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ABSTRACT
Bilaterally symmetric organisms need to exchange information between the left and right sides of their
bodies to integrate sensory input and to coordinate motor control. Thus, an important choice point for
developing axons is the Central Nervous System (CNS) midline. Crossing of this choice point is influenced
by highly conserved, soluble or membrane-bound molecules such as the L1 subfamily, laminin, netrins, slits,
semaphorins, Eph-receptors and ephrins, etc. Furthermore, there is much circumstantial evidence for a role
of proteoglycans (PGs) or their glycosaminoglycan (GAG) moieties on axonal growth and guidance, most of
which was derived from simplified models. A model of intermediate complexity is that of cocultures of young
neurons and astroglial carpets (confluent cultures) obtained from medial and lateral sectors of the embryonic
rodent midbrain soon after formation of its commissures. Neurite production in these cocultures reveals that,
irrespective of the previous location of neurons in the midbrain, medial astrocytes exerted an inhibitory or non-
permissive effect on neuritic growth that was correlated to a higher content of both heparan and chondroitin
sulfates (HS and CS). Treatment with GAG lyases shows minor effects of CS and discloses a major inhibitory
or non-permissive role for HS. The results are discussed in terms of available knowledge on the binding of
HSPGs to interative proteins and underscore the importance of understanding glial polysaccharide arrays in
addition to its protein complement for a better understanding of neuron-glial interactions.
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the same side of the body in patterns appropriate for ~ Axon growth encompasses elongation, inter-
a given species. After projecting contralaterally, it stitial branching and terminal branching (Mendez-
is also important that growing axons remain on theOtero et al. 1985, Bhide and Frost 1991, Jhaveri
same side, i.e., avoid recrossing the midline at thest al. 1991) all of which are presumably influ-
same or at a different level of the rostro-caudal axisenced by extracellular signals. Molecular signals
It has been known for several years that normathat direct the different phases of axon growth are
visually-mediated behavior depends on the crossingprimarily unknown; some of these signals may be
at the optic chiasm, of axons from each eye to thantrinsically programmed in the neuron while oth-
opposite side of the brain in a proportion that is ap-ers may be derived from the definite or from an in-
propriate for each species. In goldfish, in which alltermediate target (Review: Kalil et al. 2000) as
optic axons cross normally, visuo-motor responsesvell as by “neighbor pioneer” axons (Henke-Fahle
are severely affected ifipsilateral projections are suret al. 2001). In recent years, considerable effort
gically induced (Easter and Schmidt 1977). In hu-has been made in what concerns the role of solu-
mans, in which about half of the axons from eachble or membrane-linked proteins on axonal/ neu-
eye cross normally, aninborn malformation that pre-ritic growth at the midline (see sectid®me at-
vents the development of the optic chiasm results irtractive and repulsive molecules at the midline).
abnormal visual evoked potentials and faulty sta-lnvestigation on these proteins has often benefited
bilization of visual images on the retina following from complex models generated by genetic technol-
movement of the visual environment (Apkarian etogy, that allow in vivo studies. However, results of
al. 1995). numerous investigations of cell motility and axonal
Disturbances of motor behavior that, althoughsprouting have suggested that glycolipids and other
less dramatic, are still inappropriate for the specieglycoconjugates serve important functions in cell-
are found in rats in which mutations in componentssubstratum interactions and neurite extension (Re-
of a receptor protein tyrosine kinase system inducesiews: Mendez-Otero and Santiago 2001, Santiago
partial recrossing of axons running from the cere-et al. 2001). Such studies have, in general, lagged
bral cortex to the spinal cord — the corticospinal behind those on similarly distributed proteins be-
tract. Although relatively normal by many stan- cause of several technical difficulties.
dards, such animals hop rather than walk, i.e., dis-  The proteoglycans (PGs) and/or their glycidic
play a kangaroo-like motor pattern (Dottori et al. moieties — glycosaminoglycans (GAGSs) — involved
1998, Kullander et al. 2001). in the axon guidance or growth have not been well
The corticospinal tract is also consistently mal- characterized in vivo although itis expected that they
formed in the X-linked hydrocephalus (XLH) syn- are important for several reasons including the in
drome in which more than 80 different mutations vitro binding to chains of GAGs of proteins involved
have been identified in the cell adhesion moleculdn these phenomena (e.g. Bennett et al. 1997).
L1 (L1CAM) (Reviews: Brimmendorf et al. 1998, Recent studies using Drosophila mutants and trans-
Kamiguchi et al. 1998). This syndrome, known by genic mice indicate that, for instance, sulfation of
many names such as X-linked spastic paraplegia, Xheparan sulfate (HS) has important roles in devel-
linked corpus callosum agenesis, etc has a parallel inpmental processes (Lin and Perrimon 1999, Lin et
L1 knock- outrodents by the occurrence of defectsinal. 1999). However, since HS interacts with various
the development of the corticospinal tract and ceremolecules that are essential for early morphogen-
bellar vermis, hydrocephalus and impaired learningesis, transgenic mice and Drosophila mutants that
The loss of L1 function alters both axon guidance,lack proper HS biosynthesis show multiple devel-
particularly at the midline, and neural morphogene-opmental defects (Bullock et al. 1998). Thus, it has
sis but probably by different mechanisms. been difficult to study the role of HS in late devel-
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opmental processes such as the formation of nervBretavan 1997, Kaprielian etal. 2001). Forinstance,
connections. the first retinal ganglion cell axons arriving at the
We review here some recent studies on the efembryonic mouse ventral diencephalon encounter
fects of HS of axonal and glial proteoglycans on thean inverted V-shaped neuronal array defining the
specific events of neuritic growth and guidance atmidline and posterior boundaries of the future optic
the CNS midline against the background of presenthiasm. These neurons express L1, animmunoglob-
knowledge on some of the best characterized attraailin superfamily molecule known to promote reti-
tive and repulsive protein molecules. nal axon outgrowth, CD44, a cell surface molecule
that inhibits embryonic retinal axon growth in vitro
and a neuronal subpopulation expressing SSEA-1.
Incoming retinal axons do not penetrate this
Information about the role of the midline on the con- L1/CD44/SSEA-1 neuron array, but turn to estab-
trol of axon navigation comes from several sites butlish the characteristic X-shaped optic chiasm along
the best documented example in the vertebrate CNfhe anterior border of this array. It has been hy-
is the spinal cord floor plate (Bovolenta and Doddpothesized that L1/CD44 neurons may serve as an
1990, Bernhardt 1994), a set of primitive glial cells anatomical template for retinal axon pathways at the
also recognized in the lower brainstem (Kingsburyembryonic mouse ventral diencephalon.
1930), where commissural axons traverse, turningat ~ The roof plate localized at the dorsal midline
its contralateral border (Bovolenta and Dodd, 1990).0f the spinal cord, midbrain and diencephalon has
Labeling of the commissural growth cones revealgbeen described as a transient barrier for axonal elon-
changes in their morphology as they encounter disgation (Jhaveri 1993). The resident radial glial cells
tinct regions of the pathway, again suggestingof the roof plate suffer changes in their arrangement
some contact-mediated mechanism at the midlin@nd density and express selectively certain ECM
(Bernhardt 1994, Imondi and Kaprielian 2001). It molecules, such as keratan and chondroitin sulfates.
is expected that at choice points there is differentialThe presence of these GAGs plus the behavior of
expression of cell adhesion or extracellular matrixdorsal root ganglion axons growing on a substrate
(ECM) molecules and it is known that the residentcontaining keratan and chondroitin sulfate has led
cells at the midline produce molecules that both di-to the suggestion that glial cells at the roof plate
rect, promote and/or inhibit axon growth across themay be responsible for preventing crossing of neu-
midline (Review: Kaprielian et al. 2001). rites through the dorsal midline (Snow et al. 1990a).
The notochord and floor plate are not clearly However, it is not clear whether the roof plate has
defined in morphological terms at the ventral mesensimilar properties along its entire rostro-caudal axis
cephalon (ventral midbrain) and diencephalon mid-since the diencephalic roof plate (subcommissural
line in comparison with the rombencephalon (hind-organ), together with the rombencephalic floor plate
brain) and spinal cord (Kingsbury 1930) but thereare the source of secretory compounds of related na-
is evidence that similar mechanisms control mor-ture that are not produced in any other level of the
phogenesis (Puelles 1995) as well as axon growttioof or floor midline (Yulis et al. 1998).
and guidance at these levels. In the diencephalon It has been known for some time that non-
and midbrain midline, congregations of specializedneuronal cells in the dorsal brain stem midline differ
glial cells (Barradas et al. 1989, Snow et al. 1990afrom their lateral neighbors in their ability to take
Marcus and Mason 1995, Marcus et al. 1995, Wu etp exogenous label borne by afferent axons (Bar-
al. 1995), transitory neurons (Sretavan et al. 1994radas et al. 1989, Kageyama and Robertson 1993)
Marcus et al. 1995) and a growing number of mo-as well as in glycogen deposition, binding of anti-
lecules have been identified (Reviews: Mason andodies against S-100 protein, RC1 and R2D5 anti-

THE MIDLINE OF THE CENTRAL NERVOUS SYSTEM
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gens, cytoskeletal components and annexins (Vateast four fibronectin type Ill repeats, and highly
Hartesveldt et al. 1986, Barradas et al. 1989, Snoveonserved cytoplasmic domains. L1 is predomi-
et al. 1990a, Mori et al. 1990, McCabe and Colenantly expressed in the developing CNS and periph-
1992, Hamre etal. 1996, Wu etal. 1995). Itis inter-eral nervous system. Homophilic L1-L1 binding be-
esting to notice that both the floor plate and the rooftween adjacent membranes of neurons is probably
plate at both cord and midbrain (median ventricularthe most common mode of action, and the second Ig-
formation) levels, together with the lamina termi- like domain in the L1 extracellular domain (L1ED)
nalis, are part of the discrete embryonic sites conis sufficient to mediate homophilic adhesion. How-
taining cells which have exited the cell cycle very ever, a variety of heterophilic binding partners for
early during embryogenesis (Raedler et al. 1981] 1 have also been identified such @b andg3 in-
Kahane and Kalcheim 1998). It has been hypothetegrins whose binding can promote neurite growth
sized that this early withdrawal from the cell cycle from dorsal root ganglion neurons. It is also clear
contributes to modeling the morphology of the SNCthat L1 functions as a signal-transducing receptor
(Kahane and Kalcheim 1998). and can influence growth cone and cell migration

behavior in response to ligand binding (Brimmen-
SOME ATTRACTIVE AND REPUL SIVE MOLECULES dorf et al. 1998).

AT THE MIDLINE A detailed examination of the corticospinal

Studies of midline crossing in the invertebrate ven-tract in L1 deficient mice revealed that this protein
tral cord and in the vertebrate spinal cord have prois important for the guidance of corticospinal axons
vided a wealth of information applicable to the in- across the pyramidal decussation at the hindbrain/
terpretation of the molecular mechanisms involvedspinal cord boundary. In one type of LI-deficient
in the elongation mode. This information has beenmice, corticospinal axons appear to extend normally
often reviewed in excellent texts (Cf., for instance, to the caudal medulla, at the decussation; however,
Tessier-Lavigne and Goodman 1996, Fitch and Sil-only very few axons grow to the contralateral dor-
ver 1997, Dow and Wang 1998, Brose and Tessiersal column (Cohen et al. 1998), as in the normal
Lavigne 2000, Kaprielian et al.2001, Ba-Charvetprojection. Instead, many axons grow ventrally and
and Chédotal 2002) and only a few comments, withenter the contralateral pyramid although this error
potential relevance to the function of proteoglycans,may be corrected later in development. In another
will be mentioned here. Families of guidance mo-L1 knock-out mouse, a decreased size of the corti-
lecules that are remarkably conserved in structure€ospinal tract at the level of the caudal medulla was
and function in vertebrates and invertebrates are thebserved (Dahme et al. 1997), a finding that may be
L1 subfamily (members of the immunoglobulin su- related to a role of L1 in neurite fasciculation.
perfamily), laminin, netrins, semaphorin and Eph It is unclear whether L1 is essential for other
(erythropoietin-producing hepatocellular) recept-commissural pathways (e.g. optic chiasm and the
ors- ephrin (Eph-receptor-interacting proteins) fam-spinal cord ventral commissure). Early work in the

ilies. rat reported that commissural axons start to express
L1 only after crossing the midline (Dodd etal. 1988)
L1 SusrAmILY whereas in the chick both ipsi- and contralateral por-

The L1 proteins subfamily comprises four verte- tions of commissural axons express a closely related
brate members — L1, neurofascin, NrCAM (neuron-CAM protein (Shiga et al. 1990). However, recent
glia cell adhesion molecule related cell adhesionreexamination of this presumptive species variation
molecule), and CHL1 (close homologue of L1) —andindicated that L1 was expressed on rat commissural
two invertebrate members — neuroglian and tractinaxons in a pattern similar to that observed in the
They are characterized by six Ig-like domains, atchick (Tran and Phelps 2000). It is interesting to
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notice that many axons of the late-developing dor-tion of laminin and poor neurite growth-supporting

sal spinal commissure also express L1 (Orlino et alwhereas astrocytes originating from lateral midbrain
2000). Another remarkable fact is that both axonssectors exhibited a fibrillary distribution of laminin

that course through the ventral midline areas anc&ind an exemplary propensity to support neurite
specialized glial formations that occur at this site,growth. To our knowledge, there are no other ex-
including the floor plate in the spinal cord, the hind- amples on functionally-related patterns of laminin-
brain and midbrain, the optic chiasm, and the meimmunoreactive structures at the midline. It should
dian eminence in the forebrain are immunoreactivebe noted, in passing, that punctate and fibrillary pat-
for Nr-CAM, a member of the L1 subfamily (Lustig terns of laminin immunoreactivity have also been

etal. 2001). observed in reactive astrocytes that express GFAP
(laminin punctate pattern) and GFAP-null mutants
LAMININS (laminin fibrillary pattern) in correlation with their

The laminins are a 15 member family of large cru- permissive and non-permissive nature, respectively
ciform glycoproteins (Timpl et al. 1979) containing (Lefrancois et al. 1997, Tardy 2002).

five differenta chains ¢1 — «5) of 200-400 kDa

which combine withg (220 kDa) andy (210 kDa) ~ ETRINS

chains into disulfide-bonded heterotrimers. The C-Netrins, proteins of about 600 aminoacids, related
terminal globular domains of the chain are criti- to but smaller than laminins, and their receptors,
cal for driving laminin polymerization and heparin termed DCC (product of the gene Deleted in Colo-
binding (Yurchenco et al. 1985, 1990). Severalrectal Carcinoma), are bifunctional guidance cues
other ECM molecules may bind laminin through (Fazeli et al. 1997). Netrin 1 is produced by floor
these globular domains, such as perlecan @and plate cells at the spinal chord midline and is re-
dystroglycan (Talts et al. 1999). In the central quired as an attractant of commissural axons from
nervous system, laminins are produced by astroglighe dorsal spinal cord and as a repellent of axons
(Liesi and Silver 1988) and neurons (Zhou 1990)that migrate away from the midline (Colamarino
and their potent axon growth and guidance capaciand Tesser-Lavigne 1995, Varela-Echavarria et al.
ties have been demonstrated repeatedly in tis1997). Both attractive and repulsive responses of
sue culture assays (Luckenbill-Edds 1997). Accord-axonal growth cones to Netrin-1 seem to be medi-
ingly, laminin immunoreactivity has been describedated, at least partially, by DCC and require the pres-
along acellular spaces where future fiber bundleence of extracellular calcium (Ming et al. 1997).
will form, increasing in expression during the stageBoth laminin-1 from ECM and low levels of cyclic
when many nerve fibers are navigating to their tar-AMP in growth cones convert netrin-mediated at-
gets (Zhou 1990). Nevertheless, laminin togethetraction into repulsion (Hopker etal. 1999). Netrins
with putative inhibitory molecules such as chon- and their receptor DCC bind heparin, indicating that
droitin sulfate and tenascin-C, forms “tunnels” that GAGs may modulate their biological actions in a
constrain anterior commissure axons as they crossimilar fashion as described for several other ligand-
the midline (Pires-Neto et al. 1998). receptor systems (Kappler et al. 2000).

It is possible that differences in tertiary or qua-
ternary structure of laminin should be of higher
biological significance than its mere presence. InNegative guidance molecules are importantfor guid-
anin vitro model of glia-neurite interactions at ing the growth of axons and ultimately for deter-
the midbrain midline, Garcia-Abreu and coworkers mining the wiring pattern in the developing nervous
(19954, b) showed that astrocytes derived from mesystem. It is interesting to notice that studies of the
dial midbrain sectors presented a punctate distribuarborization mode of axonal development led to the

SLIT
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discovery of a repulsive guidance system that precorpus callosum. That suggests that callosal neu-
vents inappropriate axons from crossing or recrossrons are sensitive to slit proteins prior to midline
ing the CNS midline (Brose and Tessier-Lavignecrossing (Bagri et al. 2002), thus differing from
2000). This repulsive system, identified from ge- contralaterally-projecting axons in the spinal cord
netic studies in Drosophila, is mediated by secretedZou et al. 2000). In late embryos of mice carrying
ligands — slit — and their Roundabout (Robo) recepdoss-of-function alleles of botHit1 andSit2, most
tors. Three distinct slit geneSl{t1, Sit2 andSit3)  cortical fibers that enter the internal capsule are di-
and three distinct robo geneslfol, robo2 andrig-  rected to a ventral position toward the midline, some
1) have been cloned in mammals. The mammaliarof which cross it, turn around and return toward the
homologues of slit are ligands of the heparan sulmidline while other axons cross in a large ectopic
fate proteoglycan (HSPG) glypican-1 (Liang et al. commissure (Bagri et al. 2002).
1999, Ronca et al. 2001). Axons that encounter a gradient of inhibitory
In collagen gel cocultures, slitl and slit2 can proteins tend to tight axon fasciculation and avoid
repel and collapse olfactory axons in explant cul-aberrant growth into inappropriate sites. In addi-
tures and this repulsion involves heparan sulfate (Hdion to slit, families of molecules that cause growth
2001). In addition to a repulsive effect, there is acone collapse have been identified, including sema-
branching effect associated with slits (Ba-Charvetphorins and ephrins.
and Chédotal 2002), as slit2 stimulates the forma-
tion of axon collateral branches by NGF-responsiveSEMAPHORINS
neurons of the dorsal root ganglia (DRG). Interest-The semaphorins form a large family of signaling
ingly, slit is found at both the floor and the roof molecules that have been known for some years
plate (Kaprielian et al. 2001), thus, in positions toto repel or, less often, to attract specific axons in
discourage axons to cross the dorsal midline and teulture and/or to affect axon guidance in vivo (Re-
prevent recrossing of the ventral midline. views: Raper 2000, Tamagnone and Comoglio
Slit 2 is expressed in the preoptic area while2000). Semaphorins can be distinguished by their
slitl is expressed at the optic chiasm (Erskine ebiochemical structures as being secreted, membrane
al. 2000) and the latter may be partially respon-glycosylphosphatidyl— inositol (GPI)-anchored or
sible for the growth-reducing effect of chiasmatic transmembrane molecules. Semaphorins function
cells (Wang et al. 1995). Disruption of bo8itl  through receptors consisting of plexins (transmem-
andSit 2genes in mice causes many defects such asrane semaphorins) or neuropilin-plexin complexes
the development of a large additional, rostral chiasmsoluble semaphorins and neuropilin-1 and/or neu-
(loss of slit 2), the appearance of retino-retinal pro-ropilin 2).
jections and ectopical extension of axons dorsally ~ The clearest demonstration that ipsilateral and
and laterally to the chiasm but maintenance of bothcontralateral axons from a given pathway may re-
an ipsilateral and a contralateral projection (Plumpspond differentially to a diffusible semaphorin has
etal. 2002). Thus, it appears that slit proteins havebeen obtained for tecto-bulbar (ipsilateral) and tecto-
no true guidance function in contrast, for instance,spinal (contralateral) axons of the chick brain in
with slit at the midline of the Drosophila ventral their response to semaphorin 3A (Henke-Fahle et al.
cord. 2001). The conclusion, obtained from cocultures of
The loss of slit expression may result in com- explants from the tectum and the (diencephalic) site
plex consequences in the trajectory of forebrainof origin of axons of the medial longitudinal fascicle,
tracts, since slit 2 appears to be expressed by radias that this fascicle is the source of semaphorin 3A
glia and diffuse to their processes in the ventral forethat repels the neuropilin-1-expressing tecto-bulbar
brain, and few axons cross the midline through thefibers. Molecules of the slit family appear not to be
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involved in the discrimination between (chick) mid- considered in all vertebrate classes (Orioli and Klein
brain axons destined to cross the midline ortoremairi997, Holder and Klein 1999) but also identified in
ipsilateral at very early stages such as the time ofC. elegans (George et al. 1998), Drosophila (Scully
development of tecto-bulbar and tecto-spinal fiberset al. 1999) and even in a sponge (Suga et al. 1999).
According to Henke-Fahle and coworkers (2001)The Eph receptors-ephrins group contains at least
outgrowth from tectal explants is unaffected by the14 different receptors and 8 ligands that are divided
floor plate and/or slit 2, raising the possibility that into two subclasses: 1. The EphA receptors that
there are species-specific differences with respect tmteract preferentially with GPl-anchored, A-class
the relative contribution of slit and semaphorins toephrin ligands and EphB that interact preferentially
axon guidance atthe midline. Indeed, previous workwith transmembrane B-class ephrin ligands. Within
in the rat had suggested that the floor plate at all axiakach subclass, receptors bind to more than one lig-
levels displayed both chemoattractive and chemoreand and ligands can activate more than one receptor,
pellent activities (Tamada et al. 1995). Interest-with the Eph A4 receptor being able to bind sig-
ingly, Zou et al. (2000) have shown that Slit-2 and nificantly to some of the transmembrane ligands, in
two semaphorin proteins (Sema 3B and Sema 3Faddition to all of the GPI-linked ligands. Further-
contribute to repelling commissural axons that havamore, recent evidence suggests that both EphA re-
crossed the midline floor plate at the spinal cord, di-ceptors and GPIl-anchored ephrin-As can function as
recting them away from the ventral gray matter andreceptors and play important roles in development of
into the surrounding fiber tracts. the retinotectal and vomeronasal projections. Data
As mentioned previously, defects of the corti- from neuronal and non-neuronal cell lines indicate
cospinal tract in humans have often been attributedhat EphAs and ephrin-As activate the same signal-
to mutations in the gene encoding L1 CAM, a phe-ing pathways but in opposite directions (Knéll and
notype that is reproduced in L1-deficient mice. It is Drescher 2002).
interesting to notice that Sema3A secreted fromven-  One of the first evidence implicating Eph re-
tral spinal cord explants repels cortical axons fromceptors — EphB2 — in axon guidance in the embryo
wild-type but not from L1-deficient mice. L1 and came from targeted mutation studies in the mouse
neuropilin-1 (NP-1) form a stable complex and their (Henkemeyer et al. 1996). An embryo homozygous
extracellular domains can directly associate (Castelfor loss of EphB2 function lacked part of the anterior
lani et al. 2000). commissure and the loss of commissural axons was
With regard to a role for semaphorins mediatedeven more dramatic in mice null for both EphB2
by the receptor neuropilin 2, several central tracts inand EphB3 (Orioli et al. 1996). However, as the
cluding the anterior commissure presented markedeurons of origin of the anterior commissure do not
defects in neuropilin-2 loss-of-function mutants, to- express EphB2, the authors suggested that the phe-
gether with several cranial nerves, the initial centralnotype might reflect loss of signaling through the
projections of spinal sensory axons, etc (Chen et aligand to which it normally binds.
2000). To our knowledge, there is no evidence fora  Mice with a null mutation of the Eph A4 gene
role of anchored- or transmembrane semaphorins ialso presented deficiencies in the anterior commis-
control of axon growth and guidance at the midline.sure but their most noticeable trait was an abnor-
mal locomotion pattern, described as a kangaroo-
EPH RECEPTORS AND EPHRINS like gait that resulted from an aberrant cortico-spinal
One group of putative guidance molecules that isiract (Dottori et al. 1998). This tract commands
amongst the most intensely studied at present is thatoluntary movement by ultimately connecting the
formed by the Eph family of receptor tyrosine ki- motor cerebral cortex with interneurons and spinal
nases and their ligands (ephrins), more extensivelgord motoneurons in the contralateral side (Kuypers
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1981). In the normal tract, axons from each side ofto the floor plate, but is highly expressed on those
the cortex proceed to the caudal medulla where moséixonal segments that have crossed the ventral mid-
of them cross or decussate the midline to the conline. Moreover, all three transmembrane ligands
tralateral side, descending via the dorsal funiculusollapsed commissural growth cones, in vitro, thus,
of the spinal cord in rodents and other non-primatereinforcing the notion that ephrin-B class ligands
mammals. More recently, it has been demonstratednd EphB1 constitute a contact-mediated, repulsive
that ephrin B3 knock-out mice presented the samenidline guidance system (Imondi et al. 2000, Ka-
abnormal locomotion pattern and recrossing of theprielian et al. 2001).
cortico-spinal tract at the cord midline as Eph A4 The momentous issue of involvement of the
knock-out mice (Kullander et al. 2001). Thus, bind- Eph receptor-ephrins system in the establishment of
ing of ephrin B3 to Eph A4 receptors provides the the retinotopic map in the midbrain tectum has per-
repulsive signal that prevents axons from recrossindiaps demoted the role of this system in the crossing
the midline. of the midbrain midline. However, targeted disrup-

Eph-related receptors of the A subclass andion of the EphA8 receptor results in an abnormality
their ligands appear also to be implicated in the in-in the projection of axons leaving the superior col-
hibition of retinal neurite growth, particularly of un- liculus of the midbrain which contains normally a
crossed neurites, by hypothalamic neurons and gliaubset of neurons expressing EphA8. In mice with a
at the optic chiasm (Marcus et al. 2000, Cf. alsodisrupted EphA8 gene, most of the projections from
Wang et al. 1995). Blocking of Eph A subclass in- the superior colliculus are normal, but there is a re-
teractions reduces both the inhibition and the differ-duction in axons projecting to the contralateral in-
ential response or retinal neurites in hypothalamiderior colliculus. Instead, a new projection appears
cells aggregates, with ephrin Al binding suggestdn the ipsilateral spinal cord, implying an effect on
ing a preferential repulsive response of a chiasmatiaxon guidance (Park et al. 1997). Candidate lig-
radial glial palisade (Marcus and Mason 1995, Mar-ands for EphA8 that might be involved in this guid-
cus et al. 1995) and EphA2 and EphA5 bindingance include ephrin-A2 and ephrin-A5, particularly
suggesting a selective response of the chiasmatiephrin-A5, postulated as providing a posterior bar-
CD44/ SSEA neurons (Sretavan etal. 1994, Marcusier that could normally prevent axons with EphA8
et al. 1995). Interestingly, ephrin B2 labeling con- from growing caudad and, thus, divert them to the
centrates in the region overlapping the radial gliacontralateral inferior colliculus (Park et al. 1997).
midline palisade (Marcus et al. 2000). It has, inAtthe present time, it is known that both ephrin-Al
fact, been postulated that the presence or absence ahd ephrin-A4 ligands bind efficiently to the EphA8
ipsilateral projections from the eye to the brain in areceptor expressed in fibroblasts (Choi et al. 1999)
given species is related to the Eph receptor- transbut it is not known whether this fact has any func-
membrane ephrin system (Nakagawa et al. 2000)}ional relevance for axon growth and guidance at the
Ephrin-B is found in the chiasm of mammals, which midbrain midline.
have ipsilateral projections, but not in the chiasm of
fish and birds, which do not have such projections, RECEPTOR TYROSINE PHOSPHATASES

Imondi and coworkers (2000) demonstratedPhosphotyrosine signaling is finely regulated by
that all three Eph family transmembrane ligands,the action of multiple protein tyrosine kinases and
ephrin-B1, ephrin-B2, and ephrin-B3, are expressegrotein tyrosine phosphatases, many of which are
in the floor plate region of the spinal cord receptor-like molecules (receptor-like protein tyro-
with ephrin-B3 mRNA being highly restricted to sine phosphatases, RPTPs) and most of these are
the midline. Furthermore, a receptor for thesehighly expressed in developing nervous systems
ligands is absent on commissural axons en rout¢Review: Stoker 2001). These receptor-like RPTPs
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are composed of an extracellular domain, a singldive abundance of the different forms of the
transmembrane domain, and a cytoplasmic portiomolecule. Responses may also vary depending on
that contains one or two tyrosine phosphatase dothe receptors available in particular neurons as well
mains. RPTPs often reside in axonal shafts as welas on extracellular binding proteins such as tenascin.
as in the membranes of growth cone lamellipodiaAt the present time, the function of RPBPphos-
and filopodia strongly suggesting roles in nerve dephacan in brain development is rather enigmatic, as
velopment. there seems to be no obvious brain abnormalities
RPTR (also known as PTH) and RPTR are  in mice deficient in the three isoforms of RPAP
two members of a subfamily of RPTPs that con-(Harroch et al. 2000).
tain a region in their extracellular domains that has In Drosophila, loss of function of the
sequence homology to the enzyme carbonic anhygeneDPTP69D causes breaks in longitudinal mid-
drase (CAH) (Barnea et al. 1994, Stoker 2001).line fascicles as well as growth of longitudinal axons
Three different isoforms of RPTPare expressed across the midline. This phenotype is greatly en-
as a result of alternative mRNA splicing: a short hanced when botBPTP69D andDPTP10D func-
and a long transmembrane forms and a secretetions are lost and is massively enhanced if the four
form composed of only the extracellular domain of genesDLAR, DPTP69D, DPTP10D andDPTP99A
RPTRB, also known as 3F8 proteoglycan or phos-are all mutated. Thus, it has been suggested that
phacan. Both transmembrane RPBEPand the Drosophila RPTPs are essential for transmission of
phosphacan isoform are predominantly expressethe repulsive signal from Slit (Sun etal. 2000). Loss
as chondroitin sulfate proteoglycans (Maurel et al.of function inDrosophila RPTP genes causes defas-
1994). ciculation and aberrant axon branching into incor-
Phosphacan binds to the cell adhesion movect territories at the midline whereas loss of func-
lecules, N-CAM, L1, and TAG-1 (Milev etal. 1994, tion in motor axons results in tighter fasciculation
1996). Phosphacan binding to TAG-1 dependsand failure to branch into correct, new territories.
largely upon the presence of its chondroitin sulfateThat suggests that the cellular role of a given RPTP
chains since soluble chondroitin sulfate is an ef-may be dependent on its specific cellular context.
fective inhibitor of phosphacan-TAG-1 interactions RPTR, aphosphatase thatinteracts homophili-
(Milev et al. 1996). cally causes attractive turning of neurites from fore-
The three isoforms of RPTPare expressed brainneuronsin culture, thatisindependent of cyclic
throughout the developing and adult nervousnucleotide influences. RPFPNRNA has been de-
system. Interestingly, RPH? phosphacan is also tected in the rat floor plate while RPTPMRNA
found in certain locations during development suchwas identified first in the roof and then in the lateral
as the roof plate (Meyer-Puttlitz etal. 1996), a struc-edges of the floor plate (Sommer et al. 1997). It
ture that axons avoid for an extended developmentalemains to be determined which roles these recep-
period (Smith 1983, Orlino et al. 2000), in apparenttor tyrosine phosphatases have in axon growth and
contradiction to an induction of neurite outgrowth guidance at the midline.
through contactin and Nr-CAM. Sakurai and
coworkers (1997) remarked that such a discrepancy
was due to the roof plate of the spinal cord being
deficient in adhesion molecules in general while theA very large number of different proteoglycans is ex-
fiber tracts have arich assortment of CAMs (see alspressed in the CNS and a variety of these molecules
Faissner et al. 1994, Garwood et al.1999). Therehave beenimplicated in the regulation of neurite out-
fore, it is likely that RPTIB/ phosphacan differen- growth during development and regeneration (Re-
tially affects neurite growth depending on the rela-views: Bandtlow and Zimmermann 2000, Hartmann

PROTEOGLYCANSAND GLYCOSAMINOGLYCANS
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and Maurer 2001). Proteoglycans consist of cord_ander 1999). Heparan sulfate chains can vary in
proteins and covalently attached GAGs side chainstength, epimerization of glucuronic acid to iduronic
GAGs are linear polysaccharides of 2@00 sugars  acid, overall sulfation of the chains, and position of
in length, built by sequential addition of identical sulfation of the monosaccharides.
disaccharide units onto a characteristic linkage re-
gion (Lander 1993). Three types of disaccharideNON-NEURONAL CS/KS/DSPGs MODULATION OF
may be used, giving rise to three families of GAGs: NEURITE GROWTH AT THE MIDLINE AND OTHER
the heparin/ heparan family, the chondroitin/ der-STES
matan family, and the keratan family. The sugars ofThe notion that proteoglycans or, more precisely,
most GAGs are further chemically modified, e.g.,that CSPGs may contribute to a barrier function at
by O- or N-sulfation, and GAGs are subsequently the SNC midline can be dated to the seminal work
referred to as chondroitin sulfate (CS), dermatan sulef Snow et al. (1990a), detailing the developmen-
fate (DS), keratan sulfate (KS), heparin, and hepararal cytological changes in the cord roof plate in rat
sulfate (HS) (Lander 1993, Lander et al. 1999).embryos, a site avoided by dorsal root ganglion ax-
However, core proteins are not just scaffolds forons (Smith 1983), and reporting on the presence of
GAGS; they contain domains that have specific bi-a keratan sulfate-like immunoreactivity in the roof
ological activities (lozzo 1998). plate. The same epitope disappeared from the dorsal
Most PGs that are constituents of ECM in the midline of the spinal cord at the time of formation of
mature brain are hyalectans (hyaluronic and lectirthe dorsal commissure (Smith 1983, Cf. also Orlino
binding PGs) or lecticans and carry mainly CS sideet al. 2000) and was detected in the dorsal midline
chains (CSPGs). There are also some sequence simf the optic tectum in neonate hamsters (Snow et al.
ilarities in the genes encoding hyalectans and CD441990a) during the growth of retinal axons (Frost et
a transmembrane glycoprotein that is the main celll. 1979), a population that must be prevented from
surface receptor for hyaluronic acid (HA) and car-crossing the midbrain midline. In asubsequentanal-
ries a variable number of CS side chains. CDA44ysis employing nitrocellulose-coated culture dishes
has 10 or more different isoforms, with variable as a substratum to attach laminin (or N-CAM) and
abilities to bind HA or heparan sulfate (Piepkorn proteoglycans of interest, the behavior of the main
et al. 1999). Other secreted PGs are the keratartarget population —dorsal root ganglion (DRG) neu-
containing and keratan-devoid variants of the sol-rons —in explant cultures was evaluated and showed
uble form of RPTR phosphatase or phosphacana general inhibitory effect of KS/CS-PGs, DS-PG
and its mouse homologue DSD1 (Faissner et aland, in much smaller measure, of a chondrosarcoma
1994, Garwood et al. 1999). In the developingtumor cell CS-PG, devoid of KS and predominantly
mammalian brain, aggrecan family proteoglycans4-sulfated (Snow et al. 1990b). It is interesting
phosphacan/RPTR &, and neuroglycan C (NGC) to notice that Dou and Levine (1995) showed sub-
are the major classes of chondroitin sulfate proteosequently that chondroitin 4-sulfate (CS-4), CS-6
glycans (Oohira et al. 2000). and KS inhibit neurite outgrowth from both cere-
HS side chains are covalently attached to a probellar and DRG neurons on laminin-coated surfaces
tein core in HS proteoglycans (HSPGs) which maywhereas DS and HS had no effect on these neurons
belong to one of three broad classes: (1) those assonder similar conditions.
ciated with the cell membrane and which may have  Additional work by Snow and coworkers
a GPI anchor such as the glypicans; (2) the trans¢1996) showed that soluble CSPGs (versican-like,
membrane forms such as the syndecans; (3) thosgggrecan-like, etc) at different concentrations inhib-
HSPGs that are secreted by cells and located in thiged neurite outgrowth from DRG neurons and de-
ECM such as perlecan (lozzo 1998, Sanderson andreased the rate of neurite elongation on afibronectin
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substratum but had little or no effect on neurite ini- ciculated axons was totally devoid of CS-6 which
tiation or outgrowth on a laminin substratum. How- was, however, present in the surrounding regions
ever, not all neurite inhibitory effects of CSPGs (Cf. also Pires-Neto et al. 1998).
should be attributed to CS. Forinstance, CSchainsof ~ An analysis of axon routing at the embryonic
CSPG-enriched fractions such as brevican and versimouse optic chiasm after enzymatic removal of
can V2-enriched fractions from bovine myelin con- chondroitin sulfate from living slices showed sev-
tribute only to a minor extent to the inhibition of neu- eral age-related errors. At an early stage there was
rite growth of cerebellar neurons and the major ac-crossing of the midline at aberrant positions includ-
tivity seems to reside in the protein cores (Niederésing formation of a retino-retinal pathway, at an in-
etal. 1999). termediate stage there was abolition of the transient
Unilateral application of a mixture of soluble ipsilateral projection from the central retina, and at
CS-4 and CS-6 to the exposed brain of stage 2& late stage there was marked reduction of the ipsi-
Xenopus embryos caused navigation errors of a suldateral projection from the temporal retina (Chung
population expressing NOC-2, a novel glycoform of et al. 2000). At any stage, there were increases
the neural celladhesion molecule, of forebrain axonsn the area and complexity of growth cones both in
within the tract of the postoptic commissure (TPOC premidline and postmidline sites. Interestingly, al-
—Anderson et al. 1998). Interestingly, immunore-though retinal fibers express L1, such pathfinding
active native proteoglycans containing CS-4 or CS-defects had not been apparent in L1 mutant mice
6 were widely expressed in the untreated XenopugCohen et al. 1998). It remains to be determined
brain and neither delineated channels, pathways, diow the CS moieties of PGs modulate axon routing
specific choice points. In spite of that, exogenousat the optic chiasm.
CS caused misrouting in ways that differed from In view of the experimental evidence for a mid-
those of NOC-2 mutants, interfering with crossing line barrier to retinal axons at the midbrain tectum
of the ventral midline in the preexistent ventral com-in mammals (Barradas et al. 1989, Jhaveri 1993), a
missure to join the contralateral TPOC. Navigationalsimplified system was developed by Garcia-Abreu
errors were either persistentlongitudinal growth intoand coworkers (1995a,b) to test the behavior of em-
the ventral longitudinal tract or, less often, prema-bryonic midbrain neurons on astroglial substrates
ture exit from the ipsilateral TPOC and dorsad ex-derived from medial and lateral sectors of the embry-
tension into the diencephalon or midbrain. It wasonic (E14) midbrain (Fig. 1). Furthermore, correla-
not verified whether navigational errors were re-tions were sought between the outgrowth-inhibitory
stricted to the subpopulation expressing NOC-2, bu{medial astrocytes) and outgrowth-promoter (lateral
it was clear that axon elongation was neither inhib-astrocytes) of these relatively immature glial cells to
ited nor promoted. Forthisand otherreasons, the autheir content of sulfated glycosaminoglycans (Ta-
thors proposed that exogenous chondroitin sulfateble | - Cf. also Garcia-Abreu et al. 1996) and re-
affected axon guidance by competing off a boundvealed that midbrain medial astrocytes synthesize
molecule, possibly netrin 1, from native CSPGs.about 165 times more [extracellular + pericellular]
However, this hypothesis was not tested further (An-CS per unit time than lateral astrocytes. A similar
derson et al. 2000). ratio (medial/ lateral) was also found for the entire
It should also be mentioned, in passing, thatcomplement of sulfated GAGs in comparisons of
axonal response to CS-4 and CS-6 might differ inthe entire tectal midbrain tissue of neonate hamsters
some commissural systems (Fernaud-Espinosa et gHoffman-Kim et al. 1998). These authors also
1996). CS-4 was localized within the pathway of demonstrated that PG cores are expressed at similar
growing, neurofilament-reactive axons of the rat anelative levels in midline and lateral tectum includ-
terior commissure, while the course of tightly fas- ing those with molecular masses similar to those of
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NG2 and neurocan, considered as responsible for thigon of excess soluble CS disrupt CS-mediated bind-
inhibitory activities of the astrocytic Neu7 cell line ing of molecules that need not themselves be PGs
(Fidler et al. 1999) and reactive astrocytes (Asher(See also Emerling and Lander 1996). At present,
et al. 2000), respectively. It would be of interest to there are no clues about the identity of such pre-
verify the control of axonal growth and guidance atsumptive molecules since, for example, there is no
the spinal cord (and midbrain tectum) dorsal midlineexcess of tenascin-C in medial astrocytes with re-
development of reactive gliosis in neurocan knock-spect to the outgrowth-promoting lateral astrocytes
out animals which, presumably, present no majorGarcia-Abreu et al. 2000). It should be men-
changes in brain development (Zhou et al. 2001). tioned, in passing, that treatment of lateral astrocytes
with chondroitinase AB@ecr easesnoticeably their
promotive ability for neuritic growth in comparison
with the effect in medial astrocytes and that the ex-
cess of soluble CS-4 does not mimic as precisely
this effect, causing more complex, concentration-
dependent but non-linear effects (Mendes et al.
2002).

L It has been occasionally argued that the true
effects of astrocytic CSPGs could not possibly be
ascertained in conventional cell cultures in which
the extracellular CSPGs would not be retained at
the cell surface and would be greatly diluted by
the medium (Asher et al. 2000, Cf. also Ichijo
and Kawabata 2001). The interpretation is that in

Fig. 1 - Photographic montage of a Nissl-stained thick coronalthr€€-dimensional cultures, as well as in the diminu-

section through the E14 mouse midbrain to illustrate the regiondiVe extracellular space of the mature brain, CSPGs

removed for glial cultures (dashed lines — Cf. also Garcia-AbreuWould be trapped between the cells, where they
etal. 1995a,b, 2000). Maximal dorso-ventral dimension is aboutWoUld beina positionto interfere with access to neu-

1 mm. Reproduced from Onofre et al. 2001. Braz J Med Biol "t€ outgrowth-promoting molecules on astrocytes.

Res 34: 251-258. Abbreviations: M = medikl= lateral. That may well be true for the adult, injured brain

and antagonizing it may represent a way to promote
Attempts to verify whether the higher content functional recovery after brain or spinal cord injury
of CS in medial midbrain astrocytes was responsi{Moon et al. 2001, Bradbury et al. 2002). How-
ble for their outgrowth-inhibitory properties did not ever, the opposite effects of chondroitinase ABC on
confirm this hypothesis (Garcia-Abreu et al. 2000).growth-modulating activities of lateral and medial
Neurons growing on medial glia previously treatedglia points out to a heterogeneous distribution of
with chondroitinase ABC underwent only a very CSPGsthemselves in our system and/ or to attractive
minor increase in the proportion of cells bearingor repulsive proteins to which they attach. Again, it
neurites and in the total length of these processess interesting to recall that the DSD-1 proteoglycan
more precisely, in the length of the largest neu-(mouse homologue of phosphacan) displays oppos-
rites (95th percentile). However, the same tendencyng effects on neurite outgrowth dependent on neu-
was observed by the addition of an excess of CSronal lineage, showing a CS/ DS dependent growth-

4 (Mendes et al. 2002), the major GAG in mid- promoting effect on neurites of E-14 midbrain and

brain glia (Onofre et al. 2001). Thus, it is possi- E-18 hippocampal neurons and a growth-inhibitory

ble that both the enzymatic treatment and the addieffect on embryonic dorsal root ganglion neurons
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TABLE |

Distribution of amountsof #S-labeled CSglycosaminoglycansfrom thepericellular
(P) and extracellular (E) compartments of medial and lateral glial cultures.

P+E Ratio P/E| Ratio M/L
(countings)| (P+E)

Lateral 2549 0.03
CS 1.65
Medial 4201 0.42
(Faissner et al. 1994, Garwood et al. 1999). rons with neurites and the length of these neurites

on a substratum of L1+HS (10g/ml) was half of
the respective values for the same neurons on a L1
(only) substratum. For comparison, similar values
for CS-6 were obtained only after adding this GAG
Little information is available on the older literature at 100fold concentration (L1+CS-6 (1 mg/ml)).
for a role of HSPGs on axon growth and guidance  |n our work on the compartmental distributions
at the midline. Both the older and the current lit- of GAGs in medial and lateral midbrain glia, it was
erature have emphasized the idea that HSPGs playerified, but not emphasized, that sulfated HS (or, at
a supportive role to axon growth (Hantaz-Ambroiseleast, its degree of sulfation) was abous higher
etal. 1987, Verna et al. 1989, Riopelle and Dowthan sulfated CS in both cultures and that sulfated
1990, Halfter et al. 1997, Dow and Wang 1998, Ya-HS in medial astrocytes wasZ5fold higher than in
maguchi 2001), irrespective of contrary evidence ofateral astrocytes (Garcia-Abreu et al. 1996). Inter-
a HSPG as a substrate in vitro (Halfter et al. 1997)estingly, the percentage of the lane’s radioactivity
This uniformity of thought is surprising in view of of radioiodinated core proteins was about fourfold
the conflicting concepts of the role played by HS higher for CSPGs than HSPGs in neonatal hamster
in other events such as tumor growth and metastaoptic tectum with the latter being apparently due to
sis (Cf. Liu et al. 2002 and references therein).syndecan 3 and glypican 1 and to very low levels of
As already emphasized by Turnbull and coworkersa soluble HSPG (Hoffman-Kim et al. 1998).
(2001), there has been an increasing realization that ~ Treatment of M glial cultures with hepariti-
specific sequences in the HS chains are designed fefase before and during coculturing caused a dra-
selective interactions with many proteins and thatmatic reversal of M glia outgrowth-inhibitory capac-
HS functions as a new class of multifunctional cell ity (Garcia-Abreu et al. 2000). The proportion of
regulator. midbrain neurons cultured onto heparitinase-treated
In spite of most of the early in vitro studies re- M astrocytes that produced two or more neurites
porting an outgrowth-promoting activity of HSPGs. rose from about 40% to more than 80% and the me-
Review: (Dow and Wang 1998) there were exam-dian value of their total length increased more than
ples in which HS-binding proteins were viewed as1 5fold (Fig. 2). A dramatic change also occurred
antagonistic to neurite extension (Tobey etal. 1985)in their maximal total length that became more than
Ten years after the study of Tobey and coworkerswice as high as in the control neurons, grown on
(1985), this dependence on the substrate was pegmtreated M cultures. There were also changes in

suasively demonstrated by Dou and Levine (1995kocultures including L glia but they appear minor in
who showed that the percentage of cerebellar neu-

NoN-NEURONAL HSPGS MODULATION OF NEURITE
GROWTH AT THE MIDLINE AND OTHER SITES
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TABLE 11

Distribution of amountsof 3°S-labeled HS glycosaminoglycansfrom thepericellular
(P) and extracellular (E) compartments of medial and lateral glial cultures.

P+E Ratio P/E| Ratio M/L
(countings)
Lateral 2161 2.5
HS 3.25
Medial 7034 2.5

comparison to those occurring in neurons cultured The outgrowth-promoting L astrocytes showed
onto M glia. a highly corrugated surface, with closely-spaced
The dramatic changes occurring in M glia co- protrusions measuring characteristically.3 6-
cultures raise many questions such as (1) Could th8.5um diameter and @ — 0.3um height, and dis-
changesin M glial cultures be merely due to removalplayed a strong interaction between the protrusions
of axonal HSPGs? (2) Are there changes in the gliabnd the scanning tip so that the protrusions were
surfaces that might give clues to the mechanism(s§iragged by the tip along the scan direction. By
involved? (3) If the answer to question 1 is “No”, contrast, the surface of M astrocytes appeared to
which are the candidates glial HSPG and which hy-be devoid of such protrusions and was recovered by
pothetical mechanisms could be involved in causinga fibrillar network, never detected in L astrocytes,
inhibition of neurite growth? with fibrils formed by straight rather then undulated
It is highly unlikely that removal of HS from segments which were not organized in any particular
axonal HSPGs are the main object of the changedirection. Fibrils could be characterized a&Zum
since heparitinase treatment of neurons cultured owide and 05 — 2.0um long.
laminin caused no significant change in the num- Treatment of L and M astrocytes with differ-
ber or length of neurites with respect to the controlent enzymes, including chondroitinase ABC caused
(Garcia-Abreu et al. 2000). no change in their surfaces whereas treatment with
With regard to question 2, we approached it byheparitinase | resulted in the acquisition of an L-like
using atomic force microscopy (AFM). AFM pro- profile by M cells. Together with our previous works
vides morphological information, makes it possible on the distribution of the cell surface associated-
to infer the physical properties of the analyzed sammolecules, these findings may indicate that such dif-
ples, and has been used to study the cell surfackerent topographic and physical properties could re-
elasticity and viscosity and cytoskeleton dynamicsflect the complexity of network molecules on L and
in many cells including neuron and glial cells (Butt M surfaces. Furthermore, they also indicate that
et al. 1990, Radmacher et al. 1992, Hendersorithe distribution of HSPG(s) may be responsible for
and Sakaguchi 1993, Parpura et al. 1993, Braet ajlia-neuronal interaction abilities.
al 1998, Weyn et al. 1998). To be able to ana- Neither the formation of a fibrillary network
lyze the cell surfaces, glial cultures lightly fixed with nor its depletion by heparitinase are clearly under-
paraformaldehyde were used and, in the case of Istood. It is highly unlikely that the fibrils involve
glia, results were consistent with scanning electrorthe polysialic acid units of the neural cell adhe-
microscopic results found in the literature (Collins sion molecule N-CAM, which form filament bun-
etal. 1979). dle networks (Toikka et al. 1998) since E-14 mid-
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Fig. 2 — Photomicrographs showing predominant morphologies of MAP2-stained E14 midbrain neurons after culturing for 24 h onto
lateral (A, B) and medial (C, D) astrocytes. A and C show neurons grown onto a substrate of L (A) or M astrocytes (C) without
enzymatic treatment whereas B and D show the results of heparitinase | (hept) degradation. Notice that hept treatment reverts the
inhibitory properties of M astrocytes (D) as also showrgi3ytubulin staining (Fig. 5 in Garcia-Abreu et al. 2000). Scale baru&0

brain neurons but not our cultured astrocytes are imgles and other deposits in Alzheimer disease (Snow
munoreactive for syalilated N-CAM (Garcia-Abreu et al. 1994, Verbeek et al. 1999, Van Horssen
et al. 1995b). It is obvious that heparan sulfateet al. 2002). Furthermore, an electromicroscop-
is the major component of these fibrils or it is im- ical and immunocytochemistry study of brains af-
portant for their stability. It is known that some fected by Alzheimer’s disease has shown that certain
HSPG such as a high molecular weight HSPG isoAgS -immunolabeled processes may contain GFAP-
lated from the murine Engelbreth-Holm-Swarm reactive filaments (Kurt et al. 1999). Furthermore,
tumor can self-assemble into dimers and lesseit is known thatg-amyloid peptides inhibit cell ad-
amounts of oligomers (Yurchenco et al. 1987)hesion and neurite outgrowth (Postuma et al. 2000),
but the binding region is opposite the origin of HS thus, raising the possibility that the fibrillar network
chains rather than in the chains. The occurrence dfiolds g-amyloid peptides and may cause the out-
fibrils obviously evokes the occurrence pathologi-growth inhibitory effects. However, it cannot be
cal extracellular deposits of fibrilla#-amyloid and  ruled out that HS takes part in the formation of other
HSPGs. Itis known that several HSPGs such as pettypes of fibrils, e.g., a type that does not invoSre
lecan, agrin, glypican, syndecans 2 and 3, and colamyloid protein precursor. In fact, work employ-
lagen XVIII are found in senile plagues, ghost tan-ing the small protein acylphosphatase has suggested
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Fig. 3 — Differential functional morphology of the surface of lateral (L) and medial (M) midbrain astrocytes and changes induced
by heparitinase (hept). Atomic force microscopy images of L astrocytes (A, C) or M astrocytes (B, D) in control cultures (A, B)
or in hept-treated cultures (C, D). Observe that the surface of the L astrocyte is highly corrugated (A) whereas the surface of the M
astrocyte (B) is recovered by a fibrillar network (arrowheads), with fibrils that may converge in some points. Heparitinase treatment
of M astrocytes (D) changes their surface in parallel in parallel with the change in permissivity to neuritic growth. Modified from
Weissmiller et al. 2000. Neurosci Res 38: 217-220. Scale bam 2

that formation of amyloid-like fibrilsis notrestricted cializations such as the roof and floor plates and the
to a small number of protein sequences but mayhiasmatic glial palisade express slit (Erskine et al.
be a property common to many, if not all, natu- 2000, Zou et al. 2000, Brose and Tessier-Lavigne
ral polypeptide chains under appropriate conditions2000) and that may occur in the presumptive deriva-
(Chiti et al. 1999). tives of the midbrain homologues in culture. There
An alternative, but not mutually exclusive, ex- is also convincing evidence that glypican-1 binds
planation is that the non-permissivity of M glia for slit (Liang et al. 1999, Ronca et al. 2001) and there
neurite growth depends on a repulsive activity of theis no insurmountable obstacle to the formation of a
slit protein in association with cell-surface heparancomplex of slit/ glypican and a (neuronal) robo re-
sulfate, as demonstrated for olfactory axons in ex-ceptor since glypican-1 is expressed by astrocytes
plant cultures (Hu 2001). Several midline glial spe- (Bansal et al. 1996) and is shed from the cell sur-
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face (Winkler et al. 2002). Additionally, syndecans to the growth of midbrain neurites in a mammal.
2 and 4, that may also be shed, are heavily expressed
in cultured astrocytes (Bansal et al. 1996). ACK NOWL EDGMENTS
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the posterior commissure (Walz etal. 1997) in addi-
tion to other navigational errors of bypassing of theOrganismos com simetria bilateral precisam trocar infor-
optic tectum, with fibers either growing around the macées entre os lados direito e esquerdo de seus corpos
anterior or anterior/ ventral tectal margins. Hepar-a fim de integrar insumos sensoriais e coordenar o con-
itinase treatment and removal of axonal HS at thes&ole motor. Assim, um importante ponto de escolha para
late stages also caused errors in axon guidance irxdnios em desenvolvimené a linha média do sistema
cluding erroneous crossing of the midline. Actual nervoso central. O cruzamento deste ponto é influenciado
reduction of axonal growth was observed only inpor moléculas altamente conservadas filogeneticamente,
early embryos (stages 32-37) in which heparitinaseoliveis ou ligadas a membranas, tais como a sub-familia
caused a “shortening” of the optic tract that could beL1, laminina, netrinas, "slits", semaforinas, receptores
reversed by addition of FGF-2 but without correc- tipo Eph e "ephrinas”, etc. Além disso, existe grande
tion of the navigational errors (Walz et al. 1997). quantidade de evidéncias circunstanciais para um papel
Significant new work has been done in the iden-dos proteoglicanos (PGs) ou suas metades glicosaminogli-
tification of the structural characteristics of HS thatcanas (GAG) no crescimento e orientacdo de axénios,
induce aberrant axon targeting such as the erroneougralmente obtida em modelos simplificados. Um mo-
crossing at Xenopus dorsal diencephalon. Indeedelo de complexidade intermediz o deco-culturas de
this bypass-inducing activity has been correlated tmeurénios jovens e tapetes (culturas confluentes) de as-
distinct structures, particularly those containing atrécitos obtidos de setores medial e lateral do mesencé-
combination of 20- and 6-0-sulfate groups (Irie  falo embrionario de roedores, pouco apds a formagéo de
et al. 2002) and seems unrelated to N-sulfationsuas comissuras. A producéo de neuritos nestas culturas
which is essential for FGF-2 signaling (Yamane etrevela que, independentemente da localizag&o prévia dos
al. 1998). Thus, it has been hypothesized that 6neurdnios no mesencéfalo, astrécitos mediais exercem um
O-sulfated HS in the dorsal diencephalon providesefeito inibitério ou ndo-permissivo sobre o crescimento de
a crucial component of a repulsive signal that is eSneuritos que se correlaciona com um maior teor tanto de
sential for correct axonal guidance in Xenopus. Itre-heparan quanto de condroitin sulfato (HS e CS). O trata-
mains to be determined whether a homologue commento com liases de GAGs mostra efeitos minoritarios
ponent is responsible for the contribution of hepararde CS e revela um papel majoritario inibitério ou n&o-
sulfate to the non-permissive role of the midline glia permissivo para HS. Os resultados s&o discutidos em ter-

RESUMO
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mos do conhecimento atualmente disponivel sobre liga-  tor tyrosine phosphatase beta is expressed in the form
¢Bes de HSPGs a proteinas interativas e enfatizam a im-  of proteoglycan and binds to the extracellular matrix
portancia de compreender os arranjos de polissacarideos ~Protein tenascin. J Biol Chem 269: 14349-14352.
gliais, adicionalmente ao conjunto de suas proteinas, parBARRADAS PC, CAVALCANTE LA, MENDEZ-OTERO R AND

melhor Compreenséo das interaqﬁes neuro_g“ais_ VIEIRA AM. 1989. Astroglial differentiation in the

. . a opossum superior colliculus. Glia 2: 103-111.
Palavras-chave: astrocitos, crescimento de axonios, he- P P

paran sulfato, matriz extra-celular, linha média, mesencé-BENNETT KL, BRADSHAW J, YOUNGMAN T, RODGERS J,

falo GREENFIELD B, ARUFFO A AND LINSLEY PS. 1997.

Deleted in colorectal carcinoma (DCC) binds heparin
via its fifth fibronectin type 11l domain. J Biol Chem
272: 26940-26946.

ANDERSON RB, Warz Hort CE anp Key B.1998.  pppnuarpr RR. 1994. Ipsi- and contralateral commis-
Chondroitin sulfates modulate axon guidance in em- sural growth cones react differently to the cellular
bryonic Xenopus brain. Dev Biol 202: 235-243. environment of the ventral zebrafish spinal cord. J

ANDERSON RB, CoopPer HM, JacksoN SC, SEAMAN C Comp Neurol 350: 122-132.

AND KEY B. 2000. DCC plays arole in navigation of - yipg PG anp Frost DO. 1999. Intrinsic determinants
forebrain axons across the ventral midbrain commis-  of retinal axon collateralization and arborization pat-
sure in embryonic Xenopus. Dev Biol 217: 244-253. terns. J Comp Neurol 411; 119-129.
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