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1. Introduction


1. INTRODUCTION

The study on developmental biology is largely dependent on a feasible model system. For the study on embryonic development of vertebrates, the African clawed frog (Xenopus laevis) is favored because of a few reasons. Large number of eggs (around 1,500 per female) can be obtained and in vitro fertilization can be easily conducted without seasonal limitation. The large size (1-2 mm in diameter) of embryos facilitates delicate embryological manipulations, such as preparation of explants. Another attractive trait is rapid embryonic development (Fig.1.1). However, as a working model its advantage is also compromised because about 2-3 years is generally required for the frogs to reach sexual maturity, which is too long for genetic study. The allotetraploidy of Xenopus laevis makes another disadvantage, as gene knockout is difficult to perform in tetraploid organisms. For these reasons, Xenopus tropicalis has been selected recently as an alternative for genetic manipulations.

1.1 A molecular sketch of Xenopus early embryonic development 

1.1.1 (-catenin and the establishment of early dorsal axis

Embryonic development involves astonishingly complex biochemical procedures. Great progress has been achieved towards disentangling these procedures. The unfertilized egg of Xenopus laevis is polarized along its animal-vegetal axis, though radially symmetrical. Such a radial symmetry along animal-vegetal axis, however, is broken upon fertilization because cortical cytoplasm is driven by microtubules to rotate an average of 30 degree during the first cell cycle (Vincent and Gerhart, 1987). As a consequence, the dorsal side of the embryo forms in the animal region approximately opposite to the random point of sperm entry (Fig.1.1). And the so-called Nieuwkoop signaling center is also formed in the dorsal side of the vegetal region (Nieuwkoop, 1952; Nieuwkoop, 1973). Molecular events for early dorsal axis establishment have been proposed
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Fig.1.1 The develop-ment of Xenopus. The ovarian oocyte is radial-ly symmetrical and is divided into an animal and a vegetal domain. One hour after fertilization, an unpig-mented dorsal crescent is formed in the fertilized egg opposite the sperm entry point. As the embryo rapidly di-vides into smaller and smaller cells, without intervening growth (cleavage), a cavity called the blastocoel is formed, which defines the blastula stage. By the late blastula stage (9h of    development), the three germ layers become defined. The ectoderm, or animal cap, forms the roof of the blastocoel. The mesoderm is formed in a ring of cells in the marginal zone, located between the ectoderm and endoderm. At the gastrula stage (10 h), involution of the mesoderm towards the inside of the embryo starts at the dorsal blastopore lip. The morphogenetic movements of gastrulation lead to the formation of the vertebrate body plan, patterning the ectoderm, mesoderm and endoderm. At the neurula stage (14 h), the neural plate, or future central nervous system (CNS), becomes visible in dorsal ectoderm. By the tailbud stage (24-42 h), a larva with a neural tube located between the epidermis and the notochord has formed. The blastopore gives rise to the anus, and the mouth is generated by secondary perforation (modified from De Robertis et al., 2000). CNS, central nervous system.

(Moon and Kimelman, 1998; De Robertis et al., 2000), in which (-catenin seems to play the key role. (-catenin is present in the eggs of Xenopus and early embryos (DeMarais and Moon, 1992; Fagotto and Gumbiner, 1994). The importance of (-catenin in dorsal axis determination resides in that its overexpression mimics the dorsal inducing activity and thus induces a complete secondary axis (Guger and Gumbiner, 1995; Kelly et al., 1995), while loss-of-function analyses reveal that the formation of embryonic endogenous axis is blocked (Heasman et al., 1994; Heasman et al., 2000). In addition, immunostaining studies show that (-catenin is enriched in nuclei on the dorsal side of the embryos during cleavage and blastula stages (Schneider et al., 1996; Larabell et al., 1997). These lines of evidence indicate that (-catenin is the first component of a signaling pathway shown to be required for endogenous dorsal axis formation and dorsalizes the three germ layers.

Dorsal accumulation and nuclear localization of (-catenin protein is correlated with the activation of maternal Wnt signaling pathway on the dorsal side. In the absence of Wnt, (-catenin is phosphorylated, by glycogen synthase kinase 3( (GSK-3) via formation of complex with adenomatous polyposis coli (APC) tumor suppressor protein, resulting in the degradation of (-catenin (Yost et al., 1996). While when Wnt binds to the frizzled receptor, disheveled (Dsh) is activated. Activation of Dsh results in the inhibition of GSK-3, hence the stabilization and enrichment of (-catenin. As (-catenin accumulates, it is translocated to the nuclei and forms complexes with transcription factor Lef/Tcf-3, which lead to the regulation of target genes such as siamois, twin and Xnr3 (Moon and Kimelman, 1998). Subsequently, these genes activate transcription of early genes in the Spemann-Mangold organizer.

1.1.2 The three germ layers

The basic body plan in almost all metazoans is derived from the three germ layers, endoderm, mesoderm and ectoderm. Induction and patterning of the germ layers have also been described in somewhat details in Xenopus. The endoderm arises from blastomeres in the vegetal region during early cleavage stages (Fig.1.1). The organs such as gastrointestinal and respiratory tracts, liver, and pancreas originate from this germ layer (Wells and Melton, 1999; Chalmers and Slack, 2000). A two-step molecular model was proposed for endoderm formation (Yasuo and Lemaire, 1999; Yasuo and Lemaire, 2001). First, maternal factors, primarily VegT (Lustig et al., 1996; Zhang and King, 1996; Horb and Thomsen, 1997; Xanthos et al., 2001; Engleka et al., 2001) activate cell-autonomous expression of endoderm-specific genes encoding transcription factors such as Xsox17( (Hudson et al., 1997; Clements and Woodland, 2000) and Mix.1 (Rosa, 1989; Lemaire et al., 1998) and other proteins of TGF-( family, such as Xnr-1, 2, and 4, Activin B and Derriere (Clements et al., 1999; Yasuo and Lemaire, 1999; Sun et al., 1999). Second, zygotically expressed Xnr-1, Xnr-2, Derriere, and possibly other TGF-( factors subsequently activate the zygotic expression of Mixer (Henry and Melton, 1998) and GATA-4. Further, expression of Xsox17(, Mix.1, Xnr-1 and Xnr-2, which involve in the formation of endoderm, are upregulated (Yasuo and Lemaire, 1999).

Mesoderm is formed in the equatorial marginal zone of Xenopus blastula (Fig.1.1), and fated to form head mesoderm, notochord, somites in the dorsal side, and blood cells and also somites in the ventral side. It is believed that three signals (Dale and Jones, 1999; Chan and Etkin, 2001) or sometimes called two signals (De Robertis et al., 2000) work sequentially to execute the task. The first signal emits from the ventral endoderm to induce ventral mesoderm. While a small dorsal part of endoderm, i.e., the Nieuwkoop center, releases a second signal to induce dorsal mesoderm, i.e., the Spemann-Mangold organizer tissue. Finally, the organizer gives out the third signal to pattern the initial mesoderm. The organizer itself differentiates into notochord, prechordal mesoderm, floorplate and dorsal endoderm. Growth factors of the TGF-( or FGF families, including activins A, B, and D, Vg1, Xnr-1, 2, and 4, and BMP2, 4, and 7, mimic the mesoderm-inducing signals and therefore are able to induce mesoderm in animal cap explant experiments (Kimelman et al., 1992; Harland and Gerhart, 1997). Amongst these factors, only Vg1 is considered a suitable candidate for mesoderm inducer, because it is maternally encoded and localized to the vegetal region. A processed form of Vg1 induces mesoderm and endoderm in animal cap assays. When it is inhibited by dominant-negative ligands, both dorsal mesoderm and endoderm formation are disrupted, suggesting the role of Vg1 in mesoderm induction (Dale et al., 1993; Thomsen and Melton, 1993; Kessler and Melton, 1995; Joseph and Melton, 1998). However, it is not completely convincing since the wild type Vg1 has no mesoderm inducing activity. The idea that TGF-( and FGF factors are responsible for mesoderm induction has been partially revised recently by the observation that mesoderm induction is dependent on the T-box transcription activator VegT (Zhang et al., 1998; Kimelman and Griffin, 1998). VegT is also maternally transcribed and the translated products are localized to vegetal hemisphere of cleaving embryos (Stennard et al., 1999). Convincing evidence has shown the central role of VegT in forming mesoderm and endoderm germ layers (Zhang et al., 1998; Kofron et al., 1999).

Ectoderm is derived from the cells in the animal region. Dorsal ectoderm close to the organizer develops into neural folds, from which the central nervous system is derived, while ventral ectoderm develops into epidermis (Fig.1.1). At the boundary between neural folds and epidermis, cement gland, various placodes and neural crest are formed. It has been shown that, by ectoderm dissociation experiments, the default state of ectoderm is neural (Grunz and Tacke, 1989; Grunz and Tacke, 1990; Hemmati-Brivanlou and Melton, 1997). Further evidence shows that BMP-4 plays the key role to prevent neural development in the ectoderm (Wilson and Hemmati-Brivanlou, 1995). Dorsal ectoderm is induced to adopt a neural fate by dorsalizing activities of factors in the organizer, such as Chordin, noggin, follistatin, Xnr-3, Cerberus and dkk-1. Chordin, noggin, follistatin and Xnr-3 are antagonists of BMP-4 (Piccolo et al., 1996; Zimmerman et al., 1996; Iemura et al., 1998; Hansen et al., 1997), while Cerberus and dkk-1 are antagonists of Wnt (Piccolo et al., 1999; Glinka et al., 1998). Therefore, repression of BMP or Wnt signaling leads to neural induction in the ectoderm. It is also shown that FGF signaling is involved in anterior neural induction (Hongo et al., 1999). Briefly, the dorsal ectoderm absent of BMP and Wnt pathway adopts a neural fate, while the ventral ectoderm with active BMP and Wnt signaling differentiates into epidermis.

1.1.3 Spemann-Mangold organizer
The most significant event in developmental biology is of course the discovery of the “organizer” by Spemann and Mangold. A small piece of tissue in gastrulae, the dorsal lip of blastopore, is able to pattern an early embryo with distinct anterior-posterior, dorsal-ventral and left-right axes. When transplanted to a heterotopic location of a recipient embryo, the dorsal lip can induce a complete secondary body axis, hence the name “organizer”. Formation of the organizer has been extensively reviewed (Harland and Gerhart, 1997; Nieto, 1999; De Robertis et al., 2000; Bouwmeester, 2001). It can be traced back to the dorsal stabilization of (-catenin during early cleavage. Subsequently after midblastula transition (MBT), the (-catenin signal, in combination with other maternal genes including Vg1 and VegT, activates a dorsal-ventral gradient of Nodal related signals (Xnr) in the endoderm. In turn, this gradient induces the formation of mesoderm: low doses of Xnrs in ventral side induce ventral mesoderm, while high doses in the dorsal side lead to the formation of organizer.

The axis inducing activities by the organizer have been elucidated at the molecular level. It has been revealed by molecular studies that the organizer is indeed an enrichment of secreted antagonists of growth factors, including Chordin, noggin, follistatin, ADMP, Crescent, shh, Xnrs, cerberus, Lefty, Antivin, Frzb-1 and dkk-1 (De Robertis et al., 2000). It also harbors many nuclear factors, such as Gsc, Xlim-1, HNF-3(, Xnot, Xanf-1, Otx-2, Siamois, Xtwn, Iro3, and bozozok (De Robertis et al., 2001). Amongst these secreted proteins, Chordin, noggin and follistatin act as antagonists against BMP4 by direct binding (Piccolo et al., 1996; Zimmerman et al., 1996; Fainsod et al., 1997). Crescent, Frzb-1 and dkk-1 antagonize Wnt (Wang et al., 1997; Pera and De Robertis, 2000; Glinka et al., 1998). Cerberus is a multivalent antagonist for Wnt-8, Xnrs and BMPs (Bouwmeester et al., 1996; Piccolo et al., 1999; Fig.1.1). Lefty/Antivin blocks nodal signaling by binding to TGF-(/Nodal receptor (Meno et al., 1996; Thisse and Thisse, 1999).

In addition to self-differentiation of the organizer as aforementioned, the principal proposed functions are body axis patterning, neural induction of the ectoderm, and morphogenesis (Harland and Gerhart, 1997; Bouwmeester, 2001). First, the organizer reveals a function in dorsal-ventral patterning. Ventral overexpression of mRNAs for Chordin, noggin and follistatin results in the formation of twinned axes, an effect reminiscent of organizer grafting experiments. These factors function as agonists of ventral cell fates, which are specified by BMP4. Such a dorsalization of ventral mesoderm by these proteins has led to the proposal that BMP antagonism is the main inductive activity of the “trunk organizer”. Second, the “head organizer” patterns the anterior-posterior axis as it expresses secreted factors, Cerberus, dkk-1 and Frzb-1. These factors are expressed in the dorsoanterior endoderm and prechordal plate, and antagonize Wnt glycoproteins. Combinatorial expression of Wnt antagonists together with BMP antagonists leads to secondary axis with head structures (Glinka et al., 1997; Glinka et al., 1998; Piccolo et al., 1999). Third, in addition to the function as dorsalizing factors, Chordin, noggin and follistatin also act as neural inducers. Based on the neural default model, the ectoderm has a natural tendency to differentiate into neural tissue (Hemmati-Brivanlou and Melton, 1997). This tendency is inhibited, however, by BMP signaling. The ectoderm with active BMP signaling differentiates into epidermis. Chordin, noggin and follistatin can disable BMP signaling via direct ligand binding. Therefore, the ectoderm free of BMP signaling will be neural, from which future nervous system will be derived. Finally, the organizer also controls some of the complex morphogenetic movements (Harland and Gerhard, 1997; Bouwmeester, 2001). The first reason should be that extensive morphogenesis is necessary to bring the organizer to the vicinity of other tissue so that the organizer’s inducers can reach the distant targets. Some, nevertheless not all, morphogenetic movements are dependent on the organizer, i.e., the movement of the organizer itself and thus induced movement of neighboring tissues, in particular the somitic mesoderm. Anterior organizer cells perform a spreading migration. The posterior organizer cells, and the somites which are induced from lateral-ventral mesoderm by organizer signals, engage in convergent extension.

Once the germlayers are formed and body axes are established, embryos will proceed to organogenesis, thus a free-swimming larva of Xenopus laevis comes into entity.

1.2 The objective of this research

Last year the most celebrated event in biology was the announcement of the completion of human genome sequencing. The deciphering of genomic genetic codes of human and many other organisms makes some think that it is time to understand how an organism is built. This is apparently a great leap towards this goal but still far from it. Because the single words in the tome of genome are recognized, and herculean efforts are required to compile words into meaningful sentences and paragraphs, that is to say, to probe gene functions and crossregulation between genes during life cycles. If for embryogenesis, it is exactly the objective of modern developmental biology. In the case of amphibians including Xenopus laevis, some 50,000 genes are estimated to participate in embryonic development (Wolpert et al., 1998). Albeit many key molecules in Xenopus development have been characterized and to some extent the framework of early embryogenesis has been established as outlined above, the major part of the genes have yet to be discovered and functionally analyzed. To achieve this goal, a variety of approaches have been developed. One simple way is to identify genes in homology with those well described in the embryogenesis of other organisms, such as Drosophila and mice. This is a valuable approach to investigate whether or not the functions of these genes are conserved through invertebrate to vertebrate. Or in most other cases, genes are identified from cDNA libraries constructed from specific stages or tissues, for example oocytes (I. Dawid, D. Melton) (names indicating group leaders), eggs (M. King), embryos at different stages (I. Dawid, M. King, P. Lemaire, C. Kintner, T. Pieler), LiCl-dorsalized embryos (P. Lemaire, C. Niehrs), dorsal blastopore lip (E.M. De Robertis), or induced pronephros (M. Asashima), etc. Research works with these libraries have been leading to the identification of many genes that improve profoundly our knowledge of embryogenesis. The highlighted events may be the discovery of genes in the Spemann-Mangold organizer from a dorsal blastopore lip library (Bouwmeester et al., 1996) and a LiCl-treated stage 13 embryo library (Glinka et al., 1998). Some strategies were also developed specifically for the isolation of genes for secreted proteins (Klein et al., 1996; Jacobs et al., 1997; Pera and De Robertis, 2000; Matsui et al., 2000; Tsuda et al., 2002), as they play key roles in cell-cell signaling. In addition, there is a strategy particularly developed for isolating genes for DNA-binding proteins (Mead et al., 1998).

A few years ago, Professor Dr. Horst Grunz proposed an idea to isolate endoderm inducing or neural inducing genes by constructing endoderm- or notochord-specific cDNA library. In order to obtain adequate amount of endoderm or notochord tissue for library construction, an in vitro system that was well established on the basis of earlier results was employed (Grunz, 1969; Minuth and Grunz, 1980; Grunz, 1983; Grunz and Tacke, 1989). The principle is that disaggregated animal cap cells at stage 8-9 treated with high concentration of activin will differentiate into homogeneous endoderm-like tissue or into homogeneous notochord tissue when treated with lower concentration of activin. The homogeneity of these induced tissues was confirmed with histological sections or markers, such as endoderm-specific gene endodermin (Sasai et al., 1996). The libraries were constructed successfully. These led to the identification of the transcription factor XER81, which interferes with activin-mediated induction of Xegr-1 and Gsc (Chen et al., 1999), and the retinoic acid hydroxylase XCYP26, which helps to establish boundaries of retinoic acid signaling during embryogenesis (Hollemann et al, 1998). Here what will be described is the screening and characterization of three genes XODC2, XCL-2 and XETOR from the endoderm-like cDNA library.

1.3 Calpains, XCL-2 and convergent extension movements 

Calpains are intracellular nonlysosomal cysteine protease that absolutely requires Ca2+ for activity. There are three forms of Calpains, µ-Calpain requiring Ca2+ in micromole for activity in vitro, m-Calpain requiring Ca2+ in millimole, and an intermediate form identified in chicken. Both µ-Calpain and m-Calpain are heterodimers consisting of an 80 kDa large subunit and a common 30 kDa small subunit (Sorimachi et al., 1994; Arthur et al., 1995; Suzuki and Sorimachi, 1998). Calpains play a role in various pathological states, including degenerative diseases of muscle and nerve, apoptosis, hypertension, cataract formation, rheumatoid arthritis, and Alzheimer's disease. Calpain was originally discovered as an activator of phosphorylase b kinase (Huston and Krebs, 1968) and later identified as an activator of protein kinase C (Takai et al., 1977). Actually Calpains cleave many membrane proteins and membrane-associated proteins. There are typical Calpains with four complete domain structures and atypical Calpains generally with only protease domain. Moreover, some typical Calpains are ubiquitous while others are tissue-specific (Sorimachi et al., 1994). Calpains have been discovered in a wide spectrum of organisms from Aspergillus, yeast, nematode, Drosophila to chicken and human, though, their functions in embryonic development are very poorly known. The Calpain identified here, XCL-2, is a typical tissue-specific m-type Calpain large subunit. It will be shown here some lines of evidence for its role in convergent extension movements during embryonic development of Xenopus laevis.

Convergent extension movements are the major driving force for the process of gastrulation, neurulation and formation of body axis in Xenopus laevis (Keller, 1986). During gastrulation, mesoderm at the blastopore lip involutes, converges toward the dorsal midline (convergence), and at the same time elongates along the future anterior-posterior axis (extension), thus the axial mesoderm, paraxial mesoderm as well as neural tissues are formed symmetrically (Keller and Tibbetts, 1989). Moreover, the movement is also the driving force for the closure of blastopore (Keller and Tibbetts, 1989).

Cellular basis for convergent extension movements have been more comprehensively investigated as compared to the molecular mechanism. However, there have been increasing evidences that some molecules are involved in this procedure. Among them known in somewhat more details are the second group of Xwnts, i.e., Xwnt4, Xwnt5 and Xwnt11 (Moon et al., 1993; Tada and Smith, 2000), the receptors frizzled-7 (Djiane et al., 2000), frizzled-8 (Deardorf et al., 1998) and frizzled-11 (Tada and Smith, 2000). Some Ca2+-dependent proteins, such as C-cadherin, were also shown to take part in morphogenetic movements by interfering cell adhesion (Lee and Gumbiner, 1995). More recently, Disheveled signaling was shown to regulate both neural and mesodermal convergent extension (Wallingford and Harland, 2001).

In the following, it will be presented that overexpression of wild-type XCL-2 disrupted gastrulation movement and convergent extension during gastrulation and neurulation. Moreover, overexpression of a dominant-negative mutant caused a phenotype morphologically similar to, but histologically different from, that caused by overexpression of wild-type XCL-2. The mutant phenotype can be rescued by injection of wild-type XCL-2. These data suggest that XCL-2 plays an important role in convergent extension movements during embryogenesis in Xenopus laevis.

1.4 ETO/MTG8/CDR, XETOR and primary neurogenesis 

The proto-oncogene ETO (for Eight-Twenty One, also known as MTG8 or CDR) encodes a protein with potent activity of transcriptional repression. ETO on chromosome 8 in human is often translocated to AML1 on chromosome 21 to make a fusion transcript in acute myeloid leukemias (Feinstein et al., 1995; Melnick et al., 2000; Wang et al., 1998). AML1 contains a “Runt domain” named after the Drosophila gene runt, and its Xenopus homologue Xaml has been identified to play a significant role in primitive hematopoiesis, albeit it is also expressed in the sensory neurons during neural plate stage (Tracey et al., 1998; Koyano-Nakagawa et al., 2000). So far the ETO coding sequence has also been revealed to be conservative through Drosophila to human (Feinstein et al., 1995; Kitabayashi et al., 1998). One attractive feature of these genes is that they are mainly expressed in the nervous system in different species (Feinstein et al., 1995; Wolford and Prochazka, 1998), suggesting they should be functionally conservative. But so far no functional analyses have been made for these genes during the development of nervous systems. 

In Xenopus laevis, a primary nervous system is formed in the neural plate stage from neuroectoderm, which is induced by neuralizing signals such as noggin, Chordin and follistatin from the organizer (Saxen, 1989; Harland and Gerhart, 1997; Streit and Stern, 1999). These inducers function to induce and pattern the neural plate by antagonizing the BMPs, Wnts, and the newly identified Tiarin (Tsuda et al., 2002; Wessely and De Robertis, 2002). The neural inducers of organizer activate neuralizing genes in the Sox and Zic families, such as SoxD, Zic-r1, Zic3, Sox2 and geminin, which subsequently activate proneural genes (Mizuseki et al., 1998a; Mizuseki et al., 1998b; Nakata et al., 1997; Kroll et al., 1998). Expression of these Sox and Zic genes is localized to the dorsal ectoderm during early gastrula. They are promoted by Chordin but inhibited by BMP signaling. Overexpression of these genes leads to an increase of proneural genes such as Xngnr-1, Xash-3, and XNeuroD, and consequently, the promotion of primary neuronal differentiation. These neuralizing genes, therefore, may act to link neural inducers to activate proneural genes.

Primary neurogenesis is promoted by proneural genes both in Drosophila and Xenopus (Fig.1.2). The basic Helix-Loop-Helix (bHLH) transcription factors encoded by the achaete-scute complex (AS-C) and atonal genes in Drosophila provide cells with the potential to adopt a neural fate, therefore they are termed “proneural genes”. A few of such transcription factors have also been characterized in Xenopus. When embryos are still at early gastrula (stage 10.5), a bHLH transcription factor gene Xngnr-1 starts to express, and defines the three prospective patches of primary neurons in the neural plate. Overexpression of this gene will lead to strong ectopic neuron formation (Ma et al., 1996). Expression of Xngnr-1 precedes that of Xash-3 and Xath3, which begin to express since stage 11 and 12 (Zimmerman et al., 1993; Takebayashi et al., 1997), respectively. Xash-3 is an AS-C homologue, too. Overexpression of Xash-3 promotes neuron formation within neuronal domains in lower concentration while inhibits neuron formation in higher concentration due to the activation of lateral inhibition (Ferreiro et al., 1994; Chitnis and Kintner, 1996). When overexpressed in concert with a zinc-finger transcription factor gene XMyT1, however, it induces ectopic neurons in naïve ectoderm (Bellefroid et al., 1996). In the case of Xath3, a Drosophila atonal homologue, overexpression will lead to strong ectopic neuron formation, too (Takebayashi et al., 1997; Perron et al., 1999). Overexpression showed that Xngnr-1 activates Xath3 in a unidirectional way (Bellefroid et al., 1996; Perron et al., 1999). Still downstream, a neural differentiation gene XNeuroD is activated by Xngnr-1 also in a unidirectional way (Ma et al., 1996). XNeuroD is another bHLH transcription factor starting to express since stage 13.5 (Lee et al., 1995). Again, overexpression of this gene induces formation of ectopic neurons in nonneural ectoderm (Lee et al., 1995). More recently, Xebf3 was identified as a downstream target of XNeuroD (Pozzoli et al., 2001). It is activated at 15.5 and promotes neuronal differentiation, as XNeuroD does. The temporal sequence of expression of these genes and the unidirectional way of activation reflect that they regulate successive stages of primary neurogenesis.

On the other hand, neurogenesis is repressed by neurogenic genes via downregulating proneural proteins. In Drosophila, the products of neurogenic genes Delta and Notch comprise a cell-cell signaling mechanism termed lateral inhibition whereby a cell committed to neural fate forces its neighbors to remain nonneural (for reviews, see Artavanis-Tsakonas et al., 1995; Kopan and Turner, 1996; Beatus and Lendahl, 1998). Neural precursors are first specified by proneural genes in clusters of cells within the neuroepithelium. In the meantime, proneural proteins also enhance the expression of the inhibitory ligand encoded by Delta  (Kunisch et al., 1994), and in turn they are inhibited by signaling via the receptor encoded by Notch in the neighboring cells. By this way, cells expressing proneural genes and hence Delta adopt a neural fate while their neighbors remain nonneural. When these genes are mutated in Drosophila, massive over-production of neurons will be resulted, hence the name “neurogenic genes”.

The mechanism is also conserved in vertebrates (Fig.1.2). Homologues of Delta and Notch have been identified in Xenopus, namely, X-Delta-1 and X-Notch-1. It was shown that they control the number of primary neurons in very much the same way as in Drosophila (Chitnis et al., 1995; for review, see Beatus and Lendahl, 1998). Increased density of primary neurons is observed within the neuronal domains when the signaling is blocked by X-Delta-1STU, a dominant negative form of the ligand. In contrast, when the pathway is activated by a dominant active form of the receptor, X-Notch-1ICD, primary neuron formation is repressed (Chitnis et al., 1995), as a result of inhibition of proneural genes including Xngnr-1, Xash-3, and Xath3 (Ma et al., 1996; Chitnis and Kintner, 1996; Perron et al., 1999; Bellefroid et al., 1996). Therefore, lateral inhibition plays an instrumental role in keeping the balance between the number of neuronal precursors and the number of primary neurons. 

After these successive waves of neurogenesis, a number of neuroectodermal cells are sorted out to become neurons while others remain epidermal (Lewis, 1996; Lee, 1997; Chitnis, 1999). This primary nervous system is composed symmetrically of lateral, intermediate and medial longitudinal stripes on each side of the dorsal midline, which differentiate into motorneurons, interneurons and sensory neurons, separately.
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Fig.1.2 A simplified model for primary neurogenesis. It is pro-moted by proneural genes while repressed by lateral inhibition via cell fate selection, as a result of inhibitory effect of lateral inhibi-tion signaling on the function of early pro-neural genes. But late expressed proneural genes are refractory to lateral inhibition. Such a mechanism determines the number but not the localization of primary neurons.
So far, lateral inhibition is known to be the principal inhibitory mechanism for the regulation of primary neurogenesis. Blocking of lateral inhibition will lead to more densely formation of primary neurons without alteration in the size of neurogenic domains, suggesting that lateral inhibition regulates primary neurogenesis by the way of limiting only the number of primary neurons. It is interesting to notice that Xngnr-1 defines proneural domains much larger than the area where primary neurons form, as shown by a much larger expression domains of Xngnr-1 than those of N-tubulin. Furthermore, the early proneural genes often have broader expression domains than those of late expressed ones, for example, Xngnr-1 is expressed in broader domain than is Xath3, and the domain of Xath3 is broader than XNeuroD (Ma et al., 1996; Perron et al., 1999; Lee et al., 1995). Such a correlation of temporal and spatial expression is also reported between XMyT1 and N-tubulin, since XMyT1 is expressed earlier in a broader domain than is N-tubulin (Bellefroid et al., 1996). Therefore, there should be a mechanism to regulate proneural genes such that primary neurogenesis can occur at an exact localization. It is known that lateral inhibition is particularly responsible for the regulation of earlier expressed genes, in particular those for neuronal determination (Chitnis and Kintner, 1996), such as Xngnr-1 and Xash-3. While in later stages, neuronal differentiation genes such as XNeuroD and its downstream regulator Xebf3 are proved to be resistant to lateral inhibition, although overexpression of XNeuroD itself also activates X-Delta-1 (Lee et al., 1995; Chitnis and Kintner, 1996; Pozzoli et al., 2001). Then it comes another question how primary neurogenesis is negatively regulated when lateral inhibition is no longer effective for late expressed genes. 

In the following it will be shown the molecular cloning of XETOR, an ETO related gene in Xenopus, and its functions during primary neurogenesis. Briefly, it was found that expression of XETOR starts from stage 12.5 in symmetrical stripes on either side of dorsal midline. The expression domain overlaps with but is broader than that of N-tubulin. By both gain-of-function and loss-of-function analyses, it was found that 1) XETOR is an inhibitory factor for primary neurogenesis in independence of lateral inhibition; 2) XETOR functions via establishing a negative feedback loop with proneural genes, similar to the case of lateral inhibition; 3) XETOR puts into action when lateral inhibition is no longer effective, because proneural genes sensitive to lateral inhibition are not sensitive to XETOR while those insensitive to lateral inhibition are sensitive to XETOR; 4) XETOR and lateral inhibition antagonizes each other; 5) loss of XETOR function in vivo causes expansion of neurogenic domains; and conclusively 6) XETOR and lateral inhibition comprise a dual inhibitory mechanism to refine the number and localization of neurons for primary neurogenesis.

