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Mechanisms regulating the development of
the corpus callosum and its agenesis in

mouse and human

agenesis of this structure.

The corpus callosum is the largest fiber tract in the
brain and connects neurons in the left and right
cerebral hemispheres. Its principle cognitive func-
tion is to coordinate and transfer information
between the left and right brain. Agenesis of the
corpus callosum (ACC) is a birth defect that occurs
in over 50 different human congenital syndromes
(Table 1) (86, 87, 88). Malformations of the corpus
callosum can manifest as partial agenesis, for
example in only the rostral or the caudal region,
hypoplasia across the entire structure, or complete
agenesis.

Some individuals with agenesis of the corpus call-
osum have intelligence quotients within the normal
range. However, recent evidence suggests that some
of these individuals are more susceptible to behav-
ioral and neuropsychiatric problems (in children)
and thus learning difficulties (89), sleep disorders
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The development of the corpus callosum depends on a large number
of different cellular and molecular mechanisms. These include the
formation of midline glial populations, and the expression of specific
molecules required to guide callosal axons as they cross the midline.
An additional mechanism used by callosal axons from neurons in the
neocortex is to grow within the pathway formed by pioneering axons
derived from neurons in the cingulate cortex. Data in humans and in
mice suggest the possibility that different mechanisms may regulate
the development of the corpus callosum across its rostrocaudal and
dorsoventral axes. The complex developmental processes required for
formation of the corpus callosum may provide some insight into why
such a large number of human congenital syndromes are associated with
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(90), language and social communication disorders
(91), and visuospatial attention deficits (92). Thus,
ACC and disorders of the callosal projection can
be prevalent and wide ranging in their effects.
Recently, studies in mouse have elucidated some
of the mechanisms underlying callosal formation
during development. Here, we review these
mechanisms as well as the genetic mutations that
cause defects in callosal formation in both mice and
humans in order to provide a comparative approach
to understanding the underlying causes of ACC in
human development.

Early patterning of the nervous system affects
midline-commissure formation

Early in development, the nervous system begins
as a homogeneous sheet of ectoderm that folds to



13990004, 2004, 4, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/j.1399-0004.2004.00354.x by Washington University School, Wiley Online Library on [21/07/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

Development of the corpus callosum and its agenesis

4% LINOd I'7Eb6 20V 0299¢gz/owoipuhs Binglep-1oxem
ay 20V 0v827g/oWoIpUuAs 01N
87 oiisejdodAH ‘0QV [eled ‘QOV 086/ L.¢/6WoIpuAs Asied-ojj@lo]
2INSSIWWOD JolBlue 0£.G£z/(swolpuis
JO sisauabe aseas|p bunidyosiiH)
ov '6€ GIXHHZ gebe ‘(lessol) DOV [eiied ‘onse|dodAH SWOIPUAS UOS|IN-FEMON
0L20L2/| Wslemp
fels) DOV eIse|dsAp0oa1so 01jeydadoloip
/€ '9E cgbizgbst DOV [elled ‘DQV 00062/8WOIPUAS [8X08\
LE1209/Se10B) 8AOUNSIP pue eise|dsAp
GE 'vE I'9gbg| 20V [essAydide s|dinw yum Ajeydeooioe
0v/Gegz/(syoeieied pue ‘AyredoAwolpied
S108J0p aulpiw JaylO ‘onsejdodAH ‘AyredoAw Buiznoosu yum ‘jeuoxe
e ‘Aydoure [euoxe 01 anp Al DOV ‘Ayredojeydaoul) swWoIpUAS UOAT
ce '1e ‘oe LdHdN clLbg ‘e rebe DOV [euoiseoo0 pue ‘onse|dodAy 00€€te/I ewoipuhs yegnop
62 zebyt (ressoyd) OOV [eiled 0legy9L/ellosSoIOIW [eloelwaH
82 ‘/2 ano4 Lebe D0V [elled 008£Se/AydonsAp Jeinosnw eweAnyng
9z ‘s reHOHAd L'red-gedl opse|dodAH '00V 86€209/s!sojoJsisouse(
2INSSIWWO) JolBluy
ve 'ec ‘ee 9XVd eIt 8y} jo siseusby ‘(Ajuo sejobAzowoy) DOV 012901/ 8dA} elpuiuy
2 ‘02 ‘61 ‘8L veLo1S vLbglLbg| onse|dodAH 'OV 0008 g/oWoIpuUAs UuBWLIBPUY
AAISS923l [pWIOSOINY
L1 9L LASN gebg (Ajuo repneg) onsejdodAH ‘onsejdodAH ‘O0V 0GG/ | | /eWoIpUAs s0I0S
Sl IXSIH I'led-z'1ede lo) 0€zegl/(eiseldsAp ondp-01des) A0S
vl el
! 499340 e'eLdol 20V 67808 1/6WoIpuAs 1gAe | -uielsuigny
LANIJHTS ‘dT1H ‘YNdLId
dIMS ‘DLOAN MHO
LEOL Hav ‘e-e-vl LSIT e'eLdzl onse|dodAH 'OV 002.¥2/1 ®dA1 Aleydsousssi
68 LH494 F'Lhd-gidg 20V 056/ 1}/ 8WoIpuAs uuew|ey
004G/} /ewoipuAs
.9 €I erds 20V AnoepuhsAjodoreydso Blein
v'e £'zzhe
g HOLd Lebe 20V 0060 1}/sNA8U |[90 [eseg
A cH494 9zbot oise|dodAH '00V 00210}/owoIpuAs Lady
jueulwoOp [ewosoIny
ELIIEIETE| ausn uoibay adAjousyd Jaquinu NINO/epJosiq

wiNso|[eo sndlod 8y} Jo Sissuabe Ylim paleloosse SeWOIPUAS [elueBuoo uewnH | ojgel

277



13990004, 2004, 4, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/j.1399-0004.2004.00354.x by Washington University School, Wiley Online Library on [21/07/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

‘pPapN|oUl USSQ 10U OS[e 8ABY (1IN0 10U S80p sisauabe aiaym Ing) onsejdodAy aqg 01 paiiodal usag sey wnsojed sndJod 8yl YoIym Ul SSWOIPUAS
‘@I0WIBYMNS "PapNIoUl Usag 10U aABY DOV UM POIeIO0SSE SSWOIPUAS alel aJow sny} ‘pauodal usagq aABY SOSEO 9JOW IO 98IY} 8I8UM SI9PIOSIP Sepn[oul | 9|ge] 910N

“unsojjeo sndioo Jo siseusby ‘DY

08+91/(8WoIpuAs
SN0BUBINDO0IQ81820|N2Q)

G8 ‘8 onse|dodAH ‘DOV awoJpuAs uews|eqg
€8 ‘28 LOSHM £'91dy (lepneo) DV [eiued ‘onse|dodAH 06176 | /8WOIPUAS UIOYYOSIIH—IOM
snoaue||99sIN
00}t Le/(eWolipuAs
Areydeousessii [euay-oredapH-0igala))
18 ‘08 €X3d veb-gebg ‘onse|dodAH ‘00V awoipuAhs iebem|joz
6/ '8. /HOHd clb-gibry 20V 00¥0/g/8Woipuhs zidO-I|WeT-yiws
1.9/ LYHAd cedx D0V [enied 0/ e Le/housiolep HAd
GL'v. dson cede Q0V 668509/Ayredoreydeous suloA|D
€l 'cl HH Leybl onse|dodAH ‘00V ¢18909/Aousolep Bserewny
SI9pPIOSIp 21|0qeIdN
L. 0L Xoa cgb-gzgbx lo) /9000¢/(Areydeousssi| paxull-X) SITX
G1z0oog/(elenueh snonbique
69 '89 yum Areydeousssi| pexull-X)
19 '99 X4v gh'gedx g teb gridx 20V DY IX ¥0000&/0W0IpUAs pnoid
7S ‘€9 VYN 8gbx OOV [enled 67000¢/e1dojoIsiay JBINOLIUBALISY
00z} Le/(1 8dAL swolpuhs
G9 'v9 SHHOXO Z'ged-ggedx 20V [enbig-o1oe4-0I0) td40
(1sIX® Os|e suwJo} [BLOSOINY)
€929 ‘19 Lam cedx onse|dodAH '00V 00000g/oWoIpUAs zido
0860g/(S108)0p UMS Jesul|
09 '6S Legedx 20V yum elwreyiydololn) SN
0Se£0g/(squnyy pelonppe
pue ‘yeb Bulynys ‘eiseyde
8G /S WYOLT 8zbx onse|dodAH '0OV ‘uolrepielal [ejusiy) sWoIpUAs YSYIN
95 ‘GG ggb-/2bx o0V 00860g/0WOoIpUAs elweyidololw zusT]
00020€/(sNIAIAS Jo 10npenbe
10 sIsou®als _m:cmmcoo
25 ‘1S WYOLT 8gbx 20V 01 onp snjeydeoolpAH) SYSH
0} L0g/(8WoIpuAs
0S '6Y ‘8¥ LGN+T cedx ‘giLbx D0V lenled [eseuojuosjoluel)d) AN4O
2/¥00g/elyreuolol
pue ‘ewogo|od Jejndo
A7 1dg5] gel-L'eLbx 20V ‘UoNepIBIaI [BIUSW YIM DOV
oY ‘S cedx onse|dodAH ‘00V 0S0¥0E/eWOolpUAs IpIedly
pajull-xX
oouaJlojoy EIVETS) uoibay adAlousyy Jequinu IN[INO/JepJosiq

Richards et al.

panupuoy 'L ejgeL

278



form a tube initially and then differentiates both
in the rostro-caudal axis and in the dorso-ventral
axis to form the brain and spinal cord. The
expression of genes in restricted regions deter-
mines which regions of the tube will differentiate
into specific structures and cell types within the
nervous system. These so-called genetic pattern-
ing events also regulate the development of the
midline of the nervous system. Proper midline
formation is crucial to the later formation of all
the midline commissures in the forebrain, includ-
ing the corpus callosum. Initially, the forebrain
consists of a single vesicle called the prosencepha-
lon (Fig. la). Shortly after the formation of the
prosencephalon, buldges form on either side of
the single vesicle through cellular proliferation
and migration to form two telencephalic hemi-
spheres (Fig. 1b). One of the most common devel-
opmental neurological malformations, called
holoprosencephly, occurs when the prosencep-
halon fails to split leaving a single cerebral hemi-
sphere. This major neurological malformation is
a midline patterning defect that has profound
effects on the formation of commissures within
the forebrain. Although important and often

Prosencephalon

) <
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cited as resulting in ACC, these effects will not
be discussed further here, because their underly-
ing cause is primarily due to a failure to form the
two cerebral hemispheres, either in part or in
whole.

Once the telencephalic hemispheres are formed a
number of other developmental processes, some
related to midline patterning, must also occur
before the corpus callosum can develop. In rostral
regions of the forebrain, the two hemispheres are
joined ventrally but a fusion of the midline must
occur in more dorsal regions where the callosal
axons will eventually cross the midline (Fig. lc).
Midline fusion occurs at approximately E14-E15
(embryonic day 14-embryonic day 15) in mice and
is hypothesized to occur by molecules expressed by
glia that arise in this region known as the midline
zipper glia (MZG) (Fig. 1d) (93, 94). Midline fusion
is critical to the formation of the corpus callosum as
the axons cannot cross the midline if no substrate
exists for them to grow and extend upon. The mid-
line is also often the site of interhemispheric cysts,
which when occur during development, prevent the
fusion of the telencephalic hemispheres and are a
common cause of ACC.

Telencephalic hemispheres

Fig. 1. Development of the telencephalic hemispheres and fusion of the rostral cortical midline. The brain begins as a three-vesicle
structure (shown in a). The rostral-most vesicle, called the prosencephalon, will form the entire forebrain. Slightly later in
development two large buldges form on either side of the prosencephalon to form two telencephalic hemispheres (b). A cross section

through the brain at a slightly later stage of development [embryonic day (E)14 in mouse] shows that although the ventral region of

the brain is connected the hemispheres are still separate in more dorsal regions of the rostral forebrain (c). Midline glia known as the

midline zipper glia (MZG) are thought to play an active role in fusing the hemispheres together (blue arrows in C show direction of

fusion). By E17 the two hemispheres are fused and the glial are split into two populations by the formation of the corpus callosum (d).
The glia within the indusium griseum (IGG) reside above the corpus callosum, while the MZG and the bilaterally symmetrical glial
wedge (GW) reside below the corpus callosum. The red axon depicts the callosal projection of a neuron within the neocortex.
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Within the developing cortex are cellular pro-
cesses that produce the six layers of the mature
cortex. These include, proliferation within the
ventricular zone, migration to the correct posi-
tion, and differentiation of the cells into neurons
and glia. It goes without saying that each of these
processes are also critical to the formation of the
corpus callosum, because the majority of axons
making up the corpus callosum arise from
neurons within the neocortex. These cellular pro-
cesses are mentioned here however, because
defects, particularly in cellular migration such as
lissencephaly, are often grouped with syndromes
that cause ACC, and some have been included in
our table of human disorders associated with
ACC. It should be noted, however, that the
ACC observed in these syndromes is likely to be
secondary to the primary defects in cellular
migration that cause these malformations.

Development of the callosal projection

The cerebral cortex is made up of six cellular
layers. The major projection across the corpus
callosum is derived from neurons in layers 2/3
and 5. We have arbitrarily divided the projection
pathway of callosal axons into six distinct deci-
sion points in order to better describe and char-
acterize the entire pathway (Fig.2). Neurons
within each layer send an axon ventrally toward
the intermediate zone possibly under the influ-
ence of guidance factors such as Sema3A (995)
which repels axons away from the marginal zone
(layer 1 of the neocortex) (decision number 1 in
Fig.2) is thus to send an axon ventrally toward
the intermediate zone. Once these axons reach
the intermediate zone they turn toward the mid-

Fig.2. Developmental stages in the formation of the corpus
callosum. The callosal tract can be divided into six different axonal
decision points. These points (labeled 1-6) are described in detail in
the text. A representative callosal axon is shown in red while a
laterally projecting cortical axon is shown in green projecting
through the internal capsule (IC). CgC, cingulate cortex; IGG,
indusium griseum glia; GW, glial wedge; MZG, midline zipper glia.
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line rather than projecting laterally (decision
number 2 in Fig. 2). This decision is where callo-
sal axons are distinguished from subcortically
projecting axons which turn laterally to project
through the internal capsule (green axons in
Fig.2). At present nothing is known about how
this differential decision is made, however, there
is some evidence that axons may hedge their bets
at this decision point by dividing and projecting
a process both medially and laterally (96). This
appears to be a transient decision however,
because by the time the axons have projected
across the midline and down into the internal
capsule there are few, if any, bifurcating projec-
tion neurons found (97). Callosal axons then
approach the midline by growing through the
cingulate cortex (Fig.2). The axons approach
the midline in a steep ventral trajectory and
then abruptly turn to cross the midline at the
corticoseptal boundary (decision number 3 in
Fig.2). At the corticoseptal boundary, the
axons encounter midline glial structures known
as the glial wedge and indusium griseum glia
(how these glia are involved in regulating callo-
sal axon guidance at the midline is discussed in
more detail below). As the axons turn to cross
the midline they encounter another glial wedge
in the opposite hemisphere, where the axons
must make another turn dorsally (decision num-
ber 4 in Fig.2) to enter the contralateral cingu-
late cortex and then the contralateral neocortex.
Growing within the contralateral neocortex, the
axons must locate their target neocortical area
for innervation (decision number 5 in Fig.2).
Little is known about how callosal axons locate
the contralateral cortical area, but it is likely that
they use similar cues to those that thalamic
axons use to find their cortical target areas.
Thalamic axons are regionally sorted as they
leave the ventral forebrain both by virtue of the
rostro-caudal location of the specific thalamic
nuclei from which they arise, and by molecules
expressed in the ventral forebrain that help
maintain this rostro-caudal pattern of projec-
tions (98, 99, 100). However, once thalamic
axons enter the cortex they need to locate their
final target region and do so probably by identi-
fying regionally expressed molecules within the
cortex. Current research shows that cortical
areas are defined by both growth factors such
as FGF8 (101, 102) and transcription factors
such as Emx2 and Pax6 (103, 104, 105).
However, this research is looking at the master
control genes for cortical arealization and has
not yet identified the downstream molecules
that tell thalamic axons where to innervate.
Once callosal axons decide where to innervate
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they then use radial glial fibers to grow dorsally
into the cortical plate (106) where they make
their final targeting decision to locate the correct
cortical layer and target neurons to innervate
(decision number 6 in Fig.2), with the final
pattern and maintenance of projections likely
sculpted by activity dependent mechanisms (107).

Mechanisms regulating the development of the
corpus callosum

In the developing brain axons use a number of
different mechanisms in order to find their correct
path of growth. The specialized tip at the end of
the axon, called a growth cone is exquisitely sen-
sitive (108) and able to detect subtle changes in
the concentration of molecules within the envir-
onment. A number of axonal guidance molecules
have been identified, and these can be divided into
secreted/diffusible factors and factors bound to
cellular membranes or to the extracellular matrix
(109). Within both groups there are chemoattrac-
tive and chemorepulsive molecules as well as
molecules that are permissive or suppressive (sup-
pressing growth but not repelling the axons). Axons
often have to grow over very large distances to
reach their final target, and callosal axons are a
good example of this. It is, therefore, impractical
for the final target to be the sole source of guidance
molecules for these axons. One way that the
nervous system copes with this is to employ inter-
mediate targets along the way to the final target to
essentially break down the path into smaller, more
manageable segments. These intermediate targets
express guidance factors that guide axons to a
given point and then possibly repel them on to the
next intermediate target. The midline is an inter-
mediate target and has been shown to be critical for
the formation of commissures throughout the ner-
vous system, particularly through the expression of
molecules by midline glial populations (110).

Glial development and midline commissure
formation

Midline glia have been shown to regulate the for-
mation of midline commissures from fruit flies to
mammals. Even within the mammalian nervous
system, midline glial (or glial-like) structures are
essential for formation of commissures. Particu-
larly, the floorplate, a glial-like structure, secretes
guidance cues for the formation of commissural
axons of the dorsal sensory neurons in the spinal
cord (111); the glial palisade which guides retinal
ganglion cell axons of the optic chiasm (112), and
the glial tunnel which is associated with the ante-

Development of the corpus callosum and its agenesis

rior commissure (113) are all important midline
glial structures for the formation of commissural
projections in the nervous system. Moreover, not
only are these midline glial structures conserved in
humans (114) but also the molecules they express
that guide commissural axons are also highly con-
served throughout evolution.

Midline glia are also required for formation of
the corpus callosum. Figure 2 shows where speci-
fic glial populations arise at the cortical midline.
One population, called the glial wedge has been
isolated and shown in vitro to express molecules
such as Slit2, required for callosal axons to cross
the midline (94, 115). The glial wedge is part of
the radial-glial scaffold of the cerebral cortex and
expresses markers of radial-glial cells such as
RC2, BLBP, and GLAST (116). However, the
glial wedge has three distinguishing features;
(1) they are the first cells within the rostral cortex
to express glial fibrillary acidic protein (GFAP),
the prototypical glial marker; (ii) they express
guidance molecules such as Slit2, and (iii) they
retract their pial endfeet prior to retracting their
ventricular endfeet (116) (this may be how this
structure achieves its wedge shape). Two other
populations of glia that arise at the midline and
are not part of the radial-glial scaffold, are glia
within the indusium griseum (IGG) and the
MZG. The MZG and their proposed function in
midline fusion have been described above. The
IGG also express the guidance molecule Slit2
and reside directly above the corpus callosum.
At present we hypothesize their function in callo-
sal development to be in channeling the axons
across the midline, and defining dorsoventrally
where the axons cross the midline.

Pioneering axons — evidence of a role for pioneering
axons in growth cone guidance

In many other systems, both in invertebrates and
in the mammalian cortex, pioneering axons have
been shown to be important for the guidance of
later-arriving axons (117, 118, 119). Pioneering
axons are defined as the first axons to grow
down a specific pathway, probably under the
influence of guidance molecules expressed in the
environment. Later arriving axons then use the
pioneers, perhaps by even direct fasciculation with
the pioneers, to find their correct path of growth.
Logically, this would mean that the later-arriving
axons would not need to express the myriad of
receptors required for gross guidance as they
could merely follow the pioneers. Thus, one possi-
bility could be that molecules expressed within the
environment could then be used for more subtle
wiring decisions involving axons leaving the main
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tract at defined stopping points to specifically inner-
vate targets along the main trajectory.

The corpus callosum is pioneered by axons
from neurons that reside within the cingulate
cortex, the most medial region of the cerebral
cortex (120, 121, 122). The cingulate pioneers
cross the midline at E15.5 in mice, followed by
neocortical axons that cross as early as E16.5
(122). Evidence that the cingulate pioneers may
be important for callosal formation is that the
neocortical axons appear to fasciculate with the
cingulate pioneers, crossing the midline within the
tract formed by the pioneering axons. The cingu-
late pioneering axons express the guidance rec-
eptor Neuropilinl (Plachez and Richards,
unpublished observation), and preliminary
evidence demonstrates a role for Neuropilinl
in guiding callosal axons across the midline (123).

In summary, a number of guidance events are
critical to callosal formation. These include the
formation of midline glial structures and the pio-
neering axon population, and the expression of
molecules by these structures and axons for neo-
cortical-callosal axon guidance. In Table2, we
have reviewed the current literature to present a
table of genes and molecules that in mice have
been shown to cause defects in callosal develop-
ment. This large number of genes is comprised of
molecules as diverse as transcription factors, guid-
ance molecules and their receptors, intracellular
signaling molecules, growth factors, and pattern-
ing molecules (Table 2). It is likely that this wide
array of genes involved in callosal development is
due in part to some of these genes regulating the
large number of developmental steps required to
form a corpus callosum and in part because

Table 2. Genes shown to cause malformations in development of the corpus callosum in mice

Gene Mouse loci Human loci Reference
Guidance molecules/receptors
DCC 18 45.0cm 18921.3 124
EphA5 543.0cm 4913.2 125
EphB2 (Sek4) 4 65.7¢cm 1p36.1-36.5 126
EphB3 (Nuk) 16 B1-B4 3g21-qgter 127
fzd3 14 27.0cm 8p21 128
Netrin1 11 B3 17p13-pi2 129
Npn1 873.0cm 10p12 123
Slit2 5B3 4p15.2 130
Transcription factors
Emx1 6 35.5¢cm 2p14-p13 131, 132
Emx2 19 53.5¢cm 10g26.1 132, 133
Hesx1 14 A3-B 3p21.2-p21.1 134
Nfia 4 458¢cm 1p31.3-p31.2 135, 136
Pax6 258.0cm 11p13 137
Vaxi 1953.5¢cm 10926.1 138
TIx 10 25.5¢cm 6921 139
Extracellular matrix molecules
Ankyring (ankyrin2) 362.5¢cm 4925-g27 140
L1 CAM X 29.51cm Xq28 141
Signaling/Cytoplasmic molecules
BAPP 16 56.0cm 21g21.2 142,143
CREBH1 131.0cm 2934 144
GAP43 16 29.5¢cm 3g13.1-g13.2 145
MAP1B 1351.0cm 5013 146
MARCKS 10 22.0cm 6022.2 147
macMARCKS (MLP) 459.0cm 1p34.3 148
Mena (Enah) 198.7¢cm 1942.13 149
p35 (cdk5R1) 11 46.5¢cm 17g12 150
cdk5 512.0cm 7936
p190-A RhoGAP unknown 19g13.3 151
PTPO 17 33.8¢cm 19p13.3 152
Arx X CA Xp22.1-21.3 69
Jip3 17 A3.3 16p13.3 153
FE65 7 46.6¢cm 11p15 154
FEB5L1 5C3.1 4p14
Growth factors
FGF8 1945.0cm 10g24 155
IGFBP-1 11 1.3cm 7p13-p12 156
ACC mouse strains
BTBR T/+t/tf 157
Ckr 158
BALB/cWah1 9XCA/Wah 159
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some of these molecules may turn out to be
involved in similar processes either through direct
interactions or by being within the same molecular
pathways.

Development of the rostro-caudal extent of the
corpus callosum

The corpus callosum can be partitioned into
regions known as the rostrum (which includes a
beaked segment and the lamina rostralis), genu,
body, and splenium from rostral to caudal
(Fig.3). It was once thought that the body of
the corpus callosum formed first, followed by
expansion in both anterior and posterior direc-
tions (160). However, detailed MRI studies have
provided new insights into how the corpus cal-
losum forms in the rostral-caudal axis during
human development (161, 162). These studies
provide convincing evidence that the corpus cal-
losum is anchored early in development rostrally
by the lamina rostralis region of the rostrum and
caudally by the fornix. The first regions to form
then are the lamina rostralis and the anterior
region of the body of the corpus callosum which
crosses directly over the fornix/hippocampal
commissure (162). Recent developmental studies
in rodents suggest that axons cross the midline in
rostral regions very early. The axons arise from
neurons in the cingulate cortex which are closely
followed by axons from neurons in the neocortex
(120,122,163).Incaudal regions (the future body of
the corpus callosum) callosal axons grow in close

Splenium

Beaked segment

Rostrum  “Lamina rostralis

Fig. 3. Regions of the corpus callosum. Schematic depiction of
a sagittal section showing the different regions of the corpus
callosum from rostral to caudal. The rostrum is made up of the
lamina rostralis and a beaked segment, followed by the genu,
body, and splenium of the corpus callosum. The lamina rostralis
and the rostral part of the body are reported to be the sites of
where the first callosal axons cross the midline in humans.

Development of the corpus callosum and its agenesis

proximity to the axons of the hippocampal com-
missure. In mouse the hippocampal commissure
forms around one day earlier [at embryonic day
(E)14] than the corpus callosum (at E15.5). This
suggests a correlation between where callosal
axons cross the midline in more caudal regions
and the formation of the hippocampal commis-
sure (164) suggesting the callosal axons may use
the axons of the hippocampal commissure to
cross the midline. In order to investigate this
further and to determine the developmental
sequence of events in mouse, we injected mouse
brains between embryonic day 15.5 and birth
with different colored carbocyanine dyes from
rostral to caudal. Figure4 presents evidence that
axons in the rostral region and in the region of the
future body of the corpus callosum cross
simultaneously. That is, cingulate pioneering
axons cross the midline at both the most rostral
extent (which probably correlates with the lamina
rostralis in humans) and caudally (in the future
body of the corpus callosum) above the hippocam-
pal commissure at the same stage of development.
More caudal regions of the corpus callosum that
will form the splenium are added approximately
one day later (Fig.4). These data confirm and
extend those of Ozaki and Wahlsten (165) and
provide evidence that the callosal axons are not
added in a rostral to caudal manner and therefore
we propose that callosal axons in more caudal
regions (the future body and the spenium) may not
require the presence of the cingulate pioneering
axons in order to cross the midline. Further experi-
ments are required to define medio-laterally which
regions of the cortex (cingulate vs neocortex) cross
first in more caudal regions. However, the presence
of the hippocampal commissure in these regions
may obviate the need for the cingulate pioneering
axons in this region with callosal axons (in the
future body of the corpus callosum) instead using
the axons of the hippocampal commissure to cross
the midline, and axons of the splenium being added
to these in a rostro-caudal manner.

These data, coupled with the MRI evidence
showing that the human corpus callosum forms
simultaneously in the lamina rostralis and more
caudally, in the region of the future body, above
the fornix indicate a model in which different
mechanisms operate in the development of the
rostral vs the caudal region of the corpus callo-
sum. One way in which this may occur is that in
rostral regions callosal axons may require the
presence of pioneering axons from the cingulate
cortex, and in caudal regions callosal axons could
use the presence of the hippocampal commissure
to cross the midline (Fig.5). Axons of the genu
and splenium would then be added to these two
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Rostral Middle Caudal
A
El15.5
El6/
El16.5
B
E17

Fig. 4. Development of the corpus callosum in the rostro-caudal axis in mice. Brains between E15 and post-natal day 0 were injected with
three different colored carbocyanine dyes using methods previously described (37) to determine the order of development of the corpus
callosum in the rostro-caudal axis. Brains were injected from rostro-caudal with either a sequence of red, blue, green or blue, green, red dyes
as shown in panels A and B respectively. The order of the dyes was changed for some brains at each age to control for any possible
differences in transport time or efficiency between the three different dyes. No axons were found to cross the midline at E15 (data not
shown). At E15.5 axons crossed in the rostral region (C) slightly ahead of axons in the middle region (D; which were nevertheless also
crossing the midline). Axons in the caudal region were not crossing the midline (E). Axons also crossed the midline at E16 in rostral (F) and
middle (G) regions but not in caudal regions (not shown). By E16.5, however, axons did cross in the caudal region (H). Panels [-K show
axons crossing in all rostro-caudal regions of the corpus callosum in the same brain at E17. Thus, the first axons to cross the corpus
callosum in mice cross in the rostral and middle regions simultaneously followed approximately 1-day later by axons forming the caudal

corpus callosum. Scale bar =200 um.

initial populations, respectively, in a rostro-
caudal manner. This model is supported by
the existence of some human congenital syn-
dromes in which either the rostral or caudal region
of the corpus callosum is most affected (Table 1).

Toward an understanding of agenesis of the
corpus callosum in humans

We propose that different mechanisms regulating
callosal formation may operate in both the ros-
tro-caudal axis as well as the dorso-ventral axis. It
has been previously shown that there is a loose
topography of the origin of axons within the
corpus callosum, with more medially-situated
neurons crossing more dorsally than more later-
ally-situated neurons (164). Thus the pioneering
axons coming from the cingulate cortex, the most
medial region of the cerebral cortex, cross within
the dorsal region of the tract. Thus, any differ-
ences in guidance mechanisms specific for the
pioneering axons vs neurons from the neocortex
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would also represent different mechanisms
regulating callosal formation in the dorsal vs the
ventral region of the tract.

How do these hypotheses relate to the genetic
regulation of callosal development in humans?
The most significant point is that the large num-
ber of defined genes and genetically uncharacter-
ized syndromes associated with agenesis of the
corpus callosum (summarized in Table 1) can be
explained if these layers of complexity involved in
regulating callosal formation are taken into
account. As outlined here, these layers of com-
plexity include the large number of defined points
in the developmental sequence of events required
for callosal formation, how these events are
regulated by molecules and structures within the
environment, and finally, that mechanisms
regulating the development of the corpus callo-
sum may not be uniform in either the rostro-
caudal or dorso-ventral axes. By defining each
of these aspects of callosal formation we may be
able to arrive at a means for classifying known
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14-week fetus

Development of the corpus callosum and its agenesis

§e \
‘ N \
= Fornix “

\ "
S .'\ Anterior )

_ commissure

Adult brain \

Fig.5. Model of callosal development in humans. The data presented in Fig. 4 and MRI data previously described (126) show that the
first regions of the corpus callosum to form are the lamina rostralis and the anterior region of the body of the corpus callosum. We
propose that different mechanisms may be used by axons to cross the midline in these two regions. In rostral regions callosal axons use
the pioneering axons derived from the cingulate cortex as well as midline glial structures that prevent them from entering the septum
and repel them away from the midline once they have crossed. In caudal regions pioneering axons may follow the axons of the fornix
and hippocampal commissure to cross the midline. Once these primary regions are established, more axons are then added to form the
genu and finally the splenium of the corpus callosum. Shown are sagittal views of schematics of a 14-week-old fetal (a) and adult (b)
human brains depicting where the first axons are proposed to cross during development (sites of red axons in a) and their

corresponding regions in the adult brain.

genetic mutations as regulating one or more
aspects of development and to pinpoint more
accurately where development has been disrupted
in genetically undefined syndromes associated
with callosal agenesis. Usually, agenesis of the
corpus callosum is not observed in isolation but
in conjunction with other neurological deficits.
Thus, it is also likely that the mechanisms and
molecules being uncovered in the callosal system
may also regulate the development of other
commissures or other structures in the brain and
spinal cord. The challenge now lies in sorting out
which genes, if any, are part of the same mole-
cular pathways and whether any of the genes
known to cause defects in specific developmental
events required for callosal formation in mouse
are involved in similar events in humans.
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