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Epilogue 



The endoderm of the gastrointestinal tract (GIT), a continuous tube that runs 
from mouth to anus, differentiates into absorptive, mucus-secreting, and 
enteroendocrine cells that together perform "digestion". Since digestion wears 
out the lining cells of the gut. enterocytes are rapidly turning over, necessitating 
in addition an active stem-cell compartment and persisting differentiation of 
newly produced cells. Organs such as the stomach, small and large intestine are 
part of the alimentary canal in the strict sense, whereas liver and pancreas are 
so-called accessory digestive organs. The question, therefore, arises whether 
the basic architecture of the gut and the accessory organs is similar, c.q. 
whether the accessory glands resemble certain components of the GIT more 
than others. 

The intestinal crypts 
From the stomach downward, the GIT is characterized by the presence of villi 
and crypts. The villi differ in height to increase the absorptive surface, and in 
cell composition (proportion of absoiptive and mucus-secreting cells) to be 
able to defend the body against the luminal contents. The stem cells of the gut 
are located in the crypts, which is, therefore, the most plastic compartment of 
the GIT. The crypts of the stomach (the "gastric glands") are long and well-
developed, containing in addition to mucous cells, parietal cells (producing H+ 
and intrinsic factor), chief cells (producing pepsin) and endocrine cells 
(producing gastrin, secretin and cholecystokinin). Towards the pylorus, the 
crypts shorten to become the "pyloric glands", which consist entirely of 
mucous-producing cells that resemble those present in the gastric glands. In the 
small intestine, the crypts further shorten to become the "intestinal glands" or 
crypts of Lieberkiihn. These crypts contain absorptive cells, goblet (mucus-
producing) cells, endocrine cells (producing a.o. enteroglucagon). and, at their 
bottom. Paneth cells (producing innate immune agents such as lysozyme and 
defensins). The crypts of the colon are again deeper, but contain the same 
spectrum of cells as the crypts of the small intestine. 

The proximal duodenum stands out among the respective parts of the 
GIT in that a portion of its crypts expand to penetrate the Muscularis mucosae 
and branch into the submucosal space to form the "duodenal or Brunner's 
glands". Brunnefs glands develop between 16 weeks of gestation and term in 
the human fetus (Botros et ah, 1990) and in the first three postnatal weeks in 
the mouse (Obuoforibo et at, 1977), that is, begin to form coincident with the 
development of the crypts. We submit that it can hardly be coincidence that the 
accessory digestive organs, that is liver and pancreas, also develop from the 
proximal duodenum. This part of the GIT corresponds with the caudal end of 
the foregut in the embryo, from which the embryonic origins of the liver and 
pancreas, the hepatic and pancreatic diverticula, grow into the overlying 
mesenchyme. 
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Epilogue 

The stem-cell compartment 

Digestion wears out the lining cells of the gut, necessitating a relatively rapid 
turnover of the enterocytes. The stem cells of the gut are located in the crypts, 
but their position within the crypts changes markedly going from the stomach 
downwards (Figure 1). Because of this pronounced stem-cell compartment, 
differentiation has to occur outside the stem-cell zone and is, hence, coupled to 
cell migration. 

In the stomach, the stem cells reside in the isthmus of the gastric glands, 
that is, close to the junction of villus and crypts (Figure 1A). Migration of cells 
is bi-directional: some cells migrate towards the bottom of the crypt to form the 
chief cells, whereas others differentiate into the pre-parietal-cell precursors 
within the isthmus and remain there or migrate caudally (Modlin et a/., 2002). 
The stem cells of the small intestine, on the other hand, are located near the 
bottom of the crypts (Figure 1, panel C). From here, enterocytes migrate 
towards the surface, meanwhile dividing and becoming the progenitors of 
absoiptive, mucus-secreting, or enteroendocrine cells. The Paneth cell at the 
bottom of the crypt also arises from the intestinal stem cells, but migrates 
downward and differentiates in loco. In large intestine, finally, in particular the 
mid-colon region, the stem cells are located at the very bottom of the crypt and 
differentiate while migrating towards the surface.The stem cells of the liver are 
found in the "Canal of Hering" at the junction of the hepatic and bile-duct 
compartments of the liver. The cells are bipotential, that is, have the ability to 
differentiate into both bile-duct epithelium and hepatocytes (Shiojiri N et a/., 
1997; Marceau N et a/., 1994). In contrast to the stem cells of the alimentary 
canal in the strict sense, hepatocytes in the periportal region rather than the 
hepatic stem cells in the Canal of Hering multiply when new hepatocytes are 
necessary for e.g. liver regeneration. Only when the periportal hepatocytes are 
not able to divide anymore, e.g. as a result of poisoning, the hepatic stem cells 
become activated (Sell et a/.. 2003). Although this property seems to 
distinguish the liver unambiguously from the rest of the GIT, it is now known 
that Brunner's glands respond, similarly to the liver, with cell multiplication 
when regeneration of the duodenum becomes necessary because of e.g. the 
development of a duodenal ulcer (Fuse et al, 1988; Wright et a/., 1998). These 
data appear to further support the view that the liver and Brunner's glands in 
the duodenum share functional properties with respect to their proliferative 
behaviour and perhaps a phylogenetic origin. In any case, the findings show-
that the hepatocyte compartment of the liver has to be considered as being 
located abluminal with respect to the stem cells in the Canal of Hering (Figure 
IB). 

Gene-expression patterns in the GIT 
The gene-expression pattern of the crypts of the small intestine resembles that 
of the liver in certain aspects that appears to underscore our earlier tentative 
conclusion that the liver has to be considered a modified intestinal crypt. The 
expression patterns of the morphogenetic signal transduction pathways (Barolo 
& Posakony, 2002) in particular that of the Wnt/[3-catenin signaling pathway, 
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and that of glutamine synthetase are presently the strongest evidence in favour 
of this concept. 

The Wnt/p-catenin/TCF signaling pathway is necessary for intestinal 
crypt development (Sancho et ai, 2003: Ireland et at, 2004).The signal-
transduction pathway regulates the proliferation/ differentiation switch and the 
migration of cells along the crypt-villus axis by modulating the expression of 
the EphB receptors and their ephrin-B ligands throughout the compartments 
(Batlle et ai, 2002). The expression of EphB3 in the Paneth cells is required in 
order to allow the cells to migrate to the bottom of the crypts, is also driven by 
p-catenin/TCF activity (van de Wetering et ai, 2002; Pinto et ai, 2003). In 
EphB3-null mice, Paneth cells are not restricted to the bottom of the crypts and 
in EphB2/ EphB3 double-null mice, cell migration towards the top of the crypts 
is lost. However, Wnt signaling is also active in the Paneth cells at the bottom 
of the crypts, that is, in cells that have withdrawn from the cell cycle (Sancho et 
at, 2003). Interestingly, these Paneth cells are the only cells in the intestine that 
express GS (Roig et ai, 1995) (Sokolovic M. unpublished observation) . In the 
stomach, GS is expressed in the chief cells, that is, mainly in the fundic part of 
the gastric glands (van Straaten et a/.,, in preparation). Similarly, GS 
accumulates to very high levels in the pericentral hepatocytes of the liver 
(Gaasbeek et ai. 1987;Gebhardt et ai, 1983). Although the expression pattern 
of the Wnt-signaling pathway in the stomach is not yet known, Wnt signaling 
in the liver appears to be confined to the pericentral region of the liver 
(Chapters Wnt and FGF). These findings suggest that Wnt signaling is most 
active in the abluminal parts of the crypts. 

The hypothesis 
The development of the accessory digestive organs (Brunner's glands, the liver 
and the pancreas) from the (crypts in the) proximal duodenum, the localization 
of the stem-cell compartments in stomach, small and large intestines, and the 
liver, and co-localization of the expression pattern of the Wnt/TCF signaling 
pathway and GS expression all suggest that the liver parenchyma has to be 
considered a modified intestinal crypt (Figure IB). 
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Crypts 

Pancfli rets 

A B C D 

Figure 1. The gastrointestinal "crypts". Schematic representation of the stomach (A), liver (B). small 
(C) and large (D) intestinal crypts. The arrows indicate direction of migration of cells away from the 
stem cells. The stem cell position is indicated by the grey "wave", from the neck of the stomach crypt to 
the bottom of the crypt of the large intestine. P-cat: P-catcnin, Shh: sonic hedgehog and Ihh: Indian 
hedgehog. 
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