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Chapter 1 

General introduction 

There are 6 large families of signal-transduction pathways that frequently 
mediate cell-cell communication during early development. These families are 
the Receptor-tyrosine kinase (RTK) family, the Wnt family, the TGF-(3 
superfamily, the Hedgehog family, the Delta-Notch family, and the Steroid-
hormone receptor superfamily. In this thesis, we show that these signal-
transduction pathways not only play a role in the earliest phases of liver 
development, but also in the development and maintenance of the zonation of 
gene expression in the liver. We have focused on the role of the Wnt, the FGF, 
and the BMP pathways, the latter two being members of the RTK and TGF-P 
families, respectively. We will first briefly describe what is presently known 
about these pathways, then summarize their roles during early liver 
development, and finally point to their emerging role during hepatic maturation 
as has emerged from our investigation. 

The Fibroblast Growth Factor (FGF) Family 

The FGF family constitutes one of the groups of paracrine factors that are 
active during development. Up to date 22 members of this family are known to 
be ligands for four transmembrane tyrosine-kinase receptors (FGFR) (Coumoul 
and Deng, 2003). The binding of the ligands to the receptors is accomplished 
with the aid of proteoglycans (heparin and heparin sulfate). Ligand binding 
causes the receptors to dimerize and activate their tyrosine kinase resulting in 
phosphorylation of the components of several signal-transduction pathways. 
FGF signaling specificity is probably determined by the activation profile of 
the FGF receptor isoform. A closer look to the FGFR properties is. therefore, 
essential to understand their function. 

FGFRs all contain a hydrophobic sequence, three immunoglobulin (IG)-
like domains, an acidic box, a transmembrane region and a tyrosine-kinase 
domain. Alternative splicing occurs for FGFR1, FGFR2 and FGFR3. The most 
studied isoforms are b and c of FGFR2. In particular FGFR2b expression is 
restricted to epithelial lineages and is activated by the mesenchymally 
expressed ligands FGF-7 and -10. FGFR2c. on the other hand, is expressed 
only in the mesenchemal lineage and therefore can be activated by the 
epithelium-based ligands FGF-2, FGF-4, FGF-6, FGF-8 and FGF-9. To 
establish their function, the expression pattern of the receptors during 
development was established An overview of FGFR expression during 
development follows: 

• FGFR1 is expressed in the mesenchyme and plays a role in early 
development. 

• FGFR2 is expressed in the epithelial lineages during early gastrulation, 
whereas during organogenesis and later development it is expressed in 
both epithelial and mesenchymal cells mediating the paracrine loop that 
was discussed in the previous section. 
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General introduction 

• FGFR3 is expressed in the central nervous system (CNS) and in bone 
rudiments. 

• FGFR4 is expressed in the definitive endoderm and in the myotome, the 
part of the somite that gives rise to the muscles. 

Mice deficient in each of the FGFRS were generated (Coumoul and 
Deng. 2003). A brief summary of the results is provided in Table 1. 

Gene 

FGFRl 

FGFR2 

FGFR3 

FGFR4 

Mutation 

Deletion /null 

FGFR1-deficient ES 
chimeras 

Deletion /isoforms 

Deletion /lilt» 

Deletion /111c 

Deletion'null 

Deletion/I I lb 

Deletion/Ilie-

Deletion null 

Deletion null 

Phenotype 

Growth retardation, detect 
mesodermal patterning, lethal ED7.5-9.5 

defect cell migration through 
the primitive streak 

Limb defects lethal ED9.5-I2.5 

Homozygous normal at weaning 

Gaslnilation defects 

Lethal ED4.5-5.5 

Lethal at birth 

Bone defects 

Bone overgrowth inner ear defect 

Morphologically normal 
Liver function decreased 

References 

Deng eraL( 1994); 

Cirunactal. 11997): 
Dengetal. (1997) 

Xuetal. |I99%) 

Partanenetal. (1998) 

Partanen et al. (1998) 

Armanetal. (1998) 
Xuetal. (1998b) 
Li et al. (2002) 

Revest «al. (2001) 

Eswarakumar el al.( 2002) 

Dengetal. (1996) 
ColvmetaL(I996)i 

Weinstein et al. (1998) 

Table I. FGFR-transgenic mice 

Up to date the only FGFR that has been linked specifically to liver 
functions is FGFR4. In particular, it was shown to be expressed in a narrow rim 
of hepatocytes around the central veins of adult liver (Yu et al., 2000). Deletion 
of this receptor causes defects in liver function with a less functional 
gallbladder, an elevated bile acid pool and an elevated excretion of bile acids 
(Yu et al, 2000). The upregulation of cholesterol7a- hydroxylase has been 
linked to the upregulation of the liver X receptor function due to the 
downregulation of its corepressor RIP 140, the level of which appears to be 
controlled by FGFR4. Moreover, FGFR4-/- mice demonstrate an increased 
sensitivity to carbon tetrachloride (CC14), possibly due to the downregulation in 
these mice of cytochrome P450 2E1, the enzyme that is responsible for CC14 

activation (Yu et at, 2003). It was also proposed (Coumoul and Deng. 2003) 
that the activation of the FGFR4 via Stat 1 and 3, and the PI3-kinase pathways 
(Hart et al, 2000) increases the expression of cytocrome P450 2E1 and of the 
liver X corepressor. This suggests a direct role of FGFR4 in the modulation of 
gene expression around the central veins. In chapter 4 we explored the function 
of fibroblast growth factors in the regulation of expression of hepatocyte-
specific enzymes involved in amino-acid metabolism. In particular we show 
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Chapter 1 

that, in cultures of fetal hepatocytes. FGF-4 is a potent inducer of the 
pericentrally expressed enzymes GS and OAT. and, in concert, a repressor of 
the periportally expressed enzyme CPS. 

The Bone Morphogenetic Protein (BMP) Family 

A second family of growth factors is the transforming-growth factor (3 family-
(TGF-P). The bone morphogenetic proteins (BMPs), which belong to this 
family (Kingsley, 1994), are signaling molecules that contain a highly 
conserved seven-cysteine domain in the carboxy-terminal region, function as 
dimers linked via a single disulfide bond and have been reported as 
multifunctional regulators of morphogenesis during development in both 
vertebrates and invertebrates. Up to date more than 30 BMP family members 
are known and serve as ligands for two types of serine/threonine kinase 
receptors, known as type I (BMPR-1) and type II (BMPR-II) (Figure 1). The 
type I receptors activate intracellular substrates through phosphorylation. Type 
II receptors are constitutively active kinases that 'trans'-phosphorylate the type 
I receptor upon dimerisation due to ligand binding. In mammals, seven type I 
and five type II receptors are known (Kawabata et al, 1998). The signaling that 
is activated by BMPs is through the Smad cascade (Savage et a/., 1996), but 
other pathways, like the activation of MAP kinases (Mulder, 2000), have also 
been reported. 

The BMPs play an important role in proliferation, differentiation, 
chemotaxis and apoptosis. It is therefore not surprising that the effect of these 
signaling molecules is regulated at several levels. In the extracellular matrix, 
BMP antagonists provide modulation: Noggin is expressed during gastrulation 
in Hensen's node, whereas Chordin, Follistatin and Gremlin affect 
differentiation during e.g. limb outgrowth (Zuniga et al, 1999). All 4 factors 

BMPs 
Intercellular, 
modulation 

Gremlin 

Noggin 

Chordin 

lollaslauil 

BMPR-

Smad cascade 
activated 

Intracellular 
modulation 

Adapted from Kawabata el al. 

Figure 1. Bone Morphogenetic Proteins (BMP) signal-transduction pathway via the 
Smad proteins. Intercellular and intracellular regulatory elements are shown. 
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General introduction 

bind with different affinities to BMP-2, -4 and -7. Membrane-receptor 
modulation is provided by pseudoreceptors that lack the intracellular 
serine/threonine kinase domain. Finally, intracellular modulation is provided by 
inhibitory Smads that antagonize the TGF-P signaling pathway by interacting 
with the type I receptor or by forming inhibitory complexes that stop signal 
transduction. 

The Wnt signaling pathway 

Wnt proteins have been divided into two main classes, canonical and non-
canonical, according to what signaling cascade they activate. The canonical 
pathway stimulates the nuclear translocation of P-catenin, and the non-
canonical pathway transduces Wnt signaling to either c-Jun N-terminal kinase 
(JNK.) or to a Ca2*- dependent pathway (Wodarz and Nusse, 1998; Kühl et a/., 
2001). 

Up to date the Wnt family consists of 19 secreted glycoproteins that 
bind to a family of seven-span transmembrane receptors, frizzled (Fz). In the 
cytoplasm, the signal is transduced to Dishevelled (Dvl). which then initiates 
the cascade of events that leads to the cytosolic accumulation of P-catenin and 
to its nuclear translocation. Once in the nucleus, p-catenin can associate with 
the Lef/Tcf family of transcriptional factors and activate gene expression (van 
Noort et ai, 2002). Our interest concerns the canonical Wnts that stimulate the 
activation of P-catenin. 

Components of the canonical Wnt pathway 

At the cell membrane 

Transcription of Wnt genes appears to be developmentally regulated in a 
precise temporal and spatial manner. The Wnt proteins are ligands for two 
distinct families of cell-surface receptors: the frizzled (Fz) family and the low-
density lipoprotein (LDL) -receptor related proteins (LRP) family. Up to date, 
10 Fz receptors have been identified, which structurally resemble the G-
protein-coupled receptors with seven transmembrane regions. This suggests 
that they may use a heterotrimeric G-protein to transduce the Wnt signal (Liu et 
ai, 2001). As for the LRP family, two members, LRP-5 and -6 , bind Wnt and 
form a ternary complex with the Wnt and Fz that is essential for the signal-
transduction cascade. Several secreted proteins can exert extracellular 
modulation of Wnt signaling. For example, Fz-related proteins and Wnt-
inhibitory factor 1 (WIF1) bind to Wnt, antagonizing its function. At the 
intracellular level, modulation can be driven by Dickkopf (Dkk), a Wnt 
antagonist, which can bind to the LRP coreceptor and structurally inhibit the 
binding of Wnt to its receptor (Mao et ai, 2001). 

In the cytoplasm 

Once the Wnt is bound to its receptor and coreceptor, the scaffold protein axin 
is recruited to the plasma membrane and interacts with the cytoplasmatic tail of 
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the LRP-5 (He et a/., 2004). In this way, the initial complex formed by GSK-
3p, p-catenin and axin is destabilized and p-catenin is free to accumulate in the 
cytoplasm and translocate into the nucleus. In concert, GSK-3p activity is 
inhibited by hyperphosphorylation of Dishevelled (Dsh). In the absence of a 
Wnt signal, GSK-3P is free to phosphorylate P-catenin at four amino-terminal 
residues (van Noort et a/.. 2002), which target it to the ubiquitin-degradation 
pathway (Kitagawa et at, 1999: Hart et at, 1999). Another negative 
intracellular modulator of the canonical pathway is the tumor suppressor gene 
adenomatous polyposis coli (APC). In the non-active condition this protein 
forms a complex with axin, GSK-3P and p-catenin. In this complex GSK-3p is 
allowed to phosphorylate P-catenin, as well as APC and axin. and in doing so, 
negatively modulates the canonical Wnt pathway. 

P-Catenin molecules in a cell membrane are involved in cell-cell-
adhesion forming as a complex with cadherin and a-catenin in the cytoplasm. 
The stability of this complex is one of the main keys of regulation as discussed 
in the next paragraphs. 

Inside the nucleus 
Once free to accumulate in the cytosol, P-catenin translocates to the nucleus 
and functions as a cofactor for the T-cell factor (Tcf)/lymphoid enhancer factor 
(Lef) family of transcription factors. P-Catenin does not bind directly to the 
DNA but contains transactivating domains in its C-terminal part (van Noort and 
Gevers, 2002). The Lef/Tcf family of transcription factors consists of four 
members (Tcf 1, Lefl, Tcf3 and Tcf4), which in the absence of p-catenin are 
bound to a family of transcriptional repressors called Groucho proteins (Roose 
et al., 1998; Cavallo et at, 1998). The expression patterns of all four 
transcription factors were determined by in situ hybridization (Roose et at, 
1999): in adult mice, Tcfl is expressed in T-lymphocytes, whereas Lefl is 
expressed in T-cells and early B-cells. 

Crosstalk 
To understand how Wnts, FGFs and BMPs coordinate the changes in gene 
expression during hepatic embryogenesis, and later on during adulthood, it is 
important to understand how these pathways crosstalk. Figure 2 is a simplified 
scheme of the possible interconnections between these signaling pathways. P-
Catenin is considered to be the "'bottleneck" for many signaling pathways. P-
Catenin can be considered biologically active in two different states: when 
bound to the cadherin or when free to accumulate in the cytoplasm. These two 
conditions are mutually exclusive. To understand how external signals 
influence the canonical Wnt pathway, it is important to focus on the 
stabilization of p-catenin, through inhibition of GSK-3p or by destabilization of 
the cadherin/catenins complex. The following ligand/receptor pathway all 
determine the balance of the P-catenin status: 
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Activation of receptor tyrosine kinases (RTKs) like FGFRs or the 
hepatocyte growth-factor receptor cMET, and cytoplasmatic tyrosine 
kinases (Fer, Fyn, Yes and Src) leads to dissociation of the 
cadherin/catenins complex and can result in accumulation of P-catenin 
in the nucleus (Danilkovitch-Miagkova et ai, 2001). 
Activation of the insulin-like growth factor type II receptor (IGFR) leads 
to nuclear translocation of p-catenin. IGFR type I instead requires 
stabilization of P-catenin (Playford et ai, 2000). 
Presenilin 1 (PSI) is a serpentine integral membrane protein involved in 

cad heri n 

Stabilizes 
p-catenin 

Stabilizes j PTPase 
Cadeherin/catenin [ p^ 

degradation 

Gene expression 

Figure 2. Cadherin/p-catenin complex and W'nt/p-catenin signaling pathway. 

Alzheimer's disease. Recently, this protein was associated with a "new" 
function that involves the regulation of the cadherin/catenin complex in 
both a positive and a negative way for this protein, has been attributed. 
PS1 can either stimulate the phosphorylation of p-catenin, mediated by 
GSK-3p and casein kinase 1 (CK1), allowing its degradation. PS1 can 
also proteolitically cleave the cytoplasmic domain of the cadherin. 
resulting in loss of cell-cell adhesion (Coleman etal, 2004). 
The zinc-finger proteins Slug/Snail are activated by FGFR1 (Ciruna et 
ai, 2003). TGFpi (Peinado et al, 2003), and ErbBl and ErbB2 
(Conacci-Sorrell et ai, 2003), resulting in loss of cell-cell adhesion and 
cytoplasmic accumulation of p-catenin. 
Protein-tyrosine phosphatases (PTPs) or inactivation of the EGF 
receptor ErbB2 stabilizes the cadherin-catenin complex, leading to 
increased cadherin-mediated cell-cell adhesion (Balsamo et ai, 1998: 
Nussee/c//., 2004). 
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Liver development 
Embryonic liver development can be divided in two main phases, viz. the 
differentiation of early hepatocytes ("hepatoblasts") from the endoderm. and 
the maturation of the hepatoblasts into hepatocytes. Whereas differentiation 
concerns the acquisition of a hepatocyte-specific phenotype. maturation 
describes the transition of the only partially functional hepatoblast into the fully 
functional hepatocyte. Differentiation occurs at the 5-somite stage (-ED9.5 in 
the mouse embryo), whereas maturation occurs at the end of gestation in this 
species, after the bile ducts have differemiated from the hepatoblasts after 
ED13.5. In the next sections we will discuss the role of morphogenetic signal-
transduction factors during early liver development and refer to their role in 
more mature hepatocytes. 

Differentiation of early hepatocytes ("hepatoblasts ") from the endoderm 

During mouse gastrulation, cells of the epiblast migrate through the primitive 
streak forming the endoderm and the mesoderm. Between ED 7.5 and 8.5 in the 
mouse, the anterior and posterior invaginations of the embryonic endoderm 
generate the foregut and hindgut. Morphogenetic movements and cell growth 
of the endoderm itself transform the gut from a sheet to a tube by ED 9.5. From 
ED 9.5 onwards, the cranioventral domain of the foregut endoderm develops 
the buds for the thyroid, lungs, liver, and the ventral rudiment of the pancreas. 
The dorsal domain of the endoderm also develops a pancreatic bud; later the 
two pancreatic buds fuse to create the definitive organ. 

The craniolateral regions of the embryonic disk of late gastrula embryos 
are the regions from which both the heart and the liver arise. The myocardium 
and the endocardium develop from the craniolateral mesoderm, whereas the 
liver parenchyma arises from the endoderm. Heart and liver development are 
strongly linked by reciprocal molecular signaling without which proper 
development would not be possible (Jung et a/., 1999). 

BMPs and FGFs have been shown to play a fundamental role in both the 
heart and the liver development (Zaret 1999). BMP and FGF signaling from the 
cardiac mesoderm and the septum transversum mesenchyme are required not 
only for activation of hepatogenic genes in the endoderm, but also to exclude a 
pancreatic fate. In situ hybridizations have shown that FGF-1 and -2 are both 
induced in the cardiac mesoderm at somite stage 6-7, whereas FGF-8 
expression declines but remains expressed where the ventral foregut and the 
cardiac mesoderm "touch" each other (Jung et ah, 1999). When added to 
cultures of ventral foregut endoderm, FGF-1 and -2 both able to induce hepatic 
genes (a-fetoprotein, serum albumin). FGF-8 was shown to have only partial 
hepatogenic activity. This growth factor-mediated induction of hepatogenesis 
was efficiently blocked when soluble dominant-negative FGF fusion proteins 
were added to co-cultures of cardiac mesoderm and ventral foregut endoderm, 
proving that FGF signaling is necessary for hepatic differentiation (Jung et ai, 
1999). 
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mesenchyme 

Figure 3. Panel A. Side view of a mouse embryo at somite stage seven. Boxed region 
indicates section viewed in panel B. In Panel B the relevant components are denoted 
and the arrows indicate critical signaling interactions. 

At ED 8.5 of mouse development the early cardiac mesoderm is 
embedded in the septum transversum mesenchymal cells that do express BMP-
2, -4 and -7 (Furuta et at, 1997). These BMPs act in concert with the FGFs on 
the ventral foregut endoderm to direct the onset of hepatogenesis. Thus, when 
Noggin, a BMP inhibitor, was added to endoderm explants, both cardiac 
mesoderm and FGF were no longer able to induce the hepatic differentiation 
(Rossi et at, 2001). Collectively, this data suggests that both the cardiac 
mesoderm and the septum transversum mesenchyme are sources for signals 
that induce liver development (Figure 3). 

One main issue that arises during organogenesis is that of the domains 
of developmental competence, a pre-parterning that determines the positioning 
of the different tissues along the anterior-posterior axis. The current opinion, 
although not yet supported by much evidence, is that differential gene 
expression of transcription factors (Zaret, 2002) or signaling molecules along 
the craniocaudal axis of the embryo determines when the endoderm is formed. 
One group of such molecules are the Foxa genes (Forkhead box A; formerly 
hepatocyte nuclear factor-3 (Hnf-3)). Members of the group can regulate the 
expression of liver-specific genes as well as genes in the lung and pancreas (Ye 
et at, 1997; Zaret, 1999). A study of the expression pattern of Foxa2 (formerly 
Hnf3P) localizes this protein in the primitive steak and in Henserfs node during 
gastrulation (ED 6.5 in the mouse). Foxal (formerly Hnf3a) is present in the 
gut endoderm at ED 7-8. before organogenesis, whereas Foxa3 (formerly 
Hnf3v) is present only in the midgut and hindgut regions (Sasaki and Hogan, 
1999; Ang et at, 1993; Monaghan et at, 1993; Ruizl Atalba et at. 1993)7x0 
study developmental functionality, the effects of deletions of Foxa genes have 
been assessed. Of the three Foxa genes only Foxa2 loss of function resulted in 
embryonic death after gastrulation. The primitive streak, node, notochord and 
foregut morphogenesis were severely affected (Ang et a/., 1993; Ang et a/., 
1994). 

A second signaling molecule positioned along the anterior posterior axis 
is the Smad2. a member of the transforming growth factor p (TGF-[3) 
superfamily. Smad2 is required for the epiblast cells to become mid and 
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posterior endoderm during gastrulation (Tremblay et ai, 2000). All together, 
these data suggest that Foxa2 and Smad2 are required for the specification of 
the anterior and posterior domains of the definitive endoderm respectively 
which then results in specification of tissue in spatial domains, such as the 
liver. It is not yet known how extensive the endodermal pre-patteming is, and it 
is even less clear whether and when individual tissues are patterned (Zaret, 
2002). HNFs, originally identified as regulators of liver-specific gene 
transcription, are also involved in development of the pancreas (Wilson et ah, 
2003). 

From hepatoblasts to hepatocytes: role of morphogenetic signal-transduction 
pathways 

Recently, Hussain et ai, (Hussain et a/., 2004) suggested a role for the 
canonical Wnt pathway in early liver development by implicating a function for 
Wnt-3a in hepatocyte proliferation, apoptosis and lineage. The same group 
(Micsenyi et a/., 2004) recently showed stage-specific expression of (3-catenin 
during normal liver development: (3-catenin is present in hepatocytes at ED 12 
followed by a temporary decline between ED 14 and 16. The decreased 
expression corresponded with an increase of expression of the P-catenin-
negative modulators APC and GSK.-3p. In the adult liver we have shown (see 
chapter 5 and Cadoret et ai, 2002) that by overexpressing (3-catenin in vivo the 
enzymatic zonal distribution is lost. PEPCK and CPS all but disappear around 
the portal veins and GS and OAT become ubiquitously expressed in the liver. 
Moreover, other proteins, like Lefl and FGF-2 (for more detail see chapters 4 
and 5) that are normally expressed pericentrally lose their zonal distribution. 

From early to mature hepatocytes: the classic view 

Up to date, the combination of appropriately timed surges in hormonal activity, 
the temporary presence of hematopoietic tissue, DNA de-methylation and the 
emergence of the lobular liver architecture were thought to suffice to generate a 
fully differentiated state in a hepatocyte. 

Hormonal function 

In 1970, Greengard (Greengard et ai, 1970) observed that increases in 
hepatocyte-specific enzyme levels coincide with increases in the levels of 
circulating glucocorticoids. Tsanev suggested in 1975 (Tsanev, 1975) that both 
the developmental increases in hepatocyte-specific enzyme activity and the 
coincident declines in mitotic activity were dependent on glucocorticoids. The 
observation that in vitro hepatocyte proliferation is inhibited by the addition of 
dexamethasone and that in vivo in glucocorticoid concentration peaks during 
the fetal period and during the preweaning period, corresponding to periods 
with slow hepatocyte proliferation, suggest that glucocorticoids may indeed 
force hepatocytes to withdraw from the cell cycle (Castellano et ai, 1978). Our 
group subsequently observed (de Groot et ai, 1987) that the hormone-induced 
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changes in enzyme activity of the periportal enzyme CPS and the pericentral 
enzyme GS were reciprocally regulated by hormones. 

Hematopoietic tissue 

The embryonic liver is the major site for hematopoiesis in the body. Jacquot 
and Nagel (Jacquot and Nagel, 1976) showed that hepatocyte-specific enzyme 
activity and hematopoietic cell maturation and migration are both hormonally 
controlled. Indeed, it was more recently demonstrated that oncostatin M, a 
cytokine that is expressed by the hematopoietic cells, and its receptor, which is 
mainly expressed by hepatocytes, in combination with glucocorticoids, can 
bring about morphological and biochemical differentiation in cultured 
hepatocytes (Kamiya et a/., 1999). In vitro this induction suppressed 
hematopoiesis, which could explain the disappearance of oncostatin M from the 
liver after hepatocyte differentiation. 

DNA de-methylation 

DNA de-methylation prevents gene expression by preventing transcriptional 
factors to bind to the targeted DNA sequences. In the liver de-methylation 
corresponds with the fetal rise in enzyme activity, but a direct relationship 
between the hormones that are implicated in perinatal hepatocyte maturation 
and methylation status remains to be demonstrated (Kunnath and Locker, 1983; 
Benvenisty and Reshef, 1987; van den Hoff et a/., 1995; Matsunaga and 
Gonzalez, 1990). 

Figure 4. PEPCK and GS expression in the adult liver. In panel A. the liver lobule 
composed by a central vein, in which the first rim of hepatocytes is GS-positive. and six 
portal veins which are surrounded by PEPCK-positive hepatocytes. Panel B indicates the 
change in blood composition as it flows from the portal to the central area exchanging 
metabolites with the hepatocytes. 
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Adult liver architecture: zonal gene expression and the "upstream-downstream" 
model 
Morphologically, the adult rodent liver is composed of three big lobes (the 
large left lobe, the somewhat smaller median lobe and the relatively small right 
lobe), and one small lobe (the caudate or Spighelian lobe). These lobes are 
composed of elementary structures known as liver lobules, each lobule in turn 
being composed of hepatocyte plates that stretch between the portal triad and 
the central veins. A portal triad contains a branch of the hepatic artery, a branch 
of the portal vein and a bile duct. The current working model of a liver lobule 
that offers an explanation for the gradients in expression that are found in the 
adult liver is the "upstream-downstream hypothesis" (Notenboom et al.,. 1997; 
Christoffels et al.,, 1999). This hypothesis is based on the fact that the nutrient-
rich blood enters the liver via the portal vein and flows through the sinusoids 
that are sandwiched between the hepatocyte plates into the central vein. The 
continuous exchange of metabolites between blood and hepatocytes will result 
in gradients in composition of the blood, even when all hepatocytes are initially 
metabolically similar. These gradients could, in turn, result in differential gene 
expression along the porto-central axis (Figure 4). The enzymes CPS and 
PEPCK on the one hand, and GS and OAT on the other are good examples of 
such gradients in gene expression along the porto-central axis, because these 
enzymes are reciprocally expressed around the portal and central veins, 
respectively, as shown in the Figure 5. 

Figure 5. Expression of GS and PEPCK in the adult mouse liver. Proteins were detected 
by immunofluorescence. GS expression is confined to the pericentral zone, whereas PEPCK 
is present around the portal veins. 
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Interest 
Up to date the "factors" involved in the pericentral-periportal genotype and 
phenotype stimulation have not been identified. Our focus of interest has turned 
to those factors that compose the signal transduction pathways that are 
frequently used in cell-cell communication during early development. We have 
identified, Wnt-3a and FGF-2 and -4 as to directly stimulate the pericentral 
phenotype. Moreover, the expression pattern of FGF-2 in adult mouse liver, 
together with the experimental in vivo data, suggest that FGF-2 is active both 
up- and downstream of P-catenin and, hence, possibly involved in an autocrine 
loop induced by the p-catenin pathway. 

Aim of the thesis 
The aim of this thesis is to obtain more insight in the signals that determine the 
zonal distribution of enzymes in the adult liver. In chapter 2, the study GS 
expression was carried out in vitro by co-cultivations with the RL-ET-14 cell 
line in order to identify the sequence responsible for GS induction. In chapter 3, 
the induction of the pericentral phenotype was studied in vitro by stimulating 
fetal hepatocytes with Wnt-3a. In chapter 4, the role of FGF-2 and -4 in 
differentially regulating pericentral and periportal enzymes was studied in vitro 
by adding the growth factors in combination with other hepatotrophic agents. 
In chapter 5, finally, the function of p-catenin was studied in vivo by injecting, 
in adult mice, an adenovirus (Adp-catS37A) that consitutitutively expressed p-
catenin and verifying the portal and central enzyme distribution. 
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