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The optic chiasm is the point at the ventral midline of the di- 
encephalon where the nerve fibers from the two eyes meet. Clas- 
sically, it has been known as the place where groups of retinal 
axons segregate to pass into the optic tract on either the same 
or the opposite side of the brain (Figs. 1, 2). This segregation is 
dependent upon the retinal position of the ganglion cells from 
which the axons arise: axons from the nasal retina all cross to 
the opposite side, whereas many from the temporal or ventro- 
temporal part of the retina (temporal crescent) remain uncrossed. 
This segregation of the axons into a crossed and uncrossed com- 
ponent allows the appropriate bilateral connections that underlie 
normal binocular vision to form. 

The optic chiasm may seem to be one of the simpler choice 
points for growing axons in the CNS, involving merely a guid- 
ance of axons from the temporal retina into an uncrossed path 
and from the nasal retina into a crossed one (Figs. 1, 2). The 
developmental problem is to understand how the partial crossing 
is produced when the nerve fibers first grow towards the brain. 
If  the molecular signals producing this segregation at the chiasm 
could be defined, then an understanding of how the partial seg- 
regation develops in this and in other systems might result. How- 
ever, the apparently simple arrangement of axons shown in Fig- 
ure 1 leaves out the complexities that characterize this phylo- 
genetically old pathway, which probably developed a great va- 
riety of specializations during its evolutionary history. 

Although there have been several studies of axonal guidance 
across the midline in vertebrate (Dodd et al., 1988; Yagimuna 
et al., 1991; Bernhard& 1994; Shepherd and Taylor, 1995) and 
invertebrate development (Khhnbt et al., 1991; Seeger et al., 
1992), the optic chiasm can be seen as an unusually promising 
part of the vertebrate CNS for studying how the development 
of well-defined, complex neural pathways may be controlled. 
There is now a wealth of information available about the spatial 
and temporal relationships of retinofugal axons as they travel 
through the region of the optic chiasm towards their topograph- 
ically organized termination sites. Information is available about 
different developmental patterns in different species and a num- 
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ber of mutants are known that show well-defined abnormalities 
of the optic chiasm. The chiasm can no longer be regarded sim- 
ply as the region where some axons cross their partners from 
the other eye, and others diverge into an uncrossed course. There 
is now an opportunity to look more closely at the cellular and 
molecular events producing the characteristic and rigidly cho- 
reographed patterns of axonal growth. The development of the 
optic chiasm and the reorganization of retinotopic order that oc- 
curs within region of the chiasm can now be seen in terms of a 
number of discrete steps, each probably relatively simple in it- 
self, which together produce the final developmental sequence. 
Further, the region of the chiasm is responsible not merely for 
a segregation of crossed from uncrossed axons but also for the 
guidance of early axons that allows orderly maps of the retina 
to be transferred to the appropriate end-stations in the brain. 

The organization of the optic chiasm can be studied with rel- 
ative ease in the adult and recently, with newer methods, it has 
also become possible to study it at all developmental stages 
when growing axons are entering these distinct pathways. It is 
now possible to make direct observations of the living axons as 
they are deflected from one course and enter another. Current 
experimental methods for studying fixed and living prenatal 
brains have provided new insights, clarifying many details of 
chiasmatic development, and demonstrating some of the basic 
rules followed by the relevant developmental processes (for re- 
views, see Guillery, 1992; Reese and Baker, 1992; Godement 
and Mason, 1993; Sretavan, 1993). 

The rules that govern how axons are assigned to a particular 
pathway vary with developmental stage and species. The course 
that an axon takes depends upon both retinal and chiasmatic 
factors. It is critically dependent upon the glial environment and 
on other axons within the optic chiasm. The nature of this de- 
pendence shows some striking differences between marsupials 
and eutherians and can be modified by experimental interference 
or some well-defined mutations, of which the albino is the best 
known. 

In this article we stress the importance of understanding the 
developmental forces that produce the optic chiasm, but note 
also that the formation of the chiasm itself is at the base of the 
development of the whole visual system, providing important 
clues to understanding patterns of organization in thalamic, mid- 
brain, and cortical centers. Each central relay must receive an 
appropriately mapped projection from the retina, and the path- 
way taken at the chiasm is an essential first step in producing 
these topographically precise projections. Although this article 
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Figure 1. Diagram showing the position and pattern of decussation of 
retinal ganglion cell axons at the optic chiasm and their termination in 
the central visual relays of the lateral geniculate nucleus (LGM and 
superior colliculus (SC). Axons from the temporal part of the retina (r) 
remain uncrossed at the optic chiasm, while those of the nasal retina 
(N) cross. 

is mainly concerned with the mammalian optic chiasm, we in- 
clude some reference to other vertebrates where these illustrate 
general points. 

The Retinal Ganglion Cells 

These are the nerve cells that give rise to the retinofugal axons 
with which we are here concerned. From the point of view of 
this article, retinal ganglion cells can be categorized in four 
ways: (1) when they were generated; (2) where their cell bodies 
lie in the retina; (3) whether their axons do or do not cross at 
the chiasm; and (4) to which morphological or functional cell 
class they belong. It has recently become clear that these four 
categorizations are closely related to one another. 

In mammalian development, the earliest ganglion cells to be 
generated lie in the part of the retina above the future optic disk 
(the dorso-central retina; Fig. 3) and for these cells the chias- 
matic course of the axon is independent of their retinal position 
(mice: Godement et al., 1987; Colello and Guillery, 1990; rats: 
Chan et al., 1993; ferrets: Reese et al., 1992; macaque monkey: 
Lia, 1992; short gray-tailed opossum: Taylor and Guillery, 
1994). These early ganglion cells in the dorso-central retina that 
have uncrossed axons lie scattered among other cells having 
crossed axons, and it appears as though the pathway taken by 
these earliest axons at the chiasm is not directed by any specific 
mechanism. Rather, axons that happen to lie nearer to the lateral 
part of the optic nerve when they approach the chiasm have a 
greater tendency to stay on the same side (Godement et al., 
1990; Marcus and Mason, 1993; Sretavan and Reichardt, 1993; 
Sretavan et al., 1994; and see Fig. 7A,E,F of Sretavan, 1990). 
Whereas later uncrossed axons in mice and ferrets approach the 
midline before turning (see below), these early axons turn 
straight from the lateral part of the optic nerve into the ipsilateral 
optic tract (Baker and Collelo, 1994). 

The axons of this earliest-born cohort of ganglion cells either 

Figure 2. A horizontal section through the optic chiasm from an E16.5 
rat in which the retinal ganglion cell axons in the optic nerve (ON) to 
the right of the figure have been labeled with Dil and photo-oxidized. 
The nondecussating axons tipped with growth cones (arrows), turn lat- 
eral to the midline (dashed line), while decussating axons cross to the 
contralateral optic tract (OT). From Taylor and Guillery (1994). Scale 
bar, 100 pm. 

Figure 3. Two mouse retinas, (A) at E15.5 and (B) at E17.5, ipsilateral 
to a whole tract filled with DiI to show the ganglion cells that give rise 
to (A) the early (dorso-central) uncrossed component and (B) the later 
uncrossed component from the temporal crescent (TC). Scale bars, 300 
w. 



The Journal of Neuroscience, July 1995, 75(7) 4729 

lack the specific properties that cause later axons of nasal cells 
to cross and of temporal cells to remain uncrossed or, though 
specified within the retina, do not yet encounter the relevant 
chiasmatic cues. These early uncrossed cells probably do not 
survive in the adult (Thompson and Morgan, 1993) so that we 
know nothing about their functional or morphological class. 

The next-born cohort of retinal ganglion cells (which, in a cat, 
would be the beta or X-cells; Walsh et al., 1983) shows a clear 
naso-temporal division (Stone and Fukuda, 1974) with all adult 
nasal cells having crossed and all adult temporal cells having 
uncrossed axons. This naso-temporal dividing line appears quite 
suddenly in the experiments currently available for demonstrat- 
ing it, which depend on the axons having entered the tract (Co- 
lello and Guillery, 1990; Godement et al., 1990; Baker and 
Reese, 1993). An important step in arguing that the retinal gan- 
glion cells are specified with respect to the course that they take 
at the optic chiasm is that even at the early stages, the growing 
crossed and uncrossed axons are mingled with one another be- 
fore they reach the optic chiasm (Baker and Colello, 1994). That 
is, the chiasmatic segregation of this later cohort of axons, in 
contrast to the early dorso-central cohort, must depend upon a 
property that is specifically related to retinal position. One can 
expect to obtain the clearest view of the developmental pro- 
cesses producing the chiasmatic segregation into crossed and 
uncrossed components from the axons reaching the chiasm at 
this second stage (E15-17 in mouse, E16-18 in rat, and E28- 
32 in ferret). 

During yet later developmental stages in many species there 
is a gradual increase in the number of axons from the temporal 
retina that cross at the chiasm (Walsh et al., 1983; Reese et al., 
1992a). Details vary according to species. For instance, ferrets 
differ quite markedly from cats, in that the axons of the largest, 
late-born alpha cells are all crossed (Vitek et al., 1985; Reese 
and Baker 1990). In primates there are no crossed axons from 
the temporal retina at any stage (Stone et al., 1973; Chalupa and 
Lia, 1991). However, for nonprimate species there appears to be 
a general pattern of a well-defined line of decussation forming 
early and, as more axons arrive later, more and more taking a 
crossed course, as though either the retinal specification of tem- 
poral, or the chiasmatic cues that direct axons into the uncrossed 
pathway weaken as development proceeds. 

The Organization of Retinal Axons within the Optic 
Nerve 

Although there have been several descriptions of retinotopic or- 
der of axons throughout the adult mammalian optic nerve, chi- 
asm, and tract (Polyak, 1957), the evidence was always contro- 
versial, and recent observations cast serious doubt on such order. 
There is now strong evidence that although the axons leave the 
eye with a rough retinotopic order, they disperse as they pass 
along the optic nerve, so that all or most of the order is lost 
when they enter the chiasm. The clearest evidence against an 
ordered arrangement in the optic nerve came from Horton et al. 
(1979) who labeled eight closely adjacent ganglion cells in the 
retina by injecting horseradish peroxidase (HRP) into the adult 
cat’s lateral geniculate nucleus and then showed that of these 
eight axons, each took a different, independent course through 
the optic nerve. Axonal tracing studies in cat, ferret, and monkey 
have also shown the loss of retinotopic order as the axons were 
traced from the eye to the chiasm (Naito, 1986, 1989; Reese and 
Baker, 1993), and it is clear that in the adult rodent the crossed 
and the uncrossed components do not occupy different parts of 

the optic nerve near the chiasm (Baker and Jeffery, 1989), as 
would be expected from a retinotopically organized pathway. 

The loss of retinotopic order seen along the adult nerve also 
characterizes the earliest developmental stages. Silver (1984) 
showed that axon bundles fuse on the way to the chiasm, and 
Williams et al. (1986) found individual axons switched from one 
bundle to another. The axons from the temporal crescent show 
a clear loss of topographic order when traced through the nerve 
and, as noted above, the axons that are destined to cross are 
mingled with those that will stay uncrossed (Colello and Guil- 
lery, 1990; Baker and Colello, 1994; Chan and Guillery, 1994). 
The position of an axon in the mid-portion of the optic nerve 
cannot be related directly either to its retinal origin or to its 
chiasmatic pathway, demonstrating that the course of the axons 
through the chiasm and into their terminal fields cannot be de- 
termined by their position in the nerve. 

Age-related Organization within the Optic Tract 

Although the axons lose their retinotopic order as they approach 
the chiasm, they gain a new order in the optic chiasm and tract. 
In many vertebrate species the axons in the optic tract are ar- 
ranged in a deep to superficial order, with the earliest formed 
axons being deepest and the last most superficial, next to the 
subpial glia (frog: Gaze and Grant, 1978; fish: Easter et al., 
1981; ferret: Walsh and Guillery, 1985; mouse: Colello and 
Guillery, 1992). Early in development, evidence for this age- 
related order is seen in the distribution of the advancing growth 
cones. Within the extracranial part of the optic nerve, growth 
cones are distributed more or less evenly through the cross-sec- 
tional area of the nerve (Williams et al., 1986; Colello and Guil- 
lery, 1992). Intracranially, in the juxta-chiasmatic nerve and in 
the tract, growth cones lie predominantly next to the sub-pial 
glia (Guillery and Walsh, 1987; Colello and Guillery, 1992; 
Reese et al., 1994). That is, the advancing growth cones tend to 
move towards the pia as they approach the chiasm and tract. 

In fish and frogs the visual system develops while it is used. 
This means that new axons must be added to an already func- 
tioning system without disruption of vision. Within the retina, 
new cells are added at the periphery so that the radial dimension 
of the retina corresponds to ganglion cell age (Straznicky and 
Gaze, 1971; Johns, 1977). This is in contrast to the mammalian 
retina, which shows a less rigid central-peripheral pattern of cell 
genesis and therefore a weak correlation between the age of a 
cell and its retinal position (Sidman, 1961; Drtiger, 1981; Walsh 
et al., 1983). Consequently, chronotopic order corresponds to 
radial topography in fish and frogs, but not in mammals. Axons 
in the optic pathways of frogs and fish show a more precise 
topographic organization than is found in mammalian visual sys- 
tems (compare Scholes, 1979; Easter et al., 1981; Taylor, 1987, 
with Torrealba et al., 1982). However, there is some loss of order 
in the optic nerve, and a significant fiber reorganization also 
occurs at the optic chiasm of fish and frogs. Here the nature of 
the glial environment changes (Maggs and Scholes, 1986; Wil- 
son et al., 1988; Levine, 1989) apparently producing an age- 
related order within the optic tracts that is maintained to the 
visual relays (Scholes, 1979; Bernhardt and Easter, 1986; Taylor, 
1987). 

In mammals, the relative change in the position of the growth 
cones that produces the prechiasmatic age-related order also oc- 
curs at a point where the glial environment changes. Within the 
early optic nerve of ferrets and mice the glia are interfascicular, 
with cell bodies in the core of the nerve, and glial processes 
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wrapping around individual bundles of axons. There is an abrupt 
border between this form of glia and the radial glia of the di- 
encephalon (Silver, 1984; Guillery and Walsh, 1987; Colello and 
Guillery, 1992; Reese et al., 1994). Within the diencephalon, the 
original structure of the optic stalk is a tube lined by neuroepi- 
thelium and continuous with the third ventricle. This is still 
readily recognizable when the first axon bundles reach the chi- 
asm. All of the glial cell bodies lie next to the ventricular cavity 
that still extends into the cranial end of the optic stalk, and 
slender, radial processes pass from these cell bodies to the sub- 
pial end-feet. It appears that when the growth cones pass from 
the interfascicular to the radial glia, the individual growth cones 
move towards the pial surface, generating a series of time-or- 
dered layers of retinal axons. 

This change in the arrangement of axons starts to occur as 
they leave the interfascicular glia. We do not know how rapidly 
the change occurs, or whether all axons follow the same pattern 
of growth, but there is a significant segregation of growth cones 
towards the pial surface before the axons encounter any of the 
growing axons from the other eye. That is, the change in order 
is a prechiasmatic change and it brings the axons to their chi- 
asmatic interaction as two sets of sheets approaching each other 
close to the pial surface. Since the growth cones are near the 
pial surface prechiasmatically and also in the optic tract, we 
assume that their chiasmatic pathway is determined primarily as 
they lie close to the pial end-feet. 

Retinotopic Organization in the Optic Tracts 
In addition to the age-related order, which provides a represen- 
tation of retinal radial order in the tract of frogs and fish, there 
is also a representation of circumferential order in the tract. Ax- 
ons from each of the four retinal quadrants have a specific dis- 
tribution in the optic tracts (Scalia and Fite, 1974; Fujisawa et 
al., 198 1; Fawcett and Gaze, 1982; Bernhardt and Easter, 1986). 
This organization is established as the axons pass through the 
optic chiasm (Scholes, 1979; Reh et al., 1983; Fawcett et al., 
1984; Taylor, 1987). Axons from ventral and dorsal retina oc- 
cupy, respectively, the anterior and posterior aspects of the optic 
tracts. Axons from nasal retina are dispersed across the width 
of the tract, and overlap the distribution of the temporal axons 
that gather in the middle of the tract. The position of the axons 
in the optic tract appears to lead them to the retinotopically 
appropriate region of termination in the optic tectum. Several 
studies have addressed how axons are guided to the appropriate 
parts of the visual pathways and terminal stations in nonmam- 
malian species (see, e.g., Gaze, 1970; Udin and Fawcett, 1988). 

In mammals, the crossed (nasal) and the uncrossed (temporal) 
axons generally overlap within the optic tract (Torrealba et al., 
1982; Cucchiaro and Guillery, 1984; Chan and Guillery, 1994), 
although the nasal axons always outnumber the temporal axons 
and occupy a greater portion of the tract. In contrast, dorsal and 
ventral retinal axons segregate into the anterior and posterior 
aspects of the tract, respectively (Torrealba et al., 1982; Simon 
and O’Leary, 1992a; Reese and Baker, 1993; Chan and Guillery, 
1994). This segregation arises within the optic chiasm, and is 
maintained throughout the optic tracts to the visual relays. It is 
possible that this segregation may govern the establishment of 
retinotopically ordered connections across the mediolateral axis 
at their terminations. 

These axonal reorganisations demonstrate that the position of 
a ganglion cell within the retina determines not only the ipsilat- 
era1 or contralateral pathway that is followed at the chiasm, but 

also the pathway followed within the optic tract. Within the ret- 
ina, differences must exist between ganglion cells at different 
retinal loci to govern the different axon behaviours that have 
been described. It is likely that the specification of axons to take 
a crossed or an uncrossed course differs from that underlying 
axon trajectory in the optic tract and may also differ from that 
specifying the locus of retinotopic termination. 

Several candidate molecules for specifying positional infor- 
mation within the retina have been described that show a dif- 
ferential distribution across the retina, but none has yet been 
shown to have a clear functional role (see Kaprielian and Pat- 
terson, 1994). Some of these molecules show a step-like change 
in distribution across the naso-temporal axis of the retina 
(McLoon, 1991; Deitcher et al., 1994; Hatini et al., 1994), and 
these may be linked to naso-temporal differences in cell-cell 
adhesion that have been identified in the retina (Halfter et al., 
1981; Bonhoeffer and Huf, 1985) or with the recognition of cues 
for the formation of retinotopically organized terminations (Wal- 
ter et al., 1987; Godement and Bonhoeffer, 1989; Simon and 
O’Leary, 1992b). Other molecules have a dorso-ventral differ- 
ential distribution (Trisler et al., 1981; Constantine-Paton et al., 
1986; McCaffery et al., 1990; Nornes et al., 1990; Rabbachi et 
al., 1991) and as such may underlie axonal behavior that seg- 
regates dorsal from ventral axons within the tract or at terminal 
sites. As yet, no marker of uncrossed retinal ganglion cells has 
been described. 

The Normal Development of the Uncrossed 
Pathway 
Selected stages in the growth of axons, as they navigate the 
region of the optic chiasm, have been studied in fixed material 
(Godement et al., l987a, 1990; Bovolenta and Mason, 1987; 
Colello and Guillery, 1990; Sretavan, 1990; Baker and Reese, 
1993). The recent additional use of time-lapse video microscopy 
of living axons labeled with fluorescent dyes has added a dy- 
namic view of axon growth through the chiasm (Sretavan and 
Reichardt, 1993; Godement et al., 1994). Thus, it has been pos- 
sible to watch labeled uncrossed axons separating from the 
crossed axons close to the chiasmatic midline. Uncrossed axons 
coming from dye marked ganglion cells of the ventro-temporal 
retina of embryonic day 15-17 mice, after the line of decussa- 
tion has formed, mingle with crossed axons on their way to the 
chiasm (Godement et al., 1994). As they approach to within 
150-200 pm of the midline, these uncrossed axons develop 
elaborate, branched growth cones that appear to spread along an 
unseen midline barrier. These morphological changes occur 
within a mid-line subpopulation of the radial glia of the dien- 
cephalic floor (see next section). The uncrossed axons then make 
a sharp turn into the optic tract on their own side of the brain 
(Fig. 2). Such dramatic transitions from simple to more complex 
forms of growth cone occur at sites in the visual pathways where 
growing neurites change direction and presumably encounter 
novel cellular or molecular cues (Bovolenta and Mason, 1987; 
Harris et al., 1987; Holt, 1989; Wang et al., 1993) and in other 
pathways in a wide variety of species (references in Godement 
et al., 1990). 

Time-lapse video microscopy has shown a saltatory pattern 
of growth for all axons along the optic nerve and tract, with 
axons pausing for minutes between periods of advancing growth 
(Harris et al., 1987; Sretavan and Reichardt, 1993; Godement et 
al., 1994). In contrast, during the stages at which the uncrossed 
axons diverge from the crossed axons, all axons approaching the 
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Figure 4. Video images of an axon from the ventro-temporal retina 
of an Et 5 mouse, approaching the midline (at 0 min), forming complex 
exploratory outgrowths at 42 and 63 min, including a branch directed 
back towards the ipsilateral optic tract (arrow). This process expands 
to form the lead process into the ipsilateral optic tract and thus effects 
the turn of the growth cone. At 147 min this branch has extended into 
the ipsilateral optic tract (from Godement et al., 1994). Long scale bar, 
25 pm; short scale bar, 100 p,m. 

midline tend to pause for several hours, advancing and retreat- 
ing, with no net extension (Godement et al., 1994). The un- 
crossed axons pause for even longer and go through extreme 
morphogenetic remodeling. They send out widespread, branched 
multiple tips for 25-50 pm, which repeatedly retract back to 
simple forms. Eventually, a backward pointing filopodium forms 
and reorients the growth cone into the ipsilateral tract (Fig. 4). 
It is only at the midline zone that the uncrossed axons from the 
ventro-temporal retina show behaviors that distinguish them 
from the crossed axons, although all axons appear to wait at the 
midline. 

At the earliest stages of visual pathway development in mice 
(E13-14), before the axons from the ventro-temporal part of the 
retina have developed, axonal outgrowth is more rapid, without 
the pauses or the extreme remodeling of growth cones in the 
midline zone (Sretavan and Reichardt, 1993). The axons that 
remain uncrossed at these early stages come from the early dor- 
so-central ganglion cells (see above, The Retinal Ganglion 
Cells), which behave differently at the chiasm, either because 
they cannot respond to the midline cues, or else because the 
midline cues have not yet developed. 

The Cellular Environment at the Optic Chiasm 

At early stages of development of the visual pathways the cel- 
lular environment of the chiasm is relatively simple. The retinal 
axons from each eye come into contact with the axons of the 
other eye, the radial glia of the diencephalon, and with an early 
developing population of forebrain neurons described in the sec- 
ond half of this section. 

The radial glia have cell bodies in the ependymal lining of 
the third ventricle and radial processes that form the end feet of 
the glia limitans. Before retinal axons leave the optic nerve to 
pass into the chiasm they encounter the radial glia of the dien- 
cephalon and tend to move towards the end foot processes of 
the radial glia. 

The turn of the uncrossed axons occurs about 100 pm from 
the midline, after they have passed some distance through the 
radial glia. This turn occurs within glia that straddle the midline 
and that have been regarded as a specialized group because at 
this stage they express epitopes that are not found on radial glia 
elsewhere in the diencephalon (McKanna, 1993; Marcus et al., 
1995; see Fig. 5). In mice, these midline glia are more densely 
packed than the more lateral glia (Marcus et al., 1995). Fine- 
structural studies have shown that dye-marked uncrossed axons 
from the ventro-temporal retina relate closely to these processes 
of the midline cells (Marcus et al., 1995; and see Fig. 6). It has 
been suggested that the cue mediating the turn of the uncrossed 

Figure 5. Coronal section from an El6 mouse showing RC2 immu- 
noreactive glia forming a palisade on either side of the chiasmatic mid- 
line (arrow). Radial glia are stained in the more lateral diencephalon 
(smaller nruow), but are lacking in the lateral part of the optic chiasm 
(*). From Marcus and Mason (1994). Scale bar, 50 pm. 

axons is an inhibitory signal (Godement et al., 1990), preventing 
advance across the midline, although the nature of the inhibitory 
molecule is not known. 

Evidence for an inhibitory signal in the chiasmatic midline 
comes from retinal explants cocultured with membranes (Wiz- 
enmann et al., 1993) or monolayers (Wang et al., 1992) prepared 
from cells of the chiasmatic midline. Explants from the ventro- 
temporal retina of E14-15 mice form shorter and more fascic- 
ulated neurites on chiasm cells than do nasal explants. Further, 
cell aggregations that include radial glia and nonglial cells of 
the chiasmatic midline from El4 mice are readily traversed by 
nasal axons, but are avoided by ventro-temporal axons (Wang 
et al., 1992). A putative inhibitory molecule, chondroitin sul- 
phate, has been demonstrated at the chiasmatic midline, but this 
is expressed above the axons of the retinofugal pathway, not 
among them (Lustgarden et al., 1993). 

In addition to the glial cells, the chiasmatic midline of many 
vertebrates, including amphibia, fish, birds, and mammals, con- 
tains some early-developing nerve cells of the anterior hypo- 
thalamus (Windle, 1935; Windle and Baxter, 1935; Herrick, 
1942; Magoun and Ranson, 1942; Taylor, 1991; Easter et al., 
1993, 1994; Sretavan et al., 1994). These neurons give rise to 
the earliest developing axons in the forebrain and contribute to 

Figure 6. Electron micrograph of a “complex” growth cone, DiI la- 
heled from ventro-temporal retina and photo-oxidized, relating to the 
radial glial processes (asterisks) of the midline palisade in an El6 
mouse. From Marcus and Mason (1994). Scale bars: 0.5 pm in electron 
micrograph and 5 pm inset. 
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the supraoptic commissures (in fish and frogs these axons have 
been called the tract of the postoptic commissure; Herrick, 
1948). The supraoptic commissures have a wide range of cel- 
lular origins in the adult (Tsai, 1925; Tsang, 1940; Magoun and 
Ranson, 1942; Herrick, 1948), but little is known of the se- 
quence in which the components of the supraoptic commissures 
develop. 

The first retinal axons to enter the ventral diencephalon join 
the rostra1 and ventral edge of this commissure, but do not grow 
among its nonoptic axons (Easter et al., 1994; Sretavan et al., 
1994). Possibly an inhibitory signal, such as the high level of 
tenascin present in the supraoptic commissures of the chick (Per- 
ez and Halfter, 1993), or the cell surface protein CD44 (Sretavan 
et al., 1994), delimits the caudal edge of the optic tract. Retinal 
axons grow through the diencephalon adjacent to the supraoptic 
commissures (Easter and Taylor, 1989; Taylor, 199 1, Marcus and 
Mason, 1993; Sretavan et al., 1994) but will still follow a nor- 
mal course in frogs in the absence of these early axons (Cornell 
and Holt, 1993; but see Sretavan, 1993). 

Thus, although it is probable that the nature of the glial or the 
extracellular environment at the chiasmatic midline determines 
the behavior of the advancing growth cones, and although the 
properties of midline glia in the chiasmatic and other midline 
regions of the developing neural tube have received considerable 
attention, the precise properties that determine the pattern of 
growth of the uncrossed axons are as yet undefined. 

Binocular Interactions Determining the Course of 
the Uncrossed Projection 

The observation of Godement et al. (1987b) that very early, 
intrauterine removal of one eye in mice produces a severe re- 
duction in the uncrossed component from the other eye has now 
been confirmed by different methods in mice, ferrets, and rats 
(Guillery, 1989; Chan and Guillery, 1993; Taylor and Guillery, 
1995a). Although this effect was not noted by Sretavan and Rei- 
chardt (1993) and seen as only a mild effect by Sretavan and 
Shatz (1987), this form of binocular interaction is now so well 
documented that we shall treat it as reflecting a part of normal 
development. 

This reduction of the uncrossed pathway produced by an ear- 
ly, prenatal unilateral eye removal must be clearly distinguished 
from a quite different developmental change that has been dem- 
onstrated in several species by a postnatal removal of one eye. 
The latter, which produces an increase in the surviving un- 
crossed component, depends on removal of the crossed retino- 
fugal component after all axons have passed the chiasm, and 
invasion of the target nuclei is already well advanced. It is 
thought to be due to the increased access that uncrossed axons 
have to cells in the target nuclei after the loss of the crossed 
component. This later, postnatal interaction will not be consid- 
ered any further here, except to note that, because the prenatal 
reduction of the uncrossed component and the postnatal increase 
produce opposite results, the prenatal loss can be best shown at 
birth, before the postnatal changes can neutralize the prenatal 
effects. 

The reduction of the uncrossed pathway produced by prenatal 
enucleation depends on the developmental stage at which the 
operation is done. Early enucleations, done before any axons 
have reached the chiasm (El1 in mice, E23 in ferrets), produce 
the most severe reduction, leading to a complete or almost com- 
plete failure of the development of the uncrossed component 
(Fig. 7). Later enucleations produce milder effects, presumably 

Figure 7. Whole mount preparations of the brains from E30 ferrets in 
which the temporal crescent (LX’) of the right eve has been DiI labeled 
and photo-oxidized. A, The uncrossed projection in the normal E30 
ferret (arrow) is prevented from forming (B, arrow) after a monocular 
enucleation at E23. From Taylor and Guillery (1995a). Scale bars, 500 
pm. 

because axons that have grown past the chiasm at the time of 
the enucleation are unaffected. These results point to the impor- 
tant role of the crossed component from one eye in guiding the 
uncrossed axons from the other eye into the optic tract, and show 
that early uncrossed axons that have already entered the tract 
appear to be unable to guide later arriving cohorts. 

After an enucleation at El3 in mice, growth cones of the 
uncrossed axons accumulate at the chiasmatic midline by El5 
(Godement et al., 1990). Unpublished observations (Godement) 
of congenitally monocular mice at this stage show a similar ac- 
cumulation of growth cones, and Godement, Wang, and Mason 
(unpublished) have made video recordings from monocular enu- 
cleate mice in which the uncrossed axons make repeated ad- 
vances and retractions over many hours, but neither advance 
across the midline nor turn back to the ipsilateral tract. Studies 
of ferrets at E30, after an E23-24 monocular enucleation, also 
show the uncrossed axons from the ventro-temporal retina ac- 
cumulated at the chiasm (Taylor and Guillery, 1995a). 

In contrast to the above, Sretavan and Reichardt (1993) found 
that after a very early removal of one eye in El 1.5 mice, video 
recording and post mortem backfilling of retinal ganglion cells 
at E14-16 showed essentially normal chiasmatic development. 
Some of these reported differences in the effects of early mo- 
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nocular enucleations, especially in the observations of living ax- 
ons, could be due to differences in the developmental stage stud- 
ied, since one can expect that the uncrossed axons from the early 
dorso-central component would not respond to any cues at the 
midline, whereas the later ventro-temporal axons would. Since 
the switch occurs only shortly before E15, some of the axons 
not held up at the midline may prove to have been the dorso- 
central axons that pass directly into the optic tract on the same 
side without encountering axons from the other eye. However, 
other apparently normal uncrossed axons from the ventro-tem- 
poral retina described by Sretavan and Reichardt cannot be ac- 
counted for in this way, and this discrepancy remains unre- 
solved. 

If  axons from the ventro-temporal retina that would normally 
remain uncrossed, fail to follow their normal course into the 
optic tract after an eye removal, they accumulate at the chiasm; 
they do not follow other axons, either earlier uncrossed axons 
that were unimpeded, or axons of the supraoptic commissures, 
which are present before any of the retinofugal axons. Nor do 
they turn around and follow the crossed component from their 
own eye back to the eye from which they came. This last finding 
might have been expected on the basis of the extent to which 
the late uncrossed axons appear to depend upon the crossed 
component for their postchiasmatic course, and from the obser- 
vation that retinopetal axons are able to grow against the stream 
towards the eye. The most likely interpretation would be that 
the axons crossing the mid-line change their surface properties 
on passing through the midline glia, and become more attractive 
to the uncrossed axons. This would be comparable to the situ- 
ation of commissural axons crossing the floor plate of the spinal 
cord, which express the neuron-specific protein TAG-I before 
and the protein Ll after the crossing (Dodd et al., 1988; Shiga 
and Oppenheim, 199 1). The uncrossed axons may then respond 
in two stages, first being blocked by the midline structures and 
then fasciculating with the axons that have switched their surface 
properties as they crossed the midline. 

In summary, the ventro-temporal retinofugal axons that are 
destined for an uncrossed course travel with those destined for 
a crossed course from the eye to the chiasm, and in this part of 
their course the two components are intermingled. They become 
separated from one another close to midline, where the crossed 
axons have a relatively free passage through the midline glia, 
whereas the uncrossed axons are blocked in their path towards 
the midline. Having been blocked, the uncrossed component 
then joins the crossed component from the other eye and is de- 
pendent upon the latter, particularly on the concurrently growing 
crossed axons for its further progress into the optic tract. 

Abnormal Chiasmatic Pathways 
The uncrossed component of the retinofugal pathway is reduced 
in all albino mammals studied to date (references in Guillery, 
1992). This reduction corresponds to a shift towards the tem- 
poral periphery of the line that separates the nasal from the 
temporal retina. 

The abnormality occurs in true albinos, defective in the gene 
coding for tyrosinase, the enzyme necessary for the synthesis of 
the retinal pigment, melanin. It is also present in all other mu- 
tants in which the melanin of the retinal pigment epithelium 
shows significant abnormalities. Several different genetic loci 
have been identified, in mice (LaVail et al., 1978), mink (San- 
derson et al., 1974), cats (Creel et al., 1982), and humans (Wit- 
kop et al., 1982), mutations at which either reduce the amount 

of retinal melanin or cause its abnormal cellular distribution. All 
such mutants show a reduced uncrossed pathway. Neural-crest- 
derived melanin appears to play no part in relation to this ab- 
normality (Sanderson et al., 1974; Witkop et al., 1982). The 
mechanism that produces the abnormality is not understood, al- 
though it is reasonable to conclude that the tyrosinase does not 
participate directly in producing the abnormal pathway and to 
expect that the mechanism concerned is closely linked to the 
synthesis or breakdown of retinal melanin. 

Since the crossed and the uncrossed axons are mingled on the 
way to the chiasm, there are a limited number of mechanisms 
that could produce this shift in the retinal line of decussation. 
In view of its close relation to retinal melanin, the production 
of the abnormality is most likely to be dependent upon a retinal 
rather than a chiasmatic deficiency. Comparisons of normal and 
albino chiasms and of axonal growth from normal and albino 
ganglion cells in vitro, support this conclusion (Marcus and Ma- 
son, 1994, and unpublished observations). 

The similarity of the reduced ipsilateral termination in albino 
mice and ferrets to that found after early removal of one eye 
suggested that both reductions might involve similar mecha- 
nisms, a view reinforced by the failure of early enucleations in 
albino ferrets to produce any reduction of the uncrossed termi- 
nation to the lateral geniculate nucleus (Guillery, 1989). How- 
ever, recent, more detailed studies of retinal ganglion cells giving 
rise to the uncrossed pathway have shown that the albino effect 
and the enucleation effect are fundamentally different (Chan and 
Guillery, 1993). Whereas albinism shifts the line of decussation 
(the line that defines the border of the ventro-temporal crescent) 
towards the temporal periphery, enucleation reduces the number 
of ipsilaterally projecting ganglion cells, without changing the 
position of the line of decussation. Further, the number of ipsi- 
laterally projecting ganglion cells is also reduced by an early 
enucleation in albinos. 

An abnormality of the optic chiasm, found in two children 
(Apkarian et al., 1994) and in a breed of Belgian sheepdog (Wil- 
liams et al., 1994), has been described recently, in which no 
retinofugal axons cross the midline. All of the axons in the optic 
nerve pass to the brain without crossing. It is not clear as yet 
whether in this abnormality there is a complete absence of cross- 
ing axons in the region of the chiasm, or whether the supraoptic 
commissures remain normally crossed. 

A major question arising out of both types of abnormality, 
reduced as well as increased crossing, concerns the way in which 
the terminals of the abnormally routed axons are distributed in 
the brain and the way in which this distribution alters the normal 
functioning of the visual centers. These questions are beyond 
the scope of this article (but see Hubel and Wiesel, 1971; Kaas 
and Guillery, 1973; Shatz, 1977; Shatz and LeVay, 1979). They 
are mentioned here because they raise another question, namely, 
what is the normal optic chiasm for? 

The Optic Chiasm of Marsupials 

An early observation by Bodian (1936), made in the North 
American opossum, and several more recent studies of other 
marsupials (Harman and Jeffery, 1992; Jeffery and Harman, 
1992; Guillery and Taylor, 1993; Taylor and Guillery, 1994) 
have shown that in all marsupials studied to date, the uncrossed 
retinofugal pathway separates from the crossed pathway within 
the prechiasmatic nerve, rather than near the midline within the 
chiasm itself, as in eutherian mammals. In the mid-portion of 
the nerve, the crossed and the uncrossed components are not 
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Figure 8. Coronal sections through the optic nerves (A) and the optic 
chiasm (B) of an adult Monodelphis, in which HRP had been injected 
into the right optic tract. The uncrossed axons (arrow in A) are segre- 
gated within the optic nerve and pass as a discrete bundle in the lateral 
part of the optic chiasm (arrow in B). In the optic chiasm, the crossing 
axons form a series of interdigitating bundles. A, from Taylor and Guil- 
lery (1994); B, from Guillery and Taylor, (1993). Scale bars, 100 pm. 

restricted to different parts of the cross-section of the nerve, but 
are mingled, as in eutherians. Then, as the axons approach the 
chiasm in the marsupials, the uncrossed component separates 
from the crossed component, passing ventrally through the 
crossed component, and collecting as a separate bundle in the 
ventro-lateral part of the prechiasmatic nerve (Fig. SA). 

The crossed axons continue their course as separate and rather 
distinct bundles across the midline, and at the midline there is 
an interdigitation of the crossing bundles that gives the optic 
chiasm a different structure from that seen in eutherians (Fig. 
8s). In this respect these marsupial chiasms are very like the 
avian or reptilian chiasm, which also has rather large interdigi- 
tating bundles at the midline (Polyak, 1957). The intimate min- 
gling of the crossing axons that is seen in frogs and eutherian 
mammals suggests a distinct developmental sequence that as yet 
remains to be defined. 

In the early development of the optic chiasm of the marsupial 
Monodelphis domestica, one sees some of the same features that 
we have described above for eutherians. There is an early un- 
crossed projection from the dorso-central retina. There is also a 
later clear separation in the retina of nasal (crossed) from tem- 
poral (uncrossed) ganglion cells (Taylor and Guillery, 1994). As 
in eutherians, the interfascicular glia of the optic nerve are re- 

placed by radial glia of the diencephalon, and this transition 
occurs within the prechiasmatic part of the nerve. However, at 
this border, one sees the segregation of uncrossed from the 
crossed axons, rather than an age-related reordering. The axons 
of the uncrossed component change direction, passing towards 
the pia at the ventro-lateral surface of the nerve. Ultrastructural 
observations show that in this region the growth cones of the 
uncrossed axons are associated with the radial glial processes 
(Taylor and Guillery, 1994). Once these uncrossed axons have 
reached the sub-pial endfeet, they accumulate as a well-defined 
bundle and make a second perpendicular turn across the face of 
the nerve to enter the ipsilateral optic tract. Within the optic 
tract itself, the crossed and the uncrossed axons appear to be in 
an age-related order (Cavalcante et al., 1993), but so far the 
region where this order appears has not been defined, and we 
do not know how the glial environment relates to this further 
change in axonal order. 

The relationships we have described show that the glial border 
zone between interfascicular and radial glia, a structural land- 
mark that appears to have the same developmental origins in 
marsupials and eutherians, plays a completely different role in 
the guidance of axons in the two mammalian orders. In euth- 
erians, the axons begin to take on an age related order as they 
enter the radial glial zone, but the uncrossed component does 
not separate from the crossed component until the axons are 
much nearer the midline and mingled with crossing axons from 
the other eye. In Monodelphis, the uncrossed axons separate 
when they first encounter the radial glia, and the place at which 
the age related order is established remains to be defined. 

The structure of the chiasm in marsupials was earlier related 
to another of their characteristic features. Whereas, as we have 
seen, a very early monocular enucleation produces a reduction 
in the uncrossed pathway in eutherians, there is no evidence for 
any such effect in marsupials (Mendez-Otero et al., 1986; Cole- 
man and Beazley, 1989). However, these studies were all based 
upon studies of the uncrossed component in adults, and, as 
pointed out earlier, since an early enucleation has the opposite 
effect to one done after the chiasm has formed, the later devel- 
opmental changes could have neutralized the effects of these 
early enucleations. 

Recent studies with relatively short postoperative survival 
times in Monodelphis demonstrate that this is not the explanation 
of the difference. The early enucleation does not reduce the size 
of the uncrossed component (Taylor and Guillery, 1995b). The 
uncrossed axons, like the early dorso-central uncrossed axons of 
eutherians, are not dependent upon the crossed component from 
the other eye, and since the two do not encounter each other 
until well after the commitment to a crossed or an uncrossed 
pathway has been made, this lack of any interaction is to be 
expected. 

One other problem about the marsupial chiasm that remains 
unresolved concerns the albino abnormality. At present, we do 
not know whether there is a reduction of the uncrossed com- 
ponent in albino marsupials. In so far as one can regard the 
albino abnormality as due to retinal factors, one might expect 
marsupials to show the same abnormalities as eutherians. It is 
only if a chiasmatic factor plays a significant role in the pro- 
duction of the abnormality that one can anticipate a difference 
between eutherians and marsupials in the expression of the ab- 
normality. 
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Summary and Conclusions 

The mammalian optic chiasm is widely and properly regarded 
as a region where axons from the temporal retina take an un- 
crossed course and separate from axons arising in the nasal ret- 
ina that take a crossed course. However, this is but a rough 
approximation of the adult situation, and developmental studies 
must take account of several distinctive stages and axon rear- 
rangements that characterize the region of the chiasm. At the 
early and late stages of development of nonprimate species the 
axons do not segregate in accordance with a strict naso-temporal 
rule at all, and their behavior at the chiasm is not relevant to 
the formation of the naso-temporal division. 

As the axons pass from the eye to the chiasm they tend to 
lose their retinotopic order, to gain a chronotopic order, and then, 
in the region of the chiasm, to regain some aspects of the retin- 
otopic order before reaching their terminal sites. Molecular or 
cellular cues that allow the several distinct organizational steps 
to occur must be expected in the retina, on the axons themselves, 
and also along the pathway of the axons, prechiasmatically and 
at the chiasm. Some of these cues will be associated with local 
nerve cells, some with specialized glial elements and some with 
the retinofugal axons themselves. Several candidate molecules 
have been identified in the retina and along the path of the axons, 
but to date no clearly defined role in the specific events of the 
pathway determination have been identified. 

The sequence of developmental processes that characterizes 
the formation of the optic chiasm provides an interesting and 
useful challenge to experimentalists, because the advancing ax- 
ons can now be observed in vitro and in the living brain. The 
pattern of growth changes as development proceeds, it shows 
distinctive properties in different species and in their genetic 
mutants, and it can be readily modified by simple experimental 
procedures. These all provide opportunities for investigating the 
function of proposed molecular cues that act in the development 
of the chiasm. 
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