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ABSTRACT

AXON PATTERNING IN THE MOUSE RETINOFUGAL
PATHWAY

Submitted by Leung Kin Mei
For the degree of Master of Philosophy
At The Chinese University of Hong Kong in July 2002

In the mouse, when retinal axons grow through the chiasm, they undergo
several changes in fiber order. One of these is a repositioning of axons according to
their ages, which takes place at the junction of the chiasm and the optic tract. Another
is the sorting of dorsal from ventral retinal fibers in the optic tract, which takes place
after axons have crossed the midline. The major questions asked in my study are the
underlying molecular mechanisms that control the axon patterning in mouse
retinofugal pathway. The first issue is to identify the role of a family of extracellular
matrix molecules, chondroitin sulfate (CS) proteoglycans (PG), in controlling the
growth cone position according to their ages in the optic tract of mouse embryos.
Immunostaining of CSPGs was found to be restricted in the deep regions of the optic
tract. Using brain slice preparations of the pathway from embryonic day (E) 14 C57
pigmented mice, the changes in age-related fiber arrangement in the chiasm and tract
were examined after culturing the pathway in the presence of chondroitinase ABC
that digests chondroitin sulfate glycosaminoglycans from the ventral diencephalon. It
was found that removal of chondroitin sulfates disrupted normal growth cone
distribution at the threshold of the optic tract. The restricted distribution of retinal
growth cones at the superficial region of the tract was abolished after removal of
chondroitin sulfates from the deep regions of the chiasm and the tract. Various

subtypes of CSPGs were further characterized, including N-terminal neurocan, C-



terminal neurocan and phosphacan. Immunocytochemical staining has shown that the
fiber order changes are related to a spatially restricted expression of these brain
CSPGs. Besides CSPGs, another family of proteoglycans that are conjugated to
heparan sulfate was also studied. The study demonstrated a complementary
correlation of heparan sulfate proteoglycans and growth cone position in the optic
chiasm and tract, suggesting a role of these proteoglycans in setting up the age-related

fiber order.

The retinal axons grow along the surface of the diencephalon as fascicles and
are bounded by adhesive molecules along their course in the pathway. One of these
adhesive molecules is neural cell adhesion molecule (NCAM). NCAM is expressed in
the developing mouse retinofugal pathway. Immunostaining for sialylated NCAM
shows a regulated change at various regions of the chiasm. Using a monoclonal
antibody 5A5 that recognizes specifically a highly sialylated form of NCAM, there is
an obvious down-regulation of NCAM immunoreactivity when axons approach the
midline of the chiasm and an up-regulation of this molecule when axons enter the
optic tract. Moreover, while axons in the optic stalk are all immunopositive to the
sialylated NCAM, only axons from the dorsal retina that are located in the posterior
region of the optic tract are immunoreactive to this antibody. The functions of NCAM
were shown to be modulated by the amount ofpolysialic acid on the molecule. These
findings indicate that the changes in axon organization in the chiasm and the tract may
be controlled by a regulated expression of NCAM or alternatively by a regulation of
the amount ofpolysialic acid on the NCAM molecule. The present study investigates
the ftinctions of sialylated NCAM on the development of dorsal ventral fiber order in

the optic tract of the mouse retinofligal pathway using a brain slice preparation with



perturbation of the NCAM functions with blocking antibodies to NCAM. Preliminary
results show that appropriate axon growth to the dorsal region in the tract is affected
after treatment. The characteristic expressions of different proteoglycans and NCAM

in the retinofugal pathway were shown to take part in the establishment of different

fiber orders.
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LIST OF ABBREVIATIONS

The following abbreviations are commonly used in this thesis:

CS chondroitin sulfate

Dil 1,1'-Dioctadecyl-3,33"' ,3'-tetramethylindocarbocyanine perchlorate
DMEM/F12 Dulbecco ‘s modified Eagle’s medium

E embryonic day

HS heparan sulfate

NCAM neural cell adhesion molecule
NGS normal goat serum

ON optic nerve head

OS optic stalk

oT optic tract

PB phosphate buffer

PBS phosphate buffered saline
PG proteoglycan

PSA polysialic acid

SSEA-1 stage specific antigen-1
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CHAPTER 1 GENERAL INTRODUCTION

CHAPTER 1

GENERAL INTRODUCTION

Retinofugal pathway is the axon link between the retina and the central visual
relays in the central nervous system. During embryonic development, retinal ganglion
cells send out axons. After passing through the optic stalks, the axons from each eye
meet at the midline to form an X-shaped pattern called optic chiasm. These fibers
either cross the midline or turn back and remain uncrossed. After deciding their
courses in the pathway at this decision point, the fibers separate, travel along the optic
tract and project into their destined targets in the main visual nuclei in the brain
(Guillery et al, 1995). Detailed structure and the fiber organization of the chiasm
have long been an area of interest for researchers to study. Different arrangements of
the axons throughout the course have been clarified. The understanding of the
morphology and the developmental mechanisms of the retinofugal pathway set an

excellent model for the studies of axon guidance in the central nervous system.

Pattern of fiber order in the retinofugal pathway
Topographic map in the optic stalk

After emerging from the eyes, axons are arranged in a way dependent upon the
position of the ganglion cells from which they arise. This is called the retinotopic
order (Reese and Baker, 1992; Guillery et alL, 1995). In the developing mouse
retinofugal pathway, axons from the ventral retina occupy the rostral and caudal
extremes of the stalk in cross sections, whereas those from the dorsal retina are

sandwiched in the central position (Chan and Chung, 1999). The optic fibers are
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grouped within fascicles by glial cytoplasm from the optic nerve head throughout the
extracranial part of the stalk (Guillery and Walsh, 1987; Colello and Coleman, 1997).
However, this nicely organized pattern of the fibers gradually becomes defasciculated
in regions adjacent to the chiasm (Jeffery, 1990; Harman and Jeffery, 1992). Together
with this defasciculation, comes the gradual disappearance of retinotopic order as
axons course through the optic stalk, which is eventually lost at the chiasm (Chan and
Chung, 1999). Similar observations have been reported also in other animals, with
different degree of the axon separation and the relative distance that the retinotopic
order disappears (cats: Naito, 1986; hamsters: Baker and Jeffery, 1989; rats: Baker
and Jeffery, 1989; Chan and Guillery, 1994; ferrets: Reese and Baker, 1993). The loss
of fasciculation is associated with a change in glial organization (Guillery and Walsh,
1987), which in turn may be responsible for the change in retinotopic fiber order in
the optic stalk. Yet, on top of the defasciculation of fibers and the loss of retinotopic

order, another rearrangement of optic fibers is found in the chiasm.

Decussation pattern in the optic chiasm

In the retina, there is a naso-temporal division. When axons from both eyes
enter the ventral diencephalon and meet each other in optic chiasm, they split into two
groups. The optic chiasm is the decision point where retinal axons segregate to project
into the optic tract on either the same side or the opposite side of the brain. Axons
originating from the nasal retina cross the midline of the chiasm and project into the
contralateral optic tract, whereas those originating from the temporal retina remain
uncrossed and enter the tract on the same side (Godement et al., 1990; Taylor and

Guillery, 1994; Guillery et al, 1995; Mason and Sretavan, 1997). This specific
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segregation of crossed from uncrossed axons that takes place before axons reach the
midline of the chiasm (Chan et al, ° 1998), sets up bilateral connections, which in turn
establish an essential foundation for binocular vision. The relative proportion of cells
that project contralaterally and ipsilaterally depends on the location of eyes in the
head and the size of the binocular visual field (Cooper and Pettigrew, 1979; Drager
and Olsen, 1980; Provis and Watson, 1981). Axons travel down the optic stalk in
bundles wrapped by interfascicular glia. However, this fasciculation disappear when
they reach the optic chiasm (Jeffery, 1990; Harman and Jeffery, 1992) where they
segregate to form the partial decussation pattern. After passing through the chiasm,
decussating axons mingle with the uncrossed axons from the other eye and head for
the optic tract in the contralateral hemisphere (Baker and Reese, 1993; Chan and
Guillery, 1994). Thus, the defasciculation of fiber in the prechiasmatic region may be

an important step to make this segregation of axons possible.

Chronotopic order within the optic tract

Before leaving the chiasm, the defasciculated fibers regain a new order in the
juxtachiasmatic optic tract. In the extracranial optic stalk, the axonal growth cones do
not have a specific distribution through the cross sections (Guillery and Walsh, 1987;
Colello and Guillery, 1992). However, advancing growth cones tend to accumulate
near the subpial surface in the juxtachiasmatic stalk and in the tract (Colello and
Coleman, 1997; Colello and Guillery, 1998). Thus, the advancing retinal growth
cones tend to travel towards the superficial region as they pass through the optic
chiasm and the tract. Resulting from this movement, axons are arranged in a deep to

superficial order in the optic tract, which represents the sequence of axon arrivals,
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with the fibers furthest from the pia being the oldest (ferrets: Walsh and Guillery,
1985; mice: Colello and Guillery, 1992). This change in the chronotopic order of
fibers in the developing retinofixgal pathway seems to be related to the change in the
glial organization. The interfascicular glial structure is present in the optic stalk and
changes into radial glia in the optic chiasm and optic tract (Guillery and Walsh, 1987,

Colello and Guillery, 1992; Reese et al, * 19%).

Retinotopic order in the optic tract

It has been reported that the crossed fibers from dorsal and ventral retina cross
the midline at different locations. Fibers from the dorsal nasal retina cross the midline
in the posterior part of the chiasm, whereas those from the ventral nasal retina cross in
more anterior region of the chiasm (Naito, 1994). These different crossing positions of
the fibers in the chiasm may establish a pre-ordering of the crossed fibers in the optic

tract, which appears to extend to their appropriate termination in the lateral geniculate

nucleus and superior colliculus (Dunlop et al, 2000). After passing the chiasm, the
crossed axons mix with the uncrossed axons in the optic tract, i.e. axons originating
from the nasal retina mingle with those originating from the temporal retina in the
optic tract. In the contrary, axons from the dorsal and ventral regions of the retina
segregate from each other to form a new order in the optic tract (cats: Torrealba et al.,
1982; ferrets: Reese and Baker, 1993; rats: Chan and Guillery, 1994; mice: Chan and
Chung, 1999). Axons from the ventral and dorsal retina occupy the anterior and
posterior aspects of the optic tracts respectively (Chan and Chung, 1999). This

segregation is established before the axons leave the chiasm (Chan and Guillery,
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1994). This specific patterning of axon order in the optic tract contributes to the

formation of retinotopic map in the visual targets.

Growth cones in the mouse optic pathway

To reach the destined target in the complicated retinofugal pathway, a growing
axon must have a pioneer to explore the environment and decide its appropriate

direction. The growing tip of an axon is called a growth cone.

Structure and role of growth cones

Growth cone is an irregular, spiky enlargement at the tip of each growing
axon. It is an active growing structure of a neuron, which is specialized to identify an
appropriate path for axon elongation (Alberts et al > 1994). The retinal axons are
formed from molecules of tubulin, while the leading edge of the growth cone consists
of lamellipodia and filopodia, which are formed from actin filaments (Forscher and
Smith * 1988). Growth cone explores the surrounding environment with its filopodia
and lamellipodia. When it contacts a favorable surface, it elongates. However, if the
contact surface is unfavorable, it withdraws. In this way, neuronal growth cones guide
the elongating axons to their appropriate targets (Alberts et al, 1994). Growth cones
usually follow the paths that have traveled by other axons mediated by cell adhesion
molecules on their surfaces (Rutishauser, 1993). The axons are then grouped together
and travel down the pathway in tight bundles (Jeffery, 1990). One of the most
important classes of these adhesion molecules is neural cell adhesion molecule
(NCAM) (Edelman, 1983). In the retinofugal pathway, growth cones also encounter

different components of the extracellular matrix, which give different guidance
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signals along their way to target regions (Johnston and Wessells, 1980; Dodd and
Jessell, 1988). We will discuss these surface and extracellular matrix molecules in

more details later.

During pathfinding, growth cones respond to external guidance signals in the
environment for neurite extension and directionality by making appropriate changes
in morphology and behavior (Caudy and Bentley, 1986; Nordlander, 1987). As
crossed axons navigate from the optic stalk to the postmidline chiasm (Chan et d, °
1998; Chung et al., 2000b), and when uncrossed axons have turned back to the
ipsilateral tract before hitting the midline, the complexity of retinal growth cone
morphologies increases in mouse embryos (Godement et al., 1994). In decision
regions where growth cones have to choose their paths, growth cones become larger,
more lamellepodial and project more filopodia (Tosney and Landmesser, 1985;
Bovolenta and Mason, 1987; Chan et al., 1988). Other than morphology, there are
changes in behavior of growth cones at decision regions. A saltatory growth pattern of
retinal axons has been reported in the chiasm of mouse embryos, which is usually
followed by changes in growth direction of the axons (Godement et al., 1994; Chan et
al, 1998). This growth pattern has been related to sampling guidance cues of the

growth cones to go towards their targets.

Mechanism of axon guidance in retinofugal pathway

The retinofugal pathway is such a complicated route that all the axon orders
involved must be delicately arranged by different kinds of mechanisms. The

positional values of retinal ganglion cells in axon guidance have been demonstrated in
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the orderly topographic map of the retinal projections in the retinofugal pathway
(Metin et al, 1988). The origins of nasal and temporal retinal ganglion cells also
contribute to the arrangement of retinal axon divergence (Colello and Guillery, 1990;
Godement et al., 1990; Sretavan, 1990). While the retinal ganglion cells are evidently
endowed with positional values, different guidance cues that exist in the retinofugal
pathway is of equal importance in axon pathfinding. The only cellular substrates for
these cues are the radial glial cells and neurons in the ventral diencephalon (Sretavan
et al, 1994; Marcus and Mason, 1995; Chan et alL, 1999). In vitro studies have
demonstrated that neurite outgrowth of uncrossed axons is inhibited in the presence of
chiasm cells or membrane fragments of these cells (Wizenmann et al., 1993; Sretavan
et al, * 1994, Wang et al, ° 1995), indicating a membrane mediated mechanism in the
formation of axon divergence at the midline of the chiasm. Uncrossed axon routing is
also mediated by an interaction between fibers from the two eyes. Eye removal before
axons grow to the chiasm results in a loss of the uncrossed component from the
remaining eye (Chan and Guillery, 1993; Taylor and Guillery, 1995; Chan et al.,
1999). Whilst the cellular components of the chiasm have been described in detail,
little is known for the molecules that are involved in axon guidance. In the present
study, the underlined molecular mechanisms that control the axon patterning in mouse
retinofugal pathway will be discussed, which include 1) proteoglycans, specifically
chondroitin sulfate proteoglycans and heparan sulfate proteoglycans; and 2) neural

cell adhesion molecule that are present in the developing mouse retinofugal pathway.
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Proteoglycans

Proteoglycans (PGs) are proteins containing one or more covalently linked
glycosaminoglycan (GAG) chains. They are first recognized in the extracellular
matrix of cartilage and it is now clear that they are found in the matrices of all tissues.
Proteoglycans vary greatly depending on the weights of their core proteins and the
number and types of GAG chains (Alberts et al, 1994). In central nervous tissues, the
dominant GAG chains on the proteoglycans are chondroitin sulfate (CS) and heparan
sulfate (HS). These proteoglycans exist as either extracellular matrix or membrane
associated molecules. There 1is increasing evidence that chondroitin sulfate

proteoglycans and heparan sulfate proteoglycans are involved in axon guidance in the

central nervous system (Bandtlow and Zimmermann, 2000).

Chondroitin sulfate proteoglycans

Chondroitin sulfate proteoglycans (CSPGs) have been implicated an inhibitory
role for axon growth. During development, expressions of CSPGs have been found in
regions that act as barriers to extending axons (Snow et al, 1991; Oakley and Tosney,
1991; Ferris et al., 1991; Brittis et al., 1992; Landolt et al., 1995). In vitro, CSPGs
have been shown to inhibit neurite outgrowth and elongation (Dou and Levine, 1994;
Friedlander et al., 1994; Maeda and Noda, 1996; Niederost et al., 1999). Some studies
have reported that the isolated core proteins of CSPGs (Dou and Levine, 1994; Maeda
and Noda, 1996) cast the inhibitory effect, whereas some have demonstrated that the
inhibitory effect is due to the presence of CS chains (Snow et al, 1990 > 1991; Fichard
et al, 1991; Chung et al., 2000b). Furthermore, the spatially restricted expression of

CSPGs is correlated with chronotopic axon order in the developing optic tract of mice
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(Chung et al, * 2000a) and ferrets (Reese et al, 1997). CSPGs expressed in the deeper
parts of the optic tract may repel newly arrived axons to the superficial regions. It is

of interest to investigate the effect of CSPGs on setting up the chronologic fiber order

in the mouse optic tract.

Contrary to the so many studies demonstrating the inhibitory effect of CSPGs,
there are other arguments that support promoting functions of CSPGs to axon growth
(lijima et al., 1991; Lafont et al, 1992; Faissner et al., 1994; Femaud-Espinosa etal.,
1994). Two brain CSPGs, phosphacan and neurocan, serve good examples for the
differential functions of the CSPGs. Phosphacan are diffusely distributed in the
cortical anlage (Maeda et al, 1995), yet it does not seem to affect axonal extension
(Maeda and Noda, 1996). Although neurocan has been shown to inhibit neurite
outgrowth in vitro (Inatani et al., 2001), its spatiotemporal expression pattern in rat
suggests that it plays some roles in forming the elongation pathway for early cortical

afferent fibers in the somatosensory cortex (Oohira et al., 1994) as well as the

delineation of efferent and afferent intracortical pathways during early development

of the rat cortex (Miller et al, 1995).

Heparan sulfate proteoglycans

Heparan sulfate proteoglycans (HSPGs) belong to another family of
proteoglycan molecules (Hardingham and Fosang, 1992). They have been shown to
take part in many biological activities mediated largely by the HS chains, including

cell adhesion (Cole et al, 1985; Schubert and LaCorbiere, 1985), cell growth and cell

differentiation by binding to growth factors (Rapraeger et al., 1991; Yayon et al.,
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1991). Moreover, they have been demonstrated to have a role in neurite extension
(Hantaz-Ambroise et al., 1987). In vivo study of Xenopus shows that HSPGs are
involved in regulating axon growth in the retinotectal projection (Walz et al, 1997).
However, whether HSPGs are expressed in or how this expression would be related to

the retinofugal pathway of mouse embryos is unknown.

Neural cell adhesion molecules

The neural cell adhesion molecule (NCAM) is a cell surface glycoprotein that
occurs in several isoforms. This molecule has been shown abundantly on developing
axons and the glial environment (Silver and Rutishauser, 1984; Brittis et al., 1995). It
has been shown to mediate contact between optic nerve fibers in fascicular groups
(Jessell > 1988). This fasciculation of axons into bundles is brought about by cell-cell
and cell-substrate interactions (Acheson et al, 1991) through either homophilic
binding mechanism (Rutishauser et al., 1982; Hoffman and Edelman, 1984) or
heterophilic binding activity (Grumet et al., 1993). The modulation of these binding
activities is related to the amount of polysialic acid (PSA) attached to the NCAM,
which in turn affects neural growth and development (Acheson et al.,, 1991;
Rutishauser and Landmesser, 1991; Tang et al, 1994; Yin et al., 1995). Distribution
of NCAM is found in the retinofugal pathway in chicks and goldfish (Silver and
Rutishauser, 1984; Bastmeyer et al, 1990). It has been shown to play a role in
developing chick retinotectal system (Thanos et al., 1984). Thus, investigation of
NCAM expression in the retinofugal pathway of mouse embryos is potentially

interesting study in the light of the findings from chicks and goldfish.

10
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Aim of study

This thesis examines the studies related to the molecular mechanisms that
control the axon patterning in mouse retinofUgal pathway. In the first study (Chapter
2), the possible role of CSPGs in the establishment of age-related fiber arrangement in
the optic tract of mouse embryos is investigated by enzymatic digestion of the
glycosaminoglycan CS chains using brain slice preparations. This is followed by
characterization of two brain CSPGs, phosphacan and neurocan, (Chapter 3) during
the major growth period of retinal axons at the chiasm. The next study (Chapter 4)
investigates the possible role of HSPGs in axon guidance of the optic chiasm in
mouse embryos by revealing their expression patterns at different developmental
stages. The last study (Chapter 5) looks at the expression of sialylated NCAM in the
developing mouse retinofUgal pathway. Preliminary results on the possible function of
NCAM in rearranging axon order in the optic tract are presented in this chapter as

well.

11
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CHAPTER 2

ENZYMATIC REMOVAL OF CHONDROITIN SULFATES
ABOLISHES THE AGE-RELATED ORDER IN THE OPTIC
TRACT OF MOUSE EMBRYOS

INTRODUCTION

During development, retinal ganglion cell axons segregate at the midline of
the chiasm to form a partial decussation pattern (Godement et al., 1990; Chan et al,
1998). Before entering the optic tract, these axons undergo another rearrangement of
position to generate a sequential lamination of axons within the optic tract in a deep to
superficial order according to time of arrival in the pathway (Walsh and Guillery,
1985; Colello and Guillery, 1992; Reese et al., 1994). This obvious reorganization
establishes an age-related order in the optic tract and suggests a mechanism exists at
the chiasm which is responsible for the establishment of this deep to superficial

chronotopic order (Torrealba et al., 1982; Colello and Guillery, 1992; Reese et al.,

1994).

The chondroitin sulfate (CS) proteoglycans (PGs) are molecules that consist of
a core protein with glycosaminoglycan chains attached to it. They are -either
extracellular matrix or cell surface molecules which have been shown to be important
regulators of axon growth and patterning in the developing central nervous system
(Margolis and Margolis, 1997). In the visual system, these molecules have been
implicated in regulating the growth direction of axons in the developing retina (Snow
et al., 1991; Brittis et al., 1992). The expression pattern of CS suggests a possible role

of the molecules to guide the earliest axon growth (Chung et al., 2002a). Removal of
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CS by chondroitinase ABC from intact retinas in culture induces changes in the
pattern of retinal axon outgrowth (Brittis et al., 1992). Furthermore, CS removal
results in disruptions of pathfinding of the early retinal axons in the chiasm and
normal projection of axons to form the partial decussation pattern at the midline
(Chung et al., 2000b). Immunoreactive CS restricted in the deep parts of the tract
suggests an inhibitory role of the CS epitope to repel newly arrived axons, which
gather mainly in the subpial regions, for the re-establishment of the age-related fiber
order in the tract (Chung et al., 2000a). A similar distribution of CS in the initial
segment of the post-chiasmatic optic tract in ferrets was also reported which correlates
with development of chronotopic order of retinal axons in the optic tract of ferrets
(Reese et al, * 1997). Also, CSPGs are also found at the junction between the
telencephalon and diencephalon in chick embryos and may serve to border the
anterior course of optic axons in the tract (Ichijo and Kawabata, 2001). The
expression of the CS epitope in the mouse optic tract may function similarly to

confine the course of the optic axons to a superficial position in the diencephalon.

As CS epitope was shown to be an important regulator in axon guidance in
different parts of the retinofugal pathway, in this study, we tried to find out if the
chronotopic order of growth cones in the optic chiasm and optic tract was affected
after an enzymatic removal of CS glycosaminoglycans from the pathway, using brain

slice culture of the retinofugal pathway of mouse embryos.

MATERIALS AND METHODS

Preparation of brain slices
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Time-mated C57 mice were obtained from the Animal House of the Chinese
University of Hong Kong. The day that the vaginal plug is found is designated as
embryonic day 0 (EO). Pregnant mice were killed by cervical dislocation and mouse
embryos at E14 were removed by Caesarean section. The embryos were decapitated
and kept in chilled Dulbecco's modified Eagle's medium (DMEM)/F12 medium
containing penicillin (1000 U/ml) and streptomycin (1000 j*g/ml). Brain slices were
prepared by removing the dorsal and ventral parts of the head just above and below
the eyeball with a razor blade, leaving the third ventricle and the floor of ventral
diencephalon exposed. Brain slices of the retinofugal pathway that included the eyes,
optic stalks, chiasm and proximal parts of the optic tracts were obtained. The brain
slices were cultured in DMEM/F12 with 10% foetal bovine serum (Life Technologies,
USA) at 37°C in a rolling incubator for 5 hours. Within the incubation period, the
cultures were supplied with pure oxygen three times, as ajet of oxygen directed into
the air space above the culture medium. In experimental brain slices, chondroitinase
ABC (Seikagaku, Japan) in distilled water was added at the final concentration of 0.5
U/ml during the incubation. This enzyme catalyses the formation of unsaturated
disaccharides from chondroitin 4- and 6-sulfate (Yamagata et al., 1968) and removes
the glycosaminoglycan chains from the protein core of the PGs. This concentration of
enzyme was able to remove most CS from the ventral diencephalon as shown by the
immuno-staining using CS-56 antibody (Chung et al., 2000b), which was further
confirmed in preparations of current study. The control cultures were maintained in
the same medium for 5 hours but without the addition of enzyme. In another control
preparation, 0.5 U/ml keratanase (Sigma, USA) was added to the brain slices during

the incubation period. This enzyme cleaves specifically the keratan sulfate and does

14



CHAPTER 2 CHONDROITIN SULFATES AND CHRONOTQPIC ORDER IN THE OPTIC TRACT

not affect the CS moieties.

Rhodamine phalloidin staining of growth cones

The growth cones in the retinofugal pathway were stained with Rhodamine
phalloidin (Molecular Probes, USA) that binds specifically to F-actin (Wulf et al,
1979; Colello and Guillery, 1992; Chung et al., 2001). After the incubation period, the
brain slices were fixed in freshly prepared 4% paraformaldehyde in 0.1 M phosphate
buffer at pH 7.4 overnight. The fixed tissues were embedded in a gelatine-albumin
mixture. After making a cut on the block to mark the orientation, the blocks were
sectioned using a vibratome. Serial frontal sections of the retinofugal pathway, at the
thickness of 100 |im, from the eyes to the proximal parts of the optic tract were
collected in phosphate buffered saline (PBS). The sections were washed three times
with PBS, incubated in 0.1% Triton-X 100 in PBS for 30 minutes. After a brief wash,
the sections were incubated in Rhodamine phalloidin (1:40 in PBS) at 4 [] dvernight,

then washed again with PBS and cover slipped in 50% glycerol.

Dil injection in brain slices

In some preparations, all retinal axons and their growth cones in one eye were
labelled with Dil (Lidoackeyt3 > 3 7 3 > 2 3’ -tetramethylindocarbocyanine
perchlorate) (Molecular Probes, USA) (Godement et al., 1987). The dye was
dissolved in dimethyl sulphoxide and injected into the vitreous using a picospritzer
(General Valve Co., NJ, USA). In other preparations, a small number of axons from
either dorsal nasal or ventral temporal retina were labelled by a Dil crystal. All

injected slices were cultured for 5 hours in DMEM/F12 as described above and fixed
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with 4% paraformaldehyde overnight at 4°C. For those with the whole retina labelled,
dye-filled axons were examined in whole mount preparation of the chiasm. Brain
slices with focal retinal label were sectioned frontally using a vibratome. Individual
axons and growth cones at the junction of the chiasm and the tract were imaged using
a confocal imaging system (MRC600, BioRad, UK). The sizes of all growth cones
that were identified in these confocal micrographs were measured using the area
measurement function in the MetaMorph software (Universal Imaging Co., USA) in
order to determine whether the chondroitinase treatment produced any significant

alterations to the growth cone morphology of retinal axons at the optic tract.

Immunocytochemistry

Some sections at the level of the optic stalk/tract junction were selected for
double labelling for CSPGs and F-actin-rich growth cones. The sections were first
incubated overnight in the antibody against the CS epitope (clone CS-56, Sigma,
USA), then in a goat anti-mouse secondary antibody conjugated to Alexa Fluor 488
(Molecular Probes) for 3 hours (IgM, 1:200 in PBS, pH 7.4). The sections were then
washed with PBS and incubated with Alexa Fluor 568-conjugated phalloidin (1:40 in
PBS pH 7.4 ° Molecular Probes) overnight at 4°C. This combination of fluorophores
gives a better separation of signals in our preparations than by using FITC-
conjungated secondary and Rhodamine phalloidin. The sections were cover-slipped in

50% glycerol in PBS and imaged by a confocal imaging system.

Retinal explant culture

Retinal explants from either the ventral temporal or dorsal nasal quadrant of

16



CHAPTER 2 CHONDROITIN SULFATES AND CHRONOTOPIC ORDER IN THE OPTIC TRACT

the retina were prepared from E14 embryos. The explants were plated on poly-L-
lysine (0.5 mg/ml; Sigma, USA) and laminin (40 |ag/ml; Sigma, USA) coated
coverslips and cultured in DMEM/F-12 medium supplemented with 1% bovine serum
albumen, 0.4% methycellulose, 0.5% insulin, 0.5% transferrin and 0.1% sodium
selenite at 37°C. After 18 hours in culture, when extensive neurite outgrowth was
observed in the retinal explants, chondroitinase ABC (in distilled water, final
concentration is 0.5 U/ml) was added to the culture medium. We examined here
whether the enzyme treatment triggered collapses and/or relocation of the actin
filaments in the retinal growth cones. Control cultures received addition of equal
volume of distilled water. After 5 hours, the retinal explants were fixed in 4%
paraformaldehyde for 45 minutes. The retinal outgrowth in these cultures was
captured using a Spot RT digital camera (Diagnostic Instruments, Inc., USA)
connected to a Zeiss Axiovert 200 microscope (Germany). The numbers of all retinal
neurites in each explant were counted in these phase images. The percentages of
growth cones with a collapse versus normal morphology in control and enzyme
treated explants were determined and compared. Some retinal explants were stained

with Rhodamine phalloidin using the above procedures.

Confocal microscopy and image analyses

The images were captured with a confocal imaging system (Bio-Rad MRC
600 °> Hertford, England) connected to a Zeiss Axiophot photomicroscope
(Oberkochen, Germany). A blue excitation filter set (BHS, 488nm excitation and
515nm emission long pass) was used to image the CS immunoreactivity. A green

excitation filter set (GHS, 514 nm excitation and 550 nm long pass) was used to
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reveal the Dil labelled optic axons and actin-rich growth cones in the retinal fiber
layer of the retinofugal pathway and the retinal cultures. The digital images were
processed using the Confocal Assistant software (BioRad, USA). The distribution of
phalloidin labelled growth cones at the midline of the chiasm and at the initial
segment of the optic tract was analysed in frontal sections of the brain slices using the
intensity profile measurement of the MetaMorph software (Universal Imaging Corp.,
USA). A first order regression line was generated from each plot. Slopes of these
regression lines in control and enzymes treated groups were tested for normal

distribution, and compared using one-way ANOVA tests in the InStat software

(GraphPad, USA).

RESULTS

Distribution of growth cones in the optic tract

Anterograde filling of the retinal axons with Dil in E14 brain slice
preparations showed many axons at the optic chiasm and the optic tract (Fig. 1A).
Rhodamine phalloidin was then used to reveal the distribution of growth cones in the
chiasm and optic tract in frontal sections of E14 embryos. Frontal sections of the
ventral diencephalon showed an accumulation of phalloidin positive growth cones at
the sub-pial regions of the optic tract (Fig. IB). In the same section, the distribution of
chondroitin sulfate (CS) as revealed by the CS-56 antibody, showed a restricted
distribution in the deep regions of the tract (Fig. IC). These results demonstrate a

complementary pattern of growth cone and CS distribution.

Chronotopic order at the tract was abolished after chondroitinase treatment
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The functions of the CS epitope on the proteoglycan molecules on the age-
related axon re-ordering were investigated by enzymatic digestion. In frontal sections
of the caudal chiasm from the control preparations (n = 19), phalloidin staining of
growth cones in the optic tract was restricted mostly to the superficial regions next to
the subpial glia after 5 hours culture (Fig. 2A). Positively stained growth cone profiles
were rarely seen in deep regions of the tract. These results indicate that the culture
conditions do not produce any obvious alterations to the patterning of age-related
order in the optic tract. After removal of CS with 0.5U/ml chondroitinase ABC,
obvious changes in distribution of growth cones in the optic tract were observed. In
the enzyme-treated embryos (n = 16), the distinct biased distribution of growth cones
in the superficial region shown in control preparations was lost in most preparations
(Fig. 2B). The actin rich region in growth cones stained by phalloidin in the optic tract
dissappeared after enzymatic removal of CS. Complete removal of CS from the optic
tract was confirmed by checking the presence of immunoreactive CS (Fig. 2D and E;
n = 2 for the controls; n = 3 for the chondroitinase treated preparations). No influence
on the age-related order in the optic tract was observed in brain slices treated with
keratanase (Fig. 2C; n = 15). These results provide strong evidence for a specific
effect of the CS moieties on the proteoglycan molecules in the formation of

chronotopic axon arrangement in the optic tract.

The intensity (in pixel) of phalloidin staining along a line that extends from
the superficial to deep parts of the optic tract was measured in all control,
chondroitinase and keratanase treated brain slice preparations (from A to B in Fig.

2A-2C). In plots of the intensity profiles, there was a consistent decrease in phalloidin

19



CHAPTER 2 CHONDROITIN SULFATES AND CHRONOTOPIC ORDER IN THE OPTIC TRACT

Staining from the superficial to deep region of the retinal fiber layer in control
preparations (Fig. 3A). However, in preparations treated with chondroitinase, the
reduction in staining intensity was not obvious (Fig. 3B). The plots in this
experimental group showed a horizontal rather than inclining slope, indicating that the
phalloidin positive growth cone profiles were distributed evenly in all depth of the
tract. Regression lines were calculated from these plots using the InStat software
(GraphPad, USA) (Fig. 4A). The slope of regression lines in chondroitinase treated
preparations (means j__: s.e.m.: -0.913 j:‘ 0.263) is significantly different from that of the
control preparations (-1.827 j: 0.187) or of the keratanase treated group (-1.956 j‘_‘
0.139; n = 15; p < 0.05, Kolmogorov and Smimov Test followed by Dunnett Multiple
Comparisons Test) (Fig. 4B). These results confirm the findings that removal of the
CS carbohydrate side-chains from the proteoglycans abolishes the development of

chronotopic axon order at the threshold of the optic tract in mouse embryos.

Axon order at the midline of the chiasm: The effect of chondroitinase treatment
It had been shown that CS was found in the deep part of the chiasm at the
midline (Chung et al, 2000a). This raised a question of whether the arrangement of
retinal growth cones at the midline is affected after enzymatic removal of CS
glycosaminoglycans. To address this question, we examined the growth cone
distribution at the midline of the chiasm in frontal sections of E14 brain slice
preparations, about 100 jim rostral to the section that contains the optic tracts. In the
control preparations (n = 9), without addition of enzyme, the phalloidin staining
showed growth cone-like profiles largely at the superficial regions in the retinal fiber

layer at the midline of the chiasm, but an obvious number of the profiles were also
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found in deeper positions (Fig. 5A). This distribution pattern suggests that some
retinal growth cones, unlike those at the tract, grow amongst the deeper optic axons at
the midline (Colello and Guillery, 1998). In brain slices treated with chondroitinase (n
=10), the staining pattern of phalloidin positive growth cones showed a similar
distribution (Fig. 5B). The growth cone profiles were found from the superficial to the
deep region of the retinal fiber layer at the midline. It was noted in these sections that
a bilateral patch of intense staining with Rhodamine phalloidin was found in the
chiasm, suggesting that growth cones are accumulating lateral to the midline. This
position corresponds to the lateral part of the midline glial raphe where uncrossed
axons normally make their turn. Treatment of the brain slices with keratanase (n = 8)
did not produce significant change to the growth cone distribution at the midline (Fig.

TA).

A plot of intensity profiles across the depth of the retinal fiber layer at the
midline showed a gentle decrease in staining in most preparations from the superficial
to the deep part at this region (Fig. 6A), which is significantly different from the
dramatic reduction in staining intensity at the threshold of the optic tract (U = 4, p <
0.0001; Mann-Whitney nonparametric test) (compared 3A and 6A). This staining
profile was shallower in preparations treated with chondroitinase (Fig. 6B). However,
comparison of the mean slopes of the regression lines (-0.706 i 0.135 > -0.658 i 0.090
and -0.975 j 0.249 in control, chondroitinase and keratanase treated preparations,
respectively) from these plots showed that there was no significant difference between
the control, chondroitinase or keratanse (n = 8) treated preparations (p > 0.05,

Kruskal-Wallis nonparametric ANOVA Test) (Fig. 7A).
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The depth of retinal fiber layer at the chiasm and the tract is not restricted by
expression of chondroitin sulfate

Another question that was addressed in this study was whether the depth of the
retinal fiber layer at the chiasm and the tract is related to a restricted expression of CS
previously reported in the chiasm and the tract (Chung et al” 2000a). The thickness of
retinal fiber layer at the midline of the optic chiasm and at the threshold of the optic
tract was measured in E14 mouse embryos using the MetaMorph software. A plot of
the mean thickness of fiber layer at these two regions showed that there was no
significant difference between the thickness of the fiber layer before and after
chondroitinase treatment (U = 39, p = 0.661 for the midline; U = 121.5, p = 0.448 for
the tract) (Fig. 7B). These results showed clearly that the depth of the retinal fiber
layer at the chiasm and the tract is not defined by a spatially restricted expression of

the CS glycosaminoglycans.

Chondroitinase treatment did not affect the phalloidin staining in retinal growth
cones

Rhodamine phalloidin was used in this study to label growth cones in the
retinofugal pathway, based on previous findings that growth cones are rich in F-actin
whereas the axon shaft is relatively impoverished in F-actin (Wulf et al” 1979;
Colello and Guillery, 1992; Chung et al., 2001). To test this assumption we examined
the staining pattern of Rhodamine phalloidin in neurites from E14 mouse retinal
explants collected from either ventral temporal or dorsal nasal retina, where clear

imaging of the growth cone and axon shaft could be made. Furthermore, we asked
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whether the chondroitinase treatment at a concentration that generated the
redistribution of growth cones in the optic tract had any effect in producing growth
cone collapses or causing a mobilization of actin filaments away from the growth
cone. After culturing for 1 day on a laminin and polylysine subtrate, many retinal
axons tipped with growth cones were observed (Fig. 8E). Rhodamine phalloidin
staining was largely confined to the peripheral region of growth cones, particularly to
the filopodial and lamellipodial extensions (Fig. 8A and 8B). The axons had the
expected patchy staining and this was at a far lower intensity than in the growth

cones, reflecting the distribution of F-actin.

Chondroitinase treatment (0.5 U/ml) did not produce obvious collapses in the
retinal growth cones (Fig. 8F), nor did it generate any obvious redistribution of
phalloidin positive actin filaments within the structure (Fig. 8C and 8D). Furthermore,
in a growth cone collapse assay, the percentage of growth cones with a collapsed
morphology in explants treated with chondroitinase was not significantly different
from that in the controls (Fig. 8G) (p > 0.05 > Mann-Whitney Test), indicating that this
enzyme did not produce significant increase in collapse of retinal growth cones that
might otherwise complicate interpretation of the current results obtained in the brain

slice culture study.

Dye filled growth cones in the optic tract failed to accumulate at the subpial

region after removal of chondroitin sulfate

We further investigated the effects of chondroitinase treatment on the age-

related ordering of retinal axons in the optic tract using a focal label of ganglion cells
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and their axons with Dil in brain slice preparations of the E14 mouse retinofugal
pathway. In control preparations, dye-filled retinal axons tipped with growth cones
were found largely in the superficial half of the optic tract contralateral to the injected
eye (Fig. 9A and 9C). In the deep half of the tract, only a few growth cones were
occasionally seen. In contrast to these observations, growth cones were found in all
thicknesses of the fiber layer after the enzymatic removal of CS (Fig. 9B and 9D).
Retinal growth cones in these preparations often grew and apposed the deep margin of
the tract (Fig. 9D), which was rarely observed in the control preparations (Fig. 9C).
Similar results were found in preparations that had the ventral temporal or dorsal
nasal retina labelled with Dil. Counting of the growth cone number at the superficial
and deep halves of the tract revealed a significant dispersion of growth cones from the
subpial to the deep regions after the chondroitinase treatment (Fig. 9E) (p < 005 °
Mann-Whitney Test), supporting the findings that we obtained from the phalloidin
staining studies. Furthermore, quantitative analyses of the growth cone morphology
revealed a significant increase in the size of the Dil filled retinal growth cones at the
tract after the chondroitinase treatment (Fig. 9F), suggesting that removal of the CS
glycosaminoglycans triggered a change in response of these growth cones that might

underlie their repositioning in this region of the retinofugal pathway.

DISCUSSION

In the present study, the regulating function of chondroitin sulfate on axon
routings in the optic chiasm and tract was investigated. The major findings are: 1)
Enzymatic removal of CS glycosaminoglycans in brain slice preparations of the

retinofugal pathway leads to disruption of the chronotopic fiber order in the optic tract

24



CHAPTER 2 CHONDROITIN SULFATES AND CHRONOTOPIC ORDER IN THE OPTIC TRACT

of mouse embryos. Similar treatment of brain slices with keratanase does not produce
comparable effect, indicating a crucial function of CS moiety of the proteoglycans in
establishing the chronotopic fiber order at this position of the pathway. 2) The
treatment of chondroitinase to brain slice preparations, however, does not give
observable effect on the distribution of growth cones at the midline of the chiasm,
where chondroitin sulfate is also found. These results imply a mechanism in which
optic axons response specifically to external guidance cues in different regions of the
retinofugal pathway in developing the chronotopic fiber order. 3) The thickness of the
retinal fiber layer at both the midline of the chiasm and the optic tract was not

significantly altered after the removal of CS.

Chondroitin sulfate proteoglycans and axon patterning at the optic tract

The existence of the age-related retinal axon order in the optic tract of mouse
embryos (Colello and Coleman, 1997; Chung et al., 2001) was confirmed using
rhodamine phalloidin as a marker for the retinal growth cones and anterograde filling
of individual retinal axons. At the optic tract, the growth cones were restricted to the
superficial region, while intense expression of CS epitope was observed in the deep
region (Chung et al., 2000). After enzymatic removal of CS with chondroitinase ABC,
the actin rich growth cones were dispersed across the thickness of the retinal fiber
layer at the junction of the chiasm and the tract. Growth cone is the active growing
structure of a neuron (Lockerbie, 1987). Its existence in the developing neural
pathway represents the presence of newly arrived axons. The observation that growth
cones lie predominantly next to the sub-pial glia implies that the advancing growth

cones tend to move towards the pia as they approach the chiasm and tract. This deep
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to superficial order of growth cones in the optic tract thus establishes a chronotopic
order of retinal fibers in this region, with the youngest axons being closest to and the
oldest farthest from the pial surface of the tract (Walsh and Guillery, 1985; Colello
and Guillery, 1992). In the present study, we showed that this age-related order
directly relied on a spatially restricted expression of the CS epitope. The tendency of
growth cones deviating towards the subpial surface of the tract was removed after the
enzymatic digestion of CS. The aggregation of actin rich growth cones at the
superficial regions of the optic tract was abolished. This observation showed that CS
epitopes was involved in the establishment of the chronotopic order of growth cones
at the optic tract, confirming the suggestions from previous studies that the
distribution of CS epitopes is related to the establishment of chronotopic order in the
developing optic tract (ferrets: Reese et al., 1997; mouse: Chung et al., 2000). The
disruption of the restricted growth cones in the subpial region by enzymatic removal
of CS implicates an inhibitory role of CS moiety in axon guidance in the mouse optic
pathway which repels advancing axons to the superficial regions of the optic tract.
Different studies have also reported the inhibitory function of CSPGs in the central
nervous system (Snow et al., 1991; Brittis et al., 1992; Snow and Letoumeau, 1992;
Dou and Levine, 1994; Hoffman-Kim et al., 1998). This age-related guidance effect at
the optic tract is specific to the CS glycosaminoglycans, as the reordering is not
affected by enzymatic treatment that removes the keratan sulfate glycosaminoglycan.
The level of CS removal is very satisfactory that no detectable CS-56 antibody
staining against CS epitope can be seen (Chung et al., 2000b; present result). It should
be noted, however, that other than CS epitopes, the protein cores of the proteoglycans

have been shown to regulate axon growth (lijima et al” 1991; Grumet et al, 1994).
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Two major brain CSPGs are present in the ventral diencephlon of fetal ferrets and in
the advancing axons in the optic tract (Reese et al., 1997). Detailed studies of the
expression of the two brain CSPGs, phosphacan and neurocan, in mouse optic

pathway will be discussed in the next chapter.

Enzymatic treatment of tissues may be argued to cause retardation in axon
growth or growth cone collapses in the chiasm, leading to false portrait of the absence
of growth cones. However, our results show that the chondroitinase treatment does not
lead to significant increase in growth cone collapses, nor redistribution or
mobilization of actin from the growth cones, supporting the evidence that spatially
regulated expression of CS glycosaminoglycan is essential for chronotopic fiber

establishment at the mouse optic tract.

CS and axon patterning at the mouse chiasm

At the midline of the optic chiasm, the disruption of the fiber order was not

obvious by the removal of CS. Axons crossing the midline are not sensitive to CS in
the region and does not respond to it. The inhibitory role of CS in the optic tract
seems not to be applicable to the decussating axons in the chiasmatic midline. It has
been shown by Chung et al. (2000b) that CSPG acts as a functional barrier at the
chiasmatic midline to stop the growth of uncrossed axons whilst allowing a group of
crossed axons to pass through. The uncrossed axons respond to the abundant CS at the
midline. They turn before hitting the CS raphe (Chung et al., 2000a) and project to the
ipsilateral tract by interacting with axons from the other eye (Godement et al. > 1990;

Chan et a, > 199). However, the crossed axons decussate at the midline, despite the
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presence of the CSPG. These axons disperse through the depth of the retinal fiber
layer at the midline and their distribution is independent from the expression of the
CS glycosaminoglycans. The guidance function of CS-PGs in the age-related order
seemed to take place in the optic tract but not in the chiasm. The complexity of
growth cone morphologies increases as they travel from the chiasm to the optic tract
(Mason and Wang, 1997; Chan et al, 1998; Chung et al., 2000b; current results). The
increase in the complexity of retinal growth cones suggests their changing responses

to different guidance cues in successive regions in the retinofUgal pathway.

The depths of the retinal fiber layer at the midline and at the tract were not
affected by the removal of CS. Retinal axons travel down the surface of the
diencephalon as bundles formed by fasciculation. Specific surface molecules stick
axons together along their course. Cell adhesion molecules such as LI, TAG-1 and
NCAM, expressed in the developing retinofUgal pathway (Silver and Rutishauser,
1984; Sretavan et al., 1994; Lustig et al., 2001) may bind axons together to grow in
unison. It is also possible that the expression of inhibitory molecules restrict the
course of the axon pathway (Reese et al., 1997; Chung et al., 2000a). In fetal ferrets
and mouse embryos, the radial glial cells ramify their processes into the retinal fiber
layer (Reese et al., 1994 * 1997, Marcus et al., 1995; Chan et al, 1999). These specific
cellular elements may interact with each other to define the boundary of the optic
pathway in the diencephalon. However, our results show that the removal of the CS
from the diencephalon leads to straying of growth cones within the optic tract, but
does not release the optic axons from the confinement of the retinal fiber layer in the

chiasm and tract. Thus, CS glycosaminoglycans do not function to confine the axon
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border in the ventral diencephalon.

Removal of chondroitin sulfates disrupted normal growth cone distribution at
the threshold of the optic tract (see Fig 10). The restricted distribution of retinal
growth cones (red) at the superficial region of the tract was abolished after removal of
chondroitin sulfates from the deep regions of the chiasm and the tract. We concluded
that the formation of chronotopic fiber arrangement at the threshold of the optic tract
is controlled by a spatially restricted expression of chondroitin sulfate
glycosaminoglycans, probably through an inhibitory action of these molecules to

retinal axons in the retinofugal pathway.
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Figure 1

Expression of chondroitin sulfate in the optic tract of E14 mouse embryos is
complementary to the position of the retinal growth cones. A: Confocal micrograph of
a whole-mount ventral diencephalon (outlined by broken line) of an EI14 mouse
embryo. Dil filled retinal axons have grown from the optic stalk (OS), through the
midline of the chiasm (arrow) to the optic tract (OT). The dotted line indicates the
level at the caudal region of the chiasm where frontal section of the diencephalon in B
and C is taken. B-C: Confocal micrographs showing a frontal section of the ventral
diencephalon that was labelled simultaneously with phalloidin for growth cones and
CS-56 antibody for the CS epitope. The phalloidin staining (arrow heads in B) was
largely confined to the superficial region of the optic tract (bordered by broken line),
which was complementary to the immunostaining of the CS epitope (arrow heads in
C) in deep regions of the tract. Midline is indicated by arrows. Anterior is up in A;

dorsal is up in B and C. Scale bars: A= 100 jum; B-C = 50 jam.
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Figure 2

Confocal micrographs showing the phalloidin positive growth cone profiles in
frontal sections of the chiasm and tract in slice preparations of the optic pathway from
E14 mouse embryos. A: In control preparations, phalloidin positive staining was
restricted largely to the superficial region of the retinal fiber layer (indicated by the
broken line) at the threshold of the tract (OT). B: This accumulation of phalloidin
positive growth cones was abolished by enzymatic digestion of CS (ABC). C:
Treatment of the brain slices with keratanase did not produce a dispersion of
phalloidin positive growth cones at the threshold of the optic tract. The dotted lines
(in A-C) indicate the regions at the optic tract where intensity profiles of phalloidin
stained growth cones from the subpial (A) to the deep (B) border of the retinal fiber
layer were measured (see Figure 3). D-E: Treatment of the brain slices with
chondroitinase removed CS immunoreactivity (small arrow in C) from the optic tract
(outlined by broken lines) and other regions of the diencephalon. Midline is indicated

by the large arrows. Dorsal is up. Scale bar in C = 100 |im, applied to A-C; scale bar

in D = 100 Jim, applied to E.
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Figure 3

Plots of intensity changes of phalloidin staining from the superficial (A) to
deep (B) regions of the retinal fiber layer at the threshold of the optic tract in slice
preparations of the optic pathway. A: In control preparations, the staining intensity
consistently declined from the superficial to deep regions of the tract. B: Treatment of
chondroitinase abolished the gradual decrease of staining intensity at the tract. The
line that runs across each plot indicates the regression line generated by the statistic

software.

B
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Figure 4

A: Plots showing the relative changes in fluorescence intensity of phalloidin
staining from the subpial (A) to the deep (B) border of the optic tract (indicated by
dotted lines in Figure 2) in control (dotted lines) and chondroitinase (ABC) treated
(solid lines) preparations. Pixel intensity at the subpial region was denoted as 100%.
Noted the removal of CS reduced the biased staining of phalloidin at the optic tract. B:
Changes in slopes of these regression lines were analysed using ANOVA tests and the
results showed a significant change (asterisk) in distribution of phalloidin postive
growth cones in the optic tract after chondrointinase treatment (ABC) when compared
with control or keratanase treated group. No statistical difference was found between

the control and keratanase treated preparations. Data are presented as mean j:‘ s.e.m.
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CHAPTER 2 CHONDROITIN SULFATES AND CHRONOTOPIC ORDER IN THE OPTIC TRACT

Figure 5

Confocal micrographs showing phalloidin positive growth cones at the
midline (indicated by the dotted line) of the chiasm in frontal sections of the ventral
diencephalon of E14 slice preparations. A: In control preparations, phalloidin stained
growth cones dispersed through the depth of the retinal fiber layer. B: Enzymatic
digestion with chondroitinase (ABC) did not produce obvious change in growth cone
position at the midline. The dotted lines mark the position at the midline where

intensity of phalloidin staining in the retinal fiber layer was measured. Dorsal is up.

Scale bar = 50 fim.
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Figure 6

Plots of intensity changes of phalloidin staining from the superficial (A) to
deep (B) regions of the retinal fiber layer at the midline of the chiasm in slice
preparations of the optic pathway. A: In most control preparations, the staining
intensity was reduced gradually from superficial to deep region of the fiber layer. B:
No obvious change in staining profile after treatment of brain slices with
chondroitinase (ABC). The line that runs across each plot indicates the regression

line.
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CHAPTER 2 CHONDROITIN SULFATES AND CHRONOTOPIC ORDER IN THE OPTIC TRACT

Figure 7

A: Graph showing the mean slope of the regression generated from
measurements of intensity profiles across the retinal fiber layer at the midline of the
chiasm. No significant difference was observed in growth cone distribution as
reflected by the means of regression lines after chondroitinase treatment (ABC) when
compared with control preparations. Such difference was not obvious in slices treated
with keratanase. The data are presented as mean + s.e.m. The number of preparations
in each experimental group is indicated below the plot. B: Plots of measurements of
the depth of the retinal fiber layers at the midline and at the threshold of the optic tract
in slice preparations of the E14 optic pathway. There was no significant changes in
thickness of the fiber layer at both regions after enzymatic digestion with
chondroitinase (empty columns) when compared with those in control preparations

(filled columns). Data are presented as mean + s.e.m.
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CHAPTER 2 CHONDROITIN SULFATES AND CHRONOTOPIC ORDER IN THE OPTIC TRACT

Figure 8

Chondroitinase treatment did not produce obvious collapses or mobilization of
actin from the retinal growth cone. A-B: Confocal micrographs showing the
rhodamine phalloidin staining for F-actin-rich growth cones from E14 retinal explants
on a laminin-polylysine substrate. The phalloidin positive staining is largely confined
to the processes and core of the retinal growth cones. The axon shafts were only
lightly stained. C-D: Chondroitinase treatment at concentration that abolishes the age-
related order in the tract did not produce obvious changes in pattern of phalloidin
staining within the growth cones. E-F: The neurite outgrowth from retinal explants
was not obviously reduced after chondroitinase treatment. G: Assay of the percentage
of neurites with collapsed growth cones in these cultures showed that chondroitinase
treatment did not cause any significant increase in collapses of retinal growth cones.

Scale bars in A-D = 10 “im; scale bar in E-F = 40 \im.
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CHAPTER 2 CHONDROITIN SULFATES AND CHRONOTOPIC ORDER IN THE OPTIC TRACT

Figure 9

Removal of chondroitin sulfate produced a shift of dye-filled retinal growth
cones from subpial to deep regions of the optic tract. A-B: Focal labels of retina either
at the ventral temporal or dorsal nasal quadrant filled up growth cones (arrow heads)
in the contralateral optic tract of E14 brain slices. Note the growth cones gathered at
the subpial regions of the fiber layer in control preparations (A), but dispersed
throughout the whole depth of the fiber layer after chondroitinase treatment (B). The
pia is indicated by solid line and the deep margin of the optic tract is indicated by
broken line in these confocal micrographs. C-D: Drawings to show the growth cones
in other control (C) and chondroitinase treated (D) brain slices. Note the enzyme
treatment causes a spread of growth cones from superficial to whole thickness of the
fiber layer (bordered by broken lines) and did not produce substantial growth cone
collapses in the optic tract. E: Counting growth cone number in the tract revealed a
significant shift (asterisk) of growth cones from the superficial to deep half of the
fiber layer after the removal of CS. F: Furthermore, enzymatic treatment produced a
significant increase (asterisk) in size of retinal growth cones in the tract when
compared with that in control preparations. Dorsal is up and midline is to the right in

A-D. Scale bar in A = 25 iim; also applied to B.
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CHAPTER 2 CHONDROITIN SULFATES AND CHRONOTOPIC ORDER IN THE OPTIC TRACT

Figure 10

Summary diagram showing the roles of the CS glycosaminoglycans in
patterning the axon routing at the mouse chiasm. A: When retinal axons enter the
chiasm, they first encounter the CS epitope (hatched area) at the midline (arrow). The
uncrossed axons (green) respond to the CS and are halted and guided by other cues to
the optic tract on the same side. Axons that crossed the midline (blue) do not have the
response to the CS and continue to grow towards the contralateral optic tract (OT). B:
At the threshold of the tract (empty arrow), axons change their response to the CS
epitope (hatched area), which is present in abundance at the deep part of the retinal
fiber layer, probably through a change in guidance molecules present on the axon
surface (represented by a change from blue to red color). C: When the CS epitope is
removed by a treatment of the pathway with chondroitinase ABC, the uncrossed
axons (marked by asterisk in C) either halt or continue their journey across the
midline without a stop, producing a highly reduced uncrossed pathway; whilst the

crossed axons lose their age-related arrangement at the threshold of the optic tract.
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CHAPTER 3 PHOSPHACAN AND NEUROCAN IN THE MOUSE CHIASM

CHAPTER 3

EXPRESSION OF PHOSPHACAN AND NEUROCAN IN THE
DEVELOPING MOUSE RETINOFUGAL PATHWAY

INTRODUCTION

Among a number of proteoglycans, chondroitin sulfate proteoglycan (CSPG)
has been shown to be involved in cell adhesion and migration, neurite outgrowth,
mediating the effects of growth factors, and other developmental processes in nervous
tissues (Margolis and Margolis, 1993; Friedlander et al, 1994; Grumet et al., 1994;

Karthikeyan et al., 1994; Milev et al, > 19%).

Neurocan, a nervous tissue-specific proteoglycan synthesized by neurons
(Engel et al., 1996), s a multi-domain hyaluronic acid-binding chondroitin sulfate
proteoglycans (Rauch et al, 1992; Margolis and Margolis, 1994). It has been shown
previously that neurocan regulates neurite outgrowth and cell adhesion in neural
tissues (Rauch et al, 1991; Friedlander et al, 1994). It ha§ been reported that there are
three proteolytic products of neurocan, including 90-kDa and 130-kDa N-tenninal
fragments and a 150-kDa C-terminal fragment, in postnatal rat brain (Meyer-Puttlitz
et al., 1995; Inatani et al” 1999). Phosphacan, produced by astrocytes in the central
nervous system, is a secreted form of receptor-type protein tyrosine phosphatase
(RPTP zeta”eta), which consists of the extracellular domain (Maurel et al, 1994,
1995). These two molecules are major components of CSPG in the nervous tissues of

the rodent brain (Rauch et al, 1991).
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CHAPTER 3 PHOSPHACAN AND NEUROCAN IN THE MOUSE CHIASM

It was shown that localization of neurocan and phosphacan overlapped with
that of neural cell adhesion molecules (LI and NCAM), and the extracellular matrix
(ECM) protein tenascin (Fridelander et al., 1994; Grumet et al., 1994; Milev et 4d, °
1994). Neurocan and phosphacan were found to bind to LI and NCAM and to
tenascin. The binding was completely inhibited by antibodies against LI and NCAM,
indicating that these CAMs are major receptors for neurocan and phosphacan on
neurons (Milev et al., 1994). Interactions of neurocan and phosphacan with neural cell
adhesion and the extracellular matrix molecules have been demonstrated to modulate
neuronal and glial adhesion neurite growth, and signal transduction across the plasma
membrane during the development of the central nervous system (Grumet et al. 1993;
Friedlander et al. 1994; Milev et al. 1994). Both supportive and inhibitory roles of
CSPGs in patterning the axonal course have been reported. Rat superior colliculus-
derived CSPG was reported to promote survival of retinal ganglion cells (Schultz et
al., 1990). The molecules are regarded as one of the most important neurotrophic
factors for retinal neuronal cells. It is likely that CSPG is a neurotrophic factor for
retinal ganglion cells. In contrast to the findings of Schultz et al. (1990), many studies
have suggested an inhibitory role of CSPGs to act as barriers for growing axons (e.g.,
posterior sclerotome: Oakley and Tosney, 1991; Perns et al, 1991; Landolt et al,
1995; retina: Snow et al, 1991; Brittis et al., 1992; optic tectum: Hoffman-Kim et al.,
1998). In the rat, the centrifugal, receding CSPG expression has been related to
inhibiting retinal axon growth in the retina (Brittis et al., 1992). Furthermore, the
existence of phosphacan was demonstrated in rat retina (Inatani et al, 2000).
Immunocytochemical results in rats showed that the expressions of neurocan and

phosphacan follow different developmental time courses in the embryonic central
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CHAPTER 3 PHOSPHACAN AND NEUROCAN IN THE MOUSE CHIASM

nervous system, indicating that these two proteoglycans may serve complementary or
partially overlapping roles in axon guidance, cell interactions, and neurite outgrowth
at specific sites and stages of central nervous system development (Meyer-Puttlitz et
al., 1996). Thus it is possible that these brain CSPGs may be involved in the

developing retinofugal pathway of mouse.

In this study, we asked if phosphacan, N-terminal and C-terminal neurocans
were expressed in the retinofugal pathway of mouse embryos during the critical

developmental stages when axons are actively growing and reorganizing in the optic

chiasm.

MATERIALS AND METHODS

Animal and tissue preparations

Time-mated C57 pigmented mice were obtained from the University Animal
House. The day that the vaginal plug was found was designated as embryonic day 0
(EO). Pregnant mice were killed by cervical dislocation. Embryos at EI13-15 were
removed by Cesarean section. The embryos were killed by decapitation. The heads
were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) overnight at
4°C. The tissues were embedded in a gelatin-albumin mixture and sectioned either
frontally or horizontally at a thickness of 100/im using a vibratome. Serial sections of
the retinofugal pathway from the eyes to the proximal parts of the optic tract were

collected in O.IM phosphate buffered saline (PBS, pH 7.4).
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Immunohistochemistry

The expression patterns of phosphacan, C- and N-terminal neurocan were
detected using polyclonal antisera to phosphacan and to the N- and C- terminal
portions of neurocan (kindly provided by Prof. R.U. Margolis). The sections were
washed three times with PBS, incubated in 10% normal goat serum (NGS) in PBS for
1 hour at room temperature. The sections were then incubated in the primary
antibodies (diluted 1:1000 in PBS with 1% NGS and 0.5% Triton X-100) overnight at
4°C. After washing with PBS, the sections were incubated in fluorescein
isothiocyanate (FITC)-conjugated secondary antibody (anti-rabbit IgG, diluted 1:100
in PBS, from Jackson ImmunoResearch, West Grove, PA) for 3 hours at room
temperature. The control sections were processed with the same procedures but
without the addition of primary antibodies. No positive staining was detected in all

control preparations. The sections were washed in PBS and coverslipped with 50%

glycerol in PBS for confocal microscopy.

Confocal microscopy ~

The immunofluorescent staining of the sections was examined with a confocal
imaging system (MRC600, Bio-Rad ’ England) connected to a Zeiss Axiophot
photomicroscope (Oberkochen, Germany) using a blue excitation filter set (BHS, 488

nm excitation and 515 nm emission long pass). The digital images were processed by

the Confocal Assistant software (Bio-Rad, UK).
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RESULTS

Expression pattern of phosphacan, N- and C- terminal neurocans in the retina

At EI3 ’ expression of phosphacan was localized in the lens and in radial
neuroepithelial cells in most retinal regions. Intense staining of phosphacan was found
in the peripheral regions of the retina while the staining at the central retina around
the optic disk was reduced substantially (Fig. 1A). At this stage, prominent expression
of phosphacan was detected in the retinal fiber layer and at the optic disk. However,
the neurocan expression was weak. N- (Fig. IB) and C- (Fig. IC) terminal neurocans
immunoreactivity was only detected in lens, peripheral retina and only a weak

staining was found in the retinal fiber layer and the optic disk.

At El4 ’ expression of phosphacan was found in the inner layer of the retina,
the peripheral retina, the lens and the optic nerve head (Fig.ID). However, the uneven
distribution of phosphacan between the peripheral and central retina became less
apparent when compared to that at E13. At this stage, immunoreactivity for N-
terminal neurocan was distinct, showing an intense staining in the peripheral retina
and the lens, and a centrifugal, receding gradient of N-terminal neurocan expression
in other region of the retina (Fig. IE). In the contrary, C-terminal neurocan still only
expressed mainly in the inner retinal layer at a comparatively low level (Fig. IF).
While the optic disk was virtually devoid of staining of both neurocans, the

immunoreactivity for both phosphacan and neurocans were found in the ganglion cell

layer at this stage.
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Similar staining pattern for phosphacan was observed in retinas at EIS ’ with
phosphacan expressed in the lens, peripheral retina and optic disk. A laminated
pattern of staining was seen in the inner layer of the retina (Fig. 1G). Higher
magnification showed that immunostained phosphacan was localized at the innermost
retinal fiber layer and a cellular layer in the inner region of the retina, which
sandwiched an adjacent cellular layer with weak immunostaining (Fig. 1J). At this
developmental stage, the expression of N-terminal neurocan in retinas was found,
again, in the lens and peripheral retina. Increased immunoreactivity for this epitope
was detected in the inner retinal layer, optic disk and optic stalk (Fig. TH). More
detailed N-terminal neurocan expression was revealed under a higher magnification of
the retinal layer, where prominent staining was observed in the presumptive ganglion
cell layer but not in the deepest layer where retinal fiber layer located (Fig. IK). The
weak staining of phosphacan observed in the inner region of the retina seemed to
overlap with the strong immunostaining of N-terminal neurocan (compared IJ with
IK). For C-terminal neurocan, expression pattern was similar to that of El4 ° where
weak immunoreactivity for the epitope was found in the periphery and the inner layer

of the retina, as well as the lens (Fig. II).

Expression pattern of phosphacan, N- and C- terminal neurocans in the ventral
diencephalon

At EI3 ° when the retinal axons start to grow into the chiasm and optic tract
(Godement et al., 1987; Chung et al, 2000b), compartmentalization of the two brain
CSPG expression was observed in the anterior regions of the diencephalon (Fig. 2A,

2D and 2G). In horizontal section of the ventral diencephalon cutting through the
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level of optic stalks, the expression of phosphacan (n = 4) was found adjacent to the
end of optic stalk, expressing on the lateral sides of the anterior part of the chiasm and
was particularly intense in the paraventricular region (Fig. 2A and 2B).
Complementary to this observation, an intense staining of N-terminal neurocan (n =
3) was found in the whole optic stalk, terminated right at the entry zone to the chiasm
(Fig. 2D and 2E) This expression of the phosphacan and N-terminal neurocan could
also be observed in coronal sections of the preparations (phosphacan: n = 4; N-
terminal neurocan: n = 4). The optic stalk was very faintly labeled with
immunoreactive phosphacan (Fig. 2J), yet prominent staining of N-terminal neurocan
was found throughout the optic stalk (Fig. 2K). At the terminal of the optic stalk,
phosphacan started to express intensely in the paraventricular region in the
diencephalon (Fig. 2J). However, this region was completely devoid of N-terminal
neurocan expression (Fig. 2K). While the immunoreactivities for phosphacan and N-
terminal neurocan were found as two domains on both sides of the posterior
diencephalon in horizontal sections (Fig. 2A and 2D), the expressions of these two
brain CSPGs" were shown as an inverted V-shaped structure in the posterior
diencephalon in sections 10Ojam ventral to Figure 2A (Fig. 2C, 21 and 2F). At the
rostral tip of this structure, an extension stemmed out into the midline of the chiasm.
It was noted that immunoreactivity for N-terminal neurocan was clearly detected in
the fiber layer of the ventral diencephalon (Fig. 2F), where the other two CSPG
antibodies did not show. In contrast to the regulated expression pattern of phosphacan
and N-terminal neurocan, extremely weak immunoreactivity for C-terminal neurocan
(horizontal: n = 4; coronal; n = 3) was detected only in the posterior diencephalon

(Fig. 2Gand 2H).
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At El4, more retinal axons enter the chiasm and the optic tract (Chan et al,
1998). At this stage, horizontal preparation of the diencephalon revealed a regulated
expression of phosphacan. In the anterior part of the diencephalon cutting through the
optic stalk and optic tract, the expression of phosphacan (n = 4) was found in these
two regions (Fig. 3A-3C) and a down-regulation was observed at the midline of the
chiasm. A prominent immunoreactivity was detected at the lateral regions of the mid-
chiasm (Fig. 3B), which merged with the expression shown in the optic tract in a

section 100 [i m ventral to Figure 3B (Fig. 3C) to form a band at the posterior

boundary of the optic chiasm (Fig. 3D). It was noted that there were two circular
regions posterior to the band of staining in the chiasm, which was devoid of
phosphacan expression (Fig. 3C and 3D). The inverted V-shaped expression of
phosphacan in the posterior diencephalon was also found at this stage, with a rostral
extension pointed into the midline of the chiasm (Fig. 3C). For N-terminal neurocan
(horizontal: n = 2; coronal; n = 4), the immunostaining was largely localized at the
posterior region of the diencephalon in an inverted V-shape. Only a basal level of
immunoreactive N-terminal neurocan was detected in the optic stalk (Fig. 3E). At this
stage, virtually no signal of C-terminal neurocan immunoreactivity (horizontal: n = 2;

coronal; n = 2) was detected in the ventral diencephalon (Fig. 3F).

In E14 embryos, coronal preparations (n = 6) from the rostral regions of the
chiasm showed a prominent expression of phosphacan in the paraventricular region
on the lateral sides of the diencephalon (Fig. 4A). A basal level of immunostaining

against phosphacan was detected in the optic stalks. Frontal sections of the mid-
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chiasm showed a very intense staining of immunoreactive phosphacan in the deep
regions of the retinal fiber layer at the lateral sides of the chiasm (Fig. 4B). A slight
elevation in the signal of immunoreactive phosphacan was found at the midline. In a
more caudal section cutting through the optic tracts, dense labeling of anti-
phosphacan was detected in the deep regions of the optic tracts (Fig. 4C). A band of
prominent immunostaining of phosphacan was found in the deep region of the
posterior chiasm, which may overlap with its band expression found in the posterior
boundary of the chiasm in the horizontal sections (compared Fig. 4C with 3D). It
could be seen from these coronal preparations (Fig. 4A-4C) that the retinal axons and

the radial glial cells were both stained by the immunoreactive phosphacan.

At El 5, the characteristic expression pattern of phosphacan, which was found
in the anterior part of the chiasm in horizontal sections at El4 > was also observed.
Immunoreactivity for phosphacan (n = 3) was detected in the optic stalks and tracts in
this region and a down-regulation of signal was observed in the paramidline regions
of the chiasm (Fig. 5A and 5B). The dense labeling of phosphacan immunoreactivity
on the lateral regions of the mid-chiasm was detected (Fig. 5B). In more ventral
section, the prominent band of the expression of phosphacan still existed in the
posterior boundary of the optic chiasm (Fig. 5C). The reduction in phosphacan
expression at regions posterior to the boundary of the chiasm was also observed (Fig.
5A and 5C). At this stage, dense labeling of N-terminal neurocan (n = 3) was found at
the junction of optic stalk and chiasm (Fig. 5D). A regulated band-shaped expression
of N-terminal neurocan was detected at the posterior boundary of the optic chiasm,

which was similar to the pattern of phosphacan staining (Fig. 5E). For C-terminal
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neurocan (n = 3), the expression of the epitope was detected in the fiber layer of the

chiasm, with an up-regulation of the expression shown at the midline of the chiasm

(Fig. 5F).

In coronal sections of E1 5 embryos, immunoreactive phosphacan staining (n =

6) was found in the paraventricular regions on the lateral sides of the diencephalon
(Fig. 6A). This staining was extended into more caudal sections (Fig. 6B).
Immunoreactivity for phosphacan was also detected in the retinal fiber layer on the
lateral sides of the caudal chiasm (Fig. 6C). For frontal sections stained against N-
terminal neurocan (n = 3), prominent signal was detected at the junction of the optic
stalk and chiasm (Fig. 6D). Intense staining of N-terminal neurocan was found in the
fiber layer of the optic chiasm (Fig. 6E), which may overlap with the band-shaped
expression detected in the horizontal section at the posterior boundary of the optic
chiasm (compared Fig. 6E with 5E). On the lateral sides of the retianl fiber layer in
the tract, immunostained N-terminal neurocan was found (Fig. 6F). In coronal .
preparation reacted with antibody against C-terminal neurocan (n = 5), only a basal
level of immunoreactivity was detected in the section cutting across the optic stalk
(Fig. 6G) and chiasm (Fig. 6H). It was noteworthy that an intense immunostaining of
-the C-terminal neurocan was found in the superficial region of the optic tract (Fig. 61),
where retinal growth cones were located (see chapter 4; Guillery and Walsh, 1987;

Colello and Guillery, 1992).

DISCUSSION

In the present study, we have investigated the expression pattern of nervous
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tissue-specific chondroitin sulfate proteoglycans (CSPGs), neurocan and phosphacan,
in the retinofugal pathway of mouse embryos. We have shown that phosphacan and

neurocan are expressed in a spatiotemporally regulated pattern in the retinofugal

pathway.

Role of phosphacan, N- and C-terminal neurocan in the retina

In mouse embryos, retinal ganglion cells begin to send axons into the optic
stalk at E12. By El3, the axons start to grow into the ventral diencephalon (Silver,
1984). Phosphacan expression was detected in the retinal fiber, layer and optic disk in
the retina at E13. However, neurocans were expressed at a low level in the retina. In
the later developmental stage at ElI5S > a well-organized expression pattern of both
CSPGs was found. We have shown that a laminated expression pattern of phosphacan
was found in the inner retinal layer. The middle layer, which was weak in phosphacan
expression, showed a positive staining of N-terminal neurocan at the same stage.
Beyond this presumptive ganglion cell layer, a phosphacan immunopositive layer was
defined. However, the identity of this structure remains to be clarified. CSPGs have
been suggested to have inhibitory functions for growing axons (Snow et al, 1990 2
1991; Oakley and Tosney, 1991; Ferris et al., 1991; Brittis et al., 1992; Pindzola et al,
1993; Landolt et al, 1995; Hoffman-Kim et al, 1998; Inatani et al, 2001). However,
instead of the commonly suggested inhibitory function to axon growth, the neurocan
and phosphacan may cooperate to set up the laminated pattern in the mouse retina. We
suggest that the CS glycosaminoglycan plays the inhibitory function on axon growth
(Snow et al, 1990 > 1991; Fichard et al., 1991; Chung et al., 2000b), but the protein

core may be responsible for setting up the laminated pattern in the retina.
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Role of phosphacan, N- and C-terminal neurocan in the chiasm

Phosphacan and N-terminal neurocan were found to coincide with the
distribution of SSEA-1 neurons as an inverted V-shaped pattern (see next chapter).
This suggests that these neurons are one of the major sites of production of
phosphacan and neurocan in the ventral diencephalon. At EI3 > when most retinal
axons are traveling in the optic stalk (Silver and Sidman, 1980) and the first retinal
axons start to enter the chiasm (Godement et al” 1987), a rostral raphe of phosphacan
and N-terminal neurocan expression was seen to extend into the midline of the chiasm
from the inverted V-shaped expression. Moreover, it has also been shown that retinal
axon growth slows down when axons enter the chiasm (Godement et al., 1994; Chan
et al, 1998). At the midline region, the frequency of pauses in axon growth is
particularly high (Godement et al, 1994). This may be related to the presence of this
thin raphe of phosphacan and N-terminal neurocan expression at the chiasmatic
midline, suggesting an inhibitory role of the molecules that stops the growth of
uncrossed axons before they hit the midline and allows the crossed axons to pass
through (Guillery et al., 1995; Chan et al., 1998). Similar staining pattern of CS using

CS-56 antibody has been reported (Chung et al” 2000a)..

At El4 > the characteristic expression of phosphacan shown in the lateral
regions of the mid-chiasm in the present study suggested another inhibitory role of the
molecule. The intense staining of phosphacan at these regions may be responsible for
channeling the axons towards the midline and preventing most axons from entering

the optic tract before crossing the midline, except the early uncrossed axons. Also, the
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expression of these molecules may function to prevent the crossed axons from
entering the optic stalk after crossing the midline. The posterior band expression of
phosphacan was seen at the caudal region of the chiasmatic fiber layer, which is
correlated to prevent the retinal axons from invading the posterior diencephalon.
Asher et al. (2000) have shown that neurocan inhibits neurite outgrowth of cerebellar
axons in the central nervous system. Phosphacan is also shown to inhibit neurite
outgrowth of dorsal root ganglion cells (Garwood et al., 1999). The repulsive effects
of 6B4 proteoglycan/phosphacan have been demonstrated previously on cortical and
thalamic neurons by growing dissociated neurons on substratum absorbed with
phosphacan, which did not support neuronal cell adhesion (Maeda and Noda, 1996).
CSPGs prepared from rat brain inhibit the NGF-induced neurite outgrowth from
PCI2D pheochromocytoma cells irreversibly in a dose-dependent manner (Oohira et
al, 1991). Another study has reported that neurocan and phosphacan inhibited neurite

outgrowth from retinal ganglion cells of postnatal rat (Inatani et al, 2001) in vitro.

Some studies suggested that removal of CS glycosaminoglycans (GAGs) has
little effect on the inhibitory property (Milev et al., 1994) or does not relieve the
inhibitory effects of mouse phosphacan (Garwood et al., 1999), indicating that the
effects are associated with the core glycoprotein. However, we have previously
demonstrated that enzymatic removal of the CS GAGs in brain slice preparations of
the retinofugal pathway results in a diffuse axon course at the chiasm and a
diminution of the uncrossed axon component (Chung et al., 2000b), as well as
abolishes the accumulation of phalloidin positive growth cones at the subpial region

of the optic tract (see previous chapter). All of which may be due to the removal of
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the potential inhibitory property of CSPG by digesting CS. However, it is noted that
an interesting complementary expression of phosphacan and N-terminal neurocan was
found in the optic stalk at E13. N-terminal neurocan was expressed intensely in the
whole optic stalk and the fiber layer in the chiasm when the retinal axons are traveling
within these regions (Silver, 1984). These observations suggest that it is difficult to
classify neurocan (and/or phosphacan) clearly as supportive or inhibitory to axon
growth. Instead, the spatial and temporal expression of the molecules may define their

properties on axon growth.

At the threshold of the optic tract, immunoreactivity of the anti-phosphacan
was most prominent in the deeper parts of the chiasm and tract at EI4. C-teraiinal
neurocan, however, expressed intensely on the subpial regions of the optic tract at
E15. This specific expression of C-terminal neurocan in the retinal fiber layer was
only seen in the optic tract but not in the optic stalk and the chiasm. These restricted
distributions of phosphacan and neurocan were observed at the time when most axons
are navigating across the midline of the chiasm toward the optic tract. Many studies
have reported that there is a deep to superficial order according to time of arrival in
the pathway. The youngest axons grow closest to the subpial surface of the tract and
the oldest axons lie in the deep region (Guillery and Walsh, 1987; Colello and
Guillery, 1992; Colello and Coleman, 1997; Colello and Guillery, 1998). This age-
related order in the optic tract may be related to the different CSPGs expressed in the
retinal fiber layer, each of which has its own characteristic patterns. While intense
restricted expression of phosphacan in the deep parts of the optic tract may repel the

arriving growth cones away from the pial surface, C-terminal neurocan in the subpial
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surface of the tract may exert stimulatory effect by providing a relatively favorable
environment to direct advances of growth cones. Similar finding of the CSPG
distribution being densest in the deeper parts of the optic tract of developing ferrets
has been reported (Reese et al., 1997). Enzymatic removal of chondroitin sulfate
glycosaminoglycans in mouse brain slice preparations of the retinofugal pathway was
shown to abolish the age-related axon order in the optic tract (see Chapter 2). These

studies, together, suggest a role of CSPG in establishing the age-related fiber order in

the tract.

CSPGs are generally regarded as barriers for neurite outgrowth (Snow et al,
1990; Oohira et al., 1991; Dou and Levine, 1994; Milev et al., 1994; Reese et al., 1997;
Hoffman-Kim et al, > 1998). In vitro studies show that CSPGs inhibit neurite
outgrowth and elongation (Snow et al, 1990 *> 1991; Fichard et al” 1991; Oohira et al,
1991; Brittis et al., 1992; Snow and Letoumeau, 1992; Dou and Levine, 1994; Katoh-
Semba et al., 1995; Canning et al, * 1996; Maeda and Noda, 1996). Some studies
report that the inhibitory effects of CSPGs are alleviated when CS chains are removed
(Snow et al., 1990 *> 1991; Fichard et al, 1991; Chung et al, 2000b) > whereas others
show that the effects are associated with the protein cores (lijima etal., 1991; Oohira
et al, 1991; Grumet et al., 1993; Katoh-Semba and Oohira, 1993; Dou and Levine,
1994; Maeda and Noda, 1996). However, CSPGs are also found to be expressed in
regions of the developing nervous system where axon pathways form (Flaccus et al,
1991; Sheppard et al., 1991; Bicknese et al., 1994; Ring et al” 1995). Some in vitro

studies indicate that brain CSPGs, as well as CS GAG chains can enhance neurite
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outgrowth (lijima et al., 1991; Lafont et al., 1992; Faissner et al, 1994, Femaud-

Espinosa etal., 1994; Maeda and Noda, 1996).

In conclusion, we have demonstrated that the expressions of neurocan and
phosphacan are regulated spatiotemporally in different ways, suggesting overlapping
or complementary roles in axon guidance in the developing retinofugal pathways.
Since both neurocan and phosphacan were present in regions where neurites avoid
and grow actively, it suggests that neurocan and phosphacan may play a regulatory
role of axon growth through interactions with other cellular and molecular factors like

neurons, glia, NCAM and other ECM molecules.
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Figure 1

Confocal photomicrographs showing immunoreactivity for phosphacan, N-
and C-terminal neurocans in horizontal sections of the retinas in C57 mouse embryos.
Anterior is up. A: At embryonic day 13 (E13) > phosphacan is expressed in most
retinal regions (R) and lens (L), but preferentially in the inner layer of the retina.
Substantial staining of phosphacan is found in the peripheral regions of the retina and
the expression of phosphacan is very prominent in the optic nerve head (ON). B-C: At
this stage, only weak immunoreactivities for N- (B) and C-terminal neurocans (C) are
detected. D-F: At El4, expression of phosphacan (D), N- (E) and C-terminal
neurocans (F) is found in the inner layer of the retina, the peripheral retina and the
lens. G-K: At EI5 ’ a laminated pattern of phosphacan staining is seen in the inner
layer of the retina (G, higher magnification in J), where the innermost retinal fiber
layer and a cellular layer in the inner region of the retina sandwich a weakly stained
cellular layer. This weak staining of phosphacan seemed to overlap with the strong
immunostaining of N-terminal neurocan observed in the inner region of the retina (H,
higher magnification in K). Expression pattern of C-terminal neurocan at this stage is

weak (I). Scale bars in A, D,G= 100 m, applied to A-I; scale bars in J, K = 25 m.
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Figure 2

Confocal photomicrographs showing immunoreactivity for phosphacan, N-
and C-terminal neurocans in the ventral diencephalon of E13 mouse embryos. In
horizontal sections of the ventral diencephalon (A-I), anterior is up; whereas in the
frontal section (J, K) ’> dosal is up. The arrows point to the midline of the brain. A-B:
The expression of phosphacan is found adjacent to the end of the optic stalk (indicated
by arrow head in B) on the lateral sides of the anterior part of the chiasm. It is
particularly intense in the paraventricular region. D-E: An intense staining of N-
terminal neurocan is found in the whole optic stalk, terminates right at the entry zone
to the chiasm (indicated by arrow head in E), which is complementary to the staining
of phosphacan in this region. J-K: The complementary expression pattern (indicated
by empty arrow in K) of the phosphacan and N-terminal neurocan can also be
observed in coronal sections of the preparations (positions indicated by the dash lines
in A and D). C, F: The expressions of phosphacan (C) and N-terminal neurocan (F)
were shown as an inverted V-shaped structure (outlined by broken lines) in the
posterior diencephalon in sections 100 |im ventral to A. In the fiber layer of the
chiasm, immunoreactivity for N-terminal neurocan was detected (asterisk in F). I: A
higher magnification of the boxed area in C shows the phosphacan staining in a. V-
shaped configuration (outlined by broken lines). At the rostral tip of this structure, an
extension of phosphacan staining stems out into the midline of the chiasm (indicated
by arrow head). G-H: In contrast to the regulated expression patterns of phosphacan
and N-terminal neurocan, extremely weak immunoreactivity for C-terminal neurocan
is detected only in the posterior diencephalon. Scale bars = 100 |im (D also applied to

A, G, H; B applied to E, I-K; C applied to F).
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Figure 3
Confocal photomicrographs showing immunoreactivity to phosphacan, N- and
C-terminal neurocans in the ventral diencephalon of E14 mouse embryos in horizontal
sections. Anterior is up. The arrows point to the midline of the brain. A-B: At E14,
immunoreactive staining of phosphacan is detected in the optic stalk (OS) and optic
tract (OT) and a down-regulation is observed at the midline of the chiasm. A
prominent immunoreactivity for phosphacan is detected at the lateral regions of the
mid-chiasm (B; boxed area in A), which merges with the expression shown in the
optic tract (C; a section 100 pm ventral to A), to form a band at the posterior
boundary of the optic chiasm (D). C: The inverted V-shaped expression of
phosphacan in the posterior diencephalon (bordered by dash-lines) is found, with a
rostral extension pointed into the midline of the chiasm. D: Two circular regions
devoid of phosphacan expression (indicated by arrow heads in C, D) are found
posterior to the band of phosphacan staining in the chiasm. E: The immunostaining
for N-terminal neurocan is largely localized at the posterior region of the
-diencephalon in an inverted V-shaped. F: Virtually no signal of C-terminal neurocan
immunoreactivity is detected in the ventral diencephalon. Scale bar in A = 200 jim,

applied to C and F; scale bar in B = 100 |im; scale bar in D = 200 applied to E.
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Figure 4

Confocal photomicrographs showing phosphacan immunoreactivity in the
coronal sections of the ventral diencephalon of mouse embryos at El4 * corresponding
to the regions indicated by the dash lines in Figure 3 A. Dorsal is up. The arrows point
to the midline of the brain. A: A prominent expression of phosphacan is found in the
paraventricular region on the lateral sides of the diencephalon. In the optic stalks
(0S), a basal level of immunostaining against phosphacan is detected. B: In a section
cutting across the mid-chiasm, an intense staining of phosphacan is detected in the
deep regions of the retinal fiber layer at the lateral sides of the chiasm (indicated by
arrowheads). A slight elevation in the signal of immunoreactive phosphacan is found
at the midline. C: In a section cutting across the optic tracts (OT), dense labeling of
anti-phosphacan is detected in the deep regions of the optic tracts (indicated by
arrowheads). A band of prominent immunostaining of phosphacan is found in the

deep region of the posterior chiasm. Scale bar = 100 fim > applied to A-B.
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Figure 5

Confocal photomicrographs showing immunoreactivity to phosphacan, N- and
C-terminal neurocans in the ventral diencephalon of E14 mouse embryos in horizontal
sections. Anterior is up. The arrows point to the midline of the brain. A: At EI5 °
immunoreactivity for phosphacan is detected in the optic stalks (OS) and tracts in the
ventral diencephalon. A down-regulation of the signal is observed in the paramidline
regions of the chiasm. B: Higher magnification of the boxed area in A. The dense
labeling of phosphacan immunoreactivity on the lateral regions of the mid-chiasm is
detected. C: In a more ventral section, the prominent band of the expression of
phosphacan exists in the posterior boundary of the optic chiasm. The down-regulation
of phosphacan expression in the two circular regions posterior to the boundary of the
chiasm is found. D: Dense labeling of N-terminal neurocan is found at the junction of
the optic stalk (OS) and the chiasm. E: A regulated band-shaped expression of N _
terminal neurocan is detected at the posterior boundary of the optic chiasm, which is
similar to the pattern of phosphacan staining. F: The expression of C-terminal
neurocan is detected in the fiber layer of the—chiasm > with an up-regufetion of the
expression shown at the midline of the chiasm. Scale bars in A,B = 100 “m; scale bar

inC = 200 lam, applied to E, F; scale bar inD =200 \im.
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Figure 6

Confocal photomicrographs showing phosphacan, N- and C-terminal
neurocans immunoreactivity in the coronal sections of the ventral diencephalon of
mouse embryos at E1 5. Dorsal is up. The arrows point to the midline of the brain. A:
Immunoreactive phosphacan staining is found in the paraventricular regions on the
lateral sides of the diencephalon. B: This staining is extended into more caudal
sections. C: Immunoreactivity for phosphacan is also detected in the retinal fiber layer
on the lateral sides of the caudal chiasm. D: Staining against N-terminal neurocan
shows prominent signal at the junction of the optic stalk and the chiasm. E: Intense
staining of N-terminal neurocan is found in the fiber layer of the optic chiasm, which
may overlap with the band-shaped expression detected in horizontal section at the
posterior boundary of the optic chiasm (see Figure 5E). F: Immunoreactivity is found
on the lateral sides of the optic fiber layer in the tract. G-H: Only a basal level of
immunoreactivity for C-terminal neurocan is detected in the sections cutting across
the optic stalk (G) and the chiasm (H). I: An intense immunostaining of the C-
terminal neurocan was found in the superficial region of the optic tract, where retinal

growth cones were located. Scale bar = 100 |im.
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CHAPTER 4 HEPARAN SULFATE PROTEOGLYCAN IN THE MOUSE CHIASM

CHAPTER 4

HEPARAN SULFATE PROTEOGLYCAN EXPRESSION IN THE
OPTIC CHIASM OF MOUSE EMBRYOS

INTRODUCTION

In addition to chondroitin sulfate (CS), there is another group of
glycosaminoglycan (GAG), heparan sulfate (HS), which is covalently attached to a
protein to form proteoglycans (PGs). Different molecules, including growth factors,
cell adhesion molecules, proteases and receptors, have been reported to interact with
HS sidechains to play a part in a variety of developmental processes in the nervous
system (Hardingham and Fosang, 1992; Lander, 1993; Margolis and Margolis, 1993;
Small et al., 1996; lozzo * 1998; Bemfield et al., 1999). The HS chains bind to
fibroblast growth factor (FGF) (which stimulates a variety of cell types to proliferate)
both in vitro and in tissues (Vlodavsky et al, 1987; Rapraeger et al., 1991; Yayon et
al, 1991; Nurcombe et al” 1993; Walker et al. * 1994; Brickman et al, 1995; Lin et al,
1999). For some cells, this binding seems to be a required step for FGF to activate its
cell-surface receptor (which is a transmembrane tyrosine kinase) (Klagsbrun and

Baird, 1991; Rapraeger et al, 1991; Yayon et al” 1991;" Schlessinger et al, 1995).

Moreover, the spatiotemporal overlap of HSPGs with growing axons suggests that
HSPGs are likely to play a supportive role in the development of various axon
pathways (Hemdon and Lander, 1990; Halfter, 1993; Treloar et al., 1996; Watanabe
et al, 1996; Halfter et al., 1997; Ivins et al., 1997). While there are in vitro studies
showing that HSPGs promote neurite outgrowth on different substrates, indicating a

positive role of these molecules in axon growth (Hantaz-Ambroise et al., 1987; Vema
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et al., 1989; Dow et al., 1991; Haugen et al., 1992; Isahara and Yamamoto, 1995),
there is an in vivo study of the retinotectal projection in Xenopus demonstrating the
importance of HSPGs in regulating axon growth in the optic tract and targeting of
axons in the tectum (Walz et al, 1997). However, it is not clear whether these
proteoglycans are involved in axon growth and formation of distinct fiber orders at
the mouse chiasm. In this study, we used a monoclonal antibody against the HS
moieties to find out whether HSPGs are expressed in the retinofugal pathway of
mouse embryos at the period when axons grow through the optic chiasm, and

correlate the expression of HSPGs to the distinct axon routing patterns in the chiasm.

MATERIALS AND METHODS

Animal and tissue preparations

Pregnant C57 mice were killed by cervical dislocation. Embryos at E1 1 to E16
were taken out by Caesarian section, washed briefly in 0.1 M phosphate buffered
saline (PBS) at pH7.4 and decapitated. The heads were fixed and embedded in a
gelatin-albumin mixture as described in previous chapters. The blocks were sectioned
at either 50 pm (E1 1 to E13) or 100 Nim (E14 to E16) with a Vibratome to yield both
horizontal and coronal sections. Serial sections of the retinofugal pathway from the

eyes to the proximal parts of the optic tract were collected in PBS.

Immunocytochemistry
A monoclonal antibody (clone F58-10E4, from Seikagaku Co., Tokyo, Japan)
that is specific for an epitope occurs in native heparan sulfate chains has been used to

analyze the cellular distribution of this glycosaminoglycan during development. This
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antibody recognizes the N-sulfated glucosamine residues of heparan sulfate and does
not react with hyaluronate, chondroitin sulfate, or dermatan sulfate (David et al.,
1992). The sections were washed and incubated in blocking buffer using the same
methods as in chapter 3. After that, the sectioned were reacted with primary antibody
(diluted 1:150 in PBS with 1% NGS and 0.5% Triton X-100) overnight at 4°C. Some
sections were incubated with a primary antibody against stage-specific antigen-1
(SSEA-1; diluted 1:5, from Developmental Studies Hybridoma Bank, 1A, under
contract NOI-HD-6-2915 from NICHD; Solter and Knowles, 1978) that reacts with a
population of early neurons in the ventral diencephalon (Marcus and Mason, 1995).
After rinsing in PBS, both groups of sections were incubated in a fluorescein
isothiocyanate (FITC) -conjugated secondary antibody (anti-mouse IgM, diluted
1:200 in PBS, from Sigma, St. Louis, MO) for 3 hours at room temperature. Control
sections, which did not show any detectable immunostaining in our preparations, were
prepared using the same procedures without the addition of primary antibodies. The
sections were washed briefly in PBS and cover-slipped with a mounting medium

containing 90% glycerol. -

Rhodamine phalloidin staining

To study the age-related order of axons in the chiasm and the optic tract, a
dye-conjugated rhodamine phalloidin (R415, Molecular Probes, Eugene, OR) that
binds specifically to F-actin-rich regions in the retinal growth cones (Wulf et al,
1979; Colello and Guillery, 1992) was used to stain frontal sections of the brain in
embryos at El14. To reveal the relationship of the HS expression with this age-related

order, simultaneous staining of rhodamine phalloidin and antibody against heparan
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sulfate was carried out. After sectioning with a Vibratome, sections for single-label
studies were washed twice with PBS, incubated in 0.1% Triton-X 100 in PBS for 30
minutes, washed with PBS again and then incubated in 1 unit/ml rhodamine
phalloidin solution in PBS at 4°C overnight. For double-label studies, sections were
first incubated overnight in the antibody against the HS epitope, then in a goat
anti-mouse secondary antibody conjugated to Alexa Fluor 488 (Molecular Probes) for
3 hours (IgM, 1:200 in PBS pH 7.4). The sections were then washed with PBS and
incubated with Alexa Fluor 568-conjugated phalloidin (1:40 in PBS pH 7.4,
Molecular Probes) overnight at 4°C. This combination of fluorophores gives a better
separation of signals in our preparations than by using FITC and rhodamine. The

sections were cover-slipped in 50% glycerol in PBS.

Confocal microscopy and image analyses

The images were captured using a confocal imaging system (Bio-Rad MRC
600 °> Hertford, England) connected to a Zeiss Axiophot photomicroscope
(Oberkochen, Germany). A blue excitation filter set (BHS, 488-nm excitation and
515-nm emission long pass) was used for HS immunoreactivity, and a green
excitation filter set (GHS, 514-nm excitation and 550-nm long pass) was used for
dye-conjugated phalloidin which stained actin-rich growth cones in the retinal fiber
layer of the retinofugal pathway. The images were acquired using the COMOS
software (Bio-Rad) and stored in Zip disks (Iomega). The confocal images were then
processed using the Confocal Assistant software (Bio-Rad). Images collected from the
same sections double-stained with both antibody against HS and dye-conjugated

phalloidin were merged using the Confocal Assistant software.
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RESULTS

Expression pattern of heparan sulfate at the retina

Throughout the stages examined (from Ell to E16) in the present study,
expression of the HS epitope was first detected in the retina of mouse embryos at Ell,
the time when most ganglion cells are generated (Drager, 1985) but have not yet
entered the optic stalk (Silver and Sidman, 1980). At this stage, HS immunoreactivity
was found in most retinal regions and a consistent weaker staining in the central
regions around the optic disk was observed (Fig. 1A). Positive staining of the
antibody was observed in the inner limiting membrane, vitreous, and the lens. At later
developmental stages, HS expression in the retina was downregulated.
Immunostaining for the HS epitope at EI3 was largely restricted to the peripheral
regions of the retina, whereas a weak immunoreactivity for HS was found in the inner
regions of the retina (Fig. IB, C). In the retinal fiber layer and at the optic nerve head,
a prominent HS immunoreactivity was detected, implying a possible involvement of
HSPGs in regulating axon growth in the retina (Fig. IC). At E15 and EI6 ’ similar
expression pattern of the HS epitope was found in the retina, where intense staining

was detected in the inner retinal layer, peripheral retina and in the optic stalk (Fig. ID,

E).

Heparan sulfate expression at the ventral diencephalon

In the ventral diencephalon, the HS expression was first detected at E1l (n =
6 > mt shown). At E12 (n = 6), when most of the retinal axons are growing into the
optic stalk but have not yet entered the chiasm (Silver and Sidman, 1980),

immunoreactive HS was mainly found in two symmetrical domains at the caudal
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regions of the ventral diencephalon (Fig. 2A) > which stained the surface and
pericellular space of the cells within these domains, as well as the basement
membrane of blood vessels and the pia that is rich in HS content (Fig. 2B). At EI3 °
HS immunoreactivity was also prominent in the lateral diencephalon (Fig. 2C). At this
developmental stage, several retinal axons have already arrived at the chiasm and
optic tract (Godement et al., 1987; Chung et al., 2000b). In horizontal sections of the
ventral diencephalon (n = 6), HS-rich regions were found to coincide with the
SSEA-1 immunopositive regions, suggesting that these SSEA-1-positive neurons
expressed the HS epitope (compare Fig. 2C with 2D). In the proximal part of the optic
tract at the lateral region of the diencephalon caudal to the optic stalk,
immunostaining for the HS epitope was also found (Fig. 2C). This staining appeared
to be confined to the deep regions in the cross-section of the tract (Fig. 2E). In a more
ventral section where the retinal fiber layer runs across the optic chiasm,
immunoreactive HS was most prominent in the optic fiber layer. Though the signal
was much weaker, an inverted V-shaped array posterior to the chiasm showed the HS
immuoreactivity (Fig. 2F). It is noteworthy that at the rostral tip of this array, there
was an intense staining for the immunoreactive HS at the midline of the chiasm where
axons decussate (Fig. 2F, G). This staining appeared to mark the cells and their
extracellular space. From the coronal sections (n = 9), this staining labeled the retinal

fiber layer at the midline of the diencephalon (Fig. 2H).

At El4 ’> more retinal axons were added to the chiasm and the optic tracts
(Chan et al., 1998). Obvious staining of immunoreactive HS in the optic stalk and the

chiasm was found in horizontal preparations (n = 8) of the ventral diencephalon at this
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Stage (Fig. 3A). While the staining in the stalk was evenly distributed, it was found to
bias to the deep regions of the cross-section at the threshold of the optic tract (Fig.
3B). In a more ventral position, which cuts the retinal fiber layer of the chiasm, a
prominent staining for the immunoreactive HS was noted at the midline and in the
optic axons, whereas a weak label was detected in the inverted V-shaped region
posterior to the chiasm (Fig. 3C and 3D). When we looked at the coronal sections of
the ventral diencephalon, which cut the rostral half of the chiasm (n = 9), this
prominent label at the midline of the ventral diencephalon was also observed (Fig. 3E
and 3F). Intense immunoreactivity for HS was found in the optic axons in their initial
course at the lateral regions of the chiasm (Fig. 3E and 3F). As optic axons continue
to grow towards the more caudal part of the diencephalon, an obvious reduction in HS
immunoreactivity was consistently detected in regions approximately 100 |im
flanking both sides of the midline (Fig. 3F). In a more caudal section, at the level that
contains the caudal parts of the chiasm and the threshold of the optic tract, the
expression of HS was restricted to the deep parts of the retinal fiber layer leaving the

subpial regions of the tract virtually devoid of staining (Fig. 3G).

At E15 (n=4) and E16 (n = 3), moet retinal axons have arrived at the chiasm
and entered the optic tract, including the major uncrossed axons from the ventral
temporal retina (Godement et al., 1990; Chan et al, 1999). At both ages, intense
staining for immunoreactive HS in the retinal fiber layer was detected as in the El14
chiasm (Fig. 4A). From the coronal sections of the rostral half of the chiasm, an
intense staining of HS was detected at the midline of the chiasm where fibers

decussate. This staining was substantially reduced on both sides approximately 100
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\im from the midline (Fig. 4A-C). At the level of the caudal chiasm and the tracts, a
high level of HS immunostaining was restricted to the deep regions at threshold of the

optic tract (Fig. 4D).

Changes of growth cone positions at the mouse chiasm

To investigate the possible relationship between the expression pattern of the
HS epitope and the changes in age-related order in the mouse chiasm (Colello and
Coleman, 1997; Colello and Guillery, 1998), thodamine phalloidin was used to stain
the F-actin-rich growth cones to reveal its distribution in the retinal fiber layer of the
El4 chiasms (n = 3) (Wulf et al, 1979; Forscher and Smith, 1988; Colello and
Guillery, 1992). In frontal sections of the chiasm, the phalloidin staining appeared to
mark the growth cones through the whole thickness of the retinal fiber layer at the
junction of the stalk and the chiasm (Fig. 5A). In a section 100 fxm caudal to Figure
5A, phalloidin-stained growth cones were shown to be restricted at the subpial regions
of the lateral part of the chiasm and start to spread to whole thickness of the axon
layer at the midline (Fig. 5B). This shifting of growth cone positions appeared to
coincide with the regions (approximately 200 “~im from the midline) where
down-regulation of HS expression was observed (compared Fig. 5B with 3F). In the
optic tract, the phalloidin staining was confined to the subpial regions where newly
arrived growth cones traversed (Fig. 5C). At this part of the retinofugal pathway, HS
immunoreactivity was found to be restricted to the deep parts of the tract (compared

with Fig. 3G).
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More detailed studies of the spatial relation of HS immunoreactivity and
growth cone position in the retinal fiber layer of the chiasm was carried out by the use
of double staining for dye-linked phalloidin and antibody against the HS epitope on
frontal sections of E14 diencephalon (n = 4). At the junction of the optic stalk and the
ventral diencephalon, phalloidin-labeled growth cones were observed in whole
thickness of the fiber layer (Fig. 6A). However, most retinal growth cones shifted
ventrally and gathered at the subpial surface of the retinal fiber layer in a section 100
fim caudal to Figure 6A (Fig. 6B). At this position, complementary staining of HS
immunoreactivity to the phalloidin staining was observed at deep regions of the fiber
layer (Fig. 6B). At regions flanking the midline, a spread of growth cones across the
whole thickness of the fiber layer at the midline was observed, accompanying by a
dramatically decrease of HS expression (Fig. 6B). In a more caudal section, it could
be seen that at the level cut across the optic tract, phalloidin-stained growth cones and
immunoreactive HS epitopes occupied the superficial and deep regions of the optic

tract respectively and complementarily (Fig. 6C).

DISCUSSION

In the present study, the expression patterns of heparan sulfate (HS)
proteoglycans (PGs) in the retinofugal pathway of mouse embryos has been
characterized by the use of a monoclonal antibody specific for the HS epitope. The
current results show that immunoreactive HS epitope exists at E11, the earliest stage
that we examined, in the retina and the ventral diencephalon. Moreover,
immunoreactive HS was found in the retinal axons and, to a lesser extent, the resident

neurons at the chiasm from E12 to El6, the time when retinal axons are actively
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growing across the optic chiasm. Also, intense HS immunoreactivity was detected at
the midline over the period of major axon growth and there was a substantial decrease
of this immunoreactivity in a region approximately 100 “m flanking both sides of the
midline. This down-regulation of HS expression coincides with the dispersion of
some actin-rich growth cones from the subpial region to deeper parts of the retinal
fiber layer at the midline. In addition, restricted expression of HS epitope was
observed in only the deep regions of the optic tract, which shows a complementary
pattern to the position of the growth cones, suggesting a regulatory function of HS to
the establishment of chronotopic order of retinal axons in this segment of the

retinofugal pathway.

Heparan sulfate proteoglycans in the retina

In the retina of mouse embryos, immunopositive HS epitope was strongly
expressed at Ell > when most retinal ganglion cells are generated (Drager, 1985). At
this early stage, the HS epitope was found in all regions of the retina. After that, the
staining pattern of this HS epitope is changed gradually. At El6 > the staining of HS
epitope was reduced at the central retina and was restricted to the periphery of the
retina. This receding gradient of HS expression from the central to peripheral retina
appears to go along closely with the expression pattern of chondroitin sulfate (CS) PG
in the mouse retina (Brittis et al., 1992; Chung et al., 2000a). The intraretinal growth
of ganglion cell axons has been suggested to be regulated by the expression of
CSPGs, probably through its inhibitory role in retinal axon growth (Snow and
Letoumeau, 1992). The similarity of the expression of these two groups of molecules

raises the possibility that HS is also involved in putting an inhibitory function to axon
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growth in the retina. However, in contrast to the virtually nil expression of CS epitope
in the retinal fiber layer and at the optic disk (Chung et al., 2000a), HS showed a
prominent expression in these regions. Similar staining patterns of HS were also
reported in the retina of rat and chick embryos (Karthikeyan et al., 1994; Halfter et al.,
1997), suggesting a supportive role of HSPGs, rather than inhibitory, to axon growth
in the retina. Although the functions of HSPGs in the retina of mouse embryos are
still not clear, it is very likely that these proteoglycans pose their fiinctions by
interacting with growth factors and their receptors to regulate axon growth in the
retina. Some studies have reported that binding of fibroblast growth factors (FGFs) to
HSPG is an essential step for signal transduction of FGFs and the initiation of the
corresponding cellular responses (for review, see Klagsbrun and Baird, 1991;
Gallagher and Tumbull, 1992; Omitz, 2000). For cells lacking expression of HS, they
do not bind to FGF-2, even if they express the high affinity fibroblast growth factor
receptor (FGFR) (Rapraeger et al., 1991; Yayon et al, 1991). Binding of HSPG and
FGF-2 triggers the growth stimulating and differentiation inhibiting responses. It was
reported that FGFs regulate proliferation and differentiation of retinal progenitor cells
and are associated with the first appearance of ganglion cells in the retina (Park and
Hollenberg, 1989; Pittack et al., 1991 * 1997; Guillemot and Cepko, 1992; De longh
and McAvoy, 1993; McFarlane et al., 1998; McCabe et al., 1999). Moreover, the
orderly axonal projection pattern towards the optic disk in the developing retina of
rats involves the activation of FGFR signaling cascade. Defasciculation and
misrouting of ganglion cell axons to inappropriate regions in the retina were reported
if defined steps in the FGFR signal transduction cascade were blocked (Brittis et d, ’

1996). Until now, no direct evidence has been put forward that these FGF
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receptor-induced activities in the developing retina are mediated through a binding to
HSPGs. However, these proteoglycans are very likely to be candidates which play a

role in most of these developmental events.

Heparan sulfate proteoglycans in the chiasm neurons
We have shown that before and during the major period of axon growth into

the chiasm, HSPGs expression are found in the ventral diencephalon of mouse

embryos. Similarity of the expression of these PGs and the distribution of SSEA-1

positive neurons suggests that these early neurons may produce HSPGs in the ventral

diencephalon. A previous study in our laboratory has shown that this specialized

cellular domain is immunoreactive to CS-56, an antibody against the chondroitin

sulfate (CS) PGs (Chung et al., 2000a). These two groups of PGs may act together for
the biological properties of these chiasm neurons. In the mouse, the proteoglycan
CD44 in the chiasm neurons is a potential inhibitory molecule to retinal axon growth
(Sretavan et al” 1994). Different sulfated glycosaminoglycans, including CS, HS, and
keratin sulfate are involved'in the modification of CD44 into various isoforms (Brown
et al, 1991; Greenfield et al., 1999). These modifications of the carbohydrate contents
are resulted from various splicing of exons coding for the polypeptide of CD44. These
processes are developmentally regulated, tissue specific and contribute to the diverscL
biological functions of these molecules (Peach et al., 1993; Piepkom et al., 1997). We
suggest that the immunostaining for the HS and CS epitopes recognize the
carbohydrate moieties on the CD44 in the mouse ventral diencephalon. However, it is
also possible that other proteoglycans which are essential for the axon guidance in the

developing nervous system are expressed in these chiasm neurons.
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In this study, an obvious staining for HS is observed at the midline of the
chiasm throughout the major period of axon growth (E13-E16). When compare this to
the immunoreactivity for CS, which is substantially reduced at later stages of pathway
development (at E15 and E16) (Chung et al” 2000a), different expression patterns of
the CS and HS glycosaminoglycans in the mouse chiasm were found. It is possible
that the cellular elements at the midline may modify the functional constituents of
these glycosaminoglycan chains on the PG molecules to regulate retinal axon growth
in the chiasm. However, the function of HS at the midline is unknown. Previous
studies have shown that HS is involved in the nonpermissive role of the midline glia
in the tectum to the growth of midbrain neurites (Garcia-Abreu et al., 2000). Purified
agin > a HSPG, was shown to inhibit retinal neurite outgrowth in chick embryos
(Halfter et al., 1997). Furthermore, the HSPG syndecans have been related to defining
tissue boundaries in developing Xenopus embryos through an inhibitory function
(Teel and Yost, 1996). However, the exact function of HS in retinal axon guidance
and its control over axon divergence as CS GAG does in the mouse optic chiasm

remains to be determined.

Heparan sulfate proteoglycans and chronotopic fiber order in the chiasm

Other than chiasm neurons, optic axons at the chiasm and the tract also show
the expression of HS epitope. In this study, an important spatial relationship between
HS immunoreactivity and chronotopic arrangement of retinal axons in the chiasm and
the tract was observed. This correlation is most obvious in the retinal fiber layer in the

chiasm and at the optic tract. In the optic tracts, when growth cones gather in the
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subpial regions, HS immunoreactivity is found intensely in the deep regions of the
retinal fiber layer (Guillery and Walsh, 1987; Colello and Guillery, 1992).
Furthermore, the HS immunoreactivity is substantially down-regulated in regions that
palisade the midline, where a gradual shift of retinal growth cones from the subpial
surface to the whole retinal fiber layer is found (Colello and Coleman, 1997; Colello
and Guillery, 1998). This observation is further confirmed by using a dual-label
technique. The complementary changes of the immunoreactive HS and the position of
retinal growth cones in the retinal fiber layer at the mouse chiasm and tract suggest
that the development of the chronotopic order of the retinal axons in these regions

may be related to the expression of HSPGs.

While the function of HSPGs to axon growth in the mouse chiasm remains
undetermined, many studies have demonstrated the participation of the molecules in
different developmental events. /n vivo studies showed that there is a promoting
property of HSPGs to neurite outgrowth (Hantaz-Ambroise et al., 1987; Haugen et al,
1992; Isahara and Yamamoto, 1995). The spatiotemporal overlap of HS expression
with growing axons in the developing axon pathways also suggest a supportive role of
HSPGs in axon “owth (Hemdon and Lander, 1990; Watanabe et al” 1996; Halfter et
al., 1997; Ivins et al, 1997). Interaction of HSPGs with cell adhesion molecules
(CAMs) and extracellular matrix proteins was also suggested to be involved in axon
elongation and fasciculation in the chiasm and tract (Cole and Glaser, 1986; Cole et
al, 1986; Raulo et al., 1994; Rauvala et al., 1994; Burg et al., 1995; Storms et al.,
1996; Kinnunen et al., 1998, 1999). Enzymatic removal of native HS in the

diencephalon of developing Xenopus optic pathway produces a retardation of retinal
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axon elongation in the optic tract (Walz et al., 1997). However, addition of FGF-2 to
these heparitinase-treated embryos resumes the axon growth, indicating that the
growth promoting property of HS is probably mediated by an interaction with the
FGF signaling system (Walz et al., 1997). Despite the resumption of axon extension
after addition of FGF-2, axons still lose their directionality after heparitinase
treatment. It suggests a possible function of HS in promoting fasciculation of axons in
the developing optic tract through a growth factor-independent mechanism. In the
mouse retinofiigal pathway, fasciculation of axons in deep regions of the fiber layer in
the chiasm and in the tract may be mediated by HS epitope by similar mechanism.
When function together with other inhibitory molecules, such as CS-PGs, these
protoglycans regulate the development of age-related fiber order in different regions
of the retinofugal pathway. Specific HS structures were shown to be essential in
retinal axon targeting, suggesting that the sequences of HS, instead of the gross
structure of the proteoglycans, are important for axon guidance (Irie et al., 2002).
However, it should be noted that HSPGs may perform a similar inhibitory rather than
supportive role to the retinal axon growth as that of CSPGs in the mouse chiasm
(Chung et al, 2000a, b) and of HSPGs in other developing systems (Teel and Yost,

1996; Garcia-Abreu et al., 2000).
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Figure 1

Confocal photomicrographs showing immunoreactivity to heparan sulfate (HS)
in horizontal sections of the retinas in C57 mouse embryos. Anterior is up. A: At
embryonic day 11 (Ell), HS immunoreactivity is found in most retinal regions (R).
Positive staining is also observed in the lens (L) and vitreous. B: At EI3 * substantial
staining of HS is restricted to the peripheral regions of the retina, whereas a week
immunoreactivity for HS is found at the inner layer of other retinal regions. C:
Prominent expression of HS is found in the optic nerve head (ON) and in the layer
of optic axons (indicated by arrowheads). D: Similar expression pattern of HS is
found at E15, in which the HS immunoreactivity is found in the inner retinal layer
and at the peripheral retina. E: The optic nerve head (asterisk in D) shows an intense
staining for HS, as shown here at higher magnification. Scale bars = 50 “im in A,

100 |im in B> C? E 200 |im in D.
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Figure 2

Confocal photomicrographs showing immunoreactivity for heparan sulfate
(HS) in the chiasm of embryonic day 12 (EI2) (A, B) and EI3 (C-H) mouse
embryos. In the horizontal sections of the ventral diencephalon (A-G), anterior is up;
whereas in the frontal section (H), dorsal is up. The arrows point to the midline of
the brain. A: At ElI2 ’> immunoreactive HS is found in two groups of cells in the
caudal regions of the ventral diencephalon, which stains the surface and the
pericellular space of these cells (as shown at higher magnification in B). The blood
vessels are indicated by the arrowheads in A. C: At EI3 ’ staining of HS is most
intense at the caudal regions of the ventral diencephalon, which coincides with
regions that contain neurons immunopositive for SSEA-1 as shown in D. Noted the
section in C is cut more dorsally on the left than on the right. The ventral
diencephalon is outlined by a white broken line in D. E: A higher magnification of
the boxed area in C shows the HS staining in the deep regions of the optic tract
(outlined by the dotted white line). F: At the chiasm, the HS staining is found in the
optic axons and in the cellular domain caudal to the optic axons. G: A higher
magnification of the boxed area in F, indicating the immunoreactive HS at the
midline (indicated by the arrowheads) where axons decussate to the opposite side of
the brain. H: Frontal section of the chiasm shows that the midline region is
immunopositive to the HS antibody. The staining extends from the ventricular
surface to the pial surface of the chiasm. Scale bars = 200 |im in A, 50 jam in B, E,

G, H, 200 )imin C,D * F.
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Figure 3

Confocal photomicrographs showing immunoreactivity for heparan sulfate (HS)
in the chiasm of embryonic day 14 (El14) embryos. In the horizontal sections of the
diencephalon (A-D), anterior is up; whereas, in the frontal sections (E-G), dorsal is
up. The arrows point to the midline of the brain. A: The staining of HS is most
prominent in both the optic stalk (OS) and the optic tract (OT), as indicated in a
higher magnification in B. Although the staining at the stalk appears to mark the
structures at all positions, the staining in the tract is restricted to the deep regions
(arrowhead). The dotted lines in A correspond to the level where frontal sections in
E, F, and G are collected. C: In a more ventral section, prominent staining for HS is
also detected at the midline of the chiasm (indicated by the arrowheads in D). D:
Higher magnification of the boxed area in C. E: In a frontal section of the ventral
diencephalon, substantial label of HS is found at the midline. The optic axons in the
stalk (indicated by the arrowhead) at this position are also positive to HS. F: At a
more caudal section, the immunostaining is confined at .the midline region and in the
retinal fiber layer at the lateral regions of the chiasm (arrowheads). Note that the
staining marks the deep regions of the retinal fiber layer (indicate by the bracket)
and is reduced in regions flanking the midline. G: Intense staining of HS is detected
in deep parts of the optic tract (arrowhead). Scale bars = 200 |[im in A, 100 im in B,

200 %im in C, 50 "im in D, 100 jim in E-G.
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Figure 4

Confocal photomicrographs showing immunoreactivity for heparan sulfate (HS)
in the chiasm of embryonic day 15 (E15) embryo. Anterior is up in the horizontal
section of the ventral diencephalon (A); and dorsal is up in the frontal sections (B-D).
The large arrows point to the midline of the brain, and the brackets indicate the
retinal fiber layer. A: The retinal fiber layer at rostral regions of the diencephalon
shows a substantial labeling of HS. It is noted that the immunoreactivity is reduced
substantially at a region approximately 100 “im from the midline (indicated by the
open arrow). The cellular regions caudal to the chiasm show a weak HS
immunoreactivity. B: In frontal sections of the chiasm, HS immunoreactivity is
found largely in the optic stalk (OS) and at the midline. C: In a more caudal position,
the staining for HS is substantially reduced at regions on both sides of the midline. D:
At the optic tract, the immunostaining is detected in the deep regions of the optic

axons (arrowhead). Scale bars = 100 |[im in A-D.
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Figure 5

Confocal photomicrographs showing the frontal sections of the ventral
diencephalon stained with rhodamine phalloidin, which marks the F-actin-rich
growth cones in the chiasm of an embryonic day 14 (El14) embryo. Structures on the
left are slightly rostral to those on the right in these sections. Dorsal is up, and the
arrows point to the midline of the brain. The retinal fiber layer of the chiasm is
marked by the dotted lines. A: The phalloidin staining appears to mark the whole
optic stalk (OS). B: In a section 100 |[im caudal to A, phalloidin-positive growth
cones concentrate at the superficial region of the retinal fiber layer (bracket) in the
lateral region of the chiasm (indicated by asterisk) and start to spread to deeper
positions at the midline. This shifting of growth cone position appears to coincide
with regions where reduction in heparan sulfate immunoreactivity is observed (see
Fig. 3F). C: Phalloidin staining is restricted to the superficial regions of the optic

tract (OT) (arrowheads). Scale bar = 100 xm in A-C.
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Figure 6

Confocal photomicrographs showing the frontal sections of the ventral
diencephalon stained with dye-conjugated phalloidin for actin-rich growth cones
(red in color) and a monoclonal antibody against the heparan sulfate (HS) epitope
(green in color) in the optic chiasm of an embryonic day 14 (El4) embryo. The
retinal fiber layer is enclosed by the broken lines. Dorsal is up, and the arrows point
to the midline of the brain. A: The phalloidin staining is found in the axons at the
optic stalk (OS). B: In the section 100 \im caudal to A, phalloidin-positive growth
cones are restricted to the superficial region of the retinal fiber layer in the chiasm
and start to spread to deeper parts in a region approximately 100 “m from the
midline (indicated by the arrowhead), which has a substantial reduction of HS
immunoreactivity. C: In the optic tract (OT), the phalloidin staining is again
restricted to the superficial regions and the HS immunoreactivity is localized in the

deep regions of the retinal fiber layer. Scale bars = 100 |im in A’ B (applied to C).
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CHAPTER 5

EXPRESSION OF NEURAL CELL ADHESION MOLECULES
(NCAM) IN THE CHIASM OF MOUSE EMBRYOS

INTRODUCTION

Retinal axons undergo different rearrangement throughout the mouse
retinofUgal pathway. These fiber sortings include the partial decussation pattern of
crossed and uncrossed axons at the midline of the chiasm (Silver, 1984; Godement et
al., 1990; Sretavan, 1990), the segregation of dorsal from ventral fibers in the optic
tract (Torrealba et al” 1982; Cucchiaro and Guillery, 1984; Reese and Baker, 1993;
Chan and Guillery, 1994; Chan and Chung, 1999), and the reordering of axons
according to the time of arrival of their growth cones (Walsh and Guillery, 1985;

Colello and Guillery, 1992).'

In the previous chapters, we have disscussed the possible roles of
proteoglycans in regulating the chronotopic order of retinal axons in the retinofUgal
pathway of developing mouse embryos. In this chapter, we will shift our focus to
another molecule: neural cell adhesion. molecule (NCAM), which is a possible

candidate in guiding the proper establishment of the retinofUgal pathway in the mouse.

NCAM, which is expressed by most neurons, is one of the Ca"""-independent
cell adhesion molecules in vertebrates. This molecule has been shown abundantly on
developing axons and the glial environment (Silver and Rutishauser, 1984; Brittis et

al., 1995). It is thought to bind adjacent cells, as well as neurites and their
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environment together by a homophilic mechanism (Rutishauser et al., 1982; Hoffman
and Edelman, 1984; Dodd and Jessell, 1988). Some NCAM molecules, however, use
a heterophilic binding activity (with CSPG: Grumet et al., 1993; with Phosphacan:
Milev et al., 1994). There are at least 20 forms of NCAM, each of which is generated
by alterative splicing of RNA transcript produced from a single gene (Cunningham et
al., 1987; Santoni et al., 1987). Some forms of NCAM arise from glycosylation
(Rougon et al, * 1982), which carry different amounts of sialic acid. Polysialic acid
(PSA) is not an independent molecular entity, but a post-translational modification of
NCAM (Rutishauser and Landmesser, 1991). By virtue of their negative charge, the
long sialic acid chains hinder cell adhesion, thereby modifying the adhesive function
of NCAM (Rothbard et al, 1982; Hoffman and Edelman., 1983; Rutishauser et al.,
1985). Therefore, NCAM that is heavily loaded with sialic acid may, sometimes,
serve to prevent adhesion rather than cause it. N-CAM is present in mouse brain and
rat neural tissue (Chuong et al, 1982). It exists as many embryonic (E) forms and
three major adult (A) forms (Edelman and Chuong, 1982; Rougon et al., 1982). In
early embryonic cells, PSA is present in large amount in NCAM and decreases with
age in a tissue-dependent manner with concomitant increase in NCAM binding

(Hoffman and Edelman, 1984). .

With the homophilic and heterophilic binding abilities of and also the presence
of PSA, NCAM is involved in the facilitation of axon elongation (Dodd and Jessell,
1988; Brittis et al, 1995) and fasciculation of axons into bundles (Silver and

Rutishauser, 1984; Rutishauser and Landmesser, 1991).
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In previous studies, NCAM was found in the retinofugal pathway in goldfish and
chick (chick: Silver and Rutishauser, 1984; goldfish: Bastmeyer et al., 1990). In this
study, we will investigate NCAM expression in the retinofugal pathway of mouse
embryos during the major growth period of retinal axons and discuss how expression
pattern of NCAM in the diencephalon is correlated to the routing of axons in the

pathway.

MATERIALS AND METHODS

Animal and tissue preparations

Time-mated C57 mouse embryos were used in this study. Pregnant mothers
were killed by cervical dislocation. Embryos at the age of EI3-15 were taken out by
Caesarian section and stored temporarily in cold O.IM phosphate buffered saline
(PBS). The heads of each embryo were cut, and immersed in freshly prepared 4%
paraformaldehyde in O.IM phosphate buffer (PB) and were stored overnight at 4°C.
The fixed heads were embedded in a gelatin-albumin mixture. The orientation of the
embryo within the gelatin-albumin block was marked by a cut at the block. The
blocks were then sectioned using a vibratome at 100um thickness. Some blocks were
sectioned horizontally while others were sectioned parasagittally. Serial sections of
the ventral diencephaton, from the level of eyeballs to the chiasm, were collected
from the horizontal sections. Serial sections of the retinofugal pathway from retina to
optic tract were collected in PBS from the parasagittal sections. After N-CAM

immunostaining, the serial sections were examined under a confocal microscope.

Retinal labeling with lipophilic dyes
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In order to reveal the course of retinal axon growth, a lipophilic dye was
implanted into the retina of the aldehyde-fixed mouse embryos to label the retinal
axons (Godement et al, 1987). Fluorescent carbocyanine dye Dil (IJ'-dioctadecyl-
3,3,3',3'-tetramethylindocarbocyanine perchlorate) (Molecular Probes, USA) was
used. The dye labels axons by incorporating into the plasma membrane of retinal
ganglion cells and diffusing along the axons (Honig and Hume, 1986; Godement et

al., 1987; Thanos et al, 1993; Chan and Guillery, 1994).

After fixation of the embryo heads overnight, the cornea and lens of the fixed
embryos were removed. Tiny crystals of Dil were applied to all quadrants of the
retina in order to fully label all retinal axons. The embryos were then immersed in 2%
buffered formalin, sealed from light and stored in 37°C water bath for 4 days before
sectioning. Cross sections of the optic tract at a thickness of 200|/im were obtained by
first sectioning the head horizontally on a Vibratome to approximately 400-600}im
above the ventral floor of the diencephalon. The block was then reembedded in
gelatin-albumin, and serial cross sections of the retina, optic stalk, and chiasm at
200nm thickness were obtained in parasagittal sections of the head (Chan and

Guillery, 1994). The sections were then double-stained with NCAM antibody.

Preparation of brain slices

While some of the in vivo tissues were stained with Dil and/or by
immunocytochemistry directly after fixation, brain slices were prepared to be
incubated with 5A5 anti-NCAM antibody (mouse IgM; Developmental Studies

Hybridoma Bank, U.S.A.). C57 mice embryos at E14 were decapitated and kept in
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chilled Dulbecco's modified Eagle's medium (DMEM)/F12 medium containing
penicillin (1000 U/ml) and streptomycin (1000 |ig/ml). Brain slice preparations of the
retinofugal pathway comprising the eyes, optic stalks, chiasm and proximal parts of
the optic tract were prepared as described in the chapter 2. A tiny Dil crystal dye was
incorporated into the dorsal quadrants of the retina. The Dil-stained brain slices were
then cultured in DMEM/F12 with 10% foetal bovine serum (Life Technologies, USA)
at 37°C in a rolling incubator for 5 hours. Within the incubation period, the cultures
were supplied with pure oxygen three times, as a jet of oxygen directed into the air
space above the culture medium. In experimental brain slices, 5SAS5 antibody against
sialylated form of N-CAM was added at a final concentration of 1:1000 during
incubation. For control, brain slices were kept under the same condition, except no
addition of 5A5 antibody. After the incubation period, the brain slices were fixed in
4% paraformaldehyde overnight and sectioned parasagittally. These sections were

cover-slipped in PBS and imaged for Dil signal by a confocal imaging system directly.

Immunostaining of Neural Cell Adhesion Molecules (NCAM) in the retinofugal

pathway

The serial sections obtained from in vivo tissues were blocked in 10% normal
goat serum (NGS) for 1 hour. After several washes with PBS, the sections were
incubated overnight at 4°C in the primary antibody. Monoclonal antibody 5A5 (Dodd
et al, 1988), an IgM, was used to detect highly polysialylated NCAM (PSA-NCAM)
at a dilution 1:1000 in PBS (at pH7.4 with 1% NGS and 0.5% Triton X-100). After
several rinses in PBS, the serial sections were incubated in a fluorescein

isothiocyanate (FITC)-conjugated secondary antibody (goat anti-mouse IgM; Jackson
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ImmunoResearch Laboratories, Inc., U.S.A.) at 1:200 dilution in PBS (at pH7.4 with
1% NGS and 0.1% Triton X-100) for 3 hours. The sections were rinsed again in PBS
before being mounted in 1:1 PBS and glycerol. For Dil-5A5 double-staining sections,
after blocking with NGS, the sections were incubated with 0.1% Triton X-100 for 10
minutes followed by several rinses in PBS. The sections were incubated overnight in
5A5 primary antibody (same concentration without Triton X-100), then in goat anti-
mouse IgM secondary antibody (1:200 in PBS with 1%NGS and 0.1% Triton X-100)
conjugated to Alexa Fluor 488. All sections were cover-slipped and investigated

under confocal imaging system directly.

Confocal microscopy and image analyses

The images were captured with a confocal imaging system (Bio-Rad MRC
600 ° Hertford, England) connected to a Zeiss Axiophot photomicroscope
(Oberkochen, Germany). A blue excitation filter set (BHS, 488nm excitation and
515nm emission long pass) was used to image the immunoreactivity of 5A5 antibody.
A green excitation filter set (GHS, 514 nm excitation and 550 nm long pass) was used
to reveal the Dil labeled optic axons. The digital images were processed using the
Confocal Assistant software (BioRad, USA). Images collected from the same sections
double-stained with both antibody against HS and Dil labeling were merged using the

Confocal Assistant software.

RESULT

The expression pattern of PSA-NCAM in the retina and optic stalks

From the horizontal sections of the retina at E13 to E16, the fibers in the optic
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Stalk and the inner retinal layer were immuno-labeled by the 5A5 antibody (Fig. 1A-
ID). Moreover, from the cross-sections of the optic stalk at E14 and EI5 > PSA-

NCAM was clearly found on all bundles of the fibers (Fig. IE and IF).

The expression pattern of PSA-NCAM in the chiasm

From the results of horizontal sections at E13 and El4 * the posterior region of
the ventral diencephalon was stained. An inverted V-shaped PSA-NCAM expression
pattern was labeled (Fig. 2A and 2B), with the opening pointed caudally. The anterior
part of the ventral diencephalon, where the axons from the optic stalk enter the
chiasm, also showed the expression of PSA-NCAM. However, the expression of
PSA-NCAM in the anterior part of ventral diencephalon was weaker than that in the

posterior region.

The result of the horizontal sections of the ventral diencephalon at E15 and
E16 showed different PSA-NCAM expression pattern when compared with the results
at El-3 and El14. At E15 and E6 ’ a clear C-shaped expression pattern of PSA-NCAM
was found at the posterior region of the ventral diencephalon with the opening pointed
caudally (Fig. 2C and 2D). Moreover, when compare the expression patterns between
optic stalks and the chiasm, we could find that there was a down regulation of PSA-
NCAM from optic stalks to optic chiasm (Fig. 2E and 2F). From the results of the
frontal sections at E14 to El6 > we could also find the down regulation of the PSA-
NCAM expression from the optic stalks to the chiasm (Fig. 3; compared A with B, C
with D, E with F). Moreover, an intense staining of the 5A5 antibody was found at the

midline region of the glial cell layer in the chiasm in anterior sections (Fig. 3A, 3C
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and 3E).

In frontal sections of the diencephalon, expression of PSA-NCAM was found
in similar pattern at the junction of the optic chiasm and tract at E14 to E16. In caudal
chiasm, a band shape expression of PSA-NCAM laid on the ventral region of the
fibrous layer (Fig. 4A-4C). At E15 and El6 ° the band expression of PSA-NCAM seen
in the chiasm extended into the optic tracts (Fig. 4B-4D). At further posterior position,

the expression of PSA-NCAM shifted to the deep region of the optic tracts (Fig. 4B

and 4D).

In cross sections of the optic chiasm, the obvious down-regulation of PSA-
NCAM in the optic chiasm was also detected (Fig. 5C and 5E) when compared the
expression patterns with that in the cross section of optic stalks (Fig. IF). The
expressions of PSA-NCAM in optic stalks were stronger than that in the optic chiasm.
It is noteworthy that there was a group of axons populated at the caudal side of the
chiasm, which showed strong PSA-NCAM immunoreactivity. When the tissues were
double-stained with Dil to reveal the location of retinal axons (Fig. 5A and 5B), it

confirmed that these axons were not originated from retinal ganglion cells (Fig. 5E

and 5F).

The expression pattern of PSA-NCAM in horizontal sections of optic tract
At EI3 ? only a few retinal axons reached the optic tracts. At El4 > most optic
fibers entered the optic tracts and the shape of optic tracts was clear to observe. In

horizontal sections at El4 ’> the expression of the PSA-NCAM was restricted at the
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posterior region of the optic tracts (Fig. 6A), where the optic stalks are originated
from the dorsal retina of both eyes. Sections obtained at E15 (Fig. 6B) showed similar
results as that of E14. Such expression pattern agreed with the result from the
horizontal sections that the expression of PSA-NCAM in the optic tract is restricted at

the posterior region of the optic tracts.

To verify the origin of this group of axons, which co-localized the expression of
PSA-NCAM at the posterior region of the optic tracts, double-staining of Dil and 5A5
was performed. The whole retina, at the age of EI5 > was labeled by Dil and the
characteristic shape of the cross section of the optic tract was shown (Fig. 6A and
6D). The same sections were double-stained with 5A5 and the PSA-NCAM
expression was clearly found in only the posterior region of the optic tracts (Fig. 6E
and 6F). Merge of the corresponding figures demonstrated that fibers at the posterior

region of the optic tracts, where PSA-NCAM exists, are retinal axons (Fig. 6G and

6H).

Dorsal-ventral order of optic fiber in the tract after SAS incubation

Since retinal axons sending from dorsal retina occupy the posterior region of
the optic tracts (Chan and Guillery, 1994), where PSA-NCAM locates, this suggests a
possible role of PSA-NCAM in modulating the dorsal ventral order of optic fibers in
the tract. Effect of binding of anti-PSA-NCAM to the tissues along the optic pathway
was demonstrated by incubating brain slices at E14 with 5A5 antibody. In horizontal
sections of optic tract in control brain slices (n = 10), axons from dorsal retina (stained

with Dil) occupied the posterior region of the tract (Fig. 7A to 7C). After incubation
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of the brain slices with 5A5 (n = 8), the restricted location of these dorsal retinal
axons disappeared consistently. These axons spreaded rostrally to occupy also the
anterior position of the optic tract. The dorsal ventral order of retinal fibers in the

optic tract is disrupted (Fig. 7D to 7F).

DISCUSSION

The functions ofNCAM in the optic stalk

NCAM is abundantly expressed on axons and often found in the glial
environment (Silver and Rutishauser, 1984; Brittis et al., 1995). In the present results,
we find from cross sections of the optic stalk that PSA-NCAM is expressed on the
axon bundles throughout the optic stalk. NCAM influences neurite extension (Dodd
and Jessell, 1988; Brittis et al” 1995) and fasciculation of axons into bundles (Silver
and Rutishauser, 1984; Rutishauser and Landmesser, 1991) by homophilic binding
and interactions to other molecules (Grumet et al, 1993; Hankin and Lagenaur, 1994;
Doherty and Walsh, 1994; Brittis et al., 1995). When antibodies against NCAM are
injected into the primitive-eye rudiment, they disturb the normal growth pattern of the
nerve processes in chick (Silver and Rutishauser, 1984). These antibodies inhibit the
tendency of developing nerve cell processes to perform fasciculation. Therefore, we

suggest that NCAM expressed in optic stalk of developing mouse can have the same

ability in fasciculating the axons.

The down regulation of PSA-NCAM may be related to the loss of retinotopic
fiber order at the chiasm

It has been reported that there is a retinotopic fiber order, demonstrating a
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quadrant-specific relationship with retina, when axons enter the optic stalk (Chan and
Chung, 1999). However, as axons enter the chiasm, this order is lost and the
fasciculated bundles of axons in the optic stalk become defasciculated (Silver 1984;
Silver and Rutishauser, 1984). Since NCAM demonstrates its role of axon
fasciculation in the optic stalk, the defasciculation of the axon bundles is related to the
change in NCAM expression. The functions of NCAM are modulated by the amount
of PSA on the molecule (Rutishauser and Landmesser, 1991; Storms and Rutishauser,
1998; Monnier et al., 2001). PSA expression appears to have a negative effect on
membrane-membrane binding (Cunningham et al., 1983; Hoffman and Edelman,
1983; Rutishauser et al., 1985). It has been proposed that the large size and the
abundance of PSA can impede the ability of membranes to get close enough for
effective receptor-receptor interaction (Rutishauser et al., 1988). Thus, a variety of
contact-dependent cell interactions can be affected by changes in the amount of PSA
on the cell surface. These effects are likely to represent a quantitative change in
interaction rather than an all-or-nothing transition (Rutishauser and Landmesser,
1991). It seems that PSA-NCAM contributes to the regulation and fine-tuning of
adhesions of cells during development. Direct evidence shows that the presence of
PSA on the surface membrance can affect both cell-cell and cell-substrate interactions
(Acheson et al., 1991). Fasciculation can be interpreted as an outcome from net forces
that promote axon-axon association and that promote axon-environment interaction
(Rutishauser and Landmesser, 1991). When NCAM with a low PSA content is
expressed, cell-cell interaction responsible for bundling is increased (Rutishauser et
al., 1988). However, removal of PSA from NCAM increases cell-substrate

interactions, leading to defasciculation in axon bundling of mouse embryos (Acheson
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et al.,, 1991). Thus, the patterns of bundling and defasciculating are attributed to a
balance between axon-axon and axon-substratum interactions (Yin et al., 1995). Optic
axons are exposed to an environment that includes other PSA-positive cells and
processes. Enzymatic removal of PSA from the optic axons caused them to
defasciculate in the tract/tectal region (Yin et al, 1995). This enzyme treatment affects
both optic axons and their environment. Thus, the results would suggest that removal
of PSA causes a relative increase in axon-environment interactions, implicating that
the PSA may serve to mask them from responding prematurely to some guidance cues
in their target region (Yin et al., 1995). At later developmental stage in chicks, the
normal down-regulation of PSA in tectum might serve to expose the environmental
cues for the development of optic axons (Yin et al, 1995). We suggest that the down
regulation in PSA-NCAM expression in the chiasm leads to increase in heterophilic
interactions of axon and molecules in the environment (e.g. CSPG: Grumet et al.,
1993; HSPG: Storms et al.,, 1996), which outweigh axon-axon interactions in the
chiasm. Thus, defasciculation in the chiasm occurs, which leads to the separation of
the axon bundles and in turn distorts the fiber order. The retinotopic fiber order is lost
at the same region where the defasciculation occurs, and PSA-NCAM is thought to be
involved in both arrangements of the axon fibers. Therefore, down regulation of PSA-.
NCAM in the chiasm occurs with the defasciculation of the axon bundles, may hence
be related to the loss of the retinotopic order in the chiasm. However, the identity of
the axons expressing PSA-NCAM caudal to the chiasm in cross sections is still to be

determined.
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PSA-NCAM may be involved in the establishment of the retinotopic order in the
optic tracts

The retinotopic fiber order in the optic stalk is lost as retinal axons travel
through the optic chiasm (Naito 1986,1989; Reese and Baker, 1993; Chan and Chung,
1999). However, when the retinal axons enter the optic tracts, a new retinotopic order
of these fibers is re-established in which axons from the dorsal retina are segregated
from ventral retinal axons (Torrealba et al., 1982; Cucchiaro and Guillery, 1984;
Reese and Baker, 1993; Chan and Guillery, 1994; Chan and Chung, 1999). In contrast
to the quadrant-specific order in the optic stalk, axons in optic tract show segregation
between origins from dorsal and ventral retina (Chan and Guillery, 1994). The axons
sending from the dorsal and ventral retina occupy the posterior and anterior regions of
the optic tract respectively. This fiber segregation is established after the axons cross
the midline of the optic chiasm. Dorsal axons shift caudally while ventral axons travel
rostally to their future position in the tract (Chan and Chung, 1999). Some guidance
signals in the corresponding environment should be responsible for the establishment
of this order. In the present results, PSA-NCAM expression in the optic tract is
restricted to the posterior part, where dorsal retinal axons localize. PSA-NCAM may
have repulsive properties in setting this retinotopic organization of retinal axons.
Axons from the ventral retina may be more responsive to PSA-NCAM and so they are
limited to the anterior part of the tract (Chan and Chung, 1999). Further verification of
the function of PSA-NCAM on this dorsal-ventral fiber order in the optic tract was

shown by our preliminary results of brain slice culture with 5AS5 antibody.
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Figure 1

Confocal photomicrographs showing PSA-NCAM immunoreactivity in
horizontal sections of the retina in C57 mouse embryos. Anterior is up. A-D: At
embryonic day 13-16 (EI13 to E16), PSA-NCAM is expressed in the inner part of the
retina (R) and the fibers in the optic stalk (OS). E-F: At E14 and E135, brightly stained
fibers are seen in all fascicles in the optic stalk and are separated by unlabelled
interfascicular septa. Scale bars: A = 100 {im; C = 200 fim * applied to B-D. E-F .50

jam.
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Figure 2

Confocal photomicrographs showing PSA-NCAM immunoreactivity in
horizontal sections of the ventral diencephalon in C57 mouse embryos. Anterior is up.
A-B: At E13 and El4 > immunostaining for PSA-NCAM is seen as a broad, inverted,
V-shaped array opening caudally in the posterior region of the ventral diencephalon.
Weak immunostaining for PSA-NCAM is also detected in the anterior part of the
ventral diencephalon, where the axons from the optic stalk enter the chiasm. C-D: At
El5 and EI6 > PSA-NCAM expression is detected in a C-shaped pattern with the
openings pointing caudally. E-F: Horizontal sections of the anterior part of the ventral
diencephalon under higher magnification show that there is a down-regulation of
PSA-NCAM expression from the optic stalk (OS) to the optic chiasm. Midline is
indicated by arrows. Scale bars: A = 200 [im, applied to B; C = 250 jam * applied to D;

E = 100}im, applied to F.
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Figure 3

Confocal photomicrographs showing PSA-NCAM immunoreactivity in
coronal serial sections of the ventral diencephalon in CSV mouse embryos. Dorsal is
up. A-B: At El4 ’ the immunostaining for PSA-NCAM is detected in the optic stalks
(OS) (indicated by the arrow heads in A). There is a down-regulation of the PSA-
NCAM expression from the optic stalks to the chiasm (B). C-F: PSA-NCAM (arrow
heads in C and E) is expressed in the optic stalks at E15 (C) and E16 (E). The
characteristic down-regulation pattern of the PSA-NCAM from the optic stalks to the
chiasm is also seen at E15 (D) and E16 (F). The immunoreactivity for PSA-NCAM is
detected at the midline region of the glial layer of the chiasm (A, C and E). Midlines

are indicated by arrows. Scale bars = 100 |[im, A also applied to B, D.
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Figure 4

Confocal photomicrographs showing PSA-NCAM immunoreactivity in
coronal sections of the ventral diencephalon in C57 mouse embryos. Dorsal is up. A:
At El4, immunostaining for PSA-NCAM is found in the deep region of the optic
tracts. B: At EI5 ° a band shape expression of PSA-NCAM is found at the bottom of
the fiber layer of the chiasm in the section of the caudal chiasm, where retinal axons
leave the chiasm into the optic tracts. The band shape expression of PSA-NCAM
extends into the optic tracts. C-D: At El6 ’ the expression of PSA-NCAM is in a band
shape located at the bottom of the fiber layer of the chiasm (C). The PSA-NCAM is
found in the deep region of the optic tracts in a more caudal section (D). Midlines are

indicated by arrows. Scale bars = 100 “im, A also applied to B, D.
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Figure 5

Confocal photomicrographs showing pseudocolor images of axons labeled
with Dil (red) and PSA-NCAM immunoreactivity (green) in transverse sections of the
optic chiasm in C57 mouse embryos at E15. These micrographs are taken near the
midline of the chiasm. Dorsal is up. A-B: The solid lines indicate the ventral pial
surface of the chiasm and the deep margin of the chiasm is indicated by the broken
lines. All axons from the eye fully filled with Dil are labeled. C-D: The same sections
are reacted with 5SA5 antibody against PSA-NCAM. Most of the area within the fiber
layer is only slightly labeled, while a group of axons populated at the caudal side of
the chiasm (indicated by arrow heads) show strong PSA-NCAM immunoreactivity. E-
F: The two groups of images are merged to generate final images, which show the co-
localization (yellow) of retinal axons (red) and PSA-NCAM (green). These images
clearly show that the axons strongly stained at the caudal side of the chiasm are not
sent from retinal ganglion cells. D > dorsal; R, rostral. Scale bar in A = 100

applied to B-F.
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Figure 6

Confocal photomicrographs showing transverse sections of the optic tract in
C57 mouse embryos. The dash lines outline the fibers in the optic tract. A-B: At E14
and EI5 ’ immunoreactivity of PSA-NCAM is found in the caudal tail of the optic
tract. C-D: Retinal axons sending from retinal ganglion cells in the optic tract are
stained with Dil (red), which is diffused from the fully labelled eye. E-F: The same
sections are double-stained against PSA-NCAM (green), which is found to be
restricted in the posterior region in the optic tract. G-H: Merged images of C with E
and D with F confirm that PSA-NCAM is expressed only in the caudal tail of the
optic tract. The co-localizaion of PSA-NCAM and Dil staining is shown in yellow

color. D, dorsal; R, rostral. Scale bar in H= 100 jam, applied to A-H.
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Figure 7

Confocal photomicrographs showing transverse sections of the optic tract in
C57 mouse embryos. The dash lines outline the retinal fibers in the optic tract. A-C:
At El4 ° Dil filled fibers from the dorsal retina are found mostly in the caudal tail of
the optic tract. D-F: The confined distribution of dorsal retinal fibers in the posterior
region of the tract is disrupted after incubation with 5A5 anti-NCAM antibody. R,

rostral; M, medial. Scale bar in F = 100 *im, applied to A-E.
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CHAPTER 6

GENERAL CONCLUSION

The studies in this thesis are mainly focused on the possible molecular
mechanisms that are involved in the axon patterning in the mouse retinofugal pathway.
In the first study, the role of chondroitin sulfate proteoglycans (CSPGs) in arranging
the position of growth cones according to their time of arrival in the optic tract of
mouse embryos has been investigated. Immunostaining for CS epitopes using CS-56
antibody was found to be restricted in the deep regions of the optic tract. Removal of
CS chains using chondroitinase ABC abolishes the accumulation of growth cones at
the subpial region of the optic tract. Chondroitinase treatment does not cause
significant increase in growth cone collapses in explant cultures. Examination of the
morphologies of retinal growth cones after enzymatic removal of CS demonstrates a
significant increase in area, indicating that axons respond differently when CS chains
are removed in the chiasm and reflect the changes by increasing the complexity of the
growth cone morphology. However, the “owth cones distribution across the depth of
the fiber layer at the midline of the chiasm is not affected by the chondroitinase ABC
treatment, despite the presence of chondroitin sulfate at this region. These results
show that optic axons undergo regional changes in response to CSPGs, which are
responsible for the reordering of chronotopic axon in the optic tract of mouse

retinofugal pathway.

Study on the expressions of phosphacan and neurocans show that the two brain
CSPGs have different spatial and temporal expression patterns in the developing

mouse retinofugal pathway. At EI3 > the expressions of phosphacan and N-terminal
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neurocan are probably involved in setting up the laminated pattern in the retina. Their
staining patterns follow closely the distribution of SSEA-1 neuron as an inverted
V-shaped configuration at the caudal half of the ventral diencephalon. At El14,
phosphacan expression is particularly strong on the lateral regions of mid-chiasm,
which suggests a possible role in channeling the axons to their targets precisely at the
right time. At EI5 ’> C-terminal neurocan is detected in the superficial regions of the
optic tract, when most axons are navigating toward the optic tract, with the youngest
axons closest to the superficial region of the tract, suggesting a possible role in
establishing the age-related order of retinal axons in the optic tract. The regulated
spatiotemporal expressions of phosphacan and neurocan imply that they may play
overlapping and/or complementary roles in axon guidance in the developing mouse

retinofugal pathway.

In the next study, expression patterns of heparan sulfate proteoglycans (HSPGs)
at the chiasm have been characterized. During E13 to E16, the expression of HSPGs
is particularly strong at the midline [ whishggests a role for HSPGs in regulating
development of axon divergence at the midline. At E14, HS immunoreactivity is
found in the deep parts of the fiber layer at the threshold of the optic tract, which is
complementary to the location of growth cones in this region. These results bring out
the possibility that the spatially restricted expression of HSPGs may regulate the

rearrangement of age-related order in the optic tract.

In the study of the expression of sialylated form of neural cell adhesion molecule

(PSA-NCAM), it is found to express abundantly in the developing retinofugal
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pathway. An obvious down-regulation of PSA-NCAM immunoreactivity is observed
when axons approach the midline of the chiasm and an up-regulation of this molecule
is seen when axons enter the optic tract. While axons in the optic stalk are all
immunopositive to PSA-NCAM, only axons from the dorsal retina that are located in
the posterior region of the optic tract are immunoreactive to PSA-NCAM. These
findings indicate that the changes in axon organization in the chiasm and the tract may
be controlled by a regulated expression of PSA-NCAM or alternatively by a

regulation of the amount of polysialic acid on the NCAM molecule.
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