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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. 
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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 
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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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