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Abstract:

 The last fifteen years have seen the identification of some of the mechanisms involved in anterior neural plate specification, patterning, and morphogenesis, which constitute the first stages in the formation of the forebrain. These studies have provided us with a glimpse into the molecular mechanisms that drive the development of an embryonic structure, and have resulted in the realization that cell segregation in the anterior neural plate is essential for the accurate progression of forebrain morphogenesis. This review summarizes the latest advances in our understanding of mechanisms of cell segregation during forebrain development, with and emphasis on the impact of this process on the morphogenesis of one of the anterior neural plate derivatives, the eyes.
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1. Introduction

Embryonic development is a highly orchestrated process, in which the cells that form the embryo gradually acquire specific fates (patterning) and shapes (morphogenesis) to give rise to tissues and organs of precise organization and function. Intense research in the last few decades has revealed some of the mechanisms involved in the coordination of these two processes. Patterning requires the activity of intercellular signals, secreted molecules called morphogens that confer specific fates in a concentration-dependent manner by controlling the combinatorial activation of fate-promoting transcription factors (TFs) in broad groups of cells [1,2]. Patterning is accompanied by the dynamic reorganization of embryonic tissues, essential to confer the final shape to the organism. During this morphogenetic transformation, mechanisms must be in place to maintain the integrity of domains of cells fated to give rise to one particular structure of the embryo, and to keep them segregated from surrounding domains. A wealth of work has contributed to unravel the molecular mechanisms involved in maintaining the segregation of embryonic domains (reviewed in [3–6]). Briefly, mechanisms involving differential adhesion, cell-cell repulsion, or the generation of mechanical tension at the borders between adjacent domains have been shown to effectively promote cell segregation in a variety of developmental contexts. More recently, it has started to become apparent that cell segregation properties are established downstream of the signals and TFs that confer cell fate, suggesting a functional link between these two processes (e.g., [7]; other examples reviewed in [2]).

One of the embryonic structures in which more effort has been invested to unravel the mechanisms controlling patterning and morphogenesis is the forebrain. The morphological complexity of the forebrain arises from a simple structure, the anterior neural plate (ANP), which gets gradually subdivided into different domains and extensively reshaped as development proceeds [8–10] (Figure 1). One of the domains specified within the ANP is the eye field. This domain gives rise to the optic vesicles, bilateral extensions of the forebrain that constitute the first morphological manifestation of eye differentiation [11–13]. Over the last 15 years, we have gained extensive knowledge on the signals and TFs involved in eye specification and differentiation. More recently, other works have started to address the mechanisms involved in the segregation of the eye primordium from the rest of the brain. In the first part of this review, I will summarize our current knowledge on general mechanisms of cell segregation, to then discuss the contribution of these mechanisms to the segregation of domains during ANP and eye development. A special emphasis has been put on studies performed in fish models, since they have been instrumental for our understanding of forebrain morphogenesis.

Figure 1. Image showing the organization of brain domains from a dorsal (above) and a transverse (below) view, at neural plate stage and after optic vesicle evagination. Color code is indicated in the figure.
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2. Mechanisms of Cell Segregation

The mechanisms promoting cell segregation have been the subject of intense research since more than 50 years ago, when the seminal works from Townes and Holtfreter [14], and later on from Steinberg ([15]; reviewed in [6,16]), led to the formulation of the Differential Adhesion Hypothesis (DAH). The DAH proposes that differential adhesion between cells belonging to different tissues is the cause for their segregation [15]. The molecular machinery responsible to promote this behavior remained elusive until the 1980s, with the discovery of cadherins, a family of transmembrane proteins with homophilic binding properties (an excellent historical review of the path to the discovery of cadherins can be found in [17]). In the last 20 years, it has become apparent that in addition to selective adhesion promoted by cadherins, cell-cell repulsion promoted by the interaction between Eph receptors and their membrane bound ligands the Ephrins, and local mechanical tension promoted by cortical actomyosin activity, can induce cell segregation. As will be discussed below, these molecular mechanisms are functionally interconnected and contribute in an integrated way to the establishment and maintenance of cell segregation during embryonic development. As many excellent reviews have recently covered in detail these processes (see [3–6] for an extensive discussion on the mechanisms of cell segregation), here, I will briefly introduce the general ideas behind each proposed mechanism, to set up the concepts that will be required in the second part of the review.


2.1. Cadherins and Differential Adhesion

Cadherins constitute a large family of transmembrane proteins with strong homophilic binding properties. Cadherins in opposing cell membranes interact to generate a physical contact, which gets stabilized by the assembly of a multimolecular complex on the cytoplasmic side of both cells and the formation of adherens junctions between them (reviewed in [18,19]). It has been proposed that the strength of the adhesive contact between cells is the product of the amount and the type of cadherins expressed by them (reviewed in [6]). In vitro studies have shown that confronting two populations of cells carefully engineered to express different levels of cadherins results in the segregation of these two populations of cells, with the one expressing higher levels being enveloped by the one expressing lower levels of cadherins [20–22]. Binding between different types of cadherins (heterophilic binding) is presumably weaker than homophilic binding, and can also result in differential strength of adhesion between populations of cells expressing different types of cadherins (i.e., [23–25]).

Despite clear evidence from in vitro studies for a role for cadherins in promoting cell segregation, evidence of their in vivo relevance is scarce. One of the first reports showing this requirement showed that oocyte positioning in the Drosophila follicle is dependent on the levels of DE-cadherin expression [26]. DE-cadherin is expressed at high levels in the oocyte and posterior follicular cells, and this determines the sorting of the oocyte to the posterior part of the follicule. Direct modulation of cadherin adhesive activity has been shown to promote cell segregation in other cases. For example, tissue segregation during gastrulation in Xenopus has been shown to occur as a consequence of the downregulation of C-cadherin adhesive properties by mesoderm-inducing growth factors [27–29]. Regionalized expression of different types of cadherins has also been shown to promote cell segregation. Indeed, cadherins show regionally restricted patterns of expression in a variety of developmental contexts, and their tissue-specific expression often coincides with the presence of sharp boundaries between domains of expression (i.e., [30–36]). In the mouse telencephalon for example, the complementary expression of cadherin-6 and R-cadherin promotes segregation between cortex and striatum [34]. Similarly, the differential expression of a number of cadherins by specific pools of motorneurons in the chick spinal cord promotes their segregation in discrete nuclei [33].

Cell segregation can therefore result from selective adhesion between cells expressing similar levels and/or subtype of cadherins. In addition to selective cell adhesion by cadherins, cell-cell repulsion can also promote cell segregation and result in the establishment of a boundary between two cell populations. In this case, the molecular machinery promoting segregation makes use of a family of membrane bound proteins, the Ephrins, and their receptors, the Ephs.



2.2. Ephrins and Cell-Cell Repulsion

Ephs and Ephrins are subdivided in two families according to their structure. EphrinA ligands are anchored to the membrane by a glycophosphatidyl inositol (GPI) domain, and bind to EphA receptors; EphrinB ligands are transmembrane proteins that bind to EphB and EphA4 receptors [37]. The interaction between Ephs and Ephrins upon cell-cell contact leads to their clustering and to the activation of a bidirectional signal that results in cell repulsion (reviewed in [38,39]). The first evidence for the role of Eph/Ephrins in promoting cell segregation came from the elegant studies performed by the Wilkinson group, to dissect the molecular mechanisms of segmentation during hindbrain development [40–42]. The hindbrain is formed by a number of repetitive units or segments, the rhombomeres, which strictly segregate from each other [43–46]. Odd and even rhombomeres show an alternating pattern of expression of Ephs (EphBs and EphA4) and ephrinBs, with rhombomeres 3 and 5 expressing Ephs while rhombomeres 2, 4, and 6 express ephrins [47–53]. The interaction of Ephs and Ephrins along rhombomere boundaries activates a repulsive signal that maintains the integrity of the boundaries [40–42]. Consistently, loss of function of Ephs/Ephrins leads to a loss of rhombomere boundaries and to defective rhombomeres segregation [40,54]. Ephs and Ephrins show largely complementary expression patterns throughout vertebrate embryos (e.g., [55]) and their interaction at interfaces of expression is similarly involved in the maintenance of intersomitic boundaries [56–59], the boundary between the axial and paraxial mesoderm [60], and the segregation between germinal cell layers during Xenopus gastrulation [61,62].



2.3. Cell Cortex Tension and Cell Segregation

As described above, the DAH was the first one to be proposed to explain cell segregation [15], but other models were subsequently put forward to explain this property of embryonic tissues. One of them relies on the mechanical properties conferred to cells by their cortical actomyosin cytoskeleton, and proposes cell cortex tension and cell-surface contraction as the molecular mechanism promoting cell segregation. Despite being proposed shortly after Steinberg’s DAH [63], experimental evidence in support of this model has started to be provided only recently (reviewed in [5]). The first molecular evidence came from the observation that actomyosin cables concentrated at the compartmental boundaries of Drosophila wing imaginal discs, and at the parasegmental boundaries of Drosophila embryos [64–66]. These actomyosin cables concentrated under the belt of adherens junctions in the cells lining up the compartment, and generated supracellular structures that conferred higher tension properties to these regions of the epithelium, thus preventing the intermingling of cells and generating a straight boundary [64–67]. More definitive evidence of the role of cell cortex tension in promoting cell segregation came from studies in vertebrates, which combined detailed biophysical measurements in vitro with in vivo testing and in silico modeling. A compelling study in the zebrafish by the Heisenberg group, showed that actomyosin-dependent cortex tension needs to be taken into account to explain the pattern of segregation of zebrafish germ layer cells during gastrulation [68]. Similar to the situation at the compartmental borders in Drosphila, cortical actomyosin acummulates at the interfaces between germinal layers, and is reduced at homotypic cell-cell interfaces [69]. In addition to the boundary between germinal layers during early embryogenesis, other boundary regions in vertebrates, such as inter-rhombomeric and intersomitic boundaries [48,59,70,71] the midbrain-hindbrain boundary (MHB; [72]) or the boundary between the eye field and surrounding neural plate domains [73] (see below), are delineated by an accumulation of cortical actomyosin, suggesting a conserved role for these structures in the promotion and/or maintenance of cell segregation during morphogenesis.



2.4. Integration of Cadherin, Eph/Eprins and Cell Cortex Tension Function during Cell Segregation

It should be noted that selective cell adhesion, cell repulsion and cell cortex tension are not exclusive mechanisms. Indeed, from the discussion above it becomes readily apparent that several mechanisms have been described to influence cell segregation in a number of embryonic structures (see Table 1). For example, cadherins, Eph/Ephrins, and cell cortex tension, have been shown to influence germ layer separation, and the establishment of rhombomere and somite boundaries. Recently, molecular mechanisms that functionally integrate the activity of these three systems have been proposed (Figure 2). The compartmentalization of the mouse gut epithelium, for example, requires Eph/Ephrin signaling to modulate E-cadherin localization at the plasma membrane [74,75]. Eph/Ephrin interaction recruits the metalloproteinase ADAM10, and ADAM10 in turn cleaves E-cadherin, reducing the adhesive strength of the intercellular interaction at the Eph/Ephrin interface and promoting in this way cell segregation [75]. The activation of the Eph/Ephrin signalling pathway also leads to the modulation of the cytoskeleton (see [37,38]), and has been proposed to directly control cell cortex tension during germ layer segregation in Xenopus [61,62], and at inter-rhombomeric boundaries in the zebrafish [71]. Recently, Eph/Ephrin control of cell cortex tension has been shown to promote the segregation of axial (notochord) and paraxial (somites) mesoderm and the formation of the notochord boundary [60]. In this case, high cortical tension promoted by Eph/Ephrin activity interferes with cadherin clustering at cell-cell junctions, drastically reducing cell adhesiveness at the notochord boundary and promoting tissue segregation [60].

Figure 2. Schematic representation of the proposed interactions between the mechanisms leading to cell segregation.



[image: Symmetry 06 00704f2 1024]






Table 1. Summary of the mechanisms of cell segregation discussed.



	
Mechanisms

	
Molecules

	
Examples






	
Differential adhesion

	
Cadherins

	
Drosophila oocyte positioning




	
Xenopus gastrulation




	
Mouse telencephalon regionalisation




	
Chick spinal cord motorneuron pools segregation




	






	
Cell-cell repulsion

	
Eph/Ephrins

	
Zebrafish hindbrain segmentation




	
Xenopus axial/paraxial mesoderm segregation




	
Xenopus germ layers segregation




	
Zebrafish ANP regionalisation




	






	
Cell cortex tension

	
Actomyosin

	
Drosophila compartmental borders




	
Zebrafish germ layer segregation




	
Zebrafish hindbrain segmentation









These studies suggest that the three molecular mechanisms (cell adhesion, cell cortex tension, and Eph/Ephrin signaling) come together into a single molecular pathway (Figure 2). It should be highlighted, though, that the ultimate control of cadherin clustering at the cell membrane by Eph/Ephrin activity, both at the notochord border and in the gut epithelium, generates a boundary of low adhesiveness between two tissues with similar adhesive properties. A similar situation has been described at the antero-posterior boundary (AP) of the wing imaginal disc in Drosophila, where A and P cells show similar affinities [76], and segregation at the AP boundary is thought to rely instead on the generation of a cortical actomyosin cable [65]. This scenario is conceptually different to that proposed by the DAH, where different strengths of adhesion in each tissue would account for their segregation.




3. Cell Segregation during Nervous System Regionalization

Tissue regionalization and cell segregation have been extensively studied in the context of brain development. The primordium of the brain, the neural plate, gets gradually patterned and regionalized to give rise to a number of discrete domains, each of which will develop into a particular brain structure with a specific pattern of connectivity and functionality. The brain is initially subdivided into fore-, mid-, and hindbrain, broad domains specified along the AP axis by a number of secreted signals from the Fibroblast Growth Factor (FGF), Transforming Growth Factor (BMPs), Hedgehog (Hh), retinoic acid (RA), and Wnt families (reviewed in [1,2,10,77]). These broad regions get further subdivided into smaller domains as development proceeds, a process that again requires the function of some of these same signals.

The first boundaries to be uncovered in the brain were the inter-rhombomeric boundaries. As detailed in the previous section, maintenance of cell segregation between rhombomeres seems to involve a combination of selective adhesion by cadherins [44], cell segregation by Eph/Ephrin signaling [41,42,48,54] and modulation of cell cortex tension by actomyosin actvity [71]. In addition, in the rostral part of the brain, similar cell segregation boundaries have been described. For example the MHB, the diencephalon/midbrain boundary, the zona limitans intrathalamica and the pallial/subpallial boundary within the telencephalon, are all of them cell segregation boundaries (reviewed in [2]). The molecular mechanisms involved in their establishment and maintenance are not so well understood as for rhombomere boundaries, but in some cases differential cadherin expression and Eph/ephrin interfaces of expression have been described associated to these structures [30,31,78–80]. Within the ANP, recent insight has shown that strict cell segregation is also observed between the eye primordium and surrounding tissues [73,81,82]. As will be discussed below, a number of molecular mechanisms have been proposed to play a role in the maintenance of cell segregation in this part of the neural plate.



4. Eye-Brain Segregation


4.1. Eye Field Specification and Morphogenesis

The specification of the eye field requires the combined action of a number of transcription factors collectively known as eye field specification transcription factors (EFTFs), whose expression is controlled by the network of secreted signaling molecules controlling AP positional information within the ANP ([83–85] and references within). Once specified, the eye field gets transformed into the optic vesicles, bilateral evaginations from the walls of the forebrain (Figure 1). Initial studies in mouse, chick and Xenopus showed that extensive changes in cell shape and cell intercalation accompany optic vesicle formation [86–89]. Recent work exploiting the imaging advantages of the fish models has allowed us to start building a more precise model of the cell reorganizations that culminate with the formation of the optic vesicles in this model organism. Eye field cells show active behaviors as they get displaced mediolaterally [90–93]. This process is accompanied by a fast change in cell shape, and by the acquisition of apico-basal polarity characteristics by the cells in the eye primordium [94]. These changes in cell shape and polarity occur in a gradual way. The cells lining the edge of the eye field are the first ones to undergo this transformation, which results in the formation of an incipient neuroepithelium; as evagination proceeds, the rest of the eye field cells, located at the core of the eye field, gradually elongate, polarize and integrate in this nascent neuroepithelium by cell intercalation [94]. The molecular mechanisms involved in controlling this whole process are still poorly understood, but recent studies, again making use of the zebrafish, have shown that accurate segregation of the eye field from surrounding tissues at the onset of eye morphogenesis is actually essential for the correct morphogenesis of this ANP domain.



4.2. A Cell Segregation Boundary at the Edge of the Eye Field?

Despite the extensive fate map studies of the ANP performed from the 1980s, in a whole variety of vertebrates from zebrafish to mice ([95–100]; an extensive review can be found in [101]), it seems surprising that the presence of a segregation boundary between the eye field and surrounding ANP domains has only been acknowledged recently. Fate map studies in the zebrafish showed that the eye field anlage is already a coherent domain at mid-gastrulation, but its borders largely overlap with telencephalic and diencephalic domains [99]. Borders between ANP domains quickly resolve during the last phase of gastrulation and by neural plate stage, the edges of the eye field abut the telencephalic and diencephalic domains [99]. As morphogenesis proceeds, virtually no intermingling is observed between ANP domains [73,82,94,102]. A similar mechanism has been recently proposed to refine dorso-ventral domains of neural progenitors in the zebrafish spinal cord [7]. Here, the specification of different domains of neural progenitors is effected by a ventral source of the Shh morphogen. Initially, the specified domains overlap extensively, and during the next few hours of development the boundaries between them get resolved by active cell movements. These observations suggest that fate specification in the ANP and the spinal cord is quickly followed by the strict segregation of specified domains. Recent studies have shown that in the ANP, this strict segregation requires the regionalized expression of adhesion molecules such as Nlcam [81], chemokines receptors such as Cxcr4 [82] and Ephs [73], all of which modulate cell cohesion and migration properties in the eye field.



4.3. Molecular Mechanisms of Eye Field Integrity

The regionalised expression of Ephs and Ephrins in the ANP has been acknowledged for more than 15 years (e.g., [55]). In the zebrafish, EphB4 and EphA4 are expressed in the telencephalic and diencephalic ANP domains, while EphrinB1 and EphrinB2 are expressed in the eye field, thus generating a border of Eph/Ephrin interaction at the edge of the eye field [47,50,73,103]. Indeed, early studies showed that the segregation of eye and brain tissues was compromised upon interference with EphA4 activity [103], and more recent work in Xenopus showed that EphrinB1 misexpression was able to direct the progeny of a specific blastomere to populate the eye field, suggesting a role for this molecule in promoting eye field integrity [104,105]. A recent study, by us, in the zebrafish has contributed extensive evidence towards this idea, by carefully analyzing the ability of cells manipulated to express high levels of Ephs or Ephrins to segregate into different ANP domains [73]. By generating small transplants of Eph-expressing or Ephrin-expressing cells in the ANP, we showed that the expression of Ephs or Ephrins determines the forebrain domain cells will populate: EphA4/EphB4-expressing cells were excluded from the eye field, while EphrinB2-expressing cells were invariably integrated into this domain. The segregation behavior of transplanted cells occurred at the end of gastrulation and could be followed in vivo, clearly showing an active process “pushing” the cells into the right domain of the ANP. In the wild type situation the complementary expression of Ephs and Ephrins starts precisely at the end of gastrulation, shortly after the specification of the eye field. These observations support a model in which regional specification of the ANP leads to the complementary expression of Ephs and Ephrins and promotes in this way the segregation of the eye field from surrounding tissues. Indeed, in the absence of the EFTF Rx3 the expression of Ephs, usually excluded from the eye field, expands into this domain, further indicating the existence of a hierarchical cascade that goes from eye fate specification to the control of Eph expression and the implementation of a cell segregation mechanism [73]. The molecular mechanisms involved downstream of Eph/Ephrin activity, to promote cell segregation at the edge of the eye field are unclear. However, a strong acummulation of actomyosin is observed at this interface [73], suggesting that a mechanism similar to that proposed to account for germ layer segregation and notochord boundary formation in Xenopus (see above) may be in place.

Other molecules likely to promote differential adhesion are expressed in the ANP, in addition to Ephrins. That is the case of the Ig-domain adhesion molecule Nlcam, which is expressed at low levels in the eye field and at high levels in surrounding tissues. The fact that Nlcam is able to promote homophilic cell-cell adhesion suggests that differential adhesion modulated by different levels of Nlcam may be controlling the segregation of the eye field from the telencephalon; however, cell segregation upon Nlcam misexpression has not been observed [81]. Nlcam has a range of functions beyond cell-cell adhesion [106], and during eye field morphogenesis it has been proposed that, instead of controlling adhesion, it differentially controls the migration properties of the forebrain cells [81]. In the wild type situation low levels of Nlcam in eye field correlate with the reduced convergence of eye field cells as compared to that of high-expressing telencephalic cells. High resolution imaging of eye field morphogenesis in embryos misexpressing high levels of Nlcam in the eye field showed a fast convergence of these cells to the midline, similar to the behavior of telencephalic cells. Consistently, the phenotypic outcome of these manipulations was the lack of optic vesicle evagination. These observations suggested that Nlcam controls the cellular behavior underlying the first phases of telencephalic and eye field morphogenesis [81].

If it may seem unexpected that a typical cell-adhesion molecule is involved in modulating cell migration during eye morphogenesis, it is also surprising that a molecular modulator of cell migration such as the chemokine receptor Cxcr4 is involved in maintaining eye field cell coherence. Cxcr4 has been shown to control cell migration as well as cohesion in many other contexts (reviewed in [107]), and it is expressed in the eye field at neural plate stages [82]. Loss of Cxcr4 leads to an intermingling of eye and telencephalic precursors in the neural plate, suggesting a direct requirement for Cxcr4 to generate the eye field/telencephalon segregation boundary. Cxcr4 is a chemokine receptor, and as such it needs to interact with a chemokine to exert its function. The Cxcr4 ligand Sdf1/Cxcl12 is expressed in the mesendodermal tissues underlying the eye field, and thus high levels of Sdf1/Cxcl12 are probably present in the ANP [82]. However, it is unlikely that the chemokine generates a chemoattractive gradient. Rather, the mechanism that can be envisioned to control eye field integrity may be more similar to that described during cerebellar and cortex formation in the mouse (reviewed in [108,109]). Here, a homogeneous field of chemokine, secreted at the periphery of the brain, traps Cxcr4-positive migrating neurons in the most external layer of the brain, effectively influencing their positioning during cerebellar and cortex development. Similarly, during fish, chick and mouse gonad formation, primordial germ cells colonizing the gonads are kept in place by a high concentration of Cxcl12 (reviewed in [107]). Eye field cells may thus be “kept in place” by a comparable mechanism. Cxcr4 expression is maintained in the eye field by Rx3 and repressed in the telencephalon by the BMP signalling pathway, a network of signals responsible to establish telencephalic versus eye fates, thus, linking, once again, fate specification in the forebrain to the implementation of a cell segregation mechanism.




5. Downstream of Eye-Brain Segregation

Much needs to be done to unravel how the molecular mechanisms downstream of Ephrins, Cxcr4 and Nlcam impact on eye morphogenesis. Eye field specification and segregation from surrounding tissues is rapidly followed by the apico-basal polarization of the cells at the edge of the eye field, the assembly of a laminin-rich basement membrane (BM) around this primordium, and extensive cell intercalation concomitant to the lateral expansion of the evaginating optic vesicles [94]. The Eph/Ephrin signaling pathway is a particularly suggestive candidate to control at least part of these processes. Indeed, recent studies of somite formation in the chick and the zebrafish have shown a requirement for this pathway in the modulation of cell polarity and extracellular matrix (ECM) assembly. Eph/Ephrin activity at the future somite boundary is followed by the generation of a physical cleft [56,57,59]. Cells at the boundary detach and undergo a mesenchymal-to-epithelial transition, a process controlled by Eph/Ephrin signaling [56]. In addition, cell detachment at the intersomitic boundary relieves integrin trans-inhibition thus promoting the assembly of a fibrillar fibronectin matrix [70,110] that is eventually replaced by a laminin-rich BM [111]. Thus, Eph/Ephrin signalling seems to be enough to trigger the changes in cell shape and tissue organization that accompany somite boundary formation. Eph/Ephrins do so by modulating actin dynamics and integrin activity, processes that may also be controlled by this pathway during eye morphogenesis to ultimately regulate ECM assembly and changes in cell shape and polarity in this structure (Figure 3).

Figure 3. Cartoon showing the tissue reorganization occurring at the onset of eye evagination. Epithelialisation and BM assembly are triggered in other contexts by Eph/Ephrin signaling [56,110].
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The molecular mechanisms, downstream of Nlcam and Cxcr4, controlling cell cohesion and migration have been partially explored in other contexts. Cxcr4 controls cytoskeleton dynamics by modulating the activity of RhoGTPases [112–115], and interacts with components of the cell-cell and cell-matrix adhesion machinery [107,116], suggesting that similarly to Ephs/Ephrins, Cxcr4 has the potential to modulate cell motility, cell shape, and cell-ECM interactions during eye morphogenesis. The Nlcam ortholog ALCAM has also been shown to interact with the cell cytoskeleton machinery [106], suggesting a potential control of cytoskeleton dynamics also for this molecule. These observations also suggest a functional integration of the Eph/Ephrin, Cxcr4 and Nlcam outcomes during eye morphogenesis, a possibility that would be worth to explore. Finally, other molecular mechanisms are likely to work in concert with these. Indeed, the Wnt/βcatenin-independent pathway, a potent modulator of integrin function [117], cytoskelton dynamics, and cell shape/polarity [118], seems to be involved as well in promoting eye field cell cohesion [119]. However, the putative existence of a functional interaction with any of the previously described mechanisms is largely unknown.



6. Perspective

The last few years have seen the identification of some of the mechanisms involved in ANP specification, patterning and morphogenesis, which constitute the first stages in the formation of the forebrain. As I have discussed here, some of the signals and factors that promote ANP regionalization and fate acquisition also control the expression of molecules that implement particular adhesion, repulsion and migration properties to cells in different domains within the ANP. For example, the EFTF Rx3 controls the regionalized expression of Ephs, Nlcam and Cxcr4 [73,81,82], and thus it may be promoting the integrity of the eye field by a combination of mechanisms, including the control of cell cortex tension at the eye field boundary, cell cohesion and differential cell migration (Figure 4). In addition, the BMP and the Wnt/βcatenin-independent pathways control not only eye fate specification, but also eye field integrity by promoting cell cohesion in this domain and controlling some of the same molecules controlled by Rx3 [82,119] (Figure 4). A very recent study has added a further player to this list of adhesion/repulsion mechanisms, by identifying the Semaphorin/Plexin ligand-receptor pair as a critical controller of optic vesicle integrity [120]. In their study, the authors show that these two molecules generate a code of “attractive” and “repulsive” regions crucial for the maintenance of the regionalization of the evaginating optic vesicle as morphogenesis proceeds, and for its overall integrity. Again, we are still far from having a full picture of the mechanisms by which these molecules control eye patterning and morphogenesis, something that will need to await more in depth studies.

Figure 4. Regulatory network controlling eye field integrity during ANP morphogenesis.
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In summary, a model starts to emerge in which eye-brain segregation can be seen as arising from a combination of very diverse molecular mechanisms. The challenge for the future will be to get a full picture of the process by which the tissue responds in an integrated way to all these inputs, to build up the final, mature structure.
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