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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. 

866  Chapter 4 



Introduction 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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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. 

Primaryy 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 
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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. 
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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, 

1044  Chapter 4 



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. 

Primaryy 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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