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Specific Routing of Retinal Ganglion Cell Axons at the Mammalian
Optic Chiasm During Embryonic Development

David W. Sretavan

Laboratory of Neurobiology, Rockefeller University, New York, New York 10021

During development of the mammalian CNS, axons encoun-
ter multiple pathway choices on their way to central target
structures. A major pathway branch point in the visual sys-
tem occurs at the optic chiasm, where retinal ganglion cell
axons may either enter the ipsilateral or the contralateral
optic tract. To investigate whether embryonic mouse retinal
ganglion cell axons, upon reaching the optic chiasm, selec-
tively grow into the correct pathway, developing retinal gan-
glion cells were retrogradely labeled using either 1,1'-dioc-
tadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate
(Dil) or fluorescent microspheres placed into the optic tract
on one side. The distribution of ipsilaterally and contralat-
erally projecting ganglion cells in the embryo was then ex-
amined and compared to that of the adult animal. Results
show that axon routing at the chiasm is already extremely
adult-like as early as embryonic day 15 (E15), shortly after
retinal axons arrive at the chiasm. [Retinal ganglion cell neu-
rogenesis = E11-E18 (Drager, 1985); birth = E21.] Through-
out the development of this pathway, routing errors are in-
frequent and are on the order of only about 3-8/1000 retinal
ganglion cells. Thus, embryonic retinal ganglion cell axons
do not project randomly at the optic chiasm but instead ap-
pear to be highly specific in their choice of pathway.

To learn how correct pathway choices are made, retinal
axons were retrogradely labeled with Dil and their trajecto-
ries at the optic chiasm were reconstructed. Results show
that ipsilaterally and contralaterally projecting axons are
highly intermixed as they enter the chiasm region but se-
lectively grow into the correct pathway. For example, a con-
tralaterally projecting axon near the entrance of the ipsilat-
eral optic tract will turn and bypass this pathway and grow
towards the midline to head into the contralateral optic tract.
Similarly, axons far away from the ipsilateral optic tract fre-
quently turn abruptly at right angles to enter the ipsilateral
tract, directly crossing over contralaterally projecting axons
heading to the opposite side. The sorting out of intermixed
ipsilaterally and contralaterally projecting retinal axons into
the appropriate optic tracts strongly suggests the presence
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of specific guidance cues at the optic chiasm during em-
bryonic development. Together, results from this study dem-
onstrate that the pattern of axon projection at the adult mam-
malian optic chiasm is gradually built upon a highly specific
pattern of axon routing laid down early during development.

The manner in which the highly specific axon pathways char-
acteristic of the adult CNS are formed during development is
not fully understood. Studies in insects have shown that de-
veloping axons grow along precise routes to form mature pat-
terns of axon pathways very early in development (Ho and
Goodman, 1982; Bentley and Caudy, 1983; Goodman et al.,
1984; Klose and Bentley, 1989, for review). In the vertebrate
PNS, axons of embryonic motoneurons in both the chick (Lance-
Jones and Landmesser, 1981; Landmesser, 1984; Tosney and
Landmesser, 1985a, b) and the zebrafish (Eisen et al., 1986,
1989; Westerfield and Eisen, 1988) also exhibit a remarkable
degree of specificity in their choice of pathway en route to precise
muscle groups. While it has been possible in these systems to
examine the process of axon routing in great detail starting at
early stages of axon outgrowth, currently little is known about
the initial stages of axon pathway formation within the embry-
onic mammalian CNS.

In the present study, the specificity of axon routing at a defined
pathway branch point in the mammalian visual system was
examined starting at early stages of development. At the adult
optic chiasm, retinal gangtion cells in specific parts of the retina
send axons into either the ipsilateral or contralateral optic tract.
In the rodent visual system, ipsilaterally projecting ganglion cells
are localized to ventral-temporal retina, while contralaterally
projecting ganglion cells are found throughout the retina (Drager
and Olsen, 1980; Lund et al., 1980). This precise pattern of
chiasmatic routing is essential to the proper function of the
visual system by ensuring that information received in the 2
eyes regarding an object in space is sent to the same side of the
brain for processing (for review, see Guillery, 1983).

During embryonic life, the retina is formed as an outpouching
of the CNS and remains attached to the diencephalon by the
optic stalk. Axons of retinal ganglion cells upon leaving the
retina, grow along the optic stalk to reach the region of the optic
chiasm located at the ventral midline of the diencephalon. Once
at the optic chiasm, retinal axons are faced with a pathway
choice and may choose to enter either the ipsilateral optic tract
on the same side of the brain or else cross contralaterally to the
optic tract on the opposite side. In the mouse, retinal ganglion
cells are born over an extended period of time from embryonic
day (E) 11 to E18 (Drager, 1985). Retinal axons grow along the
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optic nerve and first arrive at the optic chiasm around E12.5
and enter the optic tracts at about E13 (Silver, 1984). The axons
of the last retinal ganglion cells to be born likely grow into the
chiasm sometime around birth (E21). In this study, the speci-
ficity of embryonic retinal axon routing at the optic chiasm was
examined starting at E135, soon after significant numbers of ret-
inal axons have entered the optic tracts. The results show that
embryonic retinal ganglion cell axons are highly specific in their
choice of pathway at the optic chiasm. A brief description of
this work has been presented (Sretavan, 1989).

Materials and Methods

Animals. Experiments were carried out using C3H mice, a nonalbino
strain of mouse. Timed pregnant mice were bred in an in-house breeding
colony with the day of vaginal plug detection counted as EQ. Gestation
is 21 d. Day of birth was counted as PO.

Surgical procedures. Pregnant mice were anesthetized by an intra-
peritoneal injection of 2.5 mg sodium pentobarbital. Cesarian sections
were carried out under aseptic conditions. Following delivery of em-
bryos, adult mice were killed using an overdose of sodium pentobarbital.
All embryos and postnatal mice were anesthetized using hypothermia.

Dil labeling in fixed tissue. In the first set of experiments, the car-
bocyanine dye, 1,1'-dioctadecyl-3,3,3’,3'-tetramethylindocarbocyanine
perchlorate (Dil, Molecular Probes, OR) was used to retrogradely label
embryonic retinal ganglion cells and to determine the distribution of
ipsilaterally and contralaterally projecting ganglion cells in the embryo
compared to the adult. Dil has previously been shown to be an excellent
retrograde neuronal tracer (Honig and Hume, 1986) and labels long
axonal processes and cell bodies even in fixed tissues (Godement et al.,
1987a).

After delivery via cesarian section, embryos were immersion fixed in
4% paraformaldehyde (in 0.1 M phosphate buffer, pH 7.4) at 4°C for
2448 hr with continuous stirring. The top of the cranium was removed
to promote entry of fixative. Embryos at E18 or older and postnatal
animals were first perfused intracardially with 4% paraformaldehyde
and then immersion fixed. For retrograde labeling of embryonic retinal
ganglion cells, the cortex was removed and crystals of Dil picked up on
tips of glass micropipettes were placed into the optic tract approximately
halfway between the developing lateral geniculate nucleus and the optic
chiasm. Care was taken not to label too close to the optic chiasm in
order to avoid accidental labeling of retinal axons projecting to the
opposite side. Labeled specimens from E13-15 embryos were stored at
37°C for 1 week, while those from embryos at E16 or older and postnatal
animals were stored for 2 weeks. The distribution of retrogradely labeled
retinal ganglion cells was examined in 50-um-thick horizontal vibra-
tome sections of the retina. The plane of section was tilted up anteriorly
approximately 30° from the horizontal in order to cut perpendicularly
through the ventral-temporal part of the retina. Dil fluorescence was
viewed using a standard rhodamine filter set.

For anterograde labeling of axons originating from specific parts of
the embryonic retina, the cornea and lens from embryos fixed with 4%
paraformaldehyde were removed to expose the retina. Small crystals of
Dil picked up on tips of glass micropipettes were manually placed in
selected retinal regions under visual guidance using a dissecting micro-
scope. Labeled tissue was stored as described above. To examine the
anterograde axon projection pattern following the labeling of selected
retinal areas, the region of the optic chiasm was sectioned horizontally
at 50 um to ensure that even small axon projections were identified.

Microsphere labeling in living in vitro embryonic preparations. In
addition to retrograde labeling using Dil, embryonic retinal ganglion
cells were also retrogradely labeled in a separate set of experiments using
fluorescent microspheres placed into the optic tract. After delivery via
cesarian section, embryos were dissected in oxygenated Ringer’s solu-
tion at 4°C and the retinas and optic nerves isolated together with a
portion of the diencephalon containing the optic chiasm and optic tracts.
Four to 8 pressure injections of fluorescently labeled microspheres (Katz
et al., 1984) were made into one optic tract. After rinsing 3 times with
fresh Ringer’s solution, the cornea, sclera, and pigment epithelial layer
were removed to promote tissue oxygenation during incubation. In E16
and older embryos, the lens was also removed to allow direct perfusion
of the retinal ganglion cell layer. In vitro preparations were then con-
tinuously superfused with tissue culture medium at 25 ml/hr and in-

cubated at 34°C in a 95% oxygen 5% CO, atmosphere. [Each 100 m!
of medium contained 83 ml L-15 culture medium (Gibco), 17 ml of
150 mm NaHCO,, 16 mm dextrose, and 1 mg gentamicin.] After 10—
12 hr, preparations were fixed overnight in 4% paraformaldehyde at 4°C
and then sectioned horizontally at 50 um on a vibratome. This allows
the orientation of the eyes within the cranium to be correctly maintained
and is superior to whole-mounts, which require the mechanical flatten-
ing of fragile embryonic retinas. Rhodamine labeled microspheres were
visualized using a standard filter set.

In order to reconstruct the overall global distribution of ipsilaterally
and contralaterally projecting retinal ganglion cells, the position of each
microsphere-labeled retinal ganglion cell was plotted onto camera lucida
drawings of individual retinal sections. The total linear length of the
retinal ganglion cell layer in each retinal section was then represented
as a straight line, and the position of labeled retinal ganglion cells within
the retinal section transposed onto this line. All the retinal sections from
a given eye were then restacked up on top of each other to reconstruct
the overall distribution of labeled retinal ganglion cells within the whole
retina.

Photoconversion of Dil-labeled retinal axons. To facilitate the recon-
struction of individual ipsilaterally and contralaterally projecting retinal
axons at the optic chiasm, tissue sections containing Dil-labeled axons
and their growth cones were photoconverted to substitute the Dil fluo-
rochrome with a stable diaminobenzidine (DAB) reaction product which
can be observed using bright-field optics. Vibratome tissue sections
containing Dil-labeled material were placed onto a subbed glass mi-
croscope slide in a drop of 0.1 m Tris buffer (pH 8.2, 4°C) containing
1.5 mg/ml DAB. The section was then exposed to a fluorescent light
source equipped with a rhodamine filter set. During photoconversion,
the Tris/DAB solution was aspirated off every 10-15 min and replaced
with fresh Tris/DAB solution kept at 4°C. Photoconversion was ter-
minated when the desired density of DAB axon labeling was achieved
(approximately 45-60 min). The procedure used is similar to that de-
scribed for the photoconversion of other fluorochromes (Maranto, 1982;
Sandell and Masland, 1988).

Results

Distributions of ipsilaterally and contralaterally projecting
retinal ganglion cells during embryonic development
The mature pattern of retinal ganglion cell axon routing at the
optic chiasm could arise via 1 of 2 alternative mechanisms.
First, embryonic retinal ganglion cells in different parts of the
retina could be specified in their choice of pathway, and upon
arrival at the optic chiasm, retinal axons may be capable of
selectively growing into the appropriate optic tract. If so, the
distribution of ipsilaterally and contralaterally projecting retinal
ganglion cells in the embryonic retina should closely resemble
that seen in the adult. In this case, ipsilaterally projecting retinal
ganglion cells should be found only in the ventral-temporal part
of the retina, while contralaterally projecting ganglion cells should
be present throughout the retina. An alternative is that embry-
onic retinal ganglion cell axons may initially project somewhat
randomly at the chiasm and the mature pattern of chiasmatic
routing is formed only later after the elimination of axon-routing
errors. In this situation, the distribution of ipsilaterally and
contralaterally projecting ganglion cells in the embryonic retina
will be quite unlike that found in the adult. To distinguish
between these 2 possibilities, Dil was placed into one optic tract
of fixed mouse embryos to retrogradely label retinal ganglion
cells and to reveal the distribution of ipsilaterally and contra-
laterally projecting ganglion cells at different developmental ages.
Following the placement of Dil into the optic tract on one side,
ipsilaterally projecting retinal ganglion cells are retrogradely la-
beled in the eye on the same side, while contralaterally projecting
ganglion cells are labeled in the opposite eye.

Results from these experiments show that as early as E15,
that is, 2 d after the retinal axons grow into the optic tracts and
well before the majority of retinal axons have reached the chiasm,



the distribution of ipsilaterally and contralaterally projecting
ganglion cells in the retina was almost exactly that seen in the
adult animal. Figure 1, 4, B, shows the distribution of ipsilat-
erally and contralaterally projecting retinal ganglion cells in an
E15 embryo. The figure shows horizontal sections through the
optic disc region of both the contralateral and ipsilateral retinas.
Contralaterally projecting retinal ganglion cells (Fig. 1.4) were
found in all regions extending from nasal to temporal retina. In
contrast, retinal ganglion cells projecting ipsilaterally (Fig. 1B)
were located only within a region of temporal retina. The pattern
seen 2 d later at E17 was very similar and is shown in Figure
1, C, D. Although at this stage the retinas have grown larger,
contralaterally projecting ganglion cells were again found
throughout the retina and ipsilaterally projecting ganglion cells
were confined to temporal retina. While a rare ectopically lo-
cated ipsilaterally projecting ganglion cell may sometimes be
found (Fig. 1, B, D, arrows), retinal ganglion cells projecting
ipsilaterally at these embryonic ages were restricted almost ex-
clusively to ventral-temporal retina.
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Figure 1. Distribution of ipsilaterally
and contralaterally projecting retinal
ganglion cells during embryonic devel-
opment. 4 and B, Horizontal sections
through the retinas of an E15 embryo
showing the location of contralaterally
(A) and ipsilaterally (B) projecting gan-
glion cells, Note that as in the adult,
ipsilaterally projecting retinal ganglion
cells at E15 are restricted to the tem-
poral part of the retina, while contra-
laterally projecting ganglion cells are
distributed throughout. N, nasal retina;
T, temporal retina; o.d., optic disc. Scale
bar, 100 um. C and D, Horizontal sec-
tions through the retinas of an E17 em-
bryo. A pattern similar to that at E15
is seen. Scale bar, 100 um. Arrows in B
and D point to rare ipsilaterally pro-
jecting ganglion cells outside ventral-
temporal retina. E, Examples of retro-
gradely Dil-labeled retinal ganglion cells
(solid arrows) in an E15 embryo. Vitreal
surface is towards the top. Scale bar, 25
pm. The cell on the right has 2 processes
which appear to travel in opposite di-
rections within the optic fiber layer. F,
Retinal section showing clongated ra-
dially aligned retinal cells (open arrows)
found in close proximity to retinal gan-
glion cells with dendritic processes (so/-
id arrows). Such elongated cells may
represent Miiller glia, retinal neuro-
blasts, or immature retinal ganglion
cells. Scale bar, 50 um.

Although retrograde labeling using Dil revealed the distri-
butions of ipsilaterally and contralaterally projecting retinal gan-
glion cells, this technique also labeled other cell types in the
embryonic retina. Higher-magnification views of retinal gan-
glion cells labeled with Dil are shown in Figure 1, E, F. Two
retinal ganglion cells at different stages of maturation can be
seen in figure 1E. Figure 1 F shows the typical Dil-labeling pat-
tern seen at E15 and E17, where labeled retinal ganglion cells
coexist with elongated cells radially spanning the thickness of
the retina. These elongated cells resemble Miiller glial cells,
although some may be neuroblasts or immature retinal ganglion
cells which maintain attachments with both the vitreal and scler-
al surfaces (Morest, 1970). Since such labeled elongated cells
were always found in close proximity to clearly defined retinal
ganglion cells, they could be labeled by passage of Dil from
ganglion cells at regions of close membrane contact between
these 2 cell populations. A similar type of “transcellular” la-
beling has been seen between embryonic retinal axons and neu-
roepithelial cells at the optic chiasm (Godement et al., 1987a).
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Figure 2. Retrograde labeling of embryonic retinal ganglion cells using fluorescent microspheres. 4, Horizontal section through the diencephalon
of an in vitro preparation from an E15 embryo showing microsphere injections into one optic tract. The opposite optic tract (dotted line) was
completely unlabeled. Scale bar, 200 um. B, Longitudinal section through the contralateral optic nerve showing numerous retrogradely transported
fluorescent microspheres. Scale bar, 100 um. C, Examples of microsphere-labeled retinal ganglion cells (arrows) from an E15 embryo. Scale bar,
50 um. The distance from the labeled retinal ganglion cells to the dotted line on the bottom represents the thickness of the retina. D and E,
Reconstructions of the retinas from an E15 and an E17 embryo showing the distribution of contralaterally (/eft) and ipsilaterally (right) projecting
retinal ganglion cells. Horizontal black lines represent the linear extent of the retinal ganglion cell layer in each retinal section. Individual labeled
ganglion cells are shown as black dots. As in the adult, ipsilaterally projecting ganglion cells at E15 and E17 were restricted to ventral-temporal
retina, while contralaterally projecting ganglion cells were found in all retinal regions. The small number of labeled ganglion cells at E15 is consistent
with the fact that even though the majority of ipsilaterally projecting ganglion cells have been born by E15 (Drager 1985), only some will have

extended axons into the optic tract. Scale bar, 200 pm.

Retrograde labeling of retinal ganglion cells using fluorescent
microspheres

In order to avoid the possibility that the true distribution of
ipsilaterally and contralaterally projecting ganglion cells may
have been distorted by the presence of these labeled elongated
cells, retinal ganglion cells were exclusively retrogradely labeled
in a second set of experiments using rhodamine-labeled latex
microspheres (Katz et al., 1984) injected into the optic tract.
Since optic tract labeling in mouse embryos in vivo is technically
difficult and embryo survival is limited, these experiments were
performed using a novel preparation consisting of the retinas,
optic nerves, chiasm, and optic tracts maintained in vitro (see
Materials and Methods.).

Microspheres injected into in vitro preparations remained lo-
calized to the optic tract on one side (Fig. 24). The opposite
optic tract regions were always completely unlabeled. Retro-
gradely transported microspheres were visible in the optic nerves

(Fig. 2B) and retinal ganglion cells (Fig. 2C). Labeled cells were
localized to the retinal ganglion cell layer, indicating that retro-
gradely transported microspheres remained within ganglion cells
and were not passed into other cell types.

The distributions of ipsilaterally and contralaterally project-
ing retinal ganglion cells at E15 and E17 obtained using mi-
crospheres were very similar to those obtained using Dil (Fig.
2, D, E). To obtain the overall global distribution of ipsilaterally
and contralaterally projecting ganglion cells labeled with mi-
crospheres, the position of each microsphere-labeled retinal gan-
glion cell was first marked onto camera lucida drawings of retinal
sections. Retinal sections from a given eye were then restacked
in order to reconstruct the whole retina. In the reconstructions
shown in Figure 2, D, E, the horizontal black line represents
the total linear length of the retinal ganglion cell layer of each
retinal section, and each black dot represents one microsphere-
labeled retinal ganglion cell.

Similar to the results obtained using Dil, ipsilaterally pro-



jecting cells at both E15 and E17 were once again restricted to
ventral-temporal retina. Contralaterally projecting ganglion cells
were present throughout all regions of the retina. Thus, results
from retrograde labeling experiments using either Dil or flu-
orescent microspheres show that ipsilaterally and contralaterally
projecting retinal ganglion cells are not randomly mixed
throughout the embryonic retina, but are instead distributed in
a precise adult-like pattern. Since both ipsilaterally and contra-
laterally projecting ganglion cells are born starting at E11 (Dra-
ger, 1985), it is not surprising that both types of ganglion cells
could be retrogradely labeled from the optic tract at E15. How-
ever, it is remarkable that at these ages, contralaterally projecting
ganglion cells are generated throughout the entire retina, whereas
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Figure 3. Axon projection patterns
originating from embryonic nasal-dor-
sal and ventral-temporal retina. 4, Sec-
tion through the labeling site in nasal-
dorsal retina of an E16 embryo pho-
tographed using fluorescence optics.
Local placement of Dil crystals labeled
a discrete portion of the retina. Scale
bar, 100 um. B, Labeling site in ventral—
temporal retina of an E13 embryo. The
arrow points to axons originating from
the labeled region growing towards the
optic disc. Scale bar, 100 um. Bottom,
Chiasmatic projection patterns origi-
nating from nasal-dorsal (left column)
and ventral-temporal retina (right col-
umn) in embryos at E13-17. Horizon-
tal views of the chiasm are presented
with optic nerves at the top and optic
tracts at the bottom. Photographs ob-
tained at different focal planes were as-
sembled as a montage. The chiasm re-
gion at E13 is outlined with an arrow
pointing to the midline. Similar to the
projection patterns found in the adult
animal, embryonic nasal-dorsal axons
grow contralaterally, while ventral-
temporal retina form both an ipsilateral
(arrows) and a contralateral projection.
Scale bars: E13, 50 um; E14 and 15,
100 pm; E17, 200 um.

ipsilaterally projecting ganglion cells are born within a circum-
scribed region,

Axon projection patterns from different retinal regions

The early presence of an adult-like distribution of ipsilaterally
and contralaterally projecting ganglion cells suggests that em-
bryonic axons from different parts of the retina are capable of
selectively growing into the appropriate optic tract. If so, the
chiasmatic routing of projections originating from embryonic
ventral-temporal retina should be quite different from that of
nasal-dorsal retina. To verify this, small Dil crystals were placed
within the retina of fixed embryos for anterograde labeling of
axons originating from these 2 regions. In all cases, the Dil-
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labeled region was highly restricted and did not spread through-
out the retina. Examples of Dil-labeling sites within the retina
of E13 and E16 embryos are shown in Figure 3, A, B, respec-
tively. The lower part of Figure 3 shows axon projections at
E13-17 arising from nasal-dorsal and ventral-temporal retina.

Axons from both ventral-temporal and nasal-dorsal retina
reach the chiasm at about E13, half a day after the first axons
from central retina (Silver, 1984; D. Sretavan, unpublished ob-
servations). One day later at E14, a difference in the projections
from the 2 retinal regions can already be identified. At this age,
nasal-dorsal axons grow contralaterally without entering the
ipsilateral optic tract. In contrast, although many axons from
ventral-temporal retina do project contralaterally as expected,
a small but distinct ipsilateral projection is clearly present (Fig.
3: E14, arrow). By E15, this ipsilateral projection is larger and
more clearly defined. The projection patterns at E17 closely
resemble those originating from corresponding regions in the
adult. Nasal-dorsal retina forms a contralateral projection, while
ventral-temporal retinal axons project into either the contra-
lateral or ipsilateral optic tract.

Axon routing errors

A striking feature of embryonic retinal projections is that retinal
ganglion cells outside ventral-temporal retina project almost
exclusively into the contralateral optic tract. Although ganglion
cells in this region at E15 and E17 rarely project inappropriately
into the ipsilateral side, as additional retinal ganglion cells are
born and more axons arrive at the chiasm, such projection errors
were more numerous at later developmental ages. When the
distribution of microsphere-labeled, ipsilaterally projecting ret-
inal ganglion cells outside ventral-temporal retina between E18
and P3 were examined (Fig. 4), increasing numbers of ipsilat-
erally projecting cells were found outside ventral-temporal ret-
ina starting at E18 (day of birth is E21, or PO). Their numbers
reached a peak around birth and then decreased postnatally.
Previous studies have shown that ipsilaterally projecting retinal
ganglion cells outside of ventral-temporal retina are selectively
eliminated during rodent postnatal development (Jeffrey and
Perry, 1982; Martin et al., 1983; Insausti et al., 1984) and that
very few of these cells remain in the adult (Drager and Olsen,
1980; Lund et al., 1980). Thus, while embryonic retinal axons
are highly specific in their choice of pathway at the chiasm, a
small amount of projection error appears to be involved in this

process of axon pathfinding. As more retinal ganglion cells are
generated at later stages of development and their axons enter
the chiasm, the absolute number of inappropriately projecting
ganglion cells increases and more projection errors become ap-
parent.

In order to obtain a rough estimate of the amount of projection
error associated with the formation of this pathway, the ratio
of ipsilaterally (inappropriately) to contralaterally (appropriate-
ly) projecting retinal ganglion cells outside ventral-temporal ret-
ina was calculated at different embryonic ages. To do so, retinal
ganglion cells were retrogradely labeled from the optic tract and
the total number of ipsilaterally projecting ganglion cells outside
ventral-temporal retina was counted in the ipsilateral eye. In
the same animal, contralaterally projecting ganglion cells outside
ventral-temporal retina were counted in the eye opposite to the
labeled optic tract. In E15-17 embryos, every individual con-
tralaterally projecting ganglion cell outside the ventral-temporal
retina was counted. In E18-P3 animals, due to the extremely
large numbers of contralaterally projecting ganglion cells pres-
ent, a sampling method was used to estimate the number of
contralaterally projecting ganglion cells outside the ventral-tem-
poral retina. This was done by first counting the number of
microsphere-labeled retinal ganglion cells within a single 50-
um-thick horizontal section through the midsection of the ret-
ina. Such a section samples a representative cross section of the
embryonic retina and takes into account differential cell den-
sities in central and peripheral retina. An estimate of the total
number of ganglion cells in the whole retina was then obtained
by dividing the total surface area of the retina by the surface
area covered by the 50-um-thick horizontal retinal section and
then multiplying by the number of ganglion cells counted within
the horizontal retinal section.

Results of this analysis are shown in Table 1. The number of
ipsilaterally (inappropriately) projecting ganglion cells outside
ventral retina from E15 to P3 are listed under column A, while
the number of contralaterally (appropriately) projecting gan-
glion cells outside ventral-temporal retina at the corresponding
developmental ages are listed under column B. When the num-
ber of inappropriately projecting ganglion cells is expressed as
a percentage of all the retinal ganglion cells present outside
ventral-temporal retina (right-hand column), it is evident that
throughout prenatal development, only a very small fraction of
approximately 0.3-0.8% of the population of retinal ganglion



cells outside ventral-temporal retina project inappropriately into
the ipsilateral optic tract.

Intermixing of ipsilaterally and contralaterally projecting
retinal axons

The results presented thus far all indicate that embryonic retinal
ganglion cell axons are specifically routed into the correct path-
way following their arrival at the optic chiasm. Two different
ways in which this precise pattern of retinal axon routing may
be achieved should be considered. The first is a process of axon
sorting occurring within the optic nerve segregating ipsilaterally
and contralaterally projecting axons into completely different
parts of the optic nerve before they enter the chiasm. In this
case, ipsilaterally projecting axons might be positioned closest
to the entrance of the ipsilateral optic tract and thus enter, while
contralaterally projecting axons do not have access to this path-
way and therefore project across the midline to the opposite
side. Such a process involving rearrangement of retinal axon
position within the optic nerve needs to be considered since
embryonic retinal axons in the mouse (Silver, 1984; Sretavan,
unpublished observations) and other species such as primates
(Williams and Rakic, 1985) do not maintain a constant position
but instead often wander from one side of the optic nerve to
the other as they grow towards the optic chiasm. However, an
alternative to the presence of presegregated ipsilateral and con-
tralateral axons which are then passively channeled into the
correct optic tract is the possibility that both ipsilaterally and
contralaterally projecting retinal axons may be intermixed as
they enter the optic chiasm but rely on guidance cues present
locally in this region to grow into the correct pathway.

To distinguish between these 2 possibilities, the distribution
of ipsilaterally and contralaterally projecting retinal axons as
they enter the chiasm was examined at different embryonic ages.
In these experiments, Dil was placed into the optic tract of
mouse embryos to retrogradely label ipsilaterally projecting ret-
inal axons within the optic nerve on the same side and contra-
laterally projecting retinal axons in the optic nerve on the op-
posite side. The distributions of ipsilaterally and contralaterally
projecting retinal axons at the entrance to the chiasm were then
compared.

Results from these experiments show that ipsilaterally and
contralaterally projecting retinal axons are not segregated into
different parts of the optic nerve but are instead intermixed as
they enter the optic chiasm. An example is presented in Figure
5, which shows a horizontal section through the optic chiasm
region of an E17 embryo. As seen here, contralaterally projecting
retinal axons are distributed throughout the entire width of the
optic nerve as they enter the chiasm. Likewise, although there
is a tendency for ipsilaterally projecting axons to be located along
the temporal aspect while traveling within the optic nerve, ip-
silaterally projecting retinal axons are, in fact, widely scattered
in all regions at the entrance of the optic chiasm. A comparison
of the distributions of ipsilaterally and contralaterally projecting
axons reveals that these 2 axon populations are intermixed so
that both ipsilateral and contralateral axons may be found at
all locations at the entrance to the optic chiasm. Similar inter-
mixed distributions of ipsilaterally and contralaterally project-
ing retinal axons were seen at all embryonic ages starting at E15.
Thus, embryonic retinal ganglion cell axons are not simply pre-
sorted into separate groups of ipsilaterally and contralaterally
projecting axons to be passively channeled into the nearest optic
tract. However, since a retinal axon close to the entrance of the
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Table 1. Numbers of ipsilaterally and contralaterally projecting
retinal ganglion cells outside ventral-temporal retina in the mouse at
different developmental ages

Ipsilaterally
projecting
ganglion cells
outside ventral-
temporal retina

Contralaterally
projecting
ganglion cells
outside ventral-
temporal retina

% Projection error
(mean = SD)

Age A B [A/A + B)] x 100
ElS 1 80
2 149 0.86 = 0.75
0 71
E17 2 277
3 351 0.73 = 0.11
2 316
EI8 13 2624
21 3756 0.58 = 0.10
16 2318
PO 135 51,000 0.30 + 0.05
193 58,000
P3 81 45,000 0.20 + 0.03
107 49,000

Percentage projection error (right-hand column) is calculated as the number of
ipsilaterally projecting ganglion celis outside the ventral-temporal third of the
retina expressed as a percentage of the total number of ganglion cells in this region.

appropriate optic tract may have an easier task of selecting the
correct pathway compared to an axon far away, it is possible
that the position of an axon as it enters the chiasm may play
some role in axon guidance. Nevertheless, the highly specific
routing of intermixed populations of retinal ganglion cell axons
into the appropriate optic tracts show that passive channeling
of axons cannot be the major mechanism and suggests strongly
that developing axons recognize specific pathway cues present
in the local environment of the optic chiasm.

Retinal axon trajectories at the optic chiasm

This suggestion receives additional support when the trajectories
of individual ipsilaterally and contralaterally projecting retinal
axons within the optic chiasm were traced. To do so, small
populations of embryonic retinal axons were first anterogradely
labeled by placing fine Dil crystals into localized regions of the
retina of fixed embryos. Examples of Dil-labeled retinal axons
at the optic chiasm of an E15 embryo after placement of Dil
crystals into the ventral-temporal portion of the retina are shown
in Figure 64. This particular section shows retinal axons which
have either just grown into the ipsilateral optic tract or else are
growing towards the midline on their way to the other side.

To facilitate the serial reconstruction of the trajectories of
individual retinal axons at high magnification, Dil-labeled ax-
ons were photoconverted in the presence of DAB in order to
substitute the fluorescent Dil label on axons with a stable DAB
reaction product which can be observed with standard bright-
field optics (see Materials and Methods). Photoconverted retinal
axons from the experiment shown in Figure 64 are shown in
bright-field at higher magnification in Figure 6B. Individual
axons can easily be traced and growth cones, including filopodial
extensions, are seen in great detail.

The trajectories of embryonic retinal axons were examined
in E13-17 embryos, the time during which retinal axons first
grow into the chiasm and when adult-like patterns of chiasmatic
axon routing are established. Older ages were avoided to min-
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Figure 5. Distributions of ipsilateral-
ly and contralaterally projecting retinal
axons as they enter the chiasm at E17.
A horizontal view of the chiasm is
shown with the optic nerves towards
the top. Dil was placed into the optic
tract on the right side of the figure la-
beling ipsilaterally projecting retinal
axons in the optic nerve on the same
side, and contralaterally projecting ax-
ons in the nerve on the opposite side.
Note that contralaterally projecting ret-
inal axons are found throughout the en-
tire width of the optic nerve as they
enter the optic chiasm (dotted arrows).
Similarly, ipsilaterally projecting axons
are also distributed at all locations at
the entrance of the chiasm (solid ar-
rows). Scale bar, 500 pm.

imize the possibility that original axon trajectories may have
been distorted by subsequent in-growth of large numbers of
retinal axons or by the in-migration and proliferation of glial
precursor cells (Small et al., 1987). To reconstruct the course
taken by ipsilaterally projecting axons, individual growth cones
within the ipsilateral optic tract were first identified, and the
main axon was then traced back through the optic chiasm into
the optic nerve. To trace contralaterally projecting axons, growth
cones at either the midline or in the contralateral optic tract
were identified and the axon traced back in order to determine
its original course. Axon trajectories reconstructed in this man-
ner very likely closely resemble the original course taken by
developing axons and their growth cones through the optic
chiasm.

Results of this analysis revealed that both ipsilaterally and
contralaterally projecting retinal axons make abrupt turns in
trajectory and avoid certain pathways taken by other retinal
axons in order to grow into the correct optic tract. Examples
are presented in Figure 74, showing a group of ipsilaterally and
contralaterally projecting axons at the optic chiasm of an E15
embryo. The position of these axons within the optic chiasm
are shown in the inset above. Note that axons labeled 1 and 2
enter the chiasm very close to the entrance of the ipsilateral
optic tract. However, both axons grow across to bypass this
pathway without entering and instead head towards the midline
on their way to the opposite side. Within the same section, axons
labeled 3 and 4 enter the chiasm some distance away from the
entrance of the ipsilateral optic tract. After coursing a certain
distance within the optic chiasm, both turn at right angles to
head straight into the ipsilateral optic tract. In doing so, these
2 ipsilaterally projecting axons appear to grow directly over
other axons heading for the contralateral optic tract (for ex-
ample, axons 1 and 2). Figure 78 shows ipsilaterally and con-
tralaterally projecting axons in an E16 embryo. As shown for
E15 axons in Figure 74, contralaterally projecting axons often
grow past the entrance of the ipsilateral optic tract, seemingly
ignoring this pathway. Ipsilaterally projecting axons, on the oth-
er hand, turn and head towards the ipsilateral optic tract, cross-

ing over contralaterally projecting axons they encounter along
the way.

Figure 7C shows a group of ipsilaterally projecting axons from
an E17 embryo. The ipsilaterally projecting axons shown here
continue on, ending in growth cones within the ipsilateral optic
tract. As seen here, ipsilaterally projecting axons may enter the
optic chiasm either close to (for example, axon 1) or quite some
distance away from (axon 2) the entrance of the ipsilateral optic
tract. Of note, ipsilaterally projecting axons often exhibit an
abrupt turn in trajectory of 90° or more in order to head into
the ipsilateral optic tract. Their trajectories before and after the
turn are quite straight. Some axons, such as axon 2, in fact grow
almost all the way to the midline before turning back sharply
to project into the ipsilateral optic tract.

The prominent sharp turns of ipsilaterally projecting axons
raise the question of how axons which have grown well past the
entrance of the ipsilateral optic tract may find their way back
to the appropriate pathway. It is of note that the trajectories of
ipsilaterally projecting axons as they head back towards the
ipsilateral optic tract are almost exactly parallel to the course
of axons from the opposite eye heading into the same optic tract.
Figure 7D shows examples of E17 axons from the opposite eye
after they have crossed the midline and are entering the optic
tract. Their trajectories past the midline on the way into the
optic tract are highly reminiscent of ipsilaterally projecting axons
which have turned 90° to head back towards the ipsilateral optic
tract (shown in Fig. 7C). Such similarity in trajectories raises
the possibility that interactions between developing ipsilaterally
projecting axons of one eye and contralaterally projecting axons
of the other eye may play a role in axon guidance at the optic
chiasm.

A further feature of axon trajectories at the chiasm most often
seen at younger embryonic ages is that axons entering the optic
chiasm tightly bundled within the same axon fascicle may often
make different pathway choices. Figure 7E shows 4 axons in
one fascicle growing towards the midline on their way over to
the contralateral optic tract, while a fifth axon separates from
the others soon after entering the optic chiasm and instead grows
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into the ipsilateral pathway. Similarly, Figure 7F shows a group
of axons from an E14 embryo entering the optic chiasm as part
of the same axon fascicle. Two of these axons grow gradually
into the ipsilateral optic tract, while 2 others veer away to cross
the midline. Thus, during embryonic development, retinal gan-
glion cell axons entering the optic chiasm at almost identical
locations may make divergent pathway choices.

Discussion

During embryonic development of the mammalian visual sys-
tem, retinal ganglion cell axons encounter a pathway decision
point at the optic chiasm. Results here reveal that beginning
early in development, axons of embryonic mouse retinal gan-
glion cells from different parts of the retina are specifically routed
at the optic chiasm into the appropriate optic tracts. This precise
axon projection pattern does not result from a presorting of
ipsilaterally and contralaterally projecting axons into different
parts of the optic nerve, followed by the passive channeling of
axons into one or the other optic pathway. Rather, ipsilaterally
and contralaterally projecting axons are intermixed as they grow
into the chiasm and make abrupt turns in trajectory, crossing
over each other as they sort out to enter the correct optic path-
way,

Specific routing of axons during development

Axons in the developing nervous system must often travel over
considerable distances to form connections with their target
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Figure 6. A, Horizontal section
through the optic chiasm of an E15 em-
bryo showing retinal ganglion cell ax-
ons anterogradely labeled with small
crystals of Dil placed in the retina. The
dotted line represents the midline. Both
ipsilaterally and contralaterally pro-
jecting retinal axons are labeled. Scale
bar, 100 um. B, Examples of DAB-la-
beled retinal axons and growth cones
following photoconversion of Dil-la-
beled material shown in 4. Retinal ax-
ons and growth cones on the right were
located within the ipsilateral optic tract,
while those on the left were heading
across the midline towards the opposite
side. (As shown above in Fig. 3, many
retinal axons at E15 have already grown
) into the optic tracts for considerable

distances; such axons were present in

adjacent sections.)

neurons. Along the way, growing axons may be faced with mul-
tiple pathway choices and may encounter other sets of devel-
oping axons. In insects, the initial formation of axon pathways
in the PNS involves the extension of specialized pioneer axons
which use guidance cues from strategically placed guidepost cells
to navigate through the developing limb and grow towards the
CNS (Ho and Goodman, 1982; Bentley and Caudy, 1983). Later
axons in turn grow along pioneer axons using them as pathway
guides (Klose and Bentley, 1989) to establish the mature pattern
of axon pathways. While it is not yet certain to what extent the
formation of axon pathways in the nervous system of higher
organisms may also involve guidepost cells and the extension
of specialized pioneer axons, it is quite clear that developing
axons of vertebrate species are remarkably specific in their path-
way choice en route to target structures (Dodd and Jessell, 1988,
for review). This has been elegantly demonstrated during the
formation of peripheral motor nerves in the developing chick
(Lance-Jones and Landmesser, 1981; Tosney and Landmesser,
1985a, b) and zebrafish (Eisen et al., 1989) where embryonic
motoneurons faced with multiple choices appear to be capable
of specifically choosing the correct pathway and grow towards
the appropriate target muscles. Few errors appear to be made
as the mature pattern of motor nerves is formed by directed
axon outgrowth early in development.

Here, the ability of developing retinal ganglion cells to make
appropriate pathway decisions as they grow towards central
targets was examined in the mouse embryo. In these studies,
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O.N.

Figure 7. Trajectories of embryonic retinal ganglion cell axons within the optic chiasm region at different embryonic ages. In each case, the position
of the axons within the optic chiasm is shown in an inset. A and B, Axons from an E15 and an E16 embryo. Axons labeled 1 and 2 in A4 originally
enter the chiasm close to the entrance of the ipsilateral optic tract but bypass this pathway without entering. Axons labeled 3 and 4 grow into the
chiasm some distance away from the entrance of the ipsilateral optic tract but, after coursing for a short distance, turn abruptly to head into the



the specificity of embryonic retinal ganglion cell axon projec-
tions was determined as retinal axons encounter a major path-
way branch point at the optic chiasm. The results show that
adult-like patterns of retinal ganglion cell axon routing can be
found soon after axons arrive at the chiasm, strongly suggesting
that embryonic retinal ganglion cells, when faced with a pathway
choice, are indeed capable of selectively choosing the correct
optic tract. Unlike invertebrates, which may have only relatively
few axons within a given pathway, the rodent visual system
consists of tens of thousands of retinal axons growing into the
chiasm region over an extended period in development. Despite
this difference in the number of axons, the adult pattern of visual
projections at the mouse optic chiasm, like the pattern of precise
axon pathways in invertebrates and lower vertebrates, results
from highly specific axon outgrowth early in development. Such
specificity in retinal axon projections is also found during re-
generation in the amphibian visual system. Retinal axons reen-
tering the optic tectum do so via either 1 of 2 arms of the optic
tract in a manner appropriate for their retinal site of origin
(Bernhardt, 1989).

While embryonic retinal ganglion cells appear to be capable
of specifically choosing the correct pathway, a small number of
retinal ganglion cells do make mistakes and project into the
wrong optic tract. In this regard, retinal projections at the chiasm
appear to be somewhat different from motoneuron axon pro-
jections in the chick where reportedly none or exceedingly few
axons grow into inappropriate pathways (Tosney and Land-
messer, 1985a). Although it is possible that retinal ganglion cell
axons in mammals and motoneuron axons in the chick may
differ in their pathfinding ability, it seems more likely that de-
veloping axon populations in both species exhibit a small amount
of projection error that is inherent to the process of axon path-
finding. Since, as results here have shown, this projection error
is likely to be very small, only few misroutings would be ex-
pected during the formation of pathways consisting of relatively
small numbers of axons. However, given the large numbers of
retinal axons growing through the optic chiasm, even a small
degree of error in the pathway decision process will result in
significant numbers of inappropriately routed axons.

Specific axon outgrowth and elimination of routing errors

By examining the development of a major CNS axon pathway
beginning at early stages of its formation, this study provides a
better understanding of the relative contributions of specific
axon outgrowth versus elimination of routing errors in the es-
tablishment of mature patterns of axon pathways in the mam-
malian CNS. Previous studies examining the postnatal devel-
opment of the visual system in several mammalian species have
noted the presence of incorrectly projecting retinal ganglion cells
(Jeffrey and Perry, 1982; Martin et al.,, 1983; Insausti et al,
1984; Jacobs et al., 1984). Using long-term neuronal tracers, it

—
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was shown that inappropriately projecting ganglion cells, such
as ipsilaterally projecting ganglion cells outside ventral-tem-
poral retina in the rodent, are gradually eliminated during post-
natal life. Furthermore, the magnitude of the loss of inappro-
priately projecting ganglion cells (Jeffrey and Perry, 1982; Martin
et al., 1983; Insausti et al., 1984; Jacobs et al., 1984) appears
to be far greater than that of general retinal ganglion cell death
occurring in the retina postnatally (Lam et al., 1982; Ng and
Stone, 1982; Perry et al., 1983; Williams et al., 1983; Crespo
et al., 1985). This suggests that such projection errors may in
fact be selectively eliminated from the nervous system. Indeed,
very few inappropriately projecting ganglion cells are detected
in the adult animal (Stone and Fukuda, 1974; Drager and Olsen,
1980; Lund et al., 1980; Jacobs et al., 1984).

From these postnatal studies demonstrating the presence of
projection errors at the chiasm after birth, it was not clear wheth-
er axon routing may be even more imprecise at earlier stages
and that the elimination of routing errors represented the major
mechanism by which the adult pattern of axon routing is formed
at the optic chiasm. However, results from the present study
examining retinal axon outgrowth starting at early stages of
development, together with results from these previous studies,
provide a more complete picture of the development of this
pathway. Thus, in the visual system, 2 different developmental
processes together help form the adult pattern of retinal axon
routing at the optic chiasm. The primary strategy employed by
retinal ganglion cells appears to be one of specific axon out-
growth beginning at embryonic stages of development. The
number of chiasmatic routing errors associated with this re-
markably precise outgrowth is very small relative to the large
number of axons growing through the optic chiasm. As shown
in previous studies described above, inappropriate projections
that do occur are later gradually eliminated through a second
process of selective cell death during postnatal development to
give rise to the mature pattern present in the adult animal.

The formation of mature patterns of axon pathways in other
regions of the mammalian CNS also involves the elimination
of transient axon projections routed to inappropriate target re-
gions (Innocenti, 1981; O’Leary et al., 1981; Ivy and Killackey,
1982; Stanfield et al., 1982; Feng and Brugge, 1983; reviewed
in Cowan et al., 1984). The available evidence suggests that in
these systems, large numbers of cortical neurons not only send
axon projections along appropriate pathways but also frequently
send transient axon projections into pathways from which the
axon is later withdrawn. However, since the specificity of cor-
tical axon routing into appropriate versus inappropriate path-
ways has not been quantitatively examined from the earliest
stages, the importance of specific axon outgrowth compared to
pathway error elimination to the formation cortical axon path-
ways is not known. It is possible that unlike retinal projections
at the optic chiasm, mature patterns of axon pathways elsewhere

ipsilateral optic tract. O.N., optic nerve; O.T., optic tract. Scale bar, 50 um. B, Similar to E15 axons shown in 4, retina axons at E16 also exhibit
abrupt turns in trajectory crossing over each other to enter the optic tracts. Scale bar, 50 um. C, Ipsilaterally projecting axons from an E17 embryo.
Their growth cones within the ipsilateral optic tract are not shown. Ipsilaterally projecting axons may enter the chiasm either close to (axon I) or
some distance away (axon 2) from the ipsilateral optic tract. Axons shown here, including those which grow almost to the midline, turn abruptly
to head back and enter the ipsilateral optic tract. Scale bar, 200 um. D, Contralaterally projecting axons from an E17 embryo. Only the portion of
their trajectories past the midline as they grow into the optic tract is shown. Note that the angle and straight course of their trajectories closely
parallel those of ipsilaterally projecting axons turning back and heading into the ipsilateral optic tract (shown in C). Scale bar, 200 um. E and F,
Axons entering the chiasm bundled together within the same fascicle at E13 and E14. Note that axons entering the chiasm in nearly identical
positions may separate and grow independently into either the ipsilateral or contralateral optic tract. Scale bar, 25 um.
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in the CNS are not built upon an adult-like pattern that is
established early in development. Instead, the mature pattern
of axon routing may be refined from an initially more wide-
spread distribution involving transient projections to inappro-
priate regions. This appears to be the case during rodent cortical
development, where initially all corticofugal neurons projecting
to subcortical targets seem to elaborate a common pattern of
axon collaterals. The distinct patterns of axon collaterals ap-
propriate for mature corticofugal neurons in specific cortical
areas are formed only after certain axon collaterals are selec-
tively eliminated (Stanfield and O’Leary, 1985; O’Leary and
Terashima, 1988). In this context, transient axon projections
which are elaborated by nearly all members of a given neuronal
population need not represent errors or a breakdown in the
pathfinding process. Rather, such transient axon projections may
be formed correctly in direct response to specific pathway cues
which are transiently expressed simultaneously in many regions
of the CNS during development.

Axon guidance cues at the optic chiasm

Although the cellular basis of specific retinal ganglion cell axon
routing at the chiasm remains unclear, the molecular mecha-
nisms underlying retinal axon targeting within visual structures
are beginning to be understood. Studies of axonal innervation
in the chick optic tectum (Walter et al., 1987a, b) and more
recently in the mouse superior colliculus (Godement and Bon-
hoeffer, 1989), demonstrate that retinal axons in vitro recognize
specific molecular cues associated with the membrane surface
of tectal cells. This recognition mechanism is thought to direct
the formation of connections between axons from different parts
of the retina and tectal neurons in precise target regions. At the
optic chiasm, reconstructions of individual embryonic retinal
axons show that ipsilaterally and contralaterally projecting ret-
inal axons, initially intermixed at the chiasm, make abrupt cor-
rections in their direction of growth to selectively enter the
appropriate optic tract. These results strongly suggest that a
specific recognition process is also operating at the optic chiasm
and that local axon guidance cues present in this region enable
retinal axons to seek out the correct pathway.

Axon guidance cues may arise as a result of interactions be-
tween retinal axons and neuroepithelial cells at the optic chiasm.
During development, retinal axons entering the optic chiasm
acquire complex growth cone morphologies (Bovolenta and Ma-
son, 1987) and grow in close physical contact with neuroepi-
thelial cells (Silver, 1984). Ipsilaterally and contralaterally pro-
jecting axons course in between the end feet of neuroepithelial
cells as they sort out from each other to enter the appropriate
optic tracts. In addition, it is known that both NCAM (Silver
and Ruthishauser, 1984) and laminin (Liesi and Risteli, 1989)
are found in the regions of neuroepithelial cell end feet, pro-
viding a molecular basis for the close interaction between de-
veloping retinal axons and neuroepithelial cells. However, it is
not known whether neuroepithelial cells simply provide a fa-
vorable substrate for axonal growth or whether subsets of neu-
roepithelial cells may also express specific guidance cues di-
recting retinal axons into the appropriate ipsilateral and
contralateral optic pathways. It should be noted that such guid-
ance cues need not be fixed to the membrane surface of neu-
roepithelial cells. It is possible that developing retinal axons
respond at a distance to guidance cues secreted from the optic
chiasm in a fashion similar to axon guidance in several periph-

eral and CNS systems (Lumsden and Davies, 1986; Tessier-
Lavigne et al., 1988; Heffner et al., 1990).

Another set of interactions to be considered are those occur-
ring between axons from the 2 eyes. For instance, ipsilaterally
projecting axons may be guided into the ipsilateral optic tract
by axons from the opposite eye projecting into the same path-
way. However, evidence shows that ipsilaterally projecting ax-
ons do not rely solely on axons from the opposite eye in order
to enter the ipsilateral optic tract. Following the removal of one
eye in cat embryos before retinal axons have arrived at the
chiasm, axons from the remaining eye are still routed into the
ipsilateral and contralateral optic tracts (Sretavan and Shatz,
1986). Furthermore, a subsequent study in the mouse showed
that these ipsilaterally projecting axons originated from the cor-
rect ventral-temporal part of the retina (Godement et al., 1987b).

A clue to how axons from ventral-temporal retina may be
directed into the ipsilateral optic tract during early development
is provided by the observation that the very first retinal ganglion
cells to be born in the dorsal region of the retina (Drager, 1985)
do not only establish a contralateral pathway at the chiasm but
also reportedly form an ipsilateral projection (Godement et al.,
1987a). This finding is notable since results from the present
study show that a day or two later at E15, the ipsilateral pro-
Jjection originates almost exclusively from ventral-temporal ret-
ina and not from dorsal retina. Although it is possible that
ipsilaterally projecting ganglion cells may migrate from their
original position in dorsal retina to ventral-temporal retina, it
is more likely that the earliest born ganglion cells either die or
form only a transient ipsilateral projection that is lost soon after
the formation of the ipsilateral projection from ventral-tem-
poral retina. One function of this early transient ipsilateral axon
projection may be to guide later-arriving ventral-temporal ax-
ons into the ipsilateral optic tract. Such a function is similar to
the role proposed for axons of transient subplate neurons in
guiding the formation of corticofugal projections from the em-
bryonic neocortex (McConell et al., 1989). If this early transient
ipsilateral projection does indeed function in this manner, then
prevention of its formation should greatly affect the number of
retinal axons routed into the ipsilateral pathway.
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