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Chapter 1 General introduction. 

1.1.1. General aspects of iron metabolism. 

The ubiquitous element iron plays a key role in oxygen transport, in 

electron transport and in many enzymatic reactions. 

There are two possible states of oxidation of iron: Fe (II) and Fe (III) . 

Under aerobic conditions at neutral pH, Fe(III) is predominant. Since 

Fe(OH)J has a solubility prcxiuct of only 4Xlo-38 M, the human bcxiy has 

devised several mechanisms to control this essential element. 

The human bcxiy has no active iron excretion mechanism. Therefore, the 

iron balance can only be regulated by modulation of iron uptake in 

ducxienum and jejunum. The daily loss of iron, under nonnal conditions 

is 1-2 ng. 

Both iron deficiency and iron overload lead to disease, anemia and· 

hernochrornatosis respectively. Iron overload is especially dangerous 

since it catalyzes free radical fonnation. In the human bcxiy 70 per 

cent of the total amount of bcxiy iron of four grams is found in hemog­

lobin, 20 per cent is stored in ferritin, mainly in the liver and only 

0.1 per cent is transported, bound to transferrin. 

Three proteins: the iron transport protein transferrin, the cellular 

transferrin receptor and ferritin, the protein of iron storage play 

key roles in the regulation of iron metabolism. 

1.1. 2. Transferrin. 

Human transferrin is a glycoprotein with a molecular mass of 79,550 

daltons (1) . 

The single, folded polypeptide chain can be divided into two domains, 

so-called c- and N-tenninal. Both domains contain one binding site for 

a Fe(III) atom. 

The c-tenninal domain also carries two COIIplex-type asparagin N-linked 

cart>ohydrate chains. Each of these gl yean chains has two, three or 

exceptionally four antennas (2-4). Nonnally, the tenninal residues in 

the antennas are sialic acid. Differences in sialic acid content of 

the transferrin molecule are the cause of the so-called micro-hetero­

geneity (5,6). 

Under physiologic conditions the binding of iron to transferrin is 

strong, with a Ko of approximately 10-20 M and (bi) cart>onate seJ:Ves 
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as a synergistic anion. Since transferrin is normally only 30 per cent 

saturated with iron, a mixed :population of transferrin molecules occurs 

·in the serum: transferrin without iron (a:potransferrin), monoferric 

transferrin, iron being located on either of the two iron-binding sites 

(F~f and TfFec) and diferric transferrin. The two binding sites 

differ in their affinity for Fe(III), depending on the pH (7 ,8). 

The presence of both iron-binding sites and their different iron­

binding characteristics have led to hy:potheses on functional differen­

ces (9,10). Though diferric transferrin is the preferred iron donor 

since it binds to the transferrin receptor with the highest affinity, 

both mono-ferric transferrins do not show separate donor functions 

(11, 12) • 

The major site of transferrin synthesis is the liver, but synthesis 

also occurs in tissues like the manunary gland, placenta, Sertoli cells 

and the central nervous system (13-15). 

In chicken liver, transcription of the transferrin gene and hence 

transferrin synthesis is stimulated by iron deficiency and estrogen 

(16-18). 

1.1. 3. Transferrin receptor (TfR) . 

The transferrin receptor is a transmembrane, homodiineric glycoprotein 

with a molecular mass of 180,000 daltons (19). Each identical 90,000 

dalton subunit, covalently attached through a single disulfide bridge 

can bind one transferrin molecule. 

The gene for the human TfR has been cloned and sequenced (20). Post­

translational modifications of the TfR include fatty acid addition and 

phosphorylation. 

The presence of TfR on the surface of cells is especially apparent in 

cell types that are proliferative and in cells requiring large amounts 

of iron for other pur:poses like erythroid precursors and the syncytio­

trophoblast (21-23). 

Apart from its important role in mediating iron delivery to cells, an 

alternative role in regulation of cellular growth has been suggested 

for the TfR (24) . 

In T-lyrnphocytes the TfR plays a permissive role in the activation of 

proliferation (25). 
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1.1.4. Ferritin. 

Ferritin consists of 24 globular subunits, fanning the empty near­

spherical shell (apoferritin) with a molecular mass of 450,000 dal­

tons. Each ferritin molecule is able to deposit up to 4000 iron atoms 

in its central cavity, essentially as inorganic ferric oxyhydroxyp­

hosphate (26) . 

There are two kinds of subunits: the H or heart type and the L or 

liver type. Ferritin molecules are made up of both subunit types. H­

subunits have a slightly lower pi and are able to incorporate iron 

more efficiently and can meet iron needs rapidly whereas the slightly 

more alkaline L subunit is metabollically stabler (27) . 

1. 2. Pregnancy and iron metabolism. 

1. 2 .1. Maternal iron metabolism. 

Although the burden of fetal iron needs on maternal iron metabolism is 

relatively mild in humans, compared to other species, it is still 

considerable, 23 per cent of maternal iron stores is transported to 

the fetus (28). In guinea-pigs 200 per cent of maternal iron stores is 

needed for their off-spring (29). 

In humans, the majority of trans-placental iron transport takes place 

in the third trimester (30) . 

Maternal transferrin is probably the sole iron donor for the human 

placenta (30) . 

Iron levels in maternal sennn continuously drop in the course of 

pregnancy. Since transferrin concentration increases, the level of 

saturation of maternal transferrin with iron declines during pregnancy 

(30-32). It should be borne in mind that in late pregnancy blood volume 

increases with approximately 50 per cent, largely due to an expansion 

of plasma volume (33). This physiologic hemodilution of pregnancy makes 

the interpretation of hert'K:lglobin and transferrin concentrations more 

difficult. 

Maternal sennn ferritin levels continue to decrease throughout preg­

nancy as well, even if the mothers are not anaemic (31,33,34). 

This represents depletion of maternal iron stores. In humans, increa­

sed intestinal iron absorption in pregnancy is at least partly trigge-
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red by depleted iron stores (35, 36) . It has been shown that there is a 

direct linkage between pregnancy and increased iron absorption in the 

gut in rats and guinea-pigs, without depletion of maternal iron stores 

(29, 37-39) . The near-tenn situation of maternal iron state reflects 

iron deficiency, in many cases resulting in anaemia. 

Iron suppletion can prevent maternal iron depletion. However, it does 

not seem to influence cord blood iron status parameters (32, 40-42). 

Therefore, even if the maternal iron state is precarious, the fetus is 

protected against iron deficiency. 

1. 2. 2. General characteristics of transplacental iron transport. 

At tenn, trans-placental iron transport is a fast process. only a 

small portion of iron is retained in the placenta, the majority is 

passed on to the fetus (30) . 

Nonetheless, the placenta is autonomous in iron uptake (43, 44). If 

fetuses are removed in rats or guinea-pigs placental iron uptake 

continues for several days. This enables us to study placental iron 

uptake in vitro, in the absence of a fetus. 

Transplacental iron transport is an one way (towards the fetus) active 

transport process: it operates against a concentration gradient and 

metabolic inhibitors, as well as hypoxia prevent iron transport (44, 

45) . The amount of iron transported to the fetus increases enonnously: 

from 0.4 ng iron per day at 16-20 weeks pregnancy to 5 ng iron per day 

at tenn, in humans (30) . The total amount of iron transported to the 

human fetus in the course of pregnancy is approximately 250-300 ng 

( 46). 

1. 2. 3. Fetal iron metabolism. 

In the fetal circulation iron is bound to fetal transferrin. There are 

no functional differences with respect to iron binding characteristics 

between adult and fetal transferrin (47). Iron is directed towards 

ferritin in the fetal liver (48), and partly used in erythropoiesis. 

Up to a gestational age of 7 months, fetal erythropoiesis is mainly 

located in the liver (49). Fetal serum transferrin levels at tem are 

low, with high levels of serum iron and thus very high saturation of 

transferrin with iron. Serum ferritin is high (31). Thus, these parame­

ters reflect neonatal iron sufficiency. 
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1.3. Placenta and iron. 

1.3.1. Human placentation. 

Like the guinea-pig placenta, the human placenta is heroornonochorial. 

'Ihis functional classification indicates that there is only one cell 

layer separating fetal and maternal circulations at tenn (50, 51). 

Anatornicall y, whereas the guinea-pig placenta is labyrinthine, the 

human placenta has a villous structure: fetal trophoblast is arranged 

in tree-like villi, floating in spaces filled with maternal blcxxi. 'Ihe 

outer layer of a villus consists of syncytiotrophoblast. Numerous 

cells have fused, fanning a layer with many nuclei and no intercellu­

lar membranes. 

It has an apical side, facing maternal blcxxi and a basal side which 

rests on cytotrophoblasts and a basement membrane. Early in pregnancy 

the cytotrophoblasts (I110nonuclear cells) fonn a continuous layer, the 

so-called Langhans' cell-layer, but at tenn only approximately 20 per 

cent of these cells are still present (51). Figure 1.1 illustrates 

some of these changes in placental histology in the course of pregnan­

cy. 'Ihe distance between the maternal and fetal circulation decreases 

as pregnancy progresses, facilitating diffusion between both circula­

tions. 

According to fetal needs, new exchange area can be fanned by the fusion 

of cyto- with syncytiotrophoblast (52). Although both cell types are 

closely related, there are major differences. In vivo, only syncytio­

trophoblast produces honnones like human chorion gonadotrophin (h03) , 

human placental lactogen (hPL) and proteins like the so-called Schwan-

Figure 1.1 
Changes in human villous histology in the course of pregnancy. 
First trimester (left) and tenn (right) human placental villus. 
1. fetal capillary 
2. basement membrane 
3. cytotrophoblast 

(Langhans' cell layer) 
4. syncytiotrophoblast 
5. intervillous space, filled with maternal blcxxi. 
6. mesenchymal villous core (fibroblasts, Hofbauer cells). 
'!he length of the arrO\Ns indicates the distance between maternal and 
fetal circulations. 
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gerschaftsproteins (SP's) (53-55). Cytotrophoblast has many trophoblast 

stem cell characteristics. It remains proliferative throughout pregnan­

cy and is undifferentiated. (56) . 

Cyto- and syncytiotrophoblast are thought to fonn a paracrine system 

in which cytotrophoblast produces hcx;-releasing honnone, as well as 

inhibin (57-59). Inhibin is a heterodimeric protein which selectively 

inhibits the release of follicle-stimulating honnone from the pituit­

ary. It could also play a role in the regulation of hex; secretion 

(59). 

As the placenta increases in size and weight, the exchange area is 

increased by increasing the number of villi as well as the degree of 

villous branching. It is obvious that these changes influence hemody­

namics as well. 

Trans-placental iron transport is receptor-mediated.. '!he TfR-density 

on the syncytiotrophoblast apical membrane is likely to change in the 

course of pregnancy (60). Limited. supply of nonnal first and second 

trimester placentas and large inter-species differences hamper the 

increase of experimental data on the ontogeny of placental transport 

(61, 62). 

1. 3. 2. Placental iron uptake. 

Maternal iron-loaded. transferrin is taken up in the placenta through 

receptor-mediated. endocytosis (45). Iron is subsequently selectively 

transported. to fetal transferrin, the complex of transferrin receptor­

maternal apotransferrin being recycled. to the maternal circulation. 

On its way to the fetus iron has to pass at least both the basal and 

basement membranes and fetal endothelil..IDl. 

Transferrin receptors are located. on the apical, as well as the basal 

side of syncytiotrophoblast (63-70), but are thought to be absent on 

cytotrophoblast (56, 71, 72). More details on placental transferrin 

receptors will be discussed in chapter 4. 

Although there is a report on placental ferritin-receptors, there is 

not much experimental support for the hypothesis of ferritin-mediated. 

placental iron uptake (73). Ferritin binding to purified. villous 

membrane could only be demonstrated. with horse spleen ferritin. Moreo­

ver, apoferritin had a higher affinity for the binding site than ferric 

ferritin. 
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1.3.3. Placental ferritin. 

In early stages of pregnancy (4-5 weeks) electron-microscopy reveals 

the presence of abundant Golgi-derived granules in the syncytiotropho­

blast (74). X-ray microanalysis demonstrates the presence of iron in 

electron-dense lamellae in the interior of these granules. They possi­

bly represent lysosorral iron storage in early pregnancy to prevent 

fetal iron overload in a stage when fetal iron processing is immature. 

These granules have almost corrpletely disappeared in the syncytiotrop­

hoblast by 13 weeks of gestation. 

M6ssbauer spectroscopy indicates that iron, located near or in syncy­

tiotrophoblast microvillous membrane, is in the same fonn as in ferri­

tin (75). 

The presence of ferritin in syncytiotrophoblast is also indicated by 

its presence in microvillous membrane vesicles (76). 

The localization of ferritin, close to the plasma membrane suggests an 

active role in iron transport. 

In guinea-pigs, total placental non-heme iron (mainly ferritin-iron) 

increases in the course of pregnancy but per gram placental wet weight 

or mA there is an inverse relation between placental ferritin iron 

and trans-placental iron transport (77). It has been suggested that in 

this species ferritin not only serves as a buffer for iron, but is 

also involved in the regulation of the size of a low-molecular-weight 

iron pool that controls placental iron transport (77,78). 

In hlll!lanS placental ferritin concentrations (expressed per rrg protein) 

increase in the course of pregnancy: first trimester 0.07 p,g ferritin 

per rrg protein, second trimester: 0.18; third: 0.25 (31). No data are 

available on placental ferritin-iron contents. 

Mid-tenn placental ferritin has a more acidic pi than liver ferritin 

(1/H ratio placental ferritin 3:1; liver ferritin 4:1), whereas at 

tenn placental ferritin is supposed to consist mainly of L-subtypes 

(79,80). 

Placental iron is not only located in tissue ferritin, but also in a 

low molecular weight pool, which is probably easier accesible for 

transport-purposes. 

Inoue et al. have reported that lactate is the major ligand in this 

iron pool in the placenta (81). This hypothesis is especially attrac­

tive since large amounts of lactate are produced in the placenta, even 
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under aerobic conditions (82,83). lactate is transported to the fetus 

to sexve as a substrate in fetal oxidative metabolism (82). In vivo, 

the placental lactatejpynwate ratio is approxilnately 50 (84). This 

ratio represents the redox state of cytoplasmic NALH/NAD+ and is about 

five-fold higher in the placenta than in other tissues. The highly 

reduced cytoplasmic redox state in the placenta favors iron (II) to 

iron (III). Citrate, arninoacids and nucleotides have also been mentio­

ned as possible intermediate ligands in iron transfer (85). The exis­

tence of a placental-tissue-specific-transferrin has been reported 

(13). 

1. 4. Cellular iron metabolism. 

1.4.1. Transferrin-mediated iron uptake. 

Transferrin provides the major if not only route for the delivery of 

iron to eukal:yotic cells. After the binding of transferrin to its 

receptor, the occupied receptors are clustered in so-called coated 

pits. 

Clathrin is a major constituent of the coating of these pits (86) • The 

pits sink into the intracellular space, eventually losing their protein 

coat. Thus, a receptosorne or endosome is fanned (87). 

Since receptosornes contain various ligands with different intracellu­

lar destinations, sorting has to take place. The pH inside of the 

endosome is lowered to 5.0-6.5 and consequently, iron is released from 

transferrin. The mechanism for the release of iron from transferrin is 

still a matter of debate. Two mechanisms have been proposed: protona­

tion of the iron binding sites and reduction of iron (III) to iron 

(II). 

The low endosomal pH is maintained by a membrane-located ATP-dependent 

proton pump. Proton ionophores like monensin and weak bases like 

methylamine inhibit iron-release from transferrin (88-90). At the 

endosomal low pH ape-transferrin has a high affinity for the transfer­

rin-receptor and the intact entire complex is hence recycled, back to 

the cellular surface (91-92). 

At envirorunental pH 7. 4 apotransferrin is released from the receptor. 

The complete transferrin-cycle takes 3-7 minutes. 

After its release from transferrin, iron is transported to ferritin 
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for storage or to the mitochondria for heme-synthesis or it is used in 

other iron-requiring processes. The nature of iron-ligands is discus­

sed in the previous section. As an alternative for endocytosis reduc­

tion of diferric transferrin on the outside of cells and subsequent 

cellular uptake of ferrous iron has been proposed (93-96) . A transfer­

rin receptor associated NACH diferric transferrin reductase has been 

described in liver plasma membrane (96). Prelimi.naJ:y results have been 

reported suggesting the presence of this transferrin receptor associa­

ted enzyme in syncytiotrophoblast microvillous membrane as well (97). 

In hepatocytes transferrin uptake can be mediated by both the trans­

ferrin receptor and the asialoglycoprotein receptor, depending on the 

tenninal residues of transferrin's glycan chains (98). The intracellu­

lar route of these receptor-ligand complexes differs. 

l. 4. 2. Cellular iron homeostasis. 

The cell responds to changes in the amount of intracellular iron with 

changes in the levels of transferrin receptors and ferritin (99-102). 

Generally, when iron is limiting, the cell produces more transferrin 

receptors and less ferritin. 

For ferritin, regulation takes place at a 26 base oligonucleotide 

centered around a predicted loop of the ferritin's :mRNA 5 'untranslated 

region (UTR). This oligonucleotide fonns the so-called iron responsive 

element (IRE) (103). The IRE probably provides the recognition site 

for a protein (or protein containing complex) which, when bound, acts 

as a repressor of translation (104,105). 

In the absence of iron, ferritin :mRNA is found as part of messenger 

ribonucleoprotein particles. In the presence of iron the specific :mRNA 

for ferritin is shifted to polysomes, reflecting active translation 

(106). Thus, a characteristic of the ferritin translational regulatory 

system is iron-dependent modulation of protein biosynthesis without 

corresponding alteration in the level of the :mRNA. 

Iron dependent regulation of the transferrin receptor gene correlates 

with transferrin receptor :mRNA levels (99-101) . 

Whereas the IRE occurs as a single copy within the ferritin 5' U'IR, 

there are five similar elements within the human transferrin receptor 

3 1 UTR (107) . The transferrin receptor 3 1 UTR sequence elements are 

capable of folding to form structures that are strikingly similar to 

10 



that predicted for the IRE lcx:::ated in the 5' U'IR of ferritin. Contral:y 

to ferritin-regulation IRE's probably regulate the degradation of the 

transferrin receptor message. 

Thus, the IRE is a RNA element, capable of mediating two distinct 

regulatory events depending on its context within the transcript (107). 

This represents a model of the mechanisms involved in accomodating 

cellular iron needs and protecting the cell against toxic iron overlo­

ad. 

Recently fibroblasts from children suffering from neonatal hemochroma­

tosis were used to study whether this disease represents a generalized 

inborn error of metabolism. It has been shown that these fibroblasts 

had nonnal IRE-mediated responses to cellular iron levels (108). 

1. 5. Scope of this thesis. 

Iron transport in pregnancy is an active one-way process, from mother 

to fetus. 

Early in gestation fetal iron needs are low, and so is trans-placental 

transport, but as erythropoiesis develops, rising fetal iron needs are 

met by trans-placental iron transport. 

Apparently, the fetus is protected against iron toxicity as well as 

against iron deficiency, the latter even if maternal iron stores are 

depleted. 

Fetectomy experiments in animals indicate that placental iron uptake 

is an autonomous process, independent of the presence of a fetus. 

The narrow and, in the course of pregnancy, enonnously changing diffe­

rence between iron deficiency and iron toxicity strongly suggests that 

maternal-fetal iron transport needs to be regulated. 

This thesis deals with some aspects of the regulation of placental 

iron uptake. Cllapter 3 describes the development of a cell culture 

model to study placental iron uptake. Cllapter 4 deals with characte­

ristics of transferrin receptors in these cells and chapter 5 descri­

bes the regulation of transferrin receptor expression in nonnal hmnan 

term trophoblast cells in vitro. 

Finally, chapter 6 describes pregnancy-related changes of maternal 

transferrin, the iron donor for the placenta. 

In this chapter an animal model is used, the guinea-pig. 
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Chapter 2 Materials and Methods. 

2.1. Materials. 

2 .1.1. Chemicals and Isotopes. 

All chemicals used were of analytical grade. Bovine serum albumin; 

tcypsin type III and 1:250, (t.c.), bratnCMieoxyuridine and 8-brorno-cAMP 

(sodium salt) were from Sigma, U.S.A. Percoll, Density Marker Beads, 

Irmnobiline Dry Plates (pH 5-6), Arnpholine (pH 4-6), Sephadex G-150, 

DEAE-Sephadex A-50, disposable Sephadex G-25 M (PD-10) columns, Coomas­

sie Blue R250 and Ultrodex granulated gel were from IharmaciajLKB, 

SWeden. Iodogen from Pierce Chemical Co., U.S.A. HLnnan apotransferrin 

from Behring Diagnostics, FRG. Phosphate-buffered saline, pH 7.45 from 

Oxoid, U.K. Insulin (Velosulin) from Nordisk, Denmark. Armnonium ferric 

citrate from BOO, U.K. Glycopeptidase F, mase I (grade II) from 

Boehringer-Mannheirn, FRG. 

HEPFS and all other chemicals from Merck, FRG. Na125I from Radiochemi­

cal Centre Amersham, U.K. 

2.1.2. Media and sera. 
calcium- and Magnesium-free solution of Earle 1 s balanced salts (CMFS) , 

fungizone and gentamicin were from Gibco, U.K. Fetal calf Serum, Ir 

glutamin, Medium 199, and Dulbecco 1 s modification of Eagle 1 s medium 

(with 20 Il1M HEPFS) (r::MEM-H) were from Flow labs., U.K. 

2.2. Methods. 

2.2.1. Cells. 

2.2.1.1. Isolation of cells from human term placentas. 

Nonnal term human placentas were obtained within half an hour of 

spontaneous vaginal delivery (Courtesy: Delivery Room, Department of 

Obstetrics, Academic Hospital Rotterdaro/Dijkzigt, Rotterdam). A total 

of 30-35 gram (wet weight) of villous tissue was cut out from the 

maternal side. Villi were washed extensively in cold 0.15 M NaCl, 

minced and subjected to three 30 min tcypsin-I:Nase digestions using 

respectively 5, 3.3 and 2.5 mljg tissue of the enzyme solution. Incuba­

tion was at 37"C in a shaking water-bath. The enzyme solution contained 

1250 BlillE units tcypsin (if not indicated othro:wise 1:250, t.c.) and 

475 Kunitz units mase I, grade II per millilitre CMFS. 
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In all exper.ilnents described in chapter 5, 1 IriM cac12 and o. 8 IriM M;:JS04 
were added to the enzyme solution. These additions lead to inproved 

cell yields and higher viability in vitro (1}. 

At the end of each trypsinization 6 fractions of 13. 5 ml supernatant 

were each layered over 1.5 ml fetal calf serum (FCS). 

Pellets were spun down at 1000 g for 5 min. 'lhey were resuspended in 1 

ml m:EM-H and collected. After the third trypsinization the three 

pellets from consecutive enzyme digestions were spun down at 1000 g for 

10 min, resuspended and collected in 4 ml m:EM-H. '!his suspension was 

carefully layered on a prefonned J?ercoll gradient, 5 to 70 per cent 

J?ercoll (osmolality adjusted to 300 mosrnoljkg by the addition of 1.5 M 

NaCl} with CMFS in 5 per cent steps of 3 ml each, and centrifuged for 

20 min at 1200 g at room temperature. The gradient was then fractiona­

ted by inserting a glass capillary from the top to the bottom of the 

tube, subsequently collecting 1 ml fractions. These fractions were 

washed once, using m:EM-H and checked under the microscope. Mononuclear 

cell fractions, virtually free of tissue fragments and cellular debris 

were used either directly or for cell culture. 

2.2.1.2. Cell culture. 

Cells were counted using a Burker counting chamber. They were diluted 

and plated out at a density of 6.105 cellsjml (unless indicated other­

wise) in 35 x 10 nun Petri-dishes (Falcon, Becton Dickinson, USA}. For 

microscopy pm:poses thin glass coverslips were inserted in the culture 

dishes. 

Standard culture medimn was M 199, supplemented with 4 IriM Irglutamin, 

20 per cent FCS, 50 J.LCJ/ml gentamicin and 2.5 J.LCJ/ml fungizone. All 

cultures were incubated in hmnified 5 per cent C02!95 per cent air at 

37oc for designated time periods. After 24 h non-adherent cells were 

gently washed off and the medimn was replaced. Further additions to the 

media as indicated in the descriptions of the various experiments. 

2.2.2. 

2.2.2.1. 

Irnrmmology. 

Irnrmmofluorescence. 

2.2.2.1.1. Marker analysis. 

Mononuclear cells were incubated with monoclonal antibodies. Detailed 

infomation about the monoclonal antibodies used is summarized in table 
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2.1. 

Trophoblast-specific monoclonal antil:xxlies ED 235 and ED 341 were used 

on cytospin preparations of freshly isolated cells and coverslip-grown 

cultures, fixed according to Contractor and Sooranna (2). 

For ED 235, fixation was 5 rnin at room temperature in methanol: acetone 

(1:1 vjv) and for ED 341 20 rnin at 4oc with 2 per cent (wjv) parafor­

maldehyde in phosphate-buffered saline (PBS). Preparations were washed 

in PBS and appropriate dilutions of hybridoma culture supernatants were 

applied. 

Contractor and Sooranna have shown that ED 341 reacts with both cyto­

and syncytiotrophoblast whereas ED 235 recognizes cytotrophoblast (2). 

For ilmnunological cell surface marker analysis of cultured adherent 

cells non-fixed slides were incubated with indicated antil:xxlies. 

Table 2.1 

Antibody 

B1 

I.eu-1 

I.eu-4 

My4 

VIM-D5 

Hl.e-1 

anti -HIA-DR 

661G10 

ED 235 

CD Antigen recognized 

CD 20 B cell antigen 

CD 5 T1 antigen 

CD 3 T3 antigen 

CD 14 monocytic antigen 

CD 15 lT!Yeloid antigen 

CD 45 "leucocyte connnon 

antigen" 

Source 

Coulter Clone, USA 

Becton Dickinson, USA 

Becton Dickinson, USA 

Coulter Clone, USA 

Dr. W. Knapp, Vienna, 

Austria 

Becton Dickinson, USA 

HIA-DR, non polymer- Becton Dickinson, USA 

phic antigen 

CD 71 Transferrin receptor Dr. M. van de Rijn, A'dam, 

(T9-antigen) '!he Netherlands 

Trophoblast-specific Dr. S. F. Contractor, 

(ref. 2) London, United Kingdom 

ED 341 Trophoblast-specific Dr. S. F. Contractor, 

(ref. 2) London, United Kingdom 

MONOCI.ONAL ANTIOODIFS 

As a second-step reagent we used a fluorescein isothiocyanate- (FITC-) 

conjugated goat anti-mouse immunoglobulin antiserum (Central Laboratory 
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of the Blood Transfusion Service, Amsterdam, The Netherlands). The 

fluorescence stainings were evaluated using Zeiss (carl Zeiss, FRG) and 

Leitz (Ernst Leitz, FRG) microscopes. The microscopes were equipped 

with phase-contrast facilities. 

2. 2. 2 .1. 2. BrdU incubations, direct immunofluorescence. 

These experiments were done with cells which had been cultured for 

approxilnately 40 h. Coverslips were washed twice and medium containi.""lg 

10 JiM bromodeoxyuridine (BrdU) was applied. After 2 h in the incubator 

coverslips were washed twice. For the visualization of BrdU incorpora­

tion coverslips were fixed in 70 per cent ethanol for 30 min. After air 

drying, the coverslips were :iJnmersed in 0. 07 M NaOH for 2 min followed 

by :immersion in 0.1 M Na2 B4 ~' pH 8.5. Subsequently they were incuba­

ted with a FITC-conjugated rnouse-anti-BrdU antibody (Becton Dickinson, 

USA) . The coverslips were washed twice before being mounted for micro­

scopic examination. 

2.2.2.2. Immunoperoxidase. 

All reagents were from J:lA.KO Corporation (Santa Barbara, USA). Immun­

operoxidase stainings were done on paraffin sections of term villous 

tissue, methanol-fixed smears of Percoll-purified mononuclear cell 

populations and fixed cells cultured on glass coverslips. Fixation was 

for 20 min in methanol with 20 per cent (vjv) hydrogen peroxide (3 per 

cent) at room temperature. Paraffin was removed from the sections 

before staining by placing them for 30 min at 56 oc before transferring 

them to a toluene bath for 3 min. Then slides were placed in absolute 

methanol for 3 min and rehydrated. Sections were then covered for 5 min 

with 3 per cent hydrogen peroxide to remove any remaining endogenous 

peroxidase activity. 

All incubations were followed by rinsing and washing in 0. 05 M Tris, pH 

7. 6, for 30 min. Specimens were first covered with normal swine serum 

to suppress non-specific binding of immunoglobulins. After 20 min 

excess serum was tapped off and pr.imal:y (rabbit-raised) antibodies 

against hPL,hCG and SF-1 were applied. In negative controls this was 

replaced by normal swine serum. After 20 min specimens were washed and 

incubated with swine anti -rabbit immunoglobulins for 20 min. The third 

step consisted of peroxidasejantiperoxidase (PAP). This was followed by 
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a 40 min incubation with a freshly prepared substrate solution of 

amino-ethylcartazole in 0.1 M acetate buffer, pH 5.2, containing 

hydrogen peroxide. Specimens were rinsed with distilled water and 

covered with Mayer's haernatoxylin for 8 min. After being washed and 

dipped in 2 per cent (vjv) NH40H, they were mounted, using glycergel 

mounting medimn. 

2.2.2.3. FACScan analysis. 

Mononuclear cells were incubated with relevant monoclonal antibodies. 

For double marker analysis two monoclonal antibodies were used which 

differed in inununoglobulin subclass corrposition, e.g. an antibody of 

the IgG 1 subclass together with an antibody of the IgG 2 subclass. 

Cells were first labelled with a monoclonal antibody which was visuali­

zed using a phycoerythrin conjugated goat anti -mouse inununoglobulin 

antisermn (caltag laboratories, USA) as a second step reagent. After 

blocking the free binding sites of the second step antisermn by use of 

nonnal mouse sermn the cells were incubated with another monoclonal 

antibody. Subsequently, a FITC conjugated goat anti-mouse inununoglobu­

lin subclass specific antisermn (Nordic Immunological laboratories, 'Ihe 

Netherlands) was added which recognized the last-added monoclonal 

antibody only. Cells were analyzed using a FACScan (Becton Dickinson, 

USA). 

Ninethousand events were acquired and the results were depicted in a 

dot plot in which the x-axis represents the log fluorescence intensity 

for FITC and the y-axis represents the log fluorescence intensity for 

phycoerythrin. As a negative control cells were used which were label­

led with nonnal mouse sermn and the second step reagents respectively. 

Debris was excluded at analysis by drawing a gate in a dot plot which 

represents forward scatter and side scatter of the cells acquired. 

2.2.3. Electron microscopy. 

Mononuclear cells were fixed in suspension in 1. 25 per cent gluta­

raldehyde in 0. 05 M sodimn cacodylate buffer, pH 7. 3 for 1 h at room 

temperature. Fixed cells were gently spun down at 400 g for 2 min. 

Fixative was removed and 1 rnl of fresh ht.nlk311 sermn poured on top of the 

pellet. Cells were resuspended, then spun down at 1500 g for 2 min, the 

sermn removed, and the pellet re-fixed for 2 h in 2.5 per cent gluta-
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raldeh.yde in 0.1 M sodilllll cacodylate pH 7. 3 to solidify the serum which 

subsequently held the cells together. CUltured cells were fixed in 

situ, before scraping them off the substrate with a rubber p::>liceman 

and refixing them according to the above protocol. 

After washing three times during 24 h in 0.1 M cacodylate buffer pH 

7. 3 containing 3 :rriM calcilllll chloride, the pellets were cubed and post­

fixed in 1 per cent osmium tetroxide at 4 oc for 1 h, rinsed in buffer, 

then dehydrated in a graded ethanol series followed by propylene oxide. 

Specimens were infiltrated with TAAB ep::>xy resin (Taab I.aboratories 

Equipment, U.K.) and p::>lymerised at 60°C for 72 h. Ultrathin sections 

were cut on a Reichert CMU III ultramicrotome and mounted on copper 

grids, double stained with uranyl acetate and lead citrate, and exami­

ned in a Philips 301 electron microscope at an accelerating voltage of 

60 kV. 

2.2.4. 125I-transferrin binding and uptake. 

2.2.4.1. Labelling procedure. 

Prior to iodination human ap::>transferrin was fully saturated using 

iron (III) citrate and a tenfold molar excess of bicartx:>nate as the 

synergistic anion. 600 ~ of diferric transferrin was reacted for 10 

min at room tetrperature with 0.5 mei 125I in a glass vial coated with 

100 ~ Iodogen. Free 125I was separated from the radiolabelled trans­

ferrin by passing the mixture down a disposable Sephadex G-25 M collUllil, 

followed by extensive dialysis against PBS. 

2.2.4.2. Binding assay. 

CUlture dishes, with cells grown on the plastic surface, were washed 

twice with serumfree I:MEM-H prior to radiolabel incubations. Cells were 

incubated with 125I --diferric transferrin at indicated concentrations at 

4oc (i.e. on melting ice) during indicated periods of time. Incubation 

was in 1.00 or 1.25 ml of I:MEM-H with additions as indicated. 

At the end of the incubation period cells were washed four times with 1 

ml ice-cold medium and finally lysed in 1 ml of 0.1 M NaOH at room 

tetrperature. Lysis was checked, using an inverted microscope (CK 2, 

Olympus, Japan). If necessary, cells were scraped from the dish with a 

rubber p::>liceman. 

In all incubations aspecific binding was determined by adding 100-
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fold excess unlabelled diferric transferrin to a parallel series of 

dishes. Radioactivities were detennined with a Packard 500 c autogannna 

spectrometer. 

2. 2. 4. 3. Removal of cell surface 125r -transferrin at low pH. 

Following incubation at 3rc with labelled transferrin, cells were 

cooled to 4•c and washed three times with ice-cold medium. The medium 

was removed and 600 J.Ll ice-cold 0.25 M acetic acidj0.5 M NaCl (pH 2.3) 

was added. After 60 seconds 300 J.Ll 1 M Na-acetate was added. The total 

volume was subsequently removed and the cells were washed three times 

with ice-cold medium. These washes were added to the acid-removable 

radio-activity. Cells were lysed in 0.1 M NaOH. Control experiments 

were done to check whether prolonged acid wash could not remove any 

more radio-activity and to check whether prolonged acid wash did not 

release cellular protein from the dish. 

2.2.4.4. rnA detennination. 

rnA was detennined using a mithrarnycin binding assay (Sanbio, The 

Netherlands). 

2.2.4.5. Protein determination. 

Protein was detennined according to Bradford (3) with bovine serum 

albumin as a standard. 

2.2.5. hOG determination. 

hOG, secreted in the culture medium, was determined by enzyme-immunoas­

say on a ES 600 auto-analyzer (.Boehringer Mannheim, FRG) at the Labora­

tory for Clinical Chemistry, Academic Hospital RotterdarrVDijkzigt. 

2.2.6. 

2.2.6.1. 

Guinea pig-transferrin. 

Sera and anti -sera. 

Guinea-pig blood was obtained by heart puncture, under ether anaesthe­

sia. Non-heparinized blood was centrifuged for 15 min at 1200 g. To 

obtain consecutive serum samples during pregnancy, guinea-pigs were 

purchased shortly after mating and heart punctures were perfonned 

regularly. Sera were stored at -2o·c. Anti-guinea-pig-transferrin and 

anti-total-guinea-pig sera were raised in rabbits. 
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2.2.6.2. Isolation and purification of guinea-pig transferrin. 

Guinea-pig serum was fully saturated with iron (III) citrate before 

amrnoniumsulphate was added, up to 45 per cent saturation. After being 

kept overnight at 4•c, it was centrifuged for 20 min at 4000 g. '!he 

pellet was discarded and further amrnoniumsulphate was added to the 

supernatant, up to 75 per cent saturation. '!he resultant was kept at 

4 •c for 24 h. '!he pellet, obtained after 20 min centrifugation at 4000 

g, was dissolved in a small volume of distilled water and dialysed 

against distilled water for three times 24 h in the cold room. 

'!his was followed by Sephadex G-150 chromatography (Elution buffer: 

0.5 M NaCl, 0.1 M Tris, pH 8.1). Transferrin-containing fractions were 

dialysed against 0.05 M NaCl, 0.01 M Tris, pH 8.1 and brought on a 

DEAE-Sephadex A-50 column. (Elution buffer: 0.05-0.5 M NaCl in 0.01 M 

Tris, pH 8.1). Ion-exchange chromatography was then repeated. 

2. 2. 6. 3. Guinea-pig transferrin microhetero;:reneity. 

2.2.6.3.1. Preparative isoelectric focusing. 

Purified guinea-pig transferrin was dialysed against 0.01 M NaHCD3 (pH 

8.0), concentrated and saturated with iron (III) prior to focusing. 

Preparative isoelectric focusing was carried out in Ultrodex granulated 

gel with Ampholine pH 4-6. Application Note 198 (LKB) was followed, 

with some modifications, as described by Van Eijk et al. (4). 

Focusing conditions were: prefocusing during one hour at 1o•c. Focusing 

at 25 mA, 1200 V and 30 W. '!his procedure was repeated once. Transfer­

rin thus purified was homogeneous by iromunocliffusion and SCS-PAGE 

(2.3.9). 

2. 2. 6. 3. 2. crossed irnmunoelectrofusinq. 

Both purified guinea-pig transferrin fractions and guinea-pig sera 

were characterized using crossed irnmunoelectrofocusing. To ensure 

complete iron saturation of transferrin, 100 J.Ll serum was mixed with 5 

J.Ll 0.5 M NaHCD3 and 3 J.Ll 10 J.1M iron (III) citrate and then left at room 

temperature for 1 h. We employed the same procedures as described by De 

Jong and Van Eijk (5) , using rabbit raised anti -guinea-pig-transferrin 

antiserum. Peak surface areas were calculated, multiplying the height 

of the peak and the width at medium height. Fastjslow ratio's represent 
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the proportion of respective peak surface areas. 

2.2.6.4. Sennn transferrin concentration determination. 

Sennn transferrin concentration was detennined by single radial inununo­

diffusion according to Mancini (6), using rabbit raised anti-guinea-pig 

transferrin sennn. Purified guinea-pig transferrin was used to make a 

calibration curve. I:rnrnunoprecipitates were coloured with 0.5 per cent 

Coamassie Blue R-250 in 50 per cent methanol, 7.5 per cent acetic acid. 

2.2.6.5. Protein detennination. 

Protein detenninations were done using E280 , E280 diferric transferrin 

(1 nqjml) = 1.30, and according to Markwell (7), using bovine sennn 

albumin as a standard. 

2.2.6.6. Sialic acid determination. 

Sialic acid was detennined according to Horgan (8). Hydrolysis conditi­

ons were: 3 h at 70oc in 0.01 M H2so4 (9). 

2.3.7. Amino acid analyses. 

Amino acid analyses were done as described by Van Eijk et al. (10), 

using a 4151 LKB Alpha plus amino-acid analyser (LKB, SWeden) . All 

detenninations were done in quadruplicate. 

2.3.8. Cal:bohydrate analyses. 

Cal:bohydrate analyses were done according to Van Eijk et al. (10, 11). 

All determinations were done in triplicate. 

2.3.9. SDS-Polyacrylamide gel electrophoresis. 

Molecular masses of native and deglycosylated slow and fast guinea-pig 

transferrin were estimated using sodium dodecylsulphate-polyacrylamide 

gelelectrophoresis (SDS-PAGE) according to Iaenunli (12). A 5 per cent 

stacking gel, 12 per cent separating gel was used. calibration proteins 

included albumin, catalase and lactate dehydrogenase. Deglycosylation 

was done using gl ycopeptidase F. Incubation buffer was 0. 25 M sodium­

phosphate, 10 rnM EDI'A, pH 8.6. Incubation for 18 h at 37°C. 0.05-2 U 

glycopeptidase F per 10 pg transferrin were used. 
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Chapter 3 Selle dJaiacteristics of pn:i.fied lruman tenn cyto­

t:I:q:!hd::>lasts. 

3.1. Introduction. 

The presence of a fetus is not a prerequisite for placental iron 

uptake. This can be concluded from fetectomy experiments in a.nllnals 

(1,2). Thus, placental iron uptake can be studied under in vitro 

conditions. 

Transferrin receptors are thought to be ubiquitous on proliferating 

cells (3). With regard to human trophoblast, it has been shown, using a 

monoclonal antibcdy against the human TfR on placental sections, that 

the TfR is present on syncytiotrophoblast, but not on cytotrophoblast 

(4). 

Therefore, in order to study placental transferrin binding and iron 

uptake it is essential that homogeneous, well defined trophoblast cell 

populations can be prepared. 

Hall et al. ( 5) introduced a trypsinjrnase enzyme-combination to 

isolate a mixture of mono- and multinuclear cells from human 

placentas. Cortparing several enzyme combinations Morrish and Siy (6) 

concluded that a combination of trypsin and rnase provides highest cell 

viability and honnone production. Results were critically dependent on 

the trypsin lot, whereas parameters like medium type and various 

substrates had no influence. Using the same enzyme combination Klilnan 

and co-workers (7) isolated mononuclear cell populations by adding a 

Percoll-gradient separation. Thus isolated mononuclear cells did not 

contain immunoreactivity for syncytiotrophoblast-products like SP-1, 

ho:; or hPL. The presence of fibroblasts, endothelium and rnacrophages 

was excluded by negative reactions against vimentin and a1-

antichymotrypsin respectively. In vitro the mononuclear cells tend to 

aggregate and fuse and start producing SP-1, ho:; and hPL. This strongly 

suggests that the mononuclear cells are cytotrophoblasts. This chapter 

describes a nmnber of aspects of this in vitro model that have not been 

studied before. Several of these aspects are essential for experiments 

described in subsequent chapters. 
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3.2. Results. 

3. 2 .1. General description. 

Percell gradient separation of the pellets from three consecutive 

trypsinizations leads to three distinct layers in the gradients: a 

bottom layer, consisting primarily of erythrocytes, a top layer, 

consisting of cellular debris and tissue fragments and a middle layer, 

sometimes composed of several closely related bands. 

This middle layer consists of mononuclear cells with an average 

diameter of 10 j.IJ.D.. 

The density of this Percoll-area, as detennined by parallel-run 

gradients loaded with density marker beads is 1.048 to 1.062 gjrnl. 

Nonnal cell yields, from 35 grams of villous tissue are 3-4x10 7 

cells, using calcimn and magnesimn supplemented enzyme solutions. 

After 24 h approximately 70 per cent of adherent cells were 

mononuclear, round, or with villus-like cytoplasmic protrusions, 20 

per cent were hi-nucleated. Approximately 10 per cent of all cells 

contained 3,4 or 5 nuclei. Using phase-contrast microscopy it is 

practically .:i.npossible to judge whether cells are adjacent or truly 

syncytial. Immunoperoxidase-processed coverslips and especially 

electron-microscopy are somewhat clearer in this respect. 

During prolonged culture periods the percentage of mononuclear cells 

slc:Mly decreased (60 per cent at 40 h, 20 per cent at 72 h) and the 

relative amount of cellular aggregates and syncytia increased. After 72 

h in culture 25 to 35 per cent of cells contained more than ten nuclei, 

sometimes up to 50. 

3.2.2. Leuoocytes. 

Results of immunological marker analysis on cells isolated using 

either trypsin type III or trypsin 1:250 are presented in table 2.1. In 

7 experiments cover-slip grawn cells, isolated using trypsin 1:250, 

were tested for the presence of CD 14 positive cells. The percentage of 

positive cells ranged from 0-9 per cent (mean: 4, S.D.: 4.3). 
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Table 3.1 

Experiment no. 

Trypsin used to 

isolate cells 

(type III or 1:250) 

CD* 

CD 20 

CD 5 

CD 3 

CD 14 

CD 15 

CD 45 

anti -HIA-DR 

ND: not determined 

1 

III 

1 

1 

2 

40 

2 

ND 

39 

2 3 4 5 6 

III III 1:250 1:250 1:250 

Percentage of positive cells 

0 0 0 1 0 

ND ND 0 0 ND 

0.5 0 0 0 0 

16 17 2 4 1 

0 0 0 0 0 

12 16 9 4 2 

12 16 9 2 1 

*Cluster of differentiation as proposed by the Workshops on Human 
leucocyte Differentiation Antigens. 
(Paris, France, 1982; Boston, U.S.A., 1984; Oxford, U.K. 1986) 
IMMUNOLCX;ICAL MARKER ANALYSIS ON MJNONUCLEAR CELIS FRCM PERCOIL 
GRADIENT CENTRIFUGATION. 

3.2.3. Trophoblast antigens: ED 235 and ED _341. 

Using cytospin preparations of freshly isolated cells, we found that 96 

per cent of these cells reacted with trophoblast-specific monoclonal 

antibody ED 341. The antigen seemed to be located in the cytoplasm. 

3.5 per cent of cells reacted with ED 235, which probably recognizes a 

membrane antigen and is also trophoblast specific. Coverslips with 

cultured cells showed enhanced reactivity with ED 235, compared to 

freshly isolated cells, the incidence of binding increasing from 3.5 to 

22 per cent after 24 h, rising to 62 per cent after 40 h in culture. 

Reactivity with ED 341 decreased: 6 per cent of cells was positive 

after 24 h, diminishing further to 2 percent after 40 h. 
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3. 2. 4. Irmnunoperoxidase detection of hCG, hPL and SP-1. 

Irnmunoperoxidase staining on fixed smears of Percoll-purified 

mononuclear cells was negative for all three antigens examined (SP-1, 

hCG and hPL). staining for hCG, hPL and SP-1 on paraffin sections of 

tenn villi gave a pronounced red colour of similar intensity for all 

three antigens, strictly limited to syncytiotrophoblast. A negative 

control, replacing the first antibody with nonnal swine serum was 

always entirely negative. On coverslips grown cells, methanol-fixed, 

the following results were obtained. For SP-1, after 24 h, the red 

colour was strongly positive. Both mono- and multinucleated cells were 

positive. 'Ihe reaction occurred mainly in the perinuclear region, and 

only slightly in cytoplasmic protrusions. OCcasionally the colour 

reaction in mononuclear cells was only very slightly positive. After 40 

h the colour was even more intense, and more pronouncedly perinuclear. 

At this time no negative-staining cells were seen on the coverslips 

studied. Expanding syncytial structures coloured less intensely. In 

some cases mononucleated cells apparently in the process of fusion with 

syncytial structures can be seen. 'Ihese mononuclear cells react 

extraordinarily strong. After three days in culture, very large 

syncytia were seen with a reaction 'Which varied within syncytia. 'Ihe 

strongest reaction was again perinuclear. Mononuclear cells appear to 

react less intensely at this time. hCG peroxidase staining on 

coverslips resulted in a markedly less intense colour reaction, with a 

stronger progressive time course. Mainly binucleated cells and 

multinucleated syncytia gave a positive reaction. 'Ihe same applies to 

apparently-fusing mononuclear cells. 'Ihis colour intensified over the 

first 40 h. After 72 h expanding syncytia reacted less strongly. At 

this time point, mononuclear individual cells reacted only weakly. 

'Ihe peroxidase reaction for hPL was less strong than that for hCG. 

Ater 24 h most cells reacted slightly positively. A stronger reaction 

was seen from small groups with two or three nuclei. Few mononuclear 

cells were entirely negative. After 72 h the intensity of the colour 

reaction was not markedly increased for this antigen. Syncytial 

structures were apparently homogeneous weakly positive. 

3. 2. 5. Electron microscopy. 

Figure 3.1. shows an example of a freshly isolated cell with the 
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typical ultrastructural features of cytotrophoblast. As in intact 

placental tissue, the nucleus contains dispersed chromatin and the 

cytoplasm is generally rather pale, with occasional profiles of rough 

endoplasmic reticulum and dispersed, small, rather electron-dense 

mitochondria. Occasional slender microvilli are present, similar to 

those found on the basal aspect of these cells in intact placental 

tissue. The nucleus contains dispersed chromatin and the cytoplasm is 

generally rather pale, with occasional profiles of rough endoplasmic 

reticulum and dispersed, small, rather electron-dense mitochondria. 

Occasional slender microvilli are present, similar to those found on 

the basal aspect of these cells in intact placenta. A nematosome is 

present on the plasma membrane and is considered to be specific to the 

cytotrophoblast cell (8). The nematosome is shown on an inset. vacuoles 

of various shapes and sizes, some with amo:rphous or vesicular contents, 

can be seen throughout the cytoplasm. A majority of cells (up to 70 per 

cent) may represent the "intennediate" type of cell, "Which has a more 

convoluted nucleus with aggregated chromatin and a more electron­

dense cytoplasm. Golgi bodies were often found in these cells, some 

with associated dilated vacuoles, but secreto:ry droplets were rarely 

seen. A fine network of cytoplasmic filaments was apparent in most 

cells underneath the surface plasma membrane, probably associated with 

microvillous :function. Occasional mitotic figures were seen. 

Figure 3.1 
Ultrastructural appearance of a mononuclear cell, from Percoll­
gradient separation (density 1.048-1.060 gjrnl) as described. This cell 
shows many cytotrophoblast-characteristics, as described in the 
results-section. x 13,650. The inset shows an enlargement of a 
nematosama. x 36,400. 

Figure 3.2 
Electrornnicroscopy of cultured cells. CUlture period: 24 hours. 
Apparent syncytium, since no intercellular membranes are discernible. 
Some microvilli are visible. Further characteristics are described in 
the text. x 16,500. 
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Figure 3.1 

Figure 3.2 
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Electron microscopy of cultured specimens showed many cell clusters 

with incomplete fusion, as seen by the presence of intercellular 

membranes, often with desrnosornal junctions. In many cases, cells with 

different inherent electron densities were associated so that 

delineation of the various components was quite striking. However, 

occasional multinucleate structures were found, suggestive of cell 

fusion and true syncytial forroation. The nuclei were often somewhat 

corwoluted in shape, with areas of heteroc:hronatin subjacent to the 

nuclear membrane. In favourable sections, such cell masses appeared to 

be domed, with short, slender microvilli on the upper surface and a 

fairly smooth basal plasma membrane with only occasional, blunt 

processes. Narrow profiles of rough endoplasmic reticulmn were present, 

and numerous clusters of free ribosomes gave the cytoplasm an electron­

dense appearance. Mitochondria were scattered throughout, and 

occasional secondcn:y lysosornes and clear vacuoles were present. Golgi 

cisternae and occasional vacuoles were found, although secretory 

droplets were rare; occasional fat globules were, however, evident. 

Cytoplasmic filaments were sometimes well developed, forming dense 

masses dispersed throughout the cytoplasm. An example is shown in 

figure 3.2. 

3.2.6. Proliferation. 

Incubation for 2 h with BrdU of cells cultured for 40 h revealed that 

less than 2 per cent of these cells were active in INA synthesis. 

3.3. Discussion. 

Percoll-gradient separation of trypsinized human term placental villi 

results in mononuclear cell populations in the gradient-area with a 

density of 1.048-1.062 gjml. These mononuclear cells are mainly 

cytotrophoblasts, with a varying amount of monocytes. The use of 

trypsin 1:250 results in low levels of monocyte-contamination, compared 

to trypsin type III. 

Main et al. described that the level of contamination with monocytes 

also depends on the area in the gradient: 1.2-8.2 per cent in the area 

with a density of 1.048-1.055 gjml, 13-23 per cent in fractions with 

densities from 1.055-1.075 gjml (9). These authors used cell surface 

markers to study the presence of monocytes and lynphocytes. They 
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provided evidence that the use of this trypsinization protocol has no 

proteolytic effect on the membrane antigens studied. 

Kl.iroan et al. , Kao et al. and Feinman et al. used the presence of the 

intracellular antigen o:1-antichymotrypsin to study the presence of 

macrophages (7, 10, 11) . 

This antigen is present in placental tissue macrophages (Hofbauer 

cells) (12), but not in monocyte-derived macrophages. Macrophages 

present in vitro can be both monocyte-derived (13) and Hofbauer cells. 

Using o:1-antichymotrypsin as a macrophage marker, less than 5 per cent 

of cells was positive (10, 11) . It has been shoon that no endothelium or 

fibroblasts are present in these mononuclear cells (7). 

The majority of mononuclear cells are cytotrophoblasts. This is 

demonstrated by a number of features. First their reactivity with 

trophoblast specific monoclonal antibody ED 341 and secondly by their 

in vitro behaviour. Mononuclear cells contain neither SP1, hCG or hPL. 

In vitro they rapidly start synthesizing these syncytiotrophoblast­

products. SP-1 is rapidly and strongly expressed, hCG follows somewhat 

later and hPL is only weakly positive. This is in accordance with 

Kliroan' s findings (7) . A remarkable change in reactivity with 

trophoblast-specific monoclonal antibodies ED 235 and ED 341 occurs in 

vitro. Reactivity with ED 341 decreases from 96 per cent on freshly 

isolated cells to 2 per cent on cells cultured for 40 h. 

In contrast to this, reactivity with ED 235 increases from 3.5 per 

cent initially to 62 per cent after 40 hours. This could mean that the 

membrane antigen recognized by ED 235 is susceptible to our 

trypsinization procedure and is slowly synthesized de novo in vitro, 

even though this antigen has been shoon on sections to be 

predominantly present on first-trimester cytotrophoblast (14). 

In vitro cells aggregate and fuse. Fusion was elegantly demonstrated 

using both time lapse cinematography and microinjection of 

fluorescently labeled o:-actinin, which diffused completely throughout 

syncytial cytoplasm within 30 minutes (7). We used electron 

microscopy to demonstrate fusion. In the course of the first two to 

three days in culture intercellular membranes disappear, demonstrating 

syncytiumfonna.tion. The pelleting procedure we employ permits cells to 

be examined in a variety of planes. Better assessernent of syncytial 

fonna.tion may be possible if cells are processed in situ, permitting 
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sectioning to be strictly "en face". However, this presents various 

teclmical difficulties. This explanation might account for some of the 

incomplete fusion we obsel::ved in cell clusters. 

It is generally recognised that the saccharides of cell surface play a 

vital role in cellular interactions and behaviour (15,16}. We 

cooperated in a study of these cell surface carbohydrates, both on 

freshly isolated and cultured cytotrophoblasts. '!he results (17} are of 

limited interest to the subject described in this thesis and are 

therefore not discussed here. 

I.ack of brornc:H:leoxyuridine uptake shows that these cells are not 

active in rNA synthesis in vitro. '!his is in acccordance with the non­

proliferative syncytiotrophoblast in vivo (18}. '!his probably 

contributes to the limited life-span of our cultures, up to one week in 

vitro. Klirnan and co-workers perfonned rNA content analysis of freshly 

isolated cells, 15 per cent of cells was actively dividing or ready to 

divide (7). '!his roa.tches the proliferative nature of cytotrophoblast in 

situ (18). 

We conclude that this cell culture model is suited for the study of 

placental iron uptake. Contamination with monocytes and monocyte­

derived roa.crophages is low, using tJ:ypsin 1:250. This is illlportant 

since roa.crophages have distinct characteristics in cellular iron 

metabolism (19). In vitro, mononuclear cells, cellular aggregates as 

well as syncytia acquire biochemical characteristics of syncyti­

otrophoblast. 'Ihus homogeneous cell populations, expressing syncyti­

otrophoblast characteristics are obtained. '!he fact that syncytium­

fonnation is not a prerequisite for biochemical differentiation is 

especially apparent in strictly serum-free cultures, where no 

morphological differentiation occurs, cells remaining individual and 

spherical, but biochemical differentiation develops nonetheless (10). 
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Chapter 4 Transferrin receptor expression in lmman tenn t:J:qilo­

blast cells. 

4.1. Introduction. 

Placental iron uptake starts with the binding of iron-loaded maten1al 

transferrin to its receptor on the apical side of the syncytiotropho­

blast (1). 'Ihe presence of TfR 1 s at this microvillous apical membrane 

has been shown using immunofluorescence microscopy on cryostat sections 

(2-4). Ultrastructural studies showed transferrin (5,6) and its recep­

tor (6), as did binding studies with 125I-labelled transferrin on 

syncytiotrophoblast microvillous membrane vesicles (7, 8) . Placental TfR 

has also been isolated from placental homogenate (9) and microvillous 

membrane preparations (7, 10-12). 

TfR 1 s are also present in the basolateral membrane of the syncytiotrop­

hoblast (14). In vivo, syncytiotrophoblast is fanned through the fusion 

of underlying cytotrophoblast which is thought to lack TfR 1s (15,16). 

'Ihis lack of cytotrophoblastic TfR 1 s is remarkable since cytotropho­

blast is the proliferative cell type in hmnan placenta, even at tenn. 

Generally, the presence of TfR 1 s is associated with cellular prolifera­

tion and activation (17) . 'Ihis chapter discusses characteristics of TfR 

expression in freshly isolated and cultured hmnan tenn cytotropho­

blasts. 

4.2. Results. 

4.2.1. Level of TfR expression in freshly isolated cytotropho-

blasts. 

Irmnunological marker analysis reveals that the level of monocytes in 

Percoll-purified mononuclear cell suspensions is higher when trypsin 

type III is used to isolate cells, compared to trypsin 1:250 (chapter 

3). 

Figure 4.1 
FACScan analysis of mononuclear cell suspensions from Percell ~dient 
separation (density 1.048-1.062 gjml). 
On the x-axis log fluorescence for transferrin receptor (CD 71) is 
depicted, the y-axis represents log fluorescence for leucocyte common 
antigen (CD 45). Each dot represents one cell, tested for both anti­
gens. 
A Cells prepared using trypsin 1:250. 
B : Cells prepared using trypsin III. 
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Table 4.1 shows that, using trypsin III, the amount of cells staining 

positive for a moncx::yte marker correlates highly with the percentage of 

cells containing TfR' s in their surface membrane. 

Fluorescence activated cell sorting shows a similar phenomenon. Fig. 

4.1 illustrates that, using either trypsin III or trypsin 1:250 mononu­

clear cell populations consist of two main subpopulations. One popula­

tion expresses I.euccx::yte Cormnon Antigen (ICA) and transferrin recep­

tors. The other population is ICA-negative and expresses TfR's at a 

lower level than ICA-positive cells. The distinction between both 

subpopulations with regard to TfR expression is somewhat clearer in 

cell suspensions prepared with trypsin III. 

Table 4.1 

Experiment Percentage of oositive cells 

number CD 14 Transferrin 

receptor 

1 40 31 

2 9 8 

3 3 4 

4 1 2 

5 17 16 

6 16 12 

IMMUNOr..cx;ICAL MARKER ANALYSIS ON PERCOI.JJ-roRIFIED MJNONUCI.EAR CELIS. 
Results from six different experiments, using trypsin type III. 

4.2.2. TfR expression in cultured cytotrophoblasts. 

4. 2. 2 .1. Indirect inunimofluorescence microscopy. 

Table 4.2 gives the results of indirect immunofluorescence microscopy 

on cultured cells, using a monoclonal antibody directed against the 

human TfR. 

Figure 4. 2 shows an example of fluorescence microscopy for the TfR on 

cultured cells. 
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'!able 4.2 

CUlture pericx:i 

(hours) 

19 

36 

36 

40 

40 

43 

60 

Percentage of cells 

positive for transferrin receptor 

16 

55 

45 

96 

82 

79 

84 

INDIREcr IMMUNOFIDORFSCENCE ON aJL'IURED CEliS. Percentage of transfer­
rin receptor positive cells. Results from two different experiments. 
Tl:ypsin 1:250 was used to isolate cells. 
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Figure 4.2 
Fluorescence microscopy of cells cultured for 40 h, using indirect 
:inununofluorescence to detect transferrin receptors as described. 
Apparently two groups of cells are making contact and roa.y be fusing. 
Positive fluorescence can be seen on the whole outer cell membrane. 
X 630. 

It is clear that the appearance of TfR's on cultured cells is tilne­

dependent. Both mono- and multinuclear cells reacted positively. 

Since it is nearly impossible to distinguish with certainty between 

these fonns, using uncoloured specilnens, we have not tried to quantify 

this. It is noteworthy that no clearly syncytial structures were seen 

that did not stain positively for transferrin receptor. 

4.2.2.2. 125_I labelled transferrin binding and UPtake. 

Binding assays at 4oc, using 125I-labelled transferrin showed specific, 

saturable binding. 'lhis binding was time and concentration dependent. 

Up to 90 per cent inhibition of radioligand binding by excess unla­

belled transferrin shows specificity, since no inhibition of 125I­

transferrin binding can be achieved with excess bovine serum albumin. 

125I-transferrin binding was compared between freshly isolated cells 

and cells cultured for 40 h. Table 4.3 indicates that the number of 

cell surface transferrin binding sites increases approxiroa.tely 5-10 

fold. 

Figure 4. 3 shows concentration-dependence of 125I -transferrin binding 

at 4oc, presented as binding per rrg cellular protein. Scatchard analy­

sis of these data from one experilnent of a series of three highly 

conparable experilnents indicates an apparent Ko of 1. 2-1. 9xlo-9 M of 

transferrin for its receptor. '!he number of cell surface binding sites 

can be estiroa.ted to be approxiroa.tely l.2-2.0Xl0ll per rrg protein. A 

Scatchard plot is shown in fig. 4. 4. 'Ihese data are for cells which 

have been cultured for 40 hours in Medium 199, supplemented with 20 per 

cent fetal calf serum. Prior to the binding assay, cultures were 

extensively rinsed with serum-free medium. 

Specific concentration-dependent binding expressed per p.g rnA in 

similar cultures and Scatchard analysis gives identical Ko-values 

(1.2-l.9xlo-9 M). '!he number of transferrin binding sites is approxiroa.­

tely 4.8-6.4Xl09 per p.g rnA. A Scatchard plot is shown in fig. 4.5. 
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Table 4.3 

Experllne:nt n protein per sanple Specific 125r-trans-

number (rrg) ferrin binding (ngjmg 

protein) 

mean (± SD) mean (± SD) 

A 1 10 0.64 (± 0.09) 6.9 (± 0. 7) 

2 10 0.79 (± 0.07) 3.4 {± 0.2) 

B 3 18 0.09 (± 0.02) 27 (± 6.4) 

4 2 0.204 62 

0.182 65 

5 2 0.068 81 

0.101 75 

INCREASE IN NUMBER OF CELI.r-SURFACE TRANSFERRIN BINDING SITES IN HUMAN 
TERM CY'IOIROHIOBIASTS IN VITRO. Specific 125r -transferrin binding at 
4oc. 125r-Transferrin concentration: 250 ngjml. 
A. Freshly isolated cells, in suspension. 
B. Cells cultured for 40 h (adherent) • 
Results from 5 exper:iinents. 

Figure 4.3 
Concentration-dependence of 125r-labelled transferrin bind~ at 4°C. 
Cells were incubated with different concentrations of 125r-labelled 
transferrin for 2.5 h at 4°C. '!he dashed line represents the level of 
aspecific binding. 

:Figure 4.4 
Scatchard plot of the specific binding data presented in figure 4. 3. 

52 



0. 4 

0. 35 

o. 3 

c 
·;; 0. 25 e 
a. • 01 

~ 0. 2 0 
E 
a. 

Cl 
z o. 15 :::> 
0 

"' 
0.1 

0. OS 

- - - - -- - - -- - - -· ----.---

w 
w 

"' !!: 

Figure 4.3 

0.20 

0.15 

0 0.10 
z 
::> 
0 

"' 

0. OS 

0.5 

Figure 4.4 

• 
• 

0.1 

10 12 1"4 16 

CONCENTRATION 1251-TRANSFERRIN (nr.1) 

• 

• • • 

• 

• 
• 

0.15 0.20 0. 25 0.30 0.35 0.40 

BOUND ( pmol /mg protein) 

53 

18 20 



'Ihe acid wash procedure to distinguish intracellular 125r -transferrin 

from surface bound 125r-transferrin shows that in cells of both 20 and 

40 hours cultures 50 per cent of the bound transferrin at 37 oc under 

steady state conditions is surface bound, 50 per cent is intracellular. 

Single-cycle receptor mediated endocytosis curves (fig. 4. 6) show that 

at least 30 per cent of initially surface-bound ligand is internalized 

within 5-10 minutes and is subsequently exocytosed into the medium. 

Figure 4.5 
Scatchard plot of specific concentration-dependent 125r -transferrin 
binding, expressed per JJ..g rnA. 

Figure 4.6 
Single cycle of receptor-mediated endocytosis of 125r-labelled trans­
ferrin in cultured human tenn cytotrophoblasts. Cells were cultured for 
40 hours in serum-containing medium. After being washed three times in 
serum-free medium they were cooled on rnel ting ice and incubated at 4 o c 
with 125r-transferrin (225 ngjml) for 2 hours. 'Ihen they were kept on 
ice, washed three times with ice-cold medium and incubated at 37"C in 
pre-warmed M199 containing 125 riM unlabelled diferric transferrin for 
indicated time periods. Medium was removed, cells were washed once, 
the wash being added to the medium fraction and the acid-wash procedure 
was perfonned. surface radio-activity is acid-strippable. Cells were 
washed three times with ice-cold medium. 'Ihese washes were added to the 
acid-removable radio-activity. Cells were lysed in 0.1 M NaOH. Intra­
cellular radioactivity is detennined as the amount of radioactivity 
resistant to acid wash. Intracellular and surface values were corrected 
for the background of acid wash resistant radioactivity at 4°C. 
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4.3. Discussion. 

Results described in the previous chapter show that mononuclear cell 

suspensions prepared from human tenn placentas consist mainly of two 

cell types: a varying amount of monocytes and cyt.otrophoblasts. Both 

cell types in vivo have low levels of TfR expression. Differentiation 

leads to enhanced TfR levels in both cell types. 

T:rypsin, used to isolate cells, damages the TfR. There is however, a 

large time lag between trypsinization and marker analysis or radioli­

gand incubation. It has been shown that tumour cells need 6-10 h to 

resynthesize 50 per cent of control levels of TfR 1 s after trypsin 

treabnent ( 18, 19) . 

FACScan analysis allows to compare the level of TfR expression by 

cytotrophoblasts with the TfR expression by I..CA-positive cells, since 

both celltypes were subjected to the same trypsinization. FACScan 

analysis indicates that the level of TfR expression is lower in cyto­

trophoblasts than in I..CA-positive cells. This difference is especially 

apparent if trypsin type III is used to isolate cells. 

Iromunological marker analysis on freshly prepared mononuclear cell 

suspensions from a number of experiments using trypsin III clearly 

shows that there is a good correlation between the percentage of cells 

positive for the monocytic marker CD 14 and the TfR respectively. This 

suggests that monocytes are the main, if not only, cell type having 

surface TfR 1 s in these suspensions. 

Radioligand incubations show that the level of TfR expression in 

freshly isolated cells is five to tenfold lower than in cultured cells. 

This increase can not only be attributed to resynthesis of trypsin­

cleaved TfR's. 

A very low level of TfR expression in cytotrophoblasts is in accordance 

with findings from cryostat sections. 

Apparently cytotrophoblast is an exception to the rule that mainly 

proliferative cell types have high levels of TfR expression. In situ 

hybridization can probably show whether even actively proliferating 

individual cytotrophoblasts lack TfR 1s. 

our results also demonstrate that nonnal cytotrophoblast differs 

considerably from a mononuclear choriocarcinoma clone. These BeWo 

cells have high levels of TfR's (20). 

In vitro, as is shown by us, the TfR appears on both cytotrophoblast 
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and (in vitro fonned) syncytiotrophoblast. The latter is, in situ, a 

highly differentiated, non-proliferative terminal cell stage. 

Using 125r-labelled transferrin, the functionality of this receptor 

with respect to transferrin binding can be demonstrated. Transferrin 

binding to its receptor is concentration- and time dependent, saturable 

and specific. Scatchard analysis results in Ko-values of 1.2-1.9xlo-9 

M. _This is in accordance with data found for choriocarcinoma and fat 

cells (l<o 1.4-4.1x10-9 M) (21,22). For choriocarcinoma cells however, 

somewhat lower affinities of transferrin for its receptor have also 

been reported: 1.3xlo-8 M (20). 

Using hmnan tenn placental villi to prepare apical membrane vesicles, 

Ko values for transferrin-binding to its receptor have been obtained 

ranging from 2.8-4.5xlo-8 M (7,8,10). VanderJ?uye et al. (14) found a Ko 

of 2 .lxlo-8 M in microvillous membranes and a ten-fold higher affinity 

of transferrin for its receptor at the basolateral side (Ko: 2.5x10-9 

M). Basal membranes had about half the binding capacity of microvillous 

membranes. 

The number of surface binding sites per cell (asstnning a mean equiva­

lent of 6 pg DNA per cell) is 2.9-3.8xlo4 after 40 h in vitro. 

Nestler found that cellular protein content is 130-170 f-1.9"/10 6 cytotrop­

hoblasts (23). Using this, the number of transferrin binding sites can 

be calculated to be approximately 3xlo4 per cell surface. Thus, there 

is good agreement between data based on quantitative DNA and protein 

analyses. 

The level of TfR expression in nonnal trophoblast is considerably 

lower than in choriocarcinoma cells: 1.5-1.6x106 surface binding sites 

per malignant cell (20, 21). This difference can at least be partially 

explained by the fact that choriocarcinoma cells are highly prolifera­

tive -whereas normal trophoblast cells are inactive in DNA-synthesis 

under in vitro conditions (chapter 3). 

Kinetic studies on transferrin endocytosis show two major differences 

between nonnal trophoblast cells and the tumour cell lines studied 

before. The proportion of TfR's at the cell surface is high in normal 

trophoblast: 50 per cent. In choriocarcinoma (BeWojJAR) as well as in 

HeLa cells this percentage is 30-40. Secondly, although endocytosis is 

as rapid in normal as in malignant trophoblast, the level of endocyto­

sis is considerably lower in nonnal trophoblast. Approximately 25-30 
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per cent of surface bound transferrin is internalized in 5-7. 5 min. In 

K562, as in BeWo this percentage is approximately 40-45 per cent (20). 

'lhus, choriocarcinoma cell lines, previously proposed as models to 

study placental iron uptake, differ in several important aspects with 

regard to TfR expression from nonnal trophoblast cells. 
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Chapter 5 Regulation of transferrin receptor expression in 

culbn:ed human c::ytotraphoblasts. 

5.1. Introduction. 

Placental iron uptake is TfR mediated. Maternal iron-loaded trans­

ferrin is taken up by the syncytiotrophoblast through receptor-mediated 

endocytosis. Iron is subsequently released from transferrin, probably 

in an acidic environment and the transferrin-transferrin receptor 

complex is recycled to the cellular surface. 

Cellular iron metabolism has mainly been studied in various tmnour 

cell lines. TfR mnnbers are an inp::>rtant regulating factor in cellular 

iron uptake. 'Ihe level of cellular TfR expression is influenced by 

several mechanisms, which will be discussed subsequently. 

5.1.1. Cellular proliferation and transferrin receptor expression. 

In general, proliferation is a trigger for TfR expression (1). 'Ihis is 

especially apparent in mitogen-stimulated T-lymphocytes (2). 

Highly proliferative cells, like malignant cells, have high levels of 

TfR expression. 

Under in vitro conditions, low cellular occupancy of the tissue culture 

dish generally leads to proliferation and therefore, high TfR levels in 

adherent cells. Exponential growth leads to a reduction of TfR levels 

(3). However, varying cellular plating out density does not influence 

TfR expression in Hela cells (3). 

5.1.2. Cellular differentiation and transferrin receptor expression. 

Differentiation has several effects on the level of cellular TfR' s, 

depending on the function of the mature cell. In the course of ery­

throid development cellular TfR levels decrease (4). On the other hand, 

the level of TfR expression increases during the maturation of monocy­

tes to macrophages (5). 

In developing myoblasts the receptor number is related to proliferative 

state. Teminally differentiated, non-proliferative myotubes have a 

higher level of expression than non-proliferative myoblasts (6). 

Undifferentiated, highly proliferative tmnour cell lines have high 

levels of TfR expression. Differentiation of malignant cells can be 

induced by dimethylsulfoxide or dibutyryl-cAMP. 'Ihis results in a sharp 
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decrease of the TfR level (7 ,8). Dibutyryl-cAMP treatment inactivates 

transcription of the TfR gene in malignant Hlr-60 cells and induces 

monocytic differentiation. After 72 h dibutyryl-cAMP treatment of these 

cells, surface TfR' s were no longer detectable ( 8) . 

It has been shown that biochemical differentiation of nomal tenn 

cytotrophoblasts is also triggered by cAMP (9-12). This differenti­

ation leads to increased secretion of hex; and progesterone. rnRNA levels 

for both hex; subunits as well as cytochrome P450 cholesterol side-chain 

cleaving system increase. rnRNA 1 s for actin and fibronectin are down­

regulated by cAMP. 

cAMP treatment also leads to higher levels of hex; secretion in chorio­

carcinoma cells ( 13) . 

eytotrophoblasts in vitro also differentiate in the course of time: 

both morphologically (increased syncytium fomation) and biochemically 

(enhanced imrmmoperoxidase reactivity for hex; and hPL, chapter 3). 

Thus there are two ways to stimulate differentiation of cultured 

cytotrophoblasts, addition of cAMP to their culture medium and prolon­

ged cell culture. The effect of both ways on TfR-expression will be 

studied. 

5.1.3. Cellular iron content and transferrin receptor expression. 

TfR and ferritin synthesis in cells is, at least partially, regulated 

by iron (14). If iron is abundant the level of TfR 1 s is law and cellu­

lar ferritin content is high. The 3 1 untranslated region of the rnRNA 

for the hunan TfR is necessary and sufficient for iron-dependent 

control of TfR rnRNA levels. The level of TfR 1 s in K 562 cells, a hunan 

erythroleukemic cell line, can be manipulated by treating these cells 

with either desferrioxamine, a well-known iron (III)chelator or difer­

ric transferrin (15). The same applies to nomal rat hepatocytes (16). 

Whereas changes in TfR-levels are accompanied by corresponding changes 

in TfR rnRNA, ferritin biosynthesis is altered by redistribution of rnRNA 

between polysome and nonpol ysome pools ( 17) . 

5 .1. 4. The effect of growth factors on transferrin receptor 

expression. 

Whereas cellular iron content influences the total m.nnber of TfR 1 s, 

growth factors cause a redistribution of TfR 1 s from intracellular 
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pools to the cell surface (18-20). Therefore, contrary to the effects 

seen when cellular iron status is influenced, the total cellular 

receptor number does not change due to these growth factors. 

The redistribution-effect varies between growth factors but generally 

it is rapid and more or less transient. Moreover, it is thought to be 

related to the mitogen action of growth-factors (19-21). 

castagnola et al. showed (21) that in KB carcinoma cells, epithelial 

cells in which EGF stimulates growth, EGF causes a rapid, transitory 

increase in the number of surface TfR' s, returning to basal levels in 

15 min. On the other hand EGF inhibits growth in cloned A431 malignant 

epithelial cells. In these cells EGF causes a 50 per cent decrease in 

surface TfR levels after 30 minutes. Ward and Kaplan (19) demonstrated 

that honnones like insulin and IGF cause a redistribution of TfR' s to 

the surface in some cell types, but not in all. They suggest that a 

large internal receptor pool is a prerequisite. Cell types showing the 

TfR-redistribution phenomenon react similarly to the addition of sen.nn 

if cultured in sen.nn-free medium. Addition of fetal bovine sen.nn 

results in a rapid and concentration-dependent increase in cell-

surface binding. On the other hand, withdrawal of sen.nn from the media 

of Heia cells grown in medium with 10 per cent fetal bovine sen.nn leads 

to a 50 per cent decrease in cell surface TfR levels. This effect is 

seen for at least 30 minutes after withdrawal of sen.nn and is therefore 

not very transient. As with insulin and IGF, TfR redistribution due to 

sen.nn addition or withdrawal was not seen in all cell types. Surface 

TfR levels in K562 and Epstein-Barr virus transfonned human lympho­

blasts were again unaffected. 

Whereas EGF acts solely through an increase in the rate of TfR exocyto­

sis, IGF-1 decreases the rate of endocytosis as well (22). Both mecha­

nisms result in redistribution to the cellular surface, but the effect 

of IGF-1 is less transient that the EGF-effect (23). Growth factors 

have a number of influences on human tenn cytotrophoblasts in vitro. 

These cells have EGF-receptors (24, 25) and EGF induces trophoblast­

differentiation (25,26). Insulin modulates cytotrophoblastic aromatase 

protein mass and hence steroidogenesis (27) as well as placental 

lactogen synthesis (28). 
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5.2. Results. 

5.2.1. cell density and proliferation. 

Initial experiments 1 using 125r -transferrin binding 1 suggested that the 

number of specific binding sites per nq protein depended on the quanti­

ty of cellular protein in the dish. Experiments in which we varied the 

plating out cellular density (i.e. the number of cells per ml culture 

medium) confinned this finding (Table 5.1). 

Table 5.1 

Plating out 

density 

( .105 cells/ml) 

6.0 

3.0 

Mean protein/ Specific 

dish (J..Lg) 125r -Tf 

mean (± S.D.) binding 

Percentage 

of control 

(pmoljnq protein) 

150 (± 12) 

63 (± 13) 

mean 

0.57 

0.92 

(± S.D.) 

(± 0.00) 100 

(± 0.12) 161 

Percentage 

non-specific 

binding 

6 

12 

1.5 30 (+ 6) 1.14 (+ 0.15) 200 28 

DEPENDENCE OF 125r -TRANSFERRIN BINDJNG UPON CELIDlAR DENSITY. 
cells were 40 hours in culture at the time of radio-ligand incubation. 
Incubation was for 2 hours at 4°C. 125r-transferrin concentration was 
225 ngjml. All densities were tested in triplicate in this experiment. 
Results are from one experiment from a serie of 3 highly similar 
experiments. 

Bromo-deoxyuridine take-up studies show that tenn cytotrophoblasts are 

not proliferative in vitro (chapter 3). Low cellular density in the 

culture dish does not represent a proliferative stimulus for tenn 

cytotrophoblasts. High specific transferrin binding at low cellular 

occupancy of the culture dish is therefore independent of proliferati-

on. 

5. 2. 2. Differentiation. 

Differentiation can be induced in nonnal cytotrophoblasts by either 

cAMP-analogon treatment or prolonged culture periods. 

cAMP-analogon treatment leads to a strong increase in both cellular hCG 

content and hCG-secretion into the culture medium within 24 hours. 

Innnunoperoxidase staining for hCG of 8-brorno-c.AMP treated cells shows a 
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pronormced variation between cells in staining intensity, especially 

within syncytia. Whereas in rmtreated cells generally mononuclear cells 

react stronger than aggregates and syncytia, in 8-brorno-cAMP treated 

cells syncytia are stronger positive than mononuclear cells. 

8-Bromo-c.AMP treatment does not lead to an increase in syncytium 

fonna.tion. In these experiments, both in treated and rmtreated dishes 

after 40 h, approximately 50 per cent of nuclei was in mononuclear 

cells, the other half in aggregates and syncytia, containing up to 40 

nuclei. Table 5. 2 illustrates the increase in hex; secretion into the 

culture medium. 

Table 5.2 

+j- cAMP 

control 

(M199 + 20% FCS) 

+ 

+ 

CUlture period 

20 

20 

40 

40 

hex; (rniU/rnl) 

1 

35 

146 

76 

> 603 

HCG-SECREI'ION BY CUL'IDRED CYTOI'.ROPHOBIASTS. 
Influence of the presence of 1. 5 mM 8-br-cAMP. 

8-bromo-c.AMP induced biochemical differentiation of trophoblasts in 

vitro does not result in changes in TfR expression (Fig. 5.1). Neither 

changes in affinity of transferrin for its receptor, nor changes in the 

number of binding sites per rrg protein occur. 

Scatchard analysis shows that the apparent Ko of the ligand for its 

receptor is 1. 7 nM and the number of cell surface binding sites in 

these cells, cultured for 40 hours is approximately 7x1oll per rrg 

protein (mean protein per dish: 176 JJ,g (n = 26, S.D.= 14). 
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Figure 5.1 
Influence of 8-bramo-cAMP induced differentiation on transferrin 
receptor expression. 
Scatchard analysis of concentration-dependent 125I-transferrin binding 
at 4oc to cultured cytotrophoblasts. CUlture period: 40 hours. 
1 cells treated during entire culture period with 1.5 nM 8-br­

c.AMP. Mean protein/dish: 0.18 ng (S.D. 0.01, n = 13). 
0 controls (untreated). Mean protein/dish: 0.17 mg (S.D. 0.01, 

n = 13). 

According to our experience (a series of a total of approxima.tely 50 

placental cultures) there is considerable variation between experiments 

in the survival of cells in vitro. Sometimes cellular protein tends to 

diminish in the course of several days, showing limited viability of 

cells in culture. In these experiments we always found an increase in 

specific binding as cellular protein decreases (table 5.3, A). 'Ihis is 

similar to the phenomenon described in the previous section. In other 

experiments cells were apparently thriving better, resulting in no 

decrease of mean (cellular) protein per dish. An example is shown in 
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table 5.3, B. In these cases no changes were found in the m.nnber of 

TfR's per ng protein in the course of 40 to 65 hours in culture. 

Table 5.3 

CUlture Protein per n Number of specific 

period dish (j.Lg) 125I -transferrin binding 

(hours) mean (± S.D.) sites per rrg protein 

A I 45 96 (± 6.9) 10 2.0 1011 

II 65 102 (± 11.8) 9 1.9 1011 

B I 45 41 (± 8.1) 8 1.2 1012 

II 65 25 (± 8.6) 8 2.6 1012 

INFIDENCE OF INCREASED CULWRE PERIOD ON TRANSFERRIN RECEPIDR NUMBER 
PER M; P.Ral'EIN, IN 'IWO EXPERIMENTS; ONE WITHOUT (A) AND ONE WITH (B) 
CHANGES IN MEAN P.Ral'EIN CDNTENT PER DISH. 
Comparable results were obtained in several other exper.irnents. 
Results of Scatchard analyses of concentration-dependent 125I-trans­
ferrin binding at 4°C. 

5.2.3. Iron availability. 

Table 5.4 shows that the addition of hmnan diferric transferrin and, 

though to a lesser degree, ferric amrnonimn citrate reduces the level of 

TfR' s on cultured cytotrophoblasts. This effect is not due to the 

presence of apotransferrin. Addition of transferrin reduces the mnnber 

of receptors by approxilnately 65-75 per cent, ferric salts reduce the 

receptor levels by 25-35 per cent. Both control cultures and cells 

cultured in the presence of 0.1-0. 8 ng/ml diferrric transferrin were 

subjected to the acid wash procedure after incubation with 125I-trans­

ferrin at 3rc. The ratio of surface to intracellular binding sites did 

not vary considerably between these samples. 
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Table 5.4 

Addition Specific binding of Percentage Non-specific 

(ng/ml) 125I-transferrin of control binding 

(pmoljng protein) (percentage 

mean (± S.D.) of total) 

none (control) 0.52 (± 0.02) 100 5 

0. 8 apotransferrin + 
50 J.1M DFO 0.50 (± 0.02) 96 5 

o .1 transferrin 0.17 (± 0.01) 33 18 

0.2 " II 0.17 (± 0.00) 33 21 

0.8 II II 0.13 (± 0.01) 25 21 

0.01 ferric anunonium 

citrate 0.35 (± 0.02) 67 10 

0.05 " II 0.34 (± 0.03) 65 10 

0.10 " " 0.38 (± 0. 04) 73 10 

0.20 " II 0.40 (± 0.03) 77 10 

HIGH IRON AVAILABILITY REIXJCFS TRANSFERRIN RECEPIOR EXPRESSION. 
After 24 hours in culture, dishes were washed and medium containing 5 
per cent fetal calf serum and mentioned concentrations of human 
diferric transferrin or ferric anunonium citrate were added. 20 Hours 
later, specific 125I-transferrin binding at 4°C was detennined. All 
concentrations were tested in triplicate. Results from one experiment 
from a series of three similar ones. 125I -transferrin concentration was 
225 ngjml. Incubation with radio-ligand during 2 hours. 

5. 2. 4. Growth factors and serum. 

Table 5. 5 shows that the removal of serum in the medium of serum-grown 

cytotrophoblasts has little or no effect on the level of surface TfR's. 

If cells are kept for longer periods of time in serum-free media (24 to 

48 hours) the cellular yield decreases most of the time compared to a 

parallel set of dishes with serum-containing medium. '!his results in 

higher receptor levels. However, in occasional experiments where the 

cellular yield was not influenced by the absence of serum in the 

culture medium, there was no difference in receptor levels. '!he effect 

of insulin on surface TfR levels is illustrated in table 5. 6. 
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Table 5.5 

Tline in sennn­

free medium at 

37"C 

0 (control) 

1 min 

2 " 
5 " 

10 " 
15 II 

20 " 

n 

3 

2 

3 

3 

3 

3 

2 

Specific surface 

binding of 125r­

transfe:rr-in 

(pmoljmg protein) 

mean (± S.D.) 

1.53 (± 0.08) 

1.66 (± 0.00) 

1.45 (± 0.04) 

1.27 (± 0.01) 

1.36 (± 0.02) 

1.41 (± 0.07) 

1.43 (± 0.09) 

Percentage 

of control 

100 

108 

95 

83 

89 

92 

93 

INFIIJENCE OF SERUM-WITHDRAWAL ON CELL SURFACE 125r -TRANSFERRIN BINDING. 
Cytotrophoblasts were cultured for 40 hours in sennn containing 20% 
FCS. They were put on ice, without being washed, for 30 minutes. 
Medium was subsequently removed and displaced with cold ( 4 ° C) Il'1EM-H 
without sennn. D..rring indicated tline periods the dishes were incubated 
in pre-wanned M199 without sennn at 37°C in 5% co2 . Cells were then 
cooled on ice and specific binding of 125r-transferrin at 4oc was 
determined. 125r-transfe:rr-in concentration: 1 p.gjrnl. 
Results from one experlinent from a series of three highly similar 
ones. 
Mean protein per dish: 240 p.g (S.D. = 18, n = 21) 
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Table 5.6 

Insulin concentration Cellular protein 

(nM) (:rrgjdish) 

0 (control) 0.13 

duplicate 0.11 

1 0.13 

duplicate 0.13 

10 0.10 

50 0.12 

duplicate 0.14 

100 0.12 

duplicate 0.13 

250 0.13 

500 0.13 

Specific binding 

of 125r -transferrin 

(pmol/rocr protein) 

1.8 

1.8 

1.9 

1.9 

1.8 

1.8 

2.0 

1.9 

1.8 

1.9 

1.9 

EFFECT OF INSULIN ON 125r -TRANSFERRIN BINDING AT 4 o C TO aJI1IURED TERM 
CY'IOTROHIOBIASTS. 
cells were cultured for 30 hours in medium with 20 per cent fetal calf 
serum. '!hey were then changed to serum-free medium and kept overnight 
in this medium in the incubator. 
'!he next day they were washed extensively and incubated with a concen­
tration series of insulin. Since roaxilnurn insulin binding is at 4°C (28) 
cells were incubated on melting ice in I:MEM-H with 0.25 per cent BSA 
(wjv) and 0-500 nM insulin. Dishes were subsequently warmed to 3rc in 
this medium and kept at 37°C for 30 minutes to allow the redistribution 
of TfR, put on ice again and incubated with 125r-transferrin for 90 
minutes. 
125r -transferrin concentration: 750 ngjml. Non-specific binding was 
determined to be 9 per cent. 
One typical experiment from a series of three. 

5. 3. Discussion. 

'!he level of TfR expression in cultured hmnan cytotrophoblasts depends 

to a large extent on cellular density in the culture dishes. '!his is 
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especially apparent when the plating out concentration is varied (table 

5.1). There is an inverse relation between the n1..llllber of cells per dish 

and the level of TfR expression. In many proliferative cells it is 

difficult to separate the effects of proliferation and cellular density 

on TfR level. li:M cellular density (through loss of contact inhibition) 

is a trigger for proliferation and results in a high level of TfR's. 

Since (tem) cytotrophoblasts are not proliferative under in vitro 

conditions, this trigger for TfR expression is eliminated. In Hei.a 

cells specific binding of 125I -transferrin to cells decreases during 

exponential grc::Mt:h (3). However, variation of plating out density does 

not influence specific transferrin binding in these cells, contrary to 

our findings. 

An explanation for decrease in m.nnber of binding sites per cell with 

increasing occupancy of the tissue culture dish could be decreased 

exposure of cellular :membrane to the incubation medil.llll, possibly by 

fonnation of multilayer cells. Microscopy-processed caverslips do not 

support substantial multilayer fomation. 

In general, the relationship between the degree of cellular diffe­

rentiation and TfR level is more complex. Whereas erythroid diffe­

rentiation leads to extinction of TfR expression ( 4) the n1..llllber of 

receptors increases during the differentiation of monocytes to rnacrop­

hages (5). 

Differentiation of trophoblasts in vitro is known to be triggered by 

cAMP analogons (9-12). It leads to an increase in ho:; and progesterone 

secretion. No morphological differences can be demonstrated between 

cAMP treated and control cells. Especially the degree of syncytil.llllfor­

rnation is not influenced. Apparently the multinuclear syncytial state 

is not a prerequisite for endocrinological differentiation. cAMP 

treatment does not lead to any change in either the level of surface 

TfR expression or the affinity of ligand for its receptor. Thus, 

biochemical differentiation of cultured cytotrophoblasts does not 

affect the level of TfR expression. 

Many receptors for ligands such as grc::Mt:h factors elicit their trans­

membrane signals by manipulation of the intracellular level of the 

cyclic nucleotides, polyphosphoinositides and free cytosolic calcil.llll. 

Shama et al. recently showed that receptor-mediated endocytosis of 

diferric transferrin by both hepatocytes and HL 60 cells is independent 
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of second messengers (29). Therefore, if TfR phosphorylation has a 

regulatory role during endcx::ytosis, it is likely to be mediated by a 

second messenger-independent protein kinase. 

In tumour cells like HL-60, dibutyryl-cAMP triggers inactivation of the 

TfR gene and monocytic differentiation of the cell (8). cAMP analogons 

stimulate hex; expression in choriocarcinoma. cells (13). In this respect 

these tumour cells resemble normal trophoblast. Since TfR expression 

seems to be regulated differently in malignant cells compared to normal 

cells, it would be of interest to knOW' whether the level of TfR expres­

sion is influenced in cAMP treated choriocarcinoma. cells. 

As in K562 cells, treabnent with diferric transferrin and ferric 

annnonimncitrate reduces the level of TfR 1 s in cultured cytotropho­

blasts. Acid stripping of surface bound 125I-transferrin shOW'S that 

the ratio of surface to intracellular transferrin binding sites does 

not change under the influence of transferrin in the culture medium. 

This linplicates that the total m.nnber of TfR 1 s decreases, not the 

distribution of receptors over various pools of the endocytotic path­

way. As in Rao 1 s results (15) our experiments shOW' a more pronounced 

effect of transferrin treabnent, compared to treabnent with iron salts. 

We conclude that Iron Responsive Elements seem to be operative in 

normal tenn trophoblast. Since IRE 1 s tend to Ina.intain cellular iron 

homeostasis it is difficult to explain persisting placental iron uptake 

and placental iron acct.nnUlation after fetectomy (30). In the near 

future the protein irwol ved in the cormnunication between cytosolic iron 

and TfR1 s mRNA will be identified (31). This protein might play an 

linportant role in placental iron metabolism. 

In vitro, endocrinological and biochemical characteristics of cytotrop­

hoblasts are influenced by growth factors like EGF, IGF as well as 

insulin (24-27). These honnones also have an effect on iron metabolism 

in a number of cell types, though not all (19). Cell types in which TfR 

distribution over various pools of the endocytotic pathway is affected 

by these honnones react rapidly (t~ 3 minutes) and considerably (30-

50%) to the addition or withdrawal of serum to their culture medium. 

The decrease in cell surface TfR levels due to sennnwithdrawal is 

Ina.intained for at least 30 minutes in these cells. The effect of 

sennnwithdrawal or insulin-addition on surface TfR levels is negligible 

in tenn cultured cytotrophoblasts. In rat fat cells 1-1000 nM insulin 
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leads, within 3 minutes to a threefold increase in surface TfR levels. 

This increase is maintained for at least 20 minutes (18). The absence 

of this redistribution effect in tenn cytotrophoblasts may at least 

partially be explained by the high proportion of cellular TfR's already 

at the surface (chapter 4). Ward and Kaplan (19) described that the 

redistribution effect is also not seen in K562 and Epstein-Barr virus 

transfonned lymphoblasts. 

We conclude that the level of TfR expression on the maternal-fetal 

exchange area is pre-programmed at a fairly constant level. A similar 

conclusion was reached by Van Dijk in a comparative study of the 

regulation of iron transfer during pregnancy (32). Biochemical diffe­

rentiation of cultured cytotrophoblasts does not influence placental 

TfR expression. No influence of growth factors, present in maternal 

sennn surrounding the syncytiotrophoblast outer membrane, on TfR 

distribution could be demonstrated. However, environmental iron availa­

bility, especially in the physiological diferric-transferrin form does 

regulate TfR expression. This provides a feed-back mechanism for 

placental iron uptake and makes it independent of maternal iron status. 

Trans-placental iron transport is thus protected against maternal iron­

deficiency. 

73 



References. 

1. Trowbridge, I.S. and Omary, M.B. (1981}. Human cell surface 

glycoprotein related to cell proliferation is the receptor for 

transferrin. Prcx::. Natl. Acad. Sci. USA 78, 3039-3043. 

2. Neckers, L.M. and Cossman, J. (1983). Transferrin receptor 

induction in mitogen-stimulated hmnan T lymphocytes is required 

for INA synthesis and cell division and is regulated by interleu­

kin 2. Prcx::. Natl. Acad. Sci. USA 80, 3494-3498. 

3. Ward, J.H., Kushner, J.P. and Kaplan, J. (1982}. Regulation of 

HeLa cell transferrin receptors. J. Biol. Chem. 257, 10317-10323. 

4. Iacopetta, B.J., Morgan, E.H. and Yeoh, G.C.T. (1983}. Receptor­

mediated endocytosis of transferrin by developing erythroid cells 

from the fetal rat liver. J. Histochem. Cytochem. 31, 336-344. 

5. Hirata, T., Bitterman, P.B., Mornex, J.F. and Crystal, R.G. 

(1986). Expression of the transferrin receptor gene during the 

process of mononuclear phagocyte maturation. J. Imm. 136, 1339-

1345. 

6. Sorokin, L.M., Morgan, E.H. and Yeoh, G.C.T. (1987). Transferrin 

receptor m.rrnbers and transferrin and iron uptake in cultured 

chick :muscle cells at different stages of development. J. Cell. 

Phys. 131, 342-353. 

7. Taetle, R., Ralph, S., Smedsrud, S. and Trowbridge, I. (1987). 

Regulation of transferrin receptor expression in myeloid leukemia 

cells. Blood 70, 852-859. 

8. Trepel, J.B., Cola:rnonici, O.R., Kelly, K. Schwab, G., Watt, R.A., 

Sausville, E.A., Jaffe, E.S. and Neckers, L.M. (1987). Transcrip­

tional inactivation of c-myc and the transferrin receptor in 

dibutyryl cyclic AMP-treated HL-60 cells. Mol. Cell. Biol. 7, 

2644-2648. 

9. Feirnnan, M.A., Klirnan, H.J., caltabiano, S. and Strauss, J.F. III 

(1986} . 8-brorno-3 1 , 5 1 -Adenosine roonophosphate stimulates the 

endocrine activity of hmnan cytotrophoblasts in culture. J. Clin. 

Endocrinol. Metab. 63, 1211-1217. 

10. Ulloa-Aguirre, A., August, A.M., Golos, T.G., Kao, L-C., Sakura­

gi, N., Klirnan, H.J. and Strauss, J.F. III (1987}. 8-brorno­

Adenosine 3 1 , 5 1 -roonophosphate regulates expression of chorionic 

74 



gonadotropin and fibronectin in human cytotrophoblasts. J. Clin. 

Endocrinol. Metab. 64, 1002-1009. 

11. Nulsen, J.C., Woolkalis, M.J., Kopf, G.S. and Strauss, J.F. III 

(1988). Adenylate cyclase in human cytotrophoblasts: characte­

rization and its role in modulating human chorionic gonadotropin 

secretion. J. Clin. Endocrinol. Metab. 66, 258-265. 

12. Ringler, G.E., Kao Ir-C, Miller W.L. and Strauss, J.F. III (1989). 

Effects of 8-bromo--c.AMP on expression of endocrine functions by 

cultured human trophoblast cells. Regulation of specific :mRNAs. 

Mol. Cell. End. 61, 13-21. 

13. Burnside, J., Nagelberg, S.B., Lippman, S.S. and Weintraub, B.D. 

(1985). Differential regulation of hCG a and fi subunit :mRNAs in 

JEG-3 choriocarcinoma cells by 8-bromo--c.AMP. J. Biol. Chern. 260, 

12705-12709. 

14. Casey, J.L., Hentze, M.W., Koeller, D.M., Caughman, S.W., Rou­

ault, T.A., Klausner, R.D. and Harford, J.B. (1988). Iron-respon­

sive elements: regulatory RNA sequences that control rnRNA levels 

and translation. Science 204, 924-928. 

15. Rao, K.K., Shapiro, D., Mattia, E., Bridges, K. and Klausner, R. 

(1985). Effects of alterations in cellular iron on biosynthesis 

of the transferrin receptor in K 562 cells. Mol. Cell. Biol. 5, 

595-600. 

16. Miiller-Eberhard, U., Liern, H.H., Grasso, J.A., Giffhorn-Katz, 

s., De Falco, M.G. and Katz, N.R. (1988). Increase in surface 

expression of transferrin receptors on cultured hepatocytes of 

adult rats in response to iron deficiency. J. Biol. Chern. 263, 

14753-14756. 

17. Rogers, J. and Munro, H. (1987). Translation of ferritin light 

and heavy subunit :mRNAs is regulated by intracellular chelatable 

iron levels in rat hepatoma cells. Proc. Natl. Acad. Sci. USA 84, 

2277-2281. 

18. Davis, R.J., Cervera, S. and Czech, M.P. (1986). Insulin stimula­

tes cellular iron uptake and causes the redistribution of intra­

cellular transferrin receptors to the plasma. membrane. J. Biol. 

Chern. 261, 8708-8711. 

19. Ward, D. and Kaplan, J. (1986). Mitogenic agents induce redis-

75 



tribution of transferrin receptors from internal pools to the 

cell surface. Biochem. J. 238, 721-728. 

20. Wiley, H.S. and Kaplan, J. (1984). Epidennal grc:Mt:h factor 

rapidly induces a redistribution of transferrin receptor pools 

in human fibroblasts. Proc. Natl. Acad. Sci. U.S.A. 81, 7456-

7460. 

21. castagnola, J. , Macleod, C. , SUnada, H. , Mendelsohn, J. and 

Taetle, R. (1987). Effects of epidennal grCMt:h factor on trans­

ferrin receptor phosphorylation and surface expression in nalig­

nant epithelial cells. J. Cell. :Fhys. 132, 492-500. 

22. Davis, R.J., Faucher, M., Racaniello, L.K., carruthers, A. and 

Czech, M.P. (1987). Insulin-like growth factor I and epidennal 

grc:Mth factor regulate the expression of transferrin receptors 

at the cell surface by distinct mechanisms. J. Biol. Chem. 262, 

13126-13134. 

23. Davis, R.J. and Czech, M.P. (1986). Regulation of transferrin 

receptor expression at the cell surface by insulin-like growth 

factor, epidennal growth factor and platelet-derived grCMt:h 

factor. The EMBO Journal 5, 653-658. 

24. DePalo, L .. and Das, M. (1988). Epidennal grc:Mt:h factor-induced 

stimulation of epidennal growth factor-receptor synthesis in 

human cytotrophoblasts and A 431 carcinoma cells. cancer Res. 

48, 1105-1109. 

25. Morrish, D.W., Phardwaj, D., Dabbagh, L.K., Marusyk, H. and Siy, 

0. (1987). Epidennal growth factor induces differentiation and 

secretion of human chorionic gonadotropin and placental lactogen 

in noma! human placenta. J. Clin. Endocrinol. Metab. 65, 1282-

1290. 

26. Nestler, J.E. (1987). Modulation of aromatase and p450 choles­

terol side-chain cleavage enzyme activities of human placental 

cytotrophoblasts by insulin and insulin-like grc:Mt:h factor I. 

Endocrinology 121, 1845-1852. 

27. Hochberg, Z., Perlnan, R., Brandes, J .M. and Benderli, A. (1983). 

Insulin regulates placental lactogen and estradiol secretion by 

cultured human tenn trophoblast. J. Clin. Endocr. Metab. 57, 

1311-1313. 

76 



28. Deal, C.L. and Guyda, H.J. (1983). Insulin receptors of htnnan 

tem placental cells and choricx::arcinoma (JEG-3) cells: charac­

teristics and regulation. Endocrinology 112, 1512-1523. 

29. Shanna, R.J., Woods, N.M., Cobbold, P.H. and Grant, D.A.W. 

(1989). Receptor-mediated endocytosis of asialoglycoproteins and 

diferric transferrin is independent of second messengers. Bio­

chem. J. 259, 81-89. 

30. Wong, C.T. and Morgan, E.H. (1973). Placental transfer of iron 

in the guinea-pig. Q. J. Exp. Phys. 58, 47-58. 

31. Koeller, D.M., Casey, J.L., Hentze, M.W., Gerllardt, E.M., Chan, 

Ir-N.L., Klausner, R.D. and Harford, J.B. (1989). A cytosolic 

protein binds to structural elements within the iron regulatory 

region of the transferrin receptor mRNA. Proc. Natl. Acad. Sci. 

USA 86, 3574-3578. 

32. Van Dijk, J.P. (1988). Review article: regulatory aspects of 

placental iron transfer - a corrparative study. Placenta 9, 215-

226. 

77 



78 



Chapter 6 Pregnancy-related dlanges in maternal serum trans­

ferrin. 

6.1. Introduction. 

Maternal iron-loaded transferrin is the sole iron donor for the human 

placenta (1). Pregnancy influences maternal serum transferrin in 

several ways. In humans, maternal serum transferrin concentrations 

increase, both in iron-supplemented and non-supplemented women (2). The 

total circulating amount of transferrin increases even more, due to the 

increase in circulating volmne. 

Serum iron concentration remains constant or decreases (in non-iron­

supplemented women) and thus transferrin-iron saturations fall in the 

course of pregnancy. In chickens, transferrin synthesis in the liver is 

stimulated by iron deficiency as well as by estrogens (3). 

Human transferrin microheterogeneity is not only detennined by iron­

saturation but also by transferrin's sialic acid contents ( 4) . The 

share of highly sialylated transferrin fractions increases in the 

course of pregnancy (5). Both pregnancy and estrogen-treatment lead to 

an increase of the branching of carbohydrate chains in several glycop­

roteins (6). 

Changes, both qualitatively as well as quantitatively, in maternal 

transferrin could have important physiological consequences for its 

iron-donating function to the placenta and other tissues. 

This chapter is devoted to changes, especially qualitative, in mateJ:nal 

(and fetal) transferrin. For reasons of corwenience we chose an animal 

model, the guinea-pig. Guinea-pig pregnancy is short (2 months), its 

placentation resembles human placentation and much research has been 

aimed at unraveling iron metabolism during its pregnancy (7-9). 

6.2. Results. 

6. 2 .1. Slow and fast isotransferrins. 

Both in rats and in guinea-pigs, the existence of so-called slow and 

fast isotransferrins has been noted (7 ,10) . These isotransferrins 

differ in electrophoretic mobility. Whereas rat isotransferrins can be 

separated on DEAE-Sephadex A-50 (10) this is not the case in guinea­

pigs. Ion exchange chromatography of guinea-pig transferrin gives one 

single, symmetrical peak. 
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In preparative iso-electric focusing of guinea-pig transferrin a 

distinct discontinuity between slOVJ' and fast transferrin was seen on 

flat-bed preparative gels, after several hours of focusing. The yield 

of fast transferrin was ten times as lOIN as that of slOVJ' transferrin. 

Figure 6.1 shOINS crossed immunofocusing patterns of purified isotrans­

ferrins. 

Figure 6.1 
Crossed immunofocusing patterns of guinea-pig isotransferrins. 
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Fast isotransferrin has a slightly lower isoelectric point. Both 

isotransferrins were pure by immunodiffusion against anti -total guinea­

pig sermn and on SCS-PAGE. SCS-PAGE of isotransferrins, under unreduced 

conditions, showed a small but significant difference in electrophore­

tic mobility between both transferrins, in accordance with a molecular 

mass difference of 3000-5000 daltons. SCS-PAGE of neonatal guinea-pig 

sermn showed the presence of both isotransferrins as discrete bands, 

supporting the existence of two proteins of different molecular mass. 

Incubation with glycopeptidase F abolished this difference on SCS-PAGE, 

indicating that the cartx:>hydrate part of the glycoprotein is responsi­

ble for the difference in electrophoretic mobilities (11). 

Table 6.1 presents the results of aminoacid and cartx:>hydrate analyses. 

Some amino acids show significant differences between slow and fast, 

notably threonine, glycine, alanine and valine. Most striking, however, 

are the differences in cartx:>hydrate composition. 

6.2.2. Isotransferrins and pregnancy. 

Table 6. 2 shows sermn transferrin concentrations for pregnant and non­

pregnant female guinea-pigs, as well as the ratio of fast to slow 

isotransferrins. Although the number of data is limited, it is apparent 

that, whereas se:rum transferrin concentrations slightly drop in the 

course of pregnancy, the fastjslow ratio increases from non-pregnant 

values of approximately 0.2 to values of 0.5-0.8 at tenn. Therefore the 

relative amount of fast isotransferrin increases from approximate! y 15 

to approximately 35 per cent in the course of pregnancy. The changes in 

transferrin composition are even more pronounced in neonatal guinea­

pigs. Table 6. 3 shows that F ;s ratio's in new born guinea-pigs fall 

dramatically in the first few weeks of post-natal life. 

6.3. Discussion. 

In many species, changes in transferrin molecular mass - within one 

genetic variant - have been shown to be solely due to differences in 

the cartx:>hydrate chain(s). This also applies to rat slow and fast 

isotransferrins. There is no difference in amino-acid composition 

between these two isotransferrins (10). 
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Table 6.1 

Protein (mol/mol) Slow Fast 

Asp 57.2 57.5 

Thr 27.9 37.7 

Ser 58.5 60.2 

Glu 77.1 79.8 

Gly 49.5 41.0 

Ala 65.2 57.5 

.,cys 13.2 11.6 

Val 44.0 41.0 

Met 6.5 8.8 

Ile 24.5 22.3 

Leu 69.2 68.7 

Tyr 24.1 22.1 

Phe 33.3 32.8 

Lys 49.6 48.5 

His 19.3 18.8 

Arg 29.7 29.1 

Glucosamine 6.2 10.4 

Mannose 4.7 6.9 

Galactose 2.9 4.3 

Sialic acid 2.7 5.9 

Transferrin molecular mass: 80,000 

AMIN0-ACID AND c.AROOHYDRATE ANALYSFS OF GUINEA-PIG Isar.RANSFERRINS 

Rat slow transferrin (pi 5. 65) has 3 sialic acid residues per transfer­

rin molecule. Fast isotransferrin (pi 5.85) has 2 sialic acid residues 

per transferrin molecule (12,14). Both rabbit and rat transferrins have 

one glycan chain per molecule (13,15). 

To our knowledge, only in cattle, transferrin molecular mass hetero­

geneity within one genetic variant I!RlSt be due to differences in the 

polypeptide, since deglycosylated transferrin also showed molecular 

mass heterogeneity (15). In this species large transferrin probably 

differs from small transferrin only in the presence of an additional 

carboxyl-terminal peptide. 
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Table 6.2 

Guinea-pig Gestational serum transferrin Fast/Slow 

number age concentration Ratio 

(days) Crrq/ml) 

1 11 4.8 0.30 

32 4.7 0.42 

42 3.5 0.42 

2 18 4.1 0.14 

42 3.8 0.42 

50 3.5 0.55 

3 10 4.9 0.15 

21 4.8 0.29 

31 4.1 0.32 

4 25 3.9 0.37 

45 3.5 0.83 

55 3.5 N.D. 

5 55 N.D.* 0.43 

6 55 N.D. 0.60 

7 non-pregnant, N.D. 0.18 

female 

8 non-pregnant, N.D. 0.21 

female 

*N.D.: Not determined 

SERUM TRANSFERRlN IN FEMALE GUINEA-PIGS 
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Table 6.3 

Age Sennn transferrin Fast/Slow 

(days) concentration Ratio 

2 N.D. 1.43 

6 4.4 0.71 

11 4.1 0.48 

20 4.4 0.43 

*N.D.: Not detennined. 

SERUM TRANSFERRIN IN NEONATAL GUINEA-PIGS. 

The difference in molecular mass between small and large cattle-trans­

ferrin is approximately 6400 daltons. 

Guinea-pigs would be highly exceptional among rodents if slow and fast 

transferrin differ in amino-acid composition. It is however possible 

that a peptide-fragment is removed from fast transferrin to convert it 

to slow transferrin. This seems to be the most likely explanation for 

the "one gene, two polypeptides"-hypothesis. In newly synthesized human 

transferrin, the N-tenninal arninoacid valine is preceded by 19 amino­

acids. This peptide is released before secretion, and it probably has a 

signal function in transferrin secretion (16). An alternative explana­

tion could be the presence of trace amounts of heme or herne-hemopexin 

in our preparations. These are notoriously difficult to remove from 

transferrin. It has been clailned that only additional chromatographic 

steps, utilizing cartx:>xymethylcellulose or phenylboronate are able to 

remove these contaminations (17). 

'Ihe difference in cartx:>hydrate content between both guinea-pig iso­

transferrins is very pronounced, showing that the main difference 

between both isotransferrins is located in the glycan chain(s). Slow 

guinea-pig isotransferrin cartx:>hydrate analysis resembles human bian­

tennary transferrin ( 18, 19) . Fast isotransferrin' s heteropolysaccharide 

chain has a different conposition. 

'Ihe relative amount of fast isotransferrin, having a highly sialylated 

cartx:>hydrate chain which is therefore probably highly branched as well, 

increases in the course of pregnancy. 'Ihis phenomenon is silnilar, 
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though more pronounced, to the situation in huroan pregnancy. Recently, 

de Jong and van Eijk described that already early in huroan pregnancy 

the proportion of the highly sialylated transferrins increases, mostly 

at the cost of the tetrasialotransferrin. It reaches a maximum level at 

about the 28th week of pregnancy, which is maintained (20). The changes 

are reversed rapidly after delivery. Oral contraceptives bring about a 

qualitatively similar effect. 

Thus there is a striking correlation between the increment in the 

production of the highly sialylated transferrins and increasing trans­

placental iron transport, in huroans as well as in guinea-pigs. The 

observation that the composition of transferrin from healthy individu­

als is being maintained within narrow margins with regard to prosthetic 

allomerism (17) suggests that more than mere synchronism is at stake 

during pregnancy. A change in glycosylation of transferrin is also 

encountered in various diseases (5,21). 

ContraJ::y to the situation in huroans, we found that the concentration of 

transferrin in guinea-pigs decreases slightly in the course of pregnan­

cy. This has been described by others as well (8) . 

Avvakumov and Strel' chyonok found that a pregnancy-related huroan 

transcortin variant differs from transcortin only with regard to 

carlx:>hydrate structure (22). The pregnancy related variant has five 

tri -antennary sugar chains whereas transcortin nonnally has two tri­

and three biantennary carlx:>hydrate chains. First tr:il!lester syncyti­

otrophoblast microvillous membrane vesicles have two classes of speci­

fie binding sites for both transcortins. One of these displays a 

relatively high binding capacity and a significantly higher affinity 

for transcortin than for the pregnancy-associated variant. The other 

class of binding sites occurs in the membranes at a far lower concen­

tration, but it has a higher affinity for the pregnancy-associated 

transcortin variant. This illustrates that the physiological consequen­

ces of differences in carlx:>hydrate chains of glycoproteins can be 

complex. 

Differences in glycoproteins' carlx:>hydrate chains can be recognized by 

lectins. For instance, the hepatic binding protein specific for galac­

tose is involved in the clearance of glycoproteins from the circulati­

on. Therefore, terminal carlx:>hydrate chain residues can either provide 

specificity or mask underlying sugar residues. I.ectins provide specific 
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carbohydrate binding, both at the cell surface and at intracellular 

levels, thus sorting glycoproteins for different intracellular fates. 

Isotransferrins, differing in carbohydrate chains, can therefore have 

different affinities for various cell systems (bone ltlillTOW, placenta, 

liver) and thus direct iron to various destinations, both in the fetus 

as well as in the mother. 

Furthermore, intracellular iron processing can also differ between 

isotransferrins. 

Not only transferrin, but its receptor as well are glycoproteins. It 

has recently been recognized that TfR' s are a heterogeneous population, 

probably differing in glycosylation (23). A difference in TfR-glycosy­

lation might influence transferrin-binding, since the absence of 

carbohydrate residues in the TfR decreases its affinity for tranferrin 

considerably (24) . 
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Chapter 7 General disalssian. 

Trans-placental iron transport increases enonnously in the course of 

pregnancy (1). Early in pregnancy iron is stored in the placenta (2,3) 

and small amounts of iron are transported to the fetus. In the last 

trimester large amounts of iron are transported across the placenta and 

only small amounts are retained in the placenta (1). 

Little is known about adaptive changes in the course of pregnancy. 

Apparently the fetus is protected against toxic iron overload early in 

pregnancy. Clinical observations in thalassemia patients suggest that 

ferric iron is even IllOre toxic to fetal liver cells than it is in post­

natal life (4). This makes protection against iron overload even IllOre 

important. Iron retained in the placenta, early in pregnancy, is 

probably located in ferritin. Thus, iron overload in the fetus can be 

prevented. Ferritin has been attributed a role in regulating placental 

iron transfer (5,6). Qualitative and quantitative changes in placental 

ferritin in the course of pregnancy, and its localization, close to the 

syncytiotrophoblast apical membrane, are very suggestive in this 

respect. 

Ferritin is possibly involved in short-tem regulation of placental 

iron uptake as well. We have shown in chapter 5 that cultured tem 

cytotrophoblasts respond to high iron availability in the culture 

medium rapidly by decreasing TfR m.nnbers. If Iron Responsive Elements 

are operative in maintaining iron homeostasis in tem cytotrophoblasts, 

it would be expected that cellular ferritin levels are IllOdulated 

according to iron availability as well. However, in vivo experiments in 

animals, employing operative removal of the fetus, indicate that 

placental iron uptake is not regulated rapidly by trophoblast iron 

content. Iron uptake continues in the absence of the fetus (7 ,8). 

It seems to be worth'While to investigate the role of ferritin, both in 

the short-tem and long-tem regulation of placental iron uptake IllOre 

closely. The protein-connection between cytosolic iron and IRE's in 

both ferritin- and TfR-niRNA.' s is likely to be clarified soon, shedding 

IllOre light on the regulation of cellular iron homeostasis (9-11). 

lDng-tem regulation of iron transport is particularly difficult to 

unravel. It is unclear 'What role iron plays in changes influencing 

placental iron uptake. For instance: the surface of the maternal-fetal 
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exchange area increases in the course of pregnancy. It remains to be 

clarified "What regulates placental growth and where iron fits in. It is 

unclear whether TfR density on the syncytiotrophoblast apical plasma 

membrane changes in the course of pregnancy. We found that TfR-expres­

sion in this cell type is at a constant level, not influenced by 

biochemical changes acconpanying differentiation. 

Whereas the number of EGF-receptors has been reported to increase in 

the course of pregnancy, based on EGF-binding to syncytiotrophoblast 

membrane-vesicles from placentas of various gestational ages ( 12) , 

opposite conclusions have been reported as well {13). The conclusion 

that the EGF-receptor density decreases in the course of pregnancy was 

based on quantitative immune-peroxidase teclmiques. The difference may, 

at least partially, be due to the fact that no methods are available to 

isolate equally pure syncytiotrophoblast apical membrane-vesicles from 

placentas of various ages. 

It has been suggested that growth-factors play an :i1!1portant role in 

enhancing the proliferative phase of fete-placental growth (gesta­

tional age 14-24 weeks) (14), thus influencing long-term adaptation of 

transplacental transport. Results described in chapter 5 suggest that 

growth factors do not play an important role in short-term regulation 

of TfR distribution between intracellular and cellsurface pools in 

cultured term cytotrophoblasts. Hence growth factors do not influence 

placental iron uptake in cultured term trophoblast cells. This might be 

related to the fact that term cultured cytotrophoblasts are not proli­

ferative, as was shown in chapter 3. Thus, our results suggest that 

effects of growth factors on TfR distribution are closely related to 

proliferation. 

Sun et al. proposed an intriguing hypothesis to explain insulin's 

stimulation of growth {15) . Insulin-induced increased exposure of TfR' s 

at the cell surface is thought to increase transferrin-bound iron {III) 

reduction, since a transplasmamernbrane electron transport system is 

coupled to the TfR. Hence electron transport across the membrane 

increases. Coupled to this is proton release from the cell through the 

Na+;W- antiport. Subsequent alkalinization of the cytoplasm is related 

to the mitogenic action of growth factors (16). 

Recently a method has been described to isolate pure cytotrophoblasts 

from first trimester human placentas (17). These cells are proliferati-
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ve in vitro, with doubling times of 48-96 h. Some of these first 

trimester cytotror:hoblast cell lines were propagated continuously for 8 

months. '!his is an attractive model to study the relation between 

proliferation, differentiation and TfR-expression. Also, the effect of 

serum-withdrawal from the culture medium and insulin on TfR distributi­

on in these cells is of interest. Corrparison of data thus obtained with 

results described in this thesis for tenn cytotrophoblasts could shed 

more light on the relation between growth-factor induced TfR-redistri­

bution and the mitogenic role of growth factors. 

Clinical situations provide little further evidence with regard to the 

regulation of trans-placental iron transport. Case stories have been 

reported of women receiving high doses of iron intra-venously at the 

beginning of the last trimester ( 18) . '!his resulted in increased fetal 

hepatic iron stores, suggesting a lack of short-tenn regulation of 

trans-placental iron transport. '!here are two conditions in which 

chronic fetal iron overload can occur: neonatal hemochromatosis and 

rhesus-antagonism, treated with repeated blood transfusion in utero. It 

is unknown whether thus induced chronic fetal iron overload leads to 

down-regulation of placental iron uptake. An extra difficulty lies in 

the uncertainty whether neonatal hemochromatosis represents total body 

iron overload or merely a redistribution with iron overload in the 

liver and low levels of iron located in hemoglobin (4). Both placental 

iron concentration and total placental iron content are not affected in 

neonatal hemochromatosis. 

A major factor influencing iron metabolism in pregnancy may be protein 

glycosylation. Both transferrin and its receptor are glycoproteins. 

Parallel changes in transferrin glycosylation and increasing transpla­

cental iron transport, as described in chapter 6, suggest an adaptation 

in iron metabolism. Avvak:Lunov and Strel 'chyonok's results, discussed in 

chapter 6, in transcortin research (19) illustrate that various 

isotransferrins should be used in as many testsystems as possible, in 

order to investigate the physiological consequences of changes in 

glycosylation. An animal model will be particularly helpful in this 

respect, enabling both the use of many readily available cell systems 

as well as experiments directed at unraveling the mechanisms regulating 

transferrin biosynthesis. 

Furthennore, TfR's are no hOI!lCXJeneous population. Cells requiring 
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large amounts of iron synthesize an additional TfR, differing qualita­

tively from the conventional one (20) . 

Post-translational modification, like glycosylation of the TfR is a 

likely explanation for this phenomenon. Glycosylation is not necessary 

for specific binding of transferrin to its receptor, but the affinity 

of this binding can be influenced greatly by the presence or absence of 

carbohydrate residues (21). 

Regulation may be involved in placental iron release to the fetal 

circulation. Both the amount and the fom in which iron is released 

may be influenced. An interesting, though highly speculative, way in 

which the placenta might regulate iron processing at the fetal side is 

through a recently recognized h1ID10ral regulatory mechanism controlling 

erythropoiesis. In the human placenta inhibin is produced ( 22) . Both 

inhibin and its antagonist, activin regulate the proliferation of 

erythroid progenitor cells, thus modulating ~ifferentiation 

(23). 
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Iron plays a key role in many biochemical reactions. It is thus also 

essential for the developing fetus. The fetus depends for its iron 

demands on the mother. Maternal serum transferrin serves as the iron 

donor. It delivers its iron to the placenta and hence it is transported 

to the fetus. 

Experiments in animals show that placental iron uptake continues if the 

fetus is removed. 

Fetal iron needs increase in the course of pregnancy. This is partly 

due to the onset of fetal hemc::qlobin synthesis. Fetal iron needs are 

met, even if the mother has a (mild) iron deficiency. Widely used iron 

suppletion in pregnancy inproves maternal iron status, whereas neonatal 

iron status is hardly influenced. 

The observation that the fetus, on the one hand, does not suffer from 

iron overload, when its iron processing capacity is low, whereas, on 

the other hand, it is protected against iron deficiency even if iron 

supply is limited, strongly suggests that maternal-fetal iron transport 

is regulated. 

This thesis is a study on mechanisms regulating placental iron uptake. 

Chapter 1 gives a survey of iron metabolism. Emphasis is laid on the 

inpact of pregnancy on iron metabolism and on the proteins and bioche­

mical mechanisms involved in controlling iron. 

Chapter 2 describes all the materials and methods used in the subse­

quent chapters. 

Chapter 3 to 5 are devoted to a study of the regulation of transferrin­

receptor-expression on the maternal-fetal exchange area. The transfer­

rinreceptor (TfR), located on the apical side of syncytiotrophoblast, 

is primarily the molecule that mediates placental iron uptake. Within 

the syncytiotrophoblast, iron is released from maternal transferrin. 

Iron continues its way to the fetal circulation and maternal apotrans­

ferrin is recycled to maternal blood. 

In the first part of this study a method is employed that isolates 

homogeneous, well defined cells from the hmnan tem placenta. These 

cells are cytotrophoblasts. Under in vitro conditions they fuse, thus 

forming a syncytium. All cells, whether mononuclear or fused start 

expressing biochemical characteristics of syncytiotrophoblast. '!hey 
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synthesize a nlll!lber of honnones that are in vivo strictly limited to 

syncytiotrophoblast. Some general characteristics of this cell culture 

J:llCXiel, relevant to this study, are described in chapter 3. Cytotropho­

blasts are, for instance, not proliferative under in vitro conditions. 

Chapter 4 takes a closer look at TfR-expression on freshly isolated 

cytotrophoblasts and the changes in this respect in culture. Freshly 

isolated cytotrophoblasts have a very low level of TfR-expression. 

After approximately 40 h in vitro all cells have TfR 1s, at an average 

of approximately 80, 000 per cell. 'Ihese receptors are present in equal 

quantities on the cell surface and intracellularly. '!his shows that the 

level of TfR 1 s in nonual trophoblast is approximately 50-fold lower 

than in their malignant counterpart, choriocarcinoma. 

Chapter 5 describes the effect of a nlll!lber of mechanisms, that are 

known to influence TfR-expression in other cell types, on cytotrop­

hoblasts. Changes in TfR-levels on the maternal-fetal exchange area 

will llmnediately affect placental iron uptake. It is shown that the 

nlll!lber of TfR 1 s per cell is influenced by the nlll!lber of cells in the 

culture dish. I.ow cellular occupancy of the culture dish leads to high 

TfR levels. In other cell types, low cellular density in vitro leads to 

proliferation and hence high levels of TfR 1 s. '!his is not the case in 

human tenn cytotrophoblasts, since they are not proliferative in vitro. 

Differentiation of cytotrophoblasts in vitro can be induced in two 

ways, either by adding cAMP to their culture medium or by expanding 

the culture period. Both ways do not lead to any change in TfR-expres­

sion in these cells. 

Growth factors induce a redistribution of TfR 1 s in many cell types. 

TfR 1 s are mobilized from intracellular receptor pools to the cell 

surface. Withdrawal of serum from the culture medium generally has an 

opposite effect. '!he number of TfR 1 s at the cell surface is not affec­

ted in either way in tenn cytotrophoblasts. 

'!he addition of extra iron to the culture medium, especially if bound 

to transferrin, leads to lower levels of TfR1 s in trophoblast cells. 

'!his suggests a feed-back mechanism between maternal iron-availability 

and placental iron uptake capacity. Hence, placental iron uptake per 

cellular unit can be maintained at a constant level. Since the mater­

nal-fetal exchange area increases in the course of pregnancy, placental 

iron uptake can still be adjusted to increasing fetal needs. 
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In chapter 6 the effects of pregnancy on maternal transferrin, both 

qualitatively as well as quantitatively are discussed. An animal model 

(the guinea-pig) is used in this chapter. It is shown that the main 

change involves transferrin's carbohydrate chain. Both maternal and 

fetal transferrin are affected. 

Finally, in chapter 7 the results obtained in this study are placed in 

the broader perspective of the knowledge on iron metabolism in pregnan­

cy. 

101 



IJzer speelt een sleutelrol bij veel belangrijke bioc:hemische proces­

sen. Ook voor de zich ontwikkelende foetus is ijzer onontbeerlijk. Hij 

is voor zijn ijzerl>ehoefte afhankelijk van de moeder. Het in het 

moederlijk bleed circulerende transferrine fungeert als ijzerdonor: via 

de placenta vindt i j zertransport plaats naar de foetus. 

In proefdierexperimenten is gebleken dat de placenta i j zer aan de 

moeder blij ft onttrekken indien de foetus operatief verwijderd wordt. 

In de loop van de zwangerschap stijgt de foetale behoefte aan ijzer. 

Dit komt onder andere door de op gang komende hemoglobinesynthese. Ook 

indien de moeder (mild) ijzergebrek heeft wordt aan deze foetale 

behoefte tegemoet gekomen. De algemeen gebruikelijke ijzersuppletie in 

de zwangerschap is dan ook primair van belang voor de moeder, de 

neonatale ijzerstatus wordt er nauwelijks door beinvleed. 

Het feit dat de foetus enerzijds niet met ijzer wordt overladen, zolang 

de verwerkingscapaciteit voor ijzer laag is, anderzijds ook in situa­

ties van geringe i j zerbeschikbaartleid beschentrl is tegen ij zergebrek 

maakt het aannemelijk dat transport van moeder naar kind in de zwanger­

schap gereguleerd wordt. 

In dit proefschrift is een onderzoek beschreven naar regulerende 

factoren van de placentaire ijzeropname. 

In hoofdstuk 1 wordt een overzicht gegeven van het ijze:r:metabolisme. 

Daamij wordt in het bijzonder ingegaan op de invleed van de zwanger­

schap op het ijze:r:metabolisme en op de eiwitten en biochemische mecha­

nismen die betrokken zijn bij de beheersing van de ijzerstatus. 

Hoofdstuk 2 beschrijft alle materialen en methoden die in dit onderzoek 

gebruikt zijn. 

In de hoofdstukken 3 tot en met 5 wordt het onderzoek beschreven naar 

de regulatie van transferrinereceptor-expressie op het uitwisselingsop­

pervlak tussen moeder en kind. De transferrinereceptor (TfR), gelokali­

seerd op de apicale zijde van de syncytiotrofoblast, is primair het 

rnolekuul waa:r:mee de placenta ijzer (gebonden aan moederlijk transferri­

ne) opneemt. Binnen deze cellaag wordt ijzer van transferrine afge­

splitst, het ijzer vervolgt zijn weg naar foetaal transferrine in de 

foetale circulatie. Meederlijk apotransferrine keert terug naar het 

moederlijk bleed. 
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Voor dit deel van het onderzoek is gebruik gemaakt van een methode 

waarbij een eeltype uit de placenta gezuiverd wordt en in kweek wordt 

gebracht. Dat eeltype is de cytotrofoblast. In kweek versmelten deze 

cytotrofoblasten met elkaar, aldus een syncytimn vonnend. Alle eellen, 

zowel gefuseerde als niet-gefuseerde krijgen in vitro de biochernische 

kenrnerken van de syncytiotrofoblast: zij gaan een aantal honnonen 

produceren die in vivo alleen in de syncytiotrofoblast voorkomen. Een 

aantal algemene kenrnerken van dit model, die van belang zijn voor dit 

onderzoek, worden beschreven in hoofdstuk 3. Zo blijken de eellen in 

vitro niet proliferatief te zijn. 

In hoofdstuk 4 wordt gekeken naar het voorkomen van TfR' s op vers 

geisoleerde cytotrofoblasten, en de veranderingen die in de eelkweek 

optreden. Vers geisoleerde cytotrofoblasten blijken een bijzonder laag 

niveau van TfR-expressie te hebben. Na 40 uur kweken hebben alle eellen 

TfR's, gerniddeld ongeveer 80.000 per eel. Deze receptoren zijn gelijk 

verdeeld over het oppervlak en het inwendige van de eellen. Daannee 

blijkt dat nonnale trofoblast eellen ongeveer 50 roaal minder TfR's 

hebben dan hun kwaadaardige tegenhanger, het choriocarcinoom. 

In hoofdstuk 5 wordt het effect onderzocht van een aantal factoren 

waazvan bekend is dat zij bij andere eeltypes de TfR-expressie be­

invloeden. Inrrners, veranderingen in TfR-bezetting op het uitwisselings­

oppervlak tussen moeder en kind zullen onmiddellijk gevolgen hebben 

voor de placentaire ijzeropname. Het blijkt dat het aantal TfR's per 

eel in vitro in hoge mate afhankelijk is van de hoeveelheid eellen per 

kweekbakje. Bij een geringe bezetting van het oppervlak van het bakje 

zijn er veel TfR's per eel aanwezig. In het algemeen is het zo dat 

orwolledige begroeiing van het kweekoppervlak een stimulans is voor 

eellen om te gaan prolifereren, hetgeen leidt tot hoge TfR-expressie. 

Bij cytotrofoblasten uit de terme placenta is dat niet het geval: zij 

zijn niet proliferatief in vitro. 

Cytotrofoblasten zijn in vitro op twee roanieren aan te zetten tot 

differentiatie: enerzijds door cAMP aan te bieden in het kweekrnedimn, 

anderzijds door langer te kweken. Beide roanieren blijken niet te leiden 

tot veranderingen in TfR-expressie in deze eellen. 

In veel eeltypes hebben groeifactoren een hei:Verdelingseffect op TfR's: 

er worden TfR's gernobiliseerd vanuit het inwendige van de eel naar het 

eeloppervlak. Onttrekking van serum in het kweekrnedimn heeft veelal een 
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tegengesteld effect. In de tenne cytotrofoblast blijken beide factoren 

geen invloed te hebben op het aantal TfR' s op de plasmarnernbraan. 

De toevoeging van extra ijzer aan het kweekmedillln, met name indien 

gebonden aan transferrine blijkt te leiden tot lagere TfR-expressie in 

de trofoblast. Dit duidt erop dat er een terugkoppeling bestaat tussen 

ij zerl:leschikbaarlleid in het moederlijk serum en opnamecapacteit in de 

placenta. Een dergelijk mechanisrne houdt de placentaire ij zeropname per 

cellulaire eenheid redelijk constant. Aangezien het uitwisselingsopper­

vlak tussen moeder en kind sterk toeneemt in de loop van de zwanger­

schap, kan de placentaire ijzeropname aangepast worden aan de toenernen­

de foetale ijzerlJeh.oefte. 

In hoofdstuk 6 wordt beschreven wat de effecten zijn van zwangerschap 

op de aard en de hoeveelheid moederlijk transferrine, de ijzerdonor 

voor de placenta. Hiertoe wordt een proefdiennodel, de cavia, gebruikt. 

Het blijkt dat met name de koolhydraatketen van het transferrinemole­

kuul sterk verandert in de loop van de zwangerschap, zowel bij de 

moeder als bij de foetus. 

In hoofdstuk 7 tenslotte wordt getracht de in dit proefschrift beschre­

ven resultaten in te passen in de bestaande kennis van het ijzennetabo­

lisrne in de zwangerschap. 
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Aan de totstandkoming van dit proefschrift hebben velen een bijdrage 

geleverd. Ik wil hen graag op deze plaats bedanken. 

Prof. dr. H.G. van Eijk, mijn promotor, voor zijn enthousiaste vertrou­

wen in mij. Hij hield altijd de vinger aan de pols bij dit project. 
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