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Chapterr 1 

Maturatio nn of the fetal liver 

Johanness A.A. Spijkers and Wouter H. Lamers 

UniversityUniversity of Amsterdam, Department of Anatomy and Embryology, 
MeibergdreeflS,MeibergdreeflS, 1105 AZ Amsterdam, The Netherlands 





Maturatio nn of the fetal liver 

11 Introductio n 

Thee different stages in the development of organs that are derived from 
foregutt endoderm, such as lung, pancreas and liver, show a striking temporal 
similarity.. Almost 30 years ago, Rutter and co-workers were the first to 
recognizee this highly typical pattern of sequential developmental stages in the 
pancreass (Rutter et al., 1968a). They monitored the accumulation of specific 
exocrinee proteins and the appearance of morphological characteristics during 
developmentt and distinguished a period of organ growth and a period of organ 
maturation.. The experimental data that revealed some of the mechanisms 
underlyingg this development, were mostly derived from rat and mouse studies. 
Here,, we will use the timing of rat embryo development. Comparable time 
pointss in mouse development are positioned 1.5-2 days earlier (Butler and 
Juurlink,, 1987). 

Inn Rutter's model, there are two important regulatory events in organ 
development.. The primary regulatory event causes pluripotent cells in the 
foregutt endoderm to differentiate into cells with organotypic potential (primary 
transition).. This differentiative event occurs in the course of embryonic day 
(ED)) 11 in the rat and leads to the formation of recognizable organ primordia. 
Thee newly differentiated parenchymal cells are said to be in the so-called 
proto-differentiatedd state. In the subsequent period, cellular multiplication and 
outgrowthh of the epithelial cells into the surrounding mesenchyme result in 
organn morphogenesis. In addition to extensive growth, the parenchymal cells in 
thee developing organs express gene products that are characteristic for the 
phenotypee of the terminally differentiated cell at finite but relatively low levels. 
Thee early phase of organogenesis is referred to as the embryonic period. The 
passingg from the embryonic to the fetal period, or from the proto-differentiated 
too the fully differentiated state, is called the secondary transition. The first signs 
off  this shift are a sharp decline in mitotic activity and growth of the liver at 
EDD 14 (Fig. 1). In the following days the decrease in growth continues leading 
too the virtual absence of epithelial cell proliferation between ED 18 and birth 
(Tsanev,, 1975). The fetal period is also called the period of organ maturation, 
ass it is characterized by a transition in the expression level of organ-specific 
enzymess from the relatively low embryonic to the much higher adult level. 

AA number of models have addressed the question how mitotic activity is 
relatedd to the competence of cells to synthesize tissue-specific proteins during 
embryonicc development. Tsanev and Sendov (1971) proposed a model with 
twoo levels of control. The first level of control included "blocking" and 
"deblocking""  of genetic units and determines the transcriptional option of a 
cell.. The second level of regulation involved "repression" and "derepression" 
off  the deblocked units, that is, modulation of gene expression levels. The model 
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Fig.. 1. Diagram depicting the growth rate of the liver (dashed line), the timing of c-Met 
expressionn (solid line), the secondary transition (vertical bar), the methylated state of the CPS 
genee (dotted line), and the concentrations of circulating glucocorticoids (GC) (dash-dotted 
line).. The horizontal axis shows the developmental age in days with 'B' referring to birth. 
Birthh occurs during the course of ED22. Levels of c-Met expression and circulating GC are 
depictedd in arbitrary units. Methylation of the CPS gene is denoted percentually. The growth 
ratee of the liver was calculated for 24 hour time intervals (d logN/dt; N=number of 
hepatocytes,, t=time in days). A value of 0.3 corresponds to a doubling of the hepatocyte 
population.. The decline in c-Met expression around EDI3 is followed by a dramatic 
reductionn in hepatocyte proliferation. These events characterize the secondary transition 
whichh occurs around ED 14 in the rat. In the following period there is a rapid and dramatic 
increasee in the blood level of GC which is accompanied by the maturation of the liver and the 
de-methylationn of the CPS gene. Liver maturation follows the line depicting the 
concentrationss of circulating GC while it is ascending. Maturation is evident at both the 
functionall  level (recruitment of hepatocytes to express liver-specific enzymes) and the 
morphologicall  level (formation of bile ducts and fenestrae). 

off  Tsanov and Sendov, which was based on theoretical grounds, turned out to 
bee largely correct with respect to the different levels of control. In addition, in 
theirr model initiation of transcription is only an option during replication, 
whichh is now a widely accepted view (for review, see Studzinski and Harrison, 
1999). . 
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22 The primar y transistion 

Thee combination of experimental and molecular studies is rapidly 
yieldingg detailed information on the signal cascades that regulate the primary 
transitionn in the liver. The cellular interactions that underlie liver differentiation 
weree already reviewed 25 years ago by Le Douarin (1975), whereas the 
molecularr biological studies that identified some of the transcription factors 
andd cell signaling molecules that control liver development, were recently 
reviewedd by Zaret (1996, 1998). Liver organogenesis starts with the formation 
off  the hepatic primordium which becomes recognizable in the foregut at 
EDD 10.5 of rat development (20-somite stage). Liver differentiation results from 
aa tissue interaction between the pre-hepatic endoderm and the cardiac 
mesodermm (Le Douarin, 1975; Houssaint, 1980; Fukuda-Taira, 1981). This 
interactionn can be regarded as the primary regulatory event. Recent in vitro 
studiess have shown that the cardiac tissue can be replaced by fibroblast growth 
factorss (FGF) 1 and 2 (Jung et al., 1999). 

33 The proto-differentiated state 

Thee early hepatocytes in vivo express liver-specific enzymes, such as 
ot-fetoproteinn (AFP) (Moorman et al, 1990a), albumin (Shiojiri, 1984; 
Moormann et al., 1990a; Cascio and Zaret, 1991), glutamate dehydrogenase 
(GDH)) (Gaasbeek Janzen et al., 1988; Moorman et al., 1990b), and arginase 
(Gaasbeekk Janzen et al., 1988). However, the level of expression is low 
comparedd to that in mature adult hepatocytes (Lamers et al., 1984; Sellem et al., 
1984;; van Roon et al., 1989a; Cascio and Zaret, 1991; Shelly and Yeoh, 1991; 
Dingemansee et al., 1994). The newly differentiated parenchymal liver cells 
multiplyy exponentially (Tsanev, 1975) and migrate into the surrounding 
mesenchyme.. From data presented in morphometric studies (Doljanski, 1960; 
Rohrr et al., 1971; Greengard et al, 1972; Vassy et al., 1988), the number of 
hepatocytess in the liver at different developmental stages can be calculated. 
Fromm these numbers the developmental daily growth rate of the hepatocyte 
populationn can be determined (d logN/dt; N=number of hepatocytes/liver and 
t=timee in days). A growth rate of 0.3 results in a doubling of the hepatocyte 
populationn every 24 hours. Fig. 1 shows that the growth rate of the hepatocyte 
populationn is approximately 0.5-0.55 in the embryonic period, which therefore 
correspondss with a cell cycle duration of 13-14 hours. This growth rate is 
similarr to the growth rate of the entire embryo (Goedbloed, 1976). Hepatocyte 
growthh and migration is initiated by a tissue interaction with the mesenchyme 
off  the adjacent septum transversum (Le Douarin, 1975; Sherer, 1975a, b; 
Houssaint,, 1980). In the absence of the mesodermal liver component, hepatic 
endodermall  epithelium fails to grow in vitro (Wolff, 1968). However, 
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cytologicall  maturation, characterized by bile canaliculi and cuboid hepatocyte 
morphologyy (Sherer, 1975a), and enzymological maturation, characterized by 
UDP-glucuronyltransferasee activity (Sherer, 1975b), progresses normally. This 
indicatess that the role of the mesenchyme primarily concerns the growth of the 
hepatocytes.. In vitro studies showed that FGF 8 can at least partially replace the 
requirementt for mesenchyme during liver growth in the embryonic period 
(Jungetal.,, 1999). 

Studiess with genetically manipulated animals have revealed regulatory 
roless for additional growth factors and growth-associated transcription factors 
duringg the proto-differentiated phase of development. Mouse embryos lacking 
thee proto-oncogene c-Jun or the gene for mitogen-activated activator of Jun 
N-terminall  kinase, SEK1, die shortly after ED 12.5 with a greatly reduced 
numberr of hepatocytes and impaired hematopoiesis compared to wild-type 
animalss (Hilberg et al., 1993; Ganiatsas et al, 1998; Nishina et al., 1999). The 
diminishedd number of hepatocytes in the liver of mutant embryos appears to be 
causedd by an increased apoptotic rate (Eferl et al., 1999; Nishina et al., 1999). 
Similarly,, a deficiency in N-myc has been reported to cause hepatocyte 
depletionn due to excessive apoptosis between EDI 1.5 and ED12.5 (Giroux and 
Charron,, 1998). Mice with a homozygous null mutation in the homeobox gene 
HlxHlx show normal liver differentiation, but die around ED 15 with anemia and 
severee hypoplasia of the liver (the liver reaches only 3% of its normal size). Hlx 
iss expressed in the mesenchyme of the liver and in the intestine. The low 
numberr of hepatocytes in Mx-deficient embryos was not associated with 
increasedd apoptosis (Hentsch et al., 1996). 

Micee deficient for either hepatocyte growth factor (HGF) or its receptor 
c-Mett have a liver which is reduced in size and shows extensive loss of 
parenchymall  cells. The embryos die in utero between ED 13.5 and ED 16 (Bladt 
ett al., 1995; Schmidt et al., 1995; Uehara et al., 1995) (for review, see Zaret, 
1998).. Conversely, HGF administration in vivo induces hepatocyte 
multiplicationn (Roos et al., 1995). Despite the obviously crucial function of 
c-Mett and HGF in liver development, the temporal an spatial expression 
patternss of these genes in the prenatal liver were never determined thoroughly 
(Sonnenbergg et al., 1993; Andermarcher et al., 1996). This prompted us to 
investigatee the distribution patterns of c-Met and HGF mRNA in a 
developmentall  series of rat embryos ranging from ED 10-20 (described in 
chapterr 4). The tyrosine kinase receptor c-Met was localized in the hepatocytes, 
whereass HGF was produced by the non-parenchymal cells. Expression of both 
genee products peaked between EDI 1-13 and therefore coincided with the 
periodd of rapid hepatocyte proliferation in vivo (Fig. 1). In the following 2-3 
dayss transcripts for c-Met disappeared from the liver, whereas HGF expression 
graduallyy became confined to a limited number of cells, as evidenced by the 
speckledd distribution pattern of its mRNA. The decline in HGF and c-Met 
expressionn was accompanied by a sharp decline in liver growth. Although 
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c-Mett expression in the embryonic heart followed a similar time course, other 
viscerall  organs, such as lung, pancreas, thyroid, and intestine, continued to 
expresss c-Met in the epithelial cells until at least ED 16 at elevated levels. 

3.11 The maintenance of the (proto-)differentiated state during rapid 
cellularr  proliferatio n 

Whenn embryonic hepatocytes are cultured in vitro under growth promoting 
conditions,, they rapidly de-differentiate. De-differentiation is characterized by 
thee loss of typical morphology and, subsequently, the abolishment of 
hepatocyte-specificc gene expression. In vivo, however, the same cells keep 
expressingg early hepatocyte markers while growing exponentially. This raises 
thee question how the differentiated state of the hepatocytes is maintained 
duringg liver organogenesis in vivo. To address this issue we developed a 
co-cultivationn assay to identify factors that revert rapidly growing 
de-differentiatedd rat hepatocytes in vitro to cells with a differentiated 
phenotypee (described in chapter 2) (Spijkers et al., 1999). This resulted in the 
identificationn of ribosomal protein S3a as a hepatocyte differentiation-
preservingg factor requiring cell-cell proximity to exert its effect (described in 
chapterr 3) (Spijkers et al., submitted;a). In situ hybridization studies in rat 
showed,, that in vivo, S3a transcripts are highly expressed in embryonic 
hepatocytess during the phase of exponential liver growth. The strongest signal 
wass found at ED 14 whereafter the expression of S3a in the hepatocytes was 
graduallyy downregulated. The mechanism by which S3a operates is still 
obscure,, although it is known that S3a accumulates during the S-phase of the 
celll  cycle (Kho et al., 1996). Possibly the hepatic cells can induce each other to 
stayy differentiated in vivo. However, this raises the question why 
S3a-expressingg hepatocytes de-differentiate in vitro. Apparently, this 
discrepancyy is caused by the disruption of tissue architecture and the 
temporarilyy disturbance of cell-cell interactions (Fig. 2A). Such cellular 
interactionss may exist on the level of physical contacts and/or on the level of 
celll  proximity. In agreement with Tsanev's model, the differentiated state is 
maintainedd if the hepatocytes are cultured under conditions that are not 
permissivee for proliferation, such as in the presence of glucocorticoids (Lamers 
ett al., 1984, 1985) or in the absence of arginine (Leffert and Paul, 1972; our 
ownn observations). Under such culture conditions the hepatocytes are tightly 
packedd together (Fig. 2B). The finding that hepatocytes, once de-differentiated, 
stilll  respond to S3a, suggests that S3a acts via basal pathways still operational 
inn the de-differentiated cell. The speckled distribution pattern that gradually 
developss after ED 15 indicates that S3a expression becomes more and more 
confinedd to isolated cells in the fetal phase, i.e. when hepatocyte proliferation 
comess to a halt. 

Maturationn of the fetal liver «13 



Fig.. 2. Morphology of embryonic rat hepatocytes in primary in vitro culture under growth-
promotingg (A) and growth-inhibiting (B) conditions. Proliferative activity of the hepatocytes 
inn panel B was suppressed by the addition of glucocorticoid hormone (106 M) and cyclic 
AMPP (10~3 M). Mitotically active embryonic hepatocytes (A) were scattered and appeared 
stellate,, whereas mitotically inactive hepatocytes (B) were packed closely together and had 
characteristicc epithelial morphology reflecting a substantial degree of differentiation. Scale 
bar:: 100 11m. 

44 The secondary transition 

Fig.. 1 shows that the extensive proliferative activity of the early 
hepatocytess begins to decline rapidly around ED14 and has virtually 
disappearedd at EDI8. Postnatally a wave of hepatocyte proliferation occurs 2-4 
dayss after birth (Gruppuso et al., 1997) and again at weaning in association 
withh a shift in the ploidy distribution of the hepatocytes (Greengard, 1970a). 
Thee precipitous decline in mitotic activity and growth of the liver seen after 
EDD 14 (Tsanev, 1975) marks the transition of the proto-differentiated to the 
differentiatedd state which is designated the secondary transition (Rutter et al., 
1968b).. The subsequent developmental phase is known as the fetal period and 
iss characterized by organ maturation (Rutter et al., 1968b), both at the 
functionall  level (expression of hepatocyte-specific gene products) and the 
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morphologicall  level (formation of highly specialized cells such as bile duct 
cells).. In contrast to the primary transition, the signal-transduction mechanisms 
thatt underlie the secondary transition are poorly understood. In view of the 
numberr of organs that simultaneously undergo the secondary transition, 
systemicc molecules such as hormones may be involved. 

55 Hepatocyte maturation and the development of the fully differentiated 
state e 

Thee most intensively studied feature of liver maturation in the fetal period 
iss the substantial increase in expression of hepatocyte-specific enzymes 
(Greengard,, 1970a; Tsanev, 1975). The apparent reciprocal relation between 
thee decline in hepatocyte proliferation and the accumulation of hepatocyte-
specificc enzymes raises the issue of the causality. 

Wee will discuss 4 factors that have a possible role in the establishment of 
thee fully differentiated state of hepatocytes, viz. glucocorticoids, the 
hematopoieticc tissue, DNA de-methylation, and finally, the liver architecture. 

5.11 Glucocorticoids 

Thee increase in expression levels of hepatocyte-specific enzymes during 
ratt development (Greengard, 1970a) coincides with an increase in the 
concentrationn of circulating glucocorticoids (Fig. 1) (Cohen, 1976; Henning, 
1978),, whereas removal of the adrenal glands largely abolishes these 
developmentall  accumulation of enzymes (Illnerova, 1966; Herzfeld and 
Greengard,, 1969; Greengard et al., 1970b; Greengard and Dewey, 1971; 
Lamerss and Mooren, 1981). These findings suggest a causal role for 
glucocorticoids.. Moreover, glucocorticoids, in conjunction with cyclic AMP, 
cann induce the premature expression of hepatocyte-specific enzymes, such as 
carbamoylphosphatee synthetase (CPS) and phosphoeno/pyruvate carboxykinase 
(PEPCK),, in hepatocytes in vitro from the moment these cells differentiate 
fromfrom the embryonic foregut (Lamers et al., 1984, 1985). In contrast, the same 
hormoness could not induce CPS expression in the liver in whole ED 10 
rat-embryoo cultures, even though morphological development of the embryos 
wass normal and hepatic expression of GDH and AFP appeared on schedule 
(Westenendd et al., 1986). Hepatocytes that were isolated from these cultured 
embryos,, accumulated CPS protein within 24 hours after explanation. This 
showss that the early hepatocytes in situ have the capacity to express the CPS 
genee but that expression is suppressed in the intact liver until after the 
secondaryy transition. Possibly, the rapid growth of the embryonic hepatocytes 

Maturationn of the fetal liver «15 



inn situ disfavors enzyme accumulation, even though CPS can be expressed in 
alll  phases of the cell cycle (van Roon et al., 1989b). 

Inn the embryonic period the cell cycle duration is only 13-14 hours (see 
above)) (Tsanev, 1975; McLaren, 1976; van de Poll et al., 1979), of which more 
thann half is consumed by the S- and G2-phase. In vitro, the addition of 
glucocorticoidss to embryonic rat hepatocytes inhibits proliferation (Lamers et 
al.,, 1984, 1985; van Roon et al., 1989a, b) and increases the length of the cell 
cyclee to 30-35 hours (van Roon et al., 1989b). Similarly, in vivo, both during 
fetall  development (Fig. 1) and in the preweaning period a rise in glucocorticoid 
concentrationss inhibits hepatocyte proliferation (Castellano et al., 1978), 
concurrentt with a wave in the expression of liver-specific enzymes. When the 
lengthh of the cell cycle changes, the length of the Gl-phase is most affected. 
Somee hepatocyte-specific enzymes, such as CPS, are expressed in all phases of 
thee cell cycle (van Roon et al., 1989b), but others, such as the gluconeogenic 
enzymee tyrosine aminotransferase (TAT) are exclusively synthesized in the 
Gl-phasee of the cell cycle (Sellers and Granner, 1974; van de Poll et al., 1979). 
Itt is anticipated that in the short cell cycle of the embryonic hepatocytes there is 
hardlyy any time left for the Gl-phase and specific protein synthesis. The 
durationn of the cell cycle may thus be of influence on the recruitment of 
hepatocytes. . 

Thee arguments put forward in the previous paragraph suggest that 
glucocorticoidss may force the cells to withdraw from the cell cycle whereafter 
theyy start to accumulate enzyme. Recruitment of hepatocytes for enzyme 
synthesiss can be demonstrated nicely when comparing the expression of 
carbamoylphosphatee synthetase (CPS) and glutamate dehydrogenase (GDH) in 
developingg liver. GDH is expressed in all hepatocytes from the moment they 
differentiatee from the embryonic foregut (Gaasbeek Janzen et al., 1988). 
Hepatocytess expressing CPS can first be visualized at ED 13 in the rat (Spijkers 
ett al., submitted;b). Its accumulation begins in the central area of the liver and 
spreadss to the peripheral areas in the ensuing days (Lamers et al., 1987; 
Gaasbeekk Janzen et al., 1988; Moorman et al., 1990b). More and more 
GDH-positivee hepatocytes become CPS-positive until all hepatocytes are 
recruitedd for CPS biosynthesis at 2-3 days before birth. Similarly, only a few 
hepatocytess near the major hepatic veins in the central part of the liver begin to 
accumulatee glutamine synthetase (GS) protein at ED 17 (Spijkers et al., 
submitted;b),, but 2 days later, all pericentral hepatocytes contain GS. In 
developingg mouse liver, a similar recruitment of hepatocytes to accumulate 
maturation-specificc enzymes was observed (Bennett et al., 1987; Notenboom et 
al.,, 1997). The observed pattern during the recruitment of hepatocytes for 
enzymee synthesis suggests that not all hepatocytes withdraw simultaneously 
fromfrom the cell cycle. Furthermore, the central-to-peripheral gradient in enzyme 
accumulationn (Notenboom et al., 1997; Spijkers et al., submitted;b) suggests 
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thatt the more centrally located hepatocytes become sensitive to glucocorticoids 
beforee the more peripheral ones do. 

Thee coincident induction of hepatocyte-specific gene expression and the 
inhibitionn of hepatocyte proliferation raises the question whether both are the 
resultt of the increased glucocorticoid levels or whether there is a causal 
relationshipp between these processes. Recently, Gruppuso et al. (1999) reported 
that,, in late fetal rat hepatocytes, they could find no correlation between the 
expressionn of differentiation markers such as AFP, glucokinase, PEPCK, a 
hepatocytee cell-adhesion molecule (C-CAM), and CPS on the one hand, and of 
proliferationn markers, such as proliferating-cell nuclear antigen (PCNA) or the 
incorporationn of 5-bromo-2'-deoxy-uridine (BrdU) into DNA on the other. 
Althoughh these findings suggest that proliferation and differentiation are 
independentt processes, the data largely rest on the relation between AFP 
expressionn and proliferation, which are known to occur simultaneously. 
Furthermore,, in primary in vitro cultures of ED20 fetal rat hepatocytes the 
expressionn of the hepatocyte growth factor receptor c-Met was inhibited by the 
additionn of dexamethasone (de Juan et al., 1994). Conversely, it was 
demonstratedd by Northern blot that c-Met transcripts accumulated after birth, 
reachingg a peak level within three weeks (Kagoshima et al., 1992), concomitant 
withh the postnatal drop in glucocorticoid concentration. For the conclusive 
demonstrationn of a causal relationship between growth reduction and 
differentiation,, genetically modified mice have to be studied that express 
hepatocytee growth factors and their receptors under the control of a 
promotor/enhancerr that is strongly activated in mature hepatocytes only, e.g., 
thatt of CPS. When the hepatocytes of such mice are recruited to express CPS 
theyy will be simultaneously induced to re-express the growth factor. If a causal 
relationn exists, CPS expression is expected to be abrogated. 

5.22 The role of hematopoietic tissue in liver  maturation 

Thee embryonic liver is a transient site for hematopoiesis. Hematopoietic 
focii  arise in the mesenchyme that lies ventral to the dorsal aorta, including the 
septumm transversum, around the time the liver differentiates from the 
embryonicc foregut (for review, see (Morales-Alcelay et al., 1998). Toward the 
endd of its proto-differentiated phase of development, the embryonic liver has 
becomee the major site for hematopoiesis in the body. In this period, 
hepatocytess represent only 40% of all cells in the liver. Hematopoietic cells 
beginn to move into the bone marrow or spleen toward the middle of the fetal 
period.. Glucocorticoids, which are among the most important driving forces to 
inducee the expression of hepatocyte-specific enzymes during the fetal period, 
alsoo induce the maturation of hematopoietic cells and their migration from the 
liverr (Jacquot and Nagel, 1976). The time course of hematopoietic tissue 
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developmentt in the liver raises the question to what extend hepatocytes and 
hematopoieticc tissue cells mutually interact to enhance each other's 
development.. An excellent candidate for such an interaction appears to be 
oncostatinn M (OSM) and its receptor (Kamiya et al., 1999; Kinoshita et al., 
1999).. OSM, a member of the interleukin-6 (IL-6)-related cytokine family, is 
expressedd in hematopoietic cells in the developing liver, whereas its receptor is 
expressedd predominantly in hepatocytes. It was found that OSM, in concert 
withh glucocorticoids, induced morphological and biochemical differentiation in 
culturedd embryonic hepatocytes, demonstrated by the induction of 
glucose-6-phosphatase,, tyrosine aminotransferase (TAT), glycogenesis, 
lipogenesiss and ammonia clearance from culture medium (Kamiya et aL, 1999; 
Kinoshitaa et al., 1999). The addition of dexamethasone alone elicited only a 
limitedd degree of hepatic maturation. The maturation of hepatocytes, induced 
byy OSM together with glucocorticoids, strongly suppressed in vitro 
hematopoiesiss which may explain the disappearance of hematopoiesis from the 
liverr after hepatocyte differentiation. In addition, mice deficient for gpl30, the 
signal-transducingg subunit of the OSM receptor, showed defective development 
off  hepatocytes (failure of glycogen storage and reduced expression of TAT 
mRNA).. In contrast, mice overexpressing IL-6 and its soluble receptor, which 
togetherr cause activation of the gpl30 signal-transducing subunit, suffer from 
markedd hepatocellular hyperplasia and excessive activation of hematopoiesis in 
thee liver (Schirmacher et al., 1998). 

Conversely,, hepatocytes may play a role in hematopoiesis as is suggested 
byy the altered hematopoiesis observed in genetically modified animals with 
impairedd hepatocyte development. As mentioned earlier, ///jc-deficient embryos 
diee around ED 15 with anemia and severe hypoplasia of the liver. 
Transplantationn of Hlx-deficient hematopoietic stem cells to irradiated 
wild-typee mice fully reconstituted hematopoiesis. This experiment shows that 
thee impaired fetal hematopoiesis in the Hlx-deficient embryos results from 
insufficientt support function of the minute liver (Hentsch et al., 1996). 
Similarly,, several groups have established hepatocyte cell lines that promote 
hematopoieticc cell proliferation (Hata et al., 1993; Nanno et al., 1994; Lamy et 
al.,, 1997; Aiuti et al., 1998; Corlu et al., 1998). These hepatocytes were shown 
too produce cytokines, such as GM-CSF and M-CSF (Hata et al., 1993), and, 
SCFF and FLT3 (Aiuti et al., 1998). Furthermore, cell proximity was necessary 
forr maximal activity with respect to the erythrocyte and 
granulocyte/macrophagee lineages (Nanno et al., 1994; Corlu et al., 1998). 

5.33 De-methylation and reprogramming of the genome 

Itt has been argued that DNA methylation would be equivalent to a 
transcriptionall  blockade, because it often prevents gene expression (Thompson, 
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1996;; Bergman and Mostoslavsky, 1998; Siegfried et al., 1999). Methylation 
modifiess the conformation of DNA in such a way that the interaction with 
transcriptionn factors (Wright, 1985) and RNA polymerase (Kassavetis and 
Geiduschek,, 1993) is inhibited. Furthermore, the transcription factor MeCP2, 
whichh only binds methylated DNA, suppresses gene activation (Nan et al., 
1997;; Jones et al., 1998; Ng and Bird, 1999). However, in the liver, DNA 
methylationn must act more subtle than just switching genes on or off, because 
manyy genes become de-methylated simultaneously in late fetal rat liver, long 
afterr they are first expressed (Kunnath and Locker, 1983; Benvenisty et al., 
1985;; van den Hoff et al., 1995; Matsunaga and Gonzalez, 1990; Tawa et al., 
1990).. The developmental appearance of CPS can again serve as an example: 
CPSS protein can already be detected at ED 13 in the embryonic liver at a low 
concentration.. But not earlier than between ED20 and postnatal day 20 two 
sitess in the CPS gene, located at -6.3 kb and +1.9 kb relative to the transcription 
initiationn site, become de-methylated (Dingemanse and Lamers, unpublished 
data)) (Fig. 1). This de-methylation therefore coincides with or directly follows 
thee fetal rise in enzyme activity and might imply that de-methylation is 
requiredd to allow the hepatocyte to express genes at an elevated level after the 
secondaryy transition. It is not known whether there is a direct relationship 
betweenn changes in glucocorticoid concentrations and the methylation status of 
DNA. . 

5.44 Liver  architecture 

Thee hepatic cells from the liver primordium already possess the capacity 
too express liver-specific enzymes characteristic for the mature phenotype. 
However,, the actual in vivo expression of these proteins is not observed until 
muchh later. The first hepatocytes to express these maturation markers are 
locatedd in the central region of the liver (hilum). This marks the beginning of 
thee development of regional differences in gene expression. During further 
developmentt hepatocyte-specific enzyme expression spreads along the 
central-peripherall  gradient. This reflects the morphological development which 
occurss along the same gradient. In the first postnatal week the zonal 
heterogeneityy in gene expression is established permanently in rat (and mouse) 
liverr (Kanamura, 1975; Kanamura and Asada-Kubota, 1980; Andersen et al., 
1983;; Kanamura et al., 1984; Gaasbeek Janzen et al., 1985; Kanai et al., 1986, 
1992;; Poliard et al., 1986; Kirchner et al., 1993; Watanabe et al., 1993). This is 
att the time that the architecture of the simple liver lobule has become 
completedd (LeBouton, 1974), and raises the issue whether morphological 
maturationn and the formation of lobular architecture are determinants in the 
establishmentt of enzymic zonation. In the final part of this chapter we will 
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revieww 2 features of the hepatic architecture, viz. the development of bile ducts 
att the organ level and of sinusoids at the lobular level. 

5.4.11 Bile ducts 

Thee bile ducts form the axis of the exocrine hepatic acinus and are lined 
byy bile duct epithelial cells, also known as cholangiocytes. These are present as 
aa single layer of cuboidal epithelial cells. Cholangiocytes can be recognized in 
thee developing liver by their expression of cytokeratin (CK) 19. Intrahepatic 
bilee ducts, weakly positive for CK19, are first seen around the larger branches 
off  the portal vein in the liver hilum at ED 16 (Van Eyken et al., 1988; Shiojiri et 
al.,, 1991). A complete lining of the portal vein in the hilum by CK19-positive 
cholangiocytess is not observed until ED 18-19 (Van Eyken et al., 1988; Gall and 
Bhathal,, 1989). Further development and remodelling of the newly formed bile 
ductss occurs in a central-to-peripheral gradient from the liver hilum to the 
peripheryy (Shiojiri and Nagai, 1992). This results in the formation of the 
intrahepaticc bile duct system which is completed in the second postnatal week 
(Vann Eyken et al., 1988; Gall and Bhathal, 1989; Shiojiri et al., 1991). The 
emergencee of the zonal expression of enzymes coincides with the formation of 
intrahepaticc bile ducts along the central-to-peripheral gradient. The formation 
off  bile ducts thus forms a histological marker to monitor local differences in 
architecturall  and functional maturation of the developing liver. 

5.4.22 Sinusoids 

Too investigate the role for the lobular architecture in the specification of 
thee enzymic phenotype of hepatocytes, we disrupted cell-cell contacts in an 
EDD 14 rat liver and transplanted the single cell suspension to the spleen 
(Lamerss et al., 1990; Notenboom et al., 1996). Grafted hepatocytes became 
organizedd into a three-dimensional hepatic structure or remained as single 
hepatocytes.. Development toward the terminally differentiated state, including 
zonationn of gene expression, required the incorporation of hepatocytes into 
lobularr structures. Outside such a context, hepatocyte maturation was arrested 
inn the proto-differentiated state. These findings suggested that hepatocyte 
maturationn depended on the incorporation into agglomerates and thus that the 
architecturee of the liver plays a dominant role in its functional differentiation. A 
keyy feature of the hepatocyte agglomerates is the development of a lobular 
architecturee with sinusoids. Conceivably, the phenotypic diversity among 
hepatocytess depends on the direction of the sinusoidal bloodstream, which in 
turnn is imposed on the hepatocytes by the hepatic (angio-)architecture (see 
below).. This implies that there is a temporal correlation between the formation 
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off  the sinusoids (sinusoidal cell structure and endothelial alignment) and the 
emergencee of zonation in gene expression. 

AA property that distinguishes sinusoids from capillaries, is their 
"fenestration".. Fenestrae are pores in endothelial cells. These pores are 
supportedd by a cytoskeletal ring of actin and myosin, and can contract or dilate 
(Gatmaitann et al., 1996). Fenestrae control the exchange of fluids, dissolved 
compoundss and small particles between the blood and the space of Disse (Braet 
ett al., 1995). Hence, they are crucial for the delivery of substances from 
hepatocytess aligning the sinusoid upstream to hepatocytes further downstream. 

Afterr ED 10.5 of rat development the hepatic cords grow into the 
mesenchymee of the septum transversum. Capillaries develop simultaneously 
betweenn the liver cell cords. By ED 12-14 the basic structure of the sinusoids 
hass developed, but they are still lined by a continuous endothelium without 
basementt membrane. From ED 14.5 onward in the rat the sinusoidal 
endotheliumm becomes fenestrated. This occurs in endothelial cells which are in 
immediatee proximity of hepatocytes (Martinez-Hernandez and Amenta, 1993). 
Inn the fetal period the network of sinusoids intensifies gradually. The fenestrae 
becomee permeable to carbon particles from ED 17 onward (Bankston and Pino, 
1980).. This feature reveals a typical property of the early fenestrae, viz. their 
relativelyy large diameter (~250 nm (Barbera-Guillem et al., 1986) vs. ~110 nm 
inn the adult (Wisse et al., 1983)). These large fenestrae disappear in the 
neonatall  liver (Barbera-Guillem et al., 1986). In vitro experiments have shown 
thatt retinoic acid induces a 3-fold increase in the surface density of endothelial 
fenestraee (Lombardi et al., 1988). Possibly the appearance of fenestrae is 
inducedd by maturing stellate cells. Stellate cells are not morphologically 
recognizablee before the fetal period (Enzan et al., 1997), but the expression of 
cellularr retinol binding proteins is already seen during the proto-differentiated 
statee (Kato et al., 1985; Levin et al., 1987). The maturation of the sinusoidal 
endotheliall  cells (SECs) was also followed by immunohistochemical methods 
inn both human and rodent embryonic liver (Enzan et al., 1983; Couvelard et al., 
1996;; Morita et al., 1998). Antigens specific for continuous endothelium 
(PECAM,, CD34) disappeared from ED 15 onwards, or the equivalent age in 
humann embryos, and were replaced by antigens that are specific for SECs 
(SE-1,, CD4, 1CAM-1, CD32, CD 14). This process starts randomly in the liver. 
Thee definitive sinusoidal and perisinusoidal patterns become established 
towardd the end of the first postnatal week (LeBouton, 1974; Enzan et al., 1997). 

Interestingly,, fenestrae are absent or disappear in rapidly dividing 
tissues.. Thus, fenestrations of the hepatic sinusoids only appear when the 
mitoticc activity of the liver is low (Martinez-Hernandez and Amenta, 1993). In 
conjunction,, a general loss of endothelial fenestrae is observed in solid 
hepatocellularr carcinoma (Ichida et al., 1990). In contrast, the porosity of the 
sinusoidss in the dividing liver of partially hepatectomized rats increases, 
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probablyy as a result of an increased intrahepatic perfusion pressure (Morsiani et 
al.,, 1998). 

66 Concluding remarks 

Thee transition from the period of organ growth to the period of organ 
maturationn seems to be determined by a rise in glucocorticoid levels. This 
so-calledd secondary transition appears to reflect the beginning of the maturation 
off  the liver at both the functional and the structural level. In the developing 
liverr a central to peripheral gradient exists in the genesis of zonation of gene 
expressionn and this follows the central to peripheral gradient in lobular 
morphogenesis,, which can be read from the appearance of the bile ducts. Such 
aa morphological and functional gradient in maturation from central to 
peripherall  is also typical for other glandular organs such as the lung, pancreas 
andd the salivary glands. The data presented here suggests that formation of the 
liverr lobule, as a structural unit of the liver, is a determinant rather than a 
reflectionn of the pattern of gene expression. 

Analogouss to liver formation, the maturation of the liver also seems to 
involvee tissue interactions, as is illustrated by the stimulating effect of 
hematopoieticc tissue on the maturation of the hepatocytes, and also by the 
observationn that in particular the sinusoidal endothelial cells in the proximity of 
hepatocytess become fenestrated. 
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Scopee of this thesis 

Duringg the proto-differentiated stage of liver development, embryonic 
hepatocytess extensively proliferate and migrate (discussed in chapter 1). When 
proto-differentiatedd embryonic hepatocytes are cultured in vitro under growth 
promotingg conditions they readily de-differentiate. In contrast, in vivo, the 
samee rapidly dividing cells maintain their degree of differentiation. This leads 
too the hypothesis that a mechanism should be present in the embryo that guards 
thee differentiated state of the proliferating hepatocytes. In this thesis the 
identificationn of an important component of this differentiation-preserving 
programm is described. To identify molecules involved in this activity a 
functionall  assay was designed, outlined in chapter 2. Chapter 3 describes how 
thee utilization of this assay resulted in the identification of ribosomal protein 
S33 a as a hepatocyte differentiation-preserving factor. In addition, the molecular 
mechanismm underlying the characteristic proliferative and migratory activity of 
embryonicc hepatocytes was investigated. This typical behaviour of proto-
differentiatedd hepatocytes was anticipated to involve hepatocyte growth factor 
(HGF)) and its receptor c-Met. The role of these gene products in cell migration 
andd in the formation of several organs has been reported by others. However, 
thee role of c-Met and HGF in early liver development is not yet fully examined. 
Inn chapter 4 the expression patterns of both these gene products in the 
developingg rat embryo are presented and evaluated with special attention to 
theirr involvement in early liver development. 
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Assayy for  the isolation of hepatogenic factors 

Keyy molecules in hepatocyte formation and liver  morphogenesis 

1.. Introductio n 
Duringg embryonic development, pluripotent cells from the endoderm layer 

aree directed toward specific cell lineages, leading to the formation of highly 
specializedd organs, such as liver, lung, and pancreas. In case of liver, 
hepatocytee specification and maturation is the result of a tissue interaction 
betweenn pre-hepatic endoderm and adjacent cardiac mesoderm and, 
subsequently,, the mesenchyme of the septum transversum. During these 
interactions,, molecules regulating hepatogenesis ("hepatogenic factors") are 
presentedd to the endoderm by the mesoderm (1,2). In rat, the inductive potential 
off  the mesoderm (hepatogenic activity) is highest until embryonic day (ED) 12 
andd subsequently fades to background level, reached at ED 15 (3). 

Ourr laboratory is interested in isolating the molecules involved in 
hepatocytee formation and maturation. Their identification, in combination with 
ann analysis of their spatio-temporal expression pattern during embryonic 
development,, will provide insight in the molecular pathways underlying liver 
formationn and regeneration and possibly organ formation in general. The 
techniquee we developed for isolating the hepatogenic factors involves the 
followingg components: a representative cDNA expression library prepared 
fromm the inductive tissue, a mammalian expression system for in vitro 
productionn of the proteins encoded by the library, and a responder tissue for 
identificationn of cDNA clones encoding the inducing molecules. Our method 
requiress the preparation of only a single cDNA library, provides a 
comprehensivee way to study all cDNA clones present in this library for their 
biologicall  activity, and yields full-length cDNA clones suited for immediate 
furtherr study. In more detail, four methodological key steps can be 
distinguishedd (Fig. 1). First: Construction of a full-length cDNA library (4), 
uni-directionallyy cloned into an eukaryotic expression vector and representative 
forr the inducing tissue, in this case hearts from ED 12 rats (see Notes 1 and 14). 
Selectionn of an expression vector containing the SV40 origin of replication, 
suchh as pcDNA3 (InVitrogen, Carlsbad, CA, USA), provides the possibility to 
inducee replication of the plasmid and, hence, to enhance the level of expression 
off  the inserted cDNA (see step three). Second: Setup of a system for in vitro 
culturee of the responder tissue or an analog, such as a pluripotent cell line. 
Becausee primary undifferentiated endoderm could not be obtained in sufficient 
quantities,, and a pluripotent endodermal cell line that can differentiate into 
hepatocytess is not available, de-differentiated ED 15 rat hepatocytes were used. 
Thesee cells no longer express hepatocyte-specific genes such as glutamate 
dehydrogenasee (GDH) and have a fibroblast-like appearance (5). Therefore, 
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EDD 12 rat hearts 

mRNA A 

cDNA A 

Eukaryoti c c 
expressionn vector 

COS-tt  cells 

Primaryy embryonic 
ratt  hepatocytes (EDI  5) 

De-differentiation n 

Co-cultivation n 

Cellss expressing hepatocyte 
specificc genes (CPS) 

Constructt  isolation from COS-1 
cellss in close apposition 

Characterization n 

Fig.. 1. Schematic representation of the strategy followed to isolate hepatogenic factors: 
moleculess involved in the formation of hepatocytes from pluripotent endoderm. A cDNA 
expressionn library, derived from ED12 rat hearts, is transfected into COS-1 cells. Some of the 
cDNA-encodedd proteins are presented to primary de-differentiated ED 15 rat hepatocytes 
followingg co-cultivation. In case of a hepatogenic factor, the de-differentiated cell 
re-differentiatess and start (re-)expressing hepatocyte differentiation markers, such as 
carbamoylphosphatee synthetase (CPS). Both CPS-positive cells, identified via 
immunohistochemistry,, and surrounding COS-1 cells are harvested and cDNA constructs are 
recovered. . 

de-differentiatedd hepatocytes may be regarded as an intermediate cell-type 
betweenn undifferentiated endoderm and embryonic hepatocytes, primed for 
differentiation.. Third: Identification of cDNA clones encoding the inductive 
biologicall  property via a functional assay employing the co-cultivation of two 
differentt cell types. One is a mammalian cell line transfected with the cDNA 
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expressionn library (6), thus serving as producer cells. If a large T-antigen-
expressingg cell line like COS-1 is selected, then this will result, in combination 
withh a transfected plasmid carrying the SV40 origin of replication, in high 
replicationn of the plasmid and therefore in a high level of protein expression 
(7).(7). The other cells are the natural responder tissue or an analog, in our case 
de-differentiatedd hepatocytes. During co-cultivation, the transfected cDNA 
constructss are expressed by the COS-1 cells, and some of the encoded proteins 
wil ll  be presented to the de-differentiated hepatocytes. After 36-48 h of 
culturing,, the mixed cell population is screened, by means of 
immunohistochemistry,, for the (re-)expression of a hepatocyte differentiation 
marker,, in our case carbamoylphosphate synthetase (CPS), the first enzyme of 
thee ornithine cycle. The reason CPS is used is two-fold: First, CPS is not 
detectablee before ED 15 in rat hepatocytes and only starts accumulating 
thereafterr (8). This provides an excellent possibility for monitoring hepatocyte 
differentiation.. Second, CPS can be induced in primary cultures of ED 14 rat 
hepatocytess by hormonal stimulation (8). CPS therefore represents a composite 
and,, hence, sensitive parameter for complete hepatocyte de-differentiation. In 
alll  experiments (>20), control cultures of de-differentiated hepatocytes under 
hormonall  stimulation failed to express CPS, showing the loss of this 
characteristicc behaviour (see Note 14). A positive hepatocyte in the co-culture 
indicatess that the adjacent transfected COS-1 cell produces the inductive 
moleculee of interest (5). Fourth: Isolation of the cDNA clones of interest. 
Positivee responder cells and surrounding COS-1 cells are harvested and cDNA 
constructss are isolated (9). This initially yields an enriched cDNA library and 
eventuallyy leads, after several rounds, to purification of the construct of 
interest. . 

Thiss chapter provides a quick method for identifying and isolating cDNA 
cloness encoding a protein with known biological transacting function from an 
eukaryoticc cDNA expression library. In this particular case, the identification of 
moleculess involved in the development of hepatocytes from pluripotent 
endodermall  cells is described, but the method should also be applicable for the 
isolationn of other molecules involved in cell lineage determination and cell 
maturation,, either via direct tissue interactions or paracrine pathways. 

2.. Materials 

2.1.. Hepatocyte isolation and de-differentiation 
1.. Dulbecco's Modified Eagle's Medium:Ham's Nutrient Mixture F12 (1:1) 

(DMEM/F12,, with L-Glutamine and 15 mM HEPES, without sodium 
bicarbonate;; Gibco-BRL, Solana Beach, CA, USA) with antibiotics. 
Dissolvee powder medium in 90% of final required volume deionized 
double-distilledd water (NPBI, Emmer-Compascuum, The Netherlands) at 
roomm temperature (RT). Dissolve per liter 1.125 g NaHC03 (Merck, 
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Darmstadt,, Germany). Adjust pH with 1 M NaOH or 1 M HC1 to 0.2 below 
thee desired final working pH (7.4), as the pH rises with filtration. Add per 
literr medium 10 mL penicillin/streptomycin solution (10,000 U penicillin 
andd 10 mg streptomycin/mL) (Gibco-BRL) and 0.1 g kanamycin sulfate 
(Gibco-BRL).. Adjust to final volume with deionized double-distilled water 
(NPBI).. Sterilize by filtration through a 0.2-um acrocapfllter (Gelman 
Sciencee Inc., Ann Arbor, MI, USA). Dispense into sterile containers and 
storee in the dark at 4°C (2 - 4 wk) or at -20°C (long term storage). 

2.. Digestion solution: DMEM/F12 (Gibco-BRL) containing 0.25% trypsin 
(Gibco-BRL)) and 1 mM ethylene glycol-bis(6-aminoethyl ether)N,N,N',N'-
tetraaceticc acid (EGTA; Merck). Store in 1 mL aliquots at -20°C. 

3.. Fetal bovine serum (FCS; Gibco-BRL). 
4.. Deoxyribonuclease I (DNase I; from bovine pancreas Grade II; Boehringer-

Mannheim,, Mannheim, Germany). 
5.. Rat-tail collagen I (Becton Dickinson, Franklin Lakes, NJ, USA). 
6.. Phosphate-buffered saline (PBS), pH 7.4: Add 0.5 M NaH2P04 (Merck) to 

0.55 M Na2HP04 (Merck) until pH reaches 7.4. Dilute 5X with double-
distilledd water and add 87.5 g NaCl per liter. This gives a 10X PBS stock 
solution.. Dilute 10X with double-distilled water before use. Store at 4°C. 

7.. Trypsinization solution: DMEM/F12 (Gibco-BRL) containing 
0.25%% trypsin (Gibco-BRL) and 1 mM EGTA (Merck). Prepare fresh by 
dilutingg a 1-mL aliquot of 2.5% trypsin 10X with DMEM/F12 containing 
1.11 mMEGTA. 

2.2.. COS-1 cell transfection and co-cultivation 
1.. DMEM/F12 (see section 2.1.). 
2.. FCS (see section 2.1.). 
3.. PBS (see section 2.1.). 
4.. Trypsinization solution (see section 2.1.). 
5.. "Cytomix" (10): Prepare the following stock solutions in deionized double-

distilledd water (NPBI): A, 2.4 M KC1 (Merck); 5, 30 mM CaCl2 (Merck); 
C,C, a mixture of 200 mM K2HP04 (Merck) and 200 mM KH2P04 (Merck) at 
aa ratio yielding pH 7.6; D, 0.5 M N-2-hydroxyethylpiperazine-N'-2-ethane-
sulfonicc acid (HEPES; Sigma, St. Louis, MO) set to pH 7.6 with 5 M KOH; 
E,E, 80 mM EGTA (Merck) set to pH 7.6 with 5 M KOH; F, 100 mM MgCl2 

(Merck).. Mix to prepare 2X cytomix: 10 mL A, 1 mL 5, 10 mL C, 
100 mL D, 5 mL £,10 mL F and 54 mL deionized double-distilled water. 
Storee at 4°C for up to 4 wk. Shortly before use add 3 mg glutathione 
(reducedd form, Merck) per mL 2X cytomix. 

6.. Glutathione (reduced form, Merck). 
7.. Deionized double-distilled water (NPBI). 
8.. Dibutyryl-A-3,5-MP, cyclic (cyclic AMP; Boehringer-Mannheim). 
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9.. Dexamethasone (cell culture tested; Sigma). Prepare a 20,000X stock 
solutionn in ethanol {see Note 14) and store at 4°C in the dark. 

10.. 3-isobutyl-l-methylxanthine (IBMX; Sigma). Prepare a 100X stock 
solutionn in DMEM/F12 {see Note 14) and store at 4°C in the dark. 

2.3.. Detection of specific gene products 

2.3.1.. Immunohistochemistry on cultured cells 
1.. PBS {see section 2.1.). 
2.. Fixation solution: 40% methanol (Merck), 40% acetone (Merck), 

20%% double-distilled water. Chill on ice before use. 
3.. Dehydration solutions: double-distilled water:ethanol (Merck) series of 

compositionn 70:30, 50:50, and 30:70, respectively. 
4.. Hydrogen peroxide (30%; Merck). Prepare fresh 0.3% and 2% hydrogen 

peroxidee in 70% ethanol. 
5.. TENG-T: 100 mM Tris-HCl (Gibco-BRL), pH 8.0, 50 mM ethylene-

diaminetetraaceticc acid (EDTA; Merck), 1.5 M NaCl (Merck), 2.5% gelatin 
(Merck),, 0.5% polyoxyethylene sorbitan monolaurate (Tween-20; Merck). 
Thiss gives a 10X TENG-T stock solution. To prepare a IX solution, melt 
thee mixture in a waterbath at 60°C, homogenize, dilute 10X with double-
distilledd water and set pH to 8.0 with HC1 or NaOH. Store at 4°C. 

6.. Primary antibody directed against gene product of interest. 
7.. Rabbit-peroxidase-anti-peroxidase conjugated antibody directed against the 

finall  antibody on the specimen (R-PAP; Nordic, Tilburg, The Netherlands) 
{see{see Note 20). 

8.. Peroxidase reaction buffer: add 17 mL of a 0.2 M solution of acetic acid 
(HAc;; Merck) in double-distilled water to 33 mL of a 0.2 M solution of 
NaAcc (Merck) in double-distilled water. This yields a 2X HAc buffer 
pHH 4.9. Dilute 25 mL 2X HAc buffer with 25 mL double-distilled water 
andd add 25 mg 3-amino-9-ethyl-carbazole (AEC; Sigma) dissolved in 
2.55 mL N,N'-dimethyl formamide (Merck). Mix, filter immediately, and 
addd H202 (Merck) to a final concentration of 0.1%. Prepare fresh. Buffer 
shouldd be slightly orange after filtration. Use fumehood when working with 
dimethyll  formamide (volatile, toxic) and avoid direct contact with AEC 
(carcinogenic)) and H202. 

2.3.2.. In situ hybridization on cultured cells 
1.. Rat-tail collagen I {see section 2.1.). 
2.. PBS {see section 2.1.). 
3.. Formaldehyde fixative: 4% formaldehyde (Merck) in IX PBS, pH 7.5. 

Preparee fresh. Keep at 4°C until use. 
4.. Dehydration solutions: double-distilled watenethanol (Merck) series of 

compositionn 65:35, 50:50, 30:70,4:96 and 0:100, respectively. 
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5.. 0.2 M HC1 (Lamers en Pleuger, Den Bosch, The Netherlands). 
6.. Permeabilization solution: 2X SSC, pH 7.0. (IX SSC: 150 mM NaCl 

(Merck),, 15 mM sodium citrate (Merck)). 
7.. Pepsin solution: 0.1% pepsin (800-2500 U/mg; Sigma) in 0.01 M HC1. 

Preparee a 10% pepsin stock solution in sterile double-distilled water and 
incubatee for 2 h at 37°C. Aliquots stored at -20°C are stable for at least one 
year.. Working solutions, prepared from aliquots, should be incubated for 
ann additional 45 min at 37°C and used within 3 h. 

8.. 0.2% glycine (Brunschwig, Amsterdam, The Netherlands) in PBS. 
9.. 10 mM EDTA (Merck), pH 8.0. Set pH to 8.0 with NaOH. 
10.. 10 mM Dithiotreitol (DTT; Merck). Store in aliquots at -20°C and keep on 

icee prior to use. Aliquots may be freeze-thawed for 5X at maximum. 
11.. Herring testes DNA (Sigma). Dissolve in double-distilled water at 

lOmg/mLL by stirring overnight at 4°C. Adjust NaCl concentration to 
0.11 M, extract IX with phenol (Biosolve, Amsterdam, The Netherlands) 
andd IX with phenol:chloroform (Merck):isoamylalcohol (Merck) of 
compositionn 25:24:1, respectively. Recover aqueous phase and shear DNA 
byy passing 12X rapidly through a 17-gage hypodermic needle. Precipitate 
withh 2 vol 96% ethanol, collect by centrifugation, dry, dissolve in double-
distilledd water at 10 mg/mL, boil for 10 min, chill on ice, aliquot, and store 
att -20°C. 

12.. Hybridization solution: 50% formamide (deionized; Merck), 10% dextran 
sulfatee (Pharmacia, Piscataway, NJ, USA), 2X SSC, 2X Denhardt's solution 
(IXX Denhardt's: 0.02% bovine serum albumin (BSA, fraction V; Sigma), 
0.02%% polyvinylpyrrolidone (Sigma), 0.02% Ficoll 400 (Pharmacia)), 
0.1%% Triton X-100 (Merck), 10 mM DTT (Merck), 200 ng/uL herring 
testess DNA (Sigma) and labeled cRNA probe at a concentration of 
2-44 x 104 cpm/uL. Herring testes DNA and cRNA probe must be heated for 
55 min at 100°C and 3 min at 80°C, respectively, and quickly chilled on ice 
beforee adding to the hybridization solution. 

13.. 35S-labeled ([a-35S]-UTP; lOOOCi/mmol; Amersham, Piscataway, NJ, 
USA)) cRNA probe for gene product of interest, prepared according to 
standardd in vitro transcription protocols (e.g., see ref. 11). The probe 
shouldd be of high specific activity (indication for a single-labeled probe: 
1.677 x 109cpm/ug). 

14.. Wash solution 1: 50% formamide (deionized; Merck), IX SSC. 
15.. Wash solution 2: IX SSC. 
16.. Wash solution 3:0. IX SSC. 
17.. RNase buffer: 10 mM Tris-HCl (Gibco-BRL), pH 8.0, 5 mM EDTA 

(Merck),, 0.5 M NaCl (Merck). 
18.. Ribonuclease A (RNase A; Boehringer-Mannheim). To prepare DNase free 

RNasee A, dissolve RNase A at 10 mg/mL in 10 mM Tris-HCl, pH 7.5, 
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15mMM NaCl, and heat for 15 min at 100°C Equilibrate slowly to RT, 
aliquot,, and store at -20°C. 

19.. 0.3 M ammonium acetate (Merck). 
20.. Ilford Nuclear Research Emulsion G-5 (Ilford, Leiden, The Netherlands). 

Storee at 4°C, protected from radiation and light. 
21.. 2% glycerol (Brunschwig) in double-distilled water. 
22.. Developing solution: Dissolve 1.13 g of 4-hydroxy 1,3-phenylenedi-

ammonium-dichloridee (Amidol; Fluka, Zwijndrecht, The Netherlands) and 
4.55 g NajSĈ  (Merck) in 250 mL double-distilled water, filter, and add 
22 mL 10% KBr (Merck). Prepare fresh just prior to use. 

23.. Fixation solution: 30% Na2S203.5H20 (Merck) in double-distilled water. 

2.4.. Plasmid recovery from immunohistochemically stained cells 
1.. Lysis buffer: 100 mM NaCl (Merck), 10 mM Tris-HCl (Gibco-BRL), 

pHH 8.0, 25 mM EDTA (Merck), 0.5% sodium dodecylsulfate (SDS; USB, 
Cleveland,, OH), 100 ug/mL proteinase K (fungal; Gibco-BRL). Add 
proteinasee K shortly before use. 

2.. Herring testes DNA (Sigma). 
3.. DNA purification: phenol (Biosolve):chloroform (Merck):isoamylalcohol 

(Merck)) of composition 25:24:1, respectively. Avoid direct contact with 
phenoll  and work in fumehood. 

4.. TE: 10 mM Tris-HCl (Gibco-BRL), pH 8.0, 1 mM EDTA (Merck), pH 8.0. 
5.. 3 M NaAc (Merck). Set pH to 5.2 with glacial acetic acid (HAc; Merck). 
6.. Glycogen (from muscle; Boehringer-Mannheim). 

3.. Methods 

3.1.. Hepatocyte isolation and de-differentiation 
Ratt embryos of desired age are harvested from pregnant rats as follows. 

Sacrificee rats by decapitation under C02 anesthesia. Isolate embryos, with 
surroundingg membranes, by cutting the antimesometrical wall of the uterus 
withh blunt scissors and transfer to DMEM/F12 in a Petri dish at RT. Release the 
embryoss from the membranes and decapitate immediately with a scalpel. 
Extractt the liver under the dissecting microscope, cut into small pieces (2 mm3) 
andd transfer to a 2-mL Eppendorf tube on ice containing 1 mL digestion 
solutionn {see Note 2). Incubate at 37°C in a waterbath for 15-20 min. Triturate 
10-15XX with a Pasteur pipet and incubate for an additional 10 min. Swirl every 
55 min during incubation {see Note 3). Add 100 uL fetal bovine serum (FCS) 
andd 100 uL 0.1% DNase I in DMEM/F12 and triturate as above {see Note 4). 
Transferr the suspension to a tube containing 9 mL DMEM/F12 with 10% FCS 
andd 0.002% DNase I at RT. Collect cells by centrifugation for 7 min, 100 x g at 
RTT (100 x g corresponds to 480 rpm in a Jouan GR 4.11 centrifuge). Resuspend 
cellss in 10 mL DMEM/F12 with 10% FCS at RT and filter the suspension 
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throughh a double-layered nylon mesh (pore size 50-100 urn) to remove large 
debris.. Collect cells as above. Resuspend cells in DMEM/F12 with 10% FCS at 
RTT and seed the cells in rat-tail collagen I-coated 6-well culture plates (Nunc, 
Wiesbaden-Biebrich,, Germany) at appropriate density (day 1) (see Notes 5 and 
6).. Incubate overnight at 37°C, 5% C02-95% air, 90% relative humidity, and 
replacee the culture medium by fresh, pre-warmed (37°C) DMEM/F12 with 
10%% FCS. Passage cells at day 3 as follows: wash IX with PBS (37°C), IX 
withh trypsinization solution (RT), and incubate at 37°C, 5% C02-95% air, 
90%% relative humidity. Monitor cell detachment under the microscope at 
regularr intervals, (3-5 min). Harvest cells in 10 mL DMEM/F12 with 10% FCS 
att RT and collect by centrifugation for 7 min, 100 x g at RT. Seed and culture 
cellss as above. Wash cells at day 5, passage at day 6, wash at day 7, and harvest 
att day 8 for co-cultivation (see Note 7). 

3.2.. COS-1 cell transfection and co-cultivation 
Culturee COS-1 cells in DMEM/F12 with 10% FCS at 37°C, 5% C02-

95%% air, 90% relative humidity, until subconfluent (approximately 3-4 x 106 

cellss in a 80 cm2 tissue-culture flask (Nunc)) (see Note 8). Wash the cells IX 
withh 4.5 mL PBS (37°C), IX with 1.5 mL trypsinization solution at RT, and 
incubatee at 37°C, 5% C02-95% air, 90% relative humidity until cell 
detachment.. Collect cells in 10 mL DMEM/F12 with 10% FCS at RT. Swirl 
andd load a sample into a cell-counting chamber. Collect cells by centrifugation 
forr 7 min, 100 x g at RT; meanwhile, count cells. Resuspend cell pellet in 
100 mL PBS at RT and collect cells as above. Resuspend cells in 2X "cytomix", 
containingg 3 mg per mL glutathione, at a density of 3.5 x 106 cells per 250 uL 
(see(see Notes 9 and 10). Add cDNA (plasmids) to be transfected (dissolved in 
2500 uL deionized double-distilled water), mix gently, transfer to a sterile 
cuvettee with a 2-mm electrode gap and incubate for 10 min at RT (see Notes 11 
andd 12). Electro-shock at 1200 uF and 260 V (see Note 10). Incubate for 
100 min at RT and transfer the sample to a tube containing 12 mL of a 1:1 
mixturee of DMEM/F12 with 10% FCS and NIH/3T3 mouse fibroblast-
conditionedd medium at RT containing appropriate hormones (see Notes 13 and 
14).. Wash cuvette IX with 500 uL DMEM/F12 with 10% FCS at RT to collect 
remainingg cells. Distribute the cell suspension evenly over 10 wells of two 
6-welll  culture plates (Nunc) and incubate at 37°C, 5% C02-95% air, 
90%oo relative humidity. Simultaneously harvest the responder cells in the 
co-cultivationn system (de-differentiated hepatocytes), via trypsinization as 
describedd above, and resuspend the cell pellet in 13 mL of the medium-mixture 
containingg the hormones. Add equal portions of the cell suspension to the 
transfectedd cells, mix by gentle swirling, and incubate overnight at 37°C, 
5%% C02-95% air, 90% relative humidity (see Note 15). Next morning, replace 
halff  the culture medium by fresh pre-warmed (37°C) medium-mixture 
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containingg hormones, culture for 36-48 h in total and analyze for expression of 
markerr enzymes ((re-)differentiation) (see Note 16). 

3.3.. Detection of specific gene products 

3.3.1.. Immunohistochemistry on cultured cells 
Thee following protocol does not require that cells are grown on cover slips, 

butt can be applied directly to cells grown in culture dishes. 
Washh the cells 3X with PBS at RT and fix by incubation in pre-cooled 

fixationn solution for 10 min at 4°C (see Note 17). Wash 2X with 70% ethanol 
att 4°C. Treat the cells with 0.3% H202 in 70% ethanol and subsequently with 
2%% H202 in 70% ethanol for 10 min each at 4°C (see Note 18). Rehydrate cells 
byy passing through 50% ethanol, 30% ethanol and PBS, respectively, for 2 min 
each.. Wash 3X with PBS and incubate in TENG-T for 30 min at RT with gentle 
agitationn (see Note 19). Wash 3X with PBS. Incubate with the primary, 
intermediatee and final (labeled) antibody in PBS for required time span and at 
appropriatee dilutions. Wash 3X with PBS at RT following each antibody 
incubation.. Detect the conjugated label with peroxidase reaction buffer and 
analyzee using a light microscope (see Note 20). 

3.3.2.. In situ hybridization on cultured cells 
Iff  in situ hybridization is the method of choice to detect specific gene 

products,, cells should be cultured on rat-tail collagen I-coated microscope 
slidess with flexiperm 8-well mounts (Heraeus, Hanau, Germany). One should 
keepp in mind that it is not possible to recover DNA from cells subjected to 
inin situ hybridization. 

Washh the cells 3X for 5 min with PBS at RT and fix by incubation in 
formaldehydee fixative for 1 h at RT with gentle agitation. Wash 3X for 5 min 
withh PBS at RT, dehydrate the cells by passing through a graded series of 
ethanoll  (35, 50, 70, 96, and 100%, respectively), for 10 min each, air-dry for 
300 min in a filtered air stream (0.2-um filter), and store at -20°C with desiccant 
untill  use. Equilibrate to RT and incubate for 5-10 min in 0.2 M HC1 to remove 
basicc proteins, 5 min in double-distilled water, 5 min at 70°C in 
permeabilizationn solution to improve penetration of the probe, 5 min in double-
distilledd water, and finally 10 min at 37°C in pepsin solution to enhance 
accessibilityy of mRNAs. Then in sequence, 30 s in 0.2% glycine in PBS to 
terminatee proteolytic activity, 2X for 30 s in PBS, 20 min in formaldehyde 
fixative,fixative, 5 min in PBS, 10 min in 10 mM EDTA to dissociate the ribosomes 
fromm the RNA, and finally 5 min in 10 mM DTT. Air-dry in a filtered air 
streamm as short a time as possible and proceed within 3 h. Hybridize overnight 
att 54°C in hybridization solution containing 35S-labeled cRNA probe 
(approximatelyy 4 x 104 cpm/uL). Next morning, rinse the cells with 2 mL IX 
SSCC to remove excess probe. Wash, while gently shaking, 2X for 15 min at 
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Fig.. 2. Localization of albumin mRNA in ED14 rat hepatocytes, cultured for 24 h in the 
presencee of dexamethasone, cAMP, and IBMX. Albumin transcripts were detected by means 
off  in situ hybridization with a 35S-labeled cRNA probe (bright field illumination). The 
hybridizationhybridization signal was restricted to the cytoplasm of the hepatocytes, showing the nuclei as 
brightt dots. Scale bar: 25 \xm. 

54°CC with wash solution 1, and IX for 10 min at RT with wash solution 2. 
Rinsee with IX SSC. Incubate for 30 min at RT in RNase buffer containing 
100 ug/mL RNase A. Rinse with IX SSC, wash for 10 min with wash solution 2 
andd for 10 min with wash solution 3, both at RT. Dehydrate by passing through 
aa graded series of ethanol (50, 70, and 96%, respectively), containing 0.3 M 
ammoniumm acetate, for 3 min each. Air-dry in a filtered air stream for 1 h. 
Visualizee probe as follows: Dilute Ilford Nuclear Research Emulsion G-5 2.5X 
withh 2% glycerol in water and warm to 39°C. Apply a thin film of emulsion 
ontoo the cells, place the slide for 10 min on an ice-cooled glass plate, dry for 
600 min at RT, and expose for 10-12 days at 4°C in the dark. Equilibrate 
specimenss to RT and develop the emulsion, in the dark, at 18°C as follows: 
Incubatee for 4 min at 18°C with developing solution with gentle agitation, for 
11 min at 18°C with double-distilled water to terminate reaction, for 10 min at 
18°CC with fixation solution with gentle agitation, and finally wash for 1 h in the 
darkk with running tap water at 18°C. Counterstain the cells (e.g., with toluidine-
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bluee or nuclear-fast-red) and mount under a cover slip in embedding medium 
(e.g.,, Malinol) (Fig. 2). 

3.4.. Plasmid recovery from immunohistochemically stained cells 
Harvestt area of positive cells (Fig. 3) by scraping with a yellow tip, 

transferr to a 2-mL Eppendorf tube containing 300 uL lysis buffer, and incubate 
forr at least 1 h at 50°C in a waterbath (see Notes 21 and 22). Add 15 ug herring 
testess carrier DNA to the lysate, extract IX with phenohchloroform: 
isoamylalcoholl (25:24:1, respectively), and re-extract the organic phase 2X 
withh 0.5 vol TE. Precipitate the recovered DNA overnight at -20°C with 0.1 vol 
33 M NaAc, pH 5.2, and 2 vol of 96% ethanol, with 10 ug glycogen as a carrier. 
(see(see Notes 23 and 24). Collect the DNA by centrifugation for 30 min, 
13,0000 rpm (16,000 x g) in a Eppendorf centrifuge at 4°C. Dissolve the pellet 
(enrichedd cDNA library) in 20 uL of TE, pH 8.0, and store at 4°C. (see Notes 
255 and 26). 

Fig.. 3. Expression of the hepatocyte differentiation marker carbamoylphosphate synthetase 
(CPS)) in a co-culture of de-differentiated hepatocytes and COS-1 cells transfected with the 
EDD 12 rat heart cDNA expression library. Marker enzyme expression was detected via 
immunohistochemistry.. The negatively stained cells in the center are most likely COS-1 cells 
synthesizingg the inductive protein, whereas the CPS-positive cells (arrows) are 
re-differentiatedd hepatocytes. Note that the nucleus of CPS-positive cells is negative, whereas 
deadd cells are homogeneously stained. Scale bar: 35 urn. 
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Notes s 
1.. In total, 363 ED 12 rat hearts were used for RNA isolation, yielding 405 |ig 

off total RNA. The amount of mRNA isolated from total RNA, utilizing 
Promega'ss polyATtract mRNA isolation system (Promega, Madison, WI, 
USA),, represented 0.7-1% the amount of total RNA. To save mRNA, its 
integrityy was monitored indirectly via analysis of the extracted total RNA 
fractionn (polyA"), in two ways: First, via denaturing agarose gel 
electrophoresis,, to determine the ratio between ribosomal 28S and 18S 
RNAA (the ratio should be approx 2:1, respectively). Second, via Northern 
blotting,, applying the sarcoplasmic reticulum Ca2+ATPase-probe 
(SERCA2)) for visualization of residual cardiomyocyte mRNA. Information 
onn mRNA isolation efficiency can be obtained by loading an equal amount 
off total RNA on the Northern blot. To enhance both uniform and 
full-lengthh cDNA synthesis, a primer was used containing one additional 
nucleotide,, either cytidine, guanosine, or adenosine, at the 3' end of a 
stretchh of 25 thymidine residues, hence providing site-directed 
hybridizationn at the 5' end of the polyA tail of the mRNA. For 
uni-directionall cloning purposes a Notl recognition site was introduced in 
thee primer at the 5' end of the stretch of 25 thymidine residues. The 
uni-directionall cDNA expression library contained 2.2 x 107 independent 
clones.. Insert analysis of 12 randomly picked clones yielded cDNAs 
varyingg from 500 to 2300 basepairs (bp) (median: 1200-1500 bp). 

2.. All non-hepatic tissues should be removed carefully but quickly from the 
liverss to diminish the number of fibroblasts in the primary culture and to 
preventt overgrowth of the hepatocytes during de-differentiation. In an 
effortt to remove non-parenchymal liver cells, hepatocytes were also 
culturedd in a selective medium deficient in arginine (12) but supplemented 
withh ornithine. In theory, non-parenchymal cells die under these conditions 
ass a result of the lack of essential arginine, whereas hepatocytes survive by 
metabolizingg ornithine to arginine via the ornithine cycle. For up to 
122 days we observed clusters of cells with characteristic hepatocyte 
morphology,, positive for GDH, while very few fibroblasts were present. 
Duringg this period, the hepatocytes did not de-differentiate and displayed 
hardlyy any mitotic activity. A medium change to DMEM/F12 with 
10%% FCS, resulted in growth and de-differentiation of the hepatocytes but 
alsoo in a normal percentage of fibroblast contamination, indicating 
survival.. Therefore this approach is not suited to eliminate non-
parenchymall cells from the culture. Another alternative to suppress growth 
off non-parenchymal cells, addition of hormones to the culture medium (see 
Notee 14), is also not applicable, as this will retain the hepatocytes in the 
differentiatedd state (13). 

3.. These incubation times are optimized for ED 15 rat livers. Liver tissue of 
earlierr stages can be suspended with shorter incubation times and less 

488 • Chapter 2 



trypsinn (0.05%). Livers of later stages can be suspended as mentioned but 
withh inclusion of 0.025% collagenase. 

4.. FCS is added to inactivate the trypsin. DNase I prevents the solution from 
becomingg viscous as a result of DNA release from disrupted cells. 

5.. Rat-tail collagen I is used to enhance hepatocyte attachment. 
6.. Plating density greatly affects cell behaviour. A high cell density promotes 

celll attachment but inhibits hepatocyte de-differentiation. As a rule of 
thumb,, seeding of 2.0-2.5 ED 15 rat livers in 2.5 mL culture medium per 
welll of a 6-well tissue culture plate (Nunc) yields cultures that are 
70%% confluent. Following overnight incubation, islands of hepatocytes 
shouldd be present, comprising 40-70 cells. Some non-parenchymal cell 
contaminationn is allowed inbetween islands but should not exceed 
10-15%% of the initial cell population. 

7.. The de-differentiation of ED 15 rat hepatocytes in primary culture follows a 
highlyy reproducible time scale if initial plating density is not changed. At 
dayy 3, the hepatocytes still display characteristic morphology and are 
positivee for GDH. Islands {see Note 6) have expanded to 100-150 cells. 
Thee space between the islands is confluent with non-parenchymal cells. At 
dayy 4, after first passage, islands of GDH-positive hepatocytes with 
characteristicc morphology are present, comprising 70-100 cells with non-
parenchymall cells in between. At day 6, the culture has grown confluent. 
Hepatocytess are still weakly expressing GDH but are clearly losing their 
characteristicc morphology and start to look like fibroblasts. At day 7, after 
secondd passage, all cells have a fibroblast-like appearance. Occasionally a 
singlee cell shows weak GDH expression, slightly above background. At 
dayy 8, all cells in the culture have a fibroblast-like appearance and are no 
longerr expressing the hepatocyte-specific marker-molecule GDH. 

8.. Cells from subconfluent cultures give a higher transfection efficiency 
comparedd with cells from confluent cultures, probably because of 
differencess in protein content of the cell membrane and the composition of 
thee extracellular matrix (6). In addition, exponentially growing cells give 
thee highest transient expression of a transfected construct (14). 

9.. During electrotransfection, large pores are created in the cell membrane, 
makingg the cells very sensitive to the composition of the medium. 
"Cytomix"" resembles the intracellular concentration of most important ions 
(10).(10). Glutathione is added (shortly before transfection) to prevent oxidation 
off cytoplasmic components and to enhance cell membrane restoration and 
preservationn (15). 

10.. In case of COS-1 cells, 3.5 x 106 cells per 250 \iL gave best results. 
However,, optimal cell density (and electroporation conditions) must be 
empiricallyy determined for every cell type separately (14). 

11.. The amount of DNA that gives best results has to be established 
empirically.. In general 3-10 ug per kilobase of DNA is used (6). In case of 
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thee cDNA expression library, we use 5 ug plasmid DNA supplemented 
withh 20 ug linearized pBluescript as carrier. The volume of the DNA 
solutionn (dissolved in deionized double-distilled water) is also of great 
importance,, because this influences the osmolality of the electroporation 
mediumm and, as a consequence, the expression of the transfected construct 
andd cell viability. The osmolarity of the electroporation medium should be 
3000 mOsm (16). 

12.. It is very important to use cuvettes with the prescribed interelectrode gap. 
Modifyingg the distance between the electrodes will affect the electric field. 
Thiss is one of the two important parameters in electroporation, because the 
electricc field strength is what determines the size and number of pores 
createdd per cell. (The other parameter is the sample's conductivity and thus 
thee pulse time; see ref. 6). 

13.. The NIH/3T3 mouse fibroblast-conditioned medium enhances attachment 
off (de-differentiated) embryonic hepatocytes during passaging. To obtain 
it,, culture NIH/3T3 fibroblasts (17) under standard conditions, collect the 
mediumm at confluency, centrifuge for 7 min, 100 x g at RT to spin down 
anyy cells, take the supernatant and store at 4°C for up to 2 wk or at -20°C 
forr long term storage. 

14.. Hormones, in combination with the inductive protein presented by the 
transfectedd cell, may be required to obtain expression of the marker 
enzymee for (re-)differentiation. As we have chosen CPS as a marker, the 
culturee medium contains cAMP (103 M), dexamethasone (106 M) and 
IBMXX (104 M) (final concentrations; see ref. 13). (GDH, another early 
hepatocytee marker, is not suited for our system, because it is endogenously 
expressedd by COS-1 cells). It is essential to investigate whether hormonal 
stimulationn by itself is sufficient for induction of marker enzyme 
expression.. To test this, primary ED 15 rat hepatocytes were cultured to 
de-differentiationn (see section 3.1. and Note 7) and changed to hormone 
containingg medium. After 3 days of culturing, in the presence of hormones, 
cellss remained fibroblast-like, and both CPS and GDH could not be 
detectedd via immunohistochemistry. In addition, the same result was 
obtainedd with de-differentiated cells co-cultivated under hormonal 
stimulationn with either untransfected or mock transfected COS-1 cells. We 
alsoo tried to induce (re-)differentiation in de-differentiated hepatocytes by 
co-culturingg with ED 12 rat hearts. However, this experiment could not be 
properlyy evaluated, since it proved technically impossible to isolate the 
embryonicc heart without hepatocyte contamination. 

15.. Optimal cell mixing, resulting in optimal producer/responder cell 
interaction,, is obtained with suspended cells. This was investigated by 
mixingg COS-1 cells with primary hepatocytes in the differentiated state. 
Whenn cells were mixed in suspension, clusters of 10-15 cells of a single 
celll type were formed. If either cell type was allowed to attach before 
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addingg the second cell type, clusters of a single cell type consisted of up to 
1000 cells. Following attachment, the mixed cell culture should be close to 
confluentt if cell-to-cell contact is needed for the inductive interaction. 

16.. The culture medium may contain the inducing molecule in a soluble form. 
Too avoid removing the active component from the culture and to reduce the 
chancee of dropping below biologically active thresholds, only one half of 
thee culture medium is refreshed. In case the inductive protein is secreted 
intoo the medium, it may become too diluted to exert its effect on the 
responderr cell. In such case, a hierarchical co-culture can be tried. This 
impliess culruring the responder cell on top of the producing cell with a 
0.025%% collagen layer sandwiched in between. With this setup the 
inductivee protein will become trapped in the collagen matrix, leading to 
locallyy higher concentrations. 

17.. Cell fixation at low temperature diminishes dehydration shrinkage of the 
cellss (18). 

18.. This step is performed to reduce endogenous peroxidase activity (18). 
19.. TENG-T acts as a blocking agent, reducing non-specific binding of 

antibodyy (18). 
20.. In our experiment, the final antibody is labeled with peroxidase, which 

enzymee activity can be detected with the 3-amino-9-ethyl-carbazole (AEC) 
substratee (19). The progression of the staining is monitored by using a light 
microscopee and terminated by washing with double-distilled water when 
specificc staining is profound and background staining is still low. Store the 
immunostainedd cells under bidest at 4°C. Plasmid DNA should be isolated 
withinn 3 days following immunohistochemistry; otherwise, it will be 
degraded.. Another commonly used peroxidase substrate, 3,3'-diamino-
benzidinee (DAB), should not be used, since no DNA can be recovered from 
DAB-treatedd cells. Both AEC and DAB are carcinogenic. 

21.. When harvesting the positive cells, the culture dish should be as dry as 
possible,, with only a thin film of fluid on top of the cells. This prevents the 
scrapedd cells from floating away and makes them stick to the yellow tip. To 
suspendd the cells in lysis buffer, carefully attach the tip with the cells onto 
aa 200-uL pipet, set at 80 uL, and pipet up and down in the buffer 25X. 

22.. In our procedure, the total DNA content (plasmids and genomic DNA) is 
isolatedd from the harvested cells. Per harvested area (transfected cell) 
approximatelyy 5 plasmids can be recovered. A different method for the 
isolationn of the DNA of interest from the immunohistochemically stained 
cellss is that of Hirt (20). It utilizes differential precipitation of genomic 
DNAA and plasmid DNA and, possibly because of this, gives approximately 
aa two-fold lower yield than our method (two to three plasmids recovered 
perr transfected cell). In addition, time-consuming centrifugation steps are 
involved,, which is not the case with our method. 
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23.. If precipitation is performed over time periods exceeding overnight, it will 
resultt in the formation of insoluble complexes. 

24.. To avoid losing the plasmid DNA during isolation, the use of carrier 
materiall is of critical importance. 

25.. To further purify the cDNA clones of interest, the enriched cDNA library is 
amplifiedd in bacteria (e.g., XLl-Blue MRF') and used for another round of 
screening. . 

26.. The fold-enrichment that can be obtained depends on the initial 
concentrationn of the plasmid of interest in the library. If the initial 
concentrationn is high, the enrichment factor will be low. To validate our 
procedure,, we performed an experiment employing an ED 13 rat heart 
cDNAA library, from which we isolated two abundant cDNA clones: 
a-smoothh muscle actin (ct-SMA) (1300 bp) and 6-myosin heavy chain 
(6-MHC)) (6000 bp). After one round of enrichment, we found a two-fold 
enrichmentt for fl-MHC and a three-fold enrichment for a-SMA. If further 
enrichmentt of the plasmid of interest can no longer be obtained via 
repeatedd transfections and isolations, one can divide the enriched cDNA 
libraryy into subpopulations (e.g., according to cDNA insert size) and screen 
thee resulting subdivisions individually or turn to screening of separate 
cDNAA clones. 
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Ribosomall  protein S3a: a guardian of hepatocyte differentiation 

Summary y 

Duringg embryonic development cells of the ventral foregut (pre-hepatic 
endoderm)) become destined to develop along the hepatic lineage 
(specification).. Hereafter, these cells begin expressing liver-specific genes 
(differentiation)) and the early hepatocytes start to proliferate and invade the 
mesenchymee of the surrounding septum transversum. This leads to formation 
off the liver organ and the hepatocytes coincidently start to express sub-sets of 
liver-specificc genes in relation to their position in the liver (maturation). 
Hepatocytee specification and subsequent differentiation is the result of tissue 
interactionss between pre-hepatic endoderm and adjacent (pre-)cardiac 
mesodermm and, subsequently, the mesenchyme of the septum transversum. 
Utilizingg a novel functional in vitro assay that allows the comprehensive 
screeningg of cDNA libraries, an embryonic day 12 rat heart cDNA expression 
libraryy was screened for gene products involved in hepatocyte growth and 
differentiation.. This led to the identification of ribosomal protein S3a as a 
factorr capable of restoring the differentiated state in de-differentiated 
hepatocytes,, and that requires cell-cell interactions to exert its effect. In situ 
hybridizationn studies in rat showed that, in vivo, S3 a transcripts are abundantly 
expressedd in embryonic hepatocytes during the phase of exponential liver 
growth.. We hypothesize that the biological function of S3a in the embryonic 
liverr is to maintain the differentiated state of the rapidly dividing hepatocytes. 
Sincee we observed high expression of S3a in other rapidly dividing tissues, 
suchh as embryonic enterocytes, central nervous tissue, and branchial arches, it 
mayy well be that its differentiation-preserving function is not confined to 
embryonicc hepatocytes. The presumed function of S3a may be applied to 
inhibitt de-differentiation of hepatocytes cultured in vitro, which forms the 
majorr limitation in the devices providing bioartificial liver support to patients 
withh acute liver failure. 
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Introductio n n 

Formationn of the liver takes place along a cascade of well defined steps 
duringg embryonic development (Le Douarin, 1975; Zaret, 1996, 1998). 
Hepatocytee specification and differentiation occur as a result of tissue 
interactionss between the pre-hepatic endoderm and first, the (pre-)cardiac 
mesodermm and, subsequently, the mesenchyme of the septum transversum (Le 
Douarin,, 1975; Houssaint, 1980; Fukuda-Taira, 1981). Firstly, the pre-hepatic 
endodermm of the ventral foregut is specified toward the hepatic lineage. 
Secondly,, the newly specified hepatocytes start proliferating within the 
epitheliall endodermal layer resulting in a regional thickening called the liver 
primordium.. In the hepatic rudiment early hepatocyte markers such as albumin, 
a-fetoprotein,, arginase and glutamate dehydrogenase (GDH) can be detected 
(hepatocytee differentiation) (Gaasbeek Janzen et al., 1988; Cascio and Zaret, 
1991;; Shiojiri et al., 1991). Thirdly, hepatic cells from the liver primordium 
startt invading the mesenchyme of the surrounding septum transversum in a 
cord-likee fashion whereafter they take position around sinusoids thus forming 
thee liver organ. The hepatocytes now begin to express sub-sets of liver-specific 
geness in relation to their position in the liver (hepatocyte maturation). Over the 
pastt decade molecules that are involved in the regulation of the different stages 
off early liver growth have been identified. In many cases, promising candidates 
weree selected based on their temporal and spatial expression pattern and 
studiedd further utilizing genetic manipulation in mice. This led to the 
identificationn of transcription factors and both membrane-bound and soluble 
(inter-)cellularr signaling molecules (for review, see Zaret, 1998; Jung et al., 
1999). . 

Inn our laboratory a functional in vitro assay was developed allowing the 
screeningg of entire cDNA libraries for molecules involved in liver 
organogenesiss and in particular hepatocyte differentiation (Spijkers et al., 
1999).. In short: A cDNA expression library was prepared from embryonic day 
(ED)) 12 rat hearts. At that stage the inductive potential of the cardiac 
mesodermm is still maximal (Fukuda-Taira, 1981). COS-1 cells were transfected 
withh this cDNA library for transient expression and maintained in 
co-cultivationn with de-differentiated ED 15 rat hepatocytes to identify 
moleculess with a function in hepatocyte differentiation. Similar to 
de-differentiatedd quail hepatocytes cultured in combination with inducing 
embryonicc tissues (Houssaint, 1976) a reversion to the differentiated state was 
observed.. As marker for differentiation we used de novo expression of 
carbamoylphosphatee synthetase (CPS). In ED 15 rat hepatocytes in vivo CPS is 
expressedd by only a few cells, whereas hormonal stimulation of the same 
hepatocytess in vitro leads to ubiquitous expression (Dingemanse et al., 1994). 
CPSS expression therefore represents a composite and, hence, sensitive 
parameterr for complete hepatocyte differentiation. Following immunohisto-

S3aa preserves hepatocyte differentiation • 57 



chemicall screening, cDNA constructs recovered from COS-1 cells which were 
proximatee to CPS-positive (re-differentiated) hepatocytes, were amplified and 
characterized. . 

Thiss approach led to the identification of the ribosomal protein S3a as a 
factorr capable of reverting hepatocyte de-differentiation. We further show, by 
inn situ hybridization studies in rat that, in vivo, S3a transcripts are 
preferentiallyy expressed in the embryonic liver. 

Material ss and methods 

Animals s 

Adultt Wistar rats were obtained from the HSD animal farm in Zeist (The 
Netherlands)) and kept in a controlled light-dark cycle (light: 7 a.m. to 7 p.m.). 
Animalss were fed a standard chow diet (RMH 1410, Hope Farms, Woerden, 
Thee Netherlands) and water ad libitum. Animal welfare was in accordance with 
institutionall guidelines of the University of Amsterdam. Females in oestrus 
weree selected as described (Lamers et al., 1987) and mated. Time of mating 
wass regarded as the beginning of gestation (embryonic day (ED) 0). Pregnant 
ratss were decapitated after CO2/02 anaesthesia at ED 10-20. The caudal foregut 
(hepatogenicc area) or the liver was dissected for primary cell culture from 
embryoss of ED 10 (7-somite stage), or EDI5, respectively. Embryos of ED 12 
weree used for whole mount in situ hybridization. The heart was dissected from 
embryoss of ED 12 for cDNA library preparation. A developmental series of 
embryoss (ED 10-20) and neonates from day 0.5, 1.5, 7, and 20, were used for in 
situu hybridization staining. 

cDNAA librar y preparation and amplification 

AA total of 363 ED 12 rat hearts were collected, frozen on dry ice 
immediatelyy after isolation, and pooled. Total RNA was isolated by 
guanidinium-phenoll extraction as described (Chomczynski and Sacchi, 1987). 
Thee poly(A)+ fraction was extracted utilizing the polyATtract mRNA isolation 
kitt (Promega, Madison, WI, USA). To increase yield the total RNA sample was 
re-extractedd once. The integrity of the isolated poly(A) RNA was confirmed 
byy visualizing 20-30 ug of the remaining poly (A)" RNA sample on a 
0.8%% (w/v) agarose-formaldehyde gel. Conversion of the poly(A)+ RNA into 
cDNAA was performed utilizing the "great lengths cDNA synthesis kit" 
(Chenchikk et al., 1994) (Clontech, Palo Alto, CA, USA). A mixture of three 
differentt anchor primers was used, each consisting of 25 thymidine residues 
withh on the 5'-end a Notl recognition site for unidirectional cloning purposes 
andd on the 3'-end the anchor nucleotide. Incorporation of 0.5 (il [a-32P]dCTP 
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(55 uCi) (Amersham, Piscataway, NJ, USA) into the cDNA allowed 
visualizationn for size determination via 1% (w/v) agarose gel electrophoresis 
(forr 2 hours at 80 V) and subsequent autoradiography (for 24 hours). Following 
thee ligation of nonpalindromic BstX I adaptors (Invitrogen, Carlsbad, CA, 
USA)) the cDNAs were challenged with Notl and BstX I restriction enzymes 
andd unidirectionally ligated into the eukaryotic expression vector pcDNA3 
(Invitrogen).. The library was amplified via electroporation of the ligation 
mixturee into XL 1-Blue MRF' cells (Stratagene, LaJolla, CA, USA) as described 
(Dowerr et al., 1988). The resulting colonies were washed from the agar plates 
withh LB-medium (per liter: 10 g tryptone (Gibco-BRL, Solana Beach, CA, 
USA),, 5 g yeast-extract (Gibco-BRL), 10 g NaCl (Merck, Darmstadt, Germany) 
andd used for plasmid isolation utilizing an isolation kit (Qiagen, Chats worth, 
CA,, USA). Commercially available kits were used as recommended. 

Hepatocytee isolation and de-differentiation 

Primaryy cell cultures were started as described (Lamers et al., 1984) from 
hepatogenicc areas or livers from embryos of ED 10 (7-somite stage) or EDI5, 
respectively,, with minor modifications. Briefly, hepatogenic areas or livers 
weree dissected free of adhering tissue and transferred to ice-cold DMEM/F12 
culturee medium (Gibco-BRL) containing 0.25% (w/v) trypsin (Gibco-BRL), 
andd 1 mM EGTA. Following 15 minutes of incubation at 37°C, tissues were 
dispersedd mechanically by aspiration into a Pasteur pipet and incubated for an 
additionall 10 minutes at 37°C. The samples were then washed with 
DMEM/F122 containing 10% (v/v) fetal calf serum (FCS) (Gibco-BRL) and 
0.01%% (w/v) DNase I (Boehringer, Mannheim, Germany) by centrifugation for 
77 minutes, 100 x g at room temperature (RT). To remove large debris the 
resuspendedd pellet was filtered through a double-layered nylon mesh (pore size 
50-1000 urn). Finally, the cells were washed as above and plated in DMEM/F12 
containingg 10% (v/v) FCS (Gibco-BRL) in culture plates (Nunc, Roskilde, 
Denmark)) coated with rat-tail collagen-I (1 ug/cm2), isolated as described 
(Chandrakasann et al., 1976). Per cm2 culture dish 6 ED 10 hepatogenic areas 
(4-wellss plate) or 0.2 ED 15 liver (6-wells plate) were used. The day of plating 
wass taken as day 1. Cells were incubated at 37°C, 5% C02-95% air and 
90%% relative humidity and used for in situ hybridization or de-differentiation. 
Forr in situ hybridization cells were washed at day 2 and continued as above. At 
dayy 3 cells were fixed in 4% freshly prepared formaldehyde for 1 hour at 4°C, 
washedd three times with 70% ethanol and stored at 4°C until use. 
De-differentiationn of the ED 15 hepatocytes was accomplished as follows: At 
dayy 2 cultures were washed free of non-adhering cells and continued as above. 
Att day 3 cultures were washed with PBS and incubated with PBS containing 
0.25%% (w/v) trypsin and 1 mM EGTA until cell detachment. Trypsin was 
inhibitedd by addition of DMEM/F12 containing 10% (v/v) FCS. After 
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trituration,, the cells were washed and replated. Hereafter, medium was 
refreshedd at days 4, 5 and 7, whereas the cells were passaged at days 6 and 8. 
Replatingg at days 6 and 8 was performed in a medium mixture containing 
10%(v/v)) FCS (final concentration), 45% (v/v) DMEM/F12 and 45% (v/v) 
DMEM/F122 conditioned by NIH/3T3 mouse fibroblasts to enhance attachment 
off the (de-differentiated) embryonic hepatocytes (Dingemanse, M. A. and 
Lamers,, W.H., unpublished data). Conditioned medium was centrifuged for 
77 minutes, 100 x g before use ensuring the removal of any NIH/3T3 cells. Cells 
weree used after 8 days of cultivation under these de-differentiating growth-
promotingg conditions. 

Celll  transfection 

COS-11 cells (Gluzman, 1981) and NIH/3T3 cells (Jainchill et al., 1969) 
weree transfected as described (van den Hoff et al., 1995a) with some 
modifications.. In short, exponentially growing cells were harvested by 
trypsinizationn and washed by centrifugation for 7 minutes, 100 x g at RT with 
DMEM/F122 containing 10% (v/v) FCS and, subsequently, with PBS. Per 
transfectionn 3.5 x 106 cells (COS-1) or 5 x 106 cells (NIH/3T3) were 
resuspendedd in 500 ul "cytomix" (van den Hoff et al., 1992), containing 
33 mg/ml glutathione (Merck) and sample DNA (25 ug for single cDNA 
constructs,, and 5 ug combined with 20 ug linearized pBluescript (carrier) for 
cDNAA (sub-)libraries). The mixture was transferred to a cuvette with a 2 mm 
electrodee gap and incubated for 10 minutes at RT. After electro-shock at 
12000 uF and 260 V, the cuvette was placed at RT for 10 minutes allowing the 
cellss to recover. 

Co-cultivationn and immunohistochemistry 

Co-culturess of suspended hepatogenic areas from ED 10 rat embryos 
(7-somitee stage) and transfected COS-1 cells were performed in DMEM/F12 
containingg 10% (v/v) FCS and supplemented with chlorophenylthio-cyclic 
AMPP (10 M) (Boehringer) and dexamethasone (21-phosphate disodium salt; 
100 M) (Sigma, St. Louis, MO, USA) (final concentrations). Cell mixing was 
achievedd by gentle swirling. Per cm2 culture dish (4-wells plates) 6 embryonic 
isolatess were plated. Control cultures were suspended embryonic isolates only. 

Co-culturess of de-differentiated hepatocytes (isolated at day 8 of culture 
underr de-differentiating conditions) and transfected cells (COS-1 or NIH/3T3) 
weree performed in 6-wells culture plates (Nunc) coated with rat-tail collagen-I 
(11 ug/cm2). Per cm2 culture dish 25,000 de-differentiated hepatocytes and 
25,0000 transfected cells were plated, both in suspension. Cells were mixed by 
gentlee swirling. Controls were co-cultures with mock transfected cells or mono
culturess of either de-differentiated hepatocytes or transfected cells. All cultures 
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weree maintained in a mixture containing 10% (v/v) FCS (final concentration), 
45%% (v/v) DMEM/F12, and 45% (v/v) DMEM/F12 conditioned by NIH/3T3 
mousee fibroblasts. The medium was supplemented with hormones to induce, in 
combinationn with the putative inductive factor, expression of CPS in 
re-differentiatingg hepatocytes. 

Alll incubations were performed at 37°C, 5% C02-95% air, 90% relative 
humidity.. After 24 hours of incubation in the presence of hormones half of the 
mediumm mixture was refreshed. After 36-48 hours of exposure to hormones all 
culturess were washed with PBS, fixed with a mixture of methanol, acetone, and 
waterr (2:2:1, respectively) (v/v) for 10 minutes at 4°C, washed twice with 
70%% ethanol at RT, and used for immunohistochemical analysis. 

Afterr fixation endogenous peroxidase activity in the cells was eliminated 
byy incubation with 70% ethanol containing 0.3% (v/v) H202 followed by 
incubationn with 70% ethanol containing 2% (v/v) H202, both for 15 minutes at 
4°C.. All subsequent steps were performed at RT. Following hydratation in a 
gradedd series of ethanols non-specific protein binding sites were blocked by 
incubationn for 1 hour in TENG-T buffer (5 mM EDTA, 150 mM NaCl, 
0.25%% (w/v) gelatin, 0.05% (v/v) Tween-20, 10 mM Tris-HCl (pH 8.0)). 
Antibodyy binding was visualized by the indirect unconjugated peroxidase-
antiperoxidasee (PAP) technique (Sternberger et al., 1970). Cultures were 
incubatedd overnight with a rabbit polyclonal antibody against rat liver 
carbamoylphosphatee synthetase (CPS) (1:1000 diluted; non commercial) 
(Charless et al., 1980; Gaasbeek Janzen et al., 1984), followed by incubation for 
22 hours with goat anti-rabbit serum (1:250 diluted) as described (Gaasbeek 
Janzenn et al., 1984) and for 1 hour with rabbit peroxidase-antiperoxidase (PAP) 
immunocomplexx (1:750 diluted; Nordic, Tilburg, The Netherlands). Washing 
betweenn steps and dilution of antisera was performed with PBS. Peroxidase 
activityy was visualized with a buffer of 0.1 M NaAc (pH 4.9) containing 
0.1%% (v/v) H202 and 0.5 mg/ml 3-amino-9-ethyl-carbazole (AEC; Sigma), 
addedd from a 10 mg/ml N,N'-dimethyl formamide (Merck) stock solution 
(Grahamm et al., 1965). COS-1 cells expressing CPS from a transfected cDNA 
constructt served as a positive control. 

cDNAA isolation 

Areass containing CPS-positive cells were isolated as described (Horst et 
al.,, 1991). Cell lysis was performed in lysis buffer (100 mM NaCl, 25 mM 
EDTA,, 0.5% (w/v) SDS (USB, Cleveland, OH, USA), 100 ng/ml proteinase K 
(fungal)) (Gibco-BRL), 10 mM Tris-HCl (pH 8.0)) for 1 hour at 50°C. 
Followingg the addition of 15 \ig sheared herring testis carrier DNA, the lysate 
wass extracted once with phenol: chloroform: isoamylalcohol (25:24:1, 
respectively;; v/v). After re-extracting the organic phase twice with 0.5 volume 
TEE the recovered cDNA (enriched library) was precipitated in the presence of 
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100 p.g glycogen (carrier) and transformed to XL 1-Blue MRF' cells (Stratagene) 
ass described above. Following this amplification step the enriched library was 
usedd for a next round of screening. 

Sequencee analysis 

Individuall bacterial colonies were grown overnight in liquid broth (LB) 
andd plasmids were isolated as described (Sambrook et al., 1989). Nucleotide 
sequencee of cDNA inserts was established from the 3'-end utilizing the 
ABII Prism BigDye Terminator Cycle Sequencing Ready Reaction Kit (Perkin-
Elmer,, Foster City, CA, USA) as recommended. Sequence identity was 
determinedd by comparing the obtained sequences with those present in the 
non-redundantt nucleotide sequence databases utilizing the Blast 2.0 software 
(Altschull et al., 1997). 

Statisticall  analysis 

Thee number of wells containing one or more re-differentiation event(s) in 
122 different experiments (144 wells in total) were counted. Poisson statistics 
weree used to calculate the probability of observing only negative controls under 
thee assumption that re-differentiation events were to occur randomly in all 
wells. . 

Efficiencyy of the method 

Sampless of the original and enriched (see cDNA isolation) cDNA libraries 
weree used to transform XL 1-Blue MRF' cells (Stratagene) by electroporation as 
describedd (Dower et al., 1988). Southern blots were obtained via colony lift as 
describedd (Sambrook et al., 1989; Ausubel et al., 1991) and probed with a 
[a-32P]dCTPP (3000 Ci/mmol) (Amersham) random prime labelled fragment of 
thee rat ribosomal protein S3a cDNA, containing nucleotides 344-861 (X75161) 
(Chann et al., 1996). Probe labelling and hybridization procedures were 
performedd according to standard protocols (Feinberg and Vogelstein, 1983, 
1984;; Sambrook et al., 1989). 

Effectt  of conditioned medium from S3a-transfected cells 

Hepatocytess were cultured for 7 days under de-differentiating conditions. 
Followingg passaging, the cells were maintained for 48 hours in the presence of 
hormoness in a mixture containing 30% (v/v) DMEM/F12, 10% (v/v) FCS (final 
concentration),, 30% (v/v) medium conditioned by NIH/3T3 mouse fibroblasts 
(too enhance attachment of the de-differentiated embryonic hepatocytes), 
andd 30% (v/v) medium conditioned by S3a-transfected cells (either 
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NIH/3T33 or COS-1). S3a-conditioned medium consisted of DMEM/F12 
containingg 10% (v/v) FCS which had supported S3a-transfected cells for 
488 hours. All conditioned media were centrifuged before use to remove any 
cells. . 

Inn situ hybridization 

Forr in situ hybridization embryos were fixed in 4% (w/v) freshly prepared 
formaldehydee for 4 hours at RT (sections), or overnight at 4°C (whole mount). 
Thee embryos of ED 10 were left in utero. After fixation, the embryos for 
sectioningg were dehydrated in a graded series of ethanol, passed through 
butanol,, and embedded in Paraplast plus (Oxford Labwarf, St. Louis, MO, 
USA).. Serial sections of 7 urn thickness were cut and mounted on 
aminoalkylsilane-coatedd slides and stored at RT until use. Embryos for whole 
mountt in situ hybridization were dehydrated in a graded series of 
methanol:PBSTT (PBS with 0.1% Tween-20) and stored in absolute methanol at 
-20°CC until use. Sense and antisense cRNAs were transcribed in vitro as 
describedd (Melton et al., 1984; Hogan et al., 1994; Henrique et al., 1995) in the 
presencee of [a-35S]dCTP (1000 Ci/mmol; Amersham) (sections) or 
digoxigenin-UTPP (Boehringer) (whole mount, cultured cells) using T3, T7 or 
SP66 RNA polymerases (Gibco-BRL), under appropriate conditions. The 
followingg cDNA clones served as template: rat a-fetoprotein (AFP) (V01254; 
ntt 520-1240) (Jagodzinski et al., 1981), rat S3a (X75161; nt 1-861) (Chan et al., 
1996;; Lecomte et al., 1997), mouse bone morphogenetic protein-4 (BMP-4) 
(L24755;; nt 1-1785) (Jones et al., 1991), rat c-fos (X06769; nt 1-2116) (Curran 
ett al., 1987) and mouse c-jun (X12761; nt 354-1356) (Ryseck et al., 1988). 
Nucleotidee positions correspond to those of the nucleotide sequences present in 
EMBLL and GenBank data bases. For 35S-labelled probes, the synthesized cRNA 
strandss were hydrolyzed in 40 mM NaHC03, 60 mM Na2C03 (pH 10.2) at 60°C 
(Coxx et al., 1984) to an average fragment length of 150-200 bases. After 
phenol/chloroformm purification cRNA probes were ethanol precipitated and 
dissolvedd in TE buffer containing 10 mM DTT (Merck). The probe 
concentrationn in the hybridization mixture was approximately 5x104 cpm/ul for 
alll probes except for AFP, where 2x10 cpm/ul was used. Prehybridization, 
hybridizationn and autoradiography were performed as described (Moorman et 
al.,, 1993) with minor modifications. Treatment of the specimens began with 
incubationn for 10 minutes at 70°C in 2 x SSC and continued with incubation in 
0.1%% pepsin (Sigma) in 0.01 M HC1 at 37°C (incubation time depends on 
embryonicc age). Following termination of the protease reaction with 0.2% 
(w/v)) glycine, and subsequent washing with PBS the specimens were treated 
immediatelyy with 10 mM DTT. Slides were exposed for 7 days at 4°C, using 
Ilfordd nuclear research emulsion G5 (Ilford, Mobberly Cheshire, UK) and 
developedd for 4 minutes. Finally, sections were counterstained with 0.02% 
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nuclearr fast red for 1.5 minute. For digoxigenin-labelled probes hybridization 
conditionss were as described (Henrique et al., 1995) with slight modifications 
(Beloo et al., 1997). Prior to overnight incubation with a primary Fab mouse 
antibodyy against the digoxigenin-labelled riboprobes (1:2000 diluted; 
Boehringer)) the embryos were treated with TBST containing 2% of blocking 
reagentt (Boehringer) and 10% heat-inactivated rat serum for 1 hour. Specimens 
weree washed for 2 hours in MABT (100 mM maleic acid, 150 mM NaCl, 0.1% 
Tween-20,, 5 mM levamisole, adding Tris-base salt to buffer at pH 7), and 
finallyy rinsed in NTMT (100 mM NaCl, 100 mM Tris-HCl (pH 9.5), 50 mM 
MgCl2,, 0.1% Tween-20, 5 mM levamisole). Alkaline phosphatase activity was 
revealedd using Purple AP reagent (Boehringer). 

Results s 

cDNAA librar y preparation 

Thee amount of total RNA obtained from the ED 12 rat hearts equaled 
4055 ug from which 4 jag poly(A)+ RNA was extracted. Conversion to cDNA, 
unidirectionall cloning, and propagation in XL 1-Blue MRF' cells provided a 
libraryy containing 2.2 x 10 independent clones. Restriction analysis showed 
thatt 82% of the constructs contained a cDNA clone of which the majority had a 
lengthh between 500 and 2300 base pairs (b.p.). COS-1 cells were transfected 
withh an efficiency of approximately 20% as was established by transient 
transfectionn with a DNA construct encoding (3-galactosidase. Transfection of 
55 ug of the embryonic heart library into COS-1 cells (3.5 x 10 cells) and 
subsequentt immunohistochemical staining for 6-myosin heavy chain (6-MHC), 
aa 6,000 bp gene-product normally expressed in heart ventricle, yielded 115 
6-MHCC positive cells (0.025% prevalence) and showed that also very large 
cloness are represented in the library. 

Hepatocytee de-differentiation 

Thee de-differentiation of ED 15 fetal rat hepatocytes in primary culture 
followedd a highly reproducible time scale outlined in Fig. 1. During the first 
44 days in vitro the cells displayed characteristic hepatocyte morphology and 
expressedd hepatocyte-specific genes, as was determined by immunohisto
chemicall staining for glutamate dehydrogenase (GDH) (Fig. 1A). At day 5 the 
cellss started to de-differentiate gradually. First, the characteristic epithelial 
morphologyy changed to a fibroblast-like spindle-shape (Fig. IB), 24 hours later 
followedd by a loss of hepatocyte-specific gene-expression (Fig. 1C). Important 
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CPS-inducibilityy in vitro Culture time (days) 

Fig.. 1. Phenotypical characteristics of embryonic rat hepatocytes in primary culture for 9 
dayss under growth promoting de-differentiating conditions (A-C). Day of plating is regarded 
ass day one. Cells received DMEM/F12 containing 10% FCS throughout the experiment. 
Goingg from panel A to C it is shown how the hepatocytes gradually de-differentiated as 
culturee time (indicated in panel D) increased. Differentiation status was monitored by both 
celll morphology and expression of the hepatic enzyme glutamate dehydrogenase (GDH). The 
threee phenotypical stages distinguished are, GDH-positive with epithelial morphology (A), 
GDH-positivee with fibroblast-like morphology (B), and GDH-negative with fibroblast-like 
morphologyy (C). Panel D depicts the effect of culture time on the ability of the hepatocytes to 
expresss carbamoylphosphate synthetase (CPS) upon hormonal stimulation. During the first 
threee days of culture CPS could be induced rapidly, whereas addition of hormones at day 7 of 
de-differentiationn did, for up to 72 hours, not result in the expression of CPS, or GDH. Bar 
(355 urn) is identical in panels A-C. 

parameterss affecting the de-differentiation time scale are cell density (high 
densityy delays de-differentiation) and cell passaging (passaging promotes 
de-differentiation).. Addition of hormones at day 1-3 of de-differentiation 
resultedd in the rapid induction of CPS protein expression. Addition of 
hormoness at day 7 of de-differentiation did not result in (re-)expression of CPS 
(orr GDH), or in restoration of epithelial morphology after up to 72 hours of 
culturee (Fig. ID). Expression of GDH, which does not depend on hormonal 
stimulation,, could not be used as a parameter for hepatocyte re-differentiation 
inn the co-culture experiments, because the gene is endogenously expressed by 
thee COS-1 cells. 

cDNAA isolation 

Thee co-culture initiated with de-differentiated fetal hepatocytes and COS-1 
cellss transfected with the original cDNA expression library, contained cells 
positivee for the marker protein CPS after 48 hours of culture in the presence of 
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hormones.. In total 7 re-differentiation events were observed over a total of 
100 wells ( 0 4 cm). Isolation of plasmid DNA and subsequent bacterial 
transformationn resulted in 698 colonies from which an enriched library was 
prepared.. The second round, performed with this enriched library, resulted in 
199 re-differentiation events over 10 wells and eventually in 473 bacterial 
coloniess after plasmid isolation and bacterial transformation. Preliminary 
experimentss in which COS-1 cells were transfected and screened for the 
expressionn of [3-MHC and a-SMA showed that the enrichment observed with a 
secondd screening was two- to three-fold. Since areas of CPS-positive cells that 
interactt with transfected COS-1 cells must be harvested it is intrinsic to the 
methodd that identification of single clones is not possible. Therefore, the 
remainingg 473 colonies were amplified separately in liquid culture and 
sub-populationss of 50 plasmids were screened in the co-cultivation assay, 
leadingg to the identification of one population with highest re-differentiation-
inducingg activity. To identify single factors involved in hepatocyte 
re-differentiationn the nucleotide sequence of these 50 plasmids was determined 
(listedd in Table 1). Ribosomal protein S3a represented 46% of the cDNA 
constructss present in this sub-library. Mono-transfection with this construct and 
subsequentt co-cultivation led to hepatocyte re-differentiation and identified S3a 
ass the factor capable of reverting hepatocyte de-differentiation. In this case a 
totall of 70 re-differentiation events was observed over a total of 10 wells 
( 00 4 cm). Mono-transfections with the other plasmids from the sub-population 
didd not result in hepatocyte re-differentiation. 

cDNAA sequence 
ribosomalribosomal protein S3a 
alpha-globin n 
ribosomalribosomal protein S5 
acyl-CoAA oxidase 
cytochromee c oxidase 
ribosomalribosomal protein S2 
Sox-4 4 
cyclophilin n 
drpl l 
ubiquinone e 
unknown n 
emptyy vector pcDNA3 

Frequency y 
46% % 
14% % 
6% % 
4% % 
4% % 
4% % 
4% % 
2% % 
2% % 
2% % 
2% % 
10% % 

Tablee 1. Identity and prevalence of the plasmids in the sub-library with the highest 
hepatocytee re-differentiation-inducing activity. 
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Fig.. 2. Expression of carbamoylphosphate synthetase (CPS) protein in experimental (A-C) 
andd control (D-F) cultures. Experimental co-cultures contained de-differentiated hepatocytes 
andd COS-1 cells transfected with a plasmid encoding a hepatocyte re-differentiation-inducing 
protein.. In such cultures CPS-expressing cells were present both as single cells (A) or in 
smalll groups of up to 5 cells (B). Occasionally CPS-positive cells were observed surrounding 
aa cluster of negative cells (C). True positive cells (arrows in panels A and B) were 
distinguishedd from dead cells by their unstained nucleus. Control cultures of de-differentiated 
hepatocytess in mono-culture receiving either medium containing plain DMEM/F12 (D) or 
DMEM/F122 conditioned by S3a-transfected cells (F) did not contain cells positive for CPS, 
ass was the case for cultures combining de-differentiated hepatocytes with mock transfected 
COS-11 cells (E). Bar (35 urn) is identical in panels A, B, and D-F. 
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Re-differentiatedd CPS-positive hepatocytes were encountered both as 
singlee cells or as small groups containing up to 5 cells (Figs 2A and B, 
respectively).. Occasionally, groups of CPS-negative cells surrounded by cells 
positivee for CPS were observed (Fig. 2C). Controls containing de-differentiated 
hepatocytess in mono-culture or in co-culture with mock transfected cells were 
negativee for CPS (Figs 2D and E, respectively), showing that expression of 
CPSS observed in the experimental cultures was not caused by the presence of 
hormoness or spontaneous re-differentiation. 

Inn Fig. 3 it is shown that clones representing the mRNA for ribosomal 
proteinn S3a are rare in the initial ED 12 rat heart cDNA library (Fig. 3A), 
whereass S3a contributes for 60% to the enriched library after two rounds of 
screeningg (Fig. 3B), in agreement with the sequence data (see Tabel 1). This 
showss the extreme efficiency of the co-cultivation assay. In addition, the 
co-cultivationn assay is also highly specific. For the identification of ribosomal 
proteinn S3a as a hepatocyte de-differentiation reverting factor a total of 12 
separatee co-cultivation experiments were performed. Taken together these 
involvedd 120 experimental co-cultures and 24 control cultures. The latter 
consistedd of 12 cultures containing de-differentiated fetal hepatocytes only and 
122 cultures containing de-differentiated fetal hepatocytes in combination with 
mockk transfected cells. Among the 120 experimental co-cultures there were 36 
withh one or more areas of cells expressing CPS, whereas in the 24 controls, 
nonee of the cells did express the differentiation marker CPS. If it is assumed 
thatt re-differentiation occurs randomly in all wells then the probability of 
observingg no re-differentiation in 24 controls is 0.001. 

AA B 

Fig.. 3. Enrichment of the heart cDNA expression library for constructs encoding ribosomal 
proteinn S3a after employing the co-cultivation assay. The large increase in prevalence, from a 
raree gene-product in the initial library (A) to a 60% frequency after two rounds of enrichment 
(B),, shows the power of the co-cultivation assay. 

688 • Chapter 3 



Celll  line specificity and mode of action 

Co-culturess of de-differentiated fetal hepatocytes and NIH/3T3 cells 
transfectedd with the S3a expression construct gave similar results compared to 
thosee utilizing COS-1 cells. In conjunction with COS-1 cells, there were 5 to 10 
re-differentiationn events per well. CPS-positive cells were present as single 
cellss or as small groups containing up to 5 cells (Fig. 4A). All controls were 
negativee for CPS (Figs 4B and C). 

Too investigate whether ribosomal protein S3a is a soluble factor or that 
producerr cell and target cell must be in close proximity the de-differentiated 
fetall hepatocytes were cultured with medium conditioned by S3a-transfected 
COS-11 or NIH/3T3 cells. In both cases re-differentiation was not observed 
(Figss 2F and 4D, respectively). 

Fig.. 4. Expression of carbamoylphosphate synthetase (CPS) protein in experimental (A) and 
controll (B-D) cultures. In experimental co-cultures of S3a-transfected NIH/3T3 cells and 
de-differentiatedd hepatocytes cells expressing CPS were present (arrow in panel A). Control 
culturess of de-differentiated hepatocytes in mono-culture receiving either medium containing 
plainn DMEM/F12 (B) or DMEM/F12 conditioned by S3a-transfected cells (D) did not 
containn cells positive for CPS, as was the case for cultures combining de-differentiated 
hepatocytess with mock transfected NIH/3T3 cells (C). Bar (35 (im) is identical in all panels. 
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Primar yy endoderm induction 

Co-culturess of COS-1 cells transfected with the S3a expression construct 
andd cells derived from the caudal foregut of ED 10 rat embryos (7-somite stage) 
didd not result in the appearance of CPS expressing hepatocytes. (Figs 5A and 
B). . 

Fig.. 5. Expression of carbamoylphosphate synthetase (CPS) protein in enterocytes from the 
caudall foregut of 7-somite stage embryos. CPS-expressing cells were not observed in 
co-culturess of enterocytes and S3a-transfected COS-1 cells (A) or in control cultures 
containingg enterocytes in mono-culture (B). Bar (40 um) is identical in both panels. 

Inn situ hybridization 

S3aa transcripts were detectable from ED 11 onward in rat development. 
Cardiacc expression of S3a was slightly above background, mainly in the 
ventriclee and only detectable at EDI 1 (not shown) and ED 12 (Figs 6A and F; 
seee pp. 72 and 73). Expression in the liver became weakly detectable at EDI 1 
(nott shown) and increased up to ED 14 (Figs 6A, C, and F). The expression 
patternn observed for S3a at EDI 1-14 coincided with that obtained for 
a-fetoproteinn (AFP), an early hepatocyte marker (compare Figs 6A and B). 
Afterr ED 14 the S3a signal weakened and became restricted to a speckled 
patternn distributed throughout the fetal liver (Fig. 6D). This pattern was still 
presentt after birth at neonatal day (ND) 7 (Fig. 6E), but had disappeared at 
ND200 (not shown). Going from ED 14 to ND7 the spots decreased in number 
butbut became more intense (compare Figs 6D and E). To distinguish between 
hepatocellularr and mesenchymal S3a-expression a primary culture of ED 15 rat 
hepatocytess was stained for S3a utilizing in situ hybridization. This showed 
thatt the hepatocyte was the site of expression (compare Figs 6G (S3a, arrows) 
andd H (AFP)). Additional S3a transcripts were detected in the luminal 
epitheliumm of the gut (Figs 6C and D), and in thyroid, lung, stomach 
epithelium,, and the epithelial cells of the pancreas (all endodermal derivatives). 
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Inn addition to S3 a we studied the mRNA expression patterns of bone 
morphogeneticc protein-4 (BMP-4), c-fos, and c-jun. BMP-4 was chosen 
becausee 246 consecutive nucleotides of the antisense of the mouse BMP-4 
transcriptt have a high similarity (83% identity) to the S3a mRNA. This may 
representt a mechanism of antisense regulation. We studied c-fos because S3a 
hass been identified as the effector protein of v-fos (the viral homologue of 
c-fos)) (Kho and Zarbl, 1992), and c-jun because it is the partner of c-fos in the 
transcriptionn factor complex AP-1, which has been implicated in the regulation 
off a spectrum of cellular functions, including proliferation, differentiation, and 
transformationn to apoptosis (Karin et al., 1997). Steady state levels of BMP-4 
expressionn were detectable in the outflow tract of the embryonic heart at 
EDII 1-14 (Fig. 61). BMP-4 transcripts were undetectable in the liver at these 
developmentall stages (Fig. 6J). In case of c-fos and c-jun, transcripts were 
undetectablee at EDI 1-14 of rat development (Figs 6K and L, respectively). 

Discussion n 

Wee identified the ribosomal protein S3a as a factor capable of reverting 
hepatocytee de-differentiation in vitro. S3a is a 29.8 kDa protein of 263 amino 
acidss (Metspalu et al., 1992) with 99% conservation between the human, 
mouse,, and rat amino acid sequences (Kho and Zarbl, 1992; Nolte et al., 1996; 
Rebanee et al., 1998). In the ribosome, S3a is located in the 40S subunit at the 
protuberancee of the interface with the 60S subunit (Uchiumi et al., 1986; 
Lutschh et al., 1990). There, it forms part of the binding site for the initiation 
factorss eIF-2 and eIF-3 and contacts both the initiator Met-tRNA and the 
mRNAA (for review, see Uchiumi et al., 1986; Chan et al., 1996). S3a therefore 
occupiess a potentially strategic position to regulate protein synthesis. The 
coordinate,, stoichiometric expression of ribosomal proteins and RNAs was 
longg considered crucial for proper ribosome assembly and function (Mager, 
1988).. Nevertheless, overexpression of one or a few of the ribosomal proteins 
iss not a rare phenomenon, which resulted in the now widely accepted view that 
manyy ribosomal proteins have a second function outside the ribosome (Wool, 
1996).. The putative extraribosomal function of S3a explains why S3a was 
"rediscovered"" several times. Thus, S3a was identified as the TNFa-inducible 
genee product TU-11 in murine fibroblasts (Lecomte et al., 1997), as the 
abundantt transcript nbl in Namalwa Burkitt lymphoma (Naora et al., 1995, 
1996),, as the upregulated gene product fte-1 (v-fos-transformation effector 
protein)) in v-fos transformed Rat-1 fibroblasts (Kho and Zarbl, 1992), and now 
ass a factor capable of reverting hepatocyte de-differentiation by us. High 
mRNAA concentrations were found in rapidly dividing tissues, such as prenatal 
liver,, intestinal epithelium (Starkey and Levy, 1995; Figs 6C and D), and 
transformedd cells (Kho and Zarbl, 1992). On the other hand, very low levels 
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Fig.. 6. Localization of S3a mRNA (A and C-G), a-fetoprotein (AFP) mRNA (B and H), bone 
morphogeneticc protein-4 (BMP-4) mRNA (I and J), c-fos mRNA (K), and c-jun mRNA (L) 
inn sections of a rat embryo at ED12 (A and B), ED14 (C and I-L), and ED20 (D), and in 
sectionss of a neonatal rat at ND7 (E), in primary ED 15 rat hepatocyte cultures (G and H), and 
inn an intact ED 12 rat embryo (F). Sections A and B, and sections C and J-L are consecutive. 
Thee signal for AFP shows the position of the hepatocytes. In panels F-H digoxigenin-labelled 
probess were used whereas in all other panels probes were labelled with [a-35S]dCTP. From 
thee embryo in panel F the ventral body wall was removed. At ED 12 the in situ hybridization 
signall for S3a coincided with the signal for AFP (compare A and B). Comparison of G and H 
showss that S3a transcripts were localized in the hepatocytes (arrows in panel G). In the 
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embryonicc heart S3a was weakly detected in the ventricle (A). Both hepatic and cardiac 
expressionn of S3a mRNA could also be demonstrated in an intact ED12 rat embryo (F). At 
laterr developmental stages S3 a expression in the liver changed from a homogeneous 
distributionn (C) to a speckled pattern (D and E). The expression of S3a in the liver at ED14 
(C)) was not accompanied by the expression of BMP-4 (J). In contrast to liver, a weak signal 
forr BMP-4 was detected in the outflow tract (I). At ED14 the liver was also negative for c-fos 
andd c-jun (K and L, respectively). Abbreviations: A, atrium; B, brain; BA, branchial arch; G, 
gut;; Go, gonads; H, heart; L, liver; LB, limb bud; M, mesonephros; OFT, outflow tract; V, 
ventricle.. Bar (100 urn) is identical in A-E, G and H, and I-L, respectively. Bar in F 
representss 500 um. 
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weree found in e.g., postnatal liver (Fig. 6E), hepatoblastoma cells (Naora et al., 
1996),, and non-transformed fibroblasts (Gordon et al., 1992; Naora et al., 
1998).. So it appears that enhanced expression of S3a is associated with rapid 
celll proliferation (S3a accumulates during S-phase), but cell transformation as a 
resultt of only overexpression of S3 a has, at least in vitro, not been observed 
(Naoraa and Naora, 1999). 

Overexpressionn of S3a did not induce hepatocyte differentiation in 
culturess containing enterocytes from the caudal foregut of 7-somite stage 
embryos,, that is, in all likelyhood, before endodermal cells are specified to the 
hepaticc lineage (Fig. 5). This finding, together with the abundant expression of 
S3aa in the intestinal epithelium, shows that S3a is not involved in hepatocyte 
specification.. It suggests that the de-differentiated hepatocytes used in the 
co-culturee experiments were positioned between specified endoderm and 
differentiatedd hepatocyte in the developmental cascade ranging from 
pluripotentt endoderm to mature hepatocyte. On the basis of these data and 
thosee already quoted we hypothesize that the biological function of S3a in the 
embryonicc liver is to maintain the differentiated state in the rapidly dividing 
hepatocytes.. Since we observed abundant expression of S3 a in other rapidly 
dividingg tissues, such as embryonic enterocytes, central nervous tissue, and 
branchiall arches, it may well be that this differentiation-preserving effect is not 
confinedd to the embryonic hepatocytes. 

Thee mechanism by which S3 a exerts its presumed extraribosomal 
functionn remains to be elucidated, but we did establish some basic principles. 
Inn embryonic liver, S3a was expressed in the hepatocytes (Fig. 6G). In contrast, 
underr our experimental conditions S3a exerted its re-differentiation-inducing 
activityy on de-differentiated hepatocytes when expressed in COS-1 cells or in 
non-transformedd NIH/3T3 cells. These findings indicate that S3a is equally 
effectivee when it is expressed in parenchymal cells of the fetal liver or in 
non-parenchymall cells from different origin. The finding that overexpression of 
S3aa in fibroblasts causes de-differentiated hepatocytes to re-differentiate, 
whereass expression in vivo is confined to embryonic hepatocytes further 
suggestss that the mechanism by which S3a exerts its effect involves 
intercellularr communication. Exposure of de-differentiated hepatocytes to 
culturee medium conditioned by S3a-transfected cells did not result in 
hepatocytee re-differentiation, indicating that S3 a does not operate as a soluble 
factor,, but that cell proximity between a S3a-transfected cell and a 
de-differentiatedd hepatocyte is required. In addition, it is described that 
NIH/3T33 cell lines stably transfected with S3a showed enhanced growth 
propertiess only when cells were in close contact (Naora and Naora, 1999). The 
requirementt for cell proximity together with the apparent absence of a 
requirementt for cell-type specificity for the cell that expresses S3 a, suggest that 
S3aa may operate by modifying the activity or expression of common 
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extracellularr matrix or membrane proteins. Alternatively, S3a or one of its 
downstreamm products may translocate between cells before exerting its 
differentiation-preservingg effect. The finding that S3a protein is not only 
detectablee in the ribosome-rich perinuclear zone, but also in the ribosome-
depletedd periphery of cultured mouse fibroblasts (Gavrilova et al., 1987) is 
consistentt with intercellular trafficking of S3a. However, S3a does not contain 
aa N-terminal signal peptide for classical protein secretion via the Golgi-
complex.. Possibly S3a is translocated Golgi-independently via so-called 
nonclassicall secretion. Although the mechanism underlying nonclassical 
secretionn is unclear it is hypothesized that ABC-transport proteins are involved, 
ass was demonstrated for bacteria (for review, see Kuchler and Thorner, 1992). 
Thiss secretory form is also described for interleukin 1(3 (Rubartelli et al., 1990), 
thee fibroblast growth factors (FGF) (Jackson et al., 1992), the viral proteins Tat 
(HIV-1;; Ensoli et al., 1993) and VP22 (HSV-1; Elliott and O'Hare, 1997), and a 
numberr of other gene products (for review, see Kuchler, 1993). However, S3a 
proteinn is not known to accumulate in the nucleus as the viral proteins do and 
predictionn of the subcellular site of location defines the cytoplasm (Reinhardt 
andd Hubbard, 1998). S3a may therefore function like members of the FGF 
family,, which bind to membrane receptors on target cells before being 
internalizedd (Maher, 1996), whereafter localization remains cytoplasmic (acidic 
FGFF (FGF-1); Cao et a l , 1993). 

Wee did not attempt to discriminate direct from indirect effect by means 
off transient transfection of S3 a to de-differentiated hepatocytes, because these 
cellss contribute only minimally to the de-differentiated hepatocyte cultures: at 
thee start of primary culture 80-90% of the cells are hepatocytes and the 
remainderr is practically all fibroblasts. Fetal hepatocytes only proliferate during 
thee first few days of culture (Gruppuso et al , 1997), whereas fibroblasts do not 
havee this limitation. In addition, during the course of de-differentiation the 
abilityy of hepatocytes to attach to the culture dish after passage decreases. Since 
de-differentiatedd hepatocytes and S3a-transfected cells each form only a small 
percentagee of the co-culture, this observation at least partly explains the low 
numberr of re-differentiated hepatocytes in the co-culture experiments during 
thee first round of screening. In the second round of screening a two- to 
three-foldd enrichment in re-differentiated hepatocytes was observed, in 
agreementt with the increase found for (3-MHC and a-SMA in preliminary 
experimentss performed under similar conditions. Mono-transfection with S3 a 
didd not result in an increase in re-differentiated hepatocytes as was anticipated 
basedd on the enrichment observed in the blotting experiment (Fig. 3). This was 
probablyy because the number of de-differentiated hepatocytes in the co-culture 
wass limiting. The requirement for hormones to induce expression of CPS in the 
experimentall cultures does, in all likelyhood, not represent an additional 
requirementt for re-differentiation to occur: it is also observed in freshly isolated 
embryonicc hepatocytes (Lamers et a l , 1984) and can be explained by the 
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completee dependence of the activity of the CPS enhancer on hormones (van 
denn Hoff et al., 1995b; Christoffels et al., 1998). To exclude a contribution of 
hormoness to the observed re-differentiation, we initially included the 
constitutivelyy expressed hepatocyte differentiation marker glutamate 
dehydrogenasee (GDH) (Das et al., 1996) in our analysis of hormonal effects on 
re-differentiation. . 

Potentially,, S3a mRNA can exert its function as antisense RNA of bone 
morphogeneticc protein-4 (BMP-4), a TGF(3-like growth factor (Takaoka et al., 
1993),, or vice versa. This is because nucleotides 633-879 of rat S3a mRNA 
havee a high similarity (83% identity) to the antisense of nucleotides 9-255 of 
mousee BMP-4 mRNA. To evaluate this mechanism of action, we investigated 
thee distribution of S3a and BMP-4 mRNA in vivo. S3a transcripts were found 
too be highly expressed in embryonic liver between ED 11 and ED 14, whereas 
BMP-44 transcripts were undetectable at these stages, which argues against an 
antisensee mechanism. S3a has been identified as the effector protein of v-fos 
(thee viral homologue of c-fos) (Kho and Zarbl, 1992). The partner of c-fos in 
thee transcription factor complex AP-1 is c-jun. AP-1 has been implicated in the 
regulationn of a spectrum of cellular functions, ranging from proliferation, 
differentiation,, and transformation to apoptosis (Karin et al., 1997). In addition, 
micee lacking c-jun, suffer from enhanced hepatocyte turnover due to reduced 
mitoticc and increased apoptotic rates (Hilberg et al., 1993; Eferl et al., 1999). 
However,, the low expression levels of c-fos and c-jun transcripts observed in 
thee in situ hybridization make it unlikely that S3a functions as a downstream 
effectorr of these proteins in liver organogenesis. 

Thee technique we employed to identify S3 a as a hepatocyte 
differentiation-preservingg factor, is a novel modification of the expression 
cloningg method known as 'panning' (Seed and Aruffo, 1987). The applicability 
off this technique was expanded from surface proteins to intracellular proteins 
whenn it was demonstrated that biologically active cDNAs could be recovered 
fromfrom immunohistochemically stained cultures (Horst et al., 1991). Both 
approachess depend on antibody recognition of a cDNA-encoded protein, so that 
onlyy cDNA clones corresponding to known proteins can be isolated. We 
extendedd the technique by using a functional property of the cDNA to be 
identified,, viz. induction of hepatocyte-specific gene expression, as 
(immunohistochemical)) selection parameter. Statistical analysis of the numbers 
off positive and negative cultures observed showed a very low probability that 
thee selection procedure is not specific. The selection procedure is also powerful 
andd rapid, since the clone of interest already represented 50-60% of the 
sub-libraryy population after only two rounds of enrichment. Our modification 
off the original method of Seed and Aruffo (1987) therefore allows the 
identificationn of cDNA clones without prior structural knowledge of the 
correspondingg protein. It is anticipated that the method works best for cDNAs 
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regulatingg intracellular signal transduction or intercellular signal transduction 
dependingg on cell-cell contacts. 

De-differentiationn of cultured hepatocytes is a major limitation on the 
usee of bioartiflcial liver support devices in patients with acute liver failure 
(Strain,, 1999). One of the reasons why de-differentiation develops, is the onset 
off proliferation in cultured hepatocytes after 24 hours of culture in the absence 
off hormones (Wolff et al., 1987). The presumed in vivo function of S3a 
thereforee suggests that co-cultivation of primary hepatocytes with a cell line 
producingg a high level of S3a protein may address the de-differentiation 
problemm in the bioartiflcial liver device. 
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Zonall  heterogeneity follows the decline in expression of HGF and 
c-Mett  during liver  maturation 

Summary y 

Duringg embryonic liver development proliferating hepatocytes migrate 
fromm the liver primordium into the surrounding mesenchyme. The subsequent 
declinee in mitogenic activity in fetal liver is accompanied by the appearance of 
manyy hepatocyte-specific enzymes. We report that the period of rapid 
hepatocytee proliferation is characterized by a peak in the expression of the 
c-Mett receptor and its ligand hepatocyte growth factor (HGF), whereas the 
subsequentt appearance of hepatocyte-specific enzymes corresponds with a 
spatio-temporall decline in the expression of this receptor-ligand couple. In situ 
hybridizationn showed that c-Met expression co-localized with the 
hepatocellularr marker a-fetoprotein (AFP), whereas the complementary 
localizationn of HGF showed it to be expressed by the non-parenchymal cells. 
HGFF and c-Met mRNA expression peaked during embryonic day (ED) 11-13 
off rat liver development, which is the period when the hepatocytes migrate. 
Immunohistochemicall staining showed that c-Met protein was weakly 
expressedd in the entire liver at EDI 1 and 12, and that expression shifted to the 
peripheryy of the liver at EDI 3. Regression of c-Met expression from the central 
partt of the liver was accompanied by the appearance of carbamoylphosphate 
synthetasee (CPS) in this area. Subsequently, c-Met protein disappeared from all 
thee hepatocytes, concomitant with the spread of CPS expression throughout the 
liver.. This was followed by zonation in expression of hepatocyte-specific genes 
att ED 17, that is, by the limitation of CPS expression to the periportal 
hepatocytess and the appearance of glutamine synthetase (GS) in the pericentral 
hepatocytes.. At this time, c-Met became expressed in the mesenchyme around 
portall en central vessels. In this vascular mesenchyme, as well as in the heart, 
thee c-Met protein over mRNA ratio was substantially higher than that in the 
hepatocytess and other endoderm-derived epithelia during development. 
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Introductio n n 

Duringg embryonic development pluripotent cells in the endoderm layer of 
thee ventral foregut become destined to develop along the hepatic lineage 
(hepatocytee specification) (Le Douarin, 1975; Zaret, 1996, 1998). Hereafter 
thesee cells proliferate to form the liver primordium. The appearance of liver-
specificc gene products, such as a-fetoprotein (AFP), arginase, and glutamate 
dehydrogenasee (GDH) (Gaasbeek Janzen et ah, 1988; Lamers et al., 1988; 
Gualdii et al, 1996) reveals that hepatocyte differentiation accompanies the 
formationn of the liver primordium. The subsequent developmental period is 
characterizedd by exponential growth of the early hepatocytes and their invasion 
intoo the surrounding mesenchyme (Le Douarin, 1975; Goedbloed, 1976; Zaret, 
1996,, 1998). In the fetal phase, the mitogenic activity of the hepatocytes 
temporarilyy ceases (Doljanski, 1960; Goedbloed, 1976). This same period is 
characterizedd by the first major increase in expression of hepatocyte-specific 
enzymess (Greengard, 1970; Tsanev, 1975). This transition in the expression 
levell of cell-specific genes from finite but relatively low embryonic to much 
higherr adult levels is called maturation (Lamers et al., 1987a; Notenboom et al., 
1996).. In liver, the mature hepatocyte population is additionally characterized 
byy regional (zonal) differences in gene expression (Gaasbeek Janzen et al., 
1987;; Lamers et al., 1987a). The observed alternation between replication and 
maturationn of hepatic cells during prenatal liver development in vivo, suggests 
aa reciprocal relation (Studzinski and Harrison, 1999) and predicts a temporal 
sequencee in the expression of hepatocyte growth factors and hepatocyte 
maturationn parameters. 

Likelyy candidates to serve as a parameter for hepatocyte growth and the 
concomitantt migratory behaviour of hepatocytes during early liver 
developmentt are the hepatocyte growth factor (HGF) receptor c-Met and its 
ligand.. The c-Met receptor was identified as an activated oncogene in an 
N-memyl-N'-nitro-N-nitrosoguanidinee (MNNG)-treated human osteo-sarcoma 
celll line (Cooper et al., 1984; Park et al., 1986). Both c-Met and HGF were 
shownn to be involved in the epithelial morphogenesis of kidney (Santos et al., 
1994;; Woolf et al., 1995), lung (Sato and Takahashi, 1997; Ohmichi et al., 
1998),, and possibly also the pancreas (Calvo et al., 1996). In addition, studies 
involvingg genetically modified mice deficient for either c-Met or HGF revealed 
thatt expression of c-Met in the myogenic cells of the epithelial somites and of 
HGFF in the mesenchymal cells of the limb is necessary for muscle development 
inn the limb (Bladt et al., 1995; Schmidt et al., 1995; Uehara et al., 1995). In 
additionn to a role in skeletal muscle development, expression patterns of c-Met 
andd HGF also suggest a function in heart morphogenesis (Rappolee et al., 1996; 
Songg et al., 1999). Despite the numerous studies regarding the prenatal 
expressionn of c-Met and HGF, expression in the developing liver was never 
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addressedd thoroughly, which is suprising in view of the impaired liver 
developmentt in the genetically modified animals mentioned above. 

Heree we demonstrate that during the early stages of liver development 
c-Mett and its ligand HGF are expressed in the parenchymal and 
non-parenchymall cells of the liver, respectively. In addition, we show that the 
disappearancee of c-Met from the hepatocytes is followed by the appearance of 
hepaticc enzymes that are characteristic for the maturing hepatocyte, such as the 
ammonia-metabolizingg enzymes carbamoylphosphate synthetase (CPS) and 
glutaminee synthetase (GS). 

Results s 

Inn situ hybridization 

AA faint expression of both c-Met and hepatocyte growth factor (HGF) 
mRNAA was detectable in the liver primordium at embryonic day (ED) 11. 
Transcriptss for c-Met were co-localized with transcripts for a-fetoprotein 
(AFP),, which is expressed by all early hepatocytes (compare Figs 1A and C). 
Thee signal for HGF was present in the same general area (compare Figs IB and 
C).. At ED 12 the signal for c-Met had become stronger and completely 
overlappedd with the signal for AFP (compare Figs ID and F). The expression 
off HGF transcripts also increased and was localized both in the liver (compare 
Figss 1E and F) and in the mesenchyme surrounding the gut at the mesenterial 
radixx (Fig 2H, arrows). The mesenchyme between the liver and the heart, that is 
thee septum transversum, was however, not staining. Fig. 2 shows that the 
complementaryy expression of c-Met and HGF was present in all areas of the 
developingg liver. Expression of c-Met and HGF at ED 13 was similar to that at 
EDD 12 (Figs 1G and H, respectively). At ED 14 signals for c-Met (Fig. 3A) and 
HGFF (Fig. 3B) were still detectable in all lobes of the liver, but at much lower 
intensityy compared to ED 13. Transcripts for c-Met were homogeneously 
distributedd over the liver, whereas HGF mRNA was expressed predominantly 
inn the developing lateral lobes. At ED 16 c-Met had virtually disappeared from 
thee liver (Fig. 3C), whereas HGF had become confined to spots which were 
highestt in density in the periphery of the liver lobes (Fig. 3D). At ED 19 the 
c-Mett signal did not exceed background (Fig. 3E), whereas the speckled 
stainingg pattern for HGF persisted (Fig. 3F). 

Transcriptss for c-Met and HGF were also found in a number of extra-
hepaticc tissues. From EDI 1-13 a signal for c-Met was detectable in the heart, 
althoughh hardly above background (Fig. II), and in the somites. At ED 12-14 
additionall and higher c-Met expression was detected in the limb bud. 
Expressionn of HGF in the primordial limb increased during ED11 and 12 
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Fig.. 1. Localization of c-Met receptor mRNA (A, D, G and I), hepatocyte growth factor 
(HGF)) mRNA (B, E and H), and a-fetoprotein (AFP) mRNA (C and F) in sections of 
embryonicc rat liver at ED11 (A-C), ED 12 (D-F), and ED 13 (G and H), and embryonic rat 
heartt at ED 13 (I). For liver, in situ hybridizations were performed on consecutive sections for 
eachh developmental stage. The signal for AFP shows the position of the hepatocytes. At 
EDD 11 and particularly at ED 12, the in situ hybridization signal for c-Met coincided with the 
signall for AFP (compare panels A and C, and D and F). At the same stages, the signal for 
HGFF was not only localized in the liver but also in the area surrounding the AFP signal 
(comparee panels B and C, and E and F; see also mesenterial radix in Fig. 2H, arrows). At 
EDD 13 c-Met mRNA (G) and HGF mRNA (H) were reciprocally expressed throughout the 
liverr both at their maximum level. In the heart the signal for c-Met mRNA was very weak (I) 
inn contrast to the c-Met protein concentration (see Figs 4A and B). Abbreviations: A, atrium; 
G,, gut; V, ventricle; VCI, vena cava inferior. Bar (100 urn) is identical in panels A-C and 
D-I,, respectively. 

(Fig.. 2C) and plateaued during ED 12-14. The interaction between c-Met and 
HGFF is known to be crucial for skeletal muscle formation in the limb (Bladt et 
al.,, 1995). In fetuses, expression of c-Met was seen, at different developmental 
stages,, in epithelia from thyroid, lung, stomach, intestine, pancreas, kidney, the 
roott ganglia and the mantle layer of the neural tube, and in non-epithelial 
tissuess such as, skin, tooth primordia, and the tip of the tongue. At different 
developmentall stages transcripts for HGF could be detected in extra-hepatic 
tissuess as well including intestine, root ganglia, the mesenchyme 
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Fig.. 2. Localization of c-Met receptor mRNA (A, C, E and G) and hepatocyte growth factor 
(HGF)) mRNA (B, D, F and H) in sections of embryonic rat liver at ED 12 of gestation. Panels 
AA and B, C and D, E and F, and G and H show consecutive sections. Going from panels A to 
HH the liver was frontally sectioned from ventral to dorsal. The in situ hybridization signals for 
bothh c-Met and HGF were present throughout the liver in a reciprocal pattern. In addition, the 
signall for HGF was also localized outside the liver in the limb bud (panel C), and in the 
mesenteriall radix (clearly visible in panel H, arrows). Abbreviations: A, atrium; G, gut; LB, 
limbb bud; Li, liver; V, ventricle; VCI, vena cava inferior. Bar (100 urn) is identical in all 
panels. . 
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Fig.. 3. Localization of c-Met receptor mRNA (A, C and E) and hepatocyte growth factor 
(HGF)) mRNA (B, D and F), in sections of embryonic rat liver at ED14 (A and B), ED16 
(CC and D), and ED 19 (E and F). In situ hybridization was performed on consecutive sections 
forr each developmental stage. At ED 14 both c-Met mRNA (A) and HGF mRNA (B) were 
detectablee throughout the liver. In contrast to the homogeneous c-Met distribution, HGF 
mRNAA was elevated in both developing lateral lobes. At ED 16 c-Met mRNA was faintly but 
homogeneouslyy expressed (C) whereas HGF mRNA was confined to a speckled pattern (D). 
Att ED 19 c-Met mRNA was, in contrast to the gut epithelium, undetectable in the fetal liver 
(E)) and HGF mRNA was only found in a speckled distribution in both liver and gut (F). 
Abbreviations:: D, diaphragm; G, gut; LL, lateral lobe; Lu, lung; Oe, oesophagus. Bar (100 
(am)) is identical in panels A and B, C and D, and E and F, respectively. 

HGF,, c-Met, and zonal heterogeneity • 91 



off the branchial arches, tooth primordia, the primordia of follicles of vibrissae, 
andd the mesenchyme lining the olfactory epithelium. These extra-hepatic sites 
off expression are similar to those reported earlier for the mouse (Sonnenberg et 
al.,, 1993; Andermarcher et al., 1996). 

Immunohistochemistry y 

c-Metc-Met and BrdU 

Att ED 11 of rat development c-Met protein could be detected in the 
hepaticc primordium (Fig. 4A, arrows). However, the protein was found in only 
aa few individual cells and detection required a high antibody concentration. For 
thee detection of c-Met protein in the heart (Fig. 4A) a four-fold lower antibody 
concentrationn sufficed than for liver, showing that c-Met protein concentration 
inn heart exceeds that in liver. Similarly, at ED 12 only a few c-Met protein 
expressingg cells were found in the liver (Fig. 4B, arrow and inset), whereas 
c-Mett protein was still abundantly expressed in the heart (Fig. 4B). At ED 13 
thee concentration of c-Met protein reached a maximum both in the liver and in 
thee heart. Cells expressing c-Met protein were still present throughout the liver, 
butt at much higher concentration in the periphery of the organ (Fig. 4C, arrows 
andd inset). After a 24 hour labelling period with BrdU, cells containing this 
proliferationn marker were detected throughout the embryonic liver at ED 13 
(Fig.. 4E, red stained cells, higher magnification in inset). At ED 14-16 c-Met 
proteinn was undetectable in the liver and had decreased gradually in the heart to 
slightlyy above background level. This was in contrast to skin and nervous tissue 
wheree high c-Met protein expression was found (not shown). At ED 18 and 19 
c-Mett protein expression in the skin disappeared, but high expression levels 
weree found in nervous tissue, adrenal gland, spleen (Fig. 4F) and also in the 
stomachh epithelium. At this time c-Met-positive cells reappeared in the liver. 
Theyy were dispersed over the liver with higher concentrations found around the 
largerr portal en hepatic veins (Fig 5B and inset). Portal and hepatic veins were 
identifiedd by the presence or absence of proximal bile ducts, respectively (bile 
duct;; inset in Fig. 5A). Staining of serial sections for either CPS (Fig. 5A) or 
c-Mett (Fig. 5B) showed that the c-Met staining pattern did not coincide with 
thatt of CPS around the portal veins. This indicates that c-Met is not expressed 
inn the hepatocytes, but in connective-tissue cells (compare Figs 5A and B). 
Similarly,, staining of serial sections for either CPS (Fig. 5C) or BrdU (Fig. 5D) 
revealedd that BrdU was incorporated predominantly in the same connective 
tissue.. This showed that in the area of c-Met expression there was a high 
activityy in cell proliferation. Expression of c-Met protein detected in the 
sectionss correlated with the expression of c-Met protein detected on Western 
blott containing extracts of prenatal rat livers from different developmental 
stagess (Fig. 6C on page 95). 
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Fig.. 4. Immunohistochemical localization of c-Met (A-C, and F), carbamoylphosphate 
synthetasee (CPS) (D), and BrdU (E), in sections of embryonic rat liver at EDI 1 (A), ED 12 
(B),, ED13 (C-E), and ED18 (F) of gestation. Expression of c-Met protein in the embryonic 
hepatocytess was first detectable at EDI 1 and continued to EDI3, where it was predominantly 
expressedd at the periphery of the liver lobe (A-C, arrows). The inset in panels B and C shows 
c-Mett positive hepatocytes. At ED 13 hepatocytes positive for CPS were localized in the 
centerr of the liver lobe (D, arrows). The inset in panel D shows CPS positive hepatocytes. 
Stainingg for BrdU at ED 13 was present throughout the liver (E, red staining). The inset in 
panell E shows a higher magnification of the BrdU stained cells. Extra-hepatic expression of 
c-Mett protein was found in the heart (A and B), where maximum expression was reached at 
EDD 13 (not shown). At later stages c-Met protein was highly expressed in nervous tissue, 
adrenall gland, and spleen (F). Abbreviations: AG, adrenal gland; Li, liver; SC, spinal cord; 
SG,, spinal ganglion; V, ventricle; VH, ventral horn. Bar (100 p.m) is identical in panels A 
andd B, and C-E, respectively. 
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Fig.. 5. Immunohistochemical localization of the hepatic enzyme carbamoylphosphate 
synthetasee (CPS) (A and C), c-Met (B), and BrdU (D), in sections of an ED 19 fetal rat liver. 
Sectionss in panels A and B, and C and D are consecutive. Cells positive for c-Met were 
dispersedd over the liver and concentrated around blood vessels (B). The inset in panel B 
showss c-Met positive cells whereas the inset in panel A shows a bile duct. Comparison of 
panelss A and B revealed that the c-Met expressing cells were in the connective tissue. Panel 
DD shows that incorporated BrdU was dispersed over the liver with higher concentration in the 
connectivee tissue cells surrounding the larger vessels (compare panels C and D), indicating 
thee proliferative activity in the areas were c-Met protein was expressed. Abbreviations: PV, 
portall vein. Bar (100 urn) is identical in all panels. 

CarbamoylphosphateCarbamoylphosphate synthetase and glutamine synthetase 

Thee earliest developmental stage in which CPS protein could be detected 
wass ED 13. At this stage CPS was present in a few individual cells in the center 
off the liver (Figs 7B and D; see also 4D, arrows and inset), that is, in the area 
wheree c-Met expression was rapidly declining (compare Figs 4C and D). On the 
otherr hand, no CPS was expressed in the periphery of the liver where c-Met 
expressionn was still elevated. A similar distribution of CPS was found at ED 15 
andd 16. The spread in the staining for GDH throughout the entire liver shows 
thatt also the peripheral hepatocytes can be stained (Figs 7A and C). 
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ED144 ED16 ED17 ED18 ED20 

Fig.. 6. Morphology and CPS expression of ED14 rat hepatocytes in primary in vitro culture 
underr growth-promoting (A) and growth-inhibiting (B) conditions, and c-Met protein content 
inn tissue samples from prenatal rat livers at different developmental stages (C). Proliferative 
activityy of the hepatocytes in panel B was suppressed by the addition of hormones. 
Mitoticallyy active hepatocytes (A) were CPS-negative, appeared stellate and were scattered, 
whereass mitotically inactive hepatocytes (B) expressed CPS protein and had characteristic 
epitheliall morphology. The expression of c-Met protein in prenatal rat liver throughout 
developmentt was visualized via Western blotting (C). Bar (50 um) is identical in panels 
AandB. . 
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Fig.. 7. Immunohistochemical localization of glutamate dehydrogenase (GDH) (A and C), and 
carbamoylphosphatecarbamoylphosphate synthetase (CPS) (B and D-F) in embryonic rat liver at ED 13 (A-D), and 
EDD 15 (E and F) of gestation. A and B are frontal sections whereas E and F are transverse 
sections.. Sections A and B are consecutive, whereas sections E and F represent different areas 
inn the embryonic liver going from caudal to cranial, respectively. GDH was expressed in all 
hepatocytess (A and C). However not all hepatocytes expressed CPS in these early livers 
(comparee panels C (GDH) and D (CPS)). CPS-expressing hepatocytes were concentrated in 
thee middle of the lobes (E and F). The number of CPS-positive hepatocytes in a section 
differedd with the area of the liver studied (compare panels E and F). Abbreviations: B, 
bladder;; DV, ductus venosus; H, heart; PV, portal vein; S, stomach; SI, small intestine; VCI, 
venaa cava inferior. Bar (200 ^m) is identical in panels A and B, and in E and F, respectively. 
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Thee number of CPS-positive hepatocytes in a section differed with the area of 
thee liver that was studied (compare Figs 7E (caudal section) and 7F (more 
craniall section)), but in every case CPS-positive cells were concentrated in the 
centerr of the liver. At ED 17 CPS protein-containing hepatocytes were present 
throughoutt the liver lobes (Figs 8B and E), but not in the hepatocytes around 
thee hepatic veins (The hepatic veins were identified by their drainage into the 
cavall vein). The latter hepatocytes now became characterized by their content 
off GS protein (Figs 8C and F). This complimentary distribution of CPS and GS 
markss the onset of hepatic zonation. At ED 18 and 19 the development of the 
expressionn patterns of CPS and GS into a periportal and pericentral 
distribution,, respectively, became more pronounced. This showed how 
hepatocellularr enzyme content became related to the vascular architecture of 
thee liver (Figs 9B and E (periportal CPS), and Figs 9C and F (pericentral GS)). 
Thiss compartmentalized expression pattern of CPS protein temporarily changed 
too a homogeneous distribution perinatally (note that for all sections the same 
CPSS antibody concentration was used (cf. Gaasbeek Janzen et al., 1985). The 
behaviourr of the hepatocytes around the umbilical vein as it enters the liver to 
becomee the ductus venosus, was of interest. In its upstream course, this vessel 
wass surrounded by GS-negative hepatocytes (Figs 10B, C and D), but going in 
thee direction of the caval vein, the surrounding hepatocytes expressed GS as 
weree it a normal central blood vessel (Figs 10A and D). 

Fig.. 8. Immunohistochemical localization of glutamate dehydrogenase (GDH) (A and D), 
carbamoylphosphatee synthetase (CPS) (B and E), and glutamine synthetase (GS) (C and F), 
inn consecutive transverse sections of an ED 17 fetal rat liver. The boxed area in each upper 
panell is shown at higher magnification in the panel directly below it. All hepatocytes 
expressedd GDH. Sections E and F show the reciprocal distribution of CPS and GS, 
respectively,, indicating the development of hepatic zonation. Abbreviations: HV, hepatic 
veins;; S, stomach; VCI, vena cava inferior. Bar (200 um) is identical in panels A-C. 
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Fig.. 9. Immunohistochemical localization of glutamate dehydrogenase (GDH) (A and D), 
carbamoylphosphatee synthetase (CPS) (B and E), and glutamine synthetase (GS) (C and F), 
inn consecutive transverse sections of an ED 19 fetal rat liver. The boxed area in each upper 
panell is shown at higher magnification in the panel directly below it. All hepatocytes 
expressedd GDH. Sections E and F show how the expression patterns of CPS and GS 
developedd into a periportal and pericentral localization, respectively, and thus became related 
too the vascular architecture of the liver. Abbreviations: HV, hepatic vein; PV, portal vein; S, 
stomach;; SI, small intestine. Bar (300 um) is identical in panels A-C. 

Primar yy cell culture 

Thee morphology of prenatal embryonic rat hepatocytes (ED 14) in 
primaryy culture in vitro reflected their mitotic activity. Proliferating 
hepatocytess appeared stellate and were scattered (Fig. 6A), whereas 
hepatocytess that were growth arrested by the addition of hormones had 
characteristicc epithelial morphology (Fig. 6B). In addition to cell morphology 
thee mitotic activity also affected hepatocyte-specific gene expression, as was 
demonstratedd by the absence of CPS protein in the proliferating hepatocytes, 
whereass it was present in the growth arrested cells. 

Discussion n 

Recently,, it was shown that hepatocyte differentiation in the ventral 
foregutt endoderm is initiated by fibroblast growth factor (FGF) 1 (acidic form) 
andd 2 (basic form) (Jung et al., 1999). Subsequently, there is an FGF8-mediated 
outgrowthh of the early hepatic cells into the surrounding mesenchyme in a 
cord-likee fashion (Le Douarin, 1975; Zaret, 1996, 1998; Jung et al., 1999). In 
thee developing lung, which is of endodermal origin like the liver, epithelial 

988 • Chapter 4 



Fig.. 10. Immunohistochemical localization of glutamine synthetase (GS) around the ductus 
venosuss (DV) in transverse sections of an ED20 fetal rat liver (A-C). Going from A-C the 
liverr was sectioned from distal to proximal. Panel D shows a reconstruction of the main 
vascularr achitecture of the same ED20 fetal rat liver and the position were sections A-C are 
localized.. The black lines on the DV indicate were this vessel enters and exits the liver. As 
thee DV reached further in the liver the aligning hepatocytes started to express GS protein. 
Abbreviations:: DV, ductus venosus; PV, portal vein; VC, vena cava; VU, vena umbilicalis. 
Barr (400 urn) is identical in panels A-C. 

HGF,, c-Met, and zonal heterogeneity • 99 



growthh and branching was induced by FGF1, and more extensively in 
combinationn with HGF, the ligand for the c-Met receptor (Ohmichi et al., 
1998).. In chick embryos, the implantation of FGF beads in the lateral plate 
mesodermm rapidly induced HGF expression (Heymann et al., 1996). 
Collectively,, these data indicate that HGF expression in the liver is induced by 
memberss of the FGF family and follows initial hepatocyte differentiation. 
Embryoss of genetically modified mice that are deficient for either HGF or 
c-Met,c-Met, die in utero between ED 13 and 16.5 with impaired liver development 
(Bladtt et al., 1995; Schmidt et al., 1995; Uehara et al., 1995). The induction of 
HGFF by an initiator of hepatocyte differentiation, together with the function of 
thee c-Met-HGF couple in epithelial cell migration (Bladt et al., 1995), suggests 
thatt the developmental migration of hepatocytes in vivo is regulated by the 
expressionn of c-Met (in the migrating hepatocytes) and HGF (in the 
surroundingg mesenchyme). To explore this idea we investigated whether the 
temporall and spatial expression of c-Met and HGF during development 
correspondedd with the migratory behaviour of hepatocytes. In situ 
hybridizationn on a developmental series of rat embryos revealed that HGF and 
c-Mett mRNA have a complementary expression pattern in developing liver, in 
particularr between ED11 and EDI 3, when the highly poliferative hepatocytes 
invadee the surrounding mesenchyme (Figs 1A-H, and Figs 2A-H). A 
complementaryy tissue distribution of c-Met and HGF has been reported earlier 
forr the mouse at equivalent developmental stages (Sonnenberg et al., 1993; 
Andermarcherr et al., 1996). In these studies the distribution of HGF (in tissues 
off mesodermal origin) and c-Met (in adjacent epithelial cells) was prominent 
forr lung, pancreas, and salvary gland but, in contrast to our data, could not be 
demonstratedd conclusively for liver. Our results strongly suggest that the in 
vivoo migratory behaviour of hepatocytes during early liver development 
dependss on the complementary distribution patterns of c-Met and HGF. In 
addition,, in situ hybridization showed that expression of c-Met mRNA in the 
epitheliall cells of the developing liver is transient (compare embryonic liver in 
Figss ID and G and fetal liver in Figs 3A and C). The speckled distribution 
patternn for HGF mRNA in fetal liver (Fig. 3F) corresponds to Ito cells (Hu et 
al.,, 1993). 

Genee expression can be controlled at the level of transcription and 
translation,, and is influenced by parameters such as stability and splicing of 
mRNA,, and stability and modification of protein (for review, see Day and 
Tuite,, 1999). The ultimate result of such post-transcriptional regulation of 
gene-expressionn is that mRNA levels do not correlate directly with protein 
levels.. Therefore, in addition to c-Met mRNA, the in vivo distribution of c-Met 
proteinn was studied. Localization of HGF protein was not determined because 
earlierr studies have shown that, in the developing rat, HGF protein was 
detectedd primarily in HGF-internalizing epithelial cells and not in 
HGF-synthesizingg mesenchymal cells (Hu et al., 1993). In the earliest 
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developmentall stages (EDI 1-13) c-Met protein was detected in both liver and 
heart.. In each case the observed protein level did not correlate directly with the 
signalss found for mRNA with the in situ hybridization. In the embryonic liver 
c-Mett mRNA was highly expressed, whereas the protein level was very low. 
Withh the same c-Met antibody c-Met protein could be detected on Western blot 
containingg protein extracts from embryonic livers from different developmental 
stagess (Fig. 6C). This showed the specific reactivity of the antibody. Despite 
thiss low concentration of c-Met receptor protein its presence, and that of its 
ligandd HGF, is crucial for early liver development as revealed by the impaired 
liverr in HGF- and c-Met-deficient mice (Bladt et al., 1995; Schmidt et al., 
1995;; Uehara et al., 1995). The low c-Met protein over mRNA ratio observed 
inn the hepatocytes of the embryonic liver was also found in the epithelial cells 
off intestine, lung, and kidney, which all originate from the endoderm. Later in 
developmentt (ED 18 and 19) c-Met protein reappeared in the liver, localized in 
thee mesenchyme of the portal tract and the mesenchyme surrounding the large 
hepaticc veins. These are areas of high proliferative activity as was demonstrated 
byy the incorporation of the proliferation marker BrdU. This showed that the 
signall observed for c-Met on the Western blot at later developmental stages did 
nott correspond to hepatocytes. In the heart c-Met mRNA signal was hardly 
abovee background between ED11 and 13, whereas the c-Met protein was 
abundantlyy present (Figs 4A and B). In the embryonic mouse heart the levels of 
c-Mett mRNA are also very low (Andermarcher et al., 1996; Rappolee et al., 
1996).. In the embryonic heart the protein over mRNA ratio is therefore high. A 
similarr ratio was found for the c-Met protein containing mesenchymal cells in 
thee fetal liver. Both the heart and the mesenchyme are derived from the 
mesoderm.. In the epithelial somites c-Met mRNA levels correlated directly 
withh protein levels. In tissues originating from the ectoderm, such as skin and 
nervouss tissue, c-Met mRNA levels also correlated directly with protein levels. 
Thee observed inverse correlation between mRNA and protein levels shows that 
thee expression of c-Met protein is controlled at a post-transcriptional level, and, 
forr instance, results from high translational efficiency in heart and a much 
lowerr translational efficiency in liver. We have argued that translational 
efficiencyy is much lower in prenatal liver than in postnatal liver (de Groot et al., 
1986;; de Groot et al., 1987; Das et al., 1996; Lamers et al., 1999a). Another 
possibilityy is that c-Met protein stability in the heart differs from that in the 
liver. . 

Duringg the fetal period the liver acquires its metabolic zonation that is 
cruciall for its homeostatic function, including the control of nitrogen 
metabolismm (Haussinger, 1983; Haussinger et al., 1985). In the mature liver 
CPSS is restricted to a large periportal area, whereas GS is localized in the 
remainingg thin layer of cells around the central vein. In the developing rat liver 
CPSS protein was first detectable in the center of the liver at EDI 3, in a pattern 
thatt is complementary with that of the regressing expression of c-Met. This 
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underliness the reciprocal relation between hepatocyte growth and maturation 
duringg early liver development in vivo. This negative correlation could also be 
demonstratedd in vitro (Figs 6A and B). Embryonic c-Met expressing 
hepatocytess in primary culture appeared stellate and were not in close 
association,, demonstrating their proliferative and migratory propensity. 
Furthermore,, these cells were negative for the hepatocyte maturation marker 
CPS.. Inhibition of growth (a characteristic of fetal, c-Met-negative 
hepatocytes)) led to the acquisition of characteristic epithelial morphology and 
too premature high level expression of CPS. Zonation as visualized by the 
complementaryy expression of CPS and GS was first detectable at ED 17. 
Previously,, we reported that CPS and GS proteins could not be detected before 
EDD 14 and ED20, respectively (Gaasbeek Janzen et al., 1987; Gaasbeek Janzen 
ett al., 1988), that is, 1 and 3 days later than shown here. The earlier 
demonstrationn of both proteins in this study is caused by the increased 
sensitivityy of protein detection, as a result from omitting acetic acid from the 

Developmentall age 

Fig.. 11. Diagram depicting the growth rate of the liver (dashed line), the timing of c-Met 
expressionn (solid line), the recruitment of hepatocytes to express liver-specific enzymes 
(dash-dottedd line), and the development of hepatic zonation (shaded areas). The decline in 
c-Mett expression around ED 13 is followed by a dramatic reduction in hepatocyte 
proliferation.. At the same stage that liver growth decreases hepatocytes are recruited to 
expresss liver-specific enzymes that are characteristic for the mature hepatocyte phenotype. 
Thiss is illustrated by the expression of CPS detectable from ED13, and of GS detectable in 
thee pericentral zone from ED17. Recruitment of hepatocytes leads to the development of 
hepaticc zonation. Around birth (B), which occurs during the course of ED22, the hepatic 
zonationn disappears temporarily because of the spread of CPS to the pericentral cells, but 
becomess reestablished during the first postnatal week. 
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fixationn solution. This also resulted in an earlier visualization of the 
complementaryy distribution of CPS and GS, which we previously reported to 
developp only in the first postnatal week (Gaasbeek Janzen et al., 1985). 
Apparently,, a pronounced metabolic zonation is already required before birth. 
Previously,, we have shown a complementary distribution of GS and CPS in the 
prenatall liver of the spiny mouse, a precocial animal that is much further 
developedd in its fetal period compared to the rat (Lamers et al., 1987a). The 
remarkablee distribution pattern of GS protein around the ductus venosus (DV) 
appearss to correspond to the change in nature of this vessel in its course 
throughh the liver. Upon entering the liver, the wall of the DV is a non-draining 
surfacee (GS-negative), whereas further downstream there are sinusoids 
entering,, giving the DV the status of a GS-positive, draining vessel. We 
reportedd recently that only hepatic veins that directly drain sinusoids (i.e. 
centrall veins) express GS (Lamers et al., 1999b). 

Inn aggregate, we have shown how the complementary distribution of 
c-Mett and HGF mRNAs during early liver development corresponds with the 
developmentall phase in which hepatocytes migrate from the hepatic bud into 
thee surrounding mesenchyme. Furthermore, we show how the disappearance of 
c-Mett protein is associated with the appearance of ammonia-metabolizing 
enzymess in the same area and that this transition marks the onset of hepatocyte 
maturation.. Fig. 11 shows a diagram depicting the timing of heterogeneous 
gene-expressionn of ammonia metabolizing enzymes in prenatal and neonatal rat 
liver,, and the correlating c-Met protein levels. The maturation of the 
hepatocytess begins as early as ED 13 in the center of the liver and gradually 
spreadss to encompass the entire liver at ED 17, when all hepatocytes are 
recruitedd to express ammonia-metabolizing enzymes (Lamers and Mooren, 
1980).. This leads to the emergence of hepatic zonation at ED 17. 

Experimentall  procedures 

Animals s 

Adultt Wistar rats were obtained from the HSD animal farm in Zeist (The 
Netherlands)) and kept in a controlled light-dark cycle (light: 7 a.m. to 7 p.m.). 
Animalss were fed a standard chow diet (RMH 1410, Hope Farms, Woerden, 
Thee Netherlands) and water ad libitum. Animal welfare was in accordance with 
institutionall guidelines of the University of Amsterdam. Females in oestrus 
weree selected as described (Lamers et al., 1987b) and mated. Time of mating 
wass regarded as the beginning of gestation (embryonic day (ED) 0). Pregnant 
ratss were decapitated after C02/02 anaesthesia at ED 10-20. Developmental 
seriess of embryos were used for in situ hybridization or immunohistochemical 
staining.. At ED 13 and ED 19 pregnant rats were used for continuous labelling 
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off embryonic DNA with bromodeoxyuridine (BrdU). Livers from ED 14 were 
isolatedd for primary cell culture, whereas livers of ED 14, 16, 17, 18, and 20 
weree dissected for total protein isolation. An ED20 liver was used for serial 
sectioningg and, subsequently, the three-dimensional reconstruction of the main 
vascularr architecture. 

Inn situ hybridization 

Forr in situ hybridization embryos were fixed in 4% (w/v) formaldehyde for 
44 hours at room temperature (RT). The embryos of ED 10 were left in utero. 
Afterr fixation, the specimens were dehydrated in a graded series of ethanol, 
passedd through butanol, and embedded in Paraplast plus (Oxford Labware, St. 
Louis,, MO, USA). Serial sections of 7 urn thickness were cut and mounted on 
aminoalkylsilane-coatedd slides and stored at RT until use. Sense and antisense 
cRNAss were transcribed in vitro as described (Melton et al., 1984) in the 
presencee of [a-35S]dCTP (1000 Ci/mmol; Amersham, Piscataway, NJ, USA) 
usingg T3, T7, or SP6 RNA polymerase (Gibco-BRL, Solana Beach, CA, USA) 
underr appropriate conditions. The following rat cDNA clones served as 
template:: c-Met (U65007; nt 1116-1500), a-fetoprotein (AFP) (V01254; 
ntt 636-1243), and HGF (X54400; nt 115-700). Nucleotide positions correspond 
too those of the nucleotide sequences present in the EMBL and GenBank data 
bases.. The synthesized cRNA strands were hydrolyzed in 40 mM NaHC03, 
600 mM Na2C03 (pH 10.2) at 60°C (Cox et al., 1984) to an average fragment 
lengthh of 150-200 bases. After phenol/chloroform purification cRNA probes 
weree ethanol precipitated and dissolved in TE buffer containing 10 mM DTT 
(Merck,, Darmstadt, Germany). The probe concentration in the hybridization 
mixturee was approximately 5xl04 cpm/ul for all probes except for AFP, where 
2xl044 cpm/ul was used. Prehybridization, hybridization and autoradiography 
weree performed as described (Moorman et al., 1993) with minor modifications. 
Treatmentt of the specimens began with incubation for 10 minutes at 70°C in 
22 x SSC and continued with incubation in 0.1% (w/v) pepsin (Sigma, St. Louis, 
MO,, USA) in 0.01 M HC1 at 37°C (incubation time depends on embryonic 
age).. Following termination of the protease reaction with 0.2% (w/v) glycine 
andd subsequent washing with PBS the specimens were treated immediately 
withh 10 mM DTT. Slides were exposed for 7 days at 4°C, using Ilford nuclear 
researchh emulsion G5 (Ilford, Mobberly Cheshire, UK) and developed for 
44 minutes. Finally, sections were counterstained with 0.02% (w/v) nuclear fast 
redd for 1.5 minute and mounted in Malinol prior to microscopical evaluation. 

Immunohistochemistry y 

Embryoss were fixed for 4 hours in ice-cold methanol:acetone:water (2:2:1, 
respectively,, v/v) and left in the same fixative overnight at RT. After fixation, 
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embryoss were treated and sectioned as described for in situ hybridization. 
Seriall sections were mounted on poly-L-lysine-coated slides and stored at 4°C 
untill use. After deparaffination, the sections were first incubated with 
phosphate-bufferedd saline (PBS; pH 7.4) containing 3% (v/v) H202 for 
300 minutes to reduce endogenous peroxidase activity and thereafter with 
TENG-TT buffer (5 mM EDTA, 150 mM NaCl, 0.25% (w/v) gelatin, 0.05% 
(v/v)) Tween-20, 10 mM Tris-HCl; pH 8.0) for 15 minutes to block non-specific 
proteinn binding sites. To expose the BrdU epitope, sections were placed in 
boilingg 10 mM sodium citrate buffer (pH 6.0) for 1 minute and quenched in 
ice-coldd PBS. The pretreated serial sections were incubated overnight with 
monoclonall antibodies against either glutamine synthetase (GS, 1:1000, 
Transductionn Laboratories, Lexington, KY, USA; G45020), or 
bromodeoxyuridinee (BrdU, 1:50, Becton Dickinson, Bedford, MA, USA; 
347580),, or polyclonal antibodies against either c-Met (1:50, 1:100, and 1:200; 
Santaa Cruz Biotechnology, Santa Cruz, CA, USA; sc-162-G) or 
carbamoylphosphatee synthetase (CPS, 1:1000; non-commercial; (Charles et al., 
1980).. After incubation with the monoclonal antibody, an additional incubation 
withh rabbit anti-mouse IgG (1:7,500; non-commercial) was performed. 
Hereafter,, all sections were incubated with goat anti-rabbit IgG (1:250; non
commercial)) followed by rabbit peroxidase-antiperoxidase complex (1:750; 
Nordic,, Tilburg, The Netherlands). Antibodies were diluted in PBS. All 
incubationss were followed by three washes in PBS for 5 minutes each. 
Antibodyy binding was visualized utilizing 3,3'-diaminobenzidine (DAB) 
(Sternbergerr et al., 1970). After staining, the sections were taken rapidly 
throughh graded ethanols, cleared in xylene and mounted in Entellan (Merck). 

BrdUU incorporation 

Embryonicc DNA was labelled in vivo with bromodeoxyuridine (BrdU) 
forr 24 hours by intraperitoneal implantation of an Alzet mini-osmotic pump 
(Modell 200ID) that supplied 80 fig BrdU/hour to pregnant animals. Rats were 
primedd with an intraperitoneal dose of 50 mg/kg BrdU (Sigma) dissolved in 
physiologicall saline. 

Primar yy cell culture 

Primaryy cell cultures were started as described (Lamers et al., 1984) from 
liverss of ED 14 with minor modifications. Briefly, livers were dissected free of 
adheringg tissue and transferred to ice-cold DMEM/F12 culture medium (Gibco-
BRL)) containing 0.25% (w/v) trypsin (Gibco-BRL) and 1 mM EGTA. After 
155 minutes at 37°C, tissues were dispersed mechanically by aspiration into a 
Pasteurr pipet and incubated for an additional 10 minutes. The samples were 
thenn washed with DMEM/F12 containing 10% (v/v) fetal calf serum (FCS) 
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(Gibco-BRL)) and 0.01% (w/v) DNase I (Boehringer, Mannheim, Germany) by 
centrifugationn for 7 minutes, 100 x g at RT. To remove large debris the 
suspensionn was filtered through a double-layered nylon mesh (pore size 
50-1000 urn). Finally, the cells were washed as above and plated in DMEM/F12 
containingg 10% (v/v) FCS (Gibco-BRL) in culture plates (Nunc, Roskilde, 
Denmark)) coated with rat-tail collagen-I (1 ug/cm2), isolated as described 
(Chandrakasann et al., 1976). Cells were incubated with or without 
chlorophenylthio-cyclicc AMP (103 M) (Boehringer) and dexamethasone 
(21-phosphatee disodium salt; 10 M) (Sigma) (final concentrations). Per cm2 

culturee dish (6-wells plate) 25,000 cells were used. The day of plating was 
takenn as day 1. Cells were incubated at 37°C, 5% C02-95% air and 
90%% relative humidity. At day 2, cultures were washed free of non-adhering 
cellss and continued as above. At day 3, cultures were washed with PBS, fixed 
withh a mixture of methanol:acetone:water (2:2:1, respectively; v/v) for 
100 minutes at 4°C and washed twice with 70% ethanol at RT. Expression of 
CPSS protein was demonstrated utilizing the polyclonal antibody and the 
indirectt unconjugated peroxidase-antiperoxidase (PAP) technique already 
describedd above. 

Westernn blotting 

Proteinn extracts were prepared in 0.25 M sucrose (Merck) from ED 14, 
16,, 17, 18 and 20 rat livers. Aliquots of the extracts equivalent to 200 jig of 
proteinn were electrophoresed on a denaturing 7.5% polyacrylamide gel. The 
proteinss were blotted onto PVDF membrane (Immobilon-P; Millipore, Bedford, 
MA,, USA), utilizing the Biorad Mini Trans-Blot cell (Biorad, Hercules, CA, 
USA).. A prestained SDS molecular weight standard mixture (SDS-7B; Sigma) 
wass electrophoresed and transferred simultaneously to enable identification of 
proteinn bands. After methanol treatment, non-specific protein binding sites 
weree blocked with 5% (w/v) non-fat dried milk powder in TBST buffer 
(100 mM Tris-HCl, 0.15 M NaCl, 0.5% (v/v) Tween-20; pH 8). The pretreated 
membranee was incubated overnight in TBST buffer with a polyclonal antibody 
againstt c-Met (1:750; Santa Cruz Biotechnology, Santa Cruz, CA, USA; 
sc-162-G).. Primary antibody binding was detected as described above with the 
followingg modifications. Antibodies were diluted in TBST buffer. The 
immuno-complexx formed was visualized by incubation of the membrane with 
cobalt-glucosee oxidase-diaminobenzidine solution (Sakanaka et al., 1987) for 
44 hours at RT. The reaction was terminated by rinsing the membrane with 
1%HC11 in water. 
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Hett proces waarbij de lever wordt gevormd in het zich ontwikkelende 
embryoo kan worden verdeeld in een aantal opeenvolgende fasen. Organogenese 
vann de lever begint met een interactie tussen enerzijds pluripotente 
endodermcellen,, ventraal gelegen in het caudale deel van de voordarm, en 
anderzijdss mesodermaal weefsel dat zich zal ontwikkelen tot het hart. Deze 
interactiee wordt beschouwd als de primaire regulatoire stap. Als gevolg hiervan 
makenn de endodermale cellen de zogeheten primaire transitie door, wat wil 
zeggenn dat zij differentiëren tot herkenbare parenchymale levercellen 
(hepatocyten).. Deze vroege hepatocyten verkeren nu in het stadium van de 
proto-differentiatie.. Dit wordt gekenmerkt door de expressie van vroege 
markermoleculenn voor het hepatocyte fenotype zoals albumine, a-fetoproteine, 
arginase,, en glutamaatdehydrogenase (GDH). Proliferatie van de nieuw 
gevormdee hepatocyten in het epitheliale endoderm leidt tot de vorming van het 
leverprimordium.. In de daarop volgende periode leidt verdere vermeerdering 
vann de hepatocyten, in combinatie met uitgroei in het omringende mesenchym, 
tott het ontstaan van de lever met zijn typische architectuur. De hoge 
delingsactiviteitt van de embryonale hepatocyten wordt gereflecteerd door de 
kortee duur van hun celcyclus welke slechts 13-14 uur bedraagt. Informatie 
betreffendee de signalen die de eerste stappen van leverontwikkeling reguleren 
wordtt geleverd door moleculaire studies. Het mesodermale weefsel dat de 
primairee transitie induceert kan worden vervangen door de van fibroblasten 
afkomstigee groeifactoren (FGF) 1 en 2, terwijl FGF8 de eerste uitgroei van het 
leverprimordiumm induceert. 

Dee overgang van de embryonale naar de foetale periode, ofwel van het 
proto-gedifferentieerdee naar het volledig gedifferentieerde stadium, wordt de 
secundairee transitie genoemd. De eerste kenmerken van deze overgang zijn een 
sterkee reductie van zowel celproliferatie als groei van de lever. De duur van de 
celcycluss is nu toegenomen tot 30-35 uur. Daarnaast wordt de foetale periode 
gekenmerktt door de eerste grote toename in de expressie van hepatocyt-
specifïekee enzymen. De overgang van een relatief laag embryonaal naar een 
veell hoger adult niveau van expressie van orgaan-specifieke enzymen wordt 
maturatiee genoemd. Lever maturatie wordt verder nog gekarakteriseerd door de 
ontwikkelingg van regionale (zonale) verschillen in gen-expressie. 

Inn tegenstelling tot de gedetailleerde informatie over de cellulaire 
interactiess en onderliggende signalen die de primaire transitie reguleren, is er 
weinigg bekend over hoe de ontwikkeling van de lever wordt gereguleerd tijdens 
hett stadium van de proto-differentiatie. De experimenten beschreven in dit 
proefschriftt bestuderen de moleculaire mechanismen die ten grondslag liggen 
aann dit deel van lever organogenese. 

Inn de periode dat de ontwikkelende lever verkeert in de proto-
gedifferentieerdee fase delen de embryonale hepatocyten extensief (beschreven 
inn hoofdstuk 1). Wanneer deze cellen worden gekweekt in vitro onder groei 
stimulerendee condities ondergaan zij snelle de-differentiatie. De-differentiatie 
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wordtt gekenmerkt door het verlies van karakteristieke morfologie en, 
vervolgens,, het verdwijnen van hepatocyt-specifïeke gen expressie. In vivo 
echter,, behouden de embryonale hepatocyten hun (proto-)gedifferentieerde 
fenotypee tijdens exponentiële groei. Hierdoor ontstaat de vraag hoe de 
gedifferentieerdee status van de hepatocyten wordt behouden tijdens lever 
organogenesee in vivo. Om dit te onderzoeken werd een co-cultivatie assay 
ontworpenn met als doel de identificatie van factoren die snel groeiende 
gede-differentieerdee rat hepatocyten in vitro kunnen converteren naar cellen 
mett een gedifferentieerd fenotype (beschreven in hoofdstuk 2). In deze assay 
wordenn gede-differentieerde embryo dag (ED) 15 rat hepatocyten gekweekt in 
combinatiee met COS-1 cellen die getransfecteerd zijn met een cDNA expressie 
bankk geprepareerd van EDI2 rattenharten. Na 36-48 uur kweken wordt de 
gemengdee celpopulatie bekeken op de expressie van de hepatocyt 
differentiatiemarkerr carbamoylfosfaat synthetase (CPS), het eerste enzym van 
dee ornithine cyclus. Cellen in de nabijheid van een CPS-positieve hepatocyt 
wordenn geoogst en gebruikt voor de isolatie van het getransfecteerde cDNA 
constructt coderend voor de gezochte factor. 

Hoofdstukk 3 beschrijft hoe de toepassing van de in vitro assay resulteerde 
inn de identificatie van ribosomaal eiwit S3a als een factor die in staat is tot het 
herstellenn van de gedifferentieerde staat in gede-differentieerde hepatocyten. 
Behandelingg van gede-differentieerde hepatocyten met kweekmedium dat 
geconditioneerdd was door COS-1 cellen die getransfecteerd waren met een voor 
S3aa coderend cDNA construct, resulteerde niet in hepatocyt re-differentiatie. 
Ditt geeft aan dat S3a zich niet in oplossing begeeft en dat een 
gede-differentieerdee hepatocyt zich in de directe nabijheid moet bevinden van 
eenn getransfecteerde cel voor re-differentiatie. In situ hybridisatie studies in rat 
toondenn aan dat er een hoge expressie is van S3a transcripten in embryonale 
hepatocytenn in vivo tijdens de fase waarin de lever exponentieel groeit. Het 
signaall was het sterkst op ED14 waarna de expressie van S3a in de hepatocyten 
geleidelijkk verminderde. Het spikkelige distributiepatroon dat geleidelijk 
ontstondd na EDI5 geeft aan dat S3a expressie in de foetale fase meer en meer 
wordtt beperkt tot geïsoleerde cellen, tegelijk met het stoppen van hepatocyt 
proliferatie.. In onze hypothese bestaat de biologische functie van S3 a uit het 
behoudenn van de gedifferentieerde staat van snel delende hepatocyten in de 
embryonalee lever. Het mechanisme dat ten grondslag ligt aan de differentiatie 
beschermendee werking van S3a is vooralsnog onbekend. Aangezien hoge 
expressiee van S3a ook is waargenomen in andere snel delende weefsels zoals 
embryonalee enterocyten, het centrale zenuwstelsel, en de kieuwbogen is het 
goedd mogelijk dat de differentiatie beschermende werking van S3a niet beperkt 
iss tot embryonale hepatocyten. 

Muizenn die deficient zijn voor de c-Met receptor of het corresponderende 
ligandd hepatocyt groeifactor (HGF) gaan dood tussen EDI3 en 16,5 en hebben 
eenn te kleine lever met een sterk verminderde hepatocyt populatie. De 
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klaarblijkelijkk cruciale functie van c-Met en HGF tijdens leverontwikkeling 
leiddee ons tot het in kaart brengen van de distributiepatronen van c-Met en 
HGFF mRNA in een serie rat embryo's variërend in leeftijd van EDI0-20 
(beschrevenn in hoofdstuk 4). De tyrosine kinase receptor c-Met was 
gelokaliseerdd in de hepatocyten terwijl HGF werd gesynthetiseerd door de niet-
parenchymalee cellen. Beide genproducten kwamen het hoogst tot expressie 
tussenn EDI 1-13, in de periode waarin de hepatocyten in vivo extensief 
prolifererenn en migreren. In de volgende 2-3 dagen verdwenen de transcripten 
voorr c-Met uit de lever terwijl HGF expressie geleidelijk aan werd 
teruggebrachtt tot een beperkt aantal cellen. Deze afname in c-Met en HGF 
expressiee wordt vergezeld door een sterke afname in groei van de lever. 

Dee opeenvolging van hepatocyt replicatie en maturatie, tijdens de prenatale 
leverontwikkelingg in vivo, suggereert een reciproke relatie en voorspelt een 
afwisselendee expressie van eerst hepatocyt groeifactoren en daarna markers 
voorr hepatocyt maturatie. Binnen dit kader werd onderzocht of de afname in de 
expressiee van c-Met en HGF in plaats en tijd correleerde met het verschijnen 
vann hepatocyt-specifieke enzymen (beschreven in hoofdstuk 4). Immuno-
histochemischee analyse toonde aan dat de regressie van c-Met uit het centrale 
deell van de lever gepaard ging met het verschijnen van carbamoylfosfaat 
synthetasee (CPS) in hetzelfde gebied. In de hierop volgende periode verdween 
c-Mett eiwit uit alle hepatocyten terwijl de expressie van CPS zich uitbreidde 
naarr alle parenchymale levercellen. Dit werd gevolgd door de zonale expressie 
vann hepatocyt-specifieke genen op EDI7, gekarakteriseerd door de beperking 
vann CPS expressie tot de periportale hepatocyten en het verschijnen van 
glutaminee synthetase (GS) in de pericentrale hepatocyten. Samenvattend 
beschrijftt hoofdstuk 4 dat tijdens de eerste fase van leverontwikkeling, welke 
gekenmerktt wordt door extensieve celvermeerdering en snelle groei, 
groeifactorenn hoog tot expressie komen, terwijl er in de tweede fase, 
gekenmerktt door een lage mitotische activiteit, een accumulatie plaatsvindt van 
hepatocyt-specifiekee enzymen. 
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Hett  laatste woord 



"Dee vakgroep Anatomie en Embryologie zoekt voor het project Identificatie en 
karakteriseringg van hepatogene factoren een AIO." Deze woorden zouden voor 
mijj het begin betekenen van een onderzoek in het veld van de 
leverontwikkelingg bij 'onze' vakgroep. Nu, jaren later en een boekje verder, is 
hett dan eindelijk tijd voor het schrijven van het laatste stukje. 

Alss me iets duidelijk is geworden tijdens mijn leven als AIO dan is het 
well dat het verrichten van wetenschappelijk onderzoek gepaard gaat met hoge 
piekenn en nog diepere dalen. Dankzij de mensen van het lab, die steevast 
zorgdenn voor een gezellige en stimulerende sfeer, vond ik telkens weer 
opnieuww de moed om door te gaan op momenten dat het weer eens tegen zat, en 
hebb ik mijn verblijf op het Academisch Medisch Centrum als een zeer prettige 
tijdd ervaren. Beste collega's, zonder jullie was het nooit gelukt. Ik wil dan ook 
iedereenn bedanken die op enigerlei wijze een bijdrage heeft geleverd aan de 
totstandkomingg van dit boekje. Graag wil ik van de gelegenheid gebruik maken 
eenn aantal personen met name te noemen. 

Mijnn promotor, Prof. Dr. W.H. Lamers. Beste Wout, jouw enorme 
enthousiasmee en gedrevenheid ('Een dag heeft 24 uur.') en je vermogen om 
steedss weer nieuwe oplossingen te bedenken voor ogenschijnlijk 
onoverkomelijkee problemen heeft me steeds weer weten te inspireren. Je 
betrokkenheidd bij letterlijk alle facetten van het onderzoek heb ik altijd zeer 
gewaardeerd.. Een AIO kan het slechter treffen. Jouw opmerking over de 
bananenschil,, gemaakt op een Italiaans terras, zal ik mijn hele leven 
waarschijnlijkk niet meer vergeten. 

Mijnn co-promotor, Dr. T.B.M. Hakvoort. Beste Theo, wat begon met een 
briefjee op je bureau eindigt met een optreden als co-promotor. Bij jou kon ik 
altijdd terecht voor een bespreking van mijn resultaten ('Nietje erdoor, klaar!') 
enn hulp bij technische problemen. Jij maakte mijn AIO-leven draaglijk door de 
misluktee experimenten te relativeren maar ook met pilsen op vrijdagmiddag, 
hamburgerss in Heiloo, en 'How to see Chicago in one day', (including Lake 
Michigan). . 

Prof.. Dr. R. Charles. Beste Rob, oorspronkelijk mijn co-promotor nu 
wetenschapperr in ruste. Met de praktikumvoorbereidingen van blok drie en de 
AIO-bijeenkomstenn op dinsdag heb jij me wegwijs gemaakt in de embryologie. 
Opp onnavolgbare wijze wist jij ook altijd de zwakke punten bloot te leggen in 
manuscriptenn en presentaties ('Het was een mooi verhaal, maar wat vertel ik nu 
aann oma?'). 

Prof.. Dr. A.F.M. Moorman. Beste Antoon, naar eigen zeggen 'chef werkplek' 
vann de afdeling. Een rol die je met verve vervult. Dankzij jouw beheer van 
budgett en materieel kan het onderzoek blijven draaien als een goed geoliede 
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machine.. Met veel plezier denk ik terug aan het jaarlijkse feest op de boerderij 
waarr ik van jou leerde koken voor ~tig personen ('Doorschillen! En niet van 
diee kleine stukken snijden.'). Ik zal het missen. 

Dee analisten, Jacqueline Vermeulen, Wil Labruyère, en Carol Verhoek-
Pocock.. Jacqueline, bedankt voor de vele in situ hybridisaties met heel veel 
probess en nog veel meer coupes, en voor het opnemen van al dat moois. Wil, 
bedanktt voor het verrichten van de allerlaatste praktische werkzaamheden 
zodatt ik mijn handen vrij kreeg om te schrijven. En voor het ter beschikking 
stellenn van telkens weer het juiste plasmide en net weer dat ene primertje. 
Carol,, jou dank ik voor het steeds maar weer in kweek brengen van de cellijnen 
enn het aanmaken van honderden liters (geconditioneerd) medium. 

Enn verder, bedank ik iedereen die de afdeling gemaakt heeft tot wat ie was en 
is,, een swingende tent waar het prettig werken is en De Wetenschap floreert: 

Dee mensen van het eerste uur die me wegwijs hebben gemaakt op de 
afdeling,, Frit s Michiels, Helga Malingré, Marianne Dingemanse, Louis 
Boonn ('Met de muziek op dit volume kunnen we nog gewoon praten. Nou, dat 
hoortt dus niet.'), Ieke Ginjaar , en David Wilson ('I have an idea! Why don't 
youu isolate your clones this week and then relax at your desk for four years.'). 

Mijnn room mates die lief en leed met me hebben gedeeld, Pietjan 
Blommaartt  ('Ze kunnen beter over je fiets lullen...'), Robbert Notenboom 
('Datt ga ik eens even onder de microscoop bekijken.'), Tjof Movig (Kwam, 
zag,, en vertrok.), Roelof-Jan Oostra (En nu eindelijk eens naar Gollem.), 
Mariann van Roon (paranimf, 'Tja, je moetje toch ergens op afreageren.'), Pim 
Beenn ('Het is ook altijd wat met die bureaucraten.') en Ying Ya 
('Hayaaaaaaah.'). . 

Dee lotgenoten, Wouter  "Junior" de Jonge ('Arginine for solid curls.'), 
Marjank aa Luijerin k ('Voor 6 maten doe ik mijn sax niet om.'), Roben 
Gielingg ('Nog even de 24 uur vol maken.'), Boudewijn Kruitho f ('I've got the 
bluess so bad.'), Kari n Kwikker s (See you in Top Pop.), Onard Schoneveld 
(Ikk denk dat we de Trevi-fontein wel goed hebben gezien.), Petra Habets 
('Zijnn hier nog dropjes?'), Arnoud Fijnvandraat (Nooit nieuwe schoenen 
kopenn voor je de oude gelijmd hebt.), Willi e Geerts ('Aangezien je ermee 
luistertt is het dus een stethosfoon en niet een stethoscoop.'), Rocio Garcia de 
Veass Lovil ('Jij heet toch Johnny Pantalone?'), Heleen Lie-Venema (Hoeveel 
wetenschapperss gaan er in een ouwe Saab?), Vincent Christoffels ('Koop ik 
eenn film zonder ondertitels wordt er alleen in gemompeld.'), en Ard Jonker 
('Ach,, internet is helemaal niet verslavend.'). 

Dee post-docs, Marylène Denyn, Erna Erdtsieck-Ernste, Maurice van 
denn Hoff ('Wat zijn dat nu weer voor vieze plaatjes?'), For  mijn van Hemert 
('Enn dan nu de future plans oftewel science fiction.'), Ronald Lekanne dit 
Deprezz ('Dat hebben we getest!'), en Atze Das ('Kan dat niet goedkoper?'). 
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Dee analisten, Anita Buffing ('Bij jou hoort volgens mij ook een 
gebruiksaanwijzing.'),, André Geerdink ('Beneden windkracht 8 ga ik niet 
surfen.'),, Piet de Boer  (Met afstand wereldrecordhouder in situ.), Corri e de 
Gier-dee Vries (Nog chips op?), Saskia Haast (Wat komt er een mist van zo'n 
steengrill he.), Raoul "El Capitano" Frijter s ('Dat wordt weer onbeperkt 
vlammenn in Big Willy Style.'), Marr y Mar  km an (paranimf, Waar liggen de 
antilichamenn ook al weer?), Danielle Clout ('Hee, meneer Sjon...'), en Sabina 
Tesink-Taekemaa ('Leuk dat er nog eens wat met die sheets wordt gedaan.'). 

Thee foreign guests who gave the lab just that little exotic twist, Jung-
Sunn Kim, Marin a Campione, Paola Lombardi , Diego Franco, and Sophie 
Demolombe. . 

Dee collega's van de digitale beeldverwerking, ofwel de computerboys, 
diee gelukkig millenium proof bleken, Jaco "Bug Buster" Hagoort en Jan 
Ruijter .. Bedankt voor de online hulp bij hard- en software problemen en bij de 
analysee van mijn data. 

Dee fotograven, Cars "Clients Are Rapidly Served" Gravemeijer  en 
Ceess Hersbach die mijn vocabulaire wist uit te breiden met termen als De 
EVBL,, Het valse kwartje, en De harde bokking. Bedankt voor de prettige 
samenwerkingg en de altijd weer zeer hoge kwaliteit van de geleverde foto's, 
dia'ss en posters. 

Dee mensen van het secretariaat die op verzoek ook toveren, Hannie 
Husslagee en Remco ten Hagen van het eerste uur, Cobie van Rossum-van 
denn Bosch, Mona Kok-Edvardsen (Dit is de laatste voor de Ref-Man, dit de 
allerlaatste,, en dit de aller-allerlaatste.), en André de Graaf ('Kijk, daar heb ik 
eenn handig macrootje voor.'). 

Dee stagiaires die soms lang, soms kort bleven maar altijd bijdroegen aan 
eenn gezellige sfeer, Richard Keizer  ('Vat geen kou boy!'), Mink e van Tuyl 
('Hett is zwart en zit in een boom?'), Rolf "De Cöz" Turk ('Daar heb je weer 
zo'nn autosave, tijd voor koffie en een broodje CPS-worst.'), Marco "Dr  Co" 
Schnaterr  ('Oh Saturday night...'), Alex Westerhof ('Heb jij soms nog ergens 
eenn MSI MS-6199 VIA Chip liggen?'), en de vele, vele anderen waarvoor 
helaass de ruimte ontbreekt om ze allemaal te noemen. 

Dee mensen van het onderwijs, Frit s de Jong, Cisca Griffioen, Kees de 
Jongg ('Tanden op elkaar en handen op het toetsenbord!'), Rijk Gihaux ('Ik 
hebb me toch weer gouwe handel.'), en Peter  Dobber  ('Bewaarbier? Daar moet 
jee lekker van genieten jongen!'). 

Dee mannen van de technische dienst, Paul Vinkeles en wijlen Jan 
Meijer ,, die steeds weer zorgden voor een optimale conditie van de apparatuur 
enn alles wat niet te koop was zomaar konden maken. 

Dee dierverzorgers van het GDIA, Dees Klappe-Banse, Gert-Jan de 
Fluiter ,, Bert van Urk, en Ingvild Kop. 

Dee buren, Mariëll e Alders, Mariëll e Heidens, Connie Bezzina, Jet 
Bliekk  ('Staat mijn raam nog open op die computer?'), Alex Postma ('Wie nog 
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eenn nieuwe unit op de BBQ?"), Marj a Steenman, Maarten Beek, Theo van 
Eijden,, Stan Turkawski , Erik Giesen (Met een waterfiets in de snackbar.), 
Peterr  Brugman ('Vanavond gaan ze vallen.'), Hans Korfage 
('Drukdrukdruk.'),, Jan-Harm Koolstra, Leo Ruijven en alle anderen van de 
vakgroepenn Antropogenetica en ACTA. Bedankt voor jullie collegialiteit en de 
gezelligheidd tijdens de koffiepauzes. 

Mijnn "nieuwe collega's"  bij de afdeling biofarmacie van het LACDR te 
Leiden,, en met name Theo van Berkel, wil ik bedanken voor hun 
belangstellingg naar de laatste loodjes en hun begrip wanneer ik weer eens 
afwezigg was in verband met de afronding van dit boekje. Eindelijk kan ik nu 
voorr 100% met jullie mee gaan doen. 

Familiee en vrienden, bedankt voor de belangstelling voor mijn avonturen in 
'Dee Woeste Stad'. In het bijzonder Samantha en Patrick. Dankzij de vele 
telefoontjess ('Ja, met mij.') heb ik niets hoeven missen van de gebeurtenissen 
aann het thuisfront. De tientallen bioscoopjes en ontelbare potjes pool hebben 
ervoorr gezorgd dat ik er na een weekendje in 'Het Zonnige Zuiden' weer volop 
tegenaann kon gaan. 

Enn 'last but not least' mijn ouders. Lieve Pap en Mam, zonder jullie was het 
allemaall nooit zo ver gekomen. Van jullie mocht ik worden wat ik wou en altijd 
enn overal hebben jullie mij gesteund. En nog steeds. Ik heb het erg met jullie 
getroffen.. Dank jullie wel. 

Zo,, en nu moet ik gaan. De trein naar Leiden wacht. 

Amsterdam,, 11 maart 2000. 
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