
Hindawi Publishing Corporation
Neural Plasticity
Volume 2013, Article ID 149060, 7 pages
http://dx.doi.org/10.1155/2013/149060

Review Article
Axon Guidance Mechanisms for Establishment of Callosal
Connections

Mitsuaki Nishikimi, Koji Oishi, and Kazunori Nakajima

Department of Anatomy, School of Medicine, Keio University, 35 Shinanomachi, Shinjuku-ku, Tokyo 160-8582, Japan

Correspondence should be addressed to Koji Oishi; koishi@nimr.mrc.ac.uk and Kazunori Nakajima; kazunori@z6.keio.jp

Received 6 June 2012; Revised 30 December 2012; Accepted 21 January 2013

Academic Editor: Giorgio M. Innocenti

Copyright © 2013 Mitsuaki Nishikimi et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Numerous studies have investigated the formation of interhemispheric connections which are involved in high-ordered functions
of the cerebral cortex in eutherian animals, including humans. The development of callosal axons, which transfer and integrate
information between the right/left hemispheres and represent the most prominent commissural system, must be strictly regulated.
From the beginning of their growth, until reaching their targets in the contralateral cortex, the callosal axons are guided mainly by
two environmental cues: (1) themidline structures and (2) neighboring? axons. Recent studies have shown the importance of axona
guidance by such cues and the underlying molecular mechanisms. In this paper, we review these guidance mechanisms during the
development of the callosal neurons. Midline populations express and secrete guidance molecules, and “pioneer” axons as well as
interactions between the medial and lateral axons are also involved in the axon pathfinding of the callosal neurons. Finally, we
describe callosal dysgenesis in humans and mice, that results from a disruption of these navigational mechanisms.

1. Introduction
Interhemispheric connections are essential components of
the complex neural network in eutherian animals [1, 2].
Among such connections, the corpus callosum (CC) is the
most prominent commissural connection, composed of cal-
losal axons, in the brain. In humans, the corpus callosum
consists of about 200 million axons, making it the most
prominent fiber tract within the central nervous system [3,
4]. Many studies have clarified the molecular mechanism
involved in the development of the CC in humans using
mouse experiments [5].

Callosal neurons are mostly found in layers II/III and
layer V of the cerebral cortex in rodents [6]. Recently,
molecules related to the identities of the general or subtypes
of cortical neurons have been disclosed. Alcamo et al.
reported that Satb2, a DNA-binding protein, has a key role
in the specification of callosal neurons and the formation of
corticocortical connections [7].

Developmentally, callosal axons from layer V first start
to project to the contralateral targets, and callosal axons
from the upper layers follow the preexisting axons. After the

callosal axons start to elongate, they are guided by many cues
within their pathfinding route [6]. Although the importance
of such cues in the development of callosal axons has been
known for over 30 years [8], it still remained unclear until
recently how these cues help callosal axons encountering
them to project precisely to their targets. Recent studies have,
however, revealed the detailed mechanisms in the regulation
of axon guidance by these structures. Midline structures,
which consist of glia and neurons, express or secrete short-
or long-range guidance molecules [9]. In the contralateral
cortex, where the callosal axons terminate, interactions with
postsynaptic neurons play important roles, in an activity-
dependent manner, in ensuring proper projections [10–12].

In this paper, we first focus on how the callosal axons
are guided by the cues that they encounter, namely, the (1)
midline structures and (2) neighboring axons, from the time
that they start to growuntil they reach their targets in the con-
tralateral cortex. Then, we describe the activity-dependent
development of the interhemispheric connections. Finally,
the consequences of callosal agenesis in humans andmice are
reviewed.
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Figure 1: Glial populations around the midline.The locations of the
midline glial populations on a coronal section of the E15.0 mouse
brain are shown. These populations are mainly composed of four
structures: the glial wedge (GW), the indusium griseum (IG), the
midline zipper (MZ), and the glial sling (GS). These populations
guide the growth of the callosal axons and help them cross the
midline in the CC. LV: lateral ventricle.

2. Callosal Axon Guidance by the Midline
Structures during Development of the CC

The midline structures mainly consist of glial populations,
but also contain neuronal populations [13]. The role of the
midline glial structures in the formation of the CC was first
reported by Silver et al. [8]. In the mouse brain, these glial
structures have been shown to already exist on embryonic
day (E) 15.0 and can guide the growth of callosal axons
[8, 14, 15]. The midline glial structures mainly consist of four
structures: the glial wedge (GW), the indusium griseum (IG),
the midline zipper (MZ), and the glial sling (GS) [8, 16]
(Figure 1). The MZ is thought to be required for the fusion
of the two hemispheres, which facilitates the passage of axons
across themidline [9, 17].The other structures are responsible
for promoting the crossing of at least the callosal axons
[18–23]. These structures help the callosal axons find their
correct path by secreting or expressing guidance molecules.
Interestingly, Shu and Richards have illustrated that correct
orientation as well as the presence of the GW is required for
callosal axons to turn toward the midline; in one experiment,
when the GW was replaced with 180∘ rotation (medial to
lateral), the axons turned away from the midline [15].

Studies have gradually uncovered the molecules secreted
by the midline structures for callosal axon guidance. The
axon guidance cues for callosal neurons secreted by the
midline structures have been classified into two types: long
range (Figures 2(a)–2(c)) and short range (Figure 2(d)). The
long-range guidance molecules are secreted by the midline
glial populations, forming a concentration gradient and
helping callosal axons pass through the CC with attractive
(Figure 2(a)) and repulsive signals (Figures 2(b) and 2(c)).
Slits [15, 24, 25], Wnts [26], Netrins [27, 28], Draxin [29],
and Semaphorins [30] are some of the reported long-range
guidance molecules. Recent studies have also clarified new
roles for some of these guidance molecules. For example,

Unni et al. have suggested a novel role of Slits in regulating the
positioning and maturation of the midline glial populations,
presumably independent of the activity of its receptor, Robo1,
in addition to its role as a repulsive axon guidance cue [31].
Wnt5a not only promotes axon outgrowth as a long-range
guidance molecule, but also serves as a short-range repulsive
axon guidance cue [32, 33].

In addition to the midline structures, other cell popu-
lations have also recently been shown to play roles in the
formation of the CC. GABAergic and glutamatergic neurons
that transiently exist within the CC have been shown to be
able to attract callosal axons [34]. The meninges have also
been reported to be involved in the development of the CC.
BMP7 secreted by the meninges has been shown to inhibit
the outgrowth of callosal axons, potentially preventing early
formation of the CC [35].

The short-range molecules guide axons through trans-
membrane or membrane-associated proteins (Figure 2(d)).
The ephrin/Eph signaling system is one of the best-known
examples. Eph receptors are divided into two subclasses, A
and B, according to the sequence homology and binding
affinity for their ligands, ephrins A and B, respectively
[36, 37]. Although the ephrin/Eph system signals through
Eph tyrosine kinase receptors, ephrins can also transduce
reverse signals into the cell in which they are expressed
[38]. The EphB receptors and ephrin B ligands have been
well studied and shown to play important roles in callosal
axon pathfinding [39, 40]. Importantly, the complementary
expression of multiple ephrin B ligands and EphB receptors
in the callosal axons and midline structures has led to the
hypothesis that interactions occur between the Eph receptors
in callosal axons and ephrins in the midline structures or
vice versa, although it is also possible that the interactions
occur between callosal axonal fibers [40]. The expression
of ephrin B ligands in the callosal axons is suggestive of
the involvement of reverse signaling, and Bush and Soriano
showed that ephrin-B1 reverse signaling is critical for cal-
losal axon pathfinding, which requires the binding of the
PSD-95/Dlg/ZO-1 (PDZ) domain-containing proteins for the
transduction of this reverse signal [37].

3. Callosal Axon Guidance by Other Axons
during Development of the CC

“Pioneer” neurons represent one of the most important
players in callosal axon guidance by other preexisting axons
during CC development [41]. On E15.5 in mice, the axons
of the pioneer neurons, which originate from the cingulate
cortex, cross the midline and enter the contralateral cortex
(Figure 3(a)) [42, 43]. It has been shown that CC genesis is
triggered by these pioneer axons [39, 42–45]; pioneer axons
are the first to form the path for the commissural neurons
through interactions with several cues, including the midline
structures, and on E17.0, themost early “follower” axons from
layer V follow those of these pioneer neurons [42, 43, 46]
(Figure 3(a)). An accepted view is that the “follower” axons
utilize their direct interactions with the “pioneer” axons to
find their correct path of growth, although the molecular
mechanismof such interaction remains unclear. Interestingly,
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Figure 2: Glia-axon interactions in the development of callosal axons. (a) and (B) Axon guidance by long-range molecules, attractive (a)
or repulsive (b) signals. Glial populations (gray and dotted circles in (a) and (b), resp.) secrete guidance molecules, forming a concentration
gradient, which navigates the callosal axons during their development (c). (d) Axon guidance by short-range molecules. Repulsive molecules
expressed on the cell membranes navigate callosal axons through repulsive and bidirectional cell-cell contact functions.

Piper et al. described the molecular mechanisms driving the
guidance of the cortical pioneers during development. They
demonstrated that Neuropilin 1 expressed on the cingulate
pioneers plays a crucial role in the crossing of the midline by
the “pioneer” axons through interaction with multiple class 3
semaphorins expressed around the developing CC [45].

While many studies have revealed the indispensable roles
of the interactions between the callosal axons and themidline
structures, it is still unclear whether axon-axon interactions
play important roles in callosal axon pathfinding. Although
increasing evidence has revealed the importance of these
interactions in other systems, such as the retinal, spinal and
olfactory systems [47–50], the involvement of such axon-
axon interactions in CC development remains to be explored
in detail. Nishikimi et al. have recently reported repulsive
interactions between callosal axons originating from the
medial and lateral cerebral cortices (Figure 3(b)). Based on
a previous study by the same group [51], they focused on
EphA3, which is preferentially expressed in the callosal axons
from the lateral cerebral cortex, and found that knockdown
of EphA3 in the lateral cortical axons resulted in their
disorganized segregation in the CC and disrupted axon
pathfinding. They have suggested that EphA3 mediates, at
least in part, the repulsive interactions between the medial
and lateral cortical axons [52].

So far, several studies using knockout and transgenic
mice have identified molecules involved in the development
of the CC [9]. However, as knockout and transgenic mice
show influences of all developmental stages, analyses of these
mutant mice are not necessarily sufficient for describing
the primary causes of the abnormal phenotypes. Recent
studies using in utero electroporation [53] and various culture
experiments, including the stripe assay [37, 54, 55], have
enabled reasonably easy analysis of each specific stage of
CC development. Further experiments focusing on each step
of development will be essential to understand the entire
process of formation of the CC.

4. Activity-Dependent Development of
the Interhemispheric Connections

To eventually establish interhemispheric connections
through the CC, reshaping of the axons is also crucial. The
callosal connections are initially exuberant and brushed
up by the selective death of neurons and withdrawal and
degeneration of axonal collaterals [56]. Since callosal axons
start to establish synapses with specific postsynaptic neurons
after entering the contralateral hemisphere [39, 57], the
involvement of synaptic activity-dependent mechanisms (as
well as nonsynaptic activities) in this process of reshaping
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Figure 3: Axon-axon interactions in the development of callosal
axons. (a) Navigation of callosal axons by “pioneer” neurons.
Pioneer neurons, which are located in the region extending from
the presumptive cingulate cortex to the hippocampus, first extend
their axons to form the path of the commissural axons. Then, on
E17.0, the most early “follower” axons originating from layer V
follow the pioneer neurons. (b) Interaction between the medial
and lateral cortex-derived callosal axons through EphA3.The axons
from the medial (roughly corresponding to the cingulate, motor
and medial part of the primary somatosensory cortices) and lateral
cortices (roughly corresponding to the areas around the secondary
somatosensory cortex) pass through the dorsal and ventral half of
theCC, respectively. Repulsive effects between themedial and lateral
cortical axons contribute to their correct pathfinding in the CC.
EphA3 expressed on the lateral axons mediates, at least in part, this
interaction between the medial and lateral axons.

of the axons has been shown by many studies [57, 58]. In
the visual system, for example, the stimuli from the eyes
contribute to the formation of the precise patterns of callosal
axonal connections [59, 60].

Importantly, although the callosal axons are generally
believed to have a simple mirror projection across the CC
in the contralateral hemisphere, there are also heterotopic
callosal projections. In addition, the tangential distribution of
the callosal axon projections is not even in the adult cortex.
For example, the callosal connections are highly focused at
the level of the primary areas. While these might possibly be
established during the later development of the callosal axon
projections (i.e., refinement and elimination), establishment
of such uneven projections in the early phase of development
cannot also be ruled out.

Recently, synaptic and non-synaptic activities have also
been reported to be involved in the regulation of different
aspects of development of the callosal projections besides
reshaping of the axons [11]. Blockade of the spontaneous
electrical activity of the callosal neurons resulted in abnormal
projections in the somatosensory cortex [11] and visual cortex
[12]. Interestingly, blockade of the spontaneous electrical

activity of projection neurons such as themotor and olfactory
neurons also influenced a variety of guidance and adhesion
molecules that are critical for their development [61–63],
suggesting that spontaneous electrical activity of the axons
may also have some role in axon guidance.

5. Callosal Dysgenesis in Mice and Humans

As described above, a number of different control mech-
anisms are involved in the development of the interhemi-
spheric connections, and disruption of any of these mecha-
nisms may cause malformations of the CC. Some examples
are knockout mice lacking some of the molecules involved
in the formation of the midline glial structures [19–23],
GABAergic neurons [34, 64, 65] or pioneer neurons [45],
or the axon guidance mechanism [66]. Phenotypes of such
knockout mice are quite varied and range from hypoplasia
or partial dysgenesis of the CC to complete dysgenesis
and formation of Probst’s bundles [40, 67], which are also
observed in partial dysgenesis.

A comparison between mice and humans revealed many
similarities in the development of the CC between the mouse
brain and human brain [5]. Not only are the midline glial
structures conserved in humans [68], but also the expression
profiles of the molecules known to be involved in the
formation of the CC are similar between human and mouse
brains [9, 69, 70].

In humans, several psychiatric, neurologic, andmetabolic
disorders have been shown to be associated with congenital
agenesis of the CC or the surgical procedure, callosotomy
[5, 71, 72]. Among the famous of these reports is the story
of the patient with callosotomy who could not verbally
describe the stimulation presented to his freshly disconnected
right hemisphere. In subjects with complete dysgenesis of
the corpus callosum, many items of neuropsychological
evaluation are at the lower end of the normal range [72].
Paul et al. described that despite having normal IQ, indi-
viduals with complete dysgenesis of the CC show impaired
social intelligence, analyzing their responses to pictures
from the Thematic Apperception Test [73]. Moreover, many
studies have reported that major mental disorders, such as
autism, attention deficit hyperactivity disorder (ADHD), and
schizophrenia, may be related to the morphology of the CC
[74–76]. However, the precise nature of these associations
remains unclear. How could malformations of the CC have
any relation to these disorders? Do the genes associated with
these disorders play a role in normalCCdevelopment? Future
studies on the development of the CC may help elucidate the
precise nature of these associations.

6. Conclusion

By integrating information between the right/left hemi-
spheres, interhemispheric connections enable us to accom-
plish higher brain functions. Development of interhemi-
spheric connections such as the CC is guided by molecules
in the axonal environment, under the regulation of a number
of different control mechanisms. Midline glial and neuronal
populations express and secrete guidance molecules, and
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“pioneer” axons help in the axon pathfinding of the callosal
neurons. Disruption of these navigational mechanisms may
cause dysgenesis of the corpus callosum. It would be of great
interest to conduct detailed investigation of the mechanisms
underlying CC development, especially in view of their
relevance in the pathogenesis of human disorders.
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[24] A. Bagri, O. Maŕın, A. S. Plump et al., “Slit proteins prevent
midline crossing and determine the dorsoventral position of
major axonal pathways in the mammalian forebrain,” Neuron,
vol. 33, no. 2, pp. 233–248, 2002.

[25] W. Andrews, A. Liapi, C. Plachez et al., “Robo1 regulates the
development of major axon tracts and interneuron migration
in the forebrain,” Development, vol. 133, no. 11, pp. 2243–2252,
2006.

[26] T. R. Keeble,M.M.Halford, C. Seaman et al., “TheWnt receptor
Ryk is required forWnt5a-mediated axon guidance on the con-
tralateral side of the corpus callosum,” Journal of Neuroscience,
vol. 26, no. 21, pp. 5840–5848, 2006.



6 Neural Plasticity

[27] T. Shu, K. M. Valentino, C. Seaman, H. M. Cooper, and L. J.
Richards, “Expression of the netrin-1 receptor, deleted in col-
orectal cancer (DCC), is largely confined to projecting neurons
in the developing forebrain,” Journal of Comparative Neurology,
vol. 416, no. 2, pp. 201–212, 2000.

[28] T. Serafini, S. A. Colamarino, E. D. Leonardo et al., “Netrin-1
is required for commissural axon guidance in the developing
vertebrate nervous system,” Cell, vol. 87, no. 6, pp. 1001–1014,
1996.

[29] S. M. Islam, Y. Shinmyo, T. Okafuji et al., “Draxin, a repulsive
guidance protein for spinal cord and forebrain commissures,”
Science, vol. 323, no. 5912, pp. 388–393, 2009.

[30] H. Zhao, T. Maruyama, Y. Hattori et al., “A molecular mecha-
nism that regulates medially oriented axonal growth of upper
layer neurons in the developing neocortex,” Journal of Compar-
ative Neurology, vol. 519, no. 5, pp. 834–848, 2011.

[31] D. K. Unni, M. Piper, R. X. Moldrich et al., “Multiple Slits
regulate the development of midline glial populations and the
corpus callosum,”Developmental Biology, vol. 365, no. 1, pp. 36–
49, 2012.

[32] L. Li, B. I. Hutchins, and K. Kalil, “Wnt5a induces simultaneous
cortical axon outgrowth and repulsive axon guidance through
distinct signaling mechanisms,” Journal of Neuroscience, vol. 29,
no. 18, pp. 5873–5883, 2009.

[33] L. Li, B. I. Hutchins, and K. Kalil, “Wnt5a induces simultaneous
cortical axon outgrowth and repulsive turning through distinct
signaling mechanisms,” Science Signaling, vol. 3, no. 147, p. pt2,
2010.

[34] M. Niquille, S. Garel, F. Mann et al., “Transient neuronal pop-
ulations are required to guide callosal axons: a role for sema-
phorin 3C,” PLoS Biology, vol. 7, no. 10, Article ID e1000230,
2009.

[35] Y. Choe, J. A. Siegenthaler, and S. J. Pleasure, “A cascade
of morphogenic signaling initiated by the meninges controls
corpus callosum formation,”Neuron, vol. 73, no. 4, pp. 698–712,
2012.

[36] A. Mart́ınez and E. Soriano, “Functions of ephrin/Eph interac-
tions in the development of the nervous system: emphasis on
the hippocampal system,” Brain Research Reviews, vol. 49, no. 2,
pp. 211–226, 2005.

[37] J.O. Bush andP. Soriano, “Ephrin-B1 regulates axon guidance by
reverse signaling through aPDZ-dependentmechanism,”Genes
and Development, vol. 23, no. 13, pp. 1586–1599, 2009.

[38] A. Davy and P. Soriano, “Ephrin signaling in vivo: look both
ways,” Developmental Dynamics, vol. 232, no. 1, pp. 1–10, 2005.

[39] C. Lindwall, T. Fothergill, and L. J. Richards, “Commissure
formation in the mammalian forebrain,” Current Opinion in
Neurobiology, vol. 17, no. 1, pp. 3–14, 2007.

[40] S. W. Mendes, M. Henkemeyer, and D. J. Liebl, “Multiple
Eph receptors and B-class ephrins regulate midline crossing
of corpus callosum fibers in the developing mouse forebrain,”
Journal of Neuroscience, vol. 26, no. 3, pp. 882–892, 2006.

[41] C. Plachez and L. J. Richards, “Mechanisms of axon guidance in
the developing nervous system,” Current Topics in Developmen-
tal Biology, vol. 69, pp. 267–346, 2005.

[42] S. E. Koester and D. D. M. O’Leary, “Axons of early generated
neurons in cingulate cortex pioneer the corpus callosum,”
Journal of Neuroscience, vol. 14, no. 11, pp. 6608–6620, 1994.

[43] B. G. Rash and L. J. Richards, “A role for cingulate pioneering
axons in the development of the corpus callosum,” Journal of
Comparative Neurology, vol. 434, no. 2, pp. 147–157, 2001.

[44] L. C. deAzevedo, C. Hedin-Pereira, and R. Lent, “Callosal
neurons in the cingulate cortical plate and subplate of human
fetuses,” Journal of Comparative Neurology, vol. 386, no. 1, pp.
60–70, 1997.

[45] M. Piper, C. Plachez, O. Zalucki et al., “Neuropilin 1-Sema sig-
naling regulates crossing of cingulate pioneering axons during
development of the corpus callosum,” Cerebral Cortex, vol. 19,
supplement 1, pp. i11–i21, 2009.

[46] H. S. Ozaki and D. Wahlsten, “Timing and origin of the first
cortical axons to project through the corpus callosum and the
subsequent emergence of callosal projection cells in mouse,”
Journal of Comparative Neurology, vol. 400, no. 2, pp. 197–206,
1998.

[47] S. O. Chan and K. Y. Chung, “Changes in axon arrangement in
the retinofugal [correction of retinofungal] pathway of mouse
embryos: confocal microscopy study using single- and double-
dye label,” Journal of Comparative Neurology, vol. 406, no. 2, pp.
251–262, 1999.

[48] B. W. Gallarda, D. Bonanomi, D. Müller et al., “Segregation of
axial motor and sensory pathways via heterotypic trans-axonal
signaling,” Science, vol. 320, no. 5873, pp. 233–236, 2008.

[49] D. T. Plas, J. E. Lopez, and M. C. Crair, “Pretarget sorting of
retinocollicular axons in the mouse,” Journal of Comparative
Neurology, vol. 491, no. 4, pp. 305–319, 2005.

[50] T. Imai, T. Yamazaki, R. Kobayakawa et al., “Pre-Target axon
sorting establishes the neuralmap topography,” Science, vol. 325,
no. 5940, pp. 585–590, 2009.

[51] C. Kudo, I. Ajioka, Y. Hirata, and K. Nakajima, “Expression
profiles of EphA3 at both the RNA and protein level in
the developing mammalian forebrain,” Journal of Comparative
Neurology, vol. 487, no. 3, pp. 255–269, 2005.

[52] M. Nishikimi, K. Oishi, H. Tabata, K. Torii, and K. Nakajima,
“Segregation and pathfinding of callosal axons through EphA3
signaling,” Journal of Neuroscience, vol. 31, no. 45, pp. 16251–
16260, 2011.

[53] H. Tabata and K. Nakajima, “Efficient in utero gene transfer
system to the developing mouse brain using electroporation:
visualization of neuronal migration in the developing cortex,”
Neuroscience, vol. 103, no. 4, pp. 865–872, 2001.
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