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ABSTRACT
Chondroitin sulfate (CS) proteoglycans have been implicated as molecules that are

involved in axon guidance in the developing neural pathways. The spatiotemporal expression
of CS was investigated in the developing retinofugal pathway in mouse embryos by using the
CS-56 antibody. Immunoreactive CS was detected in inner regions of the retina as early as
embryonic day 11 (E11). Its expression in subsequent stages of development followed a
centrifugal, receding gradient that appeared to correlate with the sequence of axogenesis in
the retina. In the chiasm, immunoreactive CS was expressed at E12, before the arrival
of retinal axons. When the retinal axons navigated in the chiasm at E13–E14, immunoreac-
tive CS remained at a low level in the optic fiber layer of the chiasm but was observed
prominently in the caudal parts of the ventral diencephalon. This pattern followed closely the
array of stage-specific-embryonic-antigen-1-positive neurons in the ventral diencephalon,
with a V-shaped configuration that bordered the posterior boundary of the retinal axons, and
a rostral raphe extension that ran across the decussating axons in the chiasm. Thus, the CS
epitope is implicated in patterning the course of early retinal axons and in regulating axon
divergence in the chiasm. At the lateral region of the chiasm, where the retinal axons cross
the midline and approach the optic tract, a CS-immunopositive region coincided with the
region in which active sorting of dorsal retinal axons from ventral retinal axons occurs.
Moreover, at the threshold of the optic tract, the immunoreactive CS was restricted only to
the deep part of the optic fiber layer, suggesting an inhibitory role of the CS epitope in
repelling newly arrived axons to superficial regions of the optic tract during the development
of chronotopic order at this part of the retinofugal pathway. J. Comp. Neurol. 417:153–163,
2000. © 2000 Wiley-Liss, Inc.
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Retinal axons undergo distinct rearrangements of fiber
order at the chiasm. These changes in fiber order segre-
gate retinal axons according to their positions along the
nasal-temporal and dorsal-ventral axes of the retina and
also reposition the fibers according to their ages in differ-
ent parts of the chiasm (Godement et al., 1990; Guillery,
1991; Chan and Guillery, 1994; Colello and Coleman,
1997; Colello and Guillery, 1998; Chan and Chung, 1999).
One control for such axon patterning is the interaction of
retinal axons with guidance molecules at the chiasm. Re-
cent studies of axon growth at the mouse chiasm have
shown that the chiasm exerts a general dampening effect
on axon growth and that this effect acts on both crossed
and uncrossed axons (Godement et al., 1994; Mason and

Wang, 1997; Chan et al., 1998). Retinal axons have an
overall increase in pause frequency and a reduction in
growth rate as well as an extensive remodeling of growth
cone morphology at the chiasm. These characteristic
growth behaviors of retinal axons may be caused by a
contact-mediated interaction with cellular elements in the
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chiasm, such as the radial glial cells and chiasmatic neu-
rons (Sretavan et al., 1994; Marcus et al., 1995; Mason
and Sretavan, 1997), and with axons from the other eye
(Godement et al., 1990; Chan and Guillery, 1993; Chan et
al., 1999). Moreover, the cells of the chiasm may produce
soluble factors that act to slow down the growth of retinal
axons and prompt the axons for other guidance signals
within the chiasm (Wang et al., 1996). However, the mol-
ecules that are involved in these guidance processes are
largely unknown.

The chondroitin sulfate (CS) proteoglycans (PGs), as
components of multidimensional mechanisms that regu-
late cell-cell and cell-matrix interactions, are likely candi-
dates that guide axon growth and pathfinding in the de-
veloping central nervous system (for reviews, see Lander,
1993; Letourneau et al., 1994; Margolis and Margolis,
1997). In vitro studies have indicated the importance of
the core proteins of the extracellular PGs as binding part-
ners of the immunoglobulin (Ig) superfamily of neural cell
adhesion molecules and the extracellular matrix tenascins
and, thus, influence cell adhesion or neurite outgrowth
(Margolis and Margolis, 1997). Immunocytochemical evi-
dence of colocalization of these binding partners in the
developing central nervous system underlines the biolog-
ical relevance of the partnership. The CSs normally exist
in tissues as substituents on core proteins of the PGs and,
as such, also have been implicated in initiating retinal
ganglion cell differentiation and defining the front of ax-
onal outgrowth toward the optic disk in the rat (Snow et
al., 1991; Brittis et al., 1992). Similar CS epitopes that are
marked by the antibody CS-56 (Avnur and Geiger, 1984)
also have been observed in the chiasm of fetal ferrets: the
distribution of these moieties appears to correlate with the
development of chronotopic order in the optic tract (Reese
et al., 1997). In this study, we asked 1) whether similar CS
moieties are expressed in the chiasm of mouse embryos at
the time when retinal axons first grow into this decision
region of the retinofugal pathway; and 2) in addition to
their possible roles in controlling the age-related order in
the tract, whether the expressions of these CS moieties
are correlated with other fiber-reordering processes at the
developing mouse retinofugal pathway.

MATERIALS AND METHODS

Animal and tissue preparations

The experimental procedures in this study were ap-
proved by the University Animal Ethics Committee. Time-
mated C57 mice were obtained from the Animal House of
the Chinese University of Hong Kong. The day that the
vaginal plug was found was designated as embryonic day
0 (E0). Pregnant mothers were killed by cervical disloca-
tion. Embryos at E11–E16 were taken out by Cesarean
section, washed briefly in 0.1 M phosphate buffered saline
(PBS), pH7.4, and decapitated. The heads were immersed
in freshly prepared 4% paraformaldehyde in 0.1 M phos-
phate buffer, pH 7.4, and were stored overnight at 4°C.
The fixed tissues were embedded in a gelatin-albumen
mixture. After a cut was made in the block to mark the
orientation of the head, the blocks were sectioned at 100
mm thickness with a Vibratome to yield horizontal sec-
tions in some embryos and coronal sections in others.
Serial sections of the retinofugal pathway from the eyes to
the proximal parts of the optic tract were collected in PBS,
pH7.4.

Immunocytochemistry

The sections of the retinofugal pathway were washed in
PBS and then incubated for 1 hour in blocking buffer
containing 10% normal goat serum (NGS; Sigma, St.
Louis, MO). After a brief wash with PBS, the sections were
incubated overnight at 4°C in the primary antibody CS-56
(a monoclonal antibody raised against CSs; Sigma; diluted
1:200 in PBS with 1% NGS and 0.5% Triton X-100) to
reveal the distribution of CS. Some sections were reacted
with a primary antibody against stage-specific-embryonic-
antigen-1 [SSEA-1; diluted 1:5; Developmental Studies
Hybridoma Bank, IA (under contract N01-HD-6-2915
from NICHD); Solter and Knowles, 1978], which marks a
population of early neurons in the ventral diencephalon
(Marcus et al., 1995). After several rinses in PBS, the
sections were incubated in a fluorescein isothiocyanate
(FITC)-conjugated secondary antibody (anti-mouse IgM;
diluted 1:100 in PBS; Jackson Laboratories, Bar Harbor,
ME) for 3 hours at room temperature. Control sections
were processed similarly but without the addition of pri-
mary antibody. The sections were washed briefly in PBS
and coverslipped with a mounting medium containing
0.1% p-phenylenediamine.

Confocal microscopy and image analyses

The images were captured with a confocal imaging sys-
tem (MRC600; Bio-Rad, Cambridge, MA) connected to a
Zeiss Axiophot photomicroscope (Zeiss, Oberkochen, Ger-
many) by using a blue excitation filter set (BHS; 488 nm
excitation and 515 nm emission long pass). The digital
images were stored in SparQ disks (SyQuest Technology
Inc.) and were processed by using the Confocal Assistant
software (Bio-Rad). Sections from the ventral diencepha-
lon from 27 embryos ages E12–E16 were included in this
study.

To study the distribution of the CS epitope in relation to
the axonal course in the diencephalon, the retinas of some
embryos (three at E13 and three at E14) were labeled with
1,19-dioctadecyl-3,3,39,39-tetramethylindocarbocyanine
perchlorate [DiI; DiIC18(3); Molecular Probes, Eugene,
OR). The injections were made into brain slice prepara-
tions of the retinofugal pathway as described in an earlier
study (Chan et al., 1998). The DiI solution (dissolved in
dimethyl formamide) was injected into the vitreous of the
eye by using a Picospritzer (General Valve Co., NJ). The
injected brain slices were cultured in Dulbecco’s modified
Eagle’s medium (DMEM/F12; Life Technologies, Be-
thesda, MD) supplemented with 10% fetal bovine serum
at 37°C for 5 hours to allow sufficient time for label to
reach retinal axons in the optic tract. The brain slices
were then fixed in 4% paraformaldehyde in 0.1 M PBS,
pH7.4. The dye-filled retinal axons were examined in the
exposed chiasm under a confocal microscope (MRC600;
Bio-Rad) by using a green excitation filter set (GHS; 514
nm excitation and 550 nm long pass). After images of the
retinal axons at the chiasm had been captured, the brain
slices were embedded in a gelatin-albumen mixture and
sectioned horizontally into 100-mm sections. The sections
that contained the chiasm and the optic tract were reacted
with the primary antibody CS-56 and then with the FITC-
conjugated secondary antibody, as described above. These
sections, which were double-labeled with DiI for retinal
axons and with FITC for CS, were then imaged with a
confocal imaging system (MRC1024; Bio-Rad) by using a
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combination of filter sets (T1 and T2 blocks) for simulta-
neous imaging of DiI-labeled structures (with 488 nm
excitation and 522 nm emission) and FITC-labeled struc-
tures (with 568 nm excitation and 585 nm emission long
pass). The dual-excited images were stored in Jaz disks
(Iomega) and processed with the Confocal Assistant soft-
ware.

RESULTS

Expression pattern of immunoreactive CS
in the retina

Expression of the CS epitope in the retina of mouse
embryos was present already at E11, the earliest stage
that we examined, when most ganglion cells generated

in the retina have not yet sent out axons into the optic
pathway (Silver and Sidman, 1980; Dräger, 1985). The
staining appeared to mark the migrating cells in the
retina and their pericellular space and was most prom-
inent at inner retinal regions that, later, are occupied
by the ganglion cell layer and the optic fiber layer (Fig.
1A). At E12, when the first retinal axons emerge from
the central retina around the optic disk, the expression
of the CS epitope in the central retina was markedly
lower than that in the peripheral retina (Fig. 1B). By
E13, when most ganglion cells are sending axons into
the optic pathway, this difference in staining intensity
in the inner retinal regions was no longer apparent. The
inner retinal regions were stained evenly with the an-
tibody (Fig. 1C). The immunoreactive CS in the retina

Fig. 1. Confocal photomicrographs showing immunoreactivity to
CS-56 in cross sections of the retinas in C57 mouse embryos. Anterior
is up. A: At embryonic day 11 (E11), the immunoreactive chondroitin
sulfate (CS) is expressed preferentially in inner retinal layers of the
central retina (R) that include the future ganglion cell layer and the
optic fiber layer. Positive staining also is observed in the lens (L) and
the vitreous. B: At E12, immunoreactivity for CS in the central retina

is lower than that in the peripheral regions (indicated by arrowheads).
C: At E13, the intensity of immunopositive CS is distributed evenly
throughout the inner retinal layer. D: By E16, the immunoreactivity
is concentrated in the inner layers of the peripheral retina (as indi-
cated in E) and apparently is absent from the central retina. Scale
bars 5 100 mm in A (also applies to B); 200 mm in C (also applies to D);
50 mm in E.
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gradually declined in subsequent stages, until, at E16,
positive staining was detectable only in the inner re-
gions of the retina at the peripheral margins, where
some axons may still be added (Fig. 1D,E). The central
retina was virtually devoid of staining.

Expression pattern of immunoreactive CS in
the ventral diencephalon

Immunoreactivity to CS was detected first in the ven-
tral diencephalon at E12. At this stage, most of the first

retinal axons are growing in the stalk and have not yet
arrived at the chiasm (Silver and Sidman, 1980). Staining
of the CS epitope in horizontal sections of the ventral
diencephalon revealed a symmetric distribution of stain-
ing in caudal regions of the ventral diencephalon (Fig. 2A).
The staining appeared to mark the cells and their pericel-
lular environment. In some regions in which staining of
single cells was identifiable, the CS-positive cells were
irregular in shape and had several short processes (Fig.
2B). In more ventral sections, immunopositive cells were

Fig. 2. Confocal photomicrographs showing immunoreactive CS and
stage-specific antigen-1 (SSEA-1) in the chiasm of E12 mouse embryos.
In the horizontal sections (A–D), anterior is up; in the coronal sections
(E,F), dorsal is up. The arrow points to the midline of the brain. A: At
E12, immunoreactive CS is distributed as two groups of cells in the
caudal regions of the ventral diencephalon. It is localized on the surface
of the cells (indicated by arrowheads in B) and in the pericellular space
around the cells. This staining pattern appears to coincide with the cells

that are immunopositive for SSEA-1 (C,D). E,F: Coronal sections corre-
spond to the regions indicated by the dashed lines in A. Cells immunopo-
sitive for CS are located in the regions flanking the midline of the future
chiasm and occupy the ventral tier of the neuroepithelium (E). These
cells occupy the lateral regions but not at the midline, as shown in the
caudal section of the chiasm (F). The optic fiber layer could not be
observed during this stage. Scale bars 5 200 mm in A (also applies to C),
50 mm in B (also applies to D, E, and F, but in E,F the scale bar is 25 mm).
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found at the regions flanking the midline, anterior to the
immunopositive cells in the caudal diencephalon. Coronal
sections through the position of the future chiasm con-
firmed that immunopositive cells were found in the mid-
line regions (Fig. 2E). They occupied the ventral tier of the

neuroepithelium, where axons grow at later developmen-
tal stages. In a more caudal section of the chiasm, these
cells occupied more lateral regions of the chiasm (Fig. 2F).
This staining pattern of CS in the ventral diencephalon
coincides with the distribution of chiasmatic neurons that

Fig. 3. A–F: Confocal photomicrographs showing immunoreactiv-
ity for CS and SSEA-1 as well as the position of retinal axons in the
chiasm of E13 and E14 embryos. A,D–F: Horizontal sections. The
arrows point to the midline of the brain, and anterior is up. A: At E13,
immunostaining for CS is seen as a broad, inverted, V-shaped array
opening caudally in the caudal half of the ventral diencephalon.
Moreover, a midline extension (indicated by arrowhead) stems out at
the rostral end of the CS-immunopositive region. A similar staining
pattern is found at E14 (D). These CS-immunopositive regions appear
to mark the caudal border of the retinal axons shown in E as the 1,19-
dioctadecyl-3,3,39,39-tetramethylindocarbocyanine perchlorate (DiI)-

labeled optic stalk (OS) leading from the left eye to the chiasm of an
E14 embryo. The rostral part of the CS-immunopositive array likely
coincides with the SSEA-1-positive cells (F). B,C: Coronal sections of
the chiasm (E13) at regions indicated by the dashed lines in A. The
optic fiber layer can be observed at the ventral floor (marked by
brackets) of the diencephalon. The expression of the CS epitope is
localized about the cells at the chiasm and is particularly prominent
at the midline (indicated by arrow in B) but is spread widely in a more
caudal level at the chiasm (C). Staining also was detected in the optic
fiber layer. Scale bars 5 200 mm in A (also applies to B,C); 100 mm in
D; 500 mm in E (also applies to F).
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Figure 4
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are immunopositive for SSEA-1 (compare Fig. 2C with
Fig. 2A; see also Fig. 2D). These SSEA-1-positive neurons
have been implicated in the patterning of the earliest
axons that arrive at the ventral diencephalon at subse-
quent stages of development (Marcus and Mason, 1995;
Marcus et al., 1995).

At E13, the first retinal axons start to grow into the
chiasm (Godement et al., 1987). In horizontal sections of
the ventral diencephalon, again, the most prominent re-
gion that expressed CS immunoreactivity was the caudal
half of the ventral diencephalon, where they formed a
broad, inverted-V-shaped configuration opening caudally
in the confocal photomicrographs (Fig. 3A). Moreover, a
prominent raphe extension was found at the rostral end of
this immunoreactive CS region (Fig. 3A, arrowhead). This
rostral extension marks the immunoreactive CS-rich zone
at the midline of the chiasm where retinal axons de-
cussate. Strong immunostaining also was detected at the
pial surface of the lateral diencephalon, which includes
the position of the future optic tract. There are very few
axons in the tract at this stage. Coronal sections of the
regions shown in Figure 3A demonstrate that immunore-
active CS was localized in neuron-like cells at the ventral
diencephalon and that this was particularly prominent at
the midline (Fig. 3B). A broad array of cells at a more
caudal level in the chiasm also was immunopositive for CS
(Fig. 3C). Some immunostaining was detected in the thin
optic fiber layer in the chiasm. The radial glial cells in the
chiasm did not show obvious staining at these early stages
of retinal axon growth in the chiasm.

The immunostaining pattern of the CS epitope in the
ventral diencephalon at E14 was similar to that seen at
E13 (Fig. 3D). At this stage, in coronal sections of the
ventral diencephalon, a weakly stained, X-shaped config-
uration of the chiasm was identified rostral to the immu-
noreactive CS-rich regions (Fig. 3D,E). The rostral parts of
the immunoreactive CS regions in the caudal diencepha-
lon are likely immunopositive for the SSEA-1 antibody
(compare Fig. 3D with Fig. 3F). These CS immunopositive
regions appear to mark the caudal border of the retinal
axons in the chiasm and may participate in the develop-
ment of the partial decussation pattern.

In E14 embryos, coronal sections from the rostral re-
gions of the chiasm showed a substantial expression of the
CS epitope among the cellular elements at the midline
(Fig. 4A). Punctate staining of CS was found among these
cell-rich regions anterior to the retinal fibers in the chi-
asm. At a midlevel within the chiasm, immunoreactive CS
expression at the midline was confined largely to the cel-
lular elements immediately above the optic fiber layer
(Fig. 4B). A slight elevation in staining intensity was
noted in the fiber layer at the midline, whereas fibers in
the regions flanking both sides of the midline showed a
weak basal level of staining. At a caudal level in the
chiasm, this weak staining at the midline was not discern-
ible (Fig. 4C). In addition to this change in expression of
the CS epitope along the midline, expression of the CS
epitope also was changed at different levels in the course
of the axons through the chiasm. At the entry zones of
retinal axons into the chiasm, at the junction of the optic
stalk and the diencephalon, the optic fiber layer was
stained only weakly with the CS-56 antibody (Fig. 4A,B).
The staining was confined to the connective tissue enclos-
ing the stalk and the cellular structures in the ventral
diencephalon dorsal to the optic fiber layer. It is notewor-
thy that, at the regions of the chiasm where most retinal
fibers cross the midline (and that also contain axons that
have turned away from the midline) and grow toward the
optic tract, intense immunostaining of the CS epitope was
detected in the fiber layer at the junction of the chiasm
and the optic tract (Fig. 4C). This staining appeared in the
chiasm '300 mm from the midline, extended laterally to
the optic tract, and it was strongest at the deep parts of
the optic fiber layer. The staining diminished gradually
toward the subpial surface of the optic fiber layer. This
differential distribution of immunoreactive CS also was
characterized in cross sections of the optic tract. In four
embryos at E14, the retinal fibers in the tract were exam-
ined for dual label with DiI and the CS-56 antibody. In
coronal sections of the tract, the dye-filled optic tract ap-
peared as a discrete bundle of fibers at the lateral dien-
cephalon (Fig. 4D). Immunostaining of the CS epitope was
detected only in the deep regions, and not in the superfi-
cial regions, of the tract (Fig. 4E).

At E15 and E16, most retinal axons have arrived at the
chiasm and entered the optic tract, including those from
the ventral temporal retina that turn before reaching the
midline of the chiasm. At both ages, there was very little
staining of the CS epitope in the optic stalk and the rostral
chiasm (Fig. 5A). Obvious staining could be seen at the pia
surrounding the stalk and in the cells of the lateral dien-
cephalon. At a more caudal level, where fibers from the
two eyes mingle extensively at the midline, a strong label
of the CS epitope was detected at the lateral margin of the
chiasm, '300 mm from the midline (Fig. 5B). Substantial
immunostaining of the CS epitope also was seen in other
regions of the optic fiber layer, particularly at the pial
surface at the midline. Moreover, a slight but obvious
elevation in staining intensity was observed at the fiber
layer at the midline. At the level of the caudal chiasm and
the tracts, the lateral regions of the fiber layer in the
chiasm, again, were stained the most intensely (Fig. 5C).
This expression extended medially to the subpial region
around the midline, but it tapered off laterally in the
subpial regions of the fiber layer at the threshold of the
optic tract. A high level of CS immunoreactivity was de-
tected in the deep regions at the threshold of the tract, and

Fig. 4. Confocal photomicrographs showing the CS-56 immunore-
activity in the chiasm of E14 embryos. Coronal sections (A–C) corre-
spond to the regions indicated by the dashed lines in Figure 3D. The
arrow points to the midline of the brain, and dorsal is up. A: Substan-
tial expression of the CS epitope is localized about the cellular ele-
ments at the midline anterior to the retinal fibers in the chiasm. The
optic stalks, however, are devoid of CS-56 immunostaining. B: At a
midlevel within the chiasm, the staining is confined to the cells
immediately above the optic fiber layer (indicated by arrowhead). A
slight elevation in staining intensity is noted in the optic fiber layer
(marked by brackets) at the midline, whereas fibers in regions flank-
ing both sides of the midline show a basal level of staining. C: At the
caudal part of the chiasm, intense immunostaining of CS is detected
in the fiber layer at the junctures of the chiasm and the optic tract
(indicated by arrowheads), which starts at '300 mm from the midline
and is most obvious at the deep parts of the chiasm and tract. D,E:
Horizontal sections of the ventral diencephalon doubled stained with
DiI at retinal axons and CS-56 antibody. The optic tract (OT) shows
up as a discrete bundle of fibers at the lateral diencephalon (D), and
CS immunoreactivity is localized predominantly in the deep regions of
the tract (E; indicated by arrowheads). Anterior is up, and medial is to
the right. Scale bars 5 50 mm in A (also applies to B,C); 25 mm in E
(also applies to D).
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this extended laterally into the tract. In addition to the
staining in the chiasm, many cellular elements in the
ventral diencephalon were immunopositive for the CS-56
antibody. These cells were similar morphologically to the
radial glial cells, with radially oriented cell bodies and
processes extending from the ventricle toward the pial
surfaces of the diencephalon.

DISCUSSION

In this study, the distribution of chondroitin sulfate
proteoglycans (CSPGs), as depicted by the CS-56 anti-
body, has been characterized in the retinofugal pathway of
mouse embryos. The current results on the mouse confirm
earlier findings in the rat that the CS epitope is expressed
as a gradient receding from the more central retinal layers
out to the periphery (Brittis et al., 1992). Furthermore, it
was demonstrated in this study that the CS epitope exists
at the chiasm at E12, before the arrival of any retinal
axons. At this early stage and in the course of subsequent
development, the pattern of CS immunoreactivity in the
ventral diencephalon follows closely the distribution of
neurons that are immunopositive for SSEA-1. These
SSEA-1-positive neurons have been attributed with a role
in the shaping of trajectory of the earliest retinal axons in
the chiasm (Marcus and Mason, 1995). Expression pat-
terns of the CS epitope at later stages, i.e., E13–E15, when
most axons are growing through the chiasm, suggest that
these moieties are involved in the control of distinct fiber
orders at the chiasm. The abundant expression of the CS
epitope at the midline indicates that these moieties may
play a part in the development of partial decussation. This
expression at the midline appears to diminish gradually,
whereas expression in fibers at the threshold of the optic
tract is elevated in later stages of development, when most
axons are growing through this region of the pathway. The
distinct distribution of the CS epitope in the caudal chi-
asm and in deep parts of the optic tract suggests a role for
these molecules in controlling the development of age-
related order and retinotopic order in the retinofugal
pathway.

CSPGs in the retina

The retina of mouse embryos is strongly immunoposi-
tive for the CS epitope at the earliest stage studied, i.e.,
E11; thereafter, the immunoreactivity gradually de-
creases. With subsequent development, the expression of
the CS epitope moves from the center toward the periph-
eral margin of the retina. This developmentally regulated
expression of the CS epitope is in agreement with the
findings in rat embryos, which showed similar distribu-
tion of CSPGs in the developing retina. A centrifugal,
receding gradient of CSPG expression, which also was
depicted by immunoreactivity to the CS-56 antibody, ex-
ists in the retina of rat embryos, which is coincident with
and peripheral to the retinal axon outgrowth toward the
optic disk (Brittis et al., 1992). Furthermore, the pattern
of retinal axon outgrowth was perturbed when explant
cultures of the retina were maintained in a medium con-
taining chondroitinase ABC, which digests the CS chains
of the PGs (Brittis et al., 1992). Time-lapse videomicros-
copy of axonal outgrowth from retinal explants has shown
that the growth cones turned and continued to grow along
the border of the CSPG-coated substratum, indicating an
inhibitory function of CSPG on retinal neurite outgrowth

(Snow et al., 1991). Based on these findings, it is concluded
that CSPGs provide guidance to developing axons in the
retina by directing and restricting axonal growth toward
the center of the retina.

In contrast to the findings of Brittis et al. (1992), immu-
nohistochemical studies on the chick visual pathway have
shown that CSPGs not only were found in the basal lam-
ina and neuroepithelium but also were colocalized with
developing axons in the optic fiber layer (McAdams and
McLoon, 1995; Ring et al., 1995). In the latter, the expres-
sion of CSPGs coincides temporally and spatially with the
onset and cessation of retinal axon growth, suggesting a
supportive role rather than an inhibitory role of these
molecules in patterning the axonal course in the chick
retina. These various roles of CSPGs in guiding axonal
outgrowth in the retinofugal pathways remain unre-
solved, but they may represent differences in response of
retinal growth cones to the balance of growth-promoting
and inhibitory factors in species-specific environments.

Roles of CSPGs in the chiasm

Many studies have suggested that CSPGs are the active
components in structures that act as barriers for growing
axons (e.g., posterior sclerotome: Oakley and Tosney,
1991; Perris et al., 1991; Landolt et al., 1995; roof plate of
the spinal cord: Snow et al., 1990; retina: Snow et al.,
1991; Brittis et al., 1992; optic tectum: Hoffman-Kim et
al., 1998). Retinal axons in culture are shown to avoid
substratum-bound CSPGs when presented as a border
against growth-promoting laminin or fibronectin, indicat-
ing that these PGs, as the less permissive partner to
growth cone exploration, guide and deviate the growth of
axons (Snow et al., 1991; Snow and Letourneau, 1992).
This inhibitory role of CSPGs is supported by our demon-
stration of characteristic spatial and temporal expression
of the CS epitope in relation to the pattern of axonal
growth in the chiasm. First, axons appear to navigate
along, but not across, the anterior border of the CSPG-rich
regions in the caudal diencephalon, indicating that,
whereas the CS-lined border is supportive to axon growth,
the CS-enriched territory beyond the border discourages
axonal growth, a phenomenon similar to the lining up of
neurites along the border of the CSPG-enriched regions in
vitro (Snow et al., 1991; Snow and Letourneau, 1992).
Second, the presence of a thin CS-positive raphe at the
chiasmatic midline at E13 and E14 suggests its role as a
functional barrier that stops the growth of uncrossed ax-
ons and allows the crossed axons to pass through. The
high frequency of pauses in the crossing axons at the
midline of the chiasm in mouse embryos also may be
related to the abundant expression of these CSPG mole-
cules (Godement et al., 1994). The uncrossed axons that
arrive at the chiasm at these ages (E13–E14) are largely
from the central retina (Godement et al., 1987; Colello and
Guillery, 1990; Chan et al., 1999). Although previous stud-
ies have suggested that turning of these early uncrossed
axons does not rely on specific guidance cues at the chiasm
(Godement et al., 1990; Taylor and Guillery, 1995; Chan et
al., 1999), our finding of the CS-positive region at the
chiasmatic midline in E13 and E14 embryos raises the
possibility that some, if not all, uncrossed axons from the
central retina rely on this functional barrier to turn at the
chiasm. In contrast, axons that arise from the ventral
temporal retina at later stages require positional informa-
tion in the retina and interaction with fibers from the
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opposite eye to make their turns in the chiasm (Godement
et al., 1990; Taylor and Guillery, 1995; Chan et al., 1999).

At the threshold of the optic tract, expression of the CS
epitope is most prominent in the deeper parts of the chi-
asm and tract. This restricted distribution of CSPGs is
observed in embryos at E14–E16, when most axons are
navigating toward the optic tract. It has been shown in
many studies that there is a chronotopic order of retinal

fibers in the tract, with the youngest axons closest to and
oldest axons farthest from the pial surface of the tract
(Guillery and Walsh, 1987; Colello and Guillery, 1992;
Colello and Coleman, 1997; Colello and Guillery, 1998).
This order reflects the time of arrival of retinal axons in
the tract. This age-related order also has been reported in
the juxtachiasmatic part of the optic stalk (Guillery and
Walsh, 1987; Colello and Guillery, 1992, 1998), which is

Fig. 5. Confocal photomicrographs showing CS-56 immunoreactiv-
ity in the chiasm of an E15 embryo. In these coronal sections of the
ventral diencephalon, the arrows point to the midline of the brain, and
dorsal is up. A: The rostral chiasm is weakly positive for CS-56 at E15,
whereas the optic stalk (OS) is devoid of labeling. In contrast, obvious
staining is seen at the pia surrounding the stalk and about the cells at
the lateral diencephalon. B: In a more caudal section, dense labeling
of CS-56 is detected at the lateral margin of the chiasm '300 mm from
the midline (marked by asterisks). A slight but obvious elevation in
staining is observed at the deep regions of the midline. C: At the level

of the caudal chiasm and the tracts, the CS epitope again is expressed
preferentially at the lateral regions of the fiber layer in the chiasm
(the slight asymmetry in the optic fiber layer is a sectioning artifact).
This expression extends medially along the subpial region around the
midline but tapers off laterally toward the threshold of the optic tract
(OT). Immunostaining for CS is found in the deepest regions at the
threshold and also in the proximal region of the optic tract (indicated
by arrowheads). In addition, many cellular elements in the ventral
diencephalon express the CS epitope, and these cells show the mor-
phology of radial glia. Scale bar 5 50 mm.
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lost at the midline regions of the chiasm (Reese et al.,
1994; Colello and Coleman, 1997) and reestablished in the
tract. The loss of the juxtachiasmatic order in the midline
regions may be related to a concentration of the CS
epitope at the subpial regions of the optic fiber layer that
is particularly prominent in E15–E16 chiasms. This con-
centration of PGs may deflect the growth cones away from
the pial surface. At the junction of the chiasm and the
tract, the restricted, intense expression of the CS epitope
in the deep parts of the pathway appears to signal the
growth cones to deviate toward the subpial surface of the
tract, so that the age-related order, similar to that at the
juxtachiasmatic region, is reestablished again. Similar
findings of an elevated expression of CSPGs has been
reported in the chiasm and tract of developing ferrets
(Reese et al., 1997), suggesting a general role of the CS
epitope in the development of age-related fiber order in
the tract. However, the lack of expression of the CS
epitope at the junction of the optic nerve and the chiasm
suggests that the age-related order at this position is
under the control of a mechanism that is different from
that at the threshold of the tract, which appears to involve
the CS epitope as one of the guidance molecules.

Although the exact structure of the CS epitope recog-
nized by the CS-56 antibody has not been determined, it is
known that the antibody is specific for chondroitin-4 sul-
fates and chondroitin-6 sulfates of native CSPGs (Avnur
and Geiger, 1984). In this study on the mouse, as well as
in other studies on rats, hamsters, and ferrets, the epitope
invariably has been associated with barrier function in the
course of developing retinal afferents (Snow et al., 1991;
Reese et al., 1997; Hoffman-Kim et al., 1998). For exam-
ple, the tectal midline in hamsters that acts as a barrier to
prevent the growth of retinal axons across the midline is
highly immunoreactive for the CS epitope (Hoffman-Kim
et al., 1998). Attempts to identify the core protein that
bears the CS epitope found one or more candidates, but
none was specific to the region of interest (Reese et al.,
1997; Hoffman-Kim et al., 1998). It appears that the dis-
tinctive patterns of CS immunoreactivity is due not so
much to increased expression of core proteins but to in-
creased synthesis of sulfated glycosaminoglycans bearing
the CS epitope as component substituents of perhaps one
of the core proteins identified. It remains possible that
the cells that normally produce core proteins substi-
tuted with low-sulfated chondroitins respond locally to
invading growth cones with the production of core pro-
teins bearing an altered sulfation pattern of the chon-
droitins, as depicted by the CS-56 antibody. Indeed, in
our study of postcrush sciatic nerves, we found water-
soluble, glycosaminoglycan-containing forms enriched in
6-sulfated chondroitins peaking at a phase coincident with
axonal regrowth in the regenerating nerve (Shum and
Chau, 1996; Chau and Shum, 1997). It would be interest-
ing to determine how developing and regrowing axons
stimulate the change in sulfation pattern of the chon-
droitins and whether growth cones react directly to the
changed CS or to changed, CS-bound factors as guidance
cues.

Another interesting finding in this study is that there is
a marked CS-positive zone in the lateral regions of the
chiasm where the crossed retinal axons have to travel
through before entering the tracts. These regions are lo-
cated '300 mm from the midline. It has been reported that
a complicated change in fiber arrangement occurs at these

positions in the chiasm. This fiber reordering establishes a
segregation of dorsal retinal fibers from ventral retinal
fibers in the optic tract (Chan and Chung, 1999). It is
possible that this active fiber repositioning after axons
cross the midline is related to the abundant CS epitope in
these chiasmatic regions, and the interaction of axons
with the CS epitope may be mediated by a signaling mech-
anism that involves the growth-associated protein GAP-43
(Kruger et al., 1998). However, the extent to which the
development of the dorsal ventral order in the tract relies
on the expression of the CS epitope in the chiasm and
whether the control for the development of dorsal ventral
order is related to that for the age-related order in the
tract remain unknown.

The CS epitope, as discussed above, may be produced by
the chiasmatic neurons during the initial phases of axon
growth at the chiasm. However, at later developmental
stages (at E15–E16), this CS immunoreactivity in the
region of the SSEA-1 neurons is down-regulated dramat-
ically, whereas the immunoreactivity in the region of the
radial glia at the ventral diencephalon obviously is up-
regulated. The prominent expression of the CS epitope in
the chiasmatic neurons likely is involved in patterning the
course of earliest retinal axons, whereas the expression of
the CS epitope in the radial glia is involved in the devel-
opment of chronotopic order and dorsal ventral fiber order
in the optic tract, which take place at a later stage of
pathway development. These results, together with find-
ings in fetal ferrets that CS immunoreactivity follows
closely the glial profiles in deep parts of the tract (Reese et
al., 1997), support the idea that the CS epitope in radial
glia is involved in patterning the fiber order in the optic
tract.
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Sretavan DW, Feng L, Puré E, Reichardt LF. 1994. Embryonic neurons
of the developing optic chiasm express L1 and CD44, cell surface
molecules with opposing effects on retinal axon growth. Neuron
12:957–975.

Taylor JSH, Guillery RW. 1995. Effect of a very early monocular enucle-
ation upon the development of the uncrossed retinofugal pathway in
ferrets. J Comp Neurol 357:331–340.

Wang L-C, Rachel RA, Marcus RC, Mason CA. 1996. Chemosuppression of
retinal axon growth by the mouse optic chiasm. Neuron 17:849–862.

163CHONDROITIN SULFATE IN THE MOUSE CHIASM


	MATERIALS AND METHODS
	Fig. 1.

	RESULTS
	Fig. 2.
	Fig. 3.
	Fig. 4.

	DISCUSSION
	Fig. 5.

	ACKNOWLEDGMENTS
	LITERATURE CITED

