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Abstract

The corpus callosum is a large fiber tract that connects neurons in the
right and left cerebral hemispheres. Agenesis of the corpus callosum
(ACCQ) is associated with a large number of human syndromes but little
is known about why ACC occurs. In most cases of ACC, callosal
axons are able to grow toward the midline but are unable to cross it,
continuing to grow into large swirls of axons known as Probst bundles.
This phenotype suggests that in some cases ACC may be due to defects
in axonal guidance at the midline. General guidance mechanisms that
influence the development of axons include chemoattraction and
chemorepulsion, presented by either membrane-bound or diffusible
molecules. These molecules are not only expressed by the final target
but by intermediate targets along the pathway, and by pioneering
axons that act as guides for later arriving axons. Midline glial popula-
tions are important intermediate targets for commissural axons in the
spinal cord and brain, including the corpus callosum. The role of
midline glial populations and pioneering axons in the formation of the
corpus callosum are discussed. Finally the differential guidance of the
ipsilaterally projecting perforating pathway and the contralaterally
projecting corpus callosum is addressed. Development of the corpus
callosum involves the coordination of a number of different guidance
mechanisms and the probable involvement of a large number of
molecules.
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Development of the neocortex and
the corpus callosum

The mammalian neocortex is for the most
part a six-layered structure that arises in the
dorsal aspect of each of the two telencephal-
ic vesicles. The neocortex is regionally speci-
fied into functionally distinct areas that pro-
cess motor and sensory information. Neu-

rons within the cortical plate first send their
axons ventrally under the influence of
semaphorin molecules (1) to the intermedi-
ate zone (a predominantly fiber layer) where
they then choose to project either medially or
laterally. Neocortical neurons may connect
to neurons in the same hemisphere (intracor-
tical connections), the opposite hemisphere
(via the corpus callosum) or subcortically
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(via the internal capsule). Here I will focus
on just those axonal projections that cross
the midline and form the corpus callosum.
Callosally projecting neocortical axons
must make a number of projection changes
as they grow towards and innervate their
final targets. Each change in trajectory of the
axon could be considered as an axonal
“choice point” (see below) where the axon
uses guidance cues within the environment
to change its direction of growth. Callosal

Table 1. Genes associated with agenesis of the corpus callosum in mice.

Gene Complete Reduction Other midline  Reference
absence of in size of commissure
the corpus  the corpus  defects
callosum callosum present
Guidance molecules
Dcc X X 8
EphB2/B3 (Sek4/Nuk) X X 4,5
Netrin 1 X X 6
Slit2 X X 7
Transcription factors
Emx1 X 8,9
Emx2 X X 9,10
Hesx1 X X 11
Nfia X X 12
Pax6 X X 13
Vax1 X X 14
Extracellular matrix molecules
ankyring X 15
L1 X 16
Intracellular signaling and cytoplasmic molecules
BAPP X X 17,18
CREB X X 19
GAP43 X X 20
MAP1B X X 21
MARCKS X X 22
MacMARCKS X X 23
Mena X X 24
p35/cdkb X 25
p190 X X 26
Growth factors and related genes
FGF8 X X 27
IGFBP-1 X 28
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neurons arise primarily from neurons in lay-
ers 2/3 and 5, sending their axon ventrally
down into the intermediate zone where they
make their first axonal decision to turn and
project medially. They then grow toward the
midline, enter the cingulate cortex and grow
ventrally to the corticoseptal boundary. At
the corticoseptal boundary they make a dra-
matic turn medially to project across the
midline, followed by another turn dorsally to
project away from the midline and up into
the contralateral hemisphere. From here the
axon grows within the intermediate zone,
through the cingulate cortex and into the
neocortex where it will locate the appropri-
ate area of its final target. Once the appropri-
ate region is located the axon turns dorsally
to locate the correct target layer and neuron(s)
with which to form synapses. Little is known
about how each of these axonal guidance
decisions are made by callosal axons. Here
the focus is on those cues that guide callosal
axons toward and across the cortical mid-
line.

Agenesis of the corpus callosum

In a large number of human congenital
syndromes, the corpus callosum fails to form.
The most common phenotype is that the
axons arrive at the midline but are unable to
cross and swirl into longitudinal neuromas
called Probst bundles. In humans, agenesis
of the corpus callosum (ACC) is always
associated with four syndromes: Aicardi,
acrocallosal, Andermann and Shapiro syn-
dromes (2). Interestingly ACC with the for-
mation of Probst bundles has also been seen
in mice in which specific genes are mutated
(see Table 1; Refs. 3-28). These genes do not
fit into a single classification of molecule
and represent transmembrane molecules, se-
creted proteins, transcription factors, growth
factors and receptors, and intracellular sig-
naling and cytoplasmic molecules. Little is
known about how these genes cause ACC or
whether these molecules act in synergy or in
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parallel to cause ACC. Future directions in
ACC research hope to uncover the answers
to these questions.

Axonal guidance mechanisms in the
developing nervous system

After neuronal precursors have under-
gone migration and differentiation they be-
gin to send out axons that will enable them to
connect with their targets either within the
central nervous system or within the periph-
ery. This precise connectivity allows the ner-
vous system to function in a coordinated
manner. Such precision is only brought about
by an exquisitely coordinated series of ax-
onal pathfinding mechanisms that guide
growing axons to their final target. These
mechanisms include both molecules ex-
pressed within the environment of the grow-
ing axons and molecules such as receptors
expressed by the axons themselves.

Axons often extend over long distances
to reach their final targets. Given these dis-
tances it is impossible for axons to be guided
by target-derived factors alone (29). In order
to circumvent this problem axons use guid-
ance molecules expressed by structures along
their pathway. Such structures are called
intermediate targets. Once reaching an inter-
mediate target, axons often make significant
changes in their trajectory at so-called “choice
points”.

A number of different molecular mechan-
isms for axonal pathfinding have been de-
scribed. These include chemorepulsion and
chemoattraction (30). That is, axons can be
attracted toward a particular target or re-
pelled or inhibited from entering a specific
region (Figure 1). Attraction or repulsion of
an axonal growth cone (the growing tip of
the axon) is mediated by molecules expressed
and released from cells (diffusible molecules)
or by molecules that remain bound to the cell
surface or extracellular matrix (Figure 1).
Such “bound” molecules are not freely dis-
tributed as is the case for diffusible mol-

ecules. A driving hypothesis for how axons
are able to sense these molecules in such a
manner as to direct their growth is that these
guidance molecules are distributed in a gra-
dient, being present at higher concentrations
at the source and at progressively lower con-
centrations away from the source (Figure 1).
Axons then direct their growth toward the
source, in the case of chemoattraction, by
sensing a concentration difference across
the width of their growth cone. Evidence
for this hypothesis comes from in vitro co-
culture and pipetting experiments in which
axonal growth is directed toward (or away
from) either another explant or a pipette
containing a guidance molecule (31,32).

In the developing nervous system there
are a number of large bundles or tracts of
axons that grow in tightly fasciculated
bundles toward their target(s). An additional
mechanism by which axons locate their tar-
gets is by growing along other axons that
have previously taken the same path. Such
early axons are called pioneering axons (Fig-
ure 1). Although the pioneering axons prob-
ably use the cues described above, later fol-
lowing axons may fasciculate with the pio-
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Figure 1. Axonal guidance
mechanisms in the developing

nervous system.
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neers in order to locate their target. During
the formation of large axonal tracts, a few
axons grow along the pathway first, fol-
lowed by more and more axons as develop-
ment proceeds, rather than the entire axonal
tract forming at the same time. It is therefore
likely that later following axons recognize
molecules on the surface of the pioneers that
allow them to fasciculate with the pioneer
and grow along the same pathway.

Genes involved in regulating axonal
guidance at the midline

In all animals with a bilaterally sym-
metrical nervous system, the midline has
been shown to be a critical axonal choice
point where axons choose to remain on the
same side of the organism and project ipsi-
laterally or to cross the midline and project
contralaterally. Much of what we know mo-
lecularly about how this axonal decision is
made comes from studies in Drosophila
melanogaster. The Drosophila nerve cord
consists of two bilateral tracts of axons run-
ning anteroposteriorly on either side of the
midline with intermittent axonal projections
crossing the midline between these two tracts
(the contralaterally projecting axons) to en-
ter the opposite tract. Work in the last decade
has shown that glial cells positioned at the
midline produce a number of different mol-
ecules that regulate axonal pathfinding at the
midline and determine which axons will
project ipsilaterally and which will project
contralaterally. Two molecules have been
shown to be critical in this decision, the
chemorepellent molecule, Slit, and its recep-
tors, the roundabout (or Robo) family (33-
35). These molecules have been highly con-
served during evolution (36-38) and although
they exhibit some functional differences in
vertebrates they also have some striking simi-
larities (39, reviewed in Ref. 40). Slit and
Robo operate in the development of the mam-
malian corpus callosum and will be dis-
cussed further below.

L.J. Richards

Midline glial populations involved in
guiding callosal axons

At the midline, the axons of the corpus
callosum cross between the two cerebral
hemispheres in a region called the massa
commissuralis (41), a region of cellular con-
tinuity within the interhemispheric fissure.
Cells generated in the medial aspect of the
lateral ventricles migrate medially within
this region to form a bridge between the two
hemispheres called the “glial sling” (42).
Evidence that the glial sling cells are re-
quired for the formation of the corpus callo-
sum comes from two types of experiments: 1)
either failure of the glial sling cells to mi-
grate to the midline (43,44) or lesions of the
glial sling (42) preventing the formation of
the corpus callosum, and ii) in acallosal ani-
mals the formation of the corpus callosum
can be “rescued” when cellulose membranes
coated with glial cells are inserted into the
midline (45). However, nothing is known
about the molecules required for glial sling
development or what molecules the glial
sling cells produce that guide cortical axons.
Furthermore, the cells that make up the
glial sling do not possess many of the charac-
teristics of mature glia: principally they do
not express glial fibrillary acidic protein
(GFAP).

GFAP is an intermediate filament protein
and the most widely used marker of astro-
cytic glial cells. Until recently, glial cells
were thought to arise during development
from E16.5 in mice and rats (46-48). How-
ever, studies in which the reporter gene lacZ
was placed under the control of the GFAP
promoter have shown that glial cells may be
present as early as E13 in the mouse telen-
cephalon (49). In this study, the expression
of the transgene was confirmed to be within
astrocytes by electron microscopy.

Midline glia have been shown to be associ-
ated with the formation of other commissural
projections in the brain (50), such as the ante-
rior commissure (51,52) and the optic chiasm
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(53-55; reviewed in Refs. 56 and 57).

Since the glial sling is not GFAP positive
and given the early expression of the lacZ
transgene in the GFAP-lacZ mice, we de-
cided to re-examine when glial cells first
differentiated at the midline of the develop-
ing cerebral cortex. We found two midline
glial structures, the glial wedge and glia
within the indusium griseum, which ex-
pressed a guidance activity for callosal axons
(58). Glial wedge cell bodies develop in the
ventricular zone of the lateral ventricles at
the corticoseptal boundary and send long
radial-glial-like processes toward the mid-
line. They first express GFAP at E13, and by
E15 these processes form a wedge-shaped
structure directly ventral to where the corpus
callosum will form (58). Glia within the
indusium griseum develop directly dorsal to
the developing corpus callosum. The indu-
sium griseum lies directly above the corpus
callosum at the ventral part of the cingulate
cortex. The indusium griseum is made up of
many of the same cell types as the hippocam-
pus, and has a similar layered structure (59).
The indusium griseum receives direct inputs
from the olfactory bulb and therefore may
constitute a pathway involved in olfactory
memory (60). Glia have previously been
observed within this region after birth (61,62),
but we observed GFAP-positive cells within
this region as early as E17. Although the
indusium griseum is a small structure when
viewed in coronal sections it is present above
the entire rostrocaudal extent of the corpus
callosum (60,61). In collagen gels, glial
wedge explants secrete a short range diffus-
ible repellent/growth suppressive molecule
and in organotypic slices reorientation of the
glial wedge and glia within the indusium
griseum causes callosal axons to turn away
from the midline (58). Furthermore, when
these glial structures are excised and re-
placed by cortical grafts that do not contain
midline glia, callosal axons fail to turn and
cross the midline and instead grow aberrantly
into the septum (58).

Pioneering axons in the development
of the corpus callosum

Pioneering axons are the first axons to
grow along a specific trajectory. Later devel-
oping axons follow their lead by fasciculating
with the pioneering axon. Evidence for the
role of pioneering axons in guiding later
developing axons to their target has come
from ablation experiments in grasshoppers
(63), zebrafish (64) and mammals (65,66).
These experiments show that in the absence
of the pioneering axons, later arriving axons
are unable to find their correct path of growth.

The cingulate cortex sends the first axons
across the cortical midline (67,68) at E17 in
the rat and E15.5 in the mouse. However, a
recent study suggested that the cingulate
axons do not pioneer the corpus callosum
and instead project to the contralateral hip-
pocampus (68). This study also suggested
that the pioneering neurons for the corpus
callosum were located in the rostrolateral
neocortex. However, in both previous stud-
ies (67,68), this pathway was investigated
using retrograde labeling techniques that la-
bel a single projection in isolation. Given
this controversy, we decided to investigate
the origin of the callosal pioneers using an-
terograde labeling of the axons (69). To do
this we made small injections of Dil in the
cingulate cortex and DiA in the neocortex.
We found that at embryonic day 15 Dil
axons projected to three different regions:
across the midline into the contralateral cor-
tex, into the fornix, and ventrally into the
medial septa. At later ages these pathways
become even more distinct.

To determine if cingulate axons projected
to the hippocampus, we injected Dil in the
cingulate cortex to label axons crossing the
midline and DiA in the hippocampus to ret-
rogradely label neurons in the cingulate cor-
tex. We found that only a small population of
cingulate neurons projected to the ipsilateral
hippocampus (69). This result suggested that
in the earlier experiments of Koester and
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O’Leary (67) it was highly unlikely that
neurons in the cingulate cortex had been
retrogradely labeled via the hippocampal
commissure.

We also wanted to determine if the cin-
gulate axons may act as pioneering axons for
the corpus callosum. To investigate this we
labeled the cingulate cortex with Dil and the
rostrolateral neocortex with DiA in the same
brain. In every case we found that the cingu-
late axons crossed the midline first, followed
by the neocortical axons. In fact, the neocor-
tical axons grew across the midline within
the bundle of Dil-labeled cingulate axons.
Interestingly, in the same experiments we
observed a large number of cingulate axons
projecting laterally toward the rostrolateral
neocortex as early as E15. Our working hy-
pothesis is that neurons within the cingulate
cortex that project laterally may provide guid-
ance for neocortical axons projecting toward
the midline, and once they reach the midline,
cingulate axons that project medially may
provide guidance for neocortical axons to
cross the midline (69).

neurons

Figure 2. Axonal and glial populations at the cortical midline. Shown is a schematic view of
a coronal section through the developing cortex at E17. A callosal neuron is shown in purple
and neurons of the perforating pathway (PFP) are shown in yellow. Cingulate pioneering
neurons projecting laterally are shown in green and projecting medially are shown in red.
GW = glial wedge; GS = glial sling; IGG = indusium griseum glia.
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Development of the perforating
pathway

As previously described, the midline is a
choice point for developing axons. A funda-
mental choice axons make at the midline is
whether to remain ipsilateral or to project
across the midline to the contralateral hemi-
sphere. At the developing cortical midline,
another axonal population is present but re-
mains ipsilateral. This pathway is called the
perforating pathway (70) and is made up of
neurons projecting between the medial sep-
tum and the diagonal band of Broca, and the
cingulate cortex (71). The pioneering axons
of the perforating pathway reach the midline
at E15, around the same time the pioneering
axons of the corpus callosum are crossing
the midline. This indicates that differential
guidance mechanisms must be operating
during the formation of these two pathways
at the same stage of development. In Droso-
phila this is regulated by the protein Com-
missureless (72), which is able to down-
regulate Robo expression on contralaterally
projecting axons. At the developing rodent
cortical midline, the guidance of the ipsilat-
eral and contralateral axons is different. The
perforating pathway axons do not express
Robo, therefore their guidance cannot be
regulated by Slit. The contralaterally express-
ing axons respond to Slit in order to cross the
midline rather than being repelled away from
the midline after crossing (58).

We are still a long way from understanding
how the corpus callosum develops normally
and what goes wrong in cases of ACC. Clearly,
midline glial populations are important in cal-
losal development. The role of pioneering
axons needs to be further tested and the mol-
ecules involved identified. Figure 2 summa-
rizes the midline glial structures and pioneer-
ing axon populations associated with develop-
ment of the corpus callosum. How these
guidance mechanisms work together and
what molecular pathways are involved is the
current exciting challenge for this field.
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