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Extracellular matrix molecules play
diverse roles in the growth and guidance
of central nervous system axons
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Abstract

Axon growth and guidance represent complex biological processes in
which probably intervene diverse sets of molecular cues that allow for
the appropriate wiring of the central nervous system (CNS). The extra-
cellular matrix (ECM) represents a major contributor of molecular
signals either diffusible or membrane-bound that may regulate different
stages of neural development. Some of the brain ECM molecules form
tridimensional structures (tunnels and boundaries) that appear during
time- and space-regulated events, possibly playing relevant roles in the
control of axon elongation and pathfinding. This short review focuses
mainly on the recognized roles played by proteoglycans, laminin, fibro-
nectin and tenascin in axonal development during ontogenesis.
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The extracellular matrix (ECM) of the
embryonic brain is composed of many types
of molecules that have distinct patterns of
spatial and temporal expression. Many of
these components were originally discov-
ered in non-neural tissues and include fibro-
nectin (FN), laminin (LN), vitronectin, col-
lagens, proteoglycans (PGs), tenascin (TN)
and thrombospondin (1,2). Their frequent
association with developing fiber tracts has
given correlative support to the hypothesis
that they might be involved in axonal path-
finding, perhaps by establishing boundaries
(3) that separate lanes for axon growth and
demarcate sites for terminal arborization and
synapse formation.

Proteoglycans: diverse signals for
growing axons?

PGs are glycoproteins that exist not only
as ECM components, but also as membrane-
spanning, soluble, and intracellular molecules
(4). Some of them facilitate or actively pro-

mote neurite elongation (5,6). Others have
an opposite effect, either inhibiting or pro-
viding a nonpermissive substrate for neurite
outgrowth (7-9). PGs can also modulate the
expression of several cell adhesion molecules,
including N-CAM (10), as well as promote
the survival of neurons from rat embryonic
neocortex (11).

Chondroitin-sulfate proteoglycans
(CSPGs) were shown to exist close to radial
glial cells that span the reticular nucleus of
the thalamus, preceding glial fibrillary acidic
protein (GFAP) expression (12). They were
also shown to be associated with thalamic
axon arborization in the embryonic neocor-
tex (13). Several CSPGs are present in the
developing brain, spinal cord and neural crest
(14). CSPGs were also observed in associa-
tion with LN and FN in vitro (15), serving as
controllers of axonal growth cone velocity.
In this context, LN and FN, but neither col-
lagen nor cell adhesion molecules, prevent
the inhibitory and repulsive effects of brain
CSPGs in a concentration-dependent man-
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ner (16). When expressed in regions con-
taining low levels of adhesion molecules,
various CSPGs (phosphacan, neurocan,
versican, aggrecan and NG2 proteoglycan)
may act as barriers to cell migration and
axonal growth, while in regions containing
high levels of adhesion proteins, brain CSPGs
may still act to maintain certain boundaries
while allowing selective axonal extension to
proceed (17). There are numerous regions of
overlap in the expression patterns of CSPGs
and adhesion molecules (6), and the relative
levels of these molecules as well as the or-
ganization of the extracellular matrix may be
important factors that regulate the rate of
axonal growth locally. The differential ex-
pression of CSPGs, therefore, may be impor-
tant for modulating axonal growth and guid-
ance during neural development, and their
continuous expression may block these events
in the normal mature nervous system as well
as following brain injury (18).

The tenascin family: controversial
roles on axon development

So far, four members of the TN family
(TN-C, -R, -X and -Y) are known (19). The
TN family may play many different roles
(20), since it displays multiple domains with
adhesive and antiadhesive effects. TN has
been suggested to bind a neuronal proteogly-
can and thus mediate the attachment of glial
cells to neurons (21). In the cerebral cortex,
TN may not be involved in neuronal migra-
tion or axonal growth, since it does not ap-
pear until after cortical layers and axonal
pathways are established (22). However, in
the postnatal cerebellar cortex, TN is present
when parallel fibers are elongating within
the molecular layer (23). In the adult cere-
bral cortical gray matter, TN has been attrib-
uted an important inhibitory activity for neu-
rite outgrowth (24). In the mouse, it is pres-
ent in the optic nerve and in peripheral nerves
at the time axons are growing (25). Yet, TN
is reported to be absent from both the early

limb mesenchyme in regions penetrated by
the first axons (26) and from the developing
chick optic nerve (27). Further uncertainty
about its role comes from in vitro studies that
report it can both promote and inhibit neu-
ronal migration and neurite elongation
(1,19,28). It is intriguing that animals lack-
ing TN present no phenotypic abnormality
(29), suggesting that TN functions in devel-
opment are either not essential or not exclu-
sive (30).

Laminin: a permissive substrate for
axon growth?

LN is known to provide an adhesive sub-
strate to cells, and in particular to provide
optimal conditions for neurite outgrowth (31).
However, it is clear that LN isoforms are
differentially active in promoting cell adhe-
sion and migration, together with their specific
receptors (32). LN supports outgrowth from a
wide variety of CNS neurons either alone (33)
or associated with heparan sulfate proteogly-
can (34). In vivo, some studies have shown
punctate LN in various regions, suggesting
that it may be important in axon guidance and/
or neuron migration (33). In contrast, some
authors suggest that LN is not related to CNS
axon growth (35). Expression of some LN
chains in the ependymal layer of the spinal
cord has previously been described and has
suggested that LN might influence neuronal
differentiation and/or axonal projections in
the CNS (36). Expression of LN in these cells
may provide an important signal to demarcate
this region from surrounding tissues and could
be related to the fact that the floor plate (or an
equivalent prosencephalic region) is consid-
ered to be a possible �intermediate target� for
commissural axons (32). LN in the developing
brain is found along the routes of migrating
neuroblasts (33) and also along growing fiber
tracts (37,38). It has also been shown at
rhombomeric boundaries in the vertebrate hind-
brain (39). It is believed that LN is organized
differently in the developing and in the adult
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CNS (31). In the former, four different pat-
terns have been described (somatic form, sheath
form, small punctiform and large punctiform
variants), each associated with different stages
of neural development (40).

Fibronectin: diverse roles in axon
growth?

FN is a multifunctional glycoprotein found
in the ECM that can mediate cell adhesion,
affect cell morphology, migration and differ-
entiation in the CNS, and cause a decrease of
growth cone velocity. FN is expressed in em-
bryos and adults, especially in regions of ac-
tive morphogenesis, cell migration and in-
flammation, as well as in a wide variety of cells
in culture (41,42). In the earliest stages of
cortical development, FN is produced by cells
in the ventricular zone throughout the telence-
phalic vesicle, where it may serve as a compo-
nent of the local environment that supports
cell division and determines cell fate (43). It is
also distributed along radial glial processes,
being closely associated with preplate neu-
rons, as are chondroitin sulfate proteoglycans
and several other ECM components (43). This
association continues as preplate cells are di-
vided into the marginal zone and subplate by
the invasion of cortical plate neurons, suggest-
ing that ECM, preplate cells and radial glia
serve as a scaffold for cortical plate formation
(43). FN is also produced by migrating neu-
rons, but only by those moving into specific
cortical domains, suggesting that it may help
neurons destined for specific targets to dis-
criminate between adjacent glial guides (43).
Differently from LN, FN has also been shown
to decrease growth cone velocity in vitro (44).

Multimolecular ECM tunnels along
the anterior commissure: guiding
boundaries for growing axons?

The development of the anterior com-
missure (AC) of hamster embryos (Mesocri-
cetus auratus) has been intensely investi-

gated along the last decades (45-49).
Recently (50), we have analyzed the im-

munohistochemical expression of the extra-
cellular matrix molecules CSPG, FN, LN
and TN along the AC of hamster embryos
aged from E12 to E16 (E16 = P1 = day of
birth; E = embryonic day; P = postnatal day).

During the precrossing stage (E12-E13),
when AC axons approached the midline re-
gion of the brain rostral to the third ventricle,
CSPG was expressed as a sagittal stratum
between the interhemispheric fissure and the
prospective AC region. TN appeared rostral
to the third ventricle and along the medial
subventricular zone of the lateral ventricles.
Meanwhile, LN and FN both presented a
faint expression. While AC axons started
crossing the midline region (crossing stage,
E13.5-E14), CSPG, FN, and LN circum-
scribed the AC bundle (Figure 1) forming a

Figure 1 - Top, Horizontal section
through an E14 brain rostral to the
third ventricle (III) displaying a mid-
line laminin (LN) tunnel that appears
while commissural axons cross the
anterior commissure (AC) region.
Rostral (R) is upwards and medial
(M) is to the right. Calibration bar =
150 µm. Bottom, Schematic repre-
sentation of molecular expression of
chondroitin sulfate proteoglycan
(CSPG), tenascin (TN), LN and fibro-
nectin (FN) around the AC bundle
during the same developmental
stage. GFAP, Glial fibrillary acidic
protein.
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tunnel through which AC fibers elongate.
TN was no longer seen at the midplane, but
remained visible laterally.

This midline tunnel has been seen for
CSPG in the AC region of other animals (28)
and may possibly serve as a convergence
attractant for AC axons towards the crossing
region (32), and also serve as influential
mechanisms in the deceleration of the mar-
ginal axons of the AC bundle, which would
be more exposed to the �wall� of the molec-
ular tunnel, as suggested previously for grow-
ing axons in vitro (15). As a consequence,
AC axons advancing through the core of
the bundle would be less exposed to these
ECM molecules, possibly representing the
pioneer axons (Figure 2) observed previ-
ously (48).

During the postcrossing stage (E14.5-
E16), CSPG and TN were no longer seen at
the midline, although both could be observed
between the AC limbs (Figure 3), seeming to
form boundaries for AC lateral growth. LN
and FN were now absent near the AC bundle.

We suggest that the expression of extra-
cellular matrix molecules follows a time-
and space-regulated course related to AC
development, plausibly representing influ-
ential factors for growth and guidance of
commissural fibers.

Figure 2 - Schematic representa-
tion of the molecular tunnel pres-
ent in the midline region rostral
to the third ventricle of the brain.
Axons that course along the cen-
tral portion of the anterior com-
missure (AC) bundle may ad-
vance at a faster rate (pioneer
axons), while those at the mar-
gins of the tunnel may elongate
more slowly (follower axons)
due to their closer contact with
the molecular components of
the tunnel “wall”. CSPG, Chon-
droitin sulfate proteoglycan; LN,
laminin; FN, fibronectin.

Figure 3 - Schematic representa-
tion of the anterior commissure
(AC) branching after crossing the
midline region of the brain.
Chondroitin sulfate (CS) and
tenascin (TN) form boundaries
for AC limbs that diverge in or-
der to reach different rostro-cau-
dal targets.
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