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The retinofugal pathway is a useful model for axon guicl- 
ante because fibers from each eye project to targets on 
both sides of the brain. Studies using static and real time 
analyses in mice at Ei5-17 demonstrated that uncrossed 
axons from ventrotemporal retina diverge from crossed ax- 
ons in the optic chiasm, where specialized resident cells 
may direct divergence. Other studies, however, suggest 
that pioneering uncrossed retinal axons derive from a dif- 
ferent retinal region, take a different course, and enter the 
ipsilateral optic tract independent of fiber-fiber interac- 
tions. We examine these differences by dye-labeling the 
earliest optic axons and immunocytochemically identifying 
cells in their path. 

The first optic axons arising from dorsocentral retina, en- 
ter the diencephalon at E12.5. All axons initially grow cau- 
dally, lateral to a radial glial palisade. In contrast to later 
growing axons, early uncrossed axons enter the ipsilateral 
optic tract directly. Crossed axons enter the glial palisade 
and course medially, then anteriorly, in a pathway corre- 
sponding to the border of an early neuronal population that 
expresses SSEA-1, CD44, and f3-tubulin. Axon patterning 
occurs independent of fiber-fiber interactions from both 
eyes, as the first uncrossed axons enter the optic tract be- 
fore crossed ones from the opposite eye. These analyses, 
in conjunction with our previous studies during the prin- 
cipal period of retinal axon growth in the diencephalon, 
suggest that the adult visual projection arises from age- 
dependent variations in the types and relative contribution 
of cues along the path through the emerging optic chiasm. 

[Key words: optic chiasm, axon guidance, midline, radial 
glia, SEA-l, divergence] 

The advent of improved tract tracing techniques and antigen 
markers of early axons has heralded a resurgence in studies on 
the establishment of axonal pathways in the vertebrate brain 
(Chitnis and Kuwada, 1990; Wilson et al., 1990; Easter et al., 
1993, 1994; Chedotal et al., 1995). Aside from recent reports 
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indicating that boundaries of gene expression may influence pat- 
terns of axon growth (Figdor and Stern, 1993; Wilson et al., 
1993; Macdonald et al., 1994), little information exists on cells 
and molecules residing within axonal paths in the brain, in par- 
ticular with respect to the first growing axons (Silver, 1984; Sil- 
ver and Rutishauser, 1984; Wilson and Easter, 1991). 

In mammals, the retina sends both crossed and uncrossed pro- 
jections to visual targets in the brain (Polyak, 1957; Guillery, 
1982). Crossed and uncrossed retinal ganglion cells in the adult 
visual pathway derive from defined regions of the retina (Drager, 
1985; Godement et al., 1987b; Colello and Guillery, 1990; Sre- 
tavan, 1990). Dye-labeling of axons in static and living mouse 
tissue at El.%17 reveals that all optic axons, regardless of des- 
tination, first grow toward the midline. Growth cones on crossed 
axons cross the midline, whereas those on uncrossed axons be- 
come complex and turn away from the midline back toward the 
ipsilateral optic tract (Godement et al., 1987b; Sretavan, 1990). 
A cellular specialization is centered around the chiasmatic mid- 
line (Marcus et al., 1995). This specialization consists of a pal- 
isade of radial glia intersected by a narrow midline raphe of 
cells arising from a band of early neurons posterior to the optic 
chiasm. Retinal axon divergence occurs within this specializa- 
tion, consistent with the hypothesis that divergence cues are lo- 
cated in this zone. 

While these studies demonstrate that the adult pattern of optic 
axon projections arises during embryonic development, other 
observations suggest that the earliest axonal growth pattern dif- 
fers from the adult pattern in three respects. First, the earliest 
uncrossed axons arise from dorsocentral and not ventrotemporal 
retina (Godement et al., 1987b; Colello and Guillery, 1990; 
Chan et al., 1993; Baker and Colello, 1994). Second, early un- 
crossed axons appear to grow directly into the ipsilateral optic 
tract, without first growing toward the midline (Silver, 1984; 
Godement et al., 1987b; Colello and Guillery, 1990). Third, in- 
teractions between axons from both eyes, apparently critical for 
the uncrossed path of ventrotemporal retinal axons (Godement 
et al., 1987a; Chan and Guillery, 1993), may be unnecessary for 
pathways taken by earlier axons (Sretavan and Reichardt, 1993). 
We expand these observations by providing details on the pat- 
tern of early retinal axon growth with respect to the cellular 
architecture of the nascent chiasm. 

Our results demonstrate that distinct mechanisms influence 
optic axon trajectory during early and later development. This 
work provides a framework for analyzing how patterns of gene 
expression in the retina (Kaprielian and Patterson, 1994; Savitt 
et al., 1995) and forebrain (Figdor and Stern, 1993; Puelles and 
Rubenstein, 1993; Hatini et al., 1994; Tole and Patterson, 1995) 



6390 Marcus and Mason * Establishment of the Mouse Optic Chiasm 

El 2.5 - El 3.5 

posterior 

fi 
..‘.‘.‘.. ,, ,, ..: :. 

7,. .;,q ,,,,.. 

anterior 
frontal 
sections 

Wholemount of the 
ventral diencephalon 

(Horizontal view) 

Figure 1. Methods. DiI and DiO were applied to the optic nerve head in the right and left eyes, respectively, of fixed embryos between El25 
and E13.5. The brain, including the optic stalks, was dissected free, and the region overlying the third ventricle removed. Preparations were viewed 
both as wholemounts and in frontal sections. Double-labeling of photoconverted, dye-labeled preparations was performed as detailed in Materials 
and Methods. The dotted line indicates the location of the third ventricle. 

relate to retinal topographic specification, axonal patterning, and 
regional identity in the brain. 

Materials and Methods 

All experiments were carried out with C57B1/6J mice from a timed- 
pregnancy breeding colony in this department. The time of conception 
was considered midnight before the day on which a plug was found, 
and noon the following day embryonic day 0.5 (E0.5). Because de- 
velopmental rates vary between pups from different mothers and with- 
in individual litters (see Easter et al., 1993), embryos were grouped 
according to the degree of retinal axon growth rather than absolute 
age. 

Pregnant mothers containing embryos between the ages of El 1.5- 
E13.5 were anesthetized with a mixture of ketamine and xylazine, and 
the embryos removed one at a time by caesarean section. Embryos 
older than El25 were perfused transcardially with 4% paraformal- 
dehyde in 0.1 M phosphate buffer. Younger embryos were fixed by 
immersion in the same fixative. After fixation for four hours at room 
temperature or overnight at 4°C the tissue was washed and stored in 
phosphate buffer. 

Dil labeling of retinal axons in Jixed tissue 
Crystals of DiI (l,l’-dioctadecyl-3,3,3’,3’-tetramethylindocaocyanine 
perchlorate) and DiO (3,3’-dioctadecyloxacarbocyanine perchlorate) 
were applied to the optic nerve head of the right and left eyes, respec- 
tively. Dye was applied to the optic nerve head to ensure labeling of 
the maximum number of optic axons. The tissue was stored in the dark 
at room temperature in phosphate buffer containing sodium azide for 
5-7 d to allow transport of the dye. 

Dye-labeled optic axons were visualized in wholemounts. The optic 
stalks and the region of the ventral diencephalon, which includes the 
presumptive optic chiasm, were dissected free (Fig. 1) and the prepa- 
ration mounted between two coverslips, using two or three smaller cov- 
erslips as spacers. Whole mount preparations, which graphically dem- 
onstrated the course of the earliest axons, were viewed with fluorescent 
illumination on a Zeiss Axioplan microscope. 

Photooxidation of DiI. DiI was photoconverted from a fluorescent 
compound as described previously (Marcus et al., 1995). Photooxidation 
was performed by illuminating the DiI-labeled axons using a 10X Neo- 
fluor objective and a 100 W mercury lamp, on a Nikon Optiphot mi- 
croscope fitted with fluorescent illumination appropriate for rhodamine 
and DiI. Typically 3wO min of fluorescent illumination were required 
to obtain a good reaction product. Following photoconversion, labeled 
axons were drawn with the aid of a camera lucida attachment. 

Irnmunocytochemistry 

Antibodies. Radial glia were visualized by immunostaining with mono- 
clonal antibody RC2 (mouse IgM), which was originally a gift of Dr. 

J.-P Misson and V. Caviness (Massachusetts General Hospital). MAb 
RC2 specifically stains immature astrocytes in the mouse CNS (Misson 
et al., 1988) and a midline palisade of radial glia in the optic chiasm 
of E15-El7 mice (Marcus et al., 1995). 

Monoclonal antibody 480-1.1 (mouse IgM) was obtained from the 
Developmental Studies Hybridoma Bank (Solter and Knowles, 1978). 
This antibody recognizes stage-specific embryonic antigen 1 (SSEA-l), 
expressed by early embryonic stem cells and human granulocytes 
(Knowles et al., 1982), by the floor plate and radial glia in the spinal 
cord (Dodd and Jessell, 1985; Dodd, personal communication), and by 
a group of cells in the ventral diencephalon in mice at E15-El7 (Marcus 
et al., 1995). 

CD44 is a T-cell antigen found in the immune system (Denning et 
al., 1990; Tanaka et al., 1993) and in the developing optic chiasm (Sre- 
tavan, 1993; Sretavan et al., 1994). CD44-positive cells were visualized 
by the KM201 antibody (rat IgG) generously provided by Dr. C. Un- 
derhill (Georgetown). 

Neurons were visualized using the TuJl antibody (mouse IgG), gen- 
erously provided by Dr. A. Frankfurter (University of Virgina). Mono- 
clonal antibody TuJl recognizes an antigen present on neuron-specific 
class III B-tubulin (Lee et al., 1990) and appears to recognize all early 
axons and neuronal cell bodies in the mouse CNS (Easter et al., 1993). 

Zmmunostaining. Immunostaining was performed on both sections 
and wholemounts (Fig. 1). Wholemounts with and without DiI-photo- 
converted axons were incubated in blocking buffer [O.l M phosphate 
buffer containing 5% normal goat serum (NGS) and 0.5% Triton X-100 
(Sigma)] for 1 hr to block nonspecific binding. The preparations were 
then incubated in the primary antibody diluted in blocking buffer for 1 
d, followed by six 30 min washes in phosphate buffer. Following 1 hour 
in blocking buffer the preparations were then incubated in the appro- 
priate peroxidase-conjugated secondary antibody (diluted 1: 100 in 
blocking buffer) overnight. Preparations were washed six times in phos- 
phate buffer, rinsed in distilled water, and then incubated in a solution 
containing 0.8 mg/ml DAB plus 0.05% NiC12 for 30 min. A blue-black 
reaction product was visualized following the addition of 0.005% hy- 
drogen peroxide. All steps were carried out at room temperature. 

Double-labeled wholemounts were mounted as above, examined us- 
ing transmitted light, and photographed or drawn through a camera 
lucida. Selected preparations were subsequently embedded in agar and 
cut either frontally or horizontally at 50 pm on a vibratome. Sections 
were mounted onto subbed slides and allowed to dry. After dehydration 
in ethanol and clearing in xylene, sections were coverslipped with Per- 
mount. 

Both vibratome sections and frozen sections from embryos not pre- 
viously labeled with DiI were immunostained. Vibratome sections were 
prepared as above. Frozen sections (lo-20 pm) were cut from brains 
impregnated with 20% sucrose in phosphate buffer overnight at 4°C and 
embedded in TBS tissue freezing medium (Triangle Biomedical Sci- 
ences). Sections were immunostained as described for the whole mounts 
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above, except that sections were incubated in peroxidase or fluores- 
cently conjugated secondary antibodies for 60 min at room temperature. 

way, or trajectory of the labeled axons which distinguish crossed 
from uncrossed fibers. preparations were viewed and photographed on a Zeiss Axiophot 

microscope equipped with fluorescence and DIC optics. In all, more 
than 70 preparations were labeled with DiI. Most of these were sub- 
sequently processed immunocytochemically. 

Results 
The early projection pattern of optic axons 
Previous studies have shown that crossed axons originate 
throughout the retina, whereas the adult uncrossed projection 
originates primarily from ventrotemporal retina (DrBger, 1985; 
Godement et al., 1987b; Colello and Guillery, 1990; Sretavan, 
1990). In contrast, the first optic axons to leave the eye originate 
in dorsocentral retina and include axons destined to both cross 
and not cross the midline (Godement et al., 1987b; Colello and 
Guillery, 1990; Chan and Guillery, 1993; Baker and Colello, 
1994). Axons anterogradely labeled from the optic nerve head 
enter the rostroventral base of the diencephalon between E12.5- 
E12.75. The optic stalks extend at right angles from the brain, 
and axons leaving the optic stalks and entering the brain turn 
caudally at this juncture (Fig. 2 and see Fig. 5-l; see also Silver, 
1984). Following this turn, axons and their growth cones extend 
posteriorly in the lateral portion of the brain, close to the pial 
surface (Fig. 2). During this growth period axons are not tightly 
fasciculated and there are no clear distinctions in the order, path- 

Between E12.75 and E13.5 many more axons grow into the 
brain and the trajectories of crossed and uncrossed axons can be 
distinguished. The site of the future optic chiasm, is caudal to 
the juncture of the optic stalk with the brain. At first, after turn- 
ing caudally, all optic axons follow a straight trajectory as they 
course posteriorly in the ventral diencephalon (Fig. 3). In 24 of 
28 preparations (86%) which had axons clearly turning toward 
the midline, a small number of ipsilaterally directed axons were 
apparent. After continuing posteriorly in the lateral portion of 
the brain, ipsilaterally projecting axons grow toward and directly 
into the ipsilateral optic tract. In wholemounts the separation of 
crossed and uncrossed axons was sometimes difficult to discern 
because of the broad distribution of optic axons posterior to the 
juncture of the optic stalks with the brain. In frontal sections 
through these preparations, however, uncrossed fibers are clearly 
visible as they begin their “dorsal climb” in the ipsilateral optic 
tract (e.g., Fig. 7B). This pattern contrasts with that seen at E15- 
17, where uncrossed axons first grow medially within the chiasm 
before sharply turning back toward the ipsilateral optic tract (see 
Godement et al., 1990; Fig. 12). 

Crossed axons follow an indirect path en route to the contra- 
lateral optic tract. After initially growing posteriorly in the lat- 
eral diencephalon, crossed axons turn toward the midline. Cross- 

Figure 2. Camera lucida drawings of 
wholemount preparations demonstrat- 
ing the initial growth of retinal axons 
in the lateral ventral diencephalon. 
Dashed lines indicate the location of 
the third ventricle. OS, Optic stalk. 
Scale bar, 300 pm. 
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Figure 3. Camera lucida drawings of 
wholemount preparations from E12.75- 
E13.5 embryos. Uncrossed axons seg- 
regate from crossed axons in the pos- 
terolateral portion of the diencephalon. 
Crossed axons turn first medially and 
then anteriorly as they course toward the 
midline. The horizontal lines in C and 
D indicate the plane of section in pho- 
tomicrographs of these preparations 
shown in Figures 7 and 9, resuectivelv. 

E12.75 - El 3.5 
posterior 
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anterior 

Dashed linesindicate the iocdon of the 
third ventricle. Abbreviations: OS, optic 
stalk, ot, optic tract. Scale bar, 300 pm. 

ing axons both proceed directly across the neuraxis and into the 
presumptive contralateral optic tract and turn anteriorly as they 
approach the midline (Fig. 3). In 18 of 21 preparations (86%) 
with axons at the midline itself, crossed axons clearly curved 
anteriorly. In contrast, later-arriving crossed axons traverse the 
chiasmatic midline diagonally, parallel to the axis of the optic 
nerve, which shifts rostrally and medially during development 
(Marcus et al., 1995; see Fig. 12). 

Previous studies suggest that interactions between fibers from 
both eyes are necessary for the normal development of the un- 
crossed pathway (Godement et al., 1987a, 1990; but also see 
Sretavan and Reichardt, 1993). Therefore, we injected DiI and 
DiO into the right and left eyes, respectively, in order to analyze 
whether fiber-fiber interactions between axons from the two 
eyes occur during the earliest period of growth into the pre- 
sumptive chiasm. In all of the 16 preparations examined in this 
manner, optic axons from a given eye entered the ipsilateral optic 
tract before axons from the contralateral eye crossed the midline 
(Fig. 4). Axons arising from dorsocentral retina, therefore, enter 
the ipsilateral optic tract independent of interactions with axons 
from the opposite eye. In addition, fibers from the two eyes do 
not appear to fasciculate with one another once in the optic tract 
(Fig. 4C). The close proximity of crossed and uncrossed axons 
once in the optic tract, however, indicates that interactions be- 
tween crossed and uncrossed axons may occur at this point. 
Thus, fiber-fiber interactions between axons from the two eyes 
are not important for the establishment of the initial ipsilateral 

7A 

9c 

90 

projection, as suggested by Sretavan and Reichardt (1993; see 
also Godement et al., 1987b). In general uncrossed axons con- 
stitute approximately 5-10% of the total number of axons. This 
small number is not surprising since in that the adult the average 
number of ipsilaterally projecting axons is less than 3% of the 
total population (Rice et al., 1995). 

The initial pattern of growth of optic axons into the ventral 
diencephalon is summarized in Figure 5. First, at the juncture 
of the optic stalk with the brain all retinal axons turn caudal, 
orthogonal to their direction of growth in the optic stalk (Fig. 
5-l). Second, all optic axons, regardless of destination, initially 
grow posteriorly in the lateral portion of the brain (Fig. 5-2). 
Third, after continuing posteriorly in the lateral ventral dien- 
cephalon, crossed axons turn toward the midline (Fig. 5-3). 
Fourth, rather than entering the contralateral optic tract directly, 
many optic axons course rostrally, only then crossing the midline 
rather anteriorly (Fig. 5-4). Finally, optic axons are observed in 
the ipsilateral optic tract prior to contact with axons from the 
contralateral eye (Fig. 5-*), indicating that fiber-fiber interac- 
tions are not necessary for the establishment of the earliest ip- 
silateral projection. Taken together, these results are consistent 
with the hypothesis that multiple cues, located within the ventral 
diencephalon, play a role in shaping optic axon trajectory in the 
developing optic chiasm (Godement et al., 1990, 1994; Sretavan 
et al., 1994; Marcus et al., 1995). Moreover, because all five of 
these features differ from the patterns seen at E15-17, these 
results suggest that guidance cues involved in the establishment 



Figure 4. Fiber-fiber mteractlons are not involved in the establish- 
ment of the optic chiasm. Wholemount preparations in which DiI and 
DiO were inserted in the optic nerve head of the right and left eyes, 
respectively. Anterior i< down. and the ope?l arrobt‘s in A and B indicate 
the mldllne. A. Axons enter the lpsllateral optic tract (~?xN,) prior to 
contact with crossed axons from the opposite eye. B, At a later stage 
crossed axons course medially and then anteriorly en route to the con- 
tralateral optic tract. C. High poner liea of axons m the optic tract to 
the right of the nsterisk in B. Crossed axons do not fasclculate with 
uncrossed axons in the optic tract. Scale bars: A. 200 pm: B, 100 Km; 
C. 2.5 km. 

of the visual projection may differ from those acting at later 
ages. 

Cellular components of the de\leloping optic chiasm 

Analysis of the D&labeled retinal axons identified potential loci 
for cues that govern the early pattern of growth. To investigate 
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cellular components in the ventral diencephalon that may con- 
tribute to these patterns. we used several different antigen mark- 
ers: with our study of later stages (E15-17) of retinal axon 
growth as a guide (Marcus et al.. 1995). The relationship of the 
pattern of ingrowing axons to identified cellular components of 
the chiasm was analyzed in preparations containing both dye- 
labeled axons and immunolabeled cells. 

Radial glia occupy the \,entral dierlcephalon. Our previous 
studies at E15-El7 revealed a dense grouping of radial glia in 
the optic chiasm. the radial glial “palisade” (Marcus et al.. 
1995). At E12.5. MAb RC2 labels a grouping of radial cells 
centered around the midline. that extend between the floor of 
the third ventricle and the pial surface of the brain (Fig. 6). 
Labeled cells are absent from the optic stalks and fen) labeled 
cells are in the lateral diencephalon adjacent to where the optic 
stalks join the brain. About 150-200 km caudal to this point. 
RC2-positive cells fan out and occupy the entire extent of the 
ventral diencephalon, thereby demarcating the posterior bound- 
ary of the radial glial palisade. Here, labeled endfeet and pro- 
cesses near the pial surface are less densely packed than those 
along the ventricular lining, possibly reflecting branching of the 
radial fibers along the pial surface. as seen in the cerebral cortex 
(Takahashi et al., 1990). 

s viewed in frontal sections. at E12.5 the radial glial palisade 
- ends 350450 km to either side of the midline (Fig. 6). In 

ltrast. at E15-17 the palisade occupies a region approximatel) 

r 

150-200 pm to either side of the midline. RC2-labeled fibers 
occupy approximately 65% of the area between the optic stalks 
at E12.5-E13.5 compared to approximately 50% of the area be- 
tween the juncture of the optic nerves with the brain at E15- 
E17. The relatively smaller area occupied by RC2-positive fibers 
at E15-El7 is likely due to a combination of two factors. First. 
as development proceeds. the width of the basal portion of the 
ventral diencephalon becomes narrower. Second. RC2-labeled 
fibers become more restricted around the midline at older ages. 
This restriction may be similar to the age-related shift in the 
border between interfascicular glia of the optic stalk and radial 
glia in the optic chiasm in the developing ferret (Guillery and 
Walsh, 1987). 

In preparations containing both DiI photoconverted axons and 
RC2-labeled cells. optic axons enter and initially grow posteri- 
orly, lateral to the radial glial palisade (Fig. 7A). Contralaterally 
projecting axons turn medially near the boundary bctwcen the 
caudal palisade and the RCZ-positive zone in the posterior ven- 
tral diencephalon. At this point they enter and grow among the 
RC2-positive cells of the palisade. Many uncrossed axons grow 
rostrally as they approach the midline before reorienting back 
toward the developing contralateral optic tract. Growth cones of 
uncrossed axons do not enter the radial glial palisade. but rather 
enter the ventrolateral portion of the RC2-positive zone caudal 
to the palisade itself. There they grow among the more loosely 
packed processes of the radial glia at the pial surface (inset Fig. 
7C). Thus, in areas that are both RC2-positive and -negative. 
both crossed and uncrossed optic axons grow almost exclusively 
outside of regions containing RC2-positive cells. Growth cones 
only enter RCZ-positive regions when they reach the RC2-oc- 
cupied zone at the caudal boundary of the palisade. The restrict- 
ed growth of optic axons in RC2-negative regions suggests that 
the RC2-positive palisade may help shape the initial pathway 
taken by optic axons. creating a region less favorable for optic 
axon growth. 

Antigens associated u,ith midline speciakations are es- 
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Early Pattern of Optic Axon Growth 
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Figure 5. Schematic diagram depict- - sialk 
ing the early pattern of optic axon 
growth. See Results for details. Abbre- 
viations: DC, dorsocentral retina; OT, 
optic tract. 

pressed by cells in the ventral diencephalon. Because the optic 
chiasm, like the floor plate, is a midline structure where axons 
cross or are barred from crossing the neuraxis, in our previous 
study on retinal axon divergence at EKG-17 we screened anti- 
gens that are expressed on immature glia and other midline 
structures (Marcus et al., 1995). One of these, stage-specific em- 
bryonic antigen 1 (SSEA-1) labels radial glia in the rodent spinal 
cord and floor plate (Dodd and Jessell, 1985; and Dodd, personal 
communication). At El 1.5, 1 d before optic axons have reached 
the ventral diencephalon, SSEA-l-positive cells are clustered 
around the midline in the ventral diencephalon (Fig. 8A). As 
seen in wholemounts immunolabeled with SSEA-1, processes 
from these cells course posterolaterally in the direction of the 
future optic tracts. Between E12.5-E13.5 SSEA-l-positive cells 
form a “Y-shaped wedge of cells, in which the tip of the “V” 
is located most anteriorly and the flanking regions extend back 
along the developing optic tracts (Fig. 9A). When viewed in 
frontal sections, SSEA-l-positive cells are found primarily ven- 

anterior 

tral to cell bodies along the ventricular lining and near, but not 
contacting the pial surface (Fig. 8B,C). Numerous processes ex- 
tend from round, labeled cell bodies within this zone (Fig. 8B). 
In addition, many SSEA-l-positive radial processes contact the 
ventricular surface (e.g., Fig. 9C). 

Because of the striking similarity between this pattern and a 
cellular pattern reported to be both MAPZ and CD4Cpositive 
(Sretavan et al., 1994) sections were double-labeled with anti- 
bodies against SSEA-1 and CD44. Both antibodies label a sim- 
ilar palette of cells in the developing optic chiasm (Fig. 10). 
However, whereas all SSEA-l-positive cells appear to be CD44- 
positive, CD44 labels additional, SSEA-l-negative cells. 

As described earlier, many of the first axons to cross the mid- 
line do not enter the contralateral optic tract directly, but instead 
take a more indirect route, turning first medially and then ros- 
trally before reorienting back toward the contralateral optic tract. 
In whole mounts containing both DiI-photoconverted axons and 
SSEA-1-immunolabeled cells, the course of the optic axons 

Figure 6. A palisade of radial glia straddles the midline of the developing optic chiasm. A and B, Frozen, frontal section from an E12.5 embryo 
immunolabeled with the RC2 antibody. RC2-positive cells extend from the ventricular to the subpial surface of the brain on either side of the 
midline (open arrow). Both the optic stalks and the lateral ventral diencephalon (solid arrow) are devoid of RCZ-labeling. B is a magnification of 
the bracketed region in A. An arrowhead points to the cell body of an RCZlabeled cell. Dark, round cells outside of the nervous system are blood 
cells which are nonspecifically labeled. Abbreviations: e, eye; OS, optic stalk. Scale bars: A, 100 pm; B, 10 km. 
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Figure 7 clef). Crossed and uncrossed axons relate differently to the radial glial palisade. Frontal sections through an El 2.75 embryo containmg 
both DiI. photoconverted axons (brown) and RCZ-positive radial glia (blue). A camera lucida drawing of the dye-labeled axons indicating the 
planes of section in A-C is shown in Figure 3C. and the midline in each section is indicated by an opera ar-,-arc’. A. Optic axons enter the ventral 
diencephalon and grow posteriorly lateral to a palisade of RCZ-positive glia. B, 250 pm caudal to A. Caudal to the juncture between the optic 
stalks and the brain, crossed axons turn medially and rostrally as they enter the radial glial palisade. The irzser shows a growth cone which has just 
crossed the midline, growing among RC2-positive subpial endfeet. C, 350 pm caudal to A. Uncrossed axons enter the ipsilateral optic tract directly 
where they grow among the subpial endfeet of radial glia that are caudal to the radial glial palisade straddling the chiasmatic midline. Brackets 
indicate the areas in the i~zsers. Abbreviation: OS, optic stalk. Scale bars: A-C, 100 urn; insers. 25 urn. 

Figur-e 9 (n’ghr). Crossed axons course under and around a population of SSEA-l-positive cells in the developmg chrasm. Wholemount (A) and 
frontal sections (B, C) through E12.75 embryos containing both DiI, photoconverted axons (brow) and SSEA-l-positive cells (blue). A, The 
medial and anterior trajectories taken by crossed axons corresponds to the location of a V-shaped wedge of SSEA-I-positive cells. An ut~ou’ points 
to an axon that appears to have grown around the anterior tip of the “V.” B and C, Frontal sections through the preparation shown in Figure 30. 
B. Section containing a growth cone that has just crossed the midline. C, 150 urn caudal to B. Optic axons course under a canopy of SSEA-I- 
positive processes. Scale bars: A. 100 urn; B and C, 25 urn. 
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Figure 8. SSEA-l-positive cells in the developing ventral dienceph- 
alon. A, Wholemount of an E11.5 embryo immunolabeled with an an- 
tibody against SSEA-1. Anterior is toward the bottom of the micro- 
graph. SSEA-l-positive cells are present in the mid- to caudal portions 
of the ventral diencephalon, and processes from these cells course cau- 
dally in the direction of the future optic tracts (arrow). B and C, Frontal 
sections from two different E12.75 embryos containing both DiI, pho- 
toconverted axons and SSEA-1-immunolabeled cells, photographed us- 
ing DIC optics. B, SSEA-l-positive cells are clustered around the mid- 

closely follows the contours of the SSEA-l-positive pattern of 
cells (Fig. 9A). Crossing axons turn toward the midline in the 
posterior chiasm, where the SSEA-l-positive cells are located. 
Axons do not cross directly over these cells, but curve anteriorly 
and “around” the anterior tip of the “V”-shaped wedge of cells 
(e.g., arrow Fig. 9A). Thus, the pattern of growth of crossed 
axons seen at E12.75-13.5 corresponds to this palette of cells. 
In contrast, due to their lateral trajectory, uncrossed axons only 
approach SSEA-l-positive cells after they enter the ipsilateral 
optic tract. 

The relationship of early axons to the SSEA-l-positive cells 
was further studied in frontal sections of double-labeled prepa- 
rations first viewed as whole mounts. The majority of DiI-la- 
beled axons are located along the pial surface of the brain, ven- 
tral to the SSEA-l-labeled cells (Fig. 9&C). Thus, instead of 
growing along the SSEA-l-positive template, optic axons 
course under and around them en route to the contralateral side 
of the brain. The correspondence between the location of these 
cells, both with respect to where crossed axons turn medially 
and to their subsequent trajectory, suggests that these cells may 
be inhibitory to optic axon growth, thereby demarcating a 
boundary that defines the paths of early crossed axons. 

From our light microscopic examination we are unable to de- 
termine whether optic axons contact processes of the SSEA-l- 
positive cells. A few SSEA-l-positive processes extend into the 
subpial zone in the optic chiasm and developing optic tracts, 
especially near the rostra1 tip of the V-shaped wedge (e.g., Fig. 
9A). Occasionally, retinal growth cones were observed deep to 
the pial suface, where they appear to extend along the border of 
SSEA-l-positive cells (Fig. 8C). These growth cones have com- 
plex morphologies, similar to growth cone forms observed in 
the chiasm at later ages (Godement et al., 1990) and in vitro at 
the border of preferred and nonpreferred substrates (Burmeister 
and Goldberg, 1988). 

Early differentiating neurons in the ventral diencephalon. Re- 
cent studies using neuron-specific antibodies have revealed an 
early-differentiating population of neurons in the developing 
ventral diencephalon. During the early period of optic axon 
growth into the chiasm, the neuronal markers MAP2, B-tubulin, 
and Ll label cells that overlap in expression with the CD44- 
positive cells described above (Sretavan et al., 1994). Because 
the SSEA-l-positive cells described in this study are a subset 
of the CD4Cpositive cells, it follows that the SSEA-l-positive 
cells are also neuronal. In addition, starting at E9.5, neuron- 
specific B-tubulin reveals a cluster of cells located at the base 
of the optic stalk (Easter et al., 1993). These cells appear to be 
the mouse equivalent of the rat anterobasal nucleus (abn, Altman 

t 

line (open arrow), between the ventricular and subpial surfaces. The 
asterisk indicates the location of photoconverted DiI-labeled axons 
along the subpial surface. An example of an SSEA-l-positive cell that 
has a round cell body and multiple processes is shown in the inset. C, 
A growth cone (arrow) located near the subpial surface beneath the 
SSEA-l-labeled cells, has a simple, streamlined morphology, charac- 
teristic of growth cones in paths. A second growth cone (arrowhead) 
is located deep to the subpial surface, at the border of the SSEA-l- 
positive cells. The complex morphology of this growth cone may reflect 
interaction with this cell group since such shapes are characteristic of 
growth cones found in decision regions or at the borders of preferred 
and non-preferred substrates. The inset is a camera lucida drawing from 
the actual section in which the growth cones are brown and SSEA-l- 
positive cells are blue (black and stippled, respectively). Scale bars: A, 
100 pm; B, 50 )*m; inset B, 10 pm; C, 10 pm; inset C, 5 pm. 
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Figure IO. SSEA-l-positive cells are a subset of a population of CD44-positive cells in the developing optic chiasm. Horizontal, frozen section 
through an E12.5 embryo double-labeled with antibodies against SSEA-1 (A, C) and CD44 (B, D). Both antibodies label a similar, V-shaped wedge 
of cells (the tip of the V points anteriorly). C and D show the boxed areas in A and B, respectively. Arrowheads point to cells that are both SSEA- 
l- and CD44-positive. Scale bars: A and B, 100 pm; C and D, 25 km. 

and Bayer, 1986), and fibers from the abn course posterolaterally 
toward the tract of the postoptic commissure (TPOC, Easter et 
al., 1993). Therefore, we further examined the labeling pattern 
of P-tubulin during the period of early optic axon growth into 
the ventral diencephalon. 

At El 1.5-12.5 numerous P-tubulin-positive cells and pro- 
cesses are located in the ventral diencephalon. The position of 
the P-tubulin-positive cell bodies is best visualized in frontal 
sections (Fig. 11). Labeled cells were restricted to either side of 
the midline in the middle region of the ventral diencephalon and 
extended further laterally in more caudal regions. Most of the 
P-tubulin-positive cell bodies were located midway between the 
pial and the ventricular surfaces but brightly labeled P-tubulin- 
positive cell bodies near the midline were also found within the 
subventricular zone (Fig. 11B). In sections from El 1.5 embryos 
in which retinal ganglion cells had not yet differentiated.and 
therefore were P-tubulin negative, no labeled axons were ob- 
served in the optic stalk, in contrast to a recent report of an early 
population of transient retinopetal axons in ferret (Reese and 
Geller, 1995). 

The correspondence between P-tubulin- and SSEA-l-labeled 
cells was analyzed in sections double-labeled with both antibod- 
ies (Fig. 11). Although all SSEA-l-labeled cells were also p-tu- 
bulin-positive, many P-tubulin-positive cells were SSEA-l- 
negative. Thus, SSEA- l-positive cells, like the CD44-positive 
cells, comprise a subset of the P-tubulin-positive cells present 

during the initial period of optic axon growth into the ventral 
diencephalon. 

The pattern of SSEA-l-labeled cells at E11.5 is remarkably 
similar to that described for the abn (for example compare Fig. 
8 with Fig. 4b in Easter et al., 1993) suggesting that the SSEA- 
l-positive cells may correspond to this early differentiating pop- 
ulation of neurons. Although some SSEA-l-positive cells could 
be detected at E10.5, consistent labeling of these cells and their 
processes was not obtained until El 1.5, a time when many more 
P-tubulin-positive cells are present. Thus, the methods used in 
this study are unable to distinguish whether SSEA-1 is expressed 
exclusively by the early-differentiating neurons and processes of 
the abn and the TPOC. Our analyses do indicate, however, that 
the trajectories of the first crossed retinal axons in the nascent 
optic chiasm are bounded by an SSEA-l-positive population of 
neurons, and that uncrossed axons do not contact them until after 
they have already reached the ipsilateral optic tract. 

In summary, the combination of tract tracing and immuno- 
cytochemical methods used in this study has revealed the early 
pattern of optic axon growth during the establishment of the 
optic chiasm as well as identified potential loci for cues that 
contribute to this pattern (see Fig. 12). Within the developing 
optic chiasm is a specialized cellular arrangement consisting of 
a palisade of radial glia and a subpopulation of early differen- 
tiating neurons that express SSEA-1 and CD44. These latter cells 
both intersect the glial palisade along its midline and spread out 
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Figure 11. SSEA-l-positive cells are a subpopulation of P-tubulin-positive neurons in the ventral diencephalon. Frozen, frontal sections through 
an E12.5 embryo. A, P-tubulin-labeled cells are clustered around the chiasmatic midline, in the retina (e), and along the lateral walls of the 
diencephalon. In addition, brightly labeled optic axons (arrow) are seen leaving the eye and growing along the optic stalk and into the ventral 
diencephalon. B, Higher power view of the bracketed region in A. C-F, Section 160 pm caudal to A double-labeled for P-tubulin (C, E) and 
SSEA-1 (D, F). E and F are higher power views of labeled cells in C and E, respectively, and arrowheads show examples of cells that are both 
SSEA-l- and /3-tubulin-positive. Abbreviation: e, eye. Scale bars: A, 200 km; B, 50 km; C and D, 100 pm; E and F, 25 pm. 

along its caudal boundary. All retinal axons grow into the ventral 
diencephalon and initially extend posteriorly lateral to the RC2- 
positive palisade. Uncrossed axons continue to grow laterally 
and enter the presumptive optic tract directly. Crossed axons turn 
medially and enter the radial glial palisade near its caudal border. 
As the axons enter the palisade many axons turn rostrally, co- 
incident with the rostra1 boundary of the SSEA-l-positive cells. 
Crossed axons do not grow among but are located under the 
SSEA-l-positive cells. The correspondence between the path- 
ways taken by optic axons with cellular components of this spe- 
cialized cellular arrangement strongly suggests that cells local- 

\ \ 

ized within the ventral diencephalon are important for the estab- 
lishment of the visual pathway. 

Discussion 
Comparison of early and late periods of growth in the chiasm 
This study characterizes the earliest optic axon pathways with 
respect to resident cells and molecules in the ventral dienceph- 
alon. Two cellular groupings present during the principal period 
of optic axon growth in the chiasm (E15-17; Marcus et al., 
1995) are arrayed more extensively during early axon ingrowth 
(E12.5-13.5). Furthermore, the early and late growth patterns 
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Figure 12. Summary diagram contrasting the paths of early (ElZS-13.5) and later-growing (E15-17) optic axons in relationship to cells in the 
developing optic chiasm. Early uncrossed axons, originating in dorsocentral retina, enter the ipsilateral optic tract directly while late uncrossed 
axons, originating in ventrotemporal retina, first grow toward the midline. Early uncrossed axons never enter the radial glial palisade while earlv 
crossed axons enter along its caudal border. Later crossed and uncrossed optic axons enter the rostra1 half of the radial glial pahsade. Early crossed 
axons turn medially and rostrally along the rostra1 border of SSEA-l-positive neurons. The conformation of SSEA-1-oositive neurons elongates 
rostrocaudally and -late crossed and uncrossed axons encounter these neurons only near the midline. Finally, fiber-fibe; interactions, which [ffect 
late uncrossed axons, are not involved in the establishment of the early ipsilateral pathway. See text for details. Abbreviations: DC, dorsocentral 
retina; ON, optic nerve; OS, optic stalk; OT, optic tract; VT, ventrotemporal retina. 

differ in five respects. First, unlike later uncrossed axons whose 
growth cones approach the midline before turning sharply back 
toward the ipsilateral optic tract (Godement et al., 1990, 1994; 
Sretavan, 1990), early uncrossed axons enter the ipsilateral optic 
tract directly in the lateral ventral diencephalon. Second, where- 
as at E15-17 crossed and uncrossed fibers grow toward the mid- 
line within a radial glial palisade, at E12.5-13.5 all axons ini- 
tially grow lateral to the palisade, and pioneering uncrossed ax- 
ons never enter it. Third, while at El%17 growth cones of 
crossed axons invade the rostra1 half of the palisade, pioneering 
crossed axons enter it caudally. Fourth, pioneering crossed axons 
course along a border of SSEA-l-positive cells, resulting in a 
circuitous route to the midline. Later, crossed axons grow more 
directly toward the contralateral optic tract, only encountering a 
raphe of SSEA-l-positive cells at the midline. Finally, the first 
axons enter the ipsilateral optic tract prior to interactions be- 
tween fibers from each eye, indicating that these interactions are 
not necessary for the establishment of the early ipsilateral path- 
way. Fiber-fiber interactions are important, however, for the 
adult retinal projection patterns since removal of one eye early 
in embryonic development results in a decreased ipsilateral pro- 
jection (Godement et al., 1987a) and following enucleation at 
El3 ipsilateral, ventrotemporal fibers from the remaining eye 
stall in the midline zone (Godement et al., 1990; Godement un- 
published observations; but also see Sretavan and Reichardt, 
1993). 

An unresolved issue is whether developmental morphogenetic 
transformations can explain the different axonal projection pat- 
terns early versus late. For example, the different configurations 
of resident cells during development may simply reflect their 
rearrangement during embryonic morphogenesis. We propose 
that these changes can not explain the extreme differences in 

the uncrossed projection: early, directly into the optic tract, and 
later, entry into the midline zone before turning back ipsilater- 
ally. Moreover, the different paths of crossed and uncrossed ax- 
ons, and the altered configurations of the resident cells during 
the early and late periods, indicate that the degree of interaction 
between axons and resident cells may differ during these peri- 
ods. 

Interestingly, the earliest ipsilateral projection derives from 
dorsocentral and not ventrotemporal retina (Drager, 1985; Go- 
dement et al., 1987b, 1990; Colello and Guillery, 1990; Sreta- 
van, 1990). Retrograde labeling in the adult does not reveal the 
uncrossed dorsocentral cells, raising what roles these cells play 
during development. One possibility is that they are pioneers 
important for establishing the visual projection (Sretavan, 1990). 
While in many systems the mature nervous system arises from 
an adultlike pattern established early in development (Keshish- 
ian and Bentley, 1983; Landmesser, 1991), a transient retinal 
projection, like the subplate, may set the stage for later, distinctly 
different growth patterns (Allendoerfer and Shatz, 1994). Alter- 
natively, early uncrossed axons may enter the ipsilateral optic 
tract due to their lateral location in the ventral diencephalon, and 
not due to specific guidance cues. Early ipsilateral fibers would 
then constitute pathfinding “errors” that are eliminated during 
the normal process of retinal ganglion cell death (Jeffery and 
Perry, 1982; Martin et al., 1983; Guillery et al., 1995). Our 
results do not address whether the earliest ipsilateral path from 
dorsocentral retina is necessary for development of the adult 
visual projection. 

Axonal growth and the cellular environment 

Glial cells can play permissive or inhibitory roles during pattern 
formation and the establishment of neural pathways. In verte- 



6400 Marcus and Mason - Establishment of the Mouse Optic Chiasm 

brates, growth cones extend among radial neuroepithelial or glial 
endfeet at the pial surface, suggesting that glia provide permis- 
sive substrates for axon growth (e.g., Silver and Rutishauser, 
1984; Kuwada, 1986; Marcus and Easter, 1995). Consistent with 
these studies, growth cones of optic axons course among the 
subpial endfeet of RCZpositive cells within the palisade and 
optic tracts. 

Glial cells also form boundaries inhibiting axons from enter- 
ing inappropriate brain regions (Silver et al., 1987, 1993; Snow 
et al., 1990; Ttevarrow et al., 1990; Carpenter and Bastiani, 
1991; Steindler, 1993; Jhaveri, 1994; Marcus and Easter, 1995). 
Early optic axon growth lateral to the RCZpositive palisade is 
consistent with it presenting such a boundary. However, since 
crossed axons eventually enter and traverse the palisade, this 
zone must be less permissive and not refractory to axon growth. 

Neurons may also guide axons. Fasciculation of axons with 
earlier established pathways occurs in insects (Raper et al., 
1983) and vertebrates (Kuwada, 1986; Dodd and Jessell, 1988). 
Contact with “preexisting” fibers may also help establish the 
visual projections. Beginning at E9.5, neurons which are the 
mouse equivalent of the rat anterobasal nucleus (Altman and 
Bayer, 1986), are positioned at the base of the optic stalk. Pro- 
cesses from these cells form the mouse homologue of the tract 
of the postoptic commissure in embryonic Xenopus (Easter and 
Taylor, 1989) and zebrafish (Chitnis and Kuwada, 1990; Wilson 
et al., 1990; Ross et al., 1992). Because the first optic axons 
enter the brain after E12.5, cells and axons of the abn and TPOC 
potentially provide guidance information for pioneering retinal 
fibers. 

During early retinal axon growth, SSEA-l-positive cells are 
arrayed similarly to cells and processes of the abn and TPOC. 
The correspondence between the meandering early crossed path- 
way and the rostra1 border of these cells (Fig. 9A) suggests they 
may provide guidance information. While these cells may be a 
posterior boundary for early crossed and uncrossed fibers, this 
is not true later. In contrast to the V-shaped wedge of cells at 
E12.5-E13.5, at E15-17, SSEA-l-positive cells form a broad 
band caudal to the chiasm itself, from which a raphe extends 
rostrally (Marcus et al., 1995). Because at later ages, crossed 
and uncrossed fibers approach the midline in the rostra1 half of 
the chiasm, optic axons encounter SSEA-l-positive cells only 
if they cross or approach the midline while turning. Thus, optic 
axons entering the chiasm later in development are spatially seg- 
regated from cues that may influence early optic axon trajectory. 

The SSEA- l-positive cells are a subset of the CD44-positive 
cells previously identified (Sretavan et al., 1994). CD44 is a cell 
surface molecule involved in cell-cell interactions in the im- 
mune system (Denning et al., 1990; Tanaka et al., 1993). CD44 
may inhibit retinal axon growth, as CD44-expressing cell lines 
dampen retinal axon growth in vitro (Sretavan et al., 1994). 
SSEA-1, like CD44, is a glycoprotein present in the immune 
(Kerr and Stocks, 1992) and nervous sytems (Dodd and Jessell, 
1985; Oudega et al., 1992). Growth of early crossed axons along 
the SSEA-l- and CD4Cexpressing neurons, rather than into the 
more accessible ipsilateral optic tract, suggests that a combina- 
tion of inhibitory and attractive cues guide crossed axons in the 
chiasm (see Figs. 5 and 12): First, consistent with the in vitro 
CD44 results, SSEA-l- and CD44-expressing neurons may 
guide crossed axons by forming a barrier adjacent to a more 
permissive path. Second, an attractive cue, such as that dem- 
onstrated for the floor plate (Tessier-Lavigne et al., 1988), would 

lure axons away from the ipsilateral optic tract, toward the mid- 
line, and around these inhibitory cells. 

Similarities between early growth and the marsupial chiasm 

In the marsupial, early monocular enucleation does not alter the 
ipsilateral projections from the remaining eye (Mtndez-Otero et 
al., 1986; Coleman and Beazley, 1989). Likewise, in mouse, the 
early ipsilateral pathway forms in the absence of fiber-fiber in- 
teractions important at later ages. Another similarity between the 
marsupial and the earliest axons in mouse is that uncrossed ax- 
ons separate from crossed axons before entering the chiasm itself 
(Jeffery and Harman, 1992), at an interface between interfasci- 
cular optic nerve glia and radial glia in the ventral diencephalon 
(Bodian, 1936; Taylor and Guillery, 1994). This interface may 
be analogous to the lateral border formed by the radial glial 
palisade that is not entered by early uncrossed fibers in mouse. 
At later ages in the mouse uncrossed axons diverge from crossed 
axons within the palisade. Thus, in contrast to early uncrossed 
axons in mouse and uncrossed axons in marsupials, uncrossed 
axons of the mature eutherian visual pathway recognize cues 
localized within a midline glial structure (Godement et al., 1990, 
1994; Sretavan and Reichardt, 1993; Wizenmann et al., 1993; 
Marcus et al., 1995). 

In summary, analysis of the early pattern of optic axon growth 
suggests that mechanisms that shape crossed and uncrossed ax- 
onal trajectories differ during the establishment and subsequent 
development of the visual pathways. The definition of the iden- 
tity and stage-specific arrangement of cells resident to the di- 
encephalon will facilitate the investigation of these mechanisms, 
as well as the patterns of gene expression directing them. 

Note added in proofi 

With the aim of ablating the conformation of early differentiat- 
ing neurons, Sretavan et al. (1995) injected antibodies against 
CD44 plus complement into El1 embryos. Four days later, all 
retinal axons had stalled after exiting the optic stalks and failed 
to generate a chiasm. This data supports the hypothesis that res- 
ident cells of the diencephalon are important for growth of ret- 
inal axons during the initial formation of the chiasm. 
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