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Abstract

Analysis of regional corpus callosum fiber composition reveals that
callosal regions connecting primary and secondary sensory areas tend
to have higher proportions of coarse-diameter, highly myelinated
fibers than callosal regions connecting so-called higher-order areas.
This suggests that in primary/secondary sensory areas there are strong
timing constraints for interhemispheric communication, which may
berelated to the process of midline fusion of the two sensory hemifields
across the hemispheres. We postulate that the evolutionary origin of
the corpus callosum in placental mammals is related to the mechanism
of midline fusion in the sensory cortices, which only in mammals
receive a topographically organized representation of the sensory
surfaces. The early corpus callosum may have also served as a sub-
strate for growth of fibers connecting higher-order areas, which
possibly participated in the propagation of neuronal ensembles of
synchronized activity between the hemispheres. However, as brains
became much larger, the increasingly longer interhemispheric dis-
tance may have worked as a constraint for efficient callosal transmis-
sion. Callosal fiber composition tends to be quite uniform across
species with different brain sizes, suggesting that the delay in callosal
transmission is longer in bigger brains. There is only a small subset of
large-diameter callosal fibers whose size increases with increasing
interhemispheric distance. These limitations in interhemispheric con-
nectivity may have favored the development of brain lateralization in
some species like humans.

Key words

« Commissures

« Evolution

« Interhemispheric transfer
« Lateralization

« Synchronization

“...if the currently received statements are correct, the appearance of the corpus callosum in the
placental mammals is the greatest and most sudden modification exhibited by the brain in the whole

series of vertebrated animals...” T.H. Huxley (1).

Introduction

The corpus callosum is a unique feature
of the brain of placental mammals, so much
so that we may state that it can be a diagnos-
tic character of placentals just like the very
placenta is. This structure was first described

in 1836 by Owen (cited in Ref. 2), who
noticed that the corpus callosum was absent
in the brain of the wombat (an Australian
marsupial), which instead had a well-devel-
oped dorsal or hippocampal commissure lo-
cated ventral to the hippocampi. Owen con-
sidered the corpus callosum to be a character
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unique to placentals, since the dorsal com-
missure originated mainly from the hippo-
campal formation, while the corpus callo-
sum had no relation to the hippocampus. The
absence of any kind of callosal primordia in
nonplacental mammals implied a sudden
evolutionary origin of the corpus callosum,
with no structures ancestral to it. This was
unexpected according to Darwin’s concept
of evolution by the successive accumulation
of small changes. In fact, even Huxley, a
champion of gradualism, would admit in
1863 that the origin of the corpus callosum
signified a major leap in evolution. In 1865,
some thirty years later than Owen, Flower
(2) and later Smith (3) argued that both the
corpus callosum of placentals and the dorsal
commissure of marsupials contained fibers
connecting the anterior part of the mesial
hemisphere and consequently were partly
homologues. This observation would agree
with the concept of a gradual origin of the
corpus callosum, since fibers that originally
traveled through the dorsal commissure might
have found a different route across the hemi-
spheres. However, Flower went perhaps too
far in naming the dorsal commissure of mar-
supials as the corpus callosum, and propos-
ing that the corpus callosum could be found
even in reptiles and other “lower” verte-
brates. Indeed, when saying this, he was
actually speaking of the dorsal hippocampal
commissure. For this reason, Flower later
became strongly discredited (3). Neverthe-
less, Flower may have been right in that
some neocortical fibers might cross through
the hippocampal commissure in marsupials,
which would explain its large size.

Aside from these historical considerations,
the corpus callosum remains an evolutionary
puzzle. Mutations producing the absence of
the corpus callosum are not uncommon, and if
there were no adaptive value in this structure it
would be common to find placental lineages in
which the corpus callosum had been lost. In
addition, it is surprising that few dramatic
long-term effects beside the callosal discon-
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nection syndrome are seen after section of the
corpus callosum in humans and in other ani-
mals (4,5). Therefore, the question arises about
the adaptive value of the largest fiber tract in
the placental nervous system. Which circum-
stances were involved in the origin of the
corpus callosum, and why was it maintained in
the history of placental mammals? Further-
more, is the corpus callosum related to the
emergence of brain lateralization in humans
and to conscious experience? (4) In this paper,
we will discuss our studies on the comparative
fiber composition of the corpus callosum,
which in our view may provide important
insights into the problems raised above.

Fiber composition of the corpus
callosum

The corpus callosum is not a homoge-
neous structure in the sense that fibers con-
necting specific cortical areas travel through
distinct callosal regions. In other words, there
is a rough topographic representation of the
different cortical areas along the corpus cal-
losum, in which anterior cortical areas are
connected through the anterior corpus callo-
sum, and more posterior areas are connected
through more posterior regions. This topog-
raphy is more accurate in species like the
macaque (6), but in rodents it becomes more
diffuse (7). Topographic variability implies
that there may be concomitant regional dif-
ferences in terms of callosal fiber composi-
tion, as the kind of information transmitted
differs across different cortical areas. In fact,
analyses of fiber composition in the primate
corpus callosum reveal a wide diversity of
fiber calibers, which are distributed in an
uneven manner along this structure (see Fig-
ure 1; 8,9). Callosal regions connecting pre-
frontal and temporoparietal association ar-
eas are characterized by large proportions of
poorly myelinated, small caliber, slow-con-
ducting fibers, while in regions connecting
primary and secondary sensorimotor areas
there is a concentration of fast-conducting,
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highly myelinated fibers of more than 3 pm
in diameter. However, in other mammals
such as carnivores, rodents and ungulates,
we did not observe regional differences in
fiber size, at least in the posterior corpus
callosum (10). This may partly reflect the
more diffuse topographic arrangement of
different cortical areas in the corpus callo-
sum of these species (see Ref. 10,11).

Functions of different callosal fibers

The uneven distribution of fiber types
along the corpus callosum suggests impor-
tant functional differences in interhemi-
spheric communication between different
types of cortical areas. First, it is important to
recall that many callosal projections are ho-
motopic, that is, they connect equivalent
regions between the two hemispheres (12).
This is not to say that there are no hetero-
topic callosal projections (i.e., connecting
different areas across the hemispheres). In
the visual cortex, callosal cells and fibers
connecting lower-order areas (V1, V2, V3)
with a visuotopic organization tend to be
concentrated on the borders between these
areas (Figure 2). More specifically, many
callosal-projecting cells and their terminals
are located in a stripe corresponding to the
representation of the visual field’s midline
(Figure 3); these cells can be found both in
superficial and deep cortical layers (12,13).
Since each hemisphere contains a represen-
tation of the contralateral visual hemifield,
callosal fibers have been proposed to con-
nect the two hemirepresentations of the whole
visual field at the level of the midline. On the
border between the primary and secondary
visual areas of the cat and other mammals
there is a band containing two mirror images
(one in V1 and the other in V2) of the
central, binocular visual field; each image
has an ipsilateral and a contralateral repre-
sentation of the central visual field (14-16).
In this region, many callosal cells connect
points of the contralateral visual representa-
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Figure 1. Cross-section of the human corpus callosum indicating the representation of
different cortical regions (top). Regional differences in fiber composition along the corpus
callosum (larger circles indicate larger fiber diameters) (bottom). A, auditory fibers; F, frontal
fibers; M, motor cortex fibers; Ss, somatosensory fibers; T/P, temporoparietal fibers; V,
visual fibers.

Figure 2. Diagrams indicating the distribution of callosal fibers in different cortical areas of
the cat. Top, Fibers originating at the 17/18 border project to several regions representing
visually equivalent points along the midline (0 degree). Bottom, Fibers connecting higher-
order areas (ectosylvian cortex, ES) originate modified from and project to the whole
contralateral area. CC, corpus callosum; SSI, suprasylvian cortex. Modified from Ref. 17.
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tion of one hemisphere with regions repre-
senting the same or a neighboring visual
position in the ipsilateral representation of
the other hemisphere (see Figure 3). In addi-
tion, in V1 and V2, a few cells in deep layer
V have been found to project through the
corpus callosum from regions well within
the respective areas, representing peripheral
regions of the visual field (18). The explana-
tion for these cells is not clear yet, but may be
related to anticipation of trajectories of fast-

VM
RN 5
Visual field
Retinae N

contra

Callosal
linkage

Left

Right
Figure 3. In V1, callosal fibers connect contralateral ocular dominance columns with ipsilat-

eral ocular dominance columns, representing visually equivalent points. N, nasal; T, tempo-
ral; VM, visual midline. Modified from Ref. 15.
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moving objects from one visual field to the
other and to integration of large-scale fea-
tures across the visual field, such as optic
flow during locomotion (see below; 19,20).

In the somatosensory cortex, S1, and the
motor cortex, M1, callosal-projecting cells
have been described to be restricted to a
narrow band representing the body midline
(see Ref. 12). However, more recent find-
ings indicate that in S1 there are a substantial
number of neurons with bilateral receptive
fields in the representations of the hand and
feet, which could participate in integrating
information necessary for the cooperative
actions ofthe two hands (21). These bilateral
cells are probably connected to the other
hemisphere via the corpus callosum. In pri-
mary and secondary auditory areas of the rat,
in which different tones are represented as
stripes across the respective areas, callosal
cells have been described to be segregated in
relation to the tonotopic representation, al-
though there are some discrepancies in the
details of this array (22-26).

Callosal projections in higher-order cor-
tical regions have been mostly studied in the
prefrontal and temporoparietal visual areas.
These regions tend to be connected inter-
hemispherically by poorly myelinated, thin-
diameter, slow-conducting fibers (8,9).
There, callosal cells tend to be distributed all
over the respective cortical regions, inter-
digitating with ipsilateral corticocortical pro-
jections and with thalamic projections in a
manner resembling the ocular-dominance
array of the primary visual cortex. These
higher-order cortical areas tend to have a
poor visuotopic organization. Their cells have
large receptive fields and respond better to
stimulus properties such as color, shape or
direction of movement than to strict position
in the visual field (12).

Visual callosal fibers: midline fusion
and depth perception

The concentration of fast-conducting,
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large-diameter callosal fibers in primary/sec-
ondary sensorimotor areas might reflect the
importance of performing the fusion of the
two sensory and motor spatial hemirepre-
sentations across the hemispheres. This is
especially important in two sensory systems:
the auditory system, which may use binaural
cells to make up a cortical sound localization
system, and the visual system, in which cen-
tral vision involves high-resolution process-
ing and is related to aspects of depth percep-
tion. In fact, the callosal regions correspond-
ing to the primary and secondary auditory
and visual areas have the largest fiber diam-
eters of the corpus callosum (9).

The role of the corpus callosum in central
vision and depth perception has been de-
bated for some time. Reports indicate that
damage to the posterior corpus callosum
produces inability to judge depth in patients
with damage of the optic chiasm, and section
of the corpus callosum may reduce the pro-
portions of binocular cells (27-29). In addi-
tion, experimentally induced early strabis-
mus leads to an expanded callosal receiving
zone in areas 17 and 18; in these conditions
callosal cells also show decreased binocu-
larity, decreased ability to respond to fast-
moving stimuli, a small receptive field size,
and poor orientation selectivity (19). Mid-
line visual deficits (30) and impairment of
interhemispheric depth comparisons when
using head movements to determine relative
depth (31) have been reported in acallosal
humans. However, other reports indicate that
the corpus callosum is not critical for depth
perception, and that stereoscopic vision is
mostly determined by the interactions be-
tween the thalamocortical crossed and un-
crossed pathways in the visual cortex of each
hemisphere (32-34). It is possible that the
corpus callosum is involved in more subtle
mechanisms of depth perception than stere-
opsis (which is specifically defined as bin-
ocular disparity), such as relative motion or
parallax, that is, using the differences in
relative motion of near and far objects to

judge depth (31). In this context, it has been
suggested that visual callosal fibers partici-
pate in predicting trajectories of moving ob-
jects across the midline, and in the genera-
tion of binding mechanisms in the central
visual field (19,20).

Recently, we studied the fiber composi-
tion of the posterior corpus callosum in dif-
ferent species which differ in brain size,
namely the mouse, the rabbit, the cat, the
dog, the cow and the horse (10). We found
that, despite a quite conservative cross-spe-
cies distribution of fiber sizes, a small popu-
lation of large-diameter fibers increased their
caliber in species with larger brains. Further-
more, in the cat and the dog, both species
with frontal vision, the largest fiber diam-
eters were larger than expected from their
brain size, as compared to species with more
lateral vision (see Figure 4). This is consist-
ent with the hypothesis that the large callosal
fibers are related to aspects of central vision.

Origin of the corpus callosum

Inreptiles, topographically organized sen-
sory maps are restricted to mesencephalic
levels (35), for which there is a well-devel-
oped tectal commissure (Figure 5). In these
animals, the sensory projections to the telen-
cephalon lose their topographic organiza-
tion. Furthermore, interhemispheric fibers,
represented by the anterior commissure and
the hippocampal commissure, are quite scarce
in reptiles. In contrast, in the mammalian
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Figure 4. Relation of maximal fi-
ber diameter in the posterior cor-
pus callosum with brain weight
of different species. Modified
from Ref. 10.
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Figure 5. Topographic represen-
tation of the visual fields on both
sides of the brain in reptiles and
mammals. In reptiles, topo-
graphic visual projections are lo-
calized in the mesencephalic op-
tic tectum (OT), while the telen-
cephalic dorsal cortex (DCX) has
a very poor visuotopic organiza-
tion. In mammals, the superior
colliculus (SC, homologous to
the OT) has a visuotopic organi-
zation, but the most important
topographic representation is in
the primary visual cortex (VCX,
homologous to the DCX). The
tectal commissure (TC) con-
nects the two hemirepresenta-
tions of the visual field in the
mesencephalon of reptiles and
mammals, while in the mamma-
lian visual cortex both hemirep-
resentations are connected via
the anterior commissure (AC,
marsupials and monotremes) or
the corpus callosum (CC,
placentals). L, left; R, right.
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telencephalon, topographically organized
sensory representations take place in the
multilaminar neocortex (36,37). This coin-
cides with the development of a strong com-
missural system in monotremes, marsupials
and placentals (38).

Based on the correspondence between
the origin of topographic representations in
the cerebral cortex and the origin of inter-
hemispheric fibers, and on the observation
that the most important timing constraints
for interhemispheric transmission may be in
primary and secondary sensory areas, we
suggest that the origin of the mammalian
corpus callosum is related to the need to

F. Aboitiz and J. Montiel

integrate the two topographic hemirepresen-
tations of the sensory surface across the
midline (Figure 5; 39). Another important
early callosal function may have been bi-
manual coordination (21), but in our view
this may have involved the corpus callosum
at later stages of cortical evolution, after the
topographic maps were already established
and the cerebral cortex had begun to exert a
significant control in motor behavior via the
corticospinal tract.

In early mammals, there may have been
strong selection for a system performing
midline fusion in the neocortical sensory
representations. There were two different

Visual Field
L R
DCX VCX
CC
L R L R
AC
oT SC
TC
L R
Reptiles Mammals



Evolution of the corpus callosum

Figure 6. The corpus callosum of eutherian (placental)
mammals serves as a shortcut for interhemispheric
fibers. In metatherians (marsupials), fibers cross via the
anterior commissure (Modified from the original draw-
ing by A. Frichtle, Ref. 40).

pathways that interhemispheric fibers could
use to travel across the midline: the anterior
commissure and the hippocampal commis-
sure. One pathway was followed by mono-
tremes and marsupials, in which many axons
run to the other hemisphere through the ante-
rior commissure. Consequently, this struc-
ture is notably enlarged in relation to other
mammals and reptiles. This is not to say that
in this group there may not be interhemi-
spheric fibers running via the hippocampal
commissure. However, the route via the an-
terior commissure has the disadvantage that
fibers must run a long distance from the
dorsally located cerebral cortex to the ven-
tral anterior commissure, which may pro-
duce an unwanted delay in interhemispheric
transmission - especially in species with large
brains. In fact, in large-brained marsupials
like the kangaroo, interhemispheric cortical
fibers form the so-called “fasciculus
aberrans”, which descends from the subcor-
tical white matter along the internal capsule
and then reaches the anterior commissure,
thus significantly shortening the traveling
distance (Figure 6; 38). A more efficient
solution to interhemispheric communication
evolved in placental mammals (Figure 6)
with the origin of the corpus callosum. Onto-
genetically and phylogenetically, the corpus
callosum originates from the hippocampal
commissure and gradually separates from it,
moving to a position dorsal to the hippocam-
pal formation (38). In this position, axons
travel a much shorter distance between the
hemispheres than if they were to cross ven-
trally through the anterior commissure. In
our view, interhemispheric fibers permitted
the integration of both hemirepresentations
of the sensory surface in the cerebral cortex,
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while the corpus callosum originated in pla-
cental mammals as a strategy to minimize
interhemispheric transmission time for fi-
bers connecting primary and secondary sen-
sory areas.

In present day placentals, only a small
contingent of callosal fibers connect primary
and secondary areas. Most callosal fibers
connect higher-order areas, which have a
poor topographic organization. How did these
fibers become so abundant if the primary
function of the corpus callosum relates to
midline fusion and bimanual coordination?
One possibility is that they crossed the hemi-
spheres just because they could. Despite its
underlying molecular complexity, the ability
to cross the telencephalic midline may be
shared by many cortical axons, in fact many
more than those that are finally retained in
the adult. The number of callosal fibers is
dramatically reduced by 75% during the peri-
natal period of the primate (41), and perhaps
in similar proportions in other mammals.
Furthermore, some callosal axons have been
found to re-cross to the ipsilateral hemi-
sphere through the anterior commissure (42).
These axons retract their bicommissural ex-
tension early in the postnatal period. This
indicates that there is not much specificity in
terms of the kinds of fibers that will cross the
midline. In other words, once a way was
open for axons to cross to the other hemi-
sphere, the axons began to use this pathway
to colonize new regions. Although this may
help explain why the fibers connecting
higher-order areas were initially able to grow
to the contralateral hemisphere, it leaves
open the question of why these fibers were
maintained in evolution.

Factors favoring the expansion of the
corpus callosum: interhemispheric
synchrony

In recent years, synchronicity in neu-
ronal firing has been proposed as a general
mechanism for neuronal processing (43-45).

F. Aboitiz and J. Montiel

Small- or large-scale groups of intercon-
nected neurons can show synchronous oscil-
lations in their firing activity, which enables
them to work as a unified whole for a period
of time. This mechanism has been proposed
to account for basic aspects of perception
such as binding (that is, the process by which
the information of color, movement and form
become integrated into unified percepts) and
for more general phenomena like conscious-
ness. In the cat, callosal-dependent inter-
hemispheric synchrony has been observed
during visual stimulation (46), and in hu-
mans, synchronized activity in the gamma
band (40 Hz) has been found to spread across
the hemispheres during a visual recognition
task (47), which may be mediated by the
corpus callosum. Furthermore, analyses of
the morphology and diameter of callosal
axonal branches suggest that the architec-
ture of callosal axons is suitable to promote
the synchronous activation of multiple tar-
gets in the opposite hemisphere (16). It would
not be surprising that processes such as depth
perception or binding in the central visual
field depend on the generation of synchro-
nous ensembles of neuronal activity in the
two hemispheres, for which callosal fibers
may be fundamental (20).

Although originally the functions of cal-
losal fibers may have been related to aspects
of midline fusion, in later stages they may
have participated in spreading corticocortical
synchronous activation to other cortical ar-
eas. In most cases, callosal axons have wide-
spread arbors that terminate in many regions
beside the topographically equivalent one
(16). Thus, heterotopic callosal projections
(connecting nonequivalent areas in the two
hemispheres) may be very important to propa-
gate activity to other cortical areas. This may
have contributed to the generation of large-
scale, bi-hemispheric neuronal ensembles of
corticocortical interactions which participate
indiverse aspects of cortical processing (44).
In other words, the cortical spread of large-
scale cortical assemblies may have been fa-
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cilitated through a mechanism of interhemi-
spheric reciprocal interactions. In a way, this
may be similar to the callosal propagation of
an epileptic focus; interhemispheric recipro-
cal excitation works as a facilitatory mech-
anism for the seizure, which spreads to the
ipsilateral territory in both hemispheres. In
fact, in patients callosotomy has proved to
be an effective treatment to prevent the ex-
pansion of epileptic activity (4). It is there-
fore possible that interhemispheric connec-
tions may be advantageous for the spread of
normal synchronous activity in the cerebral
cortex.

Relation to brain lateralization

Some years ago, a controversial hypo-
thesis suggested that in large-brained spe-
cies, interhemispheric transmission time
would be increased due to the longer dis-
tances needed to reach the contralateral hemi-
sphere; this would promote interhemispheric
isolation and consequently the development
of brain lateralization (48). We and others
have determined that callosal fiber composi-
tion tends to be conservative across species
(10,49), indicating that interhemispheric
transmission time can be significantly im-
paired in large-brained species (50). There is
only a small contingent of fibers of very
wide diameter whose caliber increases with
increasing brain weight, but their increase in
maximal diameter may not be sufficient to
fully compensate for the increasingly long
interhemispheric distances (10). Further-
more, across species the proportion of cal-
losal fibers in relation to brain size or to the
estimated numbers of cortical cells tends to
decrease with increasing brain weight (10,51,
52), thereby reducing the degree of inter-
hemispheric connectivity. Overall, this evi-
dence suggests that reduced callosal trans-
mission is related to increased brain size,
which is consistent with the hypothesis of
Ringo et al. (48).

This discussion is also relevant to the

issue of interhemispheric synchrony. One
important requisite for the development of
synchronous ensembles, especially large-
scale ones, is a high transmission velocity
across distant regions in the brain (43). In
small-brained mammals this may not be a
significant problem because the axonal dis-
tances are short, but in larger-brained ani-
mals like humans, the interhemispheric dis-
tances may become so large as to somewhat
impair callosal transmission. It is possible
that in large-brained animals, synchronous
activity mediated by the corpus callosum
can be achieved only by specialized “chan-
nels” provided by a few fast-conducting fi-
bers (53). In this context, it is of interest that
in all callosal regions the proportions of
large-diameter fibers in the corpus callosum
tend to increase with age (54,55). This may
imply that these fibers participate in the gen-
eration of interhemispheric ensembles which
become stabilized during late ontogeny. In
any case, the size-related constraints for in-
terhemispheric synchrony may have well fa-
cilitated the development of intrahemispheric
ensembles, which may have promoted the
development of brain lateralization. In this
sense, although the corpus callosum may
have contributed to the interhemispheric
spread of synchronous ensembles in small
mammals, it is possible that a point was
reached in which, beyond a given brain size,
problems appeared for the transmission of
some types of information between the hemi-
spheres. Even considering that interhemi-
spheric synchronous activity is possible in
humans and other animals, the question still
remains as to whether in our species there
are certain subtle limiting factors in the gen-
eration of interhemispheric synchrony. These
may have facilitated the development of
strong, intrahemispheric neuronal loops, thus
promoting hemispheric independence and
the establishment of brain lateralization.
Finally, in humans, a male-specific in-
verse relation between brain lateralization
and callosal connectivity has been docu-
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mented in several studies (9,56,57). How-
ever, it is not clear if in humans increased
brain lateralization is caused by a decrease in
interhemispheric communication or vice
versa. One possibility is that the two factors
reinforce each other in development, that is,
aninitially increased anatomical brain asym-
metry may produce a larger than normal
retraction of callosal axons, which in turn
may promote interhemispheric isolation, thus
strengthening the incipient brain laterality
(39,58).

Final comment

In this article we have intended to pro-
vide a scenario for the origins and evolution
of the corpus callosum in placental mam-
mals. Interhemispheric fibers possibly origi-
nated in mammals as a consequence of the
development of the isocortex and of topo-
graphic maps of the sensory and motor sur-
faces in it. In monotremes and marsupials,
fibers travel to the other hemisphere via the
anterior commissure and the hippocampal
commissure. In placental mammals, the cor-
pus callosum originates above the hippo-
campal commissure as the main tract con-
necting the left and right cortices, and may
provide a shortcut for interhemispheric axons
to the contralateral hemisphere. Commis-
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sural fibers may have first participated in
binding mechanisms related to midline fu-
sion and bimanual coordination, an ability
observed in many so-called primitive mam-
mals. The lack of specificity by which corti-
cal axons may cross through the corpus cal-
losum allowed many kinds of fibers con-
necting diverse areas of the cerebral cortex,
especially through heterotopic connections,
which contributed to the spread of neuronal
ensembles in different aspects of cognitive
processing. In species with large brain size
like humans, constraints may have appeared
limiting conduction speed and the amount of
interhemispheric fibers, thus favoring intra-
hemispheric processing and the development
of brain lateralization. Although some of
these ideas may not be testable, there are
proposals that may provide ideas for future
research. For example, it will be interesting
to compare the tectal commissure of reptiles
and the visual callosal fibers of mammals, as
well as the role of the large-diameter visual
fibers in central vision. Furthermore, the role
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