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1. ABSTRACT 
 

In animals with binocular vision, retinal fibers 
either project across the midline or they remain on the same 
side of the ventral diencephalon, forming an X-shaped 
commissure known as the optic chiasm. The correct 
formation of the optic chiasm during development is 
essential to establish a fully functional visual system. 
Visual dysfunction associated with axonal misrouting at the 
optic chiasm has been described in albino individuals and 
in patients with non-decussating retinal-fugal fiber 
syndrome. Although little is known about the causes of 
retinal misrouting in these conditions, the molecular 
mechanisms responsible for the formation of the optic 
chiasm are beginning to be elucidated in vertebrates. This 
review focuses on our current knowledge of how the optic 
chiasm forms, which will hopefully help us to better 
understand these congenital anomalies. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION: STRUCTURE, FUNCTION 
AND EVOLUTION OF THE OPTIC CHIASM 
 

In binocular organisms, retinal ganglion cell 
(RGC) axons from the nasal hemiretina generally cross the 
brain midline and project to their visual targets in the 
contralateral brain hemisphere, the lateral geniculate 
nucleus (LGN) and the superior colliculus. However, some 
fibers from the temporal retina do not cross the midline but 
rather they project to targets on the same side. This axonal 
hemidecussation takes place at the ventral diencephalon 
midline, in a structure known as the optic chiasm. The main 
function of the optic chiasm is to organize the inputs from 
the same point in the visual field perceived by each retina, 
directing these to the same location in the visual cortex. It 
is there, in the visual cortex, that the two subtly different 
images are integrated into a cohesive three-dimensional 
representation (1): Figure 1).  
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Figure 1. Extreme phenotypes caused by the misrouting of 
retinal fibers at the optic chiasm. A. In primates, the nasal 
retinal axons (green) cross the midline at the optic chiasm 
while temporal retinal axons (red) extend ipsilaterally, 
projecting toward the lateral geniculate nucleus and then 
the visual cortex, maintaining the strict retinotopic 
segregation of the visual field. B. In achiasmatic 
individuals (non-decussating retinal-fugal fiber syndrome) 
nasal retinal fibers fail to decussate adequately at the 
chiasm, instead projecting ipsilaterally towards the lateral 
geniculate nuclei together with temporal retinal fibers. C. In 
albinism, ipsilaterally destined temporal retinal fibers 
erroneously decussate and project contralaterally at the 
optic chiasm. In both of these conditions, the corresponding 
visual field is a complete (achiasmatic) or partial (albinism) 
mirror inversion of the representation in each hemisphere. 
In most cases, these individuals with an aberrant 
ipsi/contralateral ratio develop congenital nystagmus. N, 
nasal retina, T, temporal retina. 
 

In different species, the number of fibers that do 
not cross the midline at the optic chiasm is proportional to 
the size of the binocular visual field, which in turn depends 
on the laterality of the position of the eyes in the head. 
Partial decussation of the fibers from each eye occurs in 
most mammals with frontally placed eyes, such as humans 
or non-human primates, in which the uncrossed component 
reaches nearly 40% of all RGCs (2), (3), (4). The heads of 
cats, dogs, ferrets, rabbits or mice have differing degrees of 
eye separation and they show a variation in the uncrossed 
component from 30% in cats to about 5% in mice, the eyes 
of which are situated laterally and that have poor binocular 
vision (5). Amphibians such as Xenopus are interesting 
since a subpopulation of ganglion cells in the 
ventrotemporal (VT) retina begin to project ipsilaterally at 
metamorphosis, when the laterally located eyes become 
positioned frontally (6), (7). Birds and fish have lateral eyes 
and panoramic vision, and except for some ipsilateral axons 
that disappear at late stages of development, they do not 
develop an uncrossed projection (8), (9), (10), (11). 
 
3. ANATOMICAL ALTERATIONS OF THE OPTIC 
CHIASM  
 

In humans, two conditions involve extreme 
abnormalities of the optic chiasm: albinism and achiasmia 
(or non-decussating retinal-fugal fibre syndrome, NDRFS). 
In albinism, a significant number of temporal retinal fibers 
erroneously decussate and project contralaterally. However, 

in NDRFS, nasal retinal fibers fail to decussate adequately 
at the chiasm, projecting instead ipsilaterally towards the 
lateral geniculate nuclei along with temporal retinal fibers. 
In both cases, the corresponding visual field is a completely 
(achiasmatic) or partially (albinism) reversed in the laminae 
of the lateral geniculate nuclei (Figure 1). In general, 
individuals with an aberrant ratio of ipsilateral/contralateral 
projections (both albino as well as NDRFS patients) show 
classic congenital nystagmus in the horizontal plane, and/or 
see-saw nystagmus in the vertical plane (12). Thus, there 
appears to be a causal association between misrouting at 
the optic chiasm and nystagmus. In fact, given that see-saw 
nystagmus is also displayed by a well-documented family 
of achiasmatic mutant Belgian sheep dogs (13), achiasmia 
was proposed to be sufficient for the development of 
congenital see-saw nystagmus (14). More recently, in the 
achiasmatic belladona zebrafish mutants identified in a 
behavioral screen, congenital nystagmus has been 
described as a consequence of the misrouting of retinal 
axons to the ipsilateral side of the brain (15). 
 
 Several attempts to rescue the albino phenotype 
have been made. The Tyrosinase gene, is known to be 
altered in a particular type of inheritable albinism in 
humans, oculocutaneous albinism type I. When this gene is 
expressed in the retinas of albino mice at early 
developmental stages it rescues the retinal axon projection 
phenotype at the optic chiasm (16) suggesting that 
tyrosinase plays an important role in optic chiasm 
development. However, spatiotemporal aspects of 
neurogenesis are also altered in albino mice (17) and it has 
been proposed that such alterations could influence the 
specification of RGCs. Some studies have associated the 
lack of DOPA, a melanin precursor, with alterations in the 
cell cycle of retinal cells (18), (19). In turn, this could affect 
the differentiation and specification of different RGC 
populations, although further experiments will be needed to 
fully understand the mechanisms relating the melanin 
pathway with retinal axon misrouting at the midline. 
 
4. DEVELOPMENT OF THE OPTIC CHIASM 

Because of its many advantages as an animal 
model, the mouse is the most commonly used mammal to 
study both the decussation of retinal axons at the midline, 
as well as other aspects of optic chiasm development. The 
formation of the optic chiasm in the mouse has been seen to 
occur in three sequential steps. In a first phase, pioneer 
axons from the dorso-central retina navigate into the optic 
stalk to enter the hypothalamic area. The cellular 
environment of the developing diencephalon is comprised 
of radial-glial cells that have been shown to contact both 
ipsilateral and contralateral RGC axons. On the other hand, 
there is a neuronal population that appears in the ventral 
diencephalon prior to the arrival of any retinal axons. This 
early population of neurons express the carbohydrate 
antigen SSEA-1, and they are distributed in a characteristic 
V-shape that defines the midline and posterior border of the 
future chiasm (20). The majority of the pioneer axons cross 
the midline and grow in close association with the array of 
early SSEA-1 expressing neurons, establishing the position 
of the optic chiasm along the anterior-posterior axis of the 
brain. A small population of these axons extends
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Figure 2. Schematic diagrams depicting the retinal axon 
pathways in relation to the patterns of regulatory genes and 
axon guidance molecules expressed during the 
development of the optic chiasm. Left panels show the 
early stages of optic chiasm formation in relation to the 
patterning of the retina and ventral diencephalon. Right 
panels show the later stages of optic chiasm formation in 
relation to retinal axon guidance. A. FoxG1 is expressed in 
progenitor cells in the nasal retina and in the dorsal 
diencephalon. B. FoxD1 is expressed in the VT retina, in a 
pattern complementary to FoxG1 and in the future 
chiasmatic region when it forms two bilateral patches at 
both sides of the midline where the optic chiasm forms. C. 
Sonic Hedgehog (Shh) is expressed early in the retina in a 
central-to-peripheral gradient. This expression is important 
for RGC differentiation. Later, Shh is also expressed in the 
diencephalon helping to guide axons through repellent 
signals. D. Around E14, Slit proteins are expressed in the 
chiasm area forming a X-shaped corridor that is repulsive 
for all RGCs that express the Robo2 receptor. E. Axonal 
divergence takes place when RGCs fibers from the VT 
retina, expressing the transcription factor Zic2 (in the same 
cascade as FoxD1 and apparently repressed by Islet2) and 
the receptor EphB1, reach the midline. These axons are 
inhibited by ephrinB2 that is expressed by a small 
population of glial cells at the midline. D, dorsal, N, nasal, 
V, ventral, T, temporal. E12-16, embryonic day 12 to 16.  
ipsilaterally and forms an early-uncrossed projection that is 
thought to be transient since it is not detected at later 
stages. 
 
 A second phase commences around E14, and 
involves the arrival at the midline of retinal axons from the 
VT crescent in the retina and while these turn back to the 
same side of the brain from which they originate, the axons 
from the rest of the retina cross the midline (21), (22). The 
arrival of the VT axons at the midline is accompanied by a 
short pause and dynamic changes in the growth cone that 
enable it to recognize inhibitory cues at the optic chiasm 
midline (23). The ipsilateral axons from the peripheral VT 
retina generated in this second phase constitute the 
permanently uncrossed component (Figure 2). In the third 
and final phase, no RGCs establish uncrossed projections 

and thereafter, all ganglion cells extend a crossed 
projection whether they are born in the VT segment or not 
(24).  
 

Thus, it is interesting to speculate that the time of 
ganglion cells generation, and hence, the arrival of their 
axons to the chiasm is important in the selection of the 
pathway. Indeed, an interesting phenomenon that 
influences retinal axon decussation at the optic chiasm is 
the relationship between the fibers from the two eyes. It is 
well known that early monocular enucleation in rodents 
reduces the ipsilateral projection of the contralateral eye, 
mimicking the albino phenotype. Axons from the VT retina 
are lost when they reach the midline and thus, the 
interaction between axons from both eyes is essential for 
axon routing at the optic chiasm. However, this effect does 
not seem to be valid for other mammals such as marsupials. 
Such differences can be explained by the relative location 
of the uncrossed component in the optic chiasm. While in 
rodents ipsilateral axons approach the midline, in 
marsupials they remain laterally segregated and they do not 
interact with the midline. Interestingly, recent findings 
suggest that humans would share the organization of 
marsupials rather than that of rodents (25).  

 
All these sequential processes are the result of a 

combination of tissue patterning events and axon guidance 
decisions taken by RGC axons at the ventral diencephalic 
midline. Although patterning and axon guidance take place 
in an inseparable manner, in the following sections we shall 
first analyze the mechanisms behind the patterning of the 
retina and the ventral diencephalon, before going on to 
discuss the molecular basis underlying specific axon 
guidance responses.  

 
5. MOLECULAR MECHANISMS UNDERLYING 
THE DEVELOPMENT OF THE OPTIC CHIASM 
 
5.1. Patterning of the ventral diencephalon and the 
retina during early development 

A number of proteins involved in the 
morphogenesis of the midline are expressed in the area of 
the future optic chiasm early in development, and play a 
critical role in the patterning of the ventral diencephalon: 
 
5.1.1. The Sonic Hedgehog (Shh) signaling cascade 

In the chick, Shh is present along the entire axial 
midline of the embryo prior to the arrival of the retinal 
axons. As the first retinal axons approach this area, Shh is 
specifically downregulated at the level of the optic recess 
(Figure 2), a spatiotemporal change that unblocks the 
extension of retinal axons (26). In Pax2 null mice and in 
the equivalent noi zebrafish mutant, the persistent 
expression of Shh in the optic recess prevents the chiasm 
from developing (27), (28). Thus, the dowregulation of Shh 
expression in the region of the optic recess area is highly 
dependent on patterning events directed by Pax2. Both 
Pax2 and Shh are expressed at early stages of retinal 
development but in this context, it seems that the Shh 
pathway controls the expression of Pax2, contributing to 
convert the optic vesicle into the optic cup (29), (30), (31). 
Mutations in Pax2 can cause nerve coloboma, whereas 
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mutations in Shh are associated with retinal coloboma and 
holoprosencephaly (32), as a consequence of its role in 
midline development and neural tube differentiation.  

 
Moreover, mutations in the zebrafish Gli2 gene 

(the you-too or yot mutants), a Hedgehog target, produce 
alterations in the proper patterning of the midline glia. Such 
mutations also impair the expression of Slits and Sema3D, 
two axon guidance molecules that are important for axon 
navigation in the chiasmatic region (see below). As a 
consequence, the yot mutants develop an achiasmatic 
phenotype (33).  

 
5.1.2. Homeodomain proteins 

The transcription factor Vax2 is a homeobox 
protein whose expression is confined to the ventral region 
of the prospective neural retina (34). Over-expression of 
this gene at early stages of Xenopus and chicken 
development, together with loss-of function studies in the 
mouse, have identified a role for this protein in the 
specification of the ventral retina. Since ipsilateral RGCs 
are located in the ventral retina, it is reasonable to think that 
alterations in the expression of Vax2 might affect the 
formation of the ipsilateral projection. Although two 
different groups have explored this issue, the identification 
of an ipsilateral component in a Vax2 mutant comparable to 
that of wild-type littermates (35) failed to confirm the early 
report of the complete loss of ipsilateral axons in Vax2 
knockout mutants (36). Thus, the effect of the ablating 
Vax2 on the formation of the optic chiasm must be further 
studied.  
 
 The LIM homeodomain transcription factor Lhx2 
is expressed during the early morphogenesis of the ventral 
diencephalon in zebrafish. Mutations in this protein (the 
belladona mutants) cause an achiasmatic phenotype, 
although the origin of this axonal misrouting is not clear. 
Nevertheless, this phenotype could once again be at least 
partially explained by alterations in the expression of the 
axon guidance molecules Sema3D and Slit2 in the 
diencephalon of this mutant (37). 
 
5.1.3. Winged Helix transcription factors 

FoxD1 and FoxG1 are other proteins that affect 
early patterning of the retina and the chiasm (Figure 2). 
These two proteins from the forkhead family of 
transcription factors are expressed in adjacent domains of 
the early optic cup and they are important for establishing 
polarity along the naso-temporal axes of the mature retina 
(Yuasa et al., 1996). Altering the expression of these two 
genes in the retina affects the expression of downstream 
molecules known to influence axonal navigation along the 
retinofugal pathway (see below, (38); (39); (40). In 
addition, this pair of transcription factors are expressed in 
opposing rostro-caudal domains in the region of the ventral 
diencephalon, where the optic chiasm forms (41). While the 
FoxD1 domain encompasses the region that early retinal 
axons traverse to establish the optic chiasm, FoxG1 is 
located more rostrally. Interestingly, genetic ablation of 
FoxD1 in the mouse causes misexpression of FoxG1, 
accompanied by aberrant expression of Slit2 and 
misrouting of the retinal fibers at the chiasm (38). Thus, the 

ipsilateral projection augments in FoxG1 null mice (42). 
Because both of these genes are expressed in the retina and 
the diencephalon during optic chiasm development, further 
studies will be needed to dissect out their specific 
contributions at each stage of visual system development. 
 
 The correct patterning of the ventral midline also 
appears to be influenced by the formation of the dorsal 
midline. The combined influence of dorsal and ventral 
inductive signals has been demonstrated in the correct 
formation of the spinal cord (43), (44). In this structure, 
failure to close the neural tube has been associated with 
perturbed patterning at the optic chiasm in several mutant 
mouse lines, including Lp (loop-tail), Pax3 and Crc (circle 
tail). This is associated with an increase in the ipsilateral 
projection originated through the expansion of RGCs in the 
VT retina (45). Eye development begins with the 
evagination of the optic primordia from the diencephalic 
area of the forebrain. Concomitantly, the prospective optic 
chiasm region forms at the ventral diencephalon. Thus, it is 
quite possible that genes that are important for early 
diencephalic patterning may affect later morphogenesis of 
the retina and the optic chiasm. In turn, these alterations 
may influence the proper expression of axon guidance 
molecules that are essential for the navigation of retinal 
axons at the optic chiasm midline.  
 
5.2. Axon guidance at the chiasmatic midline 

As well as its critical role in visual function, the 
partial decussation of retinal axons at the optic chiasm has 
traditionally represented a good model to investigate the 
molecular basis of axon guidance at the mammalian 
midline. The molecular elements underlying the 
phenomenon of midline crossing were first dissected out in 
the Drosophila ventral nerve cord and in the vertebrate 
spinal cord (reviewed by (46). Both systems use the same 
general mechanism to control axon crossing at the ventral 
midline, which essentially involves the secretion of 
attractants such as Netrins, and that of repellents such as 
Slits that are expressed in a stripe along the midline. Axons 
modulate their responsiveness to these two signals as they 
grow and crossing axons that express the Netrin-receptor 
DCC (deleted in colorectal carcinoma) are initially 
attracted to Netrin and insensitive to Slits. The net effect of 
this phenotype drives these axons to the midline and after 
reaching the midline, they become insensitive to Netrin and 
they upregulate Robo2, a receptor for Slit, which propels 
them out of the midline. This acquired sensitivity to Slit 
also prevents later re-crossing. In contrast, the axons 
destined to project ipsilaterally express Robo2 from the 
outset, thereby avoiding crossing the midline (47), (48), 
(49), (50), (51).  

 
Given the similarities between the fly and 

vertebrate ventral midlines, one might think that the optic 
chiasm would use the same mechanism. However, the optic 
chiasm is not a real ventral midline structure, as it arises 
from the rostral end of the embryonic neural tube. Thus, it 
is not surprising that it differs from the ventral nerve cord 
and spinal cord, both in terms of the expression of guidance 
signals and in how axon crossing is controlled. In the first 
place, Netrin is not expressed in a midline stripe at the 
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chiasm and therefore, it cannot function as a midline 
attractant. Instead, Netrin is strongly expressed at the optic 
nerve head and it acts as an attractant for retinal axons that 
exit the retina ((52)). Secondly, Slits are not expressed in 
midline stripes but rather in bands that lie perpendicular to 
the midline. Moreover, Robo 2 is expressed by all the RGC 
rather than by a restricted ipsilateral or contralateral 
subpopulation. Functional experiments in mouse and 
zebrafish have demonstrated that Slit/Robo signaling does 
not act as the midline gatekeeper in the chiasm but rather, it 
defines the precise position along the midline neuroaxis at 
which the optic chiasm develops, as well as delineating a 
repulsion-free corridor that keeps the axons running inside 
(53), (54), (55), (56): Figure 2). Heterozygous loss of Robo 
in humans has been recently described and such individuals 
suffer dyslexia, probably due to defects of the midline 
commissure. Thus, it would be interesting to characterize 
the morphology of the optic chiasm in these individuals 
(57). 
 

After realizing that Robo/Slit signaling was not 
the key element in the divergence of retinal axons at the 
midline, the search for other molecules began. The 
members of the family of tyrosine-kinases ephrins and their 
Eph receptors were good candidates, as this superfamily of 
immunoglobulins is made up of membrane proteins that 
frequently mediate repulsion. Pioneering work 
demonstrated that ephrinB’s are directly implicated in 
laterality at the Xenopus chiasmatic midline (58). EphrinB 
is present at the chiasm during the time window in which 
the uncrossed component forms at metamorphosis, and 
premature miss-expression of ephrinB2 in the ventral 
diencephalon induces an ectopic ipsilateral projection (58). 
 

Later studies demonstrated that ephrinB2 is also 
prominent in directing divergence at the mouse optic 
chiasm. The uncrossed RGC axons from the VT retina are 
especially sensitive to ephrinB2, inhibiting their extension 
through the midline (59). The discovery of ephrinB2 as a 
mediator of inhibition of uncrossed axons at the chiasm 
midline encouraged the search for the specific receptor 
involved in this process. Of all the possible Eph receptors 
that could interact with ephrinB2, only EphB1 is highly 
expressed in RGCs from the VT retina at the time when 
ipsilateral axons are turning at the midline (Figure 2). 
Furthermore, in mice lacking EphB1, the ipsilateral retinal 
projection is severely impaired, indicating that this receptor 
is required for the formation of the uncrossed projection 
(59). Thus, ephrinB2 in the chiasm and EphB1 in the retina 
appear to be the principle axon guidance molecules that 
direct retinal axon divergence at the chiasm midline (60). 
Interestingly, EphB1 is expressed throughout the temporal 
retina in humans, consistent with the fact that the 
projections from the entire temporal retina remain 
ipsilateral. Additionally, ephrinB2 is expressed at the 
midline during optic chiasm formation (61). These findings 
strongly suggest a conserved role for ephrin-B/EphB 
signaling in controlling ipsilateral routing of axons at the 
optic chiasm in humans. 
 

But what controls the spatiotemporal specificity 
of expression of this axon guidance receptor in the retina? 

The key component seems to be Zic2, a zinc finger 
transcription factor that was isolated from the mouse 
cerebellum and that is involved in early neural patterning. 
Zic2 has been described as the first regulatory protein 
directly involved in axon divergence at the optic chiasm 
(62). This transcription factor is expressed post-mitotically 
in RGCs that project ipsilaterally during axonal extension 
through the optic chiasm but not in RGCs that project 
contralaterally (Figure 2). Zic2 is crucial for directing the 
ipsilateral retinal projection, since genetically modified 
mice expressing low levels of this protein (Zic2 knockdown 
mice) show a severe reduction in the number of uncrossed 
axons. Zic2 expression in the VT retina is conserved in a 
manner that precisely mirrors the extent of binocularity 
through evolution. Indeed, the number of cells expressing 
Zic2 in the VT retina is greater in the ferret than in the 
mouse, consistent with the higher proportion of uncrossed 
axons. In Xenopus, Zic2 expression is upregulated at 
metamorphosis, coinciding with the late development of the 
uncrossed component. While in the chick and zebrafish that 
lack an ipsilateral projection, Zic2 is not expressed in the 
retina (62), (37). Moreover, in albino mice where the size 
of the ipsilateral component is reduced when compared to 
pigmented mice, as in humans, there are also fewer Zic2-
expressing RGCs, arguing that specification of the 
ipsilateral RGCs in the albino is altered. 

 
Despite all these findings, the role of Zic2 in 

mediating divergence at the midline is still not completely 
clear. The alteration of Zic2 expression in retinal explants 
in vitro is sufficient to change the response of RGC neurites 
to cues provided by chiasm cells, indicating that Zic2 acts 
primarily in the retina. However, Zic2 is expressed in the 
presumptive chiasm and eyecup early in development 
before the uncrossed pathway forms. Mutations in Zic2 
produce holoprosencephaly, a condition in which both 
halves of the forebrain are fused and that is occasionally 
associated with cyclopia in humans (63). Zic2 mutants also 
show defects in neural tube closure and it is possible that 
the axonal phenotype observed in the Zic2 hypomorphic 
mice is a consequence of its expression during the early 
morphogenesis of the visual system rather than a more 
specific role in retinal axon guidance.  

 
Zic2 expression in the VT retina matches the 

spatiotemporal expression of EphB1 (64). However, despite 
the close relationship between Zic2 and EphB1, it remains 
to be tested whether Zic2 regulates EphB1 expression in 
VT retina or if it is simply expressed in a parallel program. 
Nevertheless, it is worth noting, that the absence of FoxD1 
in the retina leads to the disappearance of Zic2 and EphB1 
expression, suggesting that these three proteins are part of 
the same cascade (38). Moreover, there are more 
ipsilaterally projecting axons in mutant mice for the LIM 
homeodomain transcription factor Islet2, which is only 
expressed in contralateral but not ipsilateral RGCs (Figure 
2). This defect is associated with an increase in the 
expression of both Zic2 and EphB1 (64), again suggesting a 
link between these two proteins. Still, several issues related 
to the molecular program of the ipsilateral projection 
remain to be resolved. For instance, it is the axon repulsive 
response mediated by EphB/ephrinB signaling sufficient 
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for the correct formation of the ipsilateral projection? Or 
alternatively, are other guidance proteins also needed, such 
as attractive signals coming from the optic tract? If other 
guidance signals are required, will they also be regulated by 
Zic2? Finally, what are the transcriptional mechanisms by 
which Zic2 regulates the EphB1 receptor in such as highly 
regulated tissue specific pattern? 

 
Recent reports have also identified molecules 

whose function is to promote midline crossing in an 
independent manner, not related to the ephrinB2/EphB1 
signaling described for the uncrossed pathway. The cell 
adhesion molecule PSA-NCAM is expressed by RGC 
axons as well as by neuronal populations at the optic 
chiasm, and it seems to be crucial for the re-organization or 
sorting of axons at the midline. The downregulation of 
PSA-NCAM expression in RGC axons when they reach 
the chiasm is thought to reduce the degree of 
fasciculation and facilitate the turning of uncrossed 
axons at the midline (65). Similarly, the cell adhesion 
molecule NrCAM is expressed by RGCs that project 
contralaterally as well as by chiasm cells, and its 
disruption induces an increase in the ipsilateral 
projection caused by the misrouting of late born RGCs 
from the VT segment that would normally project 
contralaterally (66). All these findings support a role for 
this family of cell adhesion molecules in axonal crossing, 
probably related to the mechanisms involved in the 
fasciculation of crossed axons. 
 
6. PROSPECTIVE  
 

In conclusion, much progress has been made in 
identifying the mechanisms underlying the formation of the 
optic chiasm during vertebrate development. Some of the 
transcription factors important for the regionalization of the 
territory where the optic chiasm forms have been 
identified. Indeed, the Shh, Gli, Vax2, Lhx2 or Fox 
proteins all play critical roles in both the morphogenesis 
of the retina and the regionalization of the optic chiasm 
region, generating the correct expression of axon 
guidance molecules required for retinal axons to navigate 
at the midline. Alterations in any of these proteins 
frequently cause aberrant optic chiasm phenotypes. In 
addition, our knowledge of the molecular profiles that 
encode the uncrossed retinal pathway has improved 
substantially. Other molecular mechanisms involved in 
the postranslational regulation of axon guidance 
molecules not described in this review, such as the 
function of proteoglycans or metalloproteases may also 
affect retinal fiber navigation at the midline, although it 
seems clear that the transcription factor Zic2 and 
EphB1/ephrinB2 signaling are the major determinants of 
the uncrossed pathway. Furthermore, it appears that 
Islet2 plays a role in repressing this ipsilateral program. 
Many of these molecules and mechanisms are conserved 
across evolution and thus, it will be interesting to 
investigate whether or not mutations in the human 
homologues of these proteins are related to the formation 
of the optic chiasm and in turn to the extent of 
binocularity. 
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