Ciechanover et al. (13) found values of ki ~ 3 X 10' VmoVmin, k.I ~ 0.1 and ko ~
2.6/min. For k, and k, we take respectively 0.18 Imin and 0.19 Imin as determined by
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Starreveld et al. (4). The concentration of diferric Tf in our experiment was 100 nM, giving
a value for k equal to 3xlO· x IOOx10·9 ~ 0.3 Imin.
We solved the set of differential equations both analytically and by computer (Matlab:
ode45 solver) for varying values of k, thus mimicking the response to changing Tf
concentrations in the medium. Both methods gave the same results. Figure 5.6 shows the
steady state values of [R], , [R-T!]; , [R-Tf.Fe,], , and [R-T!], as a function of the
concentration of Tf in the medium. The figure shows that at a diferric Tf concentration of
100 nM (the concentration used in our experiments) only 25% of the surface TfRs is
occupied with diferric Tf. This leads to a strongly reduced rate of diferric Tf internalization
when compared to the initial rate.
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Figure 5.6
Steady state values of unoccupied slllface TfRs (R sllll) ( <», intracellular TfRs containing
apoTf (RTf i.c.) (0), slllface TfRs containing apoTf (RTf sllll) 0. ) and slIIface TfRs
containing di/erric Tf (RTfFe2 slIIl) (" ), expressed in % of total receptor pool, as a
jilllction of the concentration of TfFe, in the medium. The values were determined by
solving the differential equations as described in 5.5.
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Chapter 6

6.1 Introduction
The main site for Tf synthesis is the liver. Other -from a quantitative point of view- less
important sites are the brain choroid plexus, Sertoli cells, brain glial·cells, fetal membranes
and the placenta.
Tf mRNA was recently demonstrated in rat and mouse placental extracts (I,2). Moreover,
rat placental cells in culture secrete Tf and secretion is stimulated by TNF (tumor necrosis
factor) (3). It is not known which cell type is responsible for the synthesis and secretion ofTf.
TIle aim of this study is to investigate the ability of human trophoblast cells to synthesize
Tf. We here report about de novo synthesis of Tf, the presence of Tf mRNA and the
heterogeneity of Tf isolated from the cultured cells. Moreover we showed that the shift in
isoelectric focusing pattern of trophoblast Tf was not due to a biochemical modification of
serum Tfbut originates fi'om de novo synthesized Tf.

6.2 Materials and methods

Tissue source
Normal human telm placentae were obtained from the department of Obstetrics and
Gynaecology, University Hospital RotterdamiDijkzigt, within 30 min of spontaneous
delivery.
Isolation and culture oftrophoblast cells
Placentae were processed according to Kliman et a\.(4) with slight modifications as

described in detail in 2.2. For some experiments, the trophoblast cells, collected from the
Percoll gradient, were additionally purified by indirect immunopurification using mouse antihuman CD9 as primary and goat anti-mouse IgG bound to Dynabeads as secondary antibody
(5). About 1.5xlO6 cells were cultured in 35 mm diameter Falcon culture dishes (Greiner and
Smme, FRG) in 2.5 ml culture medium in humidified 5 % CO,l95 % air at 37°C. After 48 h,
the culture consisted of 17 % mononuclear cells, 21 % aggregates and 62 % syncytia (6).
Identification of1JmRNA by RT-PCR

Trophoblast cells were isolated as described and additionally immunopurified. After 48 h
of cell culture, RNA was isolated according to (7). RNA was reverse transcribed (RT)
followed by polymerase chain reaction (PCR). Plasmid ptacRRTF3101 (8), containing Tf
cDNA, was used as a positive control for PCR. As a negative control a RT-PCR was
performed without the addition of reverie transcriptase. The forward primer (Tfl) was located
at nucleotides 1458-1474 and the reverse primer (Tf2) at nucleotides 210 I -2120 of hmnan Tf
mRNA (9). TIle size of the fragment amplified from Tf cDNA would be 663 bp. TIle PCR107

product from Tf cDNA was digested with either Pst [, yielding two fragments of 50 bp and
6[3 bp, or Hind III, which would yield fi·agments of 412 bp and 251 bp. The PCR- and the
digestion products were examined on I % agarose gels with ethidium bromide staining. This
procedure is described in detail in 2.12.1.

De novo synthesis oftransferrin
De novo synthesis ofTfwas detennined as described in detail in 2.12.2.

Estimation ofu·ansferrin content
Tf content was determined in cell Iysates and culture media as described in detail in
2.12.3.

Release ofI25I-Tf
DifelTic semm Tf was labelled with '''1 as described in 2.6.2. After 24 h of culture, cells
were incubated with diferric '''I-Tffor 24 h. During this long incubation, cells were enabled
to biochemically modifY the semm Tf. Palt of the cells were Iyzed in distilled water
containing I mM PMSF. TIle other part was incubated with Medium 199 for 6 h, allowing
release of Tf. Every h the medium was changed and collected. Both lysates and media were
concentrated and the heterogeneity ofTfwas determined.

Heterogeneity oftrophoblast transferrin
TIle sialic acid-dependent heterogeneity of Tf was assessed by isoelectric focusing
according to van Eijk & van Noort (10), as described in detail in 2.12.4. The isoelectric
focusing patterns of serum Tf from non-pregnant women) maternal senun Tf at term
pregnancy, umbilical cord semm Tf at term pregnancy and Tf from 48 h cultured trophoblast
cells were compared. Moreover, the isoelectric focusing patterns of intracellular Tf and Tf
released into the medium were compared to the pattern of "'I-labelled semm Tf.

6.3 Results
To demonstrate Tf mRNA in innnunopurified trophoblast cells cultured for 48 h, about
45 J.lg of total RNA was isolated fi·om 5xlO' plated cells. Figure 6.1 shows the result of one
representative experhnent (out of five independent experiments with three different
trophoblast isolations). RT-PCR with Tf-specific primers Tfl and Tf2 yielded a product with
the expected length of 663 bp (lane 4, arrow). Both the water control and the RT-PCR without
reverse transcriptase were negative (lanes 2 and 3). Digestion of the RT-PCR product with Pst
I resulted in a product of 613 bp (lane 5) and digestion with Hind III yielded products of 412
bp and 251 bp (lane 6), as was expected.
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Figure 6.1
Identification ofTfmRNA in cultured trophoblast cells by means ofRT-PCR
After 48 h of culturing illllllunopurified hlllnan trophoblast cells, RNA was isolated, reverse
transcribed, alllplified by PCR and digested with either Pst I or Hind 111. Lane I: PCR of
plasmid ptacRRTF31 01 (8), with a length of 663 bp (clearest band, indicated with all arrow);
lane 2: RT-PCR without reverse transcriptase; lalle 3: lIegative control PCR with water; lalle
4: RT-PCR ofRNAji-olll cultured trophoblast (663 bp, arro\\~; lane 5 and 6: respectively Pst
I digest (613 bp) and Hilld III digest of the RT-PCR product (412 bp and 251 bp); lane 7:
DNA lIIolecular weight marker VI (Boehrillge/).

Pulse-chase experiments showed that immunopurified cells translate Tf mRNA (Figure
6.2). The Tf locus at the Westem blot was identified by a parallel run with 125 1_ Tf. The
radioactivity of the 80 kD band from the cell Iysates originates from "S-Iabelled Tf because
immunoprecipitation in the presence of excess non-labelled TfFe, suppressed the Tf-band,
whereas the 96 kD band of the monomeric transferrin receptor (TfR) (our antibody also
recognizes the Tf-TfR complex) was intensified (not shown). Table 6.1 makes clear that
irmnunopurified cells, 48 h in culture, synthesize Tf and therefore translate Tf mRNA. This
table also shows that the rate ofTf synthesis in non-immunopurified cells does not differ from
that in immunopurified cells.
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Table 6.1

De novo Tf synthesis by trophoblast cells 48 h in culture.
Treannent

Protein/dish
(Jlg)

Total protein
synthesis
(dpm/lllg)xI06

Tf synthesis
(AU x mm/dpm)x 10'

ImnlUl10purified

147.8 ± 18.4

56.3 ± 7.5

17.3 ± 4.7'

Non-illllllunopurified

164.3 ± 14.4

68.5 ± 9.4

18.7 ± 5.7'

If synthesis was measllred in 48 h cllltllred cells. Afler 24 h non-adherent cells were removed
and cllltllre was continlled for another 24 h before de novo synthesis was assessed Afler
immllnoprecipitatiol1, electrophoresis and alltoradiography (exposllre time 14 d), the slllfaces
of the If bands (/ocatioll identified by 1251_If rlln simllitalleollsly) were estimated by Laser
dellsitomelly. The peak slllface is expressed ill absorptioll IIl1itS (A U) x basis (mm). Total
protein synthesis -assessed ill triplicate- was e>.pressed ill dpm/mg cell protein. Peak
slllface/total protein synthesis (AU x mm)/dpm was takell as a measllre for de novo If
synthesis. Sit experiments: three with and three withoul immunopurijication (fOI' each
e.lperiment, Iysates ji'om three cllltllre dishes were used). *,' not statistically different
(Stlldent's t-test,' P>O.l)
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Figure 6.2.

De novo synthesis ofTfby trophoblast cells culturedfor 3, 12 and 39 h.
Immunopurified cells were cultured for 3, 12 and 39 h. When cultured for 39 It, the medium
was changed after 24 h. After three wash steps with cold PBS the cells were Iyzed (see
Materials and Methods). Aliquots of each cell-lysate were precipitated with TCA and the
radioactivity was assessed by liquid scintillation counting. For each sample, equal amounts of
radioactivity were used for immunoprecipitatiol1. After electrophoresis (J 0 % homogeneous
SDS gels), the gels were dried and exposed to X-r'l)' sensitive film. Lane 1: Molecular weight
markers. Lane 2,3: culture time 3 h. Lane 4,5: culture time 12 II. Lane 6,7: culture time 39 h.
Lane 8,9: 125I-labelled TjFe2.

Table 6.2
Transferrin content of culture medium and inllllunopurified cells. Influence of culture time.
Culture
time
(h)

Tot. cell
protein
(mg)

(l'g)

lysate
(l'g/mg)

0

3.0S±0.17

0.38±0.07

0.13±0.02'

3

1.80±0.16

0.34±0.03

0.19±0.02'

12

1.3S±0.18

0.3 I±O. 11

0.24±0.OS'

0.17±0.06 "

48

1.19±0.OS

0.34±0.07

0.28±0.06'

0.23±0.OS"

Tfcell
lysate

Tf cell

Tfin
medium
(l'g)

Cells were cultured for the times indicated The 12 and 48 h cultures were washed after
respectively 3 and 24 h. The media of the last 9 hand 24 h of culture were collected Afier
indicated culture times, non-adherent cells were removed and the remaining cells were /yzed
The Iysates of ten culture dishes were used for each experiment. The media were centrifuged
at 1,500 g for 5 min to remove intact cells. Media and eelllysates were filtered on 0.5 II/n
Micropore filters'1I}er concentration (4°C), Iysates and media were assessedfor Tfby means
of the bllll/1l11o-lite procedure. Three e.'pminents were pe'formed each comprising 0, 3 and
12 h cultures. The 48 h cultures are datafi'om three separate e>.periments. Mean ± s.d ':
ANOVA (P<O.OI) indicates that the cellular Tf content (pg/mg protein) increases during
culture time. ": not significantly different (Student's t-test).

Does Tf synthesis VaIY with cell culture time? We investigated Tf synthesis in
immunopurified cells cultured for 3, 12 or 39 h. The results presented in Figure 6.2 show that
Tf synthesis relative to total protein synthesis in 3 h cultures is less than in the 12 and 39 h
cultures.

III

Does the cellular Tf content increase with culture thne? Table 6.2 gives the Tf content of
trophoblast cells cultured for 0, 3, 12 or 48 h, together with the Tf content of the culture
medium. These data hadeed show an hacrease of cellular Tf (J.lglmg cell proteha) with culture
thne (ANOVA, P<O.O I). The amount of Tf recovered ha the collected 12 and 48 h media did
not differ significantly (Student's t-test).
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Dellsitometric scans of isoelectric focusing pallem ofserum Tfji'omnon-pregnanl women (A),
malemal serum 11 aileI'm pregnancy (B), umbilical cord serum Tf aileI'm pregnancy (C) and
Irophoblasl 1148 h in cullure (D). The gil'en nUl/ibers characlerize a specijic isoTf/l'aclion.
The number 4 for inslance, idenlijies Ihe 4-sialo Tf /l'aclion (4 sialic acids / 11 molecule).
Resull ofone 0111 offlVe independenl bill comparable experimenls.

Figure 6.3 gives the isoelectric focushag pattern of semm Tf (non-pregnant women),
matemal serum Tf (term pregnancy), fetal semm Tf and trophoblast Tf (cells 48 h in culture).
Tf hi cell Iysates of isolated, non-cultured trophoblast cells had the same isoelectric focushag
pattem as that ofTffrom 48 h cultured cells (not shown). Compared to non-pregnant women,
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the pattern of serum Tf from pregnant woman is displaced towards lower isoelectric points.
The reverse is tlUe for umbilical cord serum Tf. IsoTfs from cultured and non-cultured
trophoblast cells are even more acidic than Tf from pregnant women at tenn. TIle shift in
isoelectric focusing pattern of trophoblast Tf might be the result of biochemical modification
of serum Tf. We therefore incubated trophoblast cells for 24 h with diferric I25I_ Tf, excubated
for 6 h and compared the isoelectric focusing patterns of serum Tf, intracellular Tf and Tf
released into the medium. No differences were observed in the X-ray pattenlS, whereas a shift
to lower pH values was found in the protein isoelectric focusing patterns of intracellular Tf
and Tf released into the medium (Figure 6.4). TIlese results suggested that the shift in
isoelectric focusing pattell1was not due to biochemical modifications of serum Tf.
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Figure 6.4
Densitometric scans of isoelectric focusing pattern of serum and trophoblast 11 Cells were
incubated with 125f-labelled Tf for 24 II. Part of the cells was Iyzed, the other part was
incubated in Mf99 allowing release of Tf(Materials and Methods). The 125f-labelled sel'//l1I
'If, collected media alld Iysates were subjected to isoelectric focusing. The Tf bands were
visualized by autoradiography (dotted line) and silver staining (colltinuous line). Upper
panel: f 25 f-Iabelled serum Tf Middle panel: Tfreleased into the mediulll. Lower panel: Tf in
celllysates prior to excl/balion.
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6.4 Discussion
To assess the presence ofTfmRNA in trophoblast cells, we used RT-PCR techniques. RTPCR, with Tf specific primers Tfl and Tf2, of RNA fi'om 48 h cultured trophoblast cells
resulted in a product with the expected length of 663 bp (Figure 6.1, lane 4). Since genomic
DNA would give higher molecular weight products (5 introns are present in genomic DNA in
the region between primers Tfl and Tf2) (9), the 663 bp product could only be the result of a
PCR from cDNA. Digestion with either Pst I or Hind III further proved that the RT-PCR
product was specifically arisen from TfmRNA.
We previously showed that 48 h cultured immunopurified trophoblast cells are highly
enriched with syncytiotrophoblast cells (6). All cell aggregates and syncytia produce hCG.
Only 10 % of the single cell population (about I to 1.5 % of the total population) did not
produce hCG and may represent non-trophoblast cells (6). Therefore, we can conclude that Tf
mRNA is present in 48 h cultured human syncytiotrophoblast cells.
Our results also showed that Tf mRNA was translated by syncytiotrophoblast cells in
culture (48 h). Immunopurification had no impact on Tf synthesis. This means that
contaminating non-trophoblast cells did not contribute substantially to Tf synthesis.
Our observations are in conflict with those of Galbraith et al.(II). These authors could not
demonstrate Tf synthesis in placental tissue cultures by radio-immunoelectrophoresis. An
explanation could be that the tissue cultures were not sufficiently em'iched with cyto- and
syncytiotrophoblast cells and HC-Iysine incorporation therefore did not reach the detection
limit.
Tf synthesis is not an exclusive property of the differentiated syncytiotrophoblast cell.
Immunopurified trophoblast cells cultured for 3 h already synthesize Tf. However, Tf
synthesis, relative to total protein synthesis, was less in 3 h cultures compared to the 12 and
39 h cultures, suggesting that the state of cell differentiation might be a determinant factor.
Table 6.2 shows a decrease in total protein during culture, with similar amounts of Tf
content. If we suppose that the loss of protein is caused by detachment of cells, we can
compare the Tf content of the adherent cells relative to their protein content. Column four in
Table 6.2 shows that the cellular Tf concentration (J.lg/mg protein) increased during culture
(ANOVA: P<O.O 1). TIle data suggest that the amount of Tf recovered in the medium can be
explained by cell release. TIle presence of a secretory component cannot be excluded yet.
TIle microheterogeneity pattern ofTf in the Iysates of cultured trophoblast cells, as well as
in the medium, was shifted to a lower range of isoelectric points compared to maternal and
fetal serum Tf (Figure 6.3). TI1is shift to lower pH values suggests that trophoblast Tf contains
higher numbers of sialic acids per molecule, indicating a higher degree of complexity of their
glycan chains (12). Since syncytiotrophoblast cells can take up iron-loaded serum Tf by
receptor mediated endocytosis (13-15), part of the Tf detected in the cultured trophoblast cells
could have originated fi'om maternal or fetal serum. Because of both the method of cell
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isolation (trypsin digestion will remove surface bound Tf) and the method of cell culture
(medium replacements will deplete the intracellular receptor-bound Tf pool), this contribution
will be negligible. FlIIihermore, we showed that endocytosed "'I-labelled serum Tf was
released unchanged from cultured trophoblast cells. The shift in isoelectric focusing pattern of
trophoblast Tfwas therefore not the result of biochemical modifications of serum Tf. Another
source ofTf could be the 20 % FCS used in the culture medium. However, bovine Tf does not
crossreact with anti-hTf (checked by radial inllllUnodiffusion: results not shown), and
therefore escapes detection in our Immuno-lite® assay. These results suggest that Tf detected
in cultured trophoblast cells will be of trophoblast origin.
In summary, non-differentiated human tenn trophoblast cells as well as differentiated
human term syncytiotrophoblast cells in culture synthesize Tf. Compared to both maternal and
fetal serum Tf, tenn trophoblast Tf has a lower range of isoelectric points, indicating a higher
decrease in complexity of the glycan chains. 111e isoTf pattern of intracellular Tf does not
depend on the degree of trophoblast differentiation (culture time). 111e function of trophoblast
Tfhas yet to be elucidated.
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Chapter 7

7.1 Introduction
A large amount of iron is transported across the placenta from mother to fetus during
pregnancy. TIle major pathway for placental iron uptake is receptor-mediated endocytosis
of diferric transferrin. The subsequent transfer of iron through the cytosol and across the
basal plasma membrane is still unclear (1,2).
Besides its role in cellular iron uptake, Tf reduces the amount of free iron in plasma,
and therefore reduces the possibility of iron-catalyzed formation of free radicals that may
damage DNA, proteins and membrane lipids. Although receptor-mediated endocytosis of
diferric Tf is the major pathway for cellular iron delivery, mechanisms for Tf-independent
iron transport has often been described in recent years (review: 3). Tf-independent iron
transport may be a supplementary pathway involved in maintaining low concentrations of
free iron in plasma. An essential step in Tf-independent iron uptake seems to be the
reduction of ferric iron to the ferrous state. The coupling of iron reduction and uptake has
recently been described in cultured cells: HeLa (4), K562 (5), HepG2 (6), Caco-2 (7). The
ferrireductase involved in Tf-independent iron uptake is probably a transmembrane
NADH-ferricyanide oxidoreductase, which has previously been demonstrated in several
cell types (8-12). After reduction, ferrous iron is transported across the plasma membrane.
Starreveld et ai. (13) have recently shown that trophoblast cells in culture are able to
take up iron in the fonn of ferric ammonium citrate. The mechanism for this iron uptake
has not been described however. In the present study we investigated the mechanism of
non-Tf iron uptake in human term placenta. We measured the reduction of ferricyanide
(Fe(III)CN) by cultured trophoblast cells and investigated cellular uptake of "Fe fi'om
Fe(III)nitrilotriacetate (Fe(III)NTA) and Fe-ascorbate, which is supposed to represent an
equilibrium between Fe(lI) and Fe(III) (14). Furthermore, we investigated the reduction of
Fe(III)CN at microvillous membrane vesicles (MMV) and basal membrane vesicles
(BMV), isolated from the same human tenn placenta. Since Tf-receptor mediated uptake is
the obvious pathway for placental iron uptake, we suggest a role for Tf-independent iron
transport in the transfer of iron across the basal membrane to the fetal side.

7.2 Materials and Methods
Tissue source
Normal humau term placentae were obtained fi'om the department of Obstetrics and
Gynaecology University Hospital Rotterdam/Dijkzigt, within 30 min of spontaneous

delivClY·
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"FeCI, was obtained /Tom DuPont, NEN Life Science Products (Boston, MA).
Isolation alld cllltllre ofhUlIlall term trophoblast cells
Human tenn placentae were processed according to Kliman et al. (15) with slight
modifications (13). The isolated cell population was additionally purified by indirect
immunopurification using mouse anti-human CD9 as primalY and goat anti-mouse IgG
bound to Dynabeads as secondary antibody (13). From 50 g (wet weight) placental villous
tissue we obtained approximately 40 x 10' predominantly mononuclear cells. The viability
was between 90 and 95 % as' revealed by trypan blue exclusion. Immunolabelling studies
using mouse-anti-vimentin, mouse-anti-cytokeratin (both /Tom ICN immunobiologicals)
and FITC-Iabelled rabbit anti-mouse IgG (DAKO, Denmark) demonstrated that over 96 %
of the final cell population was of trophoblast origin. About 1.5 x 10' cells were cultured in
35 mm Falcon culture dishes (Greiner and Sohne, Germany) in 2.5 ml culture medium at
37°C in humidified 5 % CO,l95 % air. After 24 h, the cells were washed with phosphate
buffered saline (PBS) and the medium was refreshed. After 48 h, the culture consisted of
17 % mononuclear cells, 21 % aggregates and 62 % syncytia (16). This procedure is
described in detail in 2.2.
Isolation and characterization ofmembrane vesicles

Both MMV and BMV were isolated from the same human ten11 placenta as described in
2.3.1. MMV were isolated according to the method of Booth, Olaniyan and Vanderpuye
(17), modified by Dicke et al. (18). BMV were isolated according to a modification (18) of
the method of Kelley, Smith and King (19). Vesicles were finally resuspended in PBS
pH 7.4, unless mentioned otherwise. Membrane protein was determined by a modification
(20) of the Lowry method (21). We previously showed (22) that, relative to tissue
homogenate, MMV were enriched 19-fold in alkaline phosphatase, a microvillous
membrane marker, and BMV were enriched 28-fold in dihydroalprenolol binding, a marker
for the basal plasma membrane. Contamination of Iysosomes, endoplasmic reticulum and
mitochondria was low. MMV were found to be 88 % either right side out or unsealed and
12 % to be inside out. BMV showed 28 % of the vesicles to be right-side-out, 60 %
unsealed and 12 % inside-out (22). A detailed characterization of our membrane
preparations is shown in Chapter 3.
Ferrireductase assays

Fe(IIl)CN reduction was determined by following the decrease in absorbance at 420
minus 500 mil with a Cary I E spectrophotometer (extinction coefficient: I /mMfcm), as
described in detail in 2.14.
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Cells. Cells were incubated in reaction mixture containing Fe(III)CN at 37°C. The reaction
was stopped after fixed times by cooling the cells on ice. The absorbance at 420 minus 500
nm was measured in the medium and compared to a control without cells.
Vesicles. Either 10 III BMV (2.5 IIg/lll) or 10 III MMV (5.0 ~,g/~,l) was added to 990 III
reaction mixture. The decrease in absorbance at 420 minus 500 nm was directly measured
at 37°C. NADH oxidation was followed at 340 minus 430 Jllll (extinction coefficient:
6.22 ImMlcm). Kinetic parameters were determined using the Michaelis-Menten plot from
an Enzyfit curve-filling program.
Stock solutions of 59Fe(III)NTA and 59Fe-ascorbate
The stock-solutions were freshly prepared for each experiment as described in 2.13.1.
Uptake ofnon-Tfiron by trophoblast cells
This procedure is described in detail in 2.13.2. In short: Cells were preincubated in
selUm-free MI99 and incubated in uptake medium with either "Fe(III)NTA or "Feascorbate for specified times at 37°C. Cells were cooled on ice, washed and Iyzed.
Radioactivity in the lysate was deteJmined in a Packard gamma counter. Protein was
determined according to Markwell et al. (20).

7.3 Results
Reduction ofFe(III)CN by trophoblast cells
Trophoblast cells (48 h in culture) were able to reduce Fe(III)CN. Cells were incubated

with 100 ~'M Fe(IIl)CN in reaction medium at 37°C. After I h the decrease in absorbance
at 420 minus 500 nm was measured in the medium (see Materials and Methods). The cells
reduced Fe(I1I)CN at a rate of 226.8 ± 84.6 nmol/h/mg protein (FII). As a control, we
measured Fe(III)CN reduction in the culture medium to test whether detached cells or some
secreted products of intact (or damaged) cells were responsible for the reductase activity.
However, no reductase activity was detected in the culture medium. To detennine the effect
of superoxide anion on the Fe(III) rednction rate, we measured the I h reduction in the
presence of 20 lIg/ml superoxide dismutase (SOD). This resulted in a reduction rate of
186.1 ± 109.5 nmol/h/mg protein (n~ll), which was not significantly different from the
control rate.
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Figure 7.1
Uptake 0/59Fe ji'om (A) Fe(JIl)NTA 01' (B) Fe-ascorbate. Cells were incubated with
increasing concentrations of Fe for 5 min at 37°C. Afler incubation cells were washed,
Iyzed and radioactivity was measured in the Iysates. Uptake was concentration dependent
and expressed as pmollmg pl'oteinl5 min. Data are from one representative e>.periment.
The cllrves are Michaelis-Menten fits: (609.1*[FeJ)/(0.846+[FeJ) /01' Fe(IIl)NTA and
(2824.5 *[FeJ)I(O. 736+ [FeJ) /01' Fe-ascorbate.
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Uptake 0/11011- T/ iron by cultured trophoblast cells
Starreveld et al. (13) showed that trophoblast cells were able to take up non-Tf iron. In
the present study we measured uptake of "Fe from Fe(III)NTA and Fe-ascorbate by 48 h
cultured h'ophoblast cells. Uptake of "Fe from both Fe(Ill)NTA and Fe-ascorbate was
time-dependent and linear for the first 10 min at concentrations used in kinetic analysis
(results not shown). To determine uptake kinetics of "Fe from Fe(III)NTA or Fe-ascorbate,
h'ophoblast cells were incubated with increasing iron concentrations for 5 min at 37°C
(Figure 7.1). It revealed saturation kinetics with a K" of 0.96 ± 0.65 ~M (n~5) and a Vrnu
of 366 ± 269 pmollmg protein/5 min (n~5) for ''Fe(III)NTA, and a K" of 1.3 ± 0.4 ~M
(n~5) and a V mu of 4043 ± 1955 pmol/mg proteinl5 min (n~5) for "Fe-ascorbate. ACA 34
column chromatography of the Iysates revealed that more than 80 % of the radioactivity
was present in a soluble fraction, suggesting that uptake rather than binding was measured.
Moreover, the "Fe was not incorporated into ferritin, but present as low molecular weight
iron. Since uptake of "Fe from Fe-ascorbate was approximately 10 tillles higher than that
from Fe(III)NTA, and we showed that our cells were able to reduce Fe(III)CN, we suggest
that non-Tf iron transport might involve ferrireductase activity. To further examine this
hypothesis we measured iron uptake in the presence or absence of the cell-impermeable
Fe(III)CN, or the Fe(II)chelators bathophenanthroline disulphonic acid (BPS) or ferrozine
(FZ).

Table 7.1
Effects of Fe(III)chelator DFO, Fe(II)chelators FZ and BPS, and of Fe(lIl)CN on iron
uptake from Fe(Ill)NTA and Fe-ascorbate by trophoblast cells in culture.
uptake (%)

Control

"Fe(lIl)NTA

"Fe-ascorbate

100

100
(n~4)

62.9 ± 6.4

(n~3)

+ Fe(III)CN (0.1 mM)

61.5 ± 17.3

+ FZ (I mM)

61.6 ± 15.6 (n~5)

1.7 ± 1.0 (n~3)

+BPS(l mM)

148.6 ± 23.0 (IF3)

3.6 ± 0.8 (n~3)

+ DFO (1 mM)

20.6 ± 5.4 (IF3)

1.0 ± O. 7 (n~3)

Uptake o/irollfi'om 59Fe(flI)NTA or 59Fe-ascorbate was measured/or 5 mill at 37°C as
described ill Materials and Methods. The cOlltrol uptake 0/ 59Fe(IlI)NTA was
128 ± 45 pmollmg proteill15 min (1I~5) alld /01' 59Fe-ascorbate the cOlltrol uptake
correspollded with 2116 ± 45 pmollmg proteill15 min (1I~5). Data are presented as
mean :f:s.d
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Table 7.1 shows that "Fe uptake fi'om both Fe(lll)NTA and Fe-ascorbate was inhibited
by FZ. Since FZ only chelates Fe(IT) (FZ was able to chelate Fe in the presence of
ascorbate but not from Fe(lll)NTA), we suggest that Fe fi'om Fe(lll)NTA was reduced
before uptake. BPS inhibited "Fe uptake from Fe-ascorbate, however, it stimulated uptake
fi'om Fe(II1)NTA. Fe(IlI)CN not only inhibited uptake of "Fe from Fe(III)NTA but also
from Fe-ascorbate, suggesting tight coupling of reduction and transport. Superoxide
dismutase (SOD) had a negligible effect on the uptake of "Fe(lII)NTA in the presence or
absence of either Fe(lII)CN or FZ (results not shown), suggesting that superoxide anion did
not playa role in reduction and uptake of Fe(lII) by trophoblast cells.

Table 7.2
Requirements for reduction ofFe(III)CN by BMV and MMV.
vesicles

BMV
MMV

BMV
MMV
BMV
MMV

Fe(III)CN

+
+
+
+

NADH

+
+

oxidation NADH

(nmollmin/mg)

(nmollminlmg)

1667 ± 192 (n-IO)

744 ± 49 (n-3)

496 ± 91 (n=IO)

277 ± 24 (n=3)

36 ± 15 (n=5)

+
+

Reduction Fe(IIl)CN

+
+

27 ± 8 (n=4)
8 ± 3 (n=4)
12 ± 5 (n=4)
2.5 ± 0.4 (n=5)'

Reduction ofFe(llI)CN was directly measured by fallowing the extinction at 420 minus 500
nm, in the presence of200 pM Fe(llJ)CN, 100 pM NADH and either 25 pg of BMV 01' 50
pg of MMV, Oxidation of NADH was measured at 340 mimls 430 11111. Oxidation ofNADH
was negligible in the absence ofeither Fe(llI)CN, NADH 01' vesicles. Data are presented as
mean i:s.d

* flmollmin

Reduction ofFe(llJ)CN by BMV and MMV
We showed that trophoblast cells in culture were able to reduce Fe(IIl)CN and to take
up "Fe fi'om both Fe(III)NTA and Fe-ascorbate. To determine the site of iron reduction and
subsequent transport, we investigated the possibility of iron reduction by BMV and MMV.
Both BMV and MMV reduced Fe(lII)CN in the presence of NADH. Reduction of
Fe(IIl)CN in the presence ofNADPH was negligible. Table 7.2 shows that Fe(II1)CN could
not be reduced in the absence of either NADH or the vesicles. Rotenone (inhibitor of
mitochondrial reductase activity; 5!IM), dicoumarol (inhibits reductase activity from
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microsomes; 20 J.lg/ml) and SOD (20 J.lg/ml) had no effect on the NADH-dependent
reduction of Fe(III)CN (results not shown). NADH was oxidized in the presence of
Fe(III)CN, NADH and vesicles and the ratio of Fe(lII)CN reduction and NADH oxidation
was 2.2: 1 for BMV and 1.8: I for MMV. Reduction of Fe(lIl)CN was dependent on the
concentration of NADH (Figure 7.2) and Fe(JIl)CN (Figure 7.3). The kinetic parameters,
derived from Michaelis-Menten plots, are listed in Table 7.3.
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Figure 7.2
NADH dependency ofFe(III)CN reduction by membrane vesicles. Reductioll was measured
in the presence of 150 JIM Fe(JJJ)CN, either 25 I'g of BMV 01' 50 I'g of MMV and
increasing cOllcentrations of NADH ill a total voilime of I mi. Kinetic parameters were
determined using the Michaelis-Mentell plot fi'om the Enzxfit cllrve.jillillg program. Shown
are data fi"om olle representative experiment. The curves are Michaelis-Men/en fits;
(320l.1*[FeJ)/(20.08+[FeJ)for BMV and (777. 6*[FeJ)/(12. 58+[FeJ)for MMV.
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Figure 7.3
Effect of Fe(I/I)CN concentration on the rate of NADH-dependent Fe(I/I)CN reduction by
membrane vesicles. Reduction of Fe(llI)CN was measured in the presence of 150 I'M
NADH, either 25 pg ofBMV or 50 pg of MMV, and increasing concentrations ofFe(IlI)CN
in a total volume of 1 mi. Kinetic parameters were determined lIsing the Michaelis-Menten
plot /I'om the Enzyjit curvejilling program. Data are ji'om aile representative experiment.
The curves are Michaelis-Mellten fits: (221 6. 9 *[FeJ)/(J6. 16+[FeJ) for BMV and
(J244.3*[FeJ)/(18.98+[FeJ) for MMV.

Table 7.3
Kinetic parameters of Fe(III)CN reduction by BMV and MMV.
NADH dependence

Fe(III)CN dependence

Vma:~

Vrna'll:

(nmol/m inlmg)

(nmollmin/mg)

BMV

21.7±5.5

2766 ± 693 •

22.5 ± 4.8

2781 ± 677 '

MMV

16.6 ± 5.4

1112±351

21.2 ± 10.1

1135±513

Data are derived ji'om Michaelis-Melltell plots (Figures 7.2 alld 7.3) and presented as
mean ± s.djromjive experiments withfive different membrane preparations.

, p < 0.05 versus MMV (unpaired two-tailed Student's t-test)
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7.4 Discussion

The major pathway for cellular iron uptake is receptor-mediated endocytosis of diferric Tf.
Models other than receptor-mediated endocytosis have recently been described. Sun et al.
(10) have identified a NADH difenic Tf reductase in liver plasma membranes. which may
be involved in the transfer of iron across the plasma membrane or endocytic vesicles. From
the reduction potentials of Tf-bound iron and cytosolic NADH, NADH-dependent
reduction of Tf-bound Fe(III) seems not feasible. With respect to this point Thorstensen
and Romslo (23) have suggested that diferric Tfmay bind to receptors in close proximity to
NADH-fenicyanide reductase. Through proton and electron fluxes the Tf-iron bond may
be destabilized enabling the reduction of Fe(IlI). NADH-fenicyanide reductase may be
involved in Tf-independent iron uptake (3 for a review). Klausner and Dancis (24)
characterized a mechanism for Tf-independent iron uptake in Saccharomyces cerevisiae. It
starts with the reduction of Fe(IlI) to Fe(ll) by externally directed reductases Fre I p and
Fre2p. This reduction is mediated by the oxidation of int!'acellular compounds. Fenous iron
is then transported across the membrane. Similarly, in higher eukaryotes, non-Tf ferric iron
is reduced after which ferrous iron can be transferred across the membrane.
In human placenta, iron is taken up mainly by receptor-mediated endocytosis (1,25).
Moreover, trophoblast cells in culture are able to take up non-Tf iron (13). In the present
investigation, we showed that trophoblast cells in culture were able to take up s9Fe from
Fe(IlI)NTA and Fe-ascorbate, with a higher uptake of s9Fe in the presence of ascorbate.
Previously it was supposed that ascorbate would keep Fe in the reduced state (26).
However, later investigations showed that, at pH 7, Fe is not necessarily in the reduced
state in the presence of ascorbate (14,27). By means of Mossbauer spectroscopy, Dorey et
al. (14) could not detect any Fe(ll) at physiological pH in buffers containing ascorbate and
oxygen. With spectrophotometric studies they showed that iron could be chelated by both
Fe(III)chelator mimosine and Fe(ll)chelator FZ, suggesting equilibrium between Fe(ll) and
Fe(III) in the presence of ascorbate in oxygenated solutions. This equilibrium is probably
shifted to Fe(III), because of the favoured Fe(IlI)-ascorbate complex; however, Fe(III) is
very easy reducible. Our results revealed that uptake of s9Fe in the presence of ascorbate
was inhibited by both DFO, a Fe(III)chelator and FZ, a Fe(ll)chelator, which is in
agreement with the suggestion of an equilibrium between the two oxidation states.
In view of the fact that our cells were able to reduce extracellular Fe(III)CN and that
uptake of s9Fe from Fe-ascorbate, with Fe(ll) in equilibrium with Fe(IlI), was much higher
than from Fe(lII)NTA, we suggest that ferric iron is reduced before uptake by trophoblast
cells. FZ, a Fe(ll)-specific chelator, inhibited s9Fe uptake from Fe-ascorbate as well as from
Fe(IlI)NTA, further supporting the idea of Fe(III) reduction before uptake. BPS, another
Fe(II)·chelator, inhibited uptake of s9Fe from Fe-ascorbate as would be expected, however,
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uptake of "Fe from Fe(III)NTA was stimulated in the presence of BPS. It is not clear why
BPS stimulated the uptake of Fe(III). It should be expected that BPS, just like FZ would
inhibit both Fe(II) and Fe(III) uptake. With HepG2 cells, Randell et al. (6) showed that
both BPS and FZ decreased uptake of Fe(III). Han et al. (7) showed FZ- and BPS-inhibited
iron uptake by Caco-2 cells in the presence of ascorbate and FZ-inhibited uptake of iron in
the absence of ascorbate. They did not show the effect of BPS on Fe(III)uptake.
Uptake of "Fe from both Fe-ascorbate and Fe(III)NTA was inhibited by Fe(III)CN.
Fe(III)CN is membrane impenneable and we showed that it could be reduced by our cells.
Therefore, it probably inhibited Fe(III) uptake by inhibiting its reduction. The uptake of
"Fe from Fe-ascorbate was also decreased in the presence of Fe(III)CN, suggesting that
reduction and uptake were tightly coupled.
Thus, we demonstrated that trophoblast cells in culture could take up more "Fe from
Fe-ascorbate than from Fe(III)NTA, the latter one probably preceded by reduction to
Fe(lI). The necessity of iron reduction for uptake was previously shown for HepG2 cells
(6), HeLa cells (4), Caco-2 cells (7,28) and K562 cells (5,29). From experiments with cells
it was not clear which electron donors were responsible for iron reduction. To investigate
the mechanism of Fe(III) reduction and whether a plasma membrane protein was involved,
we studied reduction of membrane impenneable Fe(III)CN by MMV and BMV, isolated
from human term placenta. We showed that both membranes were able to reduce
Fe(III)CN in the presence of NADH. NADPH was not able to serve as an electron donor.
Reduction was not due to contamination of mitochondria or microsomes, because rotenone
and dicoumarol had no effect on the NADH-dependent reduction of Fe(III)CN by vesicles.
Likewise SOD had no effect on the reductase activity, excluding the influence of oxide
radicals.
Since our cells were able to reduce Fe(III)CN in the absence of extracellular NADH, we
suggest a transmembrane ferrireductase activity with intracellular NADH serving as
electron donor. Besides transmembrane redox systems, intracellular and extracellular redox
systems have been described at plasma membrane (review: 9). With the membrane vesicles
it was difficult to distinguish between transmembrane, intracellular and extracellular
reductase activity, since a large part of the vesicles was unsealed (22). Therefore, the
NADH-dependent ferrireductase could be a transmembrane system and playa role in
extracellular reduction and subsequent uptake of non-Tf iron as suggested above. However,
the ferrireductase could also be located on the intracellular side of the plasma membrane.
Watkins et al. (30) demonstrated the presence of a NADH dehydrogenase on the outer
membrane of endosomes. Since endosomes bud from plasma membranes, the presence of a
NADH-dependent ferrireductase on the cytosolic side of the plasma membrane is very
plausible. The mechanism of iron transport across the basal membrane is still unknown. A
dynamic iron pool is present in the cytosol, from which iron can be transported, probably
as low molecular weight iron (31). An intracellular NADH-dependent ferrireductase might
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be involved in this iron transport by keeping cytosolic iron in the ferrous state. Ferrous iron
can then be transported across the basal plasma membrane by still unknown channels. Our
results, showing higher reduction of Fe(lll)CN by BMV than by MMV are in agreement
with this hypothesis.
In summary, we showed reduction of Fe(III)CN by trophoblast cells in culture. Since
these cells revealed higher uptake of "Fe from Fe-ascorbate (assuming an equilibrium
between Fe(lI) and Fe(III)) than from Fe(III)NTA, reduction seemed to playa significant
role in uptake of Fe(III). We investigated the mechanism of iron reduction by BMV and
MMV, isolated trom the same human term placenta. Reduction of Fe(III)CN was NADHdependent and BMV reduced Fe(III)CN at a higher rate than MMV. The NADH-dependent
ferrireductase might playa role in iron transfer across the basal membrane.
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Chapter 8

During human pregnancy, 250-300 mg iron is transferred across the placenta from
mother to fetus. The amount of iron transfer increases during pregnancy and in the last
trimester iron is transferred against a concentration gradient, with both the concentration
and the iron saturation being higher in fetal plasma compared to maternal plasma (1,2). Iron
transfer is unidirectional from mother to fetus. The major source of iron in man is maternal
diferl'ic Tf, which can be taken up by means of receptor-mediated endocytosis (2,3). In
vivo, iron but not Tf is transferred to the fetus. ApoTfis recycled to the maternal side (4).
Serum Tfshows microheterogeneity based on the variation in the structure ofN-linked
glycan chains (5,6). The microheterogeneity pattern of Tf can be visualized by isoelectric
focusing (7). During pregnancy, the isoelectric focusing pattern of maternal human serum
Tf has shifted to lower pH values, suggesting an increase in the number of glycan chains
and therefore an increase in the complexity of Tf (7-9). In contrast to maternal serum Tf,
the complexity of human fetal serum Tf is reduced (Chapter 6). TIle presence of less
sialylated Tfs in fetal serum may be due to the nearly absence of asialoglycoprotein
receptors in mammalian fetal liver (10).
Can the observed changes in glycan chain complexity of Tf explain the increase of
placental iron transfer during gestation? To address this question we studied the distribution
and affinities of TtRs on both microvillous and basal membrane vesicles (MMV and
BMV). The affmity of Tf for TtRs on both MMV and BMV was influenced by the
complexity of Tf: K.-values for Tf binding to TtRs on both MMV and BMV were
decreased with increasing complexity of the Tf (Chapter 4). This excludes the possibility
that the increase of placental iron transfer can partly be explained by the observed increase
in glycan chain complexity of maternal Tf. In terms of the 'genetic conflict hypothesis' (II),
our findings could be interpreted as maternal defence against excessive fetal iron extraction,
which would be hmmful for the mother.
The number of TtRs was higher on MMV than on BMV. The binding affmity was
higher for TfRs on BMV (Chapter 4). TIle difference in affinity might be explained by a
different microenviromnent surrounding the TtRs. Microenvirolllllent and membrane lipid
fluidity might playa role in the binding behaviour of TfRs (12,13). In Chapter 3, we
showed that both cholesterol and phospholipid contCilt were higher in BMV compared to
MMV. Another explanation might be a difference in the glycosylation pattern of
microvillous and basal TtRs. Previous studies have shown that glycosylation of TtRs
influences the affinity for Tf (14). Placental TfRs in diabetic pregnancies display an
increased glycosylation, which is accompanied by a decreased affmity for Tf (15, 16).
Because of the binding of Tf to both MMV and BMV, we argued that TfRs also are
present on both membranes of the syncytiotrophoblast in situ. In order to investigate the
functionality of both TfR populations, we used the model of the syncytiotrophoblast in
polar culture. With EM studies, using mouse anti-TfR and Au-labelled anti-mouse IgG, we
showed that TfRs were present 011 both microvillous and basal membranes of polarly
cultured trophoblast cells (Chapter 5). Moreover, we showed that Au-labelled Tf was taken
up by endocytosis from both sides of the cell. It is obvious that microvillous TtRs are
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involved in placental uptake of maternal diferric Tf. The function of basal TfRs is still
unclear. In BeWo cells, which are derived from a choriocarcinoma cell line and display
trophoblast-like characteristics, 80 % of de novo synthesized TfRs was directly targeted to
the basal surface. TfRs were redistributed by means of transcytosis (17). The population of
basal TfRs in BeWo cells, as well as in the differentiated syncytiotrophoblast, might just be
a relic of the s0l1ing mechanism, characteristic for epithelial cells (18). Basal TfRs will not
be involved in uptake of fetal serum Tf, since fetal Tf will probably not contact the basal
TfRs. In contrast to the maternal blood, which is free in the villous space and therefore in
direct contact with the placental syncytiotrophoblast, fetal blood is present in closed fetal
capillaries and does not contact the syncytiotrophoblast (see Figures 1.3 and 1.4 in
Chapter I). A possible function of basal TfRs might be the regulation of the re-uptake of
maternal Tf that has reached the fetal side, since, in vivo, iron and not Tf is transferred from
mother to fetus.
The main site ofTf synlhesis is the liver (19). Other, from a quantitative point of view,
less important sites are the brain choroid plexus, Serloli cells, brain glial cells, fetal
membranes and the placenta. Tf mRNA has been detected in rat and mouse placental
extracts (20-23). In the present study, we demonstrated the presence of Tf mRNA in
cultured trophoblast cells from human term placenta. Moreover, we showed that the protein
was synthesized and that de novo synthesized Tf was released from the cells (Chapter 6).
Trophoblast Tf was differenl from both matemal and felal serum Tf with respect to the
isoelectric focusing pattern. As mentioned above, the isoelectric focusing paltem of human
maternal serum Tf had shifted to lower pH values compared 10 nonnal serum Tf. However,
trophoblast Tf was even more acidic Ihan maternal serum Tf at term pregnancy, suggesting
an even higher complexity. The function of trophoblast Tf still has 10 be elucidated, as well
as the meaning of the shift in isoelectric focusing pattern. Placental Tf gene expression in
rat has been shown to be increased throughout gestation and therefore coincides with
increasing needs of the fetus (21,22), although it has been assumed that Tf synthesis in
extrahepatic siles is not regulated by iron (24). It can be suggested that the placenta might
be an additional source of Tf. Though, il is not clear whether an extra source of Tf really is
needed at physiological conditions. Tf has been shown to stimulate the differentiation of
cultured kidney mesenchyme (25). Tf also stimulates DNA synthesis both in proliferating
and differentiating trophoblast cells from rat placenta (26,27). Syncytiotrophoblast Tfmight
therefore play a role in proliferation of cytotrophoblast and differentiation of
syncytiotrophoblast. The latter postulated functions presume basolateral trafficking of
trophoblast Tf, in which the glycan chains might be involved.
Besides Tf-medialed iron uptake, we showed that cultured trophoblast cells were able to
take up iron independent from Tf (Chapter 7). Since, under physiological conditions, the
level of Tf in maternal plasma is high enough to bind almost all iron, free iron is rarely
found in maternal plasma. The Tf-independent iron uptake system will therefore not play an
important role in the uptake of iron from maternal plasma (28). We showed thaI a NADHdependent fe/Tireductase probably was involved in Tf-independent iron uptake. The activity
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of this reductase was higher on BMV. We have suggested that this reductase plays a role in
the transfer of cytosolic iron across the basal membrane. The orientation of the
ferrireductase could not be determined in our membrane vesicles. The presence of the
reductase on the cytosolic side of the plasma membrane is very plausible, since a NADH
dehydrogenase has been found on the outer membrane of endosomes and endosomes bud
from plasma membranes (29). When present on the intracellular side of plasma membranes,
the ferrireductase may keep cytosolic iron in its reduced state. It has previously been
demonstrated that the labile iron pool (LIP) in K562 cells mainly consists of ferrous iron
(30). The intracellular redox state of cultured trophoblast cells (31) favours the presence of
ferrous iron in the placental LIP. It has previously been shown that iron from the LIP can be
transported out of the placenta, probably as low molecular weight iron (32). There is some
evidence that iron removed out of the placenta is in the ferrous state (33). The transport of
ferrous iron across the basal membrane might involve an iron carrier. A possible candidate
for this iron carrier might be the 17 kD proton pore subunit of V-ATPase (34), which may
be involved in iron transport across the endosomal membrane of reticulocytes (29,34,35).
The presence of V-ATPase in MMV was demonstrated by Simon et al. (36). We indicated
that V-ATPase also was present in BMV (Chapter 3). Another candidate as transporter for
iron might be found in the family ofintegrins (37-39).
A model for placental iron transfer has to cope with some important facts: First, iron
transfer is only in one direction, namely from mother to fetus. Iron but not matemal Tf is
transferred to the fetus. Moreover, iron transfer is directed against a concentration gradient.
Based on the results described in this thesis and considering the aspects above, we propose
a descriptive model for iron transfer in human term placenta. The main barrier in placental
transfer is the syncytiotrophoblast. At the matemal side, the microvillous membrane of the
syncytiotrophoblast is in direct contact with maternal blood. Iron can be taken up from
maternal diferric Tf by receptor-mediated endocytosis, involving the TfRs on the
microvillous membrane. Acidification of the endosomes results in the loss of iron from Tf.
Iron is then released from the endosomes into the LIP in the cytosol. ApoTf is recycled to
the maternal side, which agrees with the fact that matemal Tf is not transcytosed. From the
LIP, iron can either be accumulated into ferritin or transferred across the basal membrane to
the fetal side. Both microvillous and basal membranes contain a NADH-dependent
ferrireductase that may keep cytosolic iron in the reduced state. The activity of the basal
ferrireductase was higher. After reduction, ferrous iron is transported across the basal
membrane, probably involving an iron carrier. Active transport across the basal membrane
as well as receptor-mediated endocytosis of maternal diferric Tf at the microvillous
membrane can explain iron transfer against a concentration gradient. After iron reached the
fetal side, it has to be transported to the fetal capillaries, in which it can bind to fetal Tf.
The mechanisms for this are not clear yet. Not only the microvillous membrane, but also
the basal membrane of the syncytiou'ophoblast contains TfRs. However, since the number
of TfRs at the microvillous membrane is higher, this does not have to be in conflict with the
fact that iron is unidirectionally transferred from mother to fetus.
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Summary

Iron is an essential element for all living cells. It plays an important role in growth and
development. During pregnancy, a large amount of iron is transferred across the placenta
from mother to fetus. In this thesis, we describe some mechanisms involved in placental
iron transfer.

Chapter I is a general introduction to our studies of placental iron transfer. It gives an
overview of the regulation of cellular iron uptake mechanisms; the regulation of the
intracellular iron pool; the human tenn placenta; general placental transport mechanisms;
and placenta iron transport mechanisms as studied thus far.
Chapter 2 describes the materials and methods that have been used in this study.
In Chapter 3, the two in vitro models that have been used in this study are described. We
describe the methods of isolation of microvillous and basal membrane vesicles and give a
good characterization of our membrane preparations. Furthermore, we give a description of
trophoblast cells in culture.
In Chapter 4 we have studied the binding of transferrin to microvillous and basal
membrane vesicles. We show that microvillous membrane vesicles contain a higher number
of transferrin receptors than basal membrane vesicles, whereas the affmity of transferrin for
the receptors on basal membranes is higher. We also show that the affinity of transferrin
for its receptor slightly decreases as the complexity of transferrin increases.
In Chapter 5 we show that transferrin receptors on microvillous and basal membranes of
polarly cultured trophoblast cells are able to endocytose diferric transferrin. Iron is
accumulated in the cells. We suppose that despite the accumulation of iron, cells are also
able to transfer iron.

Chapter 6 shows that transferrin is synthesized in cultured trophoblast cells and that de
novo synthesized transferrin can be released from the cells. The isoelectric focusing
pattern of trophoblast transferrin is shifted to lower pH values compared to normal serum
transferrin, serum transferrin from pregnant women and umbilical cord serum transferrin,
suggesting higher complexity of trophoblast transferrin.
Chapter 7 describes the uptake of non-transferrin iron by trophoblast cells in culture. A
NADH-dependent ferrireductase is characterized in isolated membrane vesicles. This
reductase may be involved in transferrin-independent iron transport. Moreover, we
suggested the involvement of the ferrireductase in iron transfer across the basal membrane.
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In Chapter 8 we discuss the experimental results described in this thesis. Moreover, we
propose a descriptive model for iron transfer in human tenn placenta.
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Sam en vatting
IJzer is een essentieel element Vaal' aIle levende cellen. Het speelt een belangrijke rol in
groei en ontwikkeling. Tijdens de zwangerschap wordt een grate hoeveelheid ijzer van
moeder naar foetus over de placenta getransporteerd. In dit proefschrif! worden enkele
mechanismen beschreven die betrokken zijn bij het transport van ijzer over de placenta.

HooJdstuk I is een algemene introductie op onze studies van het ijzertransport over de
placenta. Het geef! een overzicht van mechanismen van cellulaire ijzeropname; de regulatie
van de intracellulaire ijzer pool; de humane placenta aan het einde van de zwangerschap;
algemene transport mechanismen in de placenta; en van wat tot nu toe bekend is over het
placentair ijzertransport.

HooJdstuk 2 beschrijf! de materialen en methoden die gebruikt zijn in deze studie.
In HooJdstuk 3 worden de twee in vitro modellen beschreven die we gebruikt hebben in
deze studie. We beschrijven de isolatie van microvilleuze en basale membraan vesicles en
geven een goede karakterizering van onze vesicles. VerdeI' beschrijven we de
eigenschappen van gekweekte trofoblastcellen.
In HooJdstuk 4 hebben we de binding van transferrine aan microvilleuze en basale
membraan vesicles bestudeerd. Microvilleuze membraan vesicles hebben een grater aantal
transferrine receptoren dan basale membraan vesicles. De affmiteit van transferrine Vaal'
transferrine receptoren op de basale membranen is hager dan vaal' die op de microvilleuze
membranen. De affmiteit van transferrine Vaal' de receptor wordt mindel' als het transferrine
complexer wordt.
In HooJdslllk 5 laten we zien dat transferrine receptoren op microvilleuze en basale
membranen van polair gekweekte trofoblast cell en in staat zijn am diferric transferrine te
endocyteren. IJzer hoopt zich op in de cellen. We veronderstellen dat, ondauks dat de cellen
ijzer stapelen, ze oak in staat zijn am ijzer te transporteren.

HooJdstuk 6 laat zien dat gekweekte trofoblast cellen transferrine synthetiseren en dat dit
nieuw gesynthetiseerde transferrine uit de cellen vrij kan komen. Het isoelectrisch
focusserings patroon van trofoblast transferrine is verschoven naar lagere pH-waarden, in

vergelijking tot normaal serum transferrine, serum transferrine van zwangere vrouwen en
transferrine uit navelstreng serum. Dit suggereert een hogere complexiteit van trophoblast
transferrine.
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Hoofdsluk 7 beschrijft de opname van ijzer, niet gebonden aan transferrine, door gekweekte
trofoblast cellen. Een NADH-afhankelijke ferrireductase is gekarakterizeerd in geYsoleerde
membraan vesicles. Dit reductase is mogelijk betrokken bij het transferrine-onafbankelijke
ijzer transport. VerdeI' hebben we gesuggereerd dat de ferrireductase betrokken is bij het

tl'anspOli van ijzer over de basale membraan.
In Hoofdsluk 8 bediscussWren we de experimentele resultaten die in dit proefschrift
beschreven zijn. Verder wordt er een beschrijvend model voor het ijzer transpOll over de
humalle placenta voorgesteld.
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niet zonder de gastvrijheid van de afdeling Pathologie, waal' ik met name Peter van Run wil
bedanken voor de vele, vele foto's die hij heeft afgedl'llkt.
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Sophia/Academisch Ziekenhuis Rotterdam wil ik hartelijk dallken voor de vele placenta's,
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