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The corpus callosum (CC for aficionados) is the largest fiber
bundle in the brain and establishes connections between the
hemispheres, and predominantly, but not solely, between the
cortical areas. Functionally mysterious for a long time, it
shared with the pineal gland the honor of being considered
the site of the soul [1]. The work on split brain in animals and
humans performed by Gazzaniga, Mayer, Trevarthen, and
Sperry, motivating the Nobel Prize to the latter, brought the
CC on the stage of forefront international research. In spite
of this, several questions remained open. What precisely is
the function of the CC? What are the cellular and molecular
mechanisms that persuade a set of cortical axons to take
a route to the contralateral hemisphere? Which signals are
responsible for the topography of callosal connections? Is the
CC modifiable (plastic) in the adult brain? These questions
are addressed in many recent studies and are represented by
the papers collected in this issue.

M. Fabri and G. Polonara provide a functional map of
callosal topography by charting the BOLD signal evoked in
callosal axons by taste, tactile, auditory, and visual stimuli
and by motor tasks. This approach is at the frontier of what is
usually obtained from BOLD signals. It provides results that
are compatible with what is predicted by anatomy in the case
of axons originating from primary areas, but it also shows
activations that could not have been predicted from anatomy,
probably due to axons originating in multisensory areas.

K. E. Schmidt finds that, in the visual cortex, CC connec-
tions have a multiplicative shift of the responses and this is an
interesting finding that goes beyond the old debate of whether
callosal connections are excitatory or inhibitory. The finding

is placed within the frame of the historical question of the
general nature of callosal connections. Hubel and Wiesel [2]
were the first to propose that callosal connections are akin
to intracortical connections, which have been “stretched”
between the hemispheres. They wrote “. . .a special set of
connections exists for dealing with the midline representation
of the visual fields. These fibers might be expected to serve the
same functions as intracortical fibers linking cells with receptive
fields clustered in other, more outlying parts of the visual fields.”
and the same concept was taken up some more times by
others. The importance of the issue cannot be overempha-
sized. If indeed CC connections are like lateral or other
intrahemispheric connections, they provide a general and
advantageous model for the study of cortical connectivity.
Callosal axons can be sectioned (as in the work quoted above)
or reversibly inactivated far more easily and cleanly than
most other lateral or intrahemispheric connections. Callosal
axons can be studied in isolation at the cellular and molecular
levels. Pathological alterations of callosal connections can
herald conditions of more general cortical misconnectivity
(discussed in [3]). If the nature of CC connections is indeed
as reiterated by Schmidt, most of the papers collected in this
issue can be read in a broader and fundamental framework.

V. Beaulé et al. focus on the role of CC connections
in disentangling bilateral manual movements. From juve-
nile, to adult, to pathological conditions, the degrees of
manual independence are differently modulated and this
may be due to inhibitory action of callosal connections.
Interestingly, inhibition between the hemispheres has been
repeatedly reported for the motor functions, particularly in
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man, although it has been observed in the visual cortex as
well, where it seems to be quickly overridden by the excitatory
interactions [4].

Over the last 30 years, developmental work on the CC has
focused on three main themes: (i) the molecular mechanisms
of axonal guidance between the hemispheres, (ii) the estab-
lishment of topographical connections, and (iii) the role of
activity in the development of the connections. M. Nishikimi
et al. review the first of the above themes, with special atten-
tion to the midline structures and neighboring axons. They
also describe alterations in these navigational mechanisms
that result in callosal dysgenesis in humans and mice. Y.
Tagawa and T. Hirano review the last of the above issues
and provide information on the molecular mechanisms by
which spontaneous activity sculpts callosal projections. They
conclude that both presynaptic and postsynaptic neuronal
activities are critically involved in callosal axon development,
and discuss the intracellular signaling pathways that work
downstream of neuronal firing.

It may be added that the overproduction and elimination
of axons in development are central to the second of the
themes above and continue to provide testable hypotheses on
the nature of developmental plasticity of cortical connectivity
[5]. Also, not only the topography of the connections but also
the callosal axons themselves differentiate in development
with axons from different areas acquiring different diameters
and lengths, and therefore, presumably, generating specific
conduction delays between the hemispheres [6].

Noninvasive structural and functional imaging tech-
niques are taking an increasingly large share of brain studies,
but this raises the question of how novel and more traditional,
firmly established methodologies map onto each other. The
CC is practically unavoidable in non-invasive structural
studies, and, therefore, it can provide some general answers
because of its central position in the brain, its relative
“simplicity” and the amount of anatomical and functional
information available. J. F. Olavarria et al. relate the critical
period of callosal development, as defined by the reorgani-
zation of visual callosal connections caused by early enu-
cleation, to the development of water diffusion parameters.
This is important new information that complements the
view that callosal plasticity relates to axonal maturation and
differentiation. M. G. Knyazeva places callosal maturation
as estimated by MRI and coherence EEG analysis, within
the context of excitatory and inhibitory interactions between
the hemispheres. P. Mathew et al. report data in preterm
infants showing a relation between motor-specific scores and
fractional anisotropy of anterior midbody of CC, the region
where axons interconnecting motor areas course. Finally N.
Takeuchi et al. introduce the concept of adult CC plasticity
that might be elicited by trans-cranial stimulation in humans.
They also discuss the use of brain stimulation techniques as a
possible rehabilitation strategy to reinstate interhemispheric
balance in patients with stroke.
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Recent work about the role of visual callosal connections in ferrets and cats is reviewed, and morphological and functional
homologies between the lateral intrinsic and callosal network in early visual areas are discussed. Both networks selectively link
distributed neuronal groups with similar response properties, and the actions exerted by callosal input reflect the functional
topography of those networks. This supports the notion that callosal connections perpetuate the function of the lateral
intrahemispheric circuit onto the other hemisphere. Reversible deactivation studies indicate that the main action of visual callosal
input is a multiplicative shift of responses rather than a changing response selectivity. Both the gain of that action and its excitatory-
inhibitory balance seem to be dynamically adapted to the feedforward drive by the visual stimulus onto primary visual cortex.
Taken together anatomical and functional evidence from corticocortical and lateral circuits further leads to the conclusion that
visual callosal connections share more features with lateral intrahemispheric connections on the same hierarchical level and less
with feedback connections. I propose that experimental results about the callosal circuit in early visual areas can be interpreted
with respect to lateral connectivity in general.

1. Introduction

In the mammalian brain, connections between homologous
areas extend through the corpus callosum and link the feature
spaces represented in the two hemispheres and separated at
the body’s midline. Many functions have been attributed to
callosal connections and a great anatomical variety in degree
of myelination and fibre diameter has been described as
being compatible with direct or indirect excitatory and also
inhibitory function [1]. Most likely, the corpus callosum is a
collection of different pathways whose function is critically
linked to the species and the cortical area that is intercon-
nected.

Accordingly, different types of callosal actions can be
observed. Those include actions which based on an anatom-
ical asymmetry contribute to the functional asymmetry of
some cognitive systems in higher mammals, others which
result from the specific position of the connections within
the brain’s topography, and finally those which simply extend
the intrinsic network of intracortical short- and long-range
connections onto the contralateral hemisphere in order to
ensure functional integrity over the midline [2, 3].

The first group certainly includes actions contributing
to the lateralization of higher cognitive functions. Here, one
hemisphere might inhibit the other hemisphere in order for
one function to predominate and this creates hemispheric
dominance for the respective system.

Connections in the motor system responsible for biman-
ual coordination may mediate the second group of actions.
Possibly also to this group belong callosal connections in
the visual system of front-eyed animals, which due to their
localization evidently act in that part of the visual field where
stereoscopic function is expressed.

The last group might dominate in primary sensory
cortices where the sensory periphery is separated into the two
hemispheres at the body’s midline and has to be united via
the callosal connection. Based on anatomical and functional
evidence there is reason to believe that these connections
perpetuate the intrahemispheric function of the lateral and
intrinsic network into the other hemisphere. As such intrinsic
and callosal connections could be parts of the same circuit at
the same level of cortical hierarchy.

In this paper, recent work about callosal connections
between homotopic areas of the primary visual cortices (areas
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17 an 18) and their contribution to visual processing in
binocular mammals will be embedded into the background
of previous research. Arguments for a specific callosal versus
perpetuation of intrahemispheric functions will be discussed.
This work has been obtained in carnivores, that is, ferrets and
cats, using cortical deactivation. Further, most of the men-
tioned previous work using similar approaches also stems
from cats unless stated otherwise.

2. Morphology Concerning Visual
Callosal Connections

Virtually all retinotopically defined areas in the two hemi-
spheres are densely interconnected by callosal connections
[4, 5]. In the primary visual cortices, their density is greatest
at the border between areas 17 and 18 where the vertical
meridian of the visual field is represented [6–8]. Thus,
early on they were suspected to simply unify the two half
representations of the visual field in the two hemispheres
[7, 9]. In accordance with this, the split-chiasm preparation
confirmed that indirect input through the corpus callosum
matches the direct and ipsilateral responses in orientation
preference and receptive field position [3, 10].

In carnivores’ early visual areas, visual callosal connec-
tions between the two hemispheres clearly accumulate at
the areal borders (for review see [11]) but the higher the
interconnected areas are situated in the cortical hierarchy the
less confined callosal connections seem to be and also the less
homotopic (cat: [4, 12]; ferret: [13]). This might be expected
from the increasing receptive field sizes.

More detailed studies of the connectivity at the 17/18
border in cats revealed nonhomotopic connectivity patterns
already in primary visual cortex. Neurons in areas 17 and 18
seem to project to the 17/18-transition zone on the contralat-
eral hemisphere, whereas projections originating from the
17/18-transition zone terminate preferentially in area 17 or 18
on the other side [14–16].

The retinotopic relationship though seems to be always
maintained as clearly acallosal regions have been associated
with the visual periphery and callosal zones with central
visual field representations in both cats [12] and ferrets [17]
and also tree shrew [18]. This was also confirmed on the single
cell level [19].

In cats, callosal axons originate from and terminate on
similar classes of cells in supragranular and to a lesser extent
in infragranular layers in cats (for review see [11]). The
majority of fibres stem from pyramidal and spiny stellate
cells in layer III, superficial layer IV, and layer VI [4, 20–22].
This has been largely confirmed by complete reconstructions
of single axons demonstrating in detail that most of the
synaptic boutons are situated in layer III, one-third in layer IV,
and only a minority in infragranular layers [19]. In contrast,
visual callosal connections dominate in infragranular layers
in ferrets [13], as also in rodents [23].

In several mammals, a part of the ipsilateral visual field is
represented bilaterally in areas 17 and 18 [24–26]. In the cat,
the ipsilateral representation in the contralateral hemisphere
increases from 4∘ in central parts to 23∘ towards upper and
lower elevations [12, 18, 27] accompanying the visual field

magnification and also the extent of the callosally projecting
zone. In more lateral-eyed animals like ferrets, tree shrews,
or sheep, the zone of overlap is even greater but seems to be
confined to area 17 [28–31] where columns of the ipsilateral
eye dominate. Information about the ipsilateral field is likely
conveyed by ganglion cells in the temporal retina that project
to the medial interlaminar nucleus of the lateral geniculate
nucleus [32–34] which then projects to the 17/18 border
[27]. Even though callosal connections could possibly extend
over a larger zone than the bilaterally represented stripe,
it would be difficult to clarify if and where in the visual
field callosal input provides information, which cannot be
provided by the feedforward geniculocortical loop. More
likely, this composite organization strengthens the hypothesis
that callosal connections in the early visual areas perpetuate
the intrahemispheric lateral network and- under normal
circumstances-serve rather modulatory than feedforward
driving functions.

However, when the geniculocortical input is taken away
by the split-chiasm preparation, callosal connections are
able to directly—but more weakly—drive receiving neurons
in the transcallosal zone [3, 9, 35, 36]. Similarly, lateral
intrinsic connections have been reported to take over driving
functions in adult plasticity ([37], see also [38] for primate
work).

3. Morphological Similarities between Lateral
Intrinsic and Callosal Connections

Intralaminar connections running horizontally provide the
numerically strongest synaptic input to both excitatory [39]
and inhibitory circuits [40] within the primary visual cortex.
Surprisingly, a recent study claims that synapses formed by
long-range projections from outside the functional columns’
range clearly outnumber local synapses giving more emphasis
to those connections [41]. Although being in an anatomi-
cally unique localization within the brain’s circuits callosal
connections share important anatomical (and functional)
properties with that intracortical network of long-range
lateral connections.

Long-range lateral connections confined to the primary
visual cortex of one hemisphere display a patchy reciprocal
network of axon terminals extending over horizontal dis-
tances of up to 8 mm (for review [42]).

Like their “relatives” confined to the same hemisphere
[43–45], callosal terminals arborize in the target zone at more
or less regular intervals of 100–2000𝜇m [46, 47] and ca.
980 𝜇m [19] and interconnected neuron populations tend to
form clusters [22, 48–51]. Those clusters have been shown
to coincide with orientation domains, indicating connections
between neurons of similar orientation preference [19, 51],
like it has been observed for long-range lateral connections
[51–54]. Interestingly, in the lateral-eyed tree shrew, the
congruence between intrinsic and callosal circuits seems to
be broken and callosal fibers are less specific [18].

Yet another topographical similarity between intrinsic
and interhemispheric circuits might render visual callosal
connections a true subset of long-range lateral connections.
The latter exhibit elliptic axonal arbor fields interconnecting
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not only neurons of the same preference orientation but
among them those with receptive fields aligning along their
axis of colinearity within the visual field (cat: [55], tree
shrew: [56], squirrel monkey: [57]). This axial selectivity was
hypothesized to be the anatomical substrate for the physio-
logical finding that responses to optimally oriented stimuli
in the classical receptive field of a neuron are enhanced
when collinearly aligned contours are presented outside the
classical receptive field [58, 59]. Astonishingly, the same kind
of anatomy was described for axon arbors of cat callosal
projection neurons in the target hemisphere [19].

This suggests a close relation between the Gestalt criteria
like common shape (orientation selectivity) and colinearity
(axial selectivity) and the topology of both long-range intrin-
sic and callosal connections. One could imagine that both
types of lateral network equally support perceptual grouping
by modulating the saliency of distributed cortical responses
in a context-dependent way [55] and thus would be members
of the same circuit as suggested earlier [22].

Further, the postnatal development of callosal connec-
tions undergoes similar phases [47] as that of long-range
intrinsic connections [60]. Callosal axons are initially impre-
cise and exuberant and attain their adult specificity by
elimination of ectopic axon terminals [61]. Like for intrinsic
connections [62–64], normal visual experience is necessary
to eliminate these ectopic connections [48, 65–69]. Finally,
both circuits exhibit a high degree of selectivity in the adult,
and both projections are susceptible to experience-dependent
modifications during development in the same manner [51].

4. Stimulus-Dependent Gain of Callosal Action

In earlier studies of visual callosal function, the corpus
callosum has often been transsected and the optic chiasm
split in order to separate the callosal from the geniculocortical
input [3, 70]. This is a rather invasive approach as it abolishes
all fibres from the nasal retina and thus the major input
to central primary visual cortex. Further, in the recovery
period after the split-chiasm surgery and before the actual
measurement rearrangements of connectivity or synaptic
strength are possible. Cooling deactivation of the visual
cortex was introduced by Payne and colleagues [71] in studies
of interhemispheric interactions and was later extended to
other studies [72–74]. It is less invasive than sectioning or
lesioning and the effects are reversible. Although deactivating
the 17/18-border region does not directly interrupt callosal
fibres, the anatomy of the visual pathways assures that this
method is adequately suited to reveal the influence of the
interhemispheric projection on the other hemisphere.

In a series of deactivation experiments in ferrets and cats,
we recorded optical images, single unit [75, 76] and local
field potential data [77, 78] while presenting different stimuli
covering both hemifields. We positioned a cooling device
onto the previously identified 17/18 border in the contralateral
hemisphere in order to reversibly deactivate callosal input
from the transition zone and the adjacent central parts of
areas 17 and 18.

The results from optical recordings with continuous
whole-field gratings demonstrate that maps of orientation

preference in both ferret areas 17 and 18 get weaker and
less specific when cooling the contralateral hemisphere,
predominantly in the 17/18-border zone. As this zone receives
strong callosal input [13, 79] removing this input degrades
the differential responses to gratings particularly strongly in
that region. However, as in cats [36], the lateral influence
spreads into areas 17 and 18. This is still in agreement with
the anatomy as, in particular, area 18 in the ferret is densely
linked transcallosally [13].

At the electrophysiological level, both increases and
decreases are observed with grating stimulation but deterio-
ration of the responses predominates [75, 76]. When probing
the circuit with random dot textures (RDT), a visual stimulus
that activates more neurons but in a less selective manner
than gratings [80, 81], the callosal influence grows larger and
almost exclusively excitatory [76]. This also holds as largely
true when correcting for differences in contrast and baseline
spike rate. Chance et al. [82] suggested that within active
cortical circuits, the overall level of synaptic (background)
input to a neuron acts as a gain control signal that modu-
lates responsiveness to an excitatory drive. This means that,
naturally, amplification can act better when cortical neurons
are stimulated in an unselective manner like with RDTs and
when overall background levels of synaptic activity are not
yet saturated like it might be the case with gratings. Our
results indicate that the gain of the input delivered via callosal
connections is dynamically adapted to the feedforward drive
by the external stimulus via the geniculocortical loop and
probably also to the lateral intrahemispheric drive. The latter
must be the case as the global nature of RDTs is only
revealed when considering the larger context outside the
classical receptive field. Such a joint stimulus-dependent
gain control by lateral intrinsic and callosal circuits could
amplify small signals such as weakly tuned input delivered
by geniculocortical afferents [83, 84].

5. Excitatory and Inhibitory Nature of
the Callosal Circuit

The majority of callosal projecting neurons are of excitatory
nature and in both, carnivores and rodents, only a few directly
projecting inhibitory neurons have been observed [85, 86].
Their target cells in the receiving hemisphere are mainly
excitatory neurons [22, 46] and mainly excitatory synapses on
pyramidal and spiny stellate have been reported [19, 20, 87].
However, some projections onto inhibitory neurons also exist
[88].

Most of the long-range intrinsic axon collaterals within
early visual areas also contact other pyramids and the major-
ity of axon boutons are excitatory [89–91]. In summary, only
about 5% of the postsynaptic structures of long-range intrin-
sic connections in cat primary visual cortex is GABAergic [89,
90]. Studies from macaque monkey indicate that long-range
connections contact dendrites of spiny and nonspiny cells in
the proportion to which these cell types occur in the cortex
(ratio spiny: nonspiny = 80%: 20%) [91, 92]. Reconstruction
of biocytin-labeled large basket cells revealed that, in cat areas
17 and 18, the density of inhibitory boutons is highest close to
the core of the injection site and the longer-range collaterals
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are slightly less selective for isoorientation domains than
excitatory connections [93, 94]. In summary, the inhibitory
network extends more locally than the excitatory network,
and it is less selective yet involves more neurons [94, 95].

If we extrapolate from there to the network linking
the two hemispheres, we would expect both inhibition and
excitation with a strong bias towards the excitatory influence
mediated by visual callosal connections. We would also
expect some stimulus dependency in both excitatory and
inhibitory actions. This is indeed what can be observed.

In the spiking activity of both ferret and cat primary visual
cortex, we find more facilitating than suppressive actions of
callosal input [75, 76]. This is roughly in line with previous
experiments applying either cooling deactivation [71, 96] or
GABA/bicuculline infusion [97] to the contralateral hemi-
sphere in cats. Payne et al. had reported a more balanced
picture of inhibitory and excitatory interactions and a layer
dependency.

In our most recent study, we compared different visual
stimuli and observe a stimulus dependency in the balance
of excitation and inhibition contributed via the interhemi-
spheric connection [76]. With high contrast full-field grat-
ings, about 7% of all actions exhibit significant inhibitory
character, whereas 48% are significantly excitatory. With
a lesser salient and unstructured stimulus—random dot
textures (RDT)- more cells are significantly affected (73% as
opposed to 58% with gratings) and almost exclusively in a
facilitating manner. In order to exclude that the larger callosal
action was due to unselective recruitment of a larger pop-
ulation of neurons with RDT, we increased the orientation
content by elongating the dots to form randomly scattered
bars of a certain orientation. Responses to this control
stimulus are also more strongly and exclusively excitatory
biased by callosal input. This led us to conclude that strength
and nature of callosal actions onto their target cells in primary
visual cortex are not easily related to the presence or absence
of the orientation component. Rather, the balance between
excitation and inhibition depends on the local and global
composition of the external stimulus driving the system. An
oriented grating, which selectively recruits interconnected
populations of similar orientation preference all over, not
only provokes more recurrent isoorientation excitation than
RDT but also is likely to be balanced by recurrent inhibition
[98]. The latter can be mediated by inhibitory neurons from
the contralateral hemisphere. However, in accordance with
the anatomical ratios of long-range excitatory and inhibitory
long-range circuits facilitating influences on spiking activ-
ity dominate and were never outnumbered by suppressive
actions (between 10–30%). Individual suppressive actions
can be prominent but are only unravelled with adequate
stimulation [75, 76].

With whole-field gratings more inhibitory effects are
observed in local field potentials indicating that not all possi-
ble transcallosal inhibition becomes suprathreshold [78].

6. Callosal Input and Response Selectivity

In Schmidt et al. [75], it has been shown that the subpop-
ulation of neurons preferring cardinal contours are more

affected than others by callosal input in their responsiveness.
This can be also observed for the population spiking data
in cats ([76] not shown). A similar dominance for neurons
preferring cardinal contours is observed for stimulus-evoked
synchronization [77].

Higher numbers of neurons preferring contours of cardi-
nal orientations have been counted in the central visual field
of both cats [48, 99, 100] and macaque monkeys [101]. In
accordance with this, a larger cortical area is devoted to the
representation of cardinal orientations in both ferrets ([102],
our own baseline data in [75]) and cats [103] and responses are
usually more vigorous and apparently faster when recorded
with intrinsic signal imaging [104].

Exactly those neurons are more susceptible to the lack
of callosal input than neurons preferring oblique contours
indicating an asymmetry in the underlying network facili-
tating cardinal responses. Such asymmetries have not been
observed for long-range intrinsic connections but are not
excluded since this question was never specifically addressed
by previous anatomical studies.

However, true changes in orientation and direction indi-
ces constitute only a small fraction of the total selectivity
in deactivation studies [75, 76]. If at all, direction selectiv-
ity changes are usually larger than changes in orientation
selectivity [76] as might be expected in particular for neu-
rons preferring directions of motion crossing the vertical
midline.

Although isooriented stimuli with opposite directions
of motion in the two hemifields have not been compared
directly with those for coherent motion, the results of pre-
vious deactivation studies (S3 stimulus in [77, 78]) support
the notion that among neurons with the same orientation
preference those preferring similar directions of motion are
preferentially linked via the corpus callosum as suggested
before [105]. Along a similar line of evidence, asymmetric
callosal influences on the two directions of motion have been
reported early [71] and neurons preferring horizontal motion
(and vertical contours) were differently affected by callosal
input than others [75, 106].

This has been recently explicitly tested using Gabor stim-
uli centred on receptive fields close to the vertical merid-
ian representation (Peiker, Schmitt, Wunderle, Eriksson,
Schmidt, unpublished observation). When the direction of
movement of a vertically oriented grating patch matched
the movement out of the cooled hemifield responses were
selectively and more strongly impaired than those to the
opposite direction into the cooled hemifield.

Interestingly, Girardin and Martin [107] attribute effec-
tive changes in preferred orientation of area 17 single cells
observed with local GABA application but not with local
cooling [108]. These relatively small changes might have
escaped other investigations of lateral including callosal input
because of the undersampling of orientations. Usually no
differences smaller than 22.5∘ are tested.

However, it might also be possible that connections
probed in the area 17 deactivation study rather belong to
the local short-range network as the distance between GABA
infusion and recording sites was smaller than 500 𝜇m [107].
Here, the circuit is rather unselective and the inhibitory
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network might be much stronger than over larger distances
([94], for review [42]).

When deactivating local connections between columns of
orthogonal orientation in area 18, broadening of orientation
tuning curves has been observed in 65% of the neurons [109].
This number decays to 5% when deactivating sites of similar
preference [110], which is more comparable to the situation
when deactivating long-range callosal input. As Girardin and
Martin [107] we also do not note large absolute changes in
bandwidth ([75, 76] (data not shown)).

7. Callosal Input and Multiplicative Scaling

In general, despite significant response changes, neurons
largely keep their tuning profiles in the absence of lateral
input. Wunderle et al. [76] approached the modifications of
the tuning curves by a linear model and concluded that,
in the majority of cases, they can be well described by the
multiplication of the tuning curve with a constant factor.
The bigger the rate decreases when lacking callosal input the
more does the modification approximates a multiplication of
input rates. Much fewer units exhibit a pronounced additive
shift. They are mainly observed with grating stimulation
and then are often accompanied by rate increase during
cooling deactivation. This points towards a positive corre-
lation between additive scaling and inhibition on the one
hand, and multiplicative scaling and excitation on the other
[76]. It also emphasizes that the transition between the
two types of action is continuous and—as the excitatory-
inhibitory balance—input dependent. Multiplicative scaling
mainly preserves the neuron’s response selectivity. It seems
to be a dominating mechanism of action in corticocortical
circuits as it can be deduced—even though not explicitly
stated—from publications about feedback [111], contextual
modulation [112], and spatial attention shifts [113, 114].

8. Callosal Interactions and Timing

Isooriented neurons in both hemispheres can synchronize
their activity, a function that is interrupted when sectioning
the corpus callosum in cats [115] and monkeys [116]. When
gratings of the same orientation are presented simultaneously
to both hemifields, the coherence can increase both between
the hemispheres in both ferrets and humans [117–121] and
within one and the same receiving hemisphere [77, 78].

Influences on precise local and interhemispheric timing
of responses are in accordance with the anatomy of callosal
axons. In general, the majority of callosal projection fibres
reveal short latencies between the two hemispheres of about
2–6 ms [21]. This is enabled by relatively fast conduction
delays [122]. A diversity of callosal axon diameters [5, 14–
126] corresponds in turn to different axonal conduction
velocities, which compensate for offsets in distance [127]. In
agreement, computer simulations have shown that despite a
large divergence and clustering of axon terminals [8], spikes
can arrive synchronously at the target synapses [122]. Because
these targets are preferentially neurons of similar orientation
preference as the projection neurons on the other side, precise

temporal interactions between the hemispheres are expected
to be stimulus dependent.

In accordance, local synchronization and desynchroniza-
tion of multiple sites close to the 17/18 border of the receiving
hemisphere have been shown to be mediated by isooriented
but not by cross-oriented input from the contralateral hemi-
sphere [77]. Similarly, synchronization between the hemi-
spheres occurs more likely for collinear and like stimulation
[117, 118].

Significant effects of callosal input on the synchronization
behaviour in the receiving hemisphere cannot be observed
when the two hemifields are stimulated unequally, that is,
with two gratings of orthogonal orientations or moving into
opposite directions. Here, different neuronal populations are
stimulated which are probably not selectively interconnected
via the corpus callosum—neither by the excitatory nor the
inhibitory projection. Therefore, a deactivation of one of the
two pools will not have a significant influence on the timing
within the other population.

In the absence of patterned stimulation (isoluminant
monitor) deactivating the contralateral hemisphere increases
the overall synchronization between various sites within the
receiving hemisphere [77] and decreases the spiking vari-
ability [128]. This might indicate that because of their target
selectivity callosal connections provide correlated input and
thus also correlated noise to the target neurons [129], which
increases variability and thus decreases synchronized firing
between distant sites [130].

9. Callosal Input and Binocularity

In normal cats, callosal connections as intrinsic connections
[131] do not seem to necessarily interconnect domains of the
same eye with each other [14, 15, 51]. Rather, ocular specificity
of connections seems to depend on the retinotopic position;
for example, neurons in the two hemispheres receiving input
from the same retina part are selectively linked [14, 15]. This
implies connections between neurons driven by the same eye
as well as between neurons driven by different eyes.

Earlier experiments sectioning the corpus callosum or
lesioning the contralateral cortex in cats claimed that callosal
afferents contribute a major part to the binocularity of callosal
neurons in cats [132–135]. However, this result was not
confirmed by other studies [136–138] and a developmental
study indicated that there is a postnatal critical period for the
influence of corpus callosum section on binocularity [139].

In small rodents, where the majority of the retinal fibres
cross at the chiasm, the contribution of callosal input to
binocularity and its development is inevitably larger (for
review [140]). It cannot be excluded, that visual callosal
connections cover a different spectrum of functions in these
species than in carnivores and primates.

Our own findings using reversible deactivation in cats do
not reveal any significant reduction of binocular units at the
17/18 border [106]. This strongly indicates that—in stereo-
scopic mammals—binocularity as such does not depend
on the integrity of the callosal network but rather on the
geniculocortical input as would be expected from any long-
range lateral network intrinsic to one hemisphere. However,
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responses evoked by the two eyes separately were differently
affected supporting a role of the corpus callosum in stereo-
scopic function as suggested before for humans [141, 142]
and animals with disparity selective neurons [138, 143]. In
ferrets, who also have a large proportion of disparity selective
neurons [144], we observe a more complex influence of
callosal input on vertically preferring units than on others.
This is compatible with the interpretation that those units,
which presumably participate in horizontal disparity coding
at the midline, are under the control of callosal interactions
[75]. However, it does not necessarily distinguish the callosal
as different from the intrahemispheric circuits. The latter
could serve the same function in more peripheral acallosal
but binocular representations of the visual field. In agree-
ment, these parts reveal normal stereovision in the split-brain
condition in humans [142].

10. Comparison between Feedback and
Interhemispheric Circuits

Methodologically, all manipulations applied to study callosal
function like cutting, lesioning, or cooling inevitably disable
direct or indirect lateral projections from both contralateral
areas 18 and 17 or even more extrastriate cortices to the
recipient transcallosal zone.

Thus, visual callosal projections as a “broad band” inter-
hemispheric connection could be also viewed as a spe-
cial type of feedback (and even feedforward) connection.
Anatomically, feedback connections from higher visual areas
to primary visual cortex also exhibit anisotropically arranged
clusters and thus a topographical relationship with the
functional architecture of the interconnected structures as
intrinsic connections do (macaque [145, 146]). They have
been shown to integrate from a more comprehensive part of
the visual field than the long-range intrinsic circuits and thus
to be apt to contribute information from a larger modulatory
surround to which intrinsic circuits do not have access
to (for review [147, 148]). One of the main conclusions is
that feedback connections are important for differentiating a
figure from the background, particularly in the case of low
salience stimuli [149].

Surprisingly, in former deactivation studies in cats, extra-
striate areas like posterior middle suprasylvian cortex (pMS)
[73, 74] and area 21 [111, 150] have been demonstrated to
already influence basic response properties of neurons in
early visual areas like orientation or direction selectivity. This
was not the case when deactivating the feedforward loop from
area 17 to 18 [151] and from area 17 to area 21a [152].

Earlier, we had observed that the impact of deactivating
a projection area was proportional to the density of this
area’s projecting fibres to its target area, that is, area 18 [73,
153]. Having applied the same technique to the same animal
using the same grating stimulus [76] puts us in the position
to compare also the functional impact of the prominent
pMS feedback circuit with that of callosal input. The former
projection to central area 18 is numerically much stronger
than the latter from the contralateral hemisphere (26.5%
versus 4.7% of all inputs from visual structures [154]). For
the callosal inactivation study [76], the strength of the callosal

input might be slightly underestimated since the majority of
our units stems from neurons located very close to the densely
interconnected 17/18 border.

Both feedback and interhemispheric connections do not
instruct the layout of orientation preference maps but the
loss of map vector strengths is indeed much stronger without
pMS feedback (up to 50% [73]) than without the contralateral
input (20–25% [75, 76]).

Therefore, it is surprising that, on average, single unit
spike rates to moving gratings in cat early visual areas are
only slightly more affected when deactivating pMS feedback
projections ([73], estimated mean response change −18%)
than by removing callosal input ([76], mean response change:
−14%). However, changes in direction selectivity of single
units and maps related to pMS input are relevant [73, 74],
whereas direction selectivity changes related to callosal input
are tiny [76].

In summary, the comparison points out that despite
topographical similarities (patchiness) both quantitative and
qualitative differences exist between the functional impact
of feedback and interhemispheric connections to primary
visual cortex. These differences also do not easily correlate
with the anatomical numerical differences confirming that
the majority of interhemispheric input (as approached by
the cooling technique) has different characteristics than
intrahemispheric feedback circuits.

11. Conclusion

In the present paper, recent studies on the physiology of visual
callosal connections of cats and ferrets are discussed. Most
of these recent findings have been obtained by reversibly
deactivating the contralateral visual areas, a condition that
in human patients resembles a hemianopia caused by a
unilateral occipital lesion. In these patients, visual processing
in the intact hemifield is disturbed [154, 155]. In agreement,
our animal studies reveal that contralateral deactivation
exerts a considerable impact on intrahemispheric processing
of visual responses.

Namely, it is observed that the callosal influence in
early visual areas—although largest close to the areal border
between areas 17 and 18—continues widely into both areas. In
accordance with the anatomy of the callosal circuit, actions
occur preferentially between coactivated neurons of similar
orientation (or direction) preference. In the majority of
cases, they are excitatory, do not alter response selectivity
dramatically, and can be described as a multiplicative scaling
of responses. Additive tuning shifts occur less frequently and
more often with gratings than with lesser salient stimuli.
Similarly, different excitatory-inhibitory ratios are observed
with different input regimes and thus seem to reflect a
dynamical adaptation of the callosal and intrinsic circuits to
the external feedforward drive via the geniculocortical loop.
We hypothesize that the transition from modulatory multi-
plicative to additive driving action as well as the transition
from excitation to inhibition is a continuum rather than a dis-
crete step. The interhemispheric circuit cannot be decoupled
from the remaining cortical network. Thus, the transition
between the different callosal actions will depend critically on
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the actual contribution of all possible feedforward, lateral,
and feedback input sources.

Taken together anatomical and functional evidence from
corticocortical and lateral circuits, we further come to the
conclusion that visual callosal connections share a majority of
anatomical and functional features with lateral connections
on the same hierarchical level and less with feedback con-
nections. This might justify interpreting experimental results
about the callosal circuit with respect to lateral connectivity
in general.
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[42] K. E. Schmidt and S. Löwel, “Long-range intrinsic connections
in cat primary visual cortex,” in The Cat Primary Visual Cortex,
A. Peters and B. R. Payne, Eds., pp. 387–426, Academic Press,
San Diego, Calif, USA, 2002.

[43] C. D. Gilbert and T. N. Wiesel, “Clustered intrinsic connections
in cat visual cortex,” Journal of Neuroscience, vol. 3, no. 5, pp.
1116–1133, 1983.

[44] K. A. C. Martin and D. Whitteridge, “Form, function and
intracortical projections of spiny neurones in the striate visual
cortex of the cat,” Journal of Physiology, vol. 353, pp. 463–504,
1984.

[45] Z. F. Kisvárday and U. T. Eysel, “Cellular organization of
reciprocal patchy networks in layer III of cat visual cortex (area
17),” Neuroscience, vol. 46, no. 2, pp. 275–286, 1992.

[46] J. C. Houzel, C. Milleret, and G. Innocenti, “Morphology of
callosal axons interconnecting areas 17 and 18 of the cat,”
European Journal ofNeuroscience, vol. 6, no. 6, pp. 898–917, 1994.

[47] D. Aggoun-Zouaoui, “Growth of callosal terminal arbors in pri-
mary visual areas of the cat,” European Journal of Neuroscience,
vol. 8, no. 6, pp. 1132–1148, 1996.

[48] N. E. Berman and B. R. Payne, “Alterations in connections
of the corpus callosum following convergent and divergent
strabismus,” Brain Research, vol. 274, no. 2, pp. 201–212, 1983.

[49] G. M. Innocenti, “Postnatal development of corticocortical
connections,” The Italian Journal of Neurological Sciences, sup-
plement 5, pp. 25–28, 1986.

[50] J. Boyd and J. Matsubara, “Tangential organization of callosal
connectivity in the cat’s visual cortex,” Journal of Comparative
Neurology, vol. 347, no. 2, pp. 197–210, 1994.

[51] K. E. Schmidt, “Functional specificity of long-range intrinsic
and interhemispheric connections in the visual cortex of stra-
bismic cats,” Journal of Neuroscience, vol. 17, no. 14, pp. 5480–
5492, 1997.

[52] C. D. Gilbert and T. N. Wiesel, “Columnar specificity of intrinsic
horizontal and corticocortical connections in cat visual cortex,”
Journal of Neuroscience, vol. 9, no. 7, pp. 2432–2422, 1989.

[53] R. Malach, Y. Amir, M. Harel, and A. Grinvald, “Relation-
ship between intrinsic connections and functional architecture
revealed by optical imaging and in vivo targeted biocytin
injections in primate striate cortex,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 90, no.
22, pp. 10469–10473, 1993.

[54] P. Buzás, U. T. Eysel, and Z. F. Kisvárday, “Functional topogra-
phy of single cortical cells: an intracellular approach combined
with optical imaging,” Brain Research Protocols, vol. 3, no. 2, pp.
199–208, 1998.

[55] K. E. Schmidt, “The perceptual grouping criterion of colinearity
is reflected by anisotropies of connections in the primary visual
cortex,” European Journal of Neuroscience, vol. 9, no. 5, pp. 1083–
1089, 1997.

[56] W. H. Bosking, Y. Zhang, B. Schofield, and D. Fitzpatrick,
“Orientation selectivity and the arrangement of horizontal con-
nections in tree shrew striate cortex,” Journal of Neuroscience,
vol. 17, no. 6, pp. 2112–2127, 1997.

[57] L. C. Sincich and G. G. Blasdel, “Oriented axon projections in
primary visual cortex of the monkey,” Journal of Neuroscience,
vol. 21, no. 12, pp. 4416–4426, 2001.

[58] J. I. Nelson and B. J. Frost, “Intracortical facilitation among co-
oriented, co-axially aligned simple cells in cat striate cortex,”
Experimental Brain Research, vol. 61, no. 1, pp. 54–61, 1985.

[59] M. K. Kapadia, M. Ito, C. D. Gilbert, and G. Westheimer,
“Improvement in visual sensitivity by changes in local context:
parallel studies in human observers and in V1 of alert monkeys,”
Neuron, vol. 15, no. 4, pp. 843–856, 1995.

[60] R. A. Galuske and W. Singer, “The origin and topography of
long-range intrinsic projections in cat visual cortex: a develop-
mental study,” Cerebral Cortex, vol. 6, no. 3, pp. 417–430, 1996.

[61] G. M. Innocenti and R. Caminiti, “Postnatal shaping of callosal
connections from sensory areas,” Experimental Brain Research,
vol. 38, no. 4, pp. 381–394, 1980.

[62] H. J. Luhmann, W. Singer, and L. Martinez-Millan, “Horizontal
interactions in cat striate cortex: I. Anatomical substrate and
postnatal development,” European Journal of Neuroscience, vol.
2, no. 4, pp. 344–357, 1990.

[63] E. M. Callaway and L. C. Katz, “Effects of binocular deprivation
on the development of clustered horizontal connections in cat
striate cortex,” Proceedings of the National Academy of Sciences
of the United States of America, vol. 88, no. 3, pp. 745–749, 1991.

[64] E. S. Ruthazer and M. P. Stryker, “The role of activity in the
development of long-range horizontal connections in area 17 of
the ferret,” Journal ofNeuroscience, vol. 16, no. 22, pp. 7253–7269,
1996.

[65] R. D. Lund, D. E. Mitchell, and G. H. Henry, “Squint-induced
modification of callosal connections in cats,” Brain Research,
vol. 144, no. 1, pp. 169–172, 1978.



Neural Plasticity 9

[66] G. M. Innocenti and D. O. Frost, “Effects of visual experience on
the maturation of the efferent system to the corpus callosum,”
Nature, vol. 280, no. 5719, pp. 231–234, 1979.

[67] M. Cynader, F. Lepore, and J. P. Guillemot, “Inter-hemispheric
competition during postnatal development,” Nature, vol. 290,
no. 5802, pp. 139–140, 1981.

[68] A. J. Elberger, E. L. Smith, and J. M. White, “Spatial dissociation
of visual inputs alters the origin of the corpus callosum,”
Neuroscience Letters, vol. 35, no. 1, pp. 19–24, 1983.

[69] C. Milleret and J. C. Houzel, “Visual interhemispheric transfer
to areas 17 and 18 in cats with convergent strabismus,” European
Journal of Neuroscience, vol. 13, no. 1, pp. 137–152, 2001.

[70] M. Ptito, “Functions of the corpus callosum as derived from
split-chiasm studies in cats,” in The Parallel Brain:The Cognitive
Neuroscience of the Corpus Callosum, E. Zaidel and M. Iacoboni,
Eds., pp. 139–153, Massachusetts Institute of Technology Press,
Cambridge, Mass, USA, 2003.

[71] B. R. Payne, D. F. Siwek, and S. G. Lomber, “Complex transcal-
losal interactions in visual cortex,” Visual neuroscience, vol. 6,
no. 3, pp. 283–289, 1991.

[72] S. G. Lomber, P. Cornwell, J. S. Sun, M. A. MacNeil, and B. R.
Payne, “Reversible inactivation of visual processing operations
in middle suprasylvian cortex of the behaving cat,” Proceedings
of the National Academy of Sciences of the United States of
America, vol. 91, no. 8, pp. 2999–3003, 1994.

[73] R. A. W. Galuske, K. E. Schmidt, R. Goebel, S. G. Lomber,
and B. R. Payne, “The role of feedback in shaping neural
representations in cat visual cortex,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 99, no.
26, pp. 17083–17088, 2002.

[74] K. E. Schmidt, S. G. Lomber, B. R. Payne, and R. A. W. Galuske,
“Pattern motion representation in primary visual cortex is
mediated by transcortical feedback,” NeuroImage, vol. 54, no. 1,
pp. 474–484, 2011.

[75] K. E. Schmidt, S. G. Lomber, and G. M. Innocenti, “Specificity
of neuronal responses in primary visual cortex is modulated
by interhemispheric corticocortical input,” Cerebral Cortex, vol.
20, no. 12, pp. 2776–2786, 2010.

[76] T. Wunderle, D. Eriksson, and K. E. Schmidt, “Multiplicative
mechanism of lateral interactions revealed by controlling inter-
hemispheric input,” Cerebral Cortex, 2012.

[77] C. Carmeli, L. Lopez-Aguadao, K. E. Schmidt, O. De Feo, and
G. M. Innocenti, “A novel interhemispheric interaction: modu-
lation of neuronal cooperativity in the visual areas,” PLoS ONE,
vol. 2, no. 12, Article ID e1287, 2007.

[78] V. A. Makarov, K. E. Schmidt, N. P. Castellanos, L. Lopez-
Aguado, and G. M. Innocenti, “Stimulus-dependent interaction
between the visual areas 17 and 18 of the 2 hemispheres of the
ferret (Mustela putorius),” Cerebral Cortex, vol. 18, no. 8, pp.
1951–1960, 2008.

[79] A. M. Grigonis, R. B. Rayos del Sol-Padua, and E. H. Murphy,
“Visual callosal projections in the adult ferret,” Visual neuro-
science, vol. 9, no. 1, pp. 99–103, 1992.

[80] B. C. Skottun, D. H. Grosof, and R. L. De Valois, “Responses of
simple and complex cells to random dot patterns: a quantitative
comparison,” Journal of Neurophysiology, vol. 59, no. 6, pp. 1719–
1735, 1988.

[81] F. Wörgötter and U. T. Eysel, “Axis of preferred motion is
a function of bar length in visual cortical receptive fields,”
Experimental Brain Research, vol. 76, no. 2, pp. 307–314, 1989.

[82] F. S. Chance, L. F. Abbott, and A. D. Reyes, “Gain modulation
from background synaptic input,” Neuron, vol. 35, no. 4, pp.
773–782, 2002.

[83] R. Ben-Yishai, R. L. Bar-Or, and H. Sompolinsky, “Theory of
orientation tuning in visual cortex,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 92, no.
9, pp. 3844–3848, 1995.

[84] H. Sompolinsky and R. Shapley, “New perspectives on the
mechanisms for orientation selectivity,” Current Opinion in
Neurobiology, vol. 7, no. 4, pp. 514–522, 1997.

[85] E. H. Buhl and W. Singer, “The callosal projection in cat visual
cortex as revealed by a combination of retrograde tracing and
intracellular injection,” Experimental Brain Research, vol. 75, no.
3, pp. 470–476, 1989.

[86] F. Conti, M. Fabri, and T. Manzoni, “Bilateral receptive fields
and callosal connectivity of the body midline representation
in the first somatosensory area of primates,” Somatosensory
Research, vol. 3, no. 4, pp. 273–289, 1986.

[87] K. Shoumura, “An attempt to relate the origin and distribution
of commissural fibers to the presence of large and medium
pyramids in layer III in the cat’s visual cortex,” Brain Research,
vol. 67, no. 1, pp. 13–25, 1974.

[88] K. A. C. Martin, P. Somogyi, and D. Whitteridge, “Physiological
and morphological properties of identified basket cells in the
cat’s visual cortex,” Experimental Brain Research, vol. 50, no. 2-
3, pp. 193–200, 1983.

[89] Z. F. Kisvárday, K. A. Martin, T. F. Freund, Z. Maglóczky, D.
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[149] J. Bullier, J. M. Hupé, A. C. James, and P. Girard, “The role of
feedback connections in shaping the responses of visual cortical
neurons,” Progress in Brain Research, vol. 134, pp. 193–204, 2001.

[150] C. Wang, W. J. Waleszczyk, W. Burke, and B. Dreher, “Mod-
ulatory influence of feedback projections from area 21a on
neuronal activities in striate cortex of the cat,” Cerebral Cortex,
vol. 10, no. 12, pp. 1217–1232, 2000.

[151] P. Girard and J. Bullier, “Visual activity in area V2 during
reversible inactivation of area 17 in the macaque monkey,”
Journal of Neurophysiology, vol. 62, no. 6, pp. 1287–1302, 1989.

[152] A. Michalski, B. M. Wimborne, and G. H. Henry, “The effect of
reversible cooling of cat’s primary visual cortex on the responses
of area 21a neurons,” Journal of Physiology, vol. 466, pp. 133–156,
1993.

[153] B. R. Payne and S. G. Lomber, “Quantitative analyses of
principal and secondary compound parieto-occipital feedback
pathways in cat,” Experimental Brain Research, vol. 152, no. 4,
pp. 420–433, 2003.

[154] G. V. Paramei and B. A. Sabel, “Contour-integration deficits
on the intact side of the visual field in hemianopia patients,”
Behavioural Brain Research, vol. 188, no. 1, pp. 109–124, 2008.

[155] J. Schadow, N. Dettler, G. V. Paramei et al., “Impairments of
Gestalt perception in the intact hemifield of hemianopic
patients are reflected in gamma-band EEG activity,” Neuropsy-
chologia, vol. 47, no. 2, pp. 556–568, 2009.



Hindawi Publishing Corporation
Neural Plasticity
Volume 2013, Article ID 639430, 12 pages
http://dx.doi.org/10.1155/2013/639430

Review Article

Splenium of Corpus Callosum: Patterns of Interhemispheric
Interaction in Children and Adults

Maria G. Knyazeva1,2

1 LREN, Department of Clinical Neuroscience, Centre Hospitalier Universitaire Vaudois (CHUV) and University of Lausanne,
CH-1011 Lausanne, Switzerland

2Department of Radiology, Centre Hospitalier Universitaire Vaudois (CHUV) and University of Lausanne,
CH-1011 Lausanne, Switzerland

Correspondence should be addressed to Maria G. Knyazeva; maria.knyazeva@chuv.ch

Received 13 December 2012; Revised 8 February 2013; Accepted 9 February 2013

Academic Editor: Maurice Ptito

Copyright © 2013 Maria G. Knyazeva. 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.

The splenium of the corpus callosum connects the posterior cortices with fibers varying in size from thin late-myelinating axons
in the anterior part, predominantly connecting parietal and temporal areas, to thick early-myelinating fibers in the posterior part,
linking primary and secondary visual areas. In the adult human brain, the function of the splenium in a given area is defined by
the specialization of the area and implemented via excitation and/or suppression of the contralateral homotopic and heterotopic
areas at the same or different level of visual hierarchy. These mechanisms are facilitated by interhemispheric synchronization of
oscillatory activity, also supported by the splenium. In postnatal ontogenesis, structural MRI reveals a protracted formation of the
splenium during the first two decades of human life. In doing so, the slow myelination of the splenium correlates with the formation
of interhemispheric excitatory influences in the extrastriate areas and the EEG synchronization, while the gradual increase of
inhibitory effects in the striate cortex is linked to the local inhibitory circuitry. Reshaping interactions between interhemispherically
distributed networks under various perceptual contexts allows sparsification of responses to superfluous information from the
visual environment, leading to a reduction of metabolic and structural redundancy in a child’s brain.

1. Introduction

The splenium is a name of the posterior part of the corpus
callosum (CC). In Greek this word means a bandage strip
tied around an injury or a damaged part of someone’s body.
Although the association of the name with the respective
structure is not immediately clear from the most common
sagittal images of the brain (Figure 1(a)), which create an
illusion of the CC as a structure that can only be artificially
partitioned, the basal view of the splenium from Gray’s Atlas
(Figure 1(b)) completely justifies its name and shows that the
splenium fibers connect occipital and parietal cortices, as
well as inferior and medial temporal regions (including the
posterior cingulate).

According to anatomical tracing studies, the fiber com-
position of the splenium is heterogeneous: its anterior part
includes thin late-myelinating fibers from parietal and medial
temporal association areas, while the posterior part contains

thick early-myelinating fibers linking primary/secondary
visual areas [1–5]. Most of the splenium fibers are reciprocal
and connect the hemispheres homotopically, while some
fibers are heterotopic, although homoareal, and others link
different cortical areas [6–9]. The splenium connections are
unevenly distributed across cortical areas both in humans and
in nonhuman primates [7, 10, 11]. They are relatively dense
and widely distributed in the extrastriate cortices, whereas in
the striate cortex, callosal fibers are located in a narrow strip
along the V1/V2 border representing the vertical meridian of
the visual field.

These basic aspects of the splenium organization are
supplemented by recent neuroimaging findings. In vivo
tracing—diffusion tensor imaging (DTI)—studies describe a
more detailed spatial organization of fibers within the human
splenium [3, 5, 12]. According to these reports, the middle
part of the splenium carries fibers connecting dorsal visual
and association parietal areas, the superior-posterior part
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Figure 1: Midsagittal and axial views of the splenium. (a) Midsagittal T1-weighted MRI shows the corpus callosum (CC) and the splenium (in
red). According to the conventional partitioning scheme, the splenium corresponds to the posterior 1/5 of the CC, which is separated by the
border line perpendicular to the line linking the most anterior (ACC) and posterior (PCC) points of the CC. (b) Axial view of the splenium
(1) from Gray’s Anatomy of the Human Body. The numbers refer to the posterior forceps (2), hippocampus (3), fornix (4), undersurface of
the CC (5), and genu of internal capsule (6).

contains fibers linking posterior cingulate and retrosplenial
cortices, and the inferior-anterior portion incorporates fibers
from ventral visual areas. The neuroimaging data also ques-
tion some features of splenial connectivity that had been
established in animal and postmortem human studies. These
include the notion that the primary visual cortex is mostly
devoid of callosal connections: significant interindividual
variability of connections between the striate cortices (with
one-third of participants exhibiting direct interhemispheric
projections in this area) has been found by Putnam and
colleagues [12]. Another example is the assumed symmetry of
callosal connections: greater interhemispheric connectivity
from the right hemisphere to the left one has been found in
the extrastriate cortices [12].

The diverse structural properties of the splenial fibers
across brain areas suggest that they are involved in a variety
of functions, while their considerable variation between sub-
jects implies a contribution of the splenium to plastic changes
in the course of human development. Considering that the
splenium is well defined anatomically and is easily accessible
in animal models and in noninvasive human neuroimaging,
this structure is of significant interest for basic neuroscience
and clinical applications. This paper addresses the structural
and functional development of the splenium based on the
recent literature with an emphasis on the heterogeneity of
its functions and mechanisms at different levels of the visual
hierarchy.

2. Structural Development of the Splenium

The development of the human CC was studied using both
postmortem and in vivo MRI-based techniques. A direct
comparison of these methods in [13] showed that, at least
in terms of the CC area and shape, they provide consistent
information. Moreover, the two methods are complementary:
while postmortem material allows a more precise identifica-
tion of the CC borders, the in vivo imaging techniques are

easily compatible with (neuro)psychological characteristics
and permit a longitudinal study design, thus providing an
inestimable advantage for the research into human develop-
ment. The results of both approaches are discussed hereafter.

The developing splenial fibers travel together with the
hippocampal commissure, whereas the frontal fibers of the
CC cross the midline separately from the anterior and hip-
pocampal commissures [14, 15]. Accordingly, the CC forms
as a fusion of two separate segments. This developmental
pattern as well as the partial CC ageneses and regional
malformations suggests that the splenium can be considered a
neocortical component of the hippocampal commissure [15],
which carries fibers connecting the hippocampi together with
those linking the posterior parietal, medial temporal, and
medial occipital cortices of the two hemispheres [4, 5, 16].

Anatomical reports show that the prenatal development
of the human CC is characterized by a posterior-to-anterior
gradient, with the prominent splenium emerging only in
the 18th or 19th week of gestation [14, 17–19]. After birth,
the slower growth of the splenium compared to the genu
is replaced by the opposite trend, with higher growth rates
of the splenium than those of the genu [18, 20, 21]. Similar
nonuniform postnatal growth of the CC compartments was
demonstrated with MRI in baboons [22]. In particular, by
postnatal week 32, their midsagittal splenium area achieves
55% of the average adult size, whereas the genu and the
anterior midbody attain only about 50%.

As can be extrapolated from the monkey data, the total
number of callosal fibers continues to increase until birth
[1]. Nevertheless, at the end of gestation and during the first
months after birth, the sagittal area of the CC reduces both in
monkeys [1] and in humans [13, 18]. Since this coincides with
the time of massive axonal elimination, the latter is suggested
to be the main cause of CC reduction [1, 13]. Further postnatal
changes in the callosal sagittal area are interpreted as an
interplay between continuing myelination, pruning, and the
redirection of fibers [23].
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Structural MRI-based studies report the prolonged
growth of the total CC area and splenium (among other CC
subdivisions) from birth adulthood in nonhuman primates,
including chimpanzees [24], Bonnet macaques [25], and
capuchin monkeys [26]. Since the end of the 1990s, several
laboratories have applied mesh-based computational MRI
techniques to the analysis of the sagittal callosal area in chil-
dren and adolescents [27–30]. In this method, aimed toward
longitudinal research, four-dimensional quantitative maps of
growth patterns are reconstructed by computing a three-
dimensional elastic deformation field, which rearranges the
shape of the CC in the earlier scan into the shape in the
later scan [30]. These groups reported greater increase in the
splenium than in the anterior CC regions in children and
adolescents aged 4–18 years [27, 28], 6–15 years [29], and 7–22
years [30].

Alternative imaging methods provide converging results.
To assess the CC development in healthy children of 3–
15 years, Kim and collaborators [31] used multiecho T2
relaxometry based on the longer T2 relaxation times of water
molecules within the axon and extracellular space unbound
to macromolecules. During development, the axonal diam-
eters in the splenium grow in parallel with the reduction
of their density [1, 2]. Therefore, the continuing increase of
axonal size should correlate with the increase of T2 relaxation
times. The measurements in genu and splenium revealed
that the relaxation times significantly correlate with age
only in the splenium, suggesting its prominent growth in
the late childhood and adolescence. DTI studies, although
inconsistent about the anterior-to-posterior gradient of CC
maturation, nevertheless show that the splenium develops
gradually through adolescence [32, 33].

Recently, in a large computational mesh-modeling MRI
study of 190 children and adolescents aged 5–18 years, Luders
and coauthors [34] confirmed that the callosal area increases
with age and revealed the age-, sex-, and region-specific
rates of growth. In particular, in a result qualitatively similar
to previous neuroimaging studies (e.g., [29]), the younger
children showed the most pronounced growth in the anterior
CC, while the splenium began to overtake the anterior parts
of the CC starting from the age of 9-10 years in girls and of
11-12 years in boys.

A synthesis of the postmortem anatomical and in vivoMRI
data suggests that periods of accelerated growth of the genu
alternate with periods when the splenium picks up speed.
Such shifts occur around birth time (the splenium speeds
up compared to the genu), in early childhood (the genu
begins to outrun the splenium), and in middle childhood
(the splenium once more takes the lead in growth). The
mechanisms behind these changes seem to be age-specific. In
the context of the first postnatal spurt of splenium growth,
the data of Chalupa and colleagues from their tract tracing
studies in rhesus monkeys are of interest [35, 36]. They
showed that, in late fetal development, the elimination of
CC axons in the visual areas is less pronounced than that in
the sensorimotor cortex. If the lower proportion of axonal
retraction in the posterior areas is also characteristic for
humans, this phenomenon could explain the higher splenium
growth in the early postnatal period.

The last period, characterized by an anterior-to-posterior
gradient of the CC development, is in humans likely related
to the protracted myelination of the splenium. Myelina-
tion starts at 3-4 months after birth and continues into
adulthood [21, 37]. In adults only 16% of the CC fibers
remain unmyelinated [2]. To analyze the link between CC
area and myelination, Fornari and colleagues (2007) used
magnetization transfer imaging (MTI) in children of 7 to
13 years of age [38]. MTI estimates the efficiency of mag-
netization exchange in biological tissues between a pool of
free protons in intra- and extracellular water and a pool
of protons bound to macromolecules (for review, see [39]).
As shown in an in vitro experiment, the contribution of
the myelin sheets to the MT contrast is nine times larger
than the contributions of intra/extracellular water [40]. A
postmortem study of the multiple sclerosis brain demon-
strated highly significant correlations between morphome-
tric and MTI measures of myelin content [41]. Since the
most important contributors to the magnetization transfer
effect are the extent, concentration, and integrity of myelin
membranes, MTI permits an accurate evaluation of changes
in myelination in children, aging people, and populations
with myelination abnormalities [42–44]. Consistently with
previously reviewed reports, in a group of healthy children,
the most robust direct correlation between the MTI index of
myelination and a child’s age has been shown by Fornari and
colleagues for the area of the splenium [38].

Myelination in the nervous system is a plasticity-
dependent process [45]. The size of the CC in animals and
humans increases with learning or training [46–48]. It is
likely that nonmonotonic growth of the splenium probably
reflects its plastic tuning to the heterochronically maturing
visual functions in childhood and adolescence. More specif-
ically, the accelerated growth of the splenium in the first
postnatal weeks/months coincides with the fast development
of sensitivity to orientation, direction of motion, and dispar-
ity [49]. Another period of relatively high growth rates that
starts in middle childhood accompanies improvement of the
functions associated with spatial integration (see Sections 5
and 6).

3. Known and Assumed Mechanisms and
Functions of the Splenium

Before proceeding any further, it should be noted that
the tasks performed by the CC within the framework of
interhemispheric integration as well as the physiological
mechanisms implementing these tasks remain to be studied
further. At a functional level, basic physiological effects of the
CC are conceptualized as excitation and inhibition. Specifi-
cally, excitation refers to the tendency of one site to activate
the symmetric location in the other hemisphere, while
inhibition refers to the opposite effect [50]. Since cortico-
cortical long-distance connections are mainly excitatory,
the interhemispherically induced suppression of a response
necessarily includes local inhibitory interneurons. Therefore,
the interhemispheric effects resulting from a summation
of multiple diversified events at a neuronal/synaptic level
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require a very cautious interpretation at a network level,
especially in noninvasive human research.

In a decades’ long debate about the excitatory, inhibitory,
or mixed nature of interhemispheric effects of the CC, the
excitatory function seemed to get the majority of support.
To this end, in 2005 Bloom and Hynd [50] wrote the
following: “The available research, no matter how limited,
primarily supports the notion that the corpus callosum
serves a predominantly excitatory function.” Recent research
has revealed a more complicated picture, in which the
CC functions and mechanisms not only change along its
anterior-to-posterior axis depending on the cortical area of
origin/destination, but also vary within a singular area.

The application of sophisticated experimental methods
by the group of Innocenti substantially enriched our under-
standing of the repertoire of splenial functions [51–53].
By combining local reversible thermal inactivation in one
hemisphere with optical imaging of intrinsic signals or elec-
trophysiological recordings in the other hemisphere, these
authors showed that the splenium fibers connecting visual
areas 17/18 of the ferret modulate the driving thalamocortical
input by means of inhibitory effects at short latencies and
of excitatory effects at longer latencies [52]. The latencies
of inhibitory effects are compatible with higher conduc-
tion velocities of thick early-myelinating fibers, whereas the
excitation is apparently driven by thinner axons with lower
conduction velocities. All the modulatory influences are
stimulus-specific [53]. Their interplay with axonal geometry
can change the synchronization of stimulus-driven local field
potential [51]. Considering that synchronization serves to
recruit neuronal populations to common activity [54, 55],
such effects of the splenium might not be limited to the area
of their destination—a narrow strip at the 17/18 border—but
affect the functionality of a significant part of the area (see
Section 4).

Not much is known about the splenium functions in the
extrastriate areas. However, comparing the splenium connec-
tions between the striate cortex, where they are thick (heavily
myelinated), sparse, and concentrated along the border, and
extrastriate cortices, where interhemispheric connections are
thin, dense, and widely distributed [7], it is difficult to escape
the conclusion that the functions of splenium fibers vary
across visual areas. The conventional assumption is that the
functional role of the splenium in a particular extrastriate
area is defined by its specialization. For instance, Olavarria
and Abel (1996) [56] reported that callosal cells are assem-
bled in regular protrusions into V2 of the monkey. These
protrusions are distributed along the V1/V2 border at the
intervals corresponding to the arrangement of thick and thin
stripes. Given that the stripes are specific to the organization
of the V2 and correspond to the functional streams engaged
in the processing of orientation and direction [57, 58], this
structural evidence suggests some area-specific functions of
the splenium beside establishing continuity across the visual
field.

One such function is figure-ground segregation, which
refers to the ability of the visual system to segment images of
the external world into objects and background. To this end,
a mechanism has been proposed for the isolation of a figure

from the background through the detection of its borders [59,
60]. It relies on inhibition among neurons with neighboring
receptive fields tuned to the same feature. As a result, within
a homogenous region, similarly tuned neurons mutually
inhibit their activity, whereas at borders, such neurons are
less inhibited due to regional heterogeneity. The receptive
fields that implement this border-detecting mechanism are
characterized by center-surround antagonism, that is, they
have a receptive field center that is excited by a particular
image feature and surround that is inhibited by the same
feature. Desimone and colleagues (1993) found that, in V4 of
the monkey, the classical receptive fields (excitatory centers)
are mostly limited to the contralateral visual field, while
their suppressive surround might extend into the ipsilateral
visual field up to 16∘ from the vertical meridian [61]. In
these experiments, dissection of the CC abolished much
of the inhibition from the ipsilateral part of the surround,
demonstrating its involvement in the core mechanisms of
figure-ground segregation implemented in the V4.

Callosal connections are structurally, functionally, and
developmentally similar to long-range intrahemispheric cor-
ticocortical connections [11, 62]. With the exception of the CC
agenesis, there are no pathologies in which they are specif-
ically involved [63]. Nonetheless, since intrahemispheric
mechanisms within a single level of the visual hierarchy are
realized via lateral intracortical horizontal fibers and short-
range association fibers (U-fibers), the number of which
is orders of magnitude greater than that of splenial fibers
executing the same functions interhemispherically [64], one
may speculate that the CC should have some adaptations
compensating for its limited number of connections, and,
therefore, interhemispheric networks should differ from the
respective intrahemispheric networks.

Finally, the functions of the splenium may encompass
communication among different levels of hierarchy. The
inactivation of higher-order visual areas weakens the sup-
pressive surround of neurons in lower-order areas, suggesting
a role for top-down connections in this mechanism [65]. The
heterotopic splenial fibers [6, 9], especially those between
association and primary visual areas, could mediate such
feedback.

4. Development of Interhemispheric
Synchronization in the Visual Brain

As stated in the previous section, the interhemispheric syn-
chronization of network activity can be involved in a variety
of functions. The impact of the splenium in synchronizing
the electrical activity between the hemispheres is supported
by animal models and noninvasive human studies [66–
68]. Kiper and colleagues [67] examined interhemispheric
synchronization in ferrets, in which, like in other mammals,
the splenium fibers located along the V1/V2 border selectively
connect neurons with the receptive fields having similar
orientation preferences and placed near the vertical meridian
of the visual field. For this structure of connectivity, the
binding-through-synchronization hypothesis [55] predicts
an increase of interhemispheric synchronization in response
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to the bilateral collinear stimuli near the vertical meridian
compared to the noncollinear stimuli.

Indeed, by contrasting differently oriented and located
bilateral gratings before and after the section of the CC, the
authors have shown that interhemispheric synchronization of
epidural EEG increases in response to the isooriented grat-
ings near the vertical meridian compared to the orthogonally
oriented gratings, whereas callosotomy abolishes the effects
of stimulus configuration. The same set of stimuli used in
a noninvasive human study [68] induces similar changes of
interhemispheric synchronization in surface EEG, whereas
the reduction of interhemispheric synchronization in the
absence of the splenium in humans was shown in acallosal
and split-brain individuals [69–71].

It is safe to assume that even less dramatic changes in
interhemispheric connectivity that occur in human postnatal
development, for example, myelination of the splenium
fibers, would also affect the interhemispheric synchroniza-
tion of neural networks. The network activity of the brain is
oscillatory in nature. Oscillations provide a temporal frame
for neuronal firing by means of synchronization of pre-
and postsynaptic potentials [54, 55]. In the context of this
discussion, oscillations in the EEG alpha band are of special
interest. First, the alpha rhythm is the most prominent
oscillatory activity that can easily be recorded by means
of noninvasive surface EEG within a wide range of ages.
Second, it is generated by visual cortical circuits interacting
with thalamocortical loops [72, 73] and has a relatively
narrow frequency range between 8 and 12 Hz. Third, the
alpha rhythm is characterized by a protracted course of
development in children [74, 75] comparable with that of the
CC.

In 7- to 12-month-old infants, the activity that can
be recorded over the occipital-parietal cortex within the
frequency range 5–9 Hz has the properties of alpha rhythm
and is considered its precursor [76]. Alpha peak frequency
logarithmically increases with age [75], providing the best
estimate of maturation among the EEG parameters [74, 77].
In parallel, the spatial organization of alpha rhythm develops.
In a high-density EEG study, Srinivasan showed that, at
the peak alpha frequency, the 6- to 11-year-old children
demonstrate lower long-range synchronization between the
anterior and posterior Laplacian EEG signals in comparison
to the young adults [78]. Thus, the typical feature of adult
EEG—high coherence between distant EEG signals in the
alpha band—is still absent in middle childhood.

Farber and Knyazeva demonstrated an immaturity of
long-range interactions for the case of interhemispheric
connections [79]. They analyzed the development of the
interhemispheric coherence of alpha rhythm in 320 healthy
children and adolescents aged 2–17 years. Interhemispheric
synchronization rapidly increased with age in early childhood
(between 2 and 7 years), whereas in middle childhood and
adolescence the increase rate progressively slowed down.
This developmental trajectory was also best approximated
by logarithmic function. The striking similarity between
the trajectories of the alpha frequency and synchronization
development and that of the white matter maturation [80, 81]
suggest that the processes are closely related.

Theoretically, the frequency of coupled oscillators
depends on connection strength and time delays between
them [82, 83]. To this end, combined EEG-DTI studies
have found that, in adults, individual alpha frequency
is linked to the structural properties of corticocortical
and thalamocortical connections [84, 85]. The strongest
correlation between an individual alpha frequency and
fractional anisotropy, which reflects the joint contribution of
fiber density and myelination, was found for the splenium.

To summarize, although studies directly analyzing links
between interhemispheric alpha synchronization and struc-
tural maturation of the splenium remain to be performed, the
development of alpha rhythm in children seems to be closely
linked to the maturation of the CC. Moreover, the increase
of interhemispheric alpha synchronization with age implies
that the long-range interhemispheric interactions become an
increasingly important regulator of visual functions. On the
other hand, the relatively low level of functional cooperation
between the hemispheres in the immature brain suggests
the predominance of local intrahemispheric mechanisms
underlying vision in young children.

5. Visual Functions with a Protracted Course
of Development

The extended structural and functional maturation of the
splenium inspires me to consider the perceptual functions
with protracted developmental trajectories, although it is not
clear a priori whether such a gradual development depends
on the inter- or the intrahemispheric mechanisms. Most
visual functions achieve adult levels within the first few
months (e.g., contrast, motion, and orientation sensitivity)
or the first few years (grating acuity and binocularity) of
postnatal life. In contrast, visual spatial integration (SI)
develops slowly. SI refers to the processes that assemble local
information across the visual field to implement a global
representation of spatially extended objects in the brain.
Behavioral experiments consistently show that the basic
mechanisms of spatio-temporal integration are available in
the first months or even weeks of human life. Infants treat the
coherently moving parts of a display as belonging to the same
object [86], differentiate upright from inverted biomotion
displays [87], and integrate component motions into coherent
pattern motion over large regions of space [88].

Yet the development of perceptual organization abilities
takes a long trajectory through childhood and adolescence.
Thus, sensitivity to global form in glass patterns is adult-
like only at 9 years of age [89]. In a contour-detection task,
children significantly improve grouping operations between
5 and 14 years of age [90]. Sensitivity to biological and
global motion advances between 6 and 14 years of age [91].
Experiments with complex visual displays like hierarchical
shapes and compound letters reveal that even in adolescence
visual perception is biased toward representing local elements
[92, 93]. Furthermore, the organization principles, working
in early life, improve with age and so does the ability to
use collinearity for the integration of spatially distant line
segments, which increases at least until 10 years of age [94].
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The neural basis of this protracted course of functional
maturation is discussed in the following sections.

6. Myelination of the Splenium Shapes
Functional Activation in Extrastriate Areas

In adults, cognitive performance correlates with the size of
the callosal area [95] and cognitive impairment with the
demyelination of the splenium [96]. Apparently, myelination
facilitates interhemispheric interaction by enhancing the
coordination of interhemispheric input [97], which leads to a
more efficient recruitment of the target neural population to
common activity [98, 99]. If this is the case for the developing
splenium in children, a correlation between its myelination
and the activation of respective networks is to be expected.

To test this in [38], we used a simple interhemispheric
paradigm that requires only passive viewing of visual stimuli,
verified earlier by us [67, 68] and by others in animal and
human experiments. Being minimally demanding, this task
is applicable to groups of various age and health across the
lifespan. Specifically, subjects fixated on large high-contrast
bilateral gratings including horizontal collinear coherently
drifting gratings (stimulus CG) and noncollinear orthogo-
nally oriented and drifting gratings (stimulus NG). Of the
two stimuli, only CG is fusible into a single image, while
the NG is expected to induce a segmentation of the image
between the right and left visual fields. Functional magnetic
resonance imaging (fMRI) shows that, across different age
groups, the contrast CG > NG manifests highly reproducible
activations (Figure 2(a)) in the ventral-stream V3v/V4 areas
[38, 98–100]. In adults, these activations correlate with inter-
hemispheric EEG synchronization [98, 99] and, therefore,
can be considered a neural substrate of interhemispheric
integration.

First, we investigated whether the activation of these
integration-specific areas is affected by splenium maturation.
Children of 7–13 years of age were scanned while they
viewed the gratings [38]. By implementing fMRI and MTI
protocols in the same scanning session, we could estimate
both functional and structural aspects of interhemispheric
interaction. Each stimulus induced widespread activation
over the striate and extrastriate areas. The activation asso-
ciated with the CG>NG contrast was limited in children
to the V3v part of the adults’ activation (Figure 2(a)). This
modulation of BOLD signal manifested by the networks
presumably involved in the interhemispheric integration was
correlated with the myelination of the splenial system of
fibers [38]. Apparently, by changing the speed of transmission
and the effective geometry of the CC fibers, myelination
allows well-synchronized input to the opposite hemisphere,
resulting in enhanced activation [97–99]. This effect points
to the excitatory aspect of splenium function.

7. Transsplenial Inhibition in
Adults and Children

In order to test other aspects of the development of interhemi-
spheric interaction via the posterior callosal connections,

we reanalyzed the fMRI time series from this experiment
[100] with dynamic causal modeling (DCM), a method for
evaluating effective connectivity, that is, the influence that
one local neural system (source) exerts on another (target)
[101, 102]. DCM differentiates positive coupling (excitation)
that results in correlated increased activity between source
and target regions from negative coupling (inhibition) that
leads to a relative decrease in the target activation compared
to the source. Although the term inhibition is conventionally
used in the DCM literature, its true meaning in this context
is the suppression of activation response due to a variety of
processes at a cellular level, including inhibition per se.

The visual interhemispheric integration task described
in the previous section is wellsuited for modeling effective
connectivity since its neural substrate is a relatively restricted
network, the nodes of which can be clearly identified, and the
effects of the stimuli can be described in terms of factorial
design. The latter allows one to model main factors as driving
context-independent effects (in this case, stimulation with
any grating stimulus compared to gray-screen (background))
and interactions, resulting from experimental manipulations,
as modulatory (context-dependent) effects (here it is the
effect of interhemispheric integration in response to CG
compared to any grating stimulus). Specifically, DCM allows
an analysis of such an interaction in terms of modulatory
connections, that is, by defining their architecture and the
character of effect.

We used two pairs of interhemispherically symmetric
regions for the model: one pair in the primary visual cortex,
where the driving input arrived, and another pair in the
extrastriate visual cortex, where the response varied depend-
ing on the stimulus (Figure 2(b)). The nodes were limited to
the 4 mm radius spheres centered on the local maxima within
these predefined territories. According to the probabilistic
cytoarchitectonic atlas [103], one pair of nodes in each
hemisphere occupied the territory on both sides of the V1/V2
border, while another one was located at the V3v/V4 border
(Figure 2(b)). In this model, the driving signals induced by
visual stimulation arrive in the left and right primary visual
cortices (V1L and V1R nodes of the model) and spread within
the model between the V1L, V1R, V3L, and V3R nodes
by means of reciprocal intrahemispheric, interhemispheric,
homotopic, and heterotopic connections. On the assumption
that each of these intrinsic connections can be modulated,
the structure of modulatory connections reproduced the
architecture of intrinsic connections. We used this model for
comparison of children (the same group of 7–13 years as in
[38]) and adults that viewed the same gratings.

The intrinsic (driving) effective connections (all excita-
tory) between the visual areas were significant in both groups
and did not differ between children and adults, in keeping
with a large body of evidence that basic visual networks inte-
grated via long-distance reciprocal pathways are established
early in the course of development. The modulation induced
by the CG stimulus was conveyed by lateral and feedback
connections, all of which were inhibitory. The strongest
modulation manifested by strengthened mutual suppression
was found between the primary visual areas in both subjects’
groups.
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Figure 2: Interhemispheric integration effects as revealed by fMRI activation and dynamic causal modeling. (a) Statistical maps of the
CG>NG contrast for the children and adults groups superimposed on a pial surface of a standard brain in MNI space (bottom view). In
both groups, an increase of BOLD response is located within the lingual/fusiform gyri, but in the adults it is higher and more extensive. The
center of each cluster served to define the V3 location for DCM analysis in each group. (b) Intrinsic and modulatory connections in children
and adults. Gray/blue-filled circles symbolize the brain regions involved in the modeled network. They are located in the left and right primary
visual cortex (V1L and V1R, resp.) and in the left and right V3v (V3L and V3R, resp.). Arrows between the circles stand for the bidirectional
intrinsic/modulatory connections. Dashed arrows designate nonsignificant connections; gray arrows, significant but not changing with age;
black arrows, significant and changing with age. The average estimate of the strength of connection in Hertz is shown alongside the respective
arrow.

A recent noninvasive human study provided converging
evidence of transsplenial inhibition of neural responses
[104]. In these experiments of Bocci and colleagues, the
splenium input was manipulated with transcranial magnetic
stimulation (TMS), the effects of which were assessed with
visual evoked potentials (VEPs) in response to the whole-
field horizontal gratings. Similar to the bilateral collinear
gratings (stimulus CG) used by Fornari with colleagues
[38] and Knyazeva with colleagues [98, 99], this stimulus
was interhemispherically identical. The unilateral TMS of
V1 increased the amplitudes of VEP components generated
in the striate and extrastriate areas of the contralateral
hemisphere in response to the stimuli of medium-to-high
contrast. Considering that TMS imposes inhibitory effect,
that is, excludes callosal input, the increase of VEP can be
attributed to disinhibition.

Both our DCM results and the reviewed human findings
are remarkably similar to the evidence from the already cited
experimental study [52], in which the local cooling of area
17/18 in one hemisphere of the ferret reversibly eliminated

callosal input to the symmetric area in the intact hemisphere.
The effect of this manipulation consisted largely in the
decrease of local field potential (LFP) in response to whole-
field orthogonally oriented gratings and in the increase of LFP
to isooriented gratings.

A plausible interpretation encompassing all these find-
ings is that orthogonally oriented gratings essentially repre-
sent two different stimuli, which activate the networks with
different orientation and/or direction preferences through
the thalamocortical and callosal pathways, while isoori-
ented gratings activate the neurons similarly tuned in both
hemispheres, thus extending their network over the two
hemispheres. As a result, the orthogonally oriented grat-
ings induce segmentation, while collinear gratings bring
on integration between the visual hemifields. The basis of
integration for large high-contrast gratings at the V1 level
is “no change in stimulus properties,” that is, no borders.
Such stimuli are known to induce especially strong surround
suppression, leading to a sparse population response [105–
107]. If this account holds true, the net result of converging
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thalamocortical and callosal inputs induced by a strong
visual stimulus extending into both hemifields would be a
suppression of the V1 response.

Therefore, the splenium can be involved in the adaptive
process of neuronal response sparsification through suppres-
sive mechanisms activated by redundant visual information.
In a natural vision, when the entire retina is simultaneously
stimulated, such a mechanism is essential for the efficient
processing of moving images [105, 107]. Moreover, it is likely
that inhibition is more important for the processing of visual
information in an awake animal than anesthetized animal
models suggest [97, 108].

In addition to the lateral effective connections between
the primary visual areas, effective feedback connections from
the extrastriate V3v/V4 nodes convey inhibitory modula-
tion induced by the isooriented stimulus in both groups
(Figure 2(b)). This is consistent with animal models, where
the large spatial extent of surround suppression together
with its short latent period suggests the involvement of
feedback signals from the extrastriate cortex transmitted by
fast myelinated fibers [65, 109, 110].

In our DCM model, the inhibitory feedback is carried by
heterotopic interhemispheric connections. Since there are no
assumptions about the number of synapses implementing a
connection in DCM, it remains to be demonstrated whether
the heterotopic callosal connections shown in animals and
humans [6, 9] are implicated. The experiments of Ban
and colleagues (2006) suggest such a possibility [111]. They
have found that the BOLD response to the arcs presented
symmetrically in the lower visual field quadrants is signif-
icantly lower compared to the response to the same arcs
located asymmetrically (diagonally). In the absence of direct
interhemispheric V1 connections between the low and high
visual quadrants, this change of V1 activation is likely due
to the top-down influences from the extrastriate areas. The
shortest pathway for such an effect would be the heterotopic
splenial fibers [9].

8. Formation of Interhemispheric
Inhibition with Age: Some Implications
for Development

As demonstrated by Lassonde and colleagues, children
younger than 10 years of age show remarkably small deficits
after callosotomy [112, 113]. Although visual functions largely
escaped examination, the set of various tasks including
intermanual comparisons and naming of shapes and objects,
as well as localization of touch, leave few doubts about close-
to-normal performance even at their first neuropsychological
assessment after the surgery and about the remarkably fast
compensation of residual deficits. In contrast, children older
than 10 years of age and adolescents show a full-blown
split-brain syndrome. Similar to adult split-brain patients,
these children demonstrate a breakdown in interhemispheric
communication, including the loss of intermanual transfer
and integration of tactile information and difficulty naming
objects held in the nondominant hand. Nevertheless, they
recover more rapidly and completely than adults [112].

Cumulatively, the data of Lassonde and colleagues suggest
that some functions of the immature CC can be shared
with alternative pathways, thus accounting for minimal post-
operative deficits in young children. However, continuing
development leads to the cortex rewiring through elimination
of overproduced connections [23]. The resulting patterns of
connectivity may have a limited capacity for reorganization.
Ptito and Lepore obtained direct evidence in favor of this
view in experiments on cats with the posterior CC sectioned
either before this structure reached maturity or after its
maturation [114]. To disconnect each eye from the contralat-
eral hemisphere, all these animals had the optic chiasma
sectioned in adulthood and then were monocularly trained
on a visual discrimination task. Only cats with early callosal
transsection showed a capacity for the interhemispheric
transfer of pattern discriminations. Thus, in parallel with CC
maturation, other connections become inaccessible, limiting
plastic postoperative changes with age.

Yet the majority of functions are probably not strongly
reorganized in the ontogenesis but gradually improve with
CC development. Our DCM-based findings shed new light
on the nature of callosal functions with a protracted course
of development [100]. Specifically, in contrast to excitatory
connections that show no signs of changes between children
and adults, interhemispheric modulatory connections (both
lateral and descending) strengthen with age (Figure 2(b)).
The increase of interhemispheric suppression in the primary
visual cortex of adults compared to that in children was the
strongest effect observed. Interestingly, although the strength
of inhibitory connections correlated with age, it did not
correlate with the MTI indices of splenium myelination
[100]. This is in line with previously reviewed experimental
evidence for the involvement of fast, that is, thick and early-
myelinating, fibers in interhemispheric inhibitory effects
[52].

Alternatively, since the CC neurons are generally exci-
tatory but may target local inhibitory neurons [7], inter-
hemispheric inhibition can be implemented via polysy-
naptic pathways with long-distance excitatory and local
inhibitory components. Then the correlation with age in
the absence of a correlation with myelination apparently
reflects the development of local connections. Indeed, the
local GABAergic mechanisms of the primary visual cortex
analyzed postmortem manifest the extended development,
which continues well into the second and third decades of life
[115].

It should be noted that from an ontogenetic perspec-
tive, the prolonged formation of transsplenial modulation
between the primary visual areas challenges the conventional
view that posits the prior maturation of the early visual cortex
as a precondition for the later development of higher-order
ventral stream regions [116].

The modulatory effects transmitted in our model via
interhemispheric top-down effective connections are also
weaker in children than those in adults. Considering the ages
of the children in this group (7–13 years), the DCM evidence
points to the slow formation of feedback connections, which
might be a part of the neural network that enables collinear-
ity detection [90]. The available data on their structural
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maturation are limited to the connections between V2 and V1
[117, 118]. According to these postmortem anatomical studies,
the upper layers of V1, which receive the feedback and callosal
connections, seem to be immature at 5 years of age.

The reviewed literature together with structural and
functional MRI, EEG, and DCM evidence obtained by the
author’s group points to a slow structural development of the
splenium in human ontogenesis and to a gradual formation
of transsplenial effective connections conveying inhibitory
influences. An important outcome of the protracted mat-
uration of the mechanisms with splenial involvement is a
greater efficiency of neuronal networks. Reshaping inter-
actions between interhemispherically distributed networks
under various perceptual contexts allows sparse responses
to superfluous information from the visual environment.
Another aspect of these processes is a reduction of well-
known metabolic and structural redundancy in children’s
brains [23, 119].
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“Interhemispheric EEG coherence after corpus callosotomy,”
European Journal of Neurology, vol. 4, no. 4, pp. 419–425, 1997.

[72] F. Lopes da Silva, “Neural mechanisms underlying brain waves:
from neural membranes to networks,” Electroencephalography
and Clinical Neurophysiology, vol. 79, no. 2, pp. 81–93, 1991.

[73] F. Lopes da Silva, “Functional localization of brain sources using
EEG and/or MEG data: volume conductor and source models,”
Magnetic Resonance Imaging, vol. 22, no. 10, pp. 1533–1538, 2004.

[74] D. A. Farber and V. V. Alferova, The Electroencephalogram
of Children and Adolescents, Pedagogika Publishing House,
Moscow, Russia, 1972.

[75] C. G. Bernhard and C. R. Skoglund, “On the alpha frequency
of human brain potentials as a function of age,” Skandinavisches
Archiv für Physiologie, vol. 82, no. 2, pp. 178–184, 2012.

[76] T. A. Stroganova, E. V. Orekhova, and I. N. Posikera, “EEG alpha
rhythm in infants,” Clinical Neurophysiology, vol. 110, no. 6, pp.
997–1012, 1999.

[77] P. Valdés, R. Biscay, L. Galan, J. Bosch, S. Szava, and T. Virués,
“High resolution spectral EEG norms for topography,” Brain
Topography, vol. 3, pp. 281–282, 1990.

[78] R. Srinivasan, “Spatial structure of the human alpha rhythm:
global correlation in adults and local correlation in children,”
Clinical Neurophysiology, vol. 110, no. 8, pp. 1351–1362, 1999.

[79] D. A. Farber and M. G. Knyazeva, “Electrophysiological corre-
lates of interhemispheric interaction in ontogenesis,” in Pedi-
atric Behavioural Neurology, G. Ramaekers and C. Njiokiktjien,
Eds., vol. 3, pp. 86–99, Suyi Publications, Amsterdam, The
Netherlands, 1991.

[80] J. B. Colby, J. D. Van Horn, and E. R. Sowell, “Quantitative in
vivo evidence for broad regional gradients in the timing of white
matter maturation during adolescence,”NeuroImage, vol. 54, no.
1, pp. 25–31, 2011.

[81] C. Lebel, M. Gee, R. Camicioli, M. Wieler, W. Martin, and
C. Beaulieu, “Diffusion tensor imaging of white matter tract
evolution over the lifespan,” NeuroImage, vol. 60, no. 1, pp. 340–
352, 2012.

[82] O. David and K. J. Friston, “A neural mass model for MEG/EEG:
coupling and neuronal dynamics,” NeuroImage, vol. 20, no. 3,
pp. 1743–1755, 2003.

[83] R. C. Sotero, N. J. Trujillo-Barreto, Y. Iturria-Medina, F. Car-
bonell, and J. C. Jimenez, “Realistically coupled neural mass
models can generate EEG rhythms,” Neural Computation, vol.
19, no. 2, pp. 478–512, 2007.

[84] P. A. Valdés-Hernández, A. Ojeda-González, E. Mart́ınez-
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[90] I. Kovács, P. Kozma, A. Fehér, and G. Benedek, “Late maturation
of visual spatial integration in humans,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 96, no. 21, pp. 12204–12209, 1999.

[91] B. S. Hadad, D. Maurer, and T. L. Lewis, “Long trajectory for
the development of sensitivity to global and biological motion,”
Developmental Science, vol. 14, no. 6, pp. 1330–1339, 2011.

[92] C. J. Mondloch, S. Geldart, D. Maurer, and S. de Schonen,
“Developmental changes in the processing of hierarchical
shapes continue into adolescence,” Journal of Experimental
Child Psychology, vol. 84, no. 1, pp. 20–40, 2003.

[93] K. S. Scherf, M. Behrmann, R. Kimchi, and B. Luna, “Emergence
of global shape processing continues through adolescence,”
Child Development, vol. 80, no. 1, pp. 162–177, 2009.



12 Neural Plasticity

[94] B. S. Hadad and R. Kimchi, “Developmental trends in utilizing
perceptual closure for grouping of shape: effects of spatial
proximity and collinearity,” Perception and Psychophysics, vol.
68, no. 8, pp. 1264–1273, 2006.

[95] E. Luders, K. L. Narr, P. M. Thompson, and A. W. Toga,
“Neuroanatomical correlates of intelligence,” Intelligence, vol. 37,
no. 2, pp. 156–163, 2009.

[96] C. Carmeli, A. Donati, V. Antille et al., “Demyelination in
amnestic mild cognitive impairment: a magnetization transfer
imaging study,” in Society for Neuroscience Abstracts, vol. 38,
New Orleans, La, USA, 2012.

[97] G. M. Innocenti, “Dynamic interactions between the cerebral
hemispheres,” Experimental Brain Research, vol. 192, no. 3, pp.
417–423, 2009.

[98] M. G. Knyazeva, E. Fornari, R. Meuli, G. Innocenti, and P.
Maeder, “Imaging of a synchronous neuronal assembly in the
human visual brain,” NeuroImage, vol. 29, no. 2, pp. 593–604,
2006.

[99] M. G. Knyazeva, E. Fornari, R. Meuli, and P. Maeder, “Inter-
hemispheric integration at different spatial scales: the evidence
from EEG coherence and fMRI,” Journal ofNeurophysiology, vol.
96, no. 1, pp. 259–275, 2006.

[100] R. Rytsar, E. Fornari, and M. G. Knyazeva, “Development of
spatial integration depends on top-down and interhemispheric
effects: a DCM analysis,” submitted.

[101] K. J. Friston, L. Harrison, and W. Penny, “Dynamic causal
modelling,” NeuroImage, vol. 19, no. 4, pp. 1273–1302, 2003.

[102] K. E. Stephan, W. D. Penny, R. J. Moran, H. E. M. den Ouden,
J. Daunizeau, and K. J. Friston, “Ten simple rules for dynamic
causal modeling,” NeuroImage, vol. 49, no. 4, pp. 3099–3109,
2010.

[103] S. B. Eickhoff, K. E. Stephan, H. Mohlberg et al., “A new SPM
toolbox for combining probabilistic cytoarchitectonic maps and
functional imaging data,” NeuroImage, vol. 25, no. 4, pp. 1325–
1335, 2005.

[104] T. Bocci, M. Caleo, E. Giorli et al., “Transcallosal inhibition
dampens neural responses to high contrast stimuli in human
visual cortex,” Neuroscience, vol. 187, pp. 43–51, 2011.

[105] D. Tadin, J. S. Lappin, L. A. Gilroy, and R. Blake, “Perceptual
consequences of centre-surround antagonism in visual motion
processing,” Nature, vol. 424, no. 6946, pp. 312–315, 2003.

[106] C. C. Pack, J. N. Hunter, and R. T. Born, “Contrast dependence
of suppressive influences in cortical area MT of alert macaque,”
Journal of Neurophysiology, vol. 93, no. 3, pp. 1809–1815, 2005.

[107] R. N. Sachdev, M. R. Krause, and J. A. Mazer, “Surround
suppression and sparse coding in visual and barrel cortices,”
Frontiers in Neural Circuits, vol. 6, p. 43, 2012.

[108] B. Haider, M. Hausser, and M. Carandini, “Inhibition dominates
sensory responses in the awake cortex,” Nature, vol. 493, no.
7430, pp. 97–100, 2012.

[109] M. A. Smith, W. Bair, and J. Anthony Movshon, “Dynamics
of suppression in macaque primary visual cortex,” Journal of
Neuroscience, vol. 26, no. 18, pp. 4826–4834, 2006.

[110] H. J. Alitto and Y. Dan, “Function of inhibition in visual cortical
processing,” Current Opinion in Neurobiology, vol. 20, no. 3, pp.
340–346, 2010.

[111] H. Ban, H. Yamamoto, M. Fukunaga et al., “Toward a common
circle: interhemispheric contextual modulation in human early
visual areas,” Journal of Neuroscience, vol. 26, no. 34, pp. 8804–
8809, 2006.

[112] M. Lassonde, H. Sauerwein, G. Geoffroy, and M. Decarie,
“Effects of early and late transection of the corpus callosum
in children. A study of tactile and tactuomotor transfer and
integration,” Brain, vol. 109, no. 5, pp. 953–967, 1986.

[113] M. Lassonde, H. Sauerwein, A. J. Chicoine, and G. Geoffroy,
“Absence of disconnexion syndrome in callosal agenesis and
early callosotomy: brain reorganization or lack of structural
specificity during ontogeny?” Neuropsychologia, vol. 29, no. 6,
pp. 481–495, 1991.

[114] M. Ptito and F. Lepore, “Interocular transfer in cats with early
callosal transection,” Nature, vol. 301, no. 5900, pp. 513–515,
1983.

[115] J. G. Pinto, K. R. Hornby, D. G. Jones, and K. M. Murphy,
“Developmental changes in GABAergic mechanisms in human
visual cortex across the lifespan,” Frontiers in Cellular Neuro-
science, vol. 4, article 16, pp. 1–12, 2010.

[116] I. P. Conner, S. Sharma, S. K. Lemieux, and J. D. Mendola,
“Retinotopic organization in children measured with fMRI,”
Journal of Vision, vol. 4, no. 6, pp. 509–523, 2004.

[117] A. Burkhalter, “Development of forward and feedback connec-
tions between areas V1 and V2 of human visual cortex,”Cerebral
Cortex, vol. 3, no. 5, pp. 476–487, 1993.

[118] A. Burkhalter, K. L. Bernardo, and V. Charles, “Development of
local circuits in human visual cortex,” Journal of Neuroscience,
vol. 13, no. 5, pp. 1916–1931, 1993.

[119] P. R. Huttenlocher, “Morphometric study of human cerebral
cortex development,” Neuropsychologia, vol. 28, no. 6, pp. 517–
527, 1990.



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) the midline 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 grow until 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 and mice 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 the midline [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, the most 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
mechanism of 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 the midline
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
the CC, respectively. Repulsive effects between the medial 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 the motor 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, and metabolic
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 normal CC development? 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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The concept of a topographical map of the corpus callosum (CC) has emerged from human lesion studies and from electro-
physiological and anatomical tracing investigations in other mammals. Over the last few years a rising number of researchers
have been reporting functional magnetic resonance imaging (fMRI) activation in white matter, particularly the CC. In this study
the scope for describing CC topography with fMRI was explored by evoking activation through simple sensory stimulation and
motor tasks. We reviewed our published and unpublished fMRI and diffusion tensor imaging data on the cortical representation of
tactile, gustatory, auditory, and visual sensitivity and of motor activation, obtained in 36 normal volunteers and in 6 patients with
partial callosotomy. Activation foci were consistently detected in discrete CC regions: anterior (taste stimuli), central (motor tasks),
central and posterior (tactile stimuli), and splenium (auditory and visual stimuli). Reconstruction of callosal fibers connecting
activated primary gustatory, motor, somatosensory, auditory, and visual cortices by diffusion tensor tracking showed bundles
crossing, respectively, through the genu, anterior and posterior body, and splenium, at sites harboring fMRI foci. These data confirm
that the CC commissure has a topographical organization and demonstrate that its functional topography can be explored with
fMRI.

1. Introduction

The corpus callosum (CC) connects the cerebral hemispheres
and provides for interhemispheric integration and transfer of
information. Ever since electrophysiological recording from
callosal fibers showed somatosensory receptive fields in the
anterior portion of the cat commissure [1, 2] and visual
inputs to the splenium [3, 4], it was hypothesized that the CC
was endowed with a topographical organization. Subsequent
electrophysiological [5] and neuroanatomical findings [6, 7]
obtained from nonhuman primates after selective cortical
ablation or tracing injections, plus a vast body of data
ranging from postmortem investigations [8] to studies of
patients with CC lesions or callosal resection (split-brain
subjects; [9]; see [10–12] for a review), lent further support

to the notion. Such organization seems to result in modality-
specific regions [13], where the anterior callosal fibers inter-
connecting the frontal lobes transfer motor information and
posterior fibers, which connect the parietal, temporal, and
occipital lobes bilaterally, are responsible for the integration
of somatosensory (posterior midbody), auditory (isthmus),
and visual (splenium) information.

The hypothesis was finally confirmed by studies largely
carried out in subjects with callosal resection. Functional
magnetic resonance imaging (fMRI) investigations of split-
brain patients by our group [12, 14, 15] provided evidence
that interhemispheric transfer in the tactile modality is likely
mediated by fibers running through the posterior part of the
callosal body, thus confirming that the posterior midbody is
the tactual channel. A recent study of nonepileptic patients
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with transection of different portions of the anterior CC
performed to remove cysts [9] provided further confirmation
demonstrating that the middle part of the genu is involved in
motor coordination and the anterior portion of the body in
the transfer of simple somesthetic information.

Investigations of other sensory modalities have shown
that the splenium is crucial for the interhemispheric transfer
of visual [16] (see data and literature in [17]) as well as
auditory information [18, 19].

The advent of functional MRI subsequently made it pos-
sible to study the intact brain noninvasively. In recent years
an increasing number of fMRI studies have described white
matter (WM) activation in the anterior CC during behavioral
tasks involving interhemispheric transfer [20–23] as well as
during voluntary swallowing, which is not a specific inter-
hemispheric transfer task [24]. A BOLD (blood oxygenation
level dependent) effect was also detected in the posterior
callosal region (isthmus and splenium) during an interhemi-
spheric transfer task based on the crossed nature of the
visual and motor systems which assumed that information
must cross the CC to elicit a behavioral response (“crossed
condition”; [23]). The anterior CC has been seen to be
involved in transferring information between prefrontal and
premotor regions, and the posterior CC in information trans-
fer between parietal, occipital, and temporal cortices [25–28].

These reports, documenting callosal functional activation
during behavioral tasks, prompted a review of our pub-
lished and unpublished fMRI data—obtained from studies
of the cortical representation of gustatory, tactile, auditory,
and visual sensitivity and of motor activation in normal
subjects—to establish whether the BOLD effect could be
detected in callosal WM and whether the activation foci
evoked by a range of simple sensory stimuli and motor
tasks were consistent with a topographical organization.
Indeed activation foci were consistently present in discrete
CC regions: anterior (taste stimuli), central (motor tasks),
central and posterior (tactile stimuli), isthmus (auditory
stimuli) and splenium (visual stimuli), demonstrating that
the functional topography of the CC can be explored with
fMRI [29]. Very recently we administered the peripheral
sensory stimulation protocols previously applied to study
normal subjects (described in [29]) to patients with partial
callosotomy (Polonara et al., submitted). The results were
analyzed for evidence of a specific BOLD effect in the
extant callosal portions, further to document the notion of
a functional CC map. Diffusion tensor imaging (DTI) data
were acquired in control subjects and in patients and analyzed
to establish whether CC activation was colocalized with tracts
seeded from activated clusters in cortical areas involved by
specific sensory stimuli.

In this paper, the results obtained in normal subjects and
in callosotomy patients are presented together to provide an
overview of the functional organization of the CC.

2. Methods

2.1. Subjects. The data were collected from 36 normal vol-
unteers (age range 22–51 years, 20 women; Table 1) and 6
callosotomy patients (age age range 22–51 years, 2 women;

Table 2) during studies of gustatory, tactile, auditory, visual,
and motor cortical representation. The callosotomy, per-
formed to treat drug-resistant epilepsy, involved the anterior
CC in 4 subjects (L.M., O.T., R.V., and D.B.), the posterior
CC in one (M.C.) and the central CC in the last patient
(P.F.; Table 2). All subjects (controls and patients) gave their
informed consent to participate in the study, whose experi-
mental protocol was approved by the local ethics committee.
Handedness was evaluated by the Oldfield inventory [30].
Tactile stimulation was applied to 22 normal subjects and
to all 6 patients, gustatory stimulation to 13 controls and 4
patients, and visual stimulation to 14 control subjects and
5 patients; one control subject and 3 patients also received
auditory stimulation. Seven normal subjects were scanned
while performing the motor tasks (Table 1). All stimuli
were presented according to a block-design protocol that
alternated periods of rest and of stimulation. Taste and touch
stimuli were applied to the left or right side in different
sessions; visual stimuli were presented to the left or right
visual field (LVF; RVF) in the same session, or to the central
visual field (CVF) in a separate session. Auditory stimuli
were presented alternatively to the left and right ear in the
same session (2 patients) or bilaterally to both ears (the other
patient and the control subject).

2.2. Imaging Protocols. For all investigations, subjects were
placed in a 1.5 Tesla (T) scanner (Signa Excite NV/i CV/i,
General Electric Medical System, Milwaukee, WI, USA)
equipped with 50 mT/m gradients, with their head restrained
within a circularly polarized head coil. They were instructed
to keep their eyes closed and find a comfortable position
and relax, avoiding even minimal movement; their ears were
plugged.

2.2.1. Functional Imaging. An identical 4-step experimental
procedure was applied in all cases. In the first step, an
anatomical three-plane localizer (2D SPGR, TR 120 ms, TE
15 ms, Flip Angle 70∘, FOV 23 × 23 cm, slice thickness 5 mm,
Matrix 256 × 256, 1 Nex, scan time 31 s) was acquired. The
second step entailed acquisition of a 3D data set (IR Prep
Fast SPGR; TR 15.2 ms, TE 6.9 ms, TI 500 ms, Flip Angle
15∘, FOV 29 × 29 cm, slice thickness 1 mm, Matrix 288 ×
288, 1 Nex, and scan time 8 : 20 min). The third involved
acquisition of 10 (20 in more recent studies) contiguous
5-mm-thick axial or oblique functional images with a
single-shot T2∗-weighted gradient-echo EPI sequence (TR
3000 ms, TE 60 ms, Flip Angle 90∘, FOV 28 × 21 cm, Matrix
96 × 64, 1 Nex, scan time 5 : 12 min). In the fourth step
high-resolution axial (or oblique) anatomical images were
acquired from 10 selected planes (2D SPGR, TR 100 ms,
TE 12 ms, Flip Angle 70∘, FOV 28 × 21 cm, thickness 5 mm,
Matrix 256 × 256, 1 Nex, scan time 3 : 17 min for 10 images)
so that functional activation images could be superimposed
onto the anatomical landmarks, to show blood vessels which
are possible sources of BOLD signal. In more recent studies
the images were acquired from 20 rather than 10 axial planes.

One thousand (or 2000) axial or oblique functional
images (100 per section, 1 image/3 s) were acquired during
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Table 2: Summary of patients studied and stimulation sites.

Stimulation

Subject Age Gender Oldfield score Callosal resection
DTI

Taste Tactile
Visual Auditory

Salty Hand

M.C. 51 M 10 (right) Partial posterior Yes L, R L, R L, R—C

D.B 59 F 11 (right) Partial anterior Yes L, R L, R—C

R.V. 39 M 10 (right) Partial anterior Yes L, R L, R L, R—C

L.M. 32 F 10 (right) Partial anterior Yes L, R L, R L&R

O.T. 51 M 10 (right) Partial anterior Yes L, R L, R L, R

P.F. 26 M 10 (right) Partial central Yes L, R L, R L, R L, R

L: left side stimulation.
R: right side stimulation.
L, R: stimulation of the left and right side alternatively during the same session.
L&R: stimulation of the left and right side simultaneously.

the stimulation cycle from the 10 contiguous 5-mm-thick
axial sections obtained from the 10 (or 20) previously selected
planes. Consecutive images from each section were examined
in cine mode for head movements (see [31] for a review).
Stimulation cycles in which head motion was detected were
discarded. Functional images were obtained with the BOLD
method. The axial planes were orthogonal to both the sagittal
and the coronal planes and allowed the identification of
the central sulcus, postcentral gyrus, sylvian sulcus, frontal
and parietal operculum, calcarine fissure, and primary visual
cortex (VI).

2.2.2. Diffusion Tensor Imaging. When DTI became available
at our institution a fifth step was added. Data were acquired
from 17 control subjects and all 6 patients to study the
connections between activated cortical areas and establish
whether CC regions crossed by interhemispheric fibers
reconstructed by diffusion tensor tracking (DTT) were linked
to areas where the BOLD effect had been observed. For the
DTI study a series of oblique axial images was obtained
using a single shot spin-echo echo-planar sequence with a
diffusion-sensitizing gradient. Diffusion was measured along

25 noncollinear directions. The 𝑏 value was 1000 s/mm2.
Acquisition parameters were TR 6500 ms, TE 76.2 ms, Matrix
128 × 128, FOV 26 × 26 cm, slice thickness 5.0 mm, interslice
gap 1.0 mm, Nex 2, and scan time 5 : 51 min.

2.3. Stimulation Protocols. For taste stimulation 13 normal
volunteers received gustatory stimuli. Tastants were 1 M NaCl
for the salty stimulus (10 subjects), 10% sucrose for the sweet
stimulus (6 subjects), and 0.002 M quinine chloride for the
bitter stimulus (3 subjects). A neutral stimulus (distilled
water) was also applied in 7 subjects, twice or 4 times
as appropriate. There were two taste stimulation protocols,
each lasting 5 min: each sapid stimulus was presented twice
under protocol 1 (60 s rest, 30 s stimulation, 90 s rest, 30-s
stimulation, 90 s rest) and 4 times under protocol 2 (30 s rest,
15 s stimulation, 45 s rest, 15 s stimulation, 45 s rest). In the
4 patients receiving gustatory stimuli 1 M NaCl solution was

applied to each side of the tongue in different scans, according
to protocol 2. Stimulation was not applied during rest periods.

Seven subjects were scanned while performing motor
tasks (two block-design protocols envisaging 10 alternate 30-
s periods of rest and stimulation; Table 1) that consisted of
alternate flexion and distension of the fingers of one hand
(motor protocol 1) or in simultaneous haptic manipulation
of an object held in both hands (motor protocol 2).

Tactile stimulation of one or more body areas involved 22
normal volunteers. Stimuli were applied to the right or left
body side, or to both sides (Table 1) by rubbing the skin with
a soft cotton pad (trunk), a soft sponge (face), or a rough
sponge (hand, foot, and limbs) at a frequency of 1 Hz (Table 1).
Three stimulation paradigms were used, each lasting 5 min.
Touch protocol 1 was used to stimulate a single body region
and was consisted of ten 30-s alternating periods of rest and
stimulation. Touch protocol 2 envisaged stimulation of two
body regions in the same scanning session and included 20
alternating periods of rest and stimulation, each lasting 15 s;
during stimulation periods, one of the two body regions was
stimulated alternately (e.g., hand and foot), enabling a larger
number of regions to be stimulated. Some of these subjects
(Al.M., G.M., A.V., E.B., M.S., and Lu.A.) also participated
in a study of taste sensitivity and received tactile stimulation
of the tongue for comparison with taste stimulation. In this
case, tactile stimuli were applied with the same timing of taste
protocol 2. As regards patients, tactile stimuli were applied to
the left and/or right hand (6 patients; Table 2) by rubbing the
palm with a rough sponge at a frequency of 1 Hz (Table 1)
using a 5 min protocol consisting of ten 30-s alternating
periods of rest and stimulation.

Auditory stimulation involved 1 control and 3 patients
(Tables 1 and 2). For 2 patients the stimuli were pieces of
classical music played alternately to the left (L) or right
(R) ear, according to a block-design experimental paradigm
consisting of 20 alternating periods of rest (15 s) and stim-
ulation (15 s). For the third patient and the control subject
auditory stimuli were Italian words spoken to both ears at
the same time, according to a block-design experimental
paradigm consisting of 10 alternating periods of rest (30 s)
and stimulation (30 s). Stimuli were administered by means of
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fMRI-compatible headphones (Resonance Technology Inc.,
Northridge, CA, USA).

Visual stimulation involved 14 volunteers and 5 patients
(Table 1). Stimuli were generated using an in-house-
developed software and projected into an fMRI-compatible
goggle system (Resonance Technology Inc., Northridge, CA,
USA). The block-design experimental paradigm consisted
of 20 alternating periods of rest (15 s) and stimulation
(15 s). A black and white checkerboard (amplitude: 6∘;
virtual Cartesian distance from viewer’s eyes: 75 cm) was
flashed (1 Hz) to the CVF (9 subjects) or to the lateral VF
(5 subjects), alternately to the left (L) or right (R) periphery
(polar distance from the center of the display: 12∘). In 2
subjects the stimulus was flashed simultaneously to the LVF
and RVF. The same types of stimuli were also presented to
the 5 callosotomy patients: to the CVF in 3 and to the lateral
VF in 5 patients (Table 2), alternately to the LVF and RVF
periphery. All subjects were asked to fixate a cross in the
centre of the display during functional image acquisition;
eye movements were monitored with an internal camera.

2.4. Data Analysis. After each experimental session images
were transferred to a Unix workstation (General Electric
Advantage Windows 4.2) and then to a personal computer.
Data were analyzed with the BrainVoyager QX (BV QX)
software (Brain Innovation, Maastricht, The Netherlands).

2.4.1. Functional Imaging. The first two images of each
functional series were discarded to take into account signal
intensity variations due to progressive saturation. Functional
and anatomical data were converted to BV internal data
format and preprocessed [32]. Slice scan time correction and
head motion correction were applied to the functional data
of each subject. 3D anatomical data were preprocessed with
intensity inhomogeneity correction and spatial transforma-
tion, and then transformed to Talairach standard space [33].
Coregistration of functional and anatomical data resulted in
a normalized 4D volume time course data, which allowed the
transformation of functional time series into Talairach space
and identification of the position of activated areas using the
Talairach coordinate system.

Statistical analysis was performed for each subject using
the general linear model (GLM). This model aims to predict
the variation of a dependent variable (the fMRI time course)
in terms of linear combination. The predictor time course was
convolved with a standard hemodynamic response function
(HRF) to account for the hemodynamic delay.

Each subject’s entire CC was examined during each
task. Activation foci observed in callosal WM were studied
by selecting regions of interest (ROIs) in the CC portions
harboring activation foci. When the signal was significantly
greater than the baseline (𝑃 < 0.05) and it correlated tem-
porally with the stimulation pattern, activation was assumed
to be evoked by the peripheral stimulus and the focus was
included in the counts. Only foci whose voxels were all
superimposed on the CC were counted as “callosal.” Each
subject performed a given task only once. However, if foci
were detected both in the anterior and posterior CC, data
were assigned to different data groups.

Each stimulation protocol was administered only once.
Foci whose 𝑦 coordinate was greater (more positive) than −10
were considered “anterior” and those whose𝑦 coordinate was
equal to or less than −10 were considered posterior. The value
of −10 was equally distant from the most anterior and the
most posterior foci. Averaged time courses were calculated
within each ROI to show the mean BOLD signal change due
to the stimulus. The BOLD signal change was expressed as a
percentage of baseline.

The Wilcoxon test was applied to the 𝑦 coordinates of the
callosal WM foci evoked by the different tasks.

2.4.2. Diffusion Tensor Imaging. For DTI data analysis,
images were transferred to the Unix workstation for post-
processing with Functool 3.1.22 (General Electric Medical
Systems, Milwaukee, WI, USA). EPI distortion was corrected
automatically. Diffusion eigenvectors and eigenvalues calcu-
lated from the diffusion tensor represented the main direc-
tion of diffusion and the associated diffusivity. Anisotropy
was calculated by using orientation-independent fractional
anisotropy (FA). The FiberTrak option allows Functool to
create 2D color orientation maps, 2D color eigenvector maps,
and 3D tractography maps. The 3D volume viewer enables
areas of high FA to be displayed as 3D images. The anisotropy
threshold for termination of tracking was 0.18.

For tractography, CC fiber tracts were reconstructed
starting from voxels with an FA > 0.18 in the different axial
planes, according to the main vector, up to those with an FA
< 0.18, or up to a maximum step size of 160𝜇m (the length
threshold of the fibers generated by the tracking).

ROIs were selected in brain regions including activated
cortical areas to track the nerve fibers arising from individual
ROIs. ROIs selected in different cortical regions had differ-

ent sizes (gustatory cortex, 330 mm2; somatosensory cortex,

160 mm2; visual cortex, 105 mm2) due to the different size of
the activation foci. As a control, ROIs measuring 26–50 mm2

were placed in CC portions displaying a BOLD effect, to
establish which cortical areas were connected by the fibers
coursing through them and whether they were the same areas
activated by peripheral sensory stimulation. All ROIs were
defined manually on color-coded maps of the main diffusion
directions.

3. Results

3.1. Functional Activation of the Corpus Callosum

Taste stimulation (13 normal subjects and 4 callosotomy
patients). Unilateral taste stimulation applied to each side of
the tongue in separate scanning sessions (Table 1) induced
bilateral activation of the primary gustatory area (GI) in
the frontoparietal operculum in all 13 subjects [34]. The
same stimuli also evoked one or two callosal foci that were
found most frequently in the anterior CC (Figures 1(a)–
1(d)); foci were sometimes detected also in the posterior CC
(Figure 1(c)1). Both anterior and posterior foci were seen after
sweet stimulation in one subject and after bitter stimulation
in two (Table 3). The anteroposterior Talairach coordinate (𝑦)
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1 2

(a) (b)

1 2

(c) (d)

1 2 3

(e)

Figure 1: Callosal BOLD effect evoked by different tastants in
normal subjects: (a) callosal foci evoked by the salty stimulus in 2
subjects (Al.M. and E.B.), both displaying activation in the anterior
portion of the CC (green arrows), (b) callosal foci evoked by the
neutral stimulus in subject E.B. displaying the activation in the
anterior portion of the CC (green arrow), (c) callosal focus evoked
by the sweet stimulus in 2 subjects (L.A. and E.B.), both exhibiting
activation in the foremost portion of the corpus callosum (green
arrows); a posterior focus, likely in the splenium, is also visible
in subject L.A. (1), (d) callosal foci evoked by the bitter stimulus
in subject L.E., displaying activation in the anterior portion of the
CC (green arrow), and (e) callosal fibers arising from a cortical
ROI selected in area GI (1, green circle) cross through the anterior
CC (2 and 3, yellow arrows). Numbers on each brain represent the
Talairach coordinates (𝑥, 𝑦, 𝑧) of each focus (green arrows). On DTI
images, a thin white line demarcates the CC. SS, Sylvian sulcus.

of the posterior foci ranged from −31 to −40, and that of the
anterior foci from 9 to 23. The mean 𝑦 values of the anterior
foci activated by the sweet stimulus appeared to be signifi-
cantly more anterior than those evoked by salty and bitter
tastants (Table 3). In these subjects interhemispheric fibers
crossing through the anterior CC were visible (Figure 1(e)),
as detailed below.

Also in the 4 patients a salty stimulus applied to each side
of the tongue in separate scanning sessions (Table 2) induced
bilateral activation of area GI [34]. In the 2 subjects whose
anterior CC was spared (M.C. and P.F.) the same stimulus
also evoked a callosal focus in the anterior CC (Figure 2(a)1).
The mean 𝑦 coordinate of the callosal foci was 22.5 (Table 3;
𝑃 < 0.05). In these 2 patients interhemispheric fibers crossing
through the spared anterior CC were visible (Figure 2(a)2), as
detailed below. In the other 2 patients and in P.F. an activation
focus was also noted in the posterior CC (mean 𝑦 coordinate:

1 2

(a)

(b) (c)

Figure 2: Activation evoked by taste stimulation in patient M.C.
Bilateral cortical activation in the frontoparietal operculum (not
shown) was seen in this subject, who also displayed a callosal focus
((a)1, green arrow). Fibers arising from the activated cortex cross
through the anterior CC ((a)2, yellow arrow), (b) and (c) activation
foci evoked in the splenium by taste stimuli in patients P.F. and L.M.,
respectively. No callosal fibers connecting taste areas crossed this
splenium. On DTI images, a thin white line outlines the spared CC
((a)2). Numbers on each brain represent the Talairach coordinates
(𝑥, 𝑦, 𝑧) of each focus (green arrows).

−35.33; Table 3; Figures 2(b) and 2(c)). The coordinates of
both anterior and posterior foci evoked by taste stimulation
were similar to those observed in control subjects [29].

Motor Activation (7 Normal Subjects). Alternate flexion and
distension of the fingers of a hand and object manipulation
with both hands evoked foci in cortical motor areas and in
the middle portion of the CC (Figure 3(a)2)—where anterior
foci evoked by tactile hand and foot stimulation were also
observed—in all 7 subjects (Table 3). The values of the y
coordinate (1 to −23) overlapped with those of the anterior
somatosensory foci. The interhemispheric fibers linking the
activated motor cortical areas crossed through the middle
part of the CC (Figures 3(b)1 and 3(b)2) at sites harboring
the BOLD foci.

Tactile Stimulation (22 Normal Subjects and 6 Callosotomy
Patients). Unilateral tactile stimuli applied to left or right
body regions (Table 1) activated the primary (SI; [35, 36])
and secondary (SII; [37]) somatosensory areas in the parietal
cortex in all 22 subjects. They also evoked callosal foci,
more frequently in the middle CC and in the posterior
callosal body (Figure 4). Stimuli applied to the hand and
foot evoked a BOLD focus in the middle of the CC
(Figure 4(a)), while stimulation of proximal body regions
(trunk, shoulder, and thigh) activated fibers in more posterior
regions (Figure 4(b)). Stimulation of the arm, foot, and leg
also activated posterior fibers (Figure 4(c)) that were not,
however, clearly distinguishable from those activated by the
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Table 3: Mean Talairach coordinates of callosal activation foci
evoked in control subjects by different kind of stimulation.

Stimulation
Talairach coordinates

𝑥 𝑦 𝑧

Sweet anterior (𝑛 = 4) 3 21 12

Sweet posterior (𝑛 = 3) 1 −38 14

Salty (𝑛 = 4) 0 15 19

Bitter anterior (𝑛 = 2) −4 10 25

Bitter posterior (𝑛 = 2) −9 −34 10

Hand motor L&R (𝑛 = 3) 0 0 26

Hand motor L or R (𝑛 = 5) 0 −11 23

Hand anterior (𝑛 = 8)∗ −3 −4 23

Hand central (𝑛 = 9)∗ −1 −27 18

Face (𝑛 = 4) 0 −33 14

Tongue anterior (𝑛 = 4) 3 16 18

Tongue posterior (𝑛 = 2) −5 −30 16

Forearm (𝑛 = 3) 0 −26 22

Arm (𝑛 = 3) 1 −31 17

Shoulder (𝑛 = 3) −3 −25 17

Trunk (𝑛 = 4) 0 −29 16

Thigh (𝑛 = 5) −2 −27 20

Leg (𝑛 = 4) −1 −32 14

Foot anterior (𝑛 = 2)∗∗ 1 −3 25

Foot posterior (𝑛 = 4)∗∗ −2 −34 16

Peripheral visual field (𝑛 = 5) 2 −37 12

Central visual field (𝑛 = 9) 1 −33 14

Auditory binaural (𝑛 = 1) −5 −36 17
∗5 subjects show activation both in the anterior and central focus.
∗∗1 subject shows activation both in the anterior and central focus.

stimulation of proximal body areas. In some cases, multiple
foci were elicited by stimulation of a single region (e.g., hand,
4 subjects; tongue, 1 subject; foot, 1 subject; Table 3). The 𝑦
Talairach coordinate ranged from 8 to−9 for anterior foci and
from −21 to −36 for posterior foci. Mean values are reported
in Table 3. In these subjects interhemispheric fibers crossing
through the CC (Figure 4(a)3) were also detected at sites
harboring CC foci.

Unilateral tactile stimuli applied to the left or right hand
(Table 2) activated both SI and SII in the contralateral parietal
cortex [14] in all 6 patients, as in control subjects. In addition,
the 3 patients whose PCB was spared exhibited different
activation patterns that included bilateral activation of the
posterior parietal (PP) cortex and SII (L.M.; Figure 5(a)1);
bilateral PP cortex activation (O.T.); bilateral SII activation
(P.F.; not shown). In the 3 patients with callosotomy involving
the PCB activation was only contralateral. Tactile stimuli also
evoked callosal foci, more frequently in the PCB, in patients
in whom the central CC region was spared (L.M., O.T., and
P.F.; Figures 5(a)2 and 5(b)2). The 𝑦 coordinate ranged from
−19 to −26 (see mean values in Table 2), very similar to that
observed in control subjects (see above; [29]). In the patients

1 2

(a)

1 2

(b)

Figure 3: Callosal BOLD effect evoked by hand motor activation in
a normal subject (G.M.). Activation was observed in the primary
motor cortex ((a)1) and in the central part of the CC ((a)2), (b)
callosal fibers arising from a cortical ROI selected in area MI ((a)1,
green circle) cross through the central CC ((b)1 and (b)2, yellow
arrows). On DTI images, a thin white line demarcates the CC.
Numbers on the brain represent the Talairach coordinates (𝑥, 𝑦, 𝑧)
of the focus (green arrows).

with anterior callosotomy interhemispheric fibers crossing
through the CC (Figures 5(a)3 and 5(b)3) were also detected
at sites harboring CC activation foci. O.T. exhibited additional
foci, one in the anterior callosal midbody (not shown) and
another in the splenium, while L.M. and P.F. showed a focus
in the splenium (Figure 5(c); Table 4).

Auditory Stimulation (1 Normal Subject and 3 Callosotomy
Patients). Monaural (music) or binaural (words) stimuli
induced activation in the primary auditory cortex and in
the posterior CC (isthmus/splenium) in all participants
(Figure 6). The values of the 𝑦 coordinate were −36 in the
control subject, and ranged from −35 to −38 in patients.
Mean control values are reported in Table 3, and mean patient
values in Table 4. Interhemispheric fibers connecting the
activated auditory areas crossed through the isthmus in the
control subject and the spared splenium in patients (Figure 6)
at the same sites harboring the BOLD foci.

Visual Stimulation (14 Normal Subjects and 5 Callosotomy
Patients). Unilateral visual stimuli, presented to the LVF, RVF,
or CVF (Table 1), elicited activation foci in the primary visual
cortex and in the splenium in all 14 subjects (Figure 7(a) for
CVFs, Figure 7(b) for peripheral VF). The values of the 𝑦
coordinate ranged from−30 to−42. Mean values are reported
in Table 3. Foci evoked in the splenium by CVF stimulation
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(a)

1 2 3

(b)

1 2 3

(c)

Figure 4: Callosal BOLD effect evoked by tactile stimulation of
different body regions in control subjects. (a), CC foci evoked by
tactile stimuli to the hand in subjects Ca.C. ((a)1) and M.S. ((a)2).
Activation was always in the central part of the CC. Tactile hand
stimulation often activated also the splenium, shown in frame 2
(subject M.S.). (b), callosal foci evoked by tactile stimulation of
proximal body regions (shoulder, thigh, and trunk) in subjects
I.P. ((b)1), F.F. ((b)2), and E.G. ((b)3), respectively. (c), CC foci
evoked by stimulation of distal body regions (arm, leg, and foot) in
subjects E.G. ((c)1), I.P. ((c)2), and E.P. ((c)3), respectively. All foci
lay in the posterior callosal region. Fibers arising from the activated
anterior parietal cortex cross the CC through its central portion
((a)3, yellow arrow). On DTI image, a thin white line demarcates
the CC. Numbers on each brain represent the Talairach coordinates
(𝑥, 𝑦, 𝑧) of each focus (green arrows).

seemed to be slightly more anterior than those evoked by
LVF stimulation, but the difference was not significant. The
interhemispheric fibers linking the activated visual areas
crossed through the splenium (Figures 7(a)3 and 7(b)3) at
sites harboring the BOLD foci. Also in patients unilateral
visual stimuli presented to the LVF, RVF, or CVF (Table 2)
induced activation foci in VI in all 5 patients (Figure 8(a)
for CVF stimulation and Figures 8(b) and 8(c) for peripheral
VF stimulation). VI activation was usually bilateral after CVF
stimulation, and contralateral after peripheral VF stimula-
tion. In patients whose splenium was spared an activation
focus was seen in this region (Figure 8, central column). The
value of the 𝑦 coordinate ranged from −32 to −38 (mean
values in Table 3), consistent with control values (mean −35;
[29]). The interhemispheric fibers linking the activated visual
areas crossed through the extant splenium (Figure 8, right
column) at sites harboring the BOLD foci.

Multiple foci were quite often elicited by peripheral
stimulation in control subjects (Table 3), namely, in 4 subjects

Table 4: Mean Talairach coordinates of callosal activation foci
evoked in patients by different kind of stimulation.

Stimulation
Talairach coordinates

𝑥 𝑦 𝑧

Salty anterior (𝑛 = 2) −4 22 19

Salty posterior (𝑛 = 2) −2 −35 17

Hand central (𝑛 = 3)∗ −1 −30 22

Hand posterior (𝑛 = 3)∗ 2 −40 14

Visual (𝑛 = 5) 4.5 −36 16

Auditory (𝑛 = 3) −1 −36 20
∗all 3 patients show activation both in the central and posterior CC.

1 2 3

(a)

1 2 3

(b)

1 2 3

(c)

Figure 5: Activation evoked by tactile stimulation of the hand in
patients L.M. (a) and O.T. (b). Activation of the anterior parietal
cortex is seen in both patients ((a)1 and (b)1), but it is bilateral in
L.M. ((a)1). Callosal activation is seen in both patients ((a)2 and (b)2,
green arrows). Fibers arising from the activated cortex cross through
the central CC ((a)3 and (b)3, yellow arrows). (c) Activation foci
evoked in the splenium by tactile hand stimulation in patients L.M.
((c)1), O.T. ((c)2), and P.F. ((c)3). On DTI images, a thin white line
demarcates the CC. Numbers on each brain represent the Talairach
coordinates (𝑥, 𝑦, 𝑧) of each focus (green arrows). White arrows
mark the central sulcus. Left hemisphere on the right.

receiving tactile hand stimulation, in one receiving tactile
stimulation of the tongue, in one receiving foot stimulation,
in 2 subjects receiving bitter taste stimulation, and in one
subject receiving the sweet stimulus. Subjects showing double
foci for tactile and sweet stimulation of the tongue also
displayed multiple activations after tactile stimulation of the
hand. These multiple foci are shown in Table 3 and Figures
1 (taste) and 5 (touch). Two foci could also be observed in
patients, particularly after taste and touch stimulation; one
usually lays at the site corresponding to the sensory stimulus
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1 2

(b)

1 2

(c)

Figure 6: Activation evoked by auditory stimulation in control
subject E.L. (a) and in patients P.F. (b) and O.T. (c). Callosal foci
are visible in the control subject and in both patients ((a)1, (b)1, and
(c)1, green arrows). Fibers arising from the activated cortex cross
through the posterior CC, likely the isthmus ((a)2, (b)2, and (c)2,
yellow arrows). On DTI images, a thin white line demarcates the
CC. Numbers on each brain represent the Talairach coordinates (𝑥,
𝑦, 𝑧) of each focus (green arrows).

applied (i.e., in the anterior CC after taste stimulation, in
the mid-posterior CC after touch stimulation), whereas the
other was found in the splenium (Figures 2(b), 2(c), and 5(c)).

Statistical analysis with Wilcoxon’s test showed that the
𝑦 coordinates of the foci evoked by visual stimulation were
significantly different (𝑃 ≤ 0.01) from those elicited by
all the other modalities, sensory as well as motor. The foci
evoked by tactile hand stimulation were different (𝑃 = 0.01)
from those evoked by taste activation. Hand motor stimuli
evoked foci at CC sites that were significantly different from
those evoked by hand touch stimuli in the posterior CC,
but not from those elicited in the anterior CC. The anterior
and posterior gustatory foci, if considered separately, were
both significantly different from those elicited by CC motor
activation (𝑃 ≤ 0.05).

3.2. Tractography. Data for DTI and DTT processing were
obtained from 17 control subjects and from all 6 patients. FA

1 2 3

(a)

1 2 3

(b)

Figure 7: Callosal BOLD effect evoked by visual stimulation in con-
trol subjects. (a) Activation was evoked by visual stimuli presented
to the CVF (subject E.N.), with a BOLD effect being consistently
observed bilaterally in area VI ((a)1) and in the posteriormost part
of the splenium ((a)2, green arrow). Callosal fibers arising from an
ROI selected in area VI ((a)1, green circle) cross the CC through
the splenium, where the activation focus is found ((a)3, yellow
arrow). (b) Activation evoked by visual stimuli presented to the
lateral VF (subject A.Q.). Cortical activation was present only on the
contralateral side ((b)1) in a slightly more posterior splenial region
((b)2, green arrow). Callosal fibers arising from an ROI selected
in area VI ((b)1, green circle) cross the CC through the splenium,
where the activation focus is observed ((b)3, yellow arrow). On DTI
images, a thin white line demarcates the CC. Numbers on each brain
represent the Talairach coordinates (𝑥, 𝑦, 𝑧) of each focus (green
arrows). Left hemisphere on the right.

values in the CC regions crossed by fibers interconnecting
activated areas were similar to those reported in previous
studies [38–40] and were not significantly different among
callosal regions. In particular, FA was 0.72 in the genu of
control subjects and 0.68 in the spared genu of patients; 0.69
in the PCB of normal subjects and 0.61 in patients’ PCB; 0.68
in the splenium of controls and 0.73 in the extant splenium of
patients [39, 40]. The FA difference between the same callosal
regions in controls and patients was never significant.

Callosal Fibers Arising from Individual Cortical ROIs. Exam-
ination of the fibers arising from a cortical ROI selected in
area GI showed that they crossed through the anterior part of
the CC (genu), that is, the region activated by taste stimuli,
both in controls (Figure 1(e)) and in patients with intact genu
(M.C. and P.F.; Figure 2(a)2). No fibers from area GI were
seen to cross through the CC at the level of the splenium.
Fibers from an ROI selected in the mediolateral frontal
cortex activated by motor stimulation of the hand crossed
through the CC slightly more posteriorly (Figure 3(b)). Fibers
from an ROI selected in the mediolateral parietal cortex
activated by tactile stimulation of the hand crossed through
the CC even more posterior in controls (Figure 4(a)3) and in
patients with this callosal region preserved (L.M., O.T. and
P.F.; Figures 5(a)3 and 5(b)3). Analysis of an ROI selected in
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Figure 8: Activation evoked by visual stimulation in callosotomy
patients. (a) CVF stimulation in patient D.B. Cortical activation
is seen in the occipital cortex of both hemispheres ((a)1) and in
the splenium ((a)2, green arrow). Fibers arising from the activated
cortex ((a)1, green circle) cross the CC through the extant part of
the splenium ((a)3, yellow arrow). (b) and (c) Activation evoked
by peripheral visual stimulation in patients O.T. (b) and P.F. (c).
Cortical activation is seen in the occipital cortex of the contralateral
hemisphere ((b)1 and (c)1) and in the splenium ((b)2 and (c)1 and
2, green arrows). Fibers arising from the activated cortex ((b)1 and
(c)1, green circles) cross the CC through the spared portion of the
splenium ((b)3 and (c)3, yellow arrows). Note that in VI the fiber
bundle arising from the representation of the peripheral retina and
crossing the splenium is much thinner than the bundle arising from
the foveal representation, pictured in (a). On DTI images, a thin
white line demarcates the CC. Numbers on each brain represent the
Talairach coordinates (𝑥, 𝑦, 𝑧) of each focus (green arrows). Left
hemisphere on the right.

the primary auditory area showed fibers crossing through the
isthmus/splenium, at a site activated by auditory stimulation,
both in the unique control subject and in patients (Figure 6).
Finally, analysis of an ROI selected in the activated region
of VI showed fibers crossing through the splenium, at a site
activated by visual stimuli, both in controls (Figure 7) and in
patients (Figure 8).

Callosal ROIs. When ROIs were selected in the genu, anterior
body, PCB, isthmus, and splenium harboring activation foci,
the callosal fibers were seen to interconnect, respectively, the
frontoparietal opercula and prerolandic, parietal, temporal,
and occipital regions, which harbored foci activated by taste
stimulation of the tongue, hand motor tasks, tactile stimu-
lation of the hand and trunk, and visual stimulation. These
findings regarded both control subjects and patients [41].

Even though activation foci were seen in the splenium
of some patients after taste or touch stimulation, no inter-
hemispheric fibers from gustatory or somatosensory cortical
areas were seen to cross through the CC at this level; similarly,
no callosal fibers coursed from the foci in the splenium to
cortical regions other than occipital or temporal areas.

Finally, no correlation was observed between the FA
values of the different callosal regions and the occurrence of
the activation foci.

4. Discussion

In this paper we review our data showing the callosal
activation evoked by a variety of peripheral sensory stimuli
in a group of normal subjects (controls) and in 6 partial
callosotomy patients. Altogether these findings show that (i)
a callosal BOLD effect can be evoked by peripheral sensory
stimulation and by motor tasks other than interhemispheric
transfer tasks, (ii) CC activation foci occupy consistent
locations that are related to the sensory or motor stimulus
applied, and (iii) the topographical map of the CC thus
obtained is in line with human postmortem data [8], with
the investigations of patients with CC injury or surgical
resection [9, 14, 15, 42–46] see ([10, 11], for a review), and with
electrophysiological recording and neuroanatomical animal
studies [1–3, 5–7].

4.1. Basis of Callosal Activation. To date, a callosal BOLD
effect has been described in relation to visual and motor
stimulation [20–24, 47] and, recently, in response to sim-
ple sensory stimuli [29]. Energy-dependent processes also
take place in WM, since they are often axon conduction
mediated (at the level of the nodes of Ranvier) by adenosine
triphosphate-dependent Na+-K+ ion pumps that restore ionic
gradients across the neuron membrane after action potential
propagation [48, 49]. Moreover, it has been shown that the
inhibition of voltage-dependent Na+ channels suppresses the
fMRI response to forepaw somatosensory activation [48].
In addition, according to recent evidence, spiking activity is
also correlated with fMRI activation [50–52]. The notion of
a BOLD effect in WM is therefore becoming accepted. It has
tentatively been explained with the involvement of astrocytes
[53, 54] acting on vessel dilation to meet the greater metabolic
demand from the heightened activity, which in turn results
in increased neurotransmitter release in the extracellular
environment, in raised K+ levels in the extracellular medium
due to augmented neural activity, and/or in increased cyto-
plasmic Ca++ [53, 55]. Both astrocytes and capillaries are
found in the commissure [56], and since callosal axon fibers
need energy to conduct action potentials, the mechanism is
likely active in CC fibers too. According to another—purely
physical—hypothesis the heat generated by the increased
axonal metabolic activity would be sufficient per se to produce
callosal microvessel vasodilation (LeBihan, 2009, personal
communication).

4.2. Topography of Callosal Activation. The foci evoked by
different types of sensory stimuli and by motor stimulation
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occupied different locations along the commissure. Apart
from some exceptions that will be addressed below, the
topographical distribution of the callosal activation foci was
consistent with the functional organization of the commis-
sure as emerging from anatomical and neuropsychological
studies. In our subjects foci induced by taste stimuli lay
mainly in the anterior CC, that is, the genu and anterior body,
which also harbored foci elicited by tactile stimulation of the
tongue. The overlap is likely due to the complex nature of
taste, which includes a tactile component.

The foci evoked by hand motor stimulation and by tactile
stimuli of different body regions were seen in the anterior and
posterior body and in the isthmus, respectively. In particular,
proximal body representations seem to be connected by
callosal fibers running through the posterior isthmus and
anterior splenium (Figure 9). A dorsoventral topographical
organization could not be recognized.

As expected, foci evoked by auditory and visual stimuli
were found in the callosal region corresponding to the
isthmus/splenium and splenium, respectively. Callosal foci
activated by central or peripheral VF stimulation lay at sites
whose coordinates were not significantly different.

Unlike previous investigations of the callosal BOLD
effect, the sensory stimuli and motor tasks employed in
our studies did not require interhemispheric transfer. CC
activation was nonetheless observed, suggesting that all
information reaching a cortical area is likely transferred to
the opposite hemisphere and used to build a continuous
representation of the external world.

As noted above, activation was sometimes found in
unexpected callosal regions. This is the case of a posterior
focus, which was often evoked by taste stimuli in some
controls and patients in addition to the anterior foci seen
in all subjects. Similarly, tactile stimulation of the hand and
foot elicited a focus in the anterior part of the posterior
body in the CC regions activated by the hand motor tasks;
in addition, stimulation of the hand produced a focus in
the splenium in some control subjects and in some patients.
The first explanation that comes to mind, that which the
available data cannot, however, rule out, is that the “ectopic”
foci are artifacts. However, since their presence does not
appear to be accidental, they are in fact probably related to
the activity evoked by peripheral stimuli. Thus, the anterior
focus observed after tactile hand and foot stimulation could
be associated with motor cortex activation, which is often
induced by tactile stimulation of these regions [35]; the foci
evoked in the splenium by taste and hand tactile stimuli might
result from concurrent activation of high-order association
areas, like the posterior parietal cortex (PPC) in the case of
tactile stimuli, and/or temporal areas for both taste and tactile
stimuli; the fact the PPC and temporal areas are connected
by fibers crossing though the splenium [58, 59] may explain
those findings.

4.3. Correspondence with Tractography Data. The functional
callosal topography sketched by the foci described herein,
apart from the exception mentioned above, is in line with the
topographical organization of CC fibers described in previous
anatomical studies [25, 58–61]. The fibers connecting the
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Figure 9: Summary schematic diagram showing the similar distri-
bution of the callosal activation foci evoked by different stimulus
types in controls (a) and patients (b). In (c) the distribution of
callosal foci is compared to that of the crossing site of callosal
fibers seen in our work and in the studies of Witelson [57] (gray
lines), Hofer and Frahm (line 1, [58]), and Chao et al. (line 2, [59]).
(a and b). Each dot represents the “mean” value of the 𝑦 and 𝑧
Talairach coordinates (reported on the respective Cartesian axes) of
the foci evoked by different stimuli. Yellow: foci evoked by gustatory
stimuli; green: foci evoked by hand motor tasks; red: foci evoked
by tactile stimuli; black: foci evoked by auditory stimuli; blue: foci
evoked by visual stimuli. See the text for a detailed description.
(c) shows the crossing sites of interhemispheric fibers connecting
the sensory and motor cortical areas activated by the relevant
peripheral stimuli. Vertical gray lines mark the main CC subdivision
according to Witelson [57]. Line 1 and line 2 on the bottom show
the CC subdivision according to Hofer and Frahm (Figure 3 of
[58]) and Chao et al. (Figure 7 of [59]): colored tracts mark the CC
crossing sites of fibers from frontal opercular cortical areas (yellow),
motor cortices (green), anterior and posterior parietal cortices (red),
temporal cortices (black), and occipital cortices (blue).
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prefrontal cortical areas were seen to cross through the
anterior part of the CC, those connecting the premotor
and motor cortical areas crossed at the level of the central
callosal body (see also [62]), those connecting the parietal
cortical areas crossed through the posterior callosal body, and
the fibers linking the occipital and temporal areas crossed
at the level of the splenium [38, 63]. In all our tests and
subjects, the fibers arising from the cortical areas activated
by each stimulus type crossed through the CC in a region
corresponding to the one harboring the relevant callosal
focus/i. The coincidence of callosal BOLD activation and
crossing point of the DTT-reconstructed interhemispheric
bundles (Figure 9) strongly suggests that the CC foci evoked
by sensory stimulation and motor tasks may be due to
the activation of the fibers connecting the activated areas
to the corresponding contralateral areas and carrying spe-
cific information. In all control subjects and in patients
the presence of callosal foci in the spared callosal regions
broadly corresponded with bilateral activation of the cortical
areas reached by specific unilateral peripheral sensory input.
Although an exact correspondence cannot at present be
demonstrated due to technical limitations (i.e., BOLD and
DTI data cannot be coregistered and shown in the same
image), we are convinced that it does exist, at least based on
the consistency of the observations.

4.4. Comparison with Other Studies. The present outline of
CC topography is based on the study of fibers arising from
different sensory areas activated by relevant peripheral stim-
uli. With regard to taste we analyzed different submodalities
(tastants); in the touch modality we studied discrete body
representations, and in the visual modality we explored
the activation evoked by peripheral and central visual field
stimulation. With regard to auditory stimulation our data are
still confined to a small number of subjects and stimuli, while
motor activation was only analyzed in controls. We decided
to include the data from all, even small samples, because
together with those from larger samples they may help
provide a more comprehensive picture of callosal functional
topography.

The main difference between previous human after
mortem and DTI studies and monkey neuroanatomical trac-
ing investigations is that the topographical map outlined
by our data is less precise. In brief, we have two sets of
data one of which agrees with several studies from other
laboratories; the other set is ostensibly in contrast with
previous knowledge. Often, multiple foci (usually two) were
activated by the stimulation of a single body region. This
happened for tactile hand stimulation and sometimes also for
taste and tactile foot stimulation. The multiple foci contrast
with the single callosal sites identified in previous DTT
studies [58–62]. The discrepancy might be due to the fact
that the natural peripheral stimulation applied in our fMRI
studies may have involved a larger number of areas than
primary sensory and/or motor cortical ones, whereas DTI
and monkey neuroanatomical studies address the trajectories
of fibers arising in circumscribed cortical areas. In particular,
tactile stimulation of the hand or foot evokes activation in

the primary motor cortex [35], which could anticipate an
action of the limb receiving the tactile stimulus, explaining
a subsequent callosal activation (as in interhemispheric
transmission aimed at motor output coordination). Splenium
activation could also account for the good performance of
callosotomy patients in whom only the splenium survives in
tasks involving interhemispheric transfer of tactile informa-
tion, a commonly reported observation [12, 64, 65]. It may
be therefore hypothesized that the splenium is involved in
the transfer of touch information, providing for a degree of
plasticity in patients with callosal partial resection. Further
evidence from neuropsychological studies of taste sensitivity
in callosotomy patients [66, 67] points to a role for the
splenium in transferring taste information. The splenial
callosal foci elicited by unilateral taste stimulation in our
studies lend support to this notion. An involvement of the
splenium in the transfer of information other than visual
sensory data could be due to the prominent role of the
visual representation of the external environment, typical of
humans, where sensory experience is usually associated with
a visual component.

Previous papers describing callosal activation reported
a BOLD effect in the anterior portion of the CC (see data
and literature in [68]). Fibers interconnecting prefrontal and
motor cortical areas course through this region and are likely
involved in behavioral visuomotor interhemispheric transfer
tasks, like those evoking callosal activation in those studies.
Anterior CC activation has been hypothesized to be related
to the involvement of fibers carrying interhemispheric infor-
mation between these cortical areas. The data reviewed in the
present study were obtained from simple sensory stimulation
that did not involve a motor output, and from simple motor
tasks. This may explain the WM activation seen in regions
where sensory or motor fibers cross through the commissure.

5. Conclusions

In the present paper we have reported the data collected in
normal subjects (controls) and in some callosotomy patients
during fMRI studies on peripheral sensory stimulation. It
has been shown that a BOLD effect can be evoked in the
corpus callosum by peripheral sensory stimulation and by
motor tasks and that CC activation foci occupy consistent
locations related to the sensory or motor stimulus applied;
it has thus emerged that a functional topographical map of
the CC is in line with previous investigations. Further studies,
however, combining fMRI and DTI, are needed to provide a
better understanding of the topography of callosal activation
and to confirm or exclude its correspondence with fiber
crossing. It would be also interesting to clarify if callosal fibres
carrying information about different submodality or different
regions of the sensory periphery also follow any particular
organization. As pointed out by Pandya and Seltzer “The
understanding of the precise topography for commissural
fibers allows one to assess the nature of functional deficits
following selective commissural lesions and to predict the
localization of functions within cerebral commissural sys-
tems” [7].
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The corpus callosum, which is the largest white matter structure in the human brain, connects the 2 cerebral hemispheres. It
plays a crucial role in maintaining the independent processing of the hemispheres and in integrating information between both
hemispheres. The functional integrity of interhemispheric interactions can be tested electrophysiologically in humans by using
transcranial magnetic stimulation, electroencephalography, and functional magnetic resonance imaging. As a brain structural
imaging, diffusion tensor imaging has revealed the microstructural connectivity underlying interhemispheric interactions. Sex,
age, and motor training in addition to the size of the corpus callosum influence interhemispheric interactions. Several neurological
disorders change hemispheric asymmetry directly by impairing the corpus callosum. Moreover, stroke lesions and unilateral
peripheral impairments such as amputation alter interhemispheric interactions indirectly. Noninvasive brain stimulation changes
the interhemispheric interactions between both motor cortices. Recently, these brain stimulation techniques were applied in
the clinical rehabilitation of patients with stroke by ameliorating the deteriorated modulation of interhemispheric interactions.
Here, we review the interhemispheric interactions and mechanisms underlying the pathogenesis of these interactions and propose
rehabilitative approaches for appropriate cortical reorganization.

1. Introduction

The corpus callosum, which is the largest white matter
structure in the human brain, connects the homologous
and nonhomologous areas of the 2 cerebral hemispheres
[1, 2]. It plays a crucial role in the interhemispheric
interactions that maintain independent processing and inte-
grate information between both hemispheres [2, 3]. The
functional integrity of interhemispheric interactions can
be tested electrophysiologically in humans using single-
pulse transcranial magnetic stimulation (TMS), double-
pulse TMS, and electroencephalography [4–8]. These elec-
trophysiological techniques were used to estimate inter-
hemispheric transmission times (from 4 to 50 ms) [1, 3].
Structural studies using diffusion tensor imaging (DTI)
have revealed the microstructural connectivity underlying
interhemispheric interactions [9–12]. Moreover, functional

magnetic resonance imaging (fMRI) studies have revealed
interhemispheric interactions using resting-state functional
and activity-dependent effective connectivity analyses [13,
14].

Research on the functions of interhemispheric interac-
tions is based on studies of brain lateralization, which is
thought to allow each hemisphere to process information
without the interference of the contralateral hemisphere
[15, 16]. Several studies have suggested that the speed of tran-
scallosal conduction is limited in larger brains, which implies
that the transfer and integration of information between
both hemispheres through the corpus callosum require more
time and energy in humans [3, 17]. Therefore, it may
be more efficient to use one hemisphere and inhibit the
other hemisphere during simple tasks (e.g., physical identity
and face-matching tasks); this promotes intrahemispheric
processing and brain lateralization [2, 18, 19].
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However, processing tasks that share and integrate the
information between hemispheres (e.g., dichotic word-
listening task) require facilitative communication between
hemispheres [20]. Even in motor tasks, the timing and
accuracy of bimanual motor tasks are thought to be predom-
inantly programmed by one of the hemispheres. To monitor
the activity of the motor regions of the opposite hemisphere,
sending an efference copy of the planned motor program to
the opposite hemisphere through the corpus callosum allows
the optimal timing of movements in both hands [21, 22].
Thus, the lateralization hypothesis can be explained by both
the inhibitory and excitatory theories of interhemispheric
interactions [2].

The ability to perform precisely coordinated movements
using both hands is an important aspect of particular human
abilities, such as tying a string, peeling a fruit with a
knife, typing, and playing a musical instrument. It is now
known that modulations of interhemispheric interactions
are involved in the control of the unimanual and bimanual
coordinations that generate the spatially and temporally
precise coordinated limb movements that enable humans
to perform different movements [1]. Moreover, it has been
reported that interhemispheric interactions contribute to the
acquisition of bimanual skills [1, 6].

Recent studies have revealed that the modulation of inter-
hemispheric interactions relates to neural plasticity, which
refers to the ability of the brain to develop new neuronal
interconnections, acquire new functions, and compensate
for impairments [23–25]. However, little is known about
the mechanisms underlying the relation between cortical
reorganization and changes in interhemispheric interaction
resulting from various diseases or brain stimulation. This
paper focuses on the following 4 important aspects of
motor interhemispheric interactions: (1) the inhibitory
and excitatory theories of interhemispheric interaction,
(2) the finding that nonpathological factors can influence
interhemispheric interactions, (3) the pathologies that alter
interhemispheric interactions, and (4) the relation between
interhemispheric interaction and neural plasticity. Assess-
ments of interhemispheric interactions have elucidated the
mechanisms underlying the physiological processes that
modulate motor control and led to the formulation of
interventional strategies that improve motor function after
neurological disorders, which is a critical issue of clinical
neurorehabilitation [25, 26]. The purposes of this paper
were to provide a comprehensive overview of motor inter-
hemispheric interactions to promote the understanding of
their underlying mechanisms and to suggest approaches for
appropriate neural plasticity.

2. The Inhibitory and Excitatory Theories of
Interhemispheric Interactions

It has been estimated that the corpus callosum is the pathway
through which one hemisphere can inhibit the other, thus
facilitating brain lateralization. Alternatively, the corpus
callosum integrates information across the cerebral hemi-
spheres and serves an excitatory function in interhemispheric

communication [2, 3, 15]. In this section, we discuss these 2
contrasting theories, the inhibitory and excitatory theories,
of motor interhemispheric interaction.

2.1. The Inhibitory Theory. The inhibitory theory posits
that the corpus callosum maintains independent processing
between the hemispheres, hinders activity in the opposing
hemisphere, and allows the development of hemispheric
asymmetries [2]. A TMS study has demonstrated that
interhemispheric inhibition from the contralateral to the
ipsilateral motor cortex increases during a voluntary tonic
contraction of a hand muscle [4]. This finding indicates that
the voluntary activation of the motor cortex by a unimanual
motor task is associated with the increased interhemispheric
inhibition of the nonactive motor cortex. It is thought that
this effect might work as an important mechanism for
avoiding the unwanted coactivation of the nonactive motor
cortex and the mirror activity of the nontask hand. This
idea is further supported by the finding that the strength of
the interhemispheric inhibition in healthy subjects correlates
negatively with the amount of electromyographic mirror
activity in the nontask hand during voluntary unilateral hand
movement [27].

Handedness may be related to inhibitory interhemi-
spheric interactions. Although it remains controversial
whether interhemispheric inhibition from the dominant
motor cortex differs from the nondominant motor cortex
under resting condition [28–30] physiological evidence sug-
gests an asymmetry in interhemispheric inhibition between
the motor cortices during unilateral movement [5, 29].
Netz et al. demonstrated that interhemispheric inhibition
from the dominant motor cortex during a voluntary tonic
contraction of the dominant hand muscle was stronger
than interhemispheric inhibition from the nondominant
motor cortex during a voluntary tonic contraction of the
nondominant hand muscle [5]. Moreover, Duque et al.
showed that interhemispheric inhibition from the non-
dominant motor cortex was very weak at dominant hand
movement onset, whereas interhemispheric inhibition from
the dominant motor cortex was strong at nondominant
hand movement onset [29]. These results indicate that
hemispheric asymmetry promotes highly accurate control
of the fine motor movements of the dominant hand by
dampening the interference from the nondominant motor
cortex.

2.2. The Excitatory Theory. The excitatory theory posits that
the corpus callosum shares and integrates information
between the hemispheres, resulting in greater connectiv-
ity, which decreases brain lateralization by masking the
underlying hemispheric asymmetries in tasks that require
interhemispheric exchange [15, 31]. This theory is supported
by the disconnection syndrome, which occurs because
of callosotomy. Patients with disconnection syndrome are
unable to integrate information from the hemispheres,
suggesting that communication between the hemispheres
and the sharing of information are necessary for normal
movements [15, 32, 33].
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As a motor system, the excitatory interhemispheric inter-
action plays an important role in the adjustment of move-
ment onset. A TMS study revealed that interhemispheric
interaction from the nonactive to the active motor cortex
translates from inhibitory to excitatory effects around move-
ment onset [34]. This excitatory effect in the active motor
cortex is believed to support the execution of voluntary
movement. The adjustment of interhemispheric facilitation
was shown not only in the primary motor cortices but
also in motor-related areas. A previous study reported
that the right premotor cortex also exerted an excitatory
influence on the left primary motor cortex during the
preparation for a movement using the dominant right hand
[35]. Moreover, the excitatory interhemispheric interaction
may be dependent on the cortical areas that are involved
in the motor task. A recent study performed using TMS
revealed that the movement-related facilitation from the
right premotor to the left primary motor cortex supports the
performance of antiphase bimanual movements [22]. This
extent of excitatory interactions between hemispheres was
positively related to the performance of antiphase bimanual
movements, but not of in-phase movements. Antiphase
bimanual movements are tasks that are more difficult than
in-phase bimanual movements [7, 36]. The recruitment
of bilateral brain regions during tasks with high levels of
complexity provides evidence for an excitatory function of
the corpus callosum and its ability to integrate information
between the hemispheres [20]. Therefore, antiphase biman-
ual movements might require interhemispheric facilitation
between the primary motor cortex and the premotor cortex,
unlike in-phase bimanual movements.

However, the findings of interhemispheric interactions
during in-phase movements support the inhibitory theory.
The maximum speed of bimanual in-phase movements was
the highest in subjects that exhibited weak inhibition of
both homologous motor cortices [22]. Interhemispheric
inhibition works to prevent mirror movements when a
unimanual movement is performed, whereas interhemi-
spheric disinhibition between homologous motor cortices
may promote in-phase bimanual movements that allow the
synchronous control of both hands [37–39].

These findings suggest that, depending on the motor
task, the interhemispheric interactions may be inhibitory
or excitatory, so that homologous muscles are adjusted
[22]. This is in line with the suggestion that different
channels in the corpus callosum convey either inhibitory
or excitatory information between the hemispheres [31].
Moreover, this channel theory is supported by neurophysi-
ological studies that showed that excitatory circuits through
the corpus callosum share excitatory transcallosal fibers
with inhibitory circuits. Interhemispheric excitatory effects
result from monosynaptic connections through glutamater-
gic excitatory transcallosal fibers, whereas interhemispheric
inhibitory effects are mediated by gamma-aminobutyric
acidergic inhibitory interneurons, which are also activated
by the excitatory transcallosal fibers [40, 41]. Therefore,
inhibitory or excitatory interactions through interhemi-
spheric communication can vary at different time points
during the movement and according to the different cortical

areas that are involved in the processing demands of the
motor task or may even occur simultaneously [15].

3. Nonpathological Factors Can
Influence Motor Interhemispheric
Interactions

The degree of connectivity between the hemispheres is
reflected in the size of the corpus callosum [2, 31, 42]. In
addition to the size of the corpus callosum, it has been
reported that age, sex, and motor training influence the
interhemispheric interactions in healthy individuals. In this
section, we will discuss how these factors influence motor
function by altering interhemispheric interactions.

3.1. Age. Several studies have revealed a correlation between
interhemispheric interactions and age [43–47]. The corpus
callosum is not formed until 6–8 years of age [48]. In line
with the anatomical findings, Mayston et al. demonstrated
significant interhemispheric inhibition in adults, whereas
interhemispheric inhibition was absent in children [43].
Therefore, it is thought that mirror movements occur in
young children because of the immaturity of the corpus
callosum, which fails to inhibit the ipsilateral motor pro-
jections or motor overflow from the active motor cortex to
the nonactive motor cortex [45, 49, 50]. A developmental
trend has been shown in which mirror movements decrease
significantly until 6–8 years of age, which is the age range
at which the myelination of the corpus callosum occurs
[43, 50].

Aging also influences interhemispheric interactions.
Several MRI studies have reported that aging increases
the atrophy of the corpus callosum [44, 46]. Moreover,
an electrophysiological study performed using TMS has
revealed that aging decreases interhemispheric inhibition
[47]. Therefore, in older adults, the reduction of interhemi-
spheric inhibition might induce the reappearance of mirror
movements that are observed in young children [51]. In
addition to mirror movements, the age-related degeneration
of the corpus callosum may alter the activity of neural
recruitment. Many studies reported that healthy older adults
exhibit bilateral activation of the motor cortex during a
unilateral movement [52–54]. A previous report showed that
recruitment of the ipsilateral motor cortex in older adults
was correlated with reduced interhemispheric connectivity
during a unilateral hand movement [54]. Therefore, the
age-related degeneration of the corpus callosum may lead
to a reduction in the hemispheric asymmetry because of
the failed inhibition of the contralateral hemisphere [54,
55]. Another possible explanation for the reduction of the
hemispheric asymmetry in neural activity in older adults
could be that the neuronal processing in one hemisphere
is reduced, requiring both hemispheres to work together
to solve a given task. However, older adults exhibiting
a reduction in hemispheric asymmetry during unilateral
movement had poor motor performance [54]. From the
point of view of the excitatory theory, the bilateral activation
observed in older adults may lead to the impairment in the
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effective use of the excitatory interhemispheric interactions
because of degeneration of the corpus callosum, resulting in
a failure to compensate for the poor performance.

However, the role of the overactivation of cortices in
older adults may vary according to the brain region involved
in tasks. The results of previous studies supported the idea
that overrecruitment of bilateral prefrontal activation com-
pensates cognitive tasks in older adults [56, 57]. In addition
to cognitive tasks, age-related increase in the activity of the
supplementary motor area and left secondary somatosensory
cortex was positively correlated with coordinative ability
in antiphase bimanual movement [58]. The activation of
bilateral hemispheres in older adults may not necessarily
result exclusively from age-related dysfunction of the corpus
callosum, and the increased activation observed in older
adults may have positive or negative effects on performance,
depending on the role played by the activated brain region in
the task [54, 59, 60].

3.2. Sex. Several studies have reported morphological and
microstructural differences in the corpus callosum between
men and women. The relative size of the corpus callosum
proportional to cerebral volume was larger in women
compared to men [61, 62], but corpus callosum microstruc-
tural connectivity was greater in men compared to women
[63, 64]. However, whether these differences in the corpus
callosum observed between men and women influence
functional hemispheric asymmetry remains controversial
[61, 65, 66]. Therefore, in this section, we will mainly discuss
the influence of female hormones on interhemispheric
interactions. An effect of female hormones on the functional
hemispheric asymmetry of motor control in postmenopausal
women with and without female hormone therapy has been
reported [67]. Similar to younger healthy subjects [68], post-
menopausal women undergoing female hormone therapy
exhibited pronounced functional hemispheric asymmetry
during a motor task [67]. In contrast, postmenopausal
control women who did not receive female hormone therapy
exhibited reduced hemispheric asymmetry, similar to that
observed in older adults. As mentioned previously, it is
thought that a reduction of hemispheric asymmetry may
partly result from the failed inhibition of the contralateral
hemisphere in older adults because of an age-related dys-
function of the corpus callosum [54, 55]. Therefore, female
hormones may exert positive effects on interhemispheric
interactions that are related to the maintenance of inde-
pendent processing between the hemispheres in the motor
system [67]. Moreover, this hypothesis is consistent with
the results of a TMS study that showed that young women
have stronger interhemispheric inhibition compared with
that in young men [69]. However, it has been reported
that high estradiol and progesterone levels in young women
correlate negatively with interhemispheric inhibition, as
assessed using TMS [70]. In addition to interhemispheric
inhibition, previous reports showed that the menstrual cycle
influences motor cortical excitability [71, 72]. Although it
is clear that female hormones influence interhemispheric
interactions, future studies are needed to clarify the detailed

mechanisms underlying the effect of female hormones on
interhemispheric interactions.

3.3. Motor Training. As described previously, modulation of
interhemispheric interactions influences human movement
patterns, such as handedness. In contrast, motor training
itself can change interhemispheric interactions. Changes in
interhemispheric interactions mediated by motor training
have been reported, especially in musical training [73–
76]. Musical training is characterized by bimanual training,
which includes coordinated and independent movements of
both hands. Several studies have reported that musicians
have more symmetrical hemispheric function than non-
musicians, as assessed using evaluation methods such as
speech-induced facilitation of corticospinal excitability and
interhemispheric transfer time using event-related potentials
for visual information [73, 74]. Moreover, it has been
reported that musicians who initiated musical training early
in their lives exhibit a larger corpus callosum compared with
that in musicians who started learning music later in their
lives and in nonmusicians [75, 76]. These results indicate that
the plastic developmental changes in the corpus callosum
that are caused by extensive bimanual training during
childhood result in more symmetrical brains and equally
efficient connections between both hemispheres because of
increased interhemispheric interactions.

In addition to bimanual training, interhemispheric
interactions may contribute to motor acquisitions, such as
intermanual transfer, as it is well known that motor learning
using one hand improves the performance of the other
hand [77, 78]. A previous study using TMS revealed that
unimanual sequence-specific training induces a reduction
in interhemispheric inhibition of the untrained hemisphere.
Moreover, this reduction in interhemispheric inhibition was
correlated with an improvement in the nonspecific perfor-
mance of the untrained hand [79]. Therefore, the decreased
interhemispheric interaction induced by unilateral motor
training may support general aspects of motor performance
in the contralateral hand, rather than enhance the specific
skill being learned.

In contrast to motor training, the nonused limb may
also influence interhemispheric interactions. A recent study
revealed that transient arm immobilization reduced the
interhemispheric inhibition from the immobilized to the
nonimmobilized motor cortex [80]. Moreover, this reduc-
tion in interhemispheric inhibition increased the corti-
cospinal excitability of the nonimmobilized motor cortex
when subjects were free to move the nonimmobilized arm
and might result in the facilitation of the use-dependent
plasticity of the nonimmobilized limb. Thus, excessive
balance and imbalance between the use of both limbs mod-
ify the interhemispheric interaction and influence motor
performance. However, it is illogical to think that different
phenomena, such as unilateral motor training and the non-
use of a limb, have a positive effect on the motor performance
of the opposite limb via only a reduction in interhemispheric
inhibition. Therefore, future studies are needed to identify
other mechanisms, including excitatory interhemispheric
interaction and/or the role of the motor-related cortices.
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4. Pathologies Alter Interhemispheric
Interactions

Studies of callosotomy or callosal lesions have provided
much insight into the functions of interhemispheric inter-
actions via the impairment of the corpus callosum [2, 15,
33]. Several neurological disorders alter interhemispheric
interactions through impairment of the corpus callosum.
Moreover, stroke and amputations can indirectly alter
the functions of interhemispheric interactions because of
imbalances between the hemispheres. In this section, we
discuss the changes in the morphology and function of the
corpus callosum in traumatic brain injury, multiple sclerosis,
Parkinsonian syndromes, stroke, and amputation.

4.1. Direct Changes in Interhemispheric Interactions. Lesions
of the corpus callosum are commonly detected in patients
with traumatic brain injury [81–83]. Diffuse axonal injury
caused by acceleration-deceleration and rotational forces
is considered an important factor in the formation of a
lesion of the corpus callosum [81, 82]. Electrophysiological
and anatomical studies have showed that interhemispheric
interactions are deteriorated after a traumatic brain injury
[81–84]. A recent study using DTI revealed that the low
integrity of hemispheric connections through the corpus
callosum was associated with poor performance of bimanual
hand movements [85].

Multiple sclerosis is an inflammatory disease that affects
myelinated axons and leads to neurological and cognitive
impairments. Therefore, the corpus callosum, which is the
largest white matter structure in the brain, is considered
a target for inflammation. Corpus callosum degeneration,
which has been described frequently [86–88], can result in
impaired interhemispheric communication [87], including
an impairment of the interhemispheric inhibition of the
contralateral motor cortex [86]. Moreover, a study using
DTI showed that poor timing accuracy during a bimanual
motor task was correlated with the degree of corpus callosum
damage in patients with multiple sclerosis [10].

Impairments of interhemispheric inhibition detected
using TMS have been reported in patients with Parkinsonian
syndromes, including patients with corticobasal degenera-
tion and progressive supranuclear palsy [89, 90]. MRI has
revealed that these electrophysiological abnormalities are
associated with atrophy of the corpus callosum [90, 91]. A
subgroup of Parkinson’s patients with mirror movements
exhibited abnormally reduced interhemispheric inhibition
[92].

Several studies using MRI reported the atrophy and
reduction in microstructural connectivity of the corpus
callosum in patients with schizophrenia [93, 94]. Previous
longitudinal study of patients with schizophrenia suggested
that the atrophy of the corpus callosum might partly result
from developmental or maturational abnormalities of this
structure [95]. Moreover, a reduction in the microstructural
connectivity of the corpus callosum has been reported in
other diseases, such as spinocerebellar ataxia types 1 and
2 (which exhibit white matter degeneration) [96] and fetal

alcohol spectrum disorders (in which the white matter is
possibly damaged by prenatal alcohol exposure) [97].

4.2. Indirect Changes of Interhemispheric Interactions. Several
studies have reported that stroke lesions indirectly disrupt
interhemispheric interactions [34, 98, 99]. TMS studies have
showed that interhemispheric inhibition persisted from the
unaffected to the affected hemisphere around the onset
of the movement of the paretic hand in stroke patients,
whereas the interhemispheric interaction in healthy controls
changed from inhibitory to excitatory influence on the
active motor cortex closer to the time of movement onset
[34, 98]. This abnormal adjustment of interhemispheric
inhibition correlates with motor function deficits, strongly
suggesting that altered interhemispheric interactions can
result in motor deficits in patients with stroke [34, 98]
(Figure 1(a)). The increased excitability in the unaffected
hemisphere because of an imbalance in both hemispheres
and excessive use of the nonparetic side after stroke, resulting
in overactive excitability in the unaffected hemisphere that
strongly inhibits the affected hemisphere through the corpus
callosum, is a mechanism that could possibly explain this
observation [25, 34]. Moreover, an fMRI study using an
activity-dependent connectivity analysis also reported that
the amount of inhibitory influence from the contralesional
to the ipsilesional motor cortex during the movement of
the paretic hand was negatively correlated with the motor
function of the paretic hand in patients with subcortical
stroke [100]. Thus, the issue of how interhemispheric
interactions affect motor performance is highly relevant
to the assessment of motor recovery after stroke [101,
102]. However, a relation between excessive interhemispheric
inhibition from the contralesional motor cortex and motor
impairment has been reported mainly in patients with
chronic subcortical stroke and during movement. The
interhemispheric interaction may vary depending on the
stage of the stroke, the site of the lesion, and movement
conditions [14, 103, 104]. In contrast to the studies that the
excessive interhemispheric interaction had a negative effect
of motor recovery [34, 98, 100], fMRI study reported that
the resting-state functional connectivity between both hemi-
spheres became strong with motor recovery in patients with
subcortical stroke [13]. Therefore, longitudinal neuroimag-
ing and electrophysiological studies must be performed
to demonstrate the dynamic change in interhemispheric
interaction between both hemispheres during the process of
functional recovery [14, 103]. In addition to stroke, recent
studies revealed that indirect changes in interhemispheric
interactions through the corpus callosum occur after changes
in peripheral organs, such as limb amputation [105, 106].
This change in interhemispheric interaction may reflect the
interhemispheric imbalance induced by the reorganization
of the deafferented sensorimotor cortex after amputation
and/or experience-dependent changes in the representation
of the overuse of the intact limb [107, 108]. Recently, Simões
et al. showed that patients with amputations had decreased
microstructural connectivity of the corpus callosum com-
pared with that in healthy volunteers [105]. A previous
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Figure 1: Changes in interhemispheric interaction and inhibitory noninvasive brain stimulation (NIBS) therapy in patients with subcortical
stroke. (a) Mechanisms underlying the changes in interhemispheric interaction after stroke. In healthy subjects, the interhemispheric
interaction changes from an inhibitory to an excitatory influence on the active motor cortex around movement onset. In contrast, stroke
patients with motor deficits do not show this release from interhemispheric inhibition for the movement of the paretic hand; rather,
they exhibit a persistent inhibitory influence on the ipsilesional motor cortex [34]. These pathological effects contribute to the reduced
performance of the paretic hand. (b) Inhibitory NIBS over the unaffected hemisphere. Inhibitory NIBS decreases the excitability of the
contralesional motor cortex and reduces the interhemispheric inhibition from the contralesional to the ipsilesional motor cortex. The
excitatory interhemispheric interaction from the contralesional to the ipsilesional motor cortex might be relatively strong because of a
reduced inhibitory influence. The change in interhemispheric interaction after inhibitory NIBS increases the excitability of the ipsilesional
motor cortex. Facilitation of the ipsilesional motor cortex improves the motor function of the paretic hand in patients with subcortical stroke
[99, 115]. However, it remains to be determined whether the excitatory interhemispheric interaction itself actually changes after inhibitory
NIBS.

study with DTI demonstrated that the microstructural
connectivity of the corpus callosum positively correlated
with the degree of interhemispheric inhibition in healthy
volunteers [109]. Therefore, the reduced connectivity of
the corpus callosum observed in patients with amputations
may induce bilateral neural activation, which is possibly
due to the failed inhibition of the opposite hemisphere
[105, 106, 108] (Figure 2). In fact, previous studies revealed
the presence of reduced hemispheric asymmetry in patients
in whom an intact hand movement increased the activity
of the deafferented sensorimotor cortex [108, 110, 111].
A reduction in hemispheric asymmetry on sensory system
was also shown in a recent fMRI study performed in
patients with amputations. In that study, the somatosensory

areas on both sides were activated by stimulation of the
stump area on the amputated limb [106]. Thus, amputation
induced a reduction in hemispheric asymmetry in both the
sensory and motor systems via a change in interhemispheric
interaction. Although future studies must be performed
to identify methods that can restore deteriorated inter-
hemispheric interaction after amputation, a recent study
reported that neurally driven prosthesis training normalizes
abnormal electroencephalography coherence between both
sensorimotor cortices [112]. Therefore, therapies such as
prosthesis and mirror therapy can induce the reorganization
of the deafferented sensorimotor cortex via visual and
somatosensory feedback [113, 114], which might normalize
the interhemispheric interaction after amputation.
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Figure 2: Amputation alters the interhemispheric interactions through the corpus callosum and induces bilateral neural activity. After
amputation, reorganization of the deafferented sensorimotor cortex (SM1) occurs due to the absence of an afferent input from the missing
hand. This change leads to an imbalance between the hemispheres in patients with amputations. Moreover, experience-dependent changes
in representation by overuse of the intact hand increase this imbalance between the hemispheres. The imbalance between the hemispheres
alters the interhemispheric interactions through the corpus callosum. In particular, the reduced interhemispheric inhibition observed in
patients with amputations induces the neural activation of both hemispheres due to the failed inhibition of the opposite hemisphere. When
tactile stimulation is delivered to the stump of the amputated limb, the overflow of the afferent information induces the activation of the
nondeafferented SM1. In addition to the sensory system, the motor overflow increases the activity of the deafferented SM1 during the
movement of the intact hand.

5. Relation between
Interhemispheric Interactions and
Changes in Neural Plasticity

It has been reported that several techniques alter inter-
hemispheric interactions. In particular, noninvasive brain
stimulation (NIBS), which can modulate cortical excitability,
may enhance neural plasticity by altering interhemispheric
interactions. Moreover, paired associative stimulation of the
homologous motor cortices using TMS induces a neural
plasticity that is dependent on Hebbian mechanisms through
interhemispheric interactions. In this section, we discuss the
neural plasticity that is induced by changes in interhemi-
spheric interactions.

5.1. Brain Stimulation Alters Interhemispheric Interactions.
Repetitive TMS and transcranial direct current stimulation
are NIBS techniques that can alter the excitability of the
human cortex for several minutes [115]. In particular, it
has been reported that inhibitory NIBS over the motor
cortex decreases the excitability of the stimulated motor
cortex, which leads to a reduction in the interhemispheric
inhibition from the stimulated motor cortex to the nonstim-
ulated motor cortex [116, 117]. Moreover, the reduction in

interhemispheric inhibition from the stimulated to the non-
stimulated motor cortex increases the excitability of the non-
stimulated motor cortex. In turn, the increased excitability
of the non-stimulated motor cortex induces improvements
in motor performance on the ipsilateral side [118, 119]. In
addition, the increased motor cortical excitability induced by
inhibitory NIBS enhances the effects of motor training on
the ipsilateral side [120, 121], as the increase in excitability in
the motor cortex appears to be a necessity for motor learning
[122, 123].

A recent study reported that paired associative stim-
ulation of the homologous motor cortices using TMS is
a new interventional protocol that induces an increase in
excitability in the conditioned motor cortex [124]. The
paired associative stimulation of the 2 motor cortices induces
highly synchronized action potentials in corticospinal output
neurons in the 2 motor cortices and improves the motor
function of the hand that is innervated by the conditioned
motor cortex. The effect of paired associative stimulation
results from the reduction of interhemispheric inhibition to
the homologous conditioned motor cortex [124]. Moreover,
its effect is strongly dependent on the timing of the
delivery of the stimulus pairs (8 ms), corresponding to the
interval time between the double-pulse TMS that induces
the interhemispheric inhibition [4]. It is thought that paired
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associative stimulation induces a neural plasticity that is
dependent on the Hebbian learning rule via which synapses
increase their efficacy if the synapse consistently assists
the postsynaptic target neuron in the generation of action
potentials [125].

5.2. Motor Stroke Therapy via Interhemispheric Interaction
Modulation. As mentioned previously, excessive interhemi-
spheric inhibition from the unaffected hemisphere deteri-
orates the motor function of the paretic hand in patients
with stroke. Therefore, improvement of the motor deficits of
these patients may be achieved by decreasing the excitability
of the unaffected hemisphere using NIBS [101, 102]. In
fact, it has been reported that inhibitory NIBS over the
unaffected hemisphere in patients with stroke decreases the
interhemispheric inhibition from the unaffected hemisphere
to the affected hemisphere and increases the excitability
of the affected hemisphere, resulting in facilitated motor
learning and motor recovery in the paretic hand [99, 115]
(Figure 1(b)). A recent study also suggested that inhibitory
NIBS over the contralesional motor cortex might influence
the ability of the ipsilesional motor cortex to undergo plastic
modifications by preparing the cortical ground for successful
use-dependent plasticity in stroke patients [126].

Although it has been reported that inhibitory NIBS
over the unaffected hemisphere facilitates motor recovery
during the acute stage of stroke [127, 128], a recent
study showed that inhibitory NIBS did not facilitate motor
recovery in patients with stroke in the acute stage [129].
This implies that the interhemispheric inhibition from
the contralesional to the ipsilesional motor cortex does
not necessarily correlate with motor impairment in all
patients with stroke. Moreover, Lotze et al. have shown
that disrupting the contralesional motor cortex via TMS
may cause deterioration of the complex motor performance
of the paretic hand in patients with chronic stroke with
internal capsule infarcts [130]. Therefore, inhibitory NIBS
delivered over the contralesional motor cortex might be
associated with a risk of deteriorating complex movements
in some patients with stroke. Furthermore, it has been
noted that inhibitory NIBS reduces the interhemispheric
inhibition that controls bimanual movement [131, 132]. In
fact, recent studies reported that inhibitory repetitive TMS
over the unaffected hemisphere transiently deteriorated per-
formance in the antiphase bimanual tapping task in patients
with stroke [133, 134]. Therefore, it should be noted that
inhibitory NIBS is associated with a risk of deteriorating
some motor functions by altering the motor network system
[103, 135].

6. Conclusion

This paper focused on the mechanisms underlying motor
control and neural plasticity that relate to interhemispheric
interactions to suggest approaches for appropriate cor-
tical reorganization. Inhibitory or excitatory interactions
that occur via interhemispheric communication may vary
depending on the different time points during the movement

and different cortical areas that are involved in the processing
demands of the motor task. The age-related degeneration
of the corpus callosum may induce the engagement of
both hemispheres partly because of the failed inhibition of
the contralateral hemisphere. Female hormones may exert
positive effects on the interhemispheric communication that
is related to maintaining independent processing between
the hemispheres in the motor system. Plastic developmental
changes that are caused by extensive bimanual training
during childhood result in more symmetrical brains and
equally efficient connections between the hemispheres. Sev-
eral neurological disorders, such as traumatic brain injury,
multiple sclerosis, and Parkinsonian syndromes, directly
alter interhemispheric interactions by impairing the corpus
callosum. Stroke lesions indirectly disrupt interhemispheric
inhibition, which is highly relevant to the research on
motor recovery after stroke. In addition, amputations may
indirectly alter interhemispheric interactions between sen-
sorimotor cortices. Inhibitory NIBS reduces the interhemi-
spheric inhibition from the stimulated motor cortex to
the non-stimulated motor cortex. The paired associative
stimulation of the homologous motor cortices using TMS
induces a neural plasticity that is dependent on Hebbian
mechanisms that occur via interhemispheric interactions.
Inhibitory NIBS over the unaffected hemisphere in patients
with stroke can improve the motor function of the paretic
hand by reducing the interhemispheric inhibition from the
unaffected hemisphere to the affected hemisphere. However,
it should be noted that inhibitory NIBS might worsen
bimanual movements by reducing the interhemispheric inhi-
bition that controls them. Assessments of interhemispheric
interactions have provided information on the mechanisms
underlying the physiological processes involved in motor
control and have allowed the formulation of interventional
strategies that can improve motor function in neurological
disorders, which is a critical issue in clinical neurorehabilita-
tion.

Acknowledgment

This work was supported by JSPS Grant-in-Aid for Scientific
Research no. 23650314.

References

[1] M. Wahl and U. Ziemann, “The human motor corpus cal-
losum,” Reviews in the Neurosciences, vol. 19, no. 6, pp. 451–
466, 2008.

[2] L. J. van der Knaap and I. J. M. van der Ham, “How does
the corpus callosum mediate interhemispheric transfer? A
review,” Behavioural Brain Research, vol. 223, no. 1, pp. 211–
221, 2011.

[3] A. Nowicka and P. Tacikowski, “Transcallosal transfer of in-
formation and functional asymmetry of the human brain,”
Laterality, vol. 16, no. 1, pp. 35–74, 2011.

[4] A. Ferbert, A. Priori, J. C. Rothwell, B. L. Day, J. G. Colebatch,
and C. D. Marsden, “Interhemispheric inhibition of the
human motor cortex,” Journal of Physiology, vol. 453, pp.
525–546, 1992.



Neural Plasticity 9

[5] J. Netz, U. Ziemann, and V. Homberg, “Hemispheric asym-
metry of transcallosalinhibition in man,” Experimental Brain
Research, vol. 104, no. 3, pp. 527–533, 1995.

[6] F. G. Andres, T. Mima, A. E. Schulman, J. Dichgans, M. Hal-
lett, and C. Gerloff, “Functional coupling of human cortical
sensorimotor areas during bimanual skill acquisition,” Brain,
vol. 122, no. 5, pp. 855–870, 1999.

[7] D. J. Serrien and P. Brown, “The functional role of interhemi-
spheric synchronization in the control of bimanual timing
tasks,” Experimental Brain Research, vol. 147, no. 2, pp. 268–
272, 2002.

[8] R. Chen, D. Yung, and J. Y. Li, “Organization of ipsilateral
excitatory and inhibitory pathways in the human motor
cortex,” Journal of Neurophysiology, vol. 89, no. 3, pp. 1256–
1264, 2003.

[9] H. Johansen-Berg, V. Della-Maggiore, T. E. J. Behrens, S.
M. Smith, and T. Paus, “Integrity of white matter in the
corpus callosum correlates with bimanual co-ordination
skills,” NeuroImage, vol. 36, supplement 2, pp. 16–21, 2007.

[10] L. Bonzano, A. Tacchino, L. Roccatagliata, G. Abbruzzese,
G. L. Mancardi, and M. Bove, “Callosal contributions
to simultaneous bimanual finger movements,” Journal of
Neuroscience, vol. 28, no. 12, pp. 3227–3233, 2008.

[11] I. Koerte, F. Heinen, T. Fuchs et al., “Anisotropy of callosal
motor fibers in combination with transcranial magnetic
stimulation in the course of motor development,” Investiga-
tive Radiology, vol. 44, no. 5, pp. 279–284, 2009.
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[53] A. Riecker, K. Gröschel, H. Ackermann, C. Steinbrink, O.
Witte, and A. Kastrup, “Functional significance of age-related

differences in motor activation patterns,” NeuroImage, vol.
32, no. 3, pp. 1345–1354, 2006.

[54] J. Langan, S. J. Peltier, J. Bo, B. W. Fling, R. C. Welsh, and R. D.
Seidler, “Functional implications of age differences in motor
system connectivity,” Frontiers in Systems Neuroscience, vol. 4,
article 17, 2010.

[55] R. L. Buckner, “Memory and executive function in aging and
ad: multiple factors that cause decline and reserve factors that
compensate,” Neuron, vol. 44, no. 1, pp. 195–208, 2004.

[56] P. A. Reuter-Lorenz, J. Jonides, E. E. Smith et al., “Age
differences in the frontal lateralization of verbal and spatial
working memory revealed by PET,” Journal of Cognitive
Neuroscience, vol. 12, no. 1, pp. 174–187, 2000.

[57] R. Cabeza, N. D. Anderson, J. K. Locantore, and A. R.
McIntosh, “Aging gracefully: compensatory brain activity in
high-performing older adults,” NeuroImage, vol. 17, no. 3, pp.
1394–1402, 2002.

[58] D. J. Goble, J. P. Coxon, A. Van Impe, J. De Vos, N.
Wenderoth, and S. P. Swinnen, “The neural control of
bimanual movements in the elderly: brain regions exhibiting
age-related increases in activity, frequency-induced neural
modulation, and task-specific compensatory recruitment,”
Human Brain Mapping, vol. 31, no. 8, pp. 1281–1295, 2010.

[59] S. J. Colcombe, A. F. Kramer, K. I. Erickson, and P. Scalf, “The
implications of cortical recruitment and brain morphology
for individual differences in inhibitory function in aging
humans,” Psychology and Aging, vol. 20, no. 3, pp. 363–375,
2005.

[60] C. E. Wierenga, M. Benjamin, K. Gopinath et al., “Age-
related changes in word retrieval: role of bilateral frontal and
subcortical networks,” Neurobiology of Aging, vol. 29, no. 3,
pp. 436–451, 2008.

[61] T. N. Mitchell, S. L. Free, M. Merschhemke, L. Lemieux, S. M.
Sisodiya, and S. D. Shorvon, “Reliable callosal measurement:
population normative data confirm sex-related differences,”
American Journal of Neuroradiology, vol. 24, no. 3, pp. 410–
418, 2003.

[62] C. M. Leonard, S. Towler, S. Welcome et al., “Size matters:
cerebral volume influences sex differences in neuroanatomy,”
Cerebral Cortex, vol. 18, no. 12, pp. 2920–2931, 2008.

[63] F. Liu, L. Vidarsson, J. D. Winter, H. Tran, and A. Kassner,
“Sex differences in the human corpus callosum microstruc-
ture: a combined T2 myelin-water and diffusion tensor
magnetic resonance imaging study,” Brain Research, vol.
1343, no. C, pp. 37–45, 2010.

[64] K. Menzler, M. Belke, E. Wehrmann et al., “Men and
women are different: diffusion tensor imaging reveals sexual
dimorphism in the microstructure of the thalamus, corpus
callosum and cingulum,” NeuroImage, vol. 54, no. 4, pp.
2557–2562, 2011.

[65] K. M. Haut and D. M. Barch, “Sex influences on material-
sensitive functional lateralization in working and episodic
memory: men and women are not all that different,”
NeuroImage, vol. 32, no. 1, pp. 411–422, 2006.

[66] R. L. Muetzel, P. F. Collins, B. A. Mueller, A. M. Schissel,
K. O. Lim, and M. Luciana, “The development of corpus
callosum microstructure and associations with bimanual task
performance in healthy adolescents,” NeuroImage, vol. 39, no.
4, pp. 1918–1925, 2008.

[67] U. Bayer and M. Hausmann, “Hormone therapy in post-
menopausal women affects hemispheric asymmetries in fine
motor coordination,” Hormones and Behavior, vol. 58, no. 3,
pp. 450–456, 2010.



Neural Plasticity 11

[68] M. Hausmann, I. J. Kirk, and M. C. Corballis, “Influence of
task complexity on manual asymmetries,” Cortex, vol. 40, no.
1, pp. 103–110, 2004.

[69] L. De Gennaro, M. Bertini, F. Pauri et al., “Callosal effects
of transcranial magnetic stimulation (TMS): the influence of
gender and stimulus parameters,” Neuroscience Research, vol.
48, no. 2, pp. 129–137, 2004.

[70] M. Hausmann, M. Tegenthoff, J. Sänger, F. Janssen, O.
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To perform strictly unilateral movements, the brain relies on a large cortical and subcortical network. This network enables healthy
adults to perform complex unimanual motor tasks without the activation of contralateral muscles. However, mirror movements
(involuntary movements in ipsilateral muscles that can accompany intended movement) can be seen in healthy individuals if a task
is complex or fatiguing, in childhood, and with increasing age. Lateralization of movement depends on complex interhemispheric
communication between cortical (i.e., dorsal premotor cortex, supplementary motor area) and subcortical (i.e., basal ganglia)
areas, probably coursing through the corpus callosum (CC). Here, we will focus on transcallosal interhemispheric inhibition (IHI),
which facilitates complex unilateral movements and appears to play an important role in handedness, pathological conditions such
as Parkinson’s disease, and stroke recovery.

1. Introduction

Humans have a natural tendency towards symmetrical
contraction of homologous muscles (also called voluntary
mirror movements), which are known to require less cortical
activation than alternated bimanual movements or unilateral
movements [1, 2]. For example, it has been shown that
if bimanual movements are executed with the upperlimbs,
there is a strong tendency towards synchronization of motor
patterns [3]. This is why the execution of strictly unilat-
eral motor movement requires complex interhemispheric
interactions between a wide range of cortical areas. These
interactions are needed to restrict motor output to the
contralateral primary motor cortex (M1) that controls the
intended hand movement, which belongs to the “nonmirror-
ing” transformation network [4]. Experimental and clinical
data suggest a relevant role of the corpus callosum (CC) in
this network. For example, children, who have an immature
CC, have a higher incidence of mirror movements (MM), as
do some patients with agenesis of the CC [5]. This network
enables healthy adults to perform strictly unilateral tasks,
although some subtle MM can be observed in the unused
hand if the task is complex or fatiguing [6].

Any dysfunction in the complex network that underlies
unilateral movement, which relies in part on inhibitory

interhemispheric interactions, can contribute to the presence
of MM. In the present paper, we will review specific aspects
of the nonmirroring transformation network to higlight
its role in lateralization of voluntary movements. Current
data regarding physiological mirroring seen in healthy adults
and the role of IHI in the lateralization of movements will
also be discussed. Finally, the neuroanatomical substrates of
the nonmirroring network and the effects of aging on the
reappearance of MM will be presented.

2. Mirror Movements

2.1. MM in Children. MM are movements that are observed
in the contralateral hand that are the mirror reversals of
the intended movement of the active hand. MM observed
in children are explained by an undermyelinated nervous
system [5, 7] that does not permit the interhemispheric
communication necessary for the restriction of motor output
to the M1 contralateral to the intended movement. The
corpus callosum (CC) is the biggest white matter bundle of
the brain and its function is to connect both hemispheres
[8, 9], and it appears that its incomplete myelinisation
could partly explain MM in healthy children [5]. However,
it is important to note that immaturity of other parts of
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the distributed “nonmirroring” network may also play an
important role in MM seen in children. MM are seen in
healthy children and decrease with increasing age until the
age of 10 years [5, 10, 11]. There seems to be a substantial
decrease in MM, particularly from 5 to 8 years of age, which
has led some authors to suggest that it may serve as a
developmental cue [12, 13]. The overt MM seen in healthy
children disappear with maturation of the central nervous
system and myelinisation of the CC [5, 14, 15], and there is a
significant relationship between chronological age and size of
the CC [16]. As the myelinisation of the CC occurs, there is a
concomitant increase in IHI between the two motor cortices,
which could also be used as a marker of motor development
[17]. Therefore, the ability to execute unilateral motor tasks
seems to rely on the correct maturation of this transcallosal
inhibitory system since impaired inhibition is associated with
MM [7, 18]. Notwithstanding these observations, MM have
been only sporadically reported in patients with agenesis of
the CC, whereas most acallosal patients display no overt MM,
suggesting a relative role played by the CC in MM. Because
of the reduced IHI seen in children, the ipsilateral M1
controlling the mirror hand has a higher level of excitation if
the voluntary hand is active. Consequently, bilateral cortical
activity can be recorded in healthy children when performing
a unilateral task [5], which enhances the probability of MM.
In healthy adults, transcallosal IHI presumably suppresses
activity in the ipsilateral M1 resulting in strictly unilateral
movements. MM seen in healthy children thus seem to be the
result of the bilateral activity of both M1 when performing a
unilateral task. These observations provide strong evidence
that a mature central nervous system capable of transcallosal
IHI is a key factor in controlling unwanted MM when
performing a unimanual task.

2.2. The Role of Interhemispheric Inhibition in Unilateral
Movements. To perform strictly unilateral movements there
is a “nonmirroring” process that restricts the motor output
in the contralateral hemisphere and suppresses motor acti-
vation of the mirror hand [19, 20]. When an individual is
preparing to execute a finger movement, it is followed by a
temporary inhibition of the homologous M1 controlling the
mirror finger in the passive hand [19]. TMS-induced MEPs
are progressively facilitated in the 80–120 ms preceding EMG
onset in healthy adults [21–23]. This shift in facilitation of
the contralateral M1 and inhibition of the ipsilateral M1
following intended movements could be linked to interhemi-
spheric interactions of the two M1. If a participant is asked to
prepare a hand movement in a reaction time paradigm and
a conditioning TMS pulse is applied over the ipsilateral M1
followed by a test pulse over the contralateral M1, IHI will be
stronger immediately after the go signal. But as the voluntary
movement onset nears, IHI is released, leading to increased
excitability [24–26]. By comparison, if the conditioning pulse
is delivered to the contralateral M1, which will then inhibit
the ipsilateral M1, the inhibition remains deep from the
beginning through the end of movement preparation [24–
26].

It has been suggested that the ability to perform unilateral
finger movements without MM depends on the appropriate

modulation of IHI between the contralateral and ipsilateral
M1 that occurs during movement preparation [19, 25, 27].
This hypothesis, that the transcallosal increase in IHI orig-
inating from the active M1 to the mirror M1 is responsible
for the inhibition of undesired MM, was tested during a
bimanual motor task by Hübers and colleagues [28]. In
that study, participants had to maintain a tonic isometric
contraction of the mirror hand while the active hand was
executing short-duration contractions. It was found that
IHI was inversely correlated with motor overflow in the
mirror hand. That is, the more the M1 contralateral to the
active hand executing short contractions (M1-active) was
able to inhibit the ipsilateral M1 (M1-mirror), the less mirror
activity was seen in the mirror hand performing a tonic
isometric contraction. This phenomenon was further tested
using low-frequency rTMS to interfere with the M1-active to
determine whether releasing inhibition from the M1-active
would enhance mirror activity in the hand maintaining the
tonic contraction. In line with the hypothesis, less IHI from
the active M1 to the mirror M1 was found, resulting in
increased mirroring [28]. This further suggests that the active
M1 is partly responsible for the inhibition of MM through
IHI to the mirror M1. Similarly, Kobayashi and colleagues
[29] reported that low-frequency rTMS over M1 resulted in
enhanced motor performance (finger-tapping task) of the
ipsilateral hand. Notably, the increase in performance was
associated with increased excitability of the unstimulated
M1, which was possibly obtained by suppressing inhibition
from the stimulated M1 to the contralateral M1. It was
later shown that the same protocol could improve the
learning of a simple motor task in the ipsilateral hand while
disturbing learning in the contralateral hand [30]. These two
studies suggest that when a unilateral hand movement is
executed, activation of the active M1 has an influence on the
contralateral M1, acting as a “brake” that, when withdrawn,
can disinhibit the contralateral M1 and lead to behavioral
improvement [31]. Therefore, it seems that IHI modulation
is crucial for restricting the motor output to the contralateral
M1 and inhibiting the mirror M1 for an accurate, strictly
unilateral, movement of the hand.

Additional evidence for the presence of mutual inhibition
between motor cortices comes from stroke patients, where
IHI towards the affected M1, which controls the paretic
hand, is increased [24]. Moreover, it appears that stronger
IHI towards the affected hemisphere is negatively correlated
with motor function recovery, suggesting a direct relation-
ship between increased IHI from the intact hemisphere to
the lesioned hemisphere and poor recuperation of motor
function in chronic stroke patients [24]. Following on this,
it is not surprising applying low-frequency rTMS over the
nonaffected M1 to reduce its excitability can improve motor
function in the paretic hand of stroke patients through
a mechanism by which transcallosal inhibition from the
nonaffected hemisphere is released, leading to increased
excitability and function of the affected M1 [32].

IHI between the motor cortices can also be tested by the
brief interruption or attenuation of voluntary EMG activity
produced by focal single-pulse TMS of the ipsilateral M1,
the so-called ipsilateral silent period (iSP) [33]. Similarly
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to IHI [34], the iSP is mediated by a transcallosal pathway
[35, 36], but the two measures appear to rely on different
neural substrates [37]. There is evidence that the iSP reflects
a key phenomenon that helps restrict motor output in the
contralateral M1. Indeed, it seems that activation of the M1
performing a voluntary movement with the contralateral
hand increases interhemispheric inhibition as measured by
the iSP. This evidence points to a pivotal role for the
mechanism underlying the iSP in suppressing unwanted MM
and controlling unilateral movement [33].

Numerous factors have been reported to modulate inter-
hemispheric interactions. For example, in a force generation
task, it was shown that when a participant is maintaining a
contraction at 70% maximal force, IHI has a disinhibitory
effect on the M1 ipsilateral to the voluntary contraction,
as reflected by reduced short intracortical inhibition (SICI).
This suggests a change in IHI depending on task features
[38]. Along the same line, it has been shown that IHI
differs depending on which arm muscle is tested. Indeed, IHI
from different arm representations does not strictly follow
a “proximal-to-distal” gradient but instead may depend on
the role that each muscle plays in functional movement
synergies [39]. Finally, it has also been reported that training
can modulate IHI. This was pointed out in a study testing
professional musicians, who require enhanced coordination.
It was found that IHI is lower in musicians as compared to
controls, suggesting a modulatory effect of training on IHI
[40].

2.3. Physiological Mirroring in Healthy Adults. It is known
that the amount of mirror EMG activity seen in healthy
subjects increases if the task is demanding, if fatigue is
induced, if there are cognitive distractions or decreased
attentional capacities, and if age increases [41–45]. A pro-
tocol has been developed to probe physiological mirroring
in healthy adults, following the observation that facilitation
of the motor response can be achieved by simultaneous
contraction of ipsilateral and contralateral hand muscles
[46, 47]. This leads Mayston and collaborators [5] to report
that involuntary mirror EMG activity of the right first dorsal
interosseous (FDI) muscle can be induced in healthy adults
if they maintain a background isometric muscle contraction
with the mirror FDI (right) while performing intended
unilateral brief phasic contractions with the left homologous
muscle, resulting in motor overflow to the right hand. This
protocol has been used in numerous studies where it has been
repeatedly shown that mirror activity can occur in healthy
participants [5, 48, 49], which is assumed to result from the
transfer of activation from the task-M1 to the mirror-M1
through the CC [48].

Since physiological mirroring in healthy individuals
cannot be explained by an ipsilateral projection originating
from the M1 contralateral to the intended movement,
alternate mechanisms must be proposed. There is growing
evidence suggesting that physiological mirroring depends on
the activation of the ipsilateral M1, which normally has a
crossed CS tract connecting to the mirror hand [50–52].
This transfer of activation is thought to occur through a
transcallosal pathway [1, 20, 34]. Therefore, the CC seems to

play an important role in restricting motor overflow since,
through callosal fibers, each M1 can have an interhemi-
spheric influence over the other. This influence can either
be a direct excitatory effect or an indirect inhibitory effect
by excitating inhibitory interneurons [44, 53]. Evidence for a
transcallosal role in IHI comes in part from studies showing
that patients with agenesis of the CC display no IHI [35, 54]
and that children have no IHI and an immature CC [5]. With
this in mind, some authors have suggested that an intact and
fully myelinated CC is necessary for effective IHI, which is
also important to suppress activity in the contralateral M1
[28].

The relationship between a functional CC and IHI was
investigated in a study that combined TMS and diffusion ten-
sor imaging (DTI). A direct correlation was found between
fractional anisotropy (FA) of the CC, which represents the
coherence of diffusion of water molecules along the WM
tract, and the strength of IHI evaluated by Ferbert’s paired-
pulse TMS protocol [55]. Other studies have investigated
the link between IHI and measures of FA in the CC in
healthy humans [56] and patients with WM dysfunction
[57] and suggest that WM tract integrity can be used
as a predictor of IHI in healthy and diseased individuals
[55, 58]. These results confirm that proper myelination
of the CC is important since it enables rapid conduction
of nerve impulses and, at the same time, isolates axons
to prevent unwanted interference to enhance quality of
interhemispheric communication coursing through the CC
[5].

The CC appears to play an important role in the control
of unilateral movements and in preventing mirroring by
facilitating interactions to keep motor outputs contralateral
to intended movements [35, 53]. This is in line with studies
in monkeys, where species that do not display bimanual
skills do not possess direct transcallosal M1-M1 connections
[59], whereas in macaques, in whom M1-M1 connections are
found, skilled coordination abilities are seen [60]. Similarly,
in humans, studies with patients with an abnormal CC have
shown that it is crucial for fast and complex unilateral and
bilateral coordination, as well as for the ability to learn new
bimanual skills [61–63]. Other evidence for a crucial role of
the CC as part of the nonmirroring transformations network
comes from patients with schizophrenia. There is growing
evidence that the development of the CC is abnormal in
schizophrenia, leading to impaired transcallosal connectivity
of the two hemispheres [64]. This was confirmed using DTI
and MRI, in which structural abnormalities and reduced
volume of the CC were observed [65] for first-episode
patients as well as high-risk individuals [66]. It was suggested
that CC abnormalities could result in neurological soft signs
(NSSs) [67]. NSSs have a high prevalence in schizophrenia,
with 50–65% of patients being affected [68]. Individuals
with schizophrenia display higher levels of motor overflow in
the nonactive hand compared to controls [67]. The higher
incidence of mirroring activity in the nonactive hand of
schizophrenia patients was later associated with deficient
intracortical inhibition originating from the M1 ipsilateral
to the active hand [69], which in turn could be associated
with reduced IHI between the active and nonactive M1.
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With low IHI, each M1 shows a higher degree of excitation
expressed by lower intracortical inhibition, thus enhancing
the possibility that overflow occurs in the nonactive hand
[29, 69].

2.4. MM in Adults. If MM persist after the age of 10, they are
considered pathological. There are different genetic aetiolo-
gies that can explain the persistent presence of MM. They can
be seen in adults that do not have other motor abnormalities
and are then called congenital mirror movements (CMM)
[54, 70–73]. They can also be found in genetic syndromes
like Kallmann’s syndrome [74–76], Klippel-Feil syndrome
[77, 78], congenital hemiparesis [79, 80], and schizophrenia
[67, 81, 82]. MM can also reappear later in life in acquired
conditions like Parkinson’s disease (PD) [49, 83], stroke
[84, 85], and can be present in normal aging [43, 44, 86].

The neurophysiological hallmark of CMM is the presence
of an ipsilateral, fast-conducting corticospinal tract connect-
ing the contralateral M1 to the ipsilateral hand. Evidence
for this aberrant ipsilateral connection comes in part from
transcranial magnetic stimulation (TMS) studies where it
has been repeatedly shown that in individuals with CMM,
the ipsilateral motor evoked potential (MEP) elicited, while
at rest by a single TMS pulse over M1 has the exact same
latency as the contralateral MEP [72]. This rules out the
possibility that the involuntary mirror electromyographic
(EMG) response is the result of a transcallosal transfer of
excitability from the contralateral M1 to the ipsilateral M1
since such a transfer is expected to take about 8-9 ms [87].
Along the same lines, Lepage and collaborators [54] reported
the case of a patient with agenesis of the corpus callosum
(CC) showing ipsilateral and contralateral MEPs of the same
latency.

Some evidence suggests that a gene, the deleted in
colorectal carcinoma (DCC), may be responsible for CMM
[88–90]. The DCC gene stands for deleted in colorectal
cancer and is a receptor for netrin-1, which is a protein
necessary for axon guidance across the body’s midline [89–
91]. It seems that there is a genetic heterogeneity that causes
CMM since three different mutations on the DCC gene
have been reported to cause CMM in three different families
[90]. The role of the DCC gene has been confirmed by
the fact that “knocking out” the DCC gene or the ephrin
gene in a mouse results in movements being synchronized
in a mirror-like fashion [91, 92]. This suggests a possible
misdirected ipsilateral corticospinal projection occurring
when the CS tract crosses the midline, possibly explaining
the presence of MM in this population [89]. However, in
several other familial cases of CMM, no DCC mutations have
been identified, which led to the discovery of a novel gene
responsible for CMM [93]. It was found that a mutation on
the RAD51 gene could also lead to CMM. The RAD51 gene is
mostly present in the mouse cortex at a developmental stage
critical for the correct establishment of the corticospinal
tract (CST) [93]. These findings strongly suggest that CMM
reported in otherwise healthy adults are the result of specific
mutations that affect either the DCC or RAD51 genes
culminating in an aberrant ipsilateral CST.

2.5. MM in Pathological Conditions. MM are also seen in spe-
cific conditions. Kallmann’s syndrome (KS) is mainly charac-
terized by hypogonadotrophic, hypogonadism, and anosmia
[75]. However, only the X-linked form of KS is associated
with MM [74]. Mayston and collaborators [75] suggested
an abnormally developed ipsilateral tract as an explanation
for MM in KS, as MM exhibited by KS patients had the
exact same latency as the contralateral voluntary response.
Also, it was reported that mirror responses decreased in size
at the same time as the contralateral response if the TMS
coil was moved away from the maximum response region,
suggesting that the ipsilateral and contralateral corticospinal
(CS) axons projecting to both hands are connected to the
same M1 in both hemispheres. The pathological ipsilateral
tract in XKS is suggested to innervate bilateral motoneurons
of the distal upper limb muscles with a variable size effect
as measured by MM [76]. MM are also found in Klippel-
Feil syndrome (KFS), which is characterized by a short
neck, impaired cervical mobility, and low airline [77] and is
commonly associated with MM [78]. In these patients, the
MM are mainly observed in the distal upper limb muscle
[77]. An autopsy of a deceased patient with KFS revealed
the absence of pyramidal decussation of the CS tract [94].
The bilateral motor responses exhibited in KFS patients
show comparable properties to contralateral responses seen
in healthy controls [77]. In patients with MM in KFS
[77] and XKS [75], if they are performing unimanual
voluntary movements, it is possible to observe a short
duration central peak in the cross-correlograms obtained
from multiunit EMG activity recorded simultaneously from
both homologous muscles. This activity contrasts with
control subjects who only display a contralateral response,
thus adding weight to a possible abnormal corticospinal
branching of their motor cortex projection. MM may also
occur in patients with severe congenital hemiparesis [79, 80].
In this pathological condition, the unaffected motor cortex
has abnormal ipsilateral corticospinal fibers branching to
the paretic hand, thus resulting in MM. Interestingly, these
patients are, to some extent, capable of lateralized motor
activity [79]. This was reported in an experiment where
mirror hand activity was recorded with EMG, showing that
it was less activated than the hand performing the intended
contraction. It was thus suggested that a reorganization of the
CST in these patients results in separate pathways connecting
the unaffected motor cortex to both hands. It was shown
that an intended contraction of the paretic hand is followed
by an inhibition of the crossed CST to the good hand, as
seen with reduced MEPs in the mirror hand compared with
a rest condition [79]. This suggests that in patients with
hemiparesis, the unaffected motor cortex is able to inhibit
homologous motor representations [79].

2.6. The Case of Right Handedness. There is growing evi-
dence suggesting that manual preference in the use of
one hand could be explained by an asymmetry in IHI
[26]. For example, IHI from the dominant M1 towards
the nondominant M1 was compared with IHI from the
nondominant M1 towards the dominant M1, where it was
found that the former was deeper [95]. This was also
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shown by Duque and colleagues [26], who reported that
modulation of IHI with movements of the right and left
hands in right-handed healthy subjects was asymmetrical.
In the preparation of movement, the balance in IHI was
profound in both hemispheres, which could help restrict
MM during unilateral motor tasks. However, as movement
onset approached, an asymmetry began to appear, revealing
increased disinhibition of the contralateral M1 during right
hand movement compared with left hand movement. The
shift in IHI leading to higher excitation was only seen when
the right hand was performing the task, whereas IHI towards
the nondominant M1 remained deep. In the nondominant
M1, when the left hand was performing the task, there was
an almost constant IHI balance towards each hemisphere
[26]. This asymmetrical modulation of IHI with regards to
right and left hands movement could play an important
role in fine motor coordination of the dominant hand.
The release of inhibition from the nondominant hemisphere
to the dominant hemisphere executing a task with the
contralateral hand leads to enhanced excitation of the
dominant hemisphere while at the same time maintaining
a deep inhibition of the nondominant mirror hemisphere,
which restrains the occurrence of MM [96]. This important
excitatory gain could allow more refined movements by
the dominant hand through effective intracortical excitatory
connections of the dominant hemisphere with better control
over antagonistic and irrelevant representations [97].

It has been suggested that in order to counteract higher
IHI towards the nondominant M1 controlling the left hand
in right-handed subjects, the nondominant M1 has to recruit
more corticospinal neurons to accomplish comparable per-
formance to that of the right hand [98]. This has led to the
hypothesis that the increased mobilization of corticospinal
neurons required by the nondominant hand could express
itself in the form of interhemispheric facilitation towards the
ipsilateral, dominant M1 [26]. It could also be an adaptive
mechanism aimed at counteracting the higher levels of
inhibition targeting the right hemisphere. Since the right
M1 inhibits the left M1 at lesser levels, through IHI, when
the right M1 is active in a task, the left M1, which is
not fully inhibited, could maintain slight IHI towards the
right M1 forcing the right M1 to recruit more CS neurons
to perform as well as the right hand. There is evidence
for this asymmetry, as it was found that the ipsilateral
dominant cortex is more active during left hand movement
than the ipsilateral nondominant cortex during right hand
movements [6, 19]. It is thus possible that the left M1
activity that is seen during left hand movement results in
persistent IHI towards the nondominant active M1, leading
to poorer performance with the nondominant hand [26].
Along the same lines, increased MM in the right hand of
right-handed subjects might be a consequence of the left
M1 contribution during hand movements performed with
the nondominant hand [99]. Taken together, these data
may partly explain why the protocol used by Mayston and
collaborators [5] can induce mirror movements in healthy
participants more easily when the right hand maintains the
tonic, isometric contraction, while the left hand performs
brief movements. The tonic contraction of the dominant

right hand keeps the left M1 activated, which then leads to
greater IHI towards the right M1. This higher inhibition in
the right M1 could then result in even lower IHI towards
the dominant M1, which has greater excitability, as shown by
reduced intracortical inhibition [100]. This higher excitation
level in the dominant M1 makes it more vulnerable to the
excitation that is produced by bimanual movement, which
has to be inhibited [35]. However, since the dominant M1 is
overexcited, it results in slight motor overflow. This is more
easily achieved with the right hand because if the left hand is
tonically contracted, the right M1 produces less IHI towards
the left M1, which is then able to restrict motor overflow,
without expanding it to the contralateral hemisphere. At the
same time, IHI of the dominant M1 is also stronger, lowering
the activation of the contralateral M1, thus producing lower
motor overflow in the nondominant left hand [48]. However,
it should be noted that MM in the nondominant hand
using the Mayston protocol have also been reported [48].
It should be mentioned that IHI from the dominant to the
nondominant M1 is but one of the mechanisms that have
been proposed to explain hand dominance. For example,
there is evidence that enhanced efficiency of motor neurone
synchronization may be present in the arm preferentially
used by an individual [101]. It has also been suggested that
that a release of inhibitory input to the contralateral M1
from a more strongly activated right M1 may facilitate better
bimanual coordination [102].

3. Neuroanatomical Substrates

To perform unilateral movements, the brain relies on a
largely distributed network of motor cortical and subcortical
areas, which is called the nonmirroring network. The
understanding of this network and the mechanism involved
in restricting motor output to the contralateral muscle,
which requires the transformation of a default bilateral
MM to a lateralized unilateral movement, is starting to
emerge. Data from healthy humans, patients, and lesioned
monkeys support the view that this network relies on the
supplementary motor area (SMA) [103], the dorsal premotor
cortex (dPMC) [1], the ipsilteral M1 [26, 28], and the basal
ganglia [83].

3.1. Dorsal Premotor Cortex. Studies using positron emission
tomography have shown that right dorsal premotor cortex
activation is more important during out-of-phase bimanual
movements compared to in-phase movements, also known
as voluntary MM [104]. This points to a role for the dPMC
in the nonmirroring process since it is recruited more promi-
nently when asymmetrical movements are required com-
pared to voluntary mirroring. The functional importance
of the dPMC in the nonmirroring process was confirmed
by an rTMS study where stimulation was applied over
the right dPMC of healthy participants while performing
a unilateral contraction of the left hand. It was shown
that disruption of the right dPMC increased excitability of
the CS projections from the left M1 to the right mirror
hand. This was seen only if the left hand was performing a
voluntary contraction [1]. This suggests that the right dPMC
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plays a role in the nonmirroring network responsible to the
restriction of motor output in the right M1 when the left
hand is performing a unilateral manual task. This idea was
further supported by Giovannelli and colleagues [49], where
they showed that low-frequency rTMS of the right dPMC
enhances physiological mirroring in healthy adults. It should
be noted that in both of these studies, stimulation of dPMC
resulted in no overt MM, although slight motor overflow
was present in the mirror hand. This suggests that the
dPMC is part of a network of areas underlying nonmirroring
transformations [1] that contribute in restricting the motor
output to the hemisphere contralateral to the intended
movement [1, 49].

3.2. Supplementary Motor Area. There is evidence suggesting
a role for the supplementary motor area (SMA) in the
nonmirroring cortical network since unilateral ablation of
the SMA in monkeys produces long-lasting decreases in
bimanual coordination, with greater effect if the lesion is
located in SMA contralateral to the nondominant hand
[105]. Additional lesion evidence comes from the report of
a man who suffered an infarct to the right SMA and in which
mirror movements were seen when writing and performing
bimanual coordination tasks [103]. This suggested that the
SMA was part of the nonmirroring transformation of motor
programs which originated in the left hemisphere prior to
execution by the right M1 of left hand movement [103].
Similarly impaired motor control was seen in three patients
with unilateral ablation of the SMA to help control epilepsy,
in which alternating movements were impaired in the hand
needing reciprocal coordination [106]. Neuroimaging in
healthy humans has also revealed greater activation of the
SMA when bilateral, asymmetric movements are performed
compared with symmetric movements, similarly to what is
observed in dPMC [2, 104]. SMA involvement in nonmir-
roring transformations can also be seen anatomically since it
projects bilaterally to M1 via the CC and reaches the PMC
and the contralateral SMA [107]. In fact, M1 receives its
major ipsilateral projection from the SMA [108]. The role of
the SMA in motor control seems crucial since disturbances
in bimanual coordination that include MM may be present
in patients with SMA damage [103].

The idea that the nonmirroring program of motor
control relies on a large neural network involving the dPMC
and SMA is supported by studies using scalp movement-
related cortical potentials (MRCP). It seems that both
unilateral and bilateral voluntary movements are preceded
by a premovement EEG potential called the Bereitschaftspo-
tential (BP), which is a slow negativity, that is, bilaterally
distributed over extensive areas of the scalp and that occurs
approximatively two seconds before movement onset [109,
110]. With regards to hand movements, the main source of
this “early” BP is believed be located in the bilateral SMA
and lateral precentral gyrus [110], although some studies
have reported higher amplitudes over the contralateral SMA
[111]. This premovement activity suggests a role for the
SMA in the preparation of upcoming movement and its
bilateral presence, in addition to its connection to ipsilateral
and contralateral M1 [108], which makes the SMA a perfect

candidate for an integrative role in coordinating bimanual
movements [112]. Following the early BP, there is an increase
in its gradient approximatively 400 ms before movement
onset, which exhibits a markedly different scalp distribution
and is called Negative Slope (NS0) [113]. The NS0 originates
in M1 and PMC and shows precise somatotopy [110, 111],
and if it is bilaterally distributed during unilateral hand
movements, rather than being predominantly contralateral,
bilateral activation of M1 is present and may result in MM,
probably through the lack of transcallosal inhibition [110].
Following contralateral NS0 is the motor potential (MP),
which peaks concurrently with movement onset. The MP
is localized in a restricted area of the contralateral scalp
and is thought to reflect the activity of pyramidal tract
neurons taking place in the contralateral M1 [110]. These
findings are in agreement with the SMA playing a major
role in the preparation of movement, since it is activated
early during motor preparation and is bilaterally distributed.
This bilateral activation is followed by restricted contralateral
activations in PMC and M1, which in turn will give rise to
strictly unilateral movements.

3.3. Basal Ganglia. It has also been suggested that the
basal ganglia could play a substantial role in sequential
movements, in the timing movements, and in selecting
the muscles required for a motor task, as well as for the
execution of overlearned motor programs [114]. With this
in mind, it is not surprising that the SMA receives strong
indirect projections from the basal ganglia (GPi) via the
thalamus [115]. In PD, evidence points out to impaired
basal ganglia function through depleted substantia nigra
dopaminergic cells, leading to reduced motor control [116].
Interestingly, MM are one of the symptoms that can be
present in PD [83]. There is neurophysiological evidence
that MM in PD are the result of M1 activation ipsilaterally
to the intended movement rather than resulting from the
presence of an ipsilateral CS pathway [83]. Hence, it has
been hypothesized that MM in PD are the result of a
deficiency of the basal ganglia to support the cortical network
that is believed to underlie nonmirroring transformations
necessary for unilateral movements [49, 83]. Dysfunctional
basal ganglia should have a consequence on its output
towards the SMA, which is what is seen in PD, where
cerebral blood flow in SMA is reduced compared to healthy
individuals [117]. Further evidence that the SMA is impaired
in PD comes from the fact that the early BP is reduced [118].
An alternative explanation for the presence of MM in PD is
that abnormalities of the basal ganglia can lead to a loss of
cortical inhibition, which may produce excessive activation
in superfluous muscles when performing voluntary move-
ment [119]. Indeed, intracortical inhibition has been shown
to be reduced in untreated PD patients, reflecting abnormal
excitability of the motor pathway [120].

To perform lateralize unilateral movements, the brain
relies on a distributed network which seems to imply the
dPMC, the SMA, and the basal ganglia. The disruption of any
part of this network enhances the natural tendency towards
symmetrical bimanual movement. But only modest effects
are seen when disrupting parts of this network suggesting
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that none of these brains regions are solely responsible for
the nonmirroring process.

4. MM and Aging

MM are seen in healthy children up to the age of 10
years and probably reflect the fact that a fully matured
CC is associated with greater IHI, underlying the ability to
perform complex unilateral motor tasks [5]. As was seen
earlier, if MM continue after that age they are considered
abnormal and are usually the consequence of the presence
of an ipsilateral fast-conducting CS tract originating from
both M1s [4]. However, even in the absence of an aberrant
ipsilateral projection, an intact CC is needed to restrict
motor output in the hemisphere contralateral to an intended
movement. As such, if the CC is dysfunctional, for instance
in schizophrenia [65], motor abnormalities such as increased
motor overflow can be seen [67]. Even in healthy subjects
with an intact CC, physiological mirroring can be present,
especially when performing complex and fatiguing motor
tasks [35].

With increasing age, motor overflow also appears to
increase [43]. This could be linked to the fact that normal
aging is associated with numerous morphological changes
within the brain, including atrophy of grey and white matter
[121]. Neuroimaging studies have shown that in addition
to quantitative decreases in white matter, the quality of the
remaining WM is compromised in older adults [122]. In
otherwise healthy older individuals, there is a decrease in
the size and myelination of CC fibres, which is believed to
lead to abnormal transcallosal communication. In turn, this
would result in increased motor overflow to the hemisphere
ipsilateral to the intended movement and ultimately MM.
However, recent findings suggest that the naturally occurring
reduction of transcallosal pathways is related to a surprising
shift in the link between callosal integrity and IHI. Indeed,
it was found that older adults with greater callosal tract
integrity also displayed a reduction in IHI and a significantly
greater interhemispheric facilitation [123]. This is consistent
with the HAROLD model proposed by Cabeza [124] in
which it is suggested that age-related increases in bilateral
activation may be a compensatory mechanism to maintain
good functioning. There is evidence that the HAROLD
model may generalize to motor function [125]. This would
be consistent with the reported age-related amplification of
motor overflow in more demanding tasks in the elderly since
increasing the attentional demands of a given task is believed
to favor recruitment of bilateral areas. This in turn would
mean increased activity in the contralateral hemisphere
resulting in mirror activity in the ipsilateral, nonactive hand
[44]. It is therefore not surprising that normally occurring
recruitment of bilateral brain areas in a more demanding
task, as well as the consequent motor overflow observed in
healthy adults, seems to be enhanced with increasing age.
Furthermore, since transcallosal integrity in older adults
is associated with lower levels of IHI and a shift towards
interhemispheric facilitation, it could partly explain the
higher bilateral brain recruitment that is needed for the
elderly to maintain good functioning in demanding tasks,

but also as a consequence creating increased motor overflow.
Taken together, these data suggest that healthy older adults
benefit from interhemispheric cooperation between specific
brain areas, which is reflected in higher interhemispheric
facilitation, lower IHI, and greater overflow to the con-
tralateral motor cortex [123]. This also suggests an adaptive
mechanism since greater motor overflow in older adults is
associated with increased dexterity [43].
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Callosal axon projections are among the major long-range axonal projections in the mammalian brain. They are formed during
the prenatal and early postnatal periods in the mouse, and their development relies on both activity-independent and -dependent
mechanisms. In this paper, we review recent findings about the roles of neuronal activity in callosal axon projections. In addition
to the well-documented role of sensory-driven neuronal activity, recent studies using in utero electroporation demonstrated an
essential role of spontaneous neuronal activity generated in neonatal cortical circuits. Both presynaptic and postsynaptic neuronal
activities are critically involved in the axon development. Studies have begun to reveal intracellular signaling pathway which works
downstream of neuronal activity. We also review several distinct patterns of neuronal activity observed in the developing cerebral
cortex, which might play roles in activity-dependent circuit construction. Such neuronal activity during the neonatal period can
be disrupted by genetic factors, such as mutations in ion channels. It has been speculated that abnormal activity caused by such
factors may affect activity-dependent circuit construction, leading to some developmental disorders. We discuss a possibility that
genetic mutation in ion channels may impair callosal axon projections through an activity-dependent mechanism.

1. Introduction

For developmental neuroscientists, interhemispheric axons
(callosal axons) have been an excellent model to study how
long-range axonal projections develop in the brain. Callosal
axons form one of the major axonal tracts in the mammalian
brain, the corpus callosum, which visibly connects the
two cerebral hemispheres. In the past decades, detailed
anatomical and physiological studies in animal models
have improved our understanding of the organization and
development of callosal connections [1–8]. Recent genetic
studies have revealed molecular signals critical for the iden-
tity specification of callosal projection neurons [9–12] and
axon guidance during the midline crossing [13–27]. These
findings have been relevant for not only basic neuroscientists
but also clinical neuroscientists, because malformations such
as partial or complete agenesis of the corpus callosum are
associated with many human congenital disorders [18, 22].

In general, during formation of connections in the
developing brain, there is an early phase relying on activity

independent mechanisms (such as those involving axon
guidance molecules) and a later phase requiring neuronal
activity [28–33]. As for callosal connections, an important
role of neuronal activity in their formation is well established.
For example, in the visual cortex, sensory-driven neuronal
activity is crucial for the formation of callosal connections
[7, 34–37]. In addition, recent studies using mice as a model
have begun to reveal critical roles of neuronal activity spon-
taneously generated in neonatal cortical circuits [38–41].
Sophisticated in vivo Ca2+ imaging and multiunit recordings
have uncovered several distinct patterns of neuronal activity
occurring in neonatal mouse cortex during the periods when
callosal axon projections develop [42–50]. Interestingly,
some of the activities occurring in both hemispheres are
synchronized [47]. These new findings suggest that callosal
axon projections and connection formation are shaped
not only by sensory-driven neuronal activity but also by
spontaneous neuronal activity generated in the developing
cerebral cortex.
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Figure 1: Visualization of callosal axon projections and an effect of activity reduction. (a) An in utero electroporation-mediated gene transfer
method [38] was used to unilaterally express EGFP in layer 2/3 cortical neurons (electroporated side). EGFP-labeled callosal axons extend
through the corpus callosum, and project densely to a narrowly restricted region in the contralateral cortex (arrow). Scale bar, 500 μm.
(b) EGFP-labeled control callosal axons show lamina specific projection pattern. (c) Reduction of neuronal activity in callosal projection
neurons disturbs their axonal projections. Adapted from [38]. Scale bar, 200 μm.

In this paper, we focus on activity-dependent mechanism
of callosal projection formation. First, we review recent
findings about the role of spontaneous neuronal activity in
callosal axon projections. We then summarize the patterns of
neuronal activity observed in the developing cerebral cortex,
which might play a role in activity-dependent callosal axon
projections and cortical circuit formation in general. Finally,
we discuss a possibility that abnormal neuronal activity
caused by genetic mutations in ion channels might influence
activity-dependent phases of callosal axon projections, lead-
ing to some deficit in the structure/function of the corpus
callosum.

2. Activity-Dependent Development of Callosal
Axon Projections in the Mouse

Callosal axons are derived from cortical layer 2/3 and
5 neurons [51]. During development, they extend down
towards the white matter, turn medially towards the midline,
run in the white matter, cross the midline, extend through
the white matter of the contralateral cortex, locate their target
neocortical area for innervation, turn and make terminal
arbors and synapses in the correct cortical layers (Figure 1).
The formation of such long-range axonal projections could
rely on activity independent and activity-dependent mech-
anisms. To test if neuronal activity is required for callosal
axon projections, and, if it is, to determine which stage(s)
of axonal development is activity-dependent, we examined
the development of callosal axons in mouse visual cortex
under the condition where the activity of callosal projection
neurons was reduced [38]. We used a genetic technique of in
utero electroporation for labeling callosal axons with EGFP
while reducing the activity of callosal projection neurons
with a potassium channel Kir2.1, a genetic tool to reduce
neuronal activity [52, 53]. In control animals in which only
EGFP was electroporated unilaterally at embryonic day 15
(E15), EGFP was expressed in layer 2/3 cortical excitatory
neurons, and EGFP-labeled callosal axons extending from

the electroporated hemisphere to the other were observed
(Figure 1). In the visual cortex contralateral to the electropo-
rated side, EGFP-labeled callosal axons projected densely to a
narrowly restricted region at the border between the primary
and secondary visual cortex, in which they terminated mostly
in layers 1–3 and 5, and less in layers 4 and 6 (Figure 1(b)).
This region-and layer-specific pattern of projection is con-
sistent with the pattern observed in earlier studies using dye
tracers [5, 54]. When Kir2.1 was electroporated with EGFP
in layer 2/3 cortical excitatory neurons, their firing rate was
reduced [38] as expected from earlier studies [52, 53, 55].
The effect of Kir2.1 expression on callosal axon projections
was robust: terminal arborization of EGFP-labeled callosal
axons especially in layers 1–3 was dramatically reduced
(Figure 1(c)). In contrast, their midline crossing and exten-
sion to the target innervation area appeared unaffected.
These results suggest that early phases of callosal axon
development do not require neuronal activity, but that late
phases (e.g., growth of axons and their arbors within the
innervation area) are activity-dependent [38, 56].

Wang and colleagues took a similar approach to examine
the role of neuronal activity in callosal axon projections
in the somatosensory cortex [40]. Suppressing excitability
of callosal projection neurons by Kir2.1 expression reduces
arborization of callosal axons at the border region between
the primary and secondary somatosensory cortex, with some
aberrant projections radially and tangentially. In addition,
they used tetanus toxin light chain (TeNT-LC), a genetic
tool to block transmitter release from axon terminals, to
show that blocking synaptic transmission also affects callosal
axon projections. Interestingly, TeNT-LC expression causes
more severe effects on callosal axon projections than Kir2.1
expression: blocking synaptic transmission via TeNT-LC
expression produces a more pronounced reduction in the
projections to the target cortical layers, and the eventual loss
of callosal projections. These results suggest that neuronal
and synaptic activities are critically involved in callosal axon
projections in the somatosensory cortex.
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Figure 2: Effects of postsynaptic and presynaptic activity reduction on callosal axon projections. (a) The morphology of single callosal
axons in the normal condition at P15. ((b) and (c)) postsynaptic (b) and presynaptic (c) activity reduction impede growth and branching of
callosal axons. Scale bar, 200 μm. (d) An illustration showing the development of callosal axons in the mouse. Callosal axons reach the target
innervation area around P5, arrive in the target cortical layers at P7, start to branch at P9, and elaborate their arbors afterwards. The effect of
presynaptic activity reduction is apparent before axons reach the target cortical layers, but that of postsynaptic activity reduction is observed
after their arrival in the target layers. Adapted from [41].

Many studies have suggested that the formation of
connections requires both presynaptic and postsynaptic
neuronal activities [28, 29]. To test if postsynaptic neuronal
activity is required for callosal axon projections, we per-
formed more intricate electroporation experiments in which
one side of the cortex was electroporated with EGFP for
labeling single callosal axons while the other side was electro-
porated with Kir2.1 for postsynaptic neuron silencing [41].
We found that callosal axons under postsynaptic activity

reduction appeared normal until they contacted the puta-
tive postsynaptic neurons. However, callosal axons under
postsynaptic activity reduction remained less branched after
they reached the target cortical layers (Figure 2(b)). This
was in contrast with control callosal axons that showed
extensive branching (Figure 2(a)). These results suggest that
postsynaptic neuronal activity is required for arborization of
presynaptic axons after these axons contact the postsynaptic
neurons (Figure 2(d)). Axon arbor growth may be enhanced
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by synaptogenesis [57, 58]; an axon arbor making stable
synapses may grow further, while that making less stable
synapses may not be able to grow and eventually retract.
Formation and maturation of synapses require coordinated
presynaptic and postsynaptic activity [28, 29]. If either (or
both) were reduced, synapse formation would be suppressed,
which may lead to poor arborization of presynaptic axons.
This transsynaptic effect may be mediated by some retro-
grade signal(s) from postsynaptic neurons to presynaptic
axons. Possible candidates would be neurotrophins, which
are shown to act as retrograde messengers in mediating
activity-dependent strengthening of synaptic connections
[59–63].

We also found that the effect of presynaptic neuronal
activity reduction was apparent before axons reached the
target cortical layers (Figures 2(c) and 2(d)) [41]. This
result suggests that the activity of projection neurons them-
selves plays a role in axonal development before synapse
formation. How does activity of callosal projection neurons
regulate their own axonal development? Neuronal activity
may modulate cytoskeleton rearrangement in the growing
axons. Ohnami and colleagues have found that RhoA, a
member of Rho family small GTPases, acts as a positive
regulator for activity-dependent axon branching in cortical
neurons [64]. It is also shown that neuronal activity can
modulate the expression or function of some guidance
molecules expressed on growing axons, thereby regulating
axonal growth, pathfinding, fasciculation, and branching
[65–68].

What intracellular signaling mediates activity-dependent
axonal development? Kir2.1 overexpression in cortical neu-
rons hyperpolarizes their membrane potential and increases
the threshold for evoking action potentials, thereby inhibit-
ing the firing activity [38, 40, 52]. This reduction in
firing could attenuate intracellular Ca2+ signaling. It is
known that Ca2+ plays a critical role in the regulation
of neuronal morphogenesis including dendrite and axon
development [69–73]. There are many protein kinases and
phosphatases whose activities are regulated by Ca2+. Ageta-
Ishihara and colleagues showed that a member of the
Ca2+-dependent kinase family, Ca2+/calmodulin-dependent
protein kinase Iα (CaMKIα), plays a critical role in callosal
axon projections [74]. Using in vitro dissociated culture
system, they found that blocking expression or function
of CaMKIα specifically impaired axonal, but not dendritic,
growth of cortical neurons. They also found that activation
of GABAA receptors promoted axonal growth in a CaMKIα-
dependent manner. They further showed that in vivo RNAi
knockdown of CaMKIα in callosal projection neurons by
in utero electroporation disturbed their axonal projections.
It is known that the action of GABA is excitatory in the
neonatal period (until two weeks of age) [75]. Although it
was not shown whether GABA exerted its action on the cell
body and dendrites, or directly on the growing axons, their
results suggest that CaMKIα is critically involved in activity-
dependent callosal axon projections and that this activity is
at least in part mediated by excitatory action of GABA.

Many issues remain to be addressed. For example,
the work of Ageta-Ishihara and colleagues suggests that

CaMKIα is an important player which may work down-
stream of neuronal activity, but other possible candidates
(Ca2+-dependent and independent intracellular signaling
molecules) remain unexplored. In addition, these intracel-
lular signaling molecules would influence the regulation
of cytoskeletal proteins, thereby regulating growth and
branching of axons, but the precise molecular mechanism is
unknown. It is important to note that some of intracellular
signaling molecules might work both activity dependently
and independently: for example, they may be involved in
midline crossing of callosal axons under the control of some
guidance molecules and subsequently play a role in axon
arbor growth and branching under the control of neuronal
activity. If this is the case, intricate experiments such as
those using temporally controlled RNAi knockdown of target
molecule would be necessary.

Another important issue to be addressed would be the
possible relationship between the process of thalamocortical
projections and that of the formation of callosal connections.
In the visual cortex during the neonatal period, the activity
of cortical neurons is modulated by thalamocortical inputs,
which transmit activity from the periphery (spontaneously
generated massive neuronal activity in the retina, called reti-
nal waves) [50, 76]. Thalamocortical connectivity develops
until P8 in the mouse [77], several days before callosal
connectivity forms [38]. Is thalamocortical innervation a
prerequisite for callosal connections to establish? Does the
activity supplied by thalamocortical inputs play a role in
callosal connection formation? These are important not
only from a developmental point of view but also from a
functional view. Thalamocortical projections are arranged
in the cortex in a retinotopic manner, and each visual
callosal axon projects to a retinotopically matched region
within the visual cortex [78–81]. Olavarria et al. have
shown that eye removal during the neonatal period alters
retinotopically matched projection pattern of callosal axons
[54, 82], suggesting a possibility that retinotopic information
conveyed through the retino-thalamo-cortical pathway influ-
ences callosal connection formation. It would be interesting
to examine whether eliminating thalamocortical projections
(or suppressing activity of thalamocortical axons) also affects
retinotopically organized callosal projection pattern. In addi-
tion, whether callosal axons under activity reduction (such as
those shown in Figures 2(b) and 2(c)) show retinotopically
correct projection pattern or not would be an important
issue to be addressed in future.

3. Patterns of Neuronal Activity
Observed in Rat/Mouse Cerebral Cortex
during the Neonatal Period

Recent studies have revealed that several distinct patterns of
neuronal activity take place in the rat/mouse cortex during
the periods when callosal axon projections develop [42–
50, 83–85]. Some of them are asynchronous (i.e., neurons fire
action potentials individually), and others are network events
in which activities of many neurons are synchronized locally
or globally (called “cortical waves”). It is important to note
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that neurons in the sensory cortex can fire action potentials
without sensory inputs. In development, cortical neurons
differentiate to express a combination of ion channels, by
which they start to fire action potentials spontaneously.
They also start to receive synaptic inputs as cortical network
matures, which drive, boost and modulate firing activity
of the developing cortical neurons. This neuronal activity,
“spontaneously” generated in the developing neurons and
cortical network, has been thought to contribute to the for-
mation of connections in the cortex during the developmen-
tal period before sensory inputs come in [28, 32, 33, 45, 86].

Garaschuk and colleagues used Ca2+ imaging technique
to monitor neuronal activity in the developing cortical
circuits in a slice preparation [42], and later in the intact
brain [43, 49]. They found that spontaneous oscillatory
Ca2+ waves traveled across cortical slices taken from P1–
P4 rats and named them cortical early network oscillations
(cENOs). cENOs were typically observed once per 1–12
minutes, and many neurons (typically over 80% of the
neurons in the recorded area) participated in the wave.
cENOs were completely blocked by AMPA-and NMDA-type
glutamate receptor antagonists but not by GABA receptor
antagonists, suggesting that cENOs are driven by glutamater-
gic transmission. Later, by using a similar approach, Allène
and colleagues reported another synapse-driven network
pattern in neonatal cortical slices, named giant depolarizing
potentials (GDPs) [46]. GDPs are different from cENOs, in
that they are driven by GABAergic transmission, occur at a
higher frequency, recruit smaller number and more localized
population of neurons. In addition, GDPs emerge at later
stages in cortical development than cENOs (P5–9 for GDPs
versus P1–4 for cENOs). These differences may suggest that
cENOs and GDPs are involved in different aspects/phases of
cortical circuit formation. Ca2+ waves have been observed in
vivo rat/mouse cerebral cortex [43, 48–50], but these studies
did not determine whether they corresponded to cENOs or
GDPs.

Correlated Ca2+ activity mentioned above mostly reflects
neuronal firings [46]. Extracellular recordings have detected
similar network activities in neonatal rat/mouse cerebral
cortex [44, 47, 76, 87, 88]. Yang and colleagues reported
three distinct patterns of synchronized oscillatory activity
in neonatal rat cortex: spindle-bursts, gamma oscillations,
and long oscillations [47]. Spindle-bursts are neuronal burst
firings of 1-2 s in duration, ∼10 Hz in frequency, and
observed approximately every 10 s. Gamma oscillations are
neuronal activities at a frequency of 30–40 Hz, duration of
150–300 ms, and occur every 10–30 s. Spindle-bursts and
gamma oscillations do not propagate but synchronize a local
cortical network. In contrast, long oscillations propagate over
large cortical regions. They occur every 20 m, last >40 s,
and synchronize in the 10–20 Hz frequency range over 600–
800 μm. The precise relationship between the two types
of Ca2+ waves (cENOs and GDPs) and the three types of
electrical activities (spindle-bursts, gamma oscillations, and
long oscillations) is to be clarified.

All three types of electrical activity can be elicited by acti-
vation of the periphery. For example, in the somatosensory
cortex, tactile, or electrical stimulation of whiskers can

induce these network activities [47]. It has also been shown
that spontaneously generated correlated activity in the retina
(retinal waves) is transmitted to induce spindle-bursts in the
visual cortex [76]. However, blocking the peripheral inputs
can only reduce, but not eliminate, these network activities,
suggesting that the peripheral inputs are not the only
mechanism to trigger these activities [50, 76]. Spindle-bursts
are modulated by cholinergic inputs [89], and microcircuits
between cortical neurons and subplate neurons (a transient
population of neurons that resides in the neonatal cortical
white matter) play a critical role in the generation of spindle-
bursts [88, 90–92].

Interestingly, spindle-bursts and gamma oscillations are
sometimes synchronized between hemispheres [47]. In this
experiment, multielectrodes were inserted into both hemi-
spheres simultaneously, and network activity recorded in
each hemisphere was compared. The amount of interhemi-
spheric synchronization increases progressively from P0 to
P7, parallel to the development of callosal connections. It
is not clear whether this synchronization occurs via callosal
connections nor whether these activities can travel between
hemispheres though callosal axons; however, surgical tran-
section of the corpus callosum in neonatal rats modulates
the expression of spindle-bursts [87], suggesting an existence
of interhemispheric communication at this early stage. The
synchronized neuronal activities between hemispheres may
play a role in the formation and maturation of callosal
connections.

The activity of individual cortical neurons and cortical
network can be modulated by environmental factors. For
example, the emergence of cENOs and GDPs is influenced by
experimental conditions such as anoxia and aglycemia [46].
Some cortical network activity during neonatal periods is
shown to be influenced by the hormone oxytocin, which is
released by the mother during delivery [46, 93]. Alterations
in the activity of individual neurons and network caused by
these environmental factors may impede activity-dependent
circuit formation in the cortex, including callosal axon
projections.

The activity of cortical neurons and network can also
be modulated by genetic factors. For example, genetic
mutations in ion channels may affect excitability of neurons,
causing some diseases such as epilepsy. KCNQ2 is a type
of K+ channels crucial for the regulation of excitability in
cortical neurons, and its genetic mutations are responsible
for neonatal epilepsy (benign familial neonatal convulsions:
BFNC) [95–99]. All disease-causing mutations in KCNQ2
identified so far result in loss-of-function of channel activity
[100]. Transgenic expression of a dominant-negative KCNQ2
mutant channel in developing mouse cerebral cortex is
shown to induce spontaneous seizures [94]. Another study
shows that a mouse model of human KCNQ2 mutation for
BFNC exhibits early onset spontaneous seizures, reminiscent
of the phenotype in human patients [101]. In both studies,
reduced KCNQ2 channel activity resulted in abnormal cor-
tical activity as recorded by electroencephalogram (EEG) or
electrocorticogram (ECoG). Dysfunction of KCNQ2 during
the first postnatal week induces morphological changes
in the hippocampus [94], implying that repeated seizures
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Figure 3: Effects of expression of several ion channels on callosal axon projections. (a) Expression of a dominant-negative KCNQ2 K+

channel [94] does not influence callosal axon development. (b) A disease-causing, dominant-negative Kir2.1 mutant does not impair callosal
axon projections. (c) Expression of a gain-of-function Kir2.1 mutant in callosal projection neurons impedes their axonal projections. Scale
bar, 200 μm. Adapted from [38].

during the neonatal period have adverse effects on cortical
circuit formation [102, 103].

4. Do Mutations in Ion Channels
Affect Activity-Dependent Callosal
Connection Formation?

To test the idea that activity-dependent callosal axon projec-
tions may be affected by mutations in ion channels, we exam-
ined the effect of expression of a dominant-negative KCNQ2
mutant channel on callosal axon projections. As shown
in Figure 3(a), we observed no apparent defects in overall
projection pattern of callosal axons. We also examined
the effect of expression of several disease-causing mutant
Kir2.1 channels on callosal axon projections [38]. Kir2.1 is
expressed in cardiac myocytes as well as cortical neurons, and
its genetic mutations are responsible for Andersen syndrome,
a disease associated with periodic skeletal muscle paralysis
and cardiac arrhythmia [104, 105]. Most of these mutations
result in loss-of-function with dominant-negative suppres-
sion of channel activity [105, 106]. Because reduced Kir2.1
channel activity causes severe manifestations in skeletal and
cardiac muscle, we wondered if it might also affect circuit
formation in the cerebral cortex. No apparent defects were
observed in the development and axonal projection pattern
of callosal neurons expressing disease-causing, dominant-
negative Kir2.1 mutants [38] (Figure 3(b)). However, we
found that a gain-of-function mutation in Kir2.1 (V93I),
associated with familial atrial fibrillation (a cardiac disease
characterized by rapid and irregular activation of the atrium)
[107] caused severe defects in callosal axon projections [38]
(Figure 3(c)). It has not been reported that patients with
this Kir2.1 mutation have brain phenotypes [107]. However,
there are some cases where a single mutation in an ion
channel expressed in both heart and brain (e.g., KCNH2 and
KCNQ1) can cause abnormalities in both tissues (cardiac and
neural channelopathy) [108–110]. Kir2.1 is expressed in both
cardiac myocytes and cortical neurons, and enhanced Kir2.1
activity can have deleterious effects on callosal connection
formation. It is therefore possible that anatomical and

functional assessment may reveal some abnormality in the
structure and/or function of the corpus callosum in patients
with the Kir2.1 gain-of-function mutation.

5. Concluding Remarks

Callosal connections mediate interhemispheric communi-
cation. They serve to integrate and coordinate information
between hemispheres, thus involved in higher cognitive func-
tions. Malformations such as partial or complete agenesis
of the corpus callosum are associated with many human
congenital disorders [18, 111], and significant reductions
in its size are frequently reported in patients with certain
psychiatric and developmental disorders [112–117]. It is
important to identify factors affecting function, structure,
and development of the corpus callosum.

During development of callosal connections, both activ-
ity independent and dependent mechanisms are involved.
Many genetic factors responsible for the activity independent
processes have been reported [18], but “activity-dependent
factors” have not been identified.

Recent advancements in electrophysiological and Ca2+

imaging techniques have enabled us to monitor neuronal
activity in neonatal cerebral cortical circuits. These new
techniques will be useful to examine how cortical activities
are modulated by genetic and environmental factors. Hypo-
or hyperactivity in neonatal cortical circuits caused by these
factors may induce abnormality in the cortical architec-
ture including the corpus callosum. In addition, genetic
techniques such as in utero electroporation will allow us
to identify molecular signals critical for activity-dependent
callosal axon projections. Future work would link the
factors that disturb activity-dependent callosal connection
formation, with those that influence the patterns of neuronal
activity in the developing cortex.

Acknowledgments

This work was supported by Research Grants from the Min-
istry of Education, Culture, Sports, Science, and Technology



Neural Plasticity 7

(MEXT) of Japan (21700350 and 23500388 to Yoshiaki
Tagawa), Grant-in-Aid for Scientific Research on Innovative
Areas “Neural Diversity and Neocortical Organization” from
MEXT (23123508 to Yoshiaki Tagawa).

References

[1] D. Hubel and T. Wiesel, “Cortical and callosal connections
concerned with the vertical meridian of visual fields in the
cat,” Journal of Neurophysiology, vol. 30, no. 6, pp. 1561–1573,
1967.

[2] C. J. Shatz, “Anatomy of interhemispheric connections in the
visual system of Boston Siamese and ordinary cats,” Journal
of Comparative Neurology, vol. 173, no. 3, pp. 497–518, 1977.

[3] D. van Essen, W. Newsome, and J. Bixby, “The pattern
of interhemispheric connections and its relationship to
extrastriate visual areas in the macaque monkey,” Journal of
Neuroscience, vol. 2, no. 3, pp. 265–283, 1982.

[4] C. Blakemore, Y. Diao, M. Pu, Y. Wang, and Y. Xiao, “Possible
functions of the interhemispheric connexions between visual
cortical areas in the cat,” Journal of Physiology, vol. 337, pp.
331–349, 1983.

[5] J. Olavarria and V. M. Montero, “Relation of callosal and
striate-extrastriate cortical connections in the rat: morpho-
logical definition of extrastriate visual areas,” Experimental
Brain Research, vol. 54, no. 2, pp. 240–252, 1984.

[6] G. M. Innocenti, S. Clarke, and R. Kraftsik, “Intercharge of
callosal and association projections in the developing visual
cortex,” Journal of Neuroscience, vol. 6, no. 5, pp. 1384–1409,
1986.

[7] G. M. Innocenti and D. J. Price, “Exuberance in the develop-
ment of cortical networks,” Nature Reviews Neuroscience, vol.
6, no. 12, pp. 955–965, 2005.

[8] M. Pietrasanta, L. Restani, and M. Caleo, “The corpus
callosum and the visual cortex: plasticity is a game for two,”
Neural Plasticity, vol. 2012, Article ID 838672, 2012.

[9] M. Nieto, E. S. Monuki, H. Tang et al., “Expression of Cux-1
and Cux-2 in the subventricular zone and upper layers II-IV
of the cerebral cortex,” Journal of Comparative Neurology, vol.
479, no. 2, pp. 168–180, 2004.

[10] E. A. Alcamo, L. Chirivella, M. Dautzenberg et al., “Satb2 reg-
ulates callosal projection neuron identity in the developing
cerebral cortex,” Neuron, vol. 57, no. 3, pp. 364–377, 2008.

[11] O. Britanova, C. de Juan Romero, A. Cheung et al., “Satb2 Is
a postmitotic determinant for upper-layer neuron specifica-
tion in the neocortex,” Neuron, vol. 57, no. 3, pp. 378–392,
2008.

[12] R. M. Fame, J. L. Macdonald, and J. D. Macklis, “Devel-
opment, specification, and diversity of callosal projection
neurons,” Trends in Neurosciences, vol. 34, no. 1, pp. 41–50,
2011.

[13] 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.

[14] A. Fazeli, S. L. Dickinson, M. L. Hermiston et al., “Phenotype
of mice lacking functional deleted in colorectal cancer (Dcc)
gene,” Nature, vol. 386, no. 6627, pp. 796–804, 1997.

[15] A. Bagri, O. Marı́n, 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.

[16] Z. Hu, X. Yue, G. Shi et al., “corpus callosum deficiency in
transgenic mice expressing a truncated ephrin-A receptor,”
Journal of Neuroscience, vol. 23, no. 34, pp. 10963–10970,
2003.

[17] T. Shu, V. Sundaresan, M. M. Mccarthy, and L. J. Richards,
“Slit2 guides both precrossing and postcrossing callosal axons
at the midline in vivo,” Journal of Neuroscience, vol. 23, no. 22,
pp. 8176–8184, 2003.

[18] L. J. Richards, C. Plachez, and T. Ren, “Mechanisms regulat-
ing the development of the corpus callosum and its agenesis
in mouse and human,” Clinical Genetics, vol. 66, no. 4, pp.
276–289, 2004.

[19] 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.

[20] T. R. Keeble, M. M. Halford, C. Seaman et al., “The Wnt
receptor Ryk is required for Wnt5a-mediated axon guidance
on the contralateral side of the corpus callosum,” Journal of
Neuroscience, vol. 26, no. 21, pp. 5840–5848, 2006.

[21] 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.

[22] 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.

[23] T. Ren, J. Zhang, C. Plachez, S. Mori, and L. J. Richards,
“Diffusion tensor magnetic resonance imaging and tract-
tracing analysis of probst bundle structure in netrin1- and
DCC-deficient mice,” Journal of Neuroscience, vol. 27, no. 39,
pp. 10345–10349, 2007.
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Callosal connections form elaborate patterns that bear close association with striate and extrastriate visual areas. Although it
is known that retinal input is required for normal callosal development, there is little information regarding the period during
which the retina is critically needed and whether this period correlates with the same developmental stage across species. Here we
review the timing of this critical period, identified in rodents and ferrets by the effects that timed enucleations have on mature
callosal connections, and compare it to other developmental milestones in these species. Subsequently, we compare these events
to diffusion tensor imaging (DTI) measurements of water diffusion anisotropy within developing cerebral cortex. We observed
that the relationship between the timing of the critical period and the DTI-characterized developmental trajectory is strikingly
similar in rodents and ferrets, which opens the possibility of using cortical DTI trajectories for predicting the critical period in
species, such as humans, in which this period likely occurs prenatally. Last, we discuss the potential of utilizing DTI to distinguish
normal from abnormal cerebral cortical development, both within the context of aberrant connectivity induced by early retinal
deafferentation, and more generally as a potential tool for detecting abnormalities associated with neurodevelopmental disorders.

1. Introduction

The establishment of organized patterns of corticocortical
connections in sensory systems depends on mechanisms
regulating many temporal and spatial aspects of pathway
development, including the timing of axon arrival and
invasion of gray matter, arborization of axon terminals and
dendrites, radial and tangential distribution of neuronal
elements, and topographical organization of intrinsic and
extrinsic projections. In the visual system, the role that the
eyes have on the development of central visual pathways has
been studied in anophthalmic animals as well as through

various experimental manipulations of visual input, includ-
ing the removal of retinal afferents through enucleation,
dark rearing and visual deprivation following eyelid suture.
These previous studies show that that abnormal visual
input induces anomalies in both interhemispheric (e.g.,
reviewed in [1–4]) and intrahemispheric (see references
in [5]) pathways. However, these studies also show that
visual corticocortical pathways nevertheless develop under
the influence of abnormal visual input or in the absence
of retinal input, and that, although highly anomalous, they
often resemble their normal counterparts in a number of
ways. Together, these observations indicate that development
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of corticocortical circuits depends on the timely interaction
between central and peripheral mechanisms. Compared with
other approaches for manipulating visual input, enucleation
has the advantage that it can be performed long before
the eyes open, which facilitates the study of the role of
retinal input before the onset of visual experience. In many
studies of the effect of enucleation on the development of
corticocortical projections, the interhemispheric connection
through the corpus callosum has often been the system of
choice because the overall distribution of callosal connec-
tions in one hemisphere can be readily revealed following
multiple injections of anatomical tracers into the opposite
hemisphere. Moreover, the distribution of callosal cells and
axonal terminations form distinct patterns that extend over
broad cortical regions and are consistent among individuals
of the same species.

At what developmental stage is input from the retina
critically needed for normal development of corticocortical
connections? And, does this critical period correlate with
the same stage of brain development in different species?
Here we address these questions focusing on the influences
the eyes exert on the development of interhemispheric
callosal connections in visual cortex and on the size of
visual areas. Additionally, we review some recent work
in which diffusion tensor imaging (DTI) has been used
to directly characterize neuron morphology in developing
cerebral cortical gray matter. This approach has potential
for predicting the critical period for the effect of retinal
deafferentation on the patterns of visual callosal connections
in different species, including humans, and for detecting
and monitoring abnormal morphological development of
the cerebral cortex.

2. Retinal Input Is Required during a Brief
Neonatal Critical Period in Rodents

Studies in anophthalmic rats and mice [19–21] have shown
that the mature distributions of both intrahemispheric
striate-extrastriate and interhemispheric visual callosal con-
nections are abnormal in these animals, indicating that
the eyes play an important role in the specification of
corticocortical pathways. To examine in more detail the role
that the eyes have in the development of visual callosal
pathways, Olavarria et al. [6] analyzed the effect of binocular
or monocular enucleation performed at postnatal day 0
(P0, within 24 h of birth) on the overall callosal pattern.
The effects of binocular (BEP0) and monocular (MEP0)
enucleation at birth in the rat are illustrated in Figure 1. In
these experiments, the overall callosal patterns in one hemi-
sphere were demonstrated following multiple intracortical
injections of the anatomical tracer horseradish peroxidase
(HRP) in the other hemisphere. This tracer is transported
both anterogradely and retrogradely. Areas containing dense
accumulations of callosal cells and axon terminations appear
black, and the segmented lines indicate the border of area
17 (striate cortex, primary visual cortex, V1). Figure 1(A)
illustrates that in normal rats, callosal cells and terminations
form homogeneously labeled bands at the 17/18a border and

at the lateral border of area 18a. In addition, several narrow
bands of callosal connections bridge the width of area 18a at
several rostrocaudal levels. Figure 1(B) shows that binocular
enucleation at birth increases the relative width of the
callosal band at the 17/18a border and causes the appearance
of discrete regions of reduced labeling within the 17/18a
callosal band (white arrows in Figure 1(B)) and several
densely labeled tongue-like regions that extend medially
from this band well into area 17 (black arrow in Figure 1(B)).
Moreover, these anomalous features are highly variable
across animals [6]. In rats monocularly enucleated at birth,
the most prominent anomaly develops in the hemisphere
ipsilateral to the remaining eye, where an abnormal, dense
band of callosal connections runs rostrocaudally through
the center of area 17 (arrow in Figure 1(C)). Periodic
fluctuations in the density of labeling along the length of
this extra band give it a beaded appearance. The results from
experiments using HRP, showing that enucleation induces
abnormalities in both the distribution of cell bodies as well as
axon terminations, are in agreement with experiments using
tracers that are primarily transported either anterogradely
or retrogradely [5, 22]. Possible mechanisms leading to
distinctly different anomalies of the callosal pattern in
binocularly versus monocularly enucleated rodents have
been discussed previously [6, 23].

To establish the age at which eye removal ceases to
alter the normal course of callosal development, Olavarria
et al. [6] delayed the onset of blindness. These experiments
showed that development of normal visual callosal patterns
requires retinal input during a brief time window extending
from postnatal day 4 (P4) to P6 [5, 6]. Indeed, even though
the callosal pathway is very immature at P6 [24], removal of
the eyes at this age or later does not prevent the development
of normal callosal patterns. In contrast, removal of the eyes at
P4 or earlier results in patterns that are strikingly abnormal
in both their overall distributions [6], as well as in the
topographic arrangement of point-to-point callosal linkages
[5]. Moreover, virtually the same abnormalities observed in
animals enucleated at P4 are also present in animals enucle-
ated at birth, or even in anophthalmic rats [20]. The fact that
enucleations at P4 produce results equivalent to enucleations
prior to P4 indicates that the eyes do not exert a significant
influence on the development of corticocortical connections
prior to P4. Therefore, the critical period during which
retinal input specifies the overall distribution and point-to-
point topography of visual callosal connections occurs in
the range from P4 to P6 in rats. A critical period extending
from P4 to P6 has also been described for the visual callosal
connections in the mouse [5], and a recent study in the rat
showed that intrahemispheric striate-extrastriate projections
also become immune to the effect of enucleation by P6 [25].
The mechanisms by which retinal input specifies the patterns
of corticocortical connections during this critical period
are not known at present, but they may involve activity-
dependent, as well as chemical cues [5, 6, 25].

The term critical period used here refers to a well-
defined developmental stage during which the presence of a
specific factor (in this case the retinae) is critically required
(hence critical period) for development to proceed normally
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Figure 1: Effect of binocular or monocular enucleation at birth on the pattern of rat visual callosal connections. Callosal patterns in the
right hemisphere were revealed following multiple intracortical injections of HRP into the left hemisphere. Images were taken from tangential
sections cut through supragranular layers of the flattened cerebral cortex. Dark areas show the distribution of labeled callosal cells and axon
terminations. Segmented lines indicate the border of area 17 determined from adjacent sections stained to reveal myeloarchitectonic patterns.
Lateral is right, posterior is down. (A) Callosal pattern in normally reared adult rats. Callosal cells and terminations form homogeneously
labeled bands at the 17/18a border and at the lateral border of area 18a, and several narrow bands of callosal connections bridge the width
of area 18a at several rostrocaudal levels. (B) Binocular enucleation increases the relative width of the callosal band at the 17/18a border
and causes the appearance of discrete regions of reduced labeling within the 17/18a callosal band (white arrows) and several densely labeled
tongue-like regions that extend medially from this band well into area 17 (black arrow). (C) In rats monocularly enucleated at birth, the most
prominent anomaly develops in the hemisphere ipsilateral to the remaining eye, where an anomalous, dense band of callosal connections
runs rostrocaudally through the center of area 17 (arrow). Periodic fluctuations in the density of labeling along the length of this extra band
give it a beaded appearance. SmI = Somatosensory cortex. Scale bars = 1.0 mm. Adapted from Olavarria et al. [6].

[26]. These critical periods typically occur at early stages of
development and have been described in various systems
at different levels of the neuroaxis (see, e.g., [27]). It is
important to note that these critical periods differ from
periods occurring later in life, during which functional and
anatomical changes reflect changes in sensory experience
that do not necessarily require end organ damage [26]. For
example, in rat visual cortex, vision deprivation experiments
have demonstrated a period of ocular dominance plasticity
that extends approximately from P18 to well into the
second month of life [28]. Unfortunately, as pointed out by
Erzurumlu and Killackey [26], the term critical period (as
well as the term sensitive period) has been used to refer to
multiple temporally and mechanistically distinct phases of
development (see, e.g., [29]).

3. Need for Information about the Critical
Period in Other Species

The previous studies in rodents described above show that
lack of retinal input during a brief critical period induces
permanent alterations in the overall distribution and topog-
raphy of visual intra- and interhemispheric corticocortical
pathways. Thus, the period identified by delaying enucleation
represents a unique developmental stage during which reti-
nal input is critically needed for specifying the normal layout
and topography of corticocortical connections. Mapping out

this critical period is therefore important for identifying the
retinally driven mechanisms that operate at this develop-
mental stage, and for investigating how they lay down the
blueprints for normal maps of corticocortical connectivity.
However, while early enucleation has been shown to affect
the development of corticocortical connections in several
other species, including monkeys [30, 31], cats [9, 32],
hamsters [23, 33, 34], and opossum [35], there is little or
no information about the beginning and end of the critical
period in these or other species. This may be in part because
in many species, the critical period for the effect of retinal
input on the distribution and topography of corticocortical
connections likely ends during gestation, making the experi-
mental mapping of the critical period difficult.

Due to the lack of comparative data about the timing
of the critical period, a question that remains unanswered
is whether the critical period correlates with the same stage
of central visual development in different species. This
question is important because the finding that the critical
period correlates with a specific developmental stage across
species would suggest that the eyes guide the development of
corticocortical connections through a similar mechanism in
all species. Moreover, this finding would facilitate predicting
the critical period in species in which this period occurs
prenatally, as is likely the case in humans, as well as
interpreting previous observations in other species that seem
to deviate from expected outcomes. For instance, the effects
of bilateral enucleation at birth on callosal connections are
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significantly less severe in cats [9, 32, 36] than in rats [6,
37] and ferrets [8]. Since cats are born at more advanced
stages of development compared to rodents and ferrets, these
observations raise that possibility that the critical period
during which retinal influences specify the pattern of callosal
connections ends prenatally in the cat [8].

4. Effects of Neonatal Retinal Deafferentation
on the Callosal Pattern in the Ferret,
and Comparison with the Effects in the Cat

To address the lack of information about the critical period
in carnivores, we studied the effect of neonatal enucleation
on the callosal pattern in the ferret [8] taking advantage
of the fact that these animals are born at relatively early
stages of central nervous system (CNS) development [38].
We characterized the abnormalities induced by neonatal
enucleation on the distribution and number of callosal cells
in striate and extrastriate cortex and explored the period
during which the presence of the eyes is required for the
normal development of the visual callosal pattern in this
species. The callosal patterns in normal adult ferrets were
compared to those in adult ferrets that had been enucleated
at P7 or P20, ages that approximately correspond to a period
spanning from P2.2 to P8 in the rat [14, 15]. Following
multiple intracortical injections of horseradish peroxidase
(HRP) into one hemisphere, patterns of callosal connections
were studied in tangential sections cut through striate and
extrastriate cortex of the unfolded and flattened contralateral
hemisphere [8]. The locations of visual areas described
in previous physiological studies were estimated from the
relation of these areas to gyral and sulcal landmarks [39,
40]. In Figure 2(a), the location of visual areas, as well as
somatosensory and auditory areas, are indicated in the intact
ferret brain, while in Figure 2(b), the borders of visual (fine
dotted lines) areas have been drawn across gyri (in gray)
and sulci (in white) on the unfolded and flattened cortical
mantle. Corresponding information for the cat is shown on
Figures 2(c) and 2(d) for comparison [9].

The overall callosal pattern in normal ferrets
(Figure 3(a)) bears some resemblance to that reconstructed
in cats from tangential sections cut through the unfolded
and flattened cortex (Figure 3(d)) [9], particularly in those
callosal features associated with visual areas identified as
areas 17,18, 19, and 20 in both species [40–42]. In ferrets
(Figure 3(a); see also [39]), as in cats (Figure 3(d)), two
parallel bands of callosal connections can be identified, one
straddling the border between areas 17 and 18, and the other
located at the lateral border of area 19. These bands and a
series of bridge-like bands or patches extending between
them at different anteroposterior locations separate several
acallosal areas (marked with black stars in Figures 3(a), and
3(d)). The callosal bands correspond with representations
of central visual fields in both species [40, 43], while the
acallosal islands correspond to areas representing peripheral
visual fields in areas 18 and 19 in both cats [44] and ferrets
[40]. The callosal-free zone we observed on the suprasylvian
gyrus in all control ferrets (marked with black asterisks in

Figure 3(a)) may be homologous with an area devoid of
callosal connections on the suprasylvian gyrus of normal
cats [9]. In the ferret, this area seems to be shared by several
visual areas mapped recently, including middle portions of
areas 21, and lateral portions of areas PPc and PPr [45].
Further laterally, in the suprasylvian sulcus, several patches of
callosal labeling are observed in both normal ferrets and cats,
which appear to correspond to areas of central visual field
representation within the lateral suprasylvian visual areas of
the cat [46], and within visual area SSY of the ferret [47, 48].

5. Enucleation at P7, but Not at P20,
Induces Highly Anomalous Patterns of
Callosal Connections in Ferrets

Enucleation at P7 induces marked anomalies in the distri-
bution of callosal connections in the ferret [8]. In area 17,
the distribution of labeled callosal cells is relatively sparse
as in control ferrets (Figure 3(b)). However, observations at
higher magnification show that, unlike in control ferrets,
callosal neurons are not restricted to regions near the anterior
border of area 17, but are also observed in broader regions of
this area. It is possible that the more widespread distribution
of callosal cells in area 17 of BEP7 ferrets derives from
an exuberant distribution present at early stages of normal
development, as reported in other species (e.g., [6]). Testing
this possibility will require performing tracer injection
experiments in area 17 of immature ferrets. In extrastriate
cortex, the callosal pattern in BEP7 ferrets consists of patches
of labeled cells and axon terminations that are smaller and
more numerous than in controls, and they often occupy
regions that are relatively free of callosal labeling in control
animals (cf. Figures 3(a) and 3(b)). Several features that
are readily seen in all control ferrets are therefore either
absent or difficult to recognize in BEP7 ferrets, including
the string of callosal patches located in area 18 close to the
area 17 border (indicated by arrows in Figure 3(a)), as well
as the acallosal areas that are consistently present in areas
18 and 19 of control ferrets (marked with black stars in
Figure 3(a)). However, other features of the callosal pattern
in control ferrets are recognizable in BEP7 ferrets, such as the
acallosal area on the suprasylvian gyrus (marked with black
asterisks in Figures 3(a), and 3(b)), although this acallosal
area appears somewhat smaller in BEP7 ferrets. Based on
previous physiological subdivisions of ferret visual cortex
[40, 49], these data indicate that regions showing abnormal
patterns of callosal connectivity encompassed many visual
areas, including areas 18, 19, and 21.

In sharp contrast to observations in BEP7 ferrets, by
P20 the development of callosal connections is no longer
susceptible to disruption of visual input by binocular enu-
cleation. Indeed, the callosal patterns in ferrets enucleated
at P20 are virtually indistinguishable from those in control
ferrets (cf. Figures 3(a) and 3(c)). These results indicate that
the development of the overall pattern of callosal connections
depends critically on retinal influences within the time range
extending from P7 to P20. Supporting the impression that
callosal connections in BEP7 ferrets tend to fill in spaces that
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Figure 2: Comparing the arrangements of gyri, sulci, and visual areas in the unfolded and flattened cortex of ferrets and cats. Posterior is left,
dorsal is up. (a) Intact right hemisphere of ferret brain showing the location of gyri, sulci and various cortical areas. Dashed lines indicate
cuts made to separate the posterior block that was unfolded and flattened. (b) Diagram showing an unfolded and flattened ferret cortex.
Curved arrows indicate further cuts made to fully flatten the cortex. Dashed lines indicate fundi of sulci, gray areas indicate the surface of
gyri, large dotted line indicates the outline of V1, and lines made of small dots indicate the borders of other visual areas. These landmarks
and lines are useful for correlating features of the callosal pattern to the patterns of gyri, sulci, and visual areas (see Figures 3(a), 3(b), and
3(c)). A: auditory cortex; as: ansate sulcus; ls: lateral sulcus; PPc: posterior parietal caudal; PPr: posterior parietal rostral; pss: pseudosylvian
sulcus; S: somatosensory cortex; spl: splenial sulcus; sss: suprasylvian sulcus; SSY: suprasylvian visual area. (c) Schematic diagram of intact
right hemisphere of cat brain showing location of various visual areas. Dashed line indicates lateral border of area 17. (d) Diagram showing
an unfolded and flattened cat cortex. Curved arrows indicate cuts made to fully flatten the cortex. Dark and light areas correspond to gyri
and sulci, respectively. Fine dashed lines indicate the lateral borders of areas 17 and 18. The heavy dashed line indicates the approximate
location of several visual areas, including areas 18, 19, 20, 21, and suprasylvian areas. These lines are also useful for relating features of the
callosal patterns to visual areas (see Figures 3(d), 3(e), and 3(f)). Unfolding and flattening the cortex of ferrets and cats were performed as
described previously [7]. A: auditory cortex; S: somatosensory cortex; spl: splenial; lat: lateral; cru: cruciate; ssyl: suprasylvian. Scale bars =
1.0 cm. Adapted from Bock et al. [8]; Olavarria and Van Sluyters [9].

are callosal free in controls, the percentage of extrastriate
visual cortex occupied by callosal connections is signifi-
cantly increased in BEP7 ferrets compared with controls.
In contrast, no significant differences in this percentage are
observed in BEP20 ferrets compared with controls, support-
ing the observation that the callosal pattern in BEP20 ferrets
(Figure 3(c)) closely resembles that in controls (Figure 3(a)).

Moreover, within the extrastriate visual region analyzed, the
average number of cells per histological section is not signifi-
cantly different among control, BEP7, and BEP20 ferrets [8].

Interestingly, in cats, the effects of enucleation at birth
(BEP0, Figure 3(e)) resemble those observed in BEP20 ferrets
in that enucleation fails to induce significant changes in
the overall pattern of callosal connections in both striate
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Figure 3: Effects of enucleation on the visual callosal patterns in ferrets and cats. Callosal patterns were revealed on the right hemisphere
following multiple intracortical injections of HRP into the left hemisphere. Callosal patterns were reconstructed from several tangential
sections cut through the unfolded and flattened cortex (see Figure 2). Posterior is left, dorsal is up. (a, b, c) Visual callosal pattern in normal
(a), bilaterally enucleated at postnatal day 7 (BEP7) (b), and bilaterally enucleated at postnatal day 20 (BEP20) (c) ferrets. Dark areas
correspond to callosal cell bodies and axonal terminations labeled with HRP reaction product. Dashed lines indicate fundi of sulci. Black
stars on the lateral gyrus in (a) and (c) indicate acallosal regions common to all control and BEP20 ferrets. Asterisks on the suprasylvian
gyrus indicate acallosal regions common to all control, BEP7, and BEP20 ferrets; black arrows indicate string of callosal patches located
in area 18 in control (a) and BEP20 (c) ferrets. Black X’s within white circles in (a, b, c) indicate regions of artifactual labeling. (d, e, f)
Visual callosal patterns in normal (d), bilaterally enucleated at birth (BEP0) (e), and monocularly enucleated at birth (MEP0) (f) cats. Black
regions indicate areas in which the density of labeled cells was highest while dark and light stippling represent areas of decreasing density.
Dots represent single labeled cells. The fine dashed line indicates the approximate location of the lateral border of area 18. The lateral border
of area 17 (represented by a fine dashed line in Figure 2(d)) is not explicitly marked in (d), (e), and (f) because it approximately runs
along the middle of the 17/18 callosal band (the continuous band of callosal connections separating areas 17 and 18). The heavy dashed
line corresponds to the outline of visual areas in Figure 2(d). Black stars on the lateral sulcus in (d), (e), and (f) indicate acallosal regions
observed in areas 18 and 19 in all control and enucleated cats, and the asterisks on the suprasylvian gyrus indicate acallosal regions common
to all control and enucleated cats. Scale bars = 1.0 cm. Adapted from Bock et al. [8]; Olavarria and Van Sluyters [9].
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and extrastriate cortices (cf. Figures 3(d) and 3(e), [9]).
These results suggest that the critical period for the effect of
enucleation on callosal connections ends before birth in the
cat (see below). However, unlike BEP20 in ferrets, BE0 in cats
induces a significant reduction in the number of callosal cells
in striate end extrastriate visual cortex [9, 36], suggesting,
as discussed below, that visual deprivation following enucle-
ation has different effects in these two species.

6. Is the Critical Period for the
Specification of Callosal Connections
Prenatal in the Cat?

The effects of enucleation at P7 on the callosal pattern in
ferrets (Figure 3(b); [8]) and prior to P4 in rats [6, 37] appear
much more severe than those observed in adult cats bilater-
ally enucleated at birth [9, 32, 36]. For instance, enucleation
at P0 in cats primarily reduces the number of callosal cells
without significantly changing the overall callosal pattern at
the 17/18 border and extrastriate cortex (cf. Figures 3(d)
and 3(e)), although the reduction in the number of callosal
neurons is less dramatic in extrastriate cortex than at the
17/18 callosal zone [9, 36]. The differences between BEP0
cats and BEP7 ferrets are particularly dramatic in extrastriate
cortex. While in BEP7 ferrets callosal connections fill in most
regions that are free of connections in normal animals (cf.
Figures 3(a) and 3(b)), features of the normal pattern in
extrastriate cortex are readily recognized in BEP0 cats (cf.
Figures 3(d) and 3(e)). It is possible that bilateral enucleation
has a smaller effect in cats because the critical period may
have ended by the time of birth. Support for this idea comes
from the fact that, at birth, development of corticocortical
connections in the cat resembles the developmental stages
observed in rats and ferrets by the end of the critical period.
For example, by P6 in rats [22, 50] and P20 in ferrets
[51], corticocortical axons of simple morphology have begun
invading upper layers of the cortex just as supragranular
layers differentiate from the cortical plate [38, 52, 53]. At
birth, cats are at an approximately similar developmental
stage [54–56], suggesting that by P0 the critical period
during which retinal influences specify the pattern of callosal
connections has already ended in this species. A similar
conclusion derives from using the Translating Time [14, 15]
model to translate to the cat developmental stages from rats
and ferrets. Thus, P6 in rats translates to 61.9 gestational
days in cats (gestation in cats lasts 65 days), and P20 in
ferrets translates to 66.8 gestational days, or 1.8 postnatal
days, in cats. Additionally, Issa et al. ([57], see their Figure
7) equate P0 in the cat with P23 in the ferret, based on
the near coincidence in the timing of several developmental
milestones when age is expressed in terms of days post
conception, rather than days following birth. Consistent with
these conclusions, monocular enucleation at birth in the
cat fails to induce obvious anomalies in the distribution of
callosal connections in striate and extrastriate cortex in the
hemisphere ipsilateral to the remaining eye (cf. Figures 3(d)
and 3(f)) (Olavarria, unpublished results). This is in marked
contrast with studies in rats [6] and hamsters [23], in which

monocular enucleation prior to P4 causes the development
of an extra, anomalous band of callosal connections in the
middle regions of area 17 ipsilateral to the remaining eye
(Figure 1(c)). It will be interesting to investigate whether
prenatal enucleations in cats induce the development of
callosal patterns as anomalous as those we observed in
BEP7 ferrets. These considerations support the idea that the
critical period correlates with the same stage of central visual
development in different species. If correct, this relationship
would indicate that it is possible to predict the critical
period in species, such as humans, in which this period
occurs prenatally, provided sufficient information about
the developmental profile for such species is available. As
discussed below, studies using noninvasive MRI techniques
have revealed that brain development over a range that
overlaps the critical period for the specification of normal
callosal connections is characterized by consistent changes in
water diffusion anisotropy in the cerebral cortex of a variety
of species, including humans, which makes the prediction of
developmental landmarks such as critical periods possible.

While the idea that the critical period in cats has ended
by P0 explains why the layout of the callosal pattern was
largely undisturbed in cats enucleated at P0, it does not
explain why enucleation after the critical period for callosal
pattern formation leads to a significant loss of callosal cells,
especially at the 17/18 border. This loss in cell number is
best explained as additional evidence that, in the cat, early
visual experience is required to maintain the integrity of
neuronal circuits and response properties that are attained
during normal development independently from vision [58–
61]. Surprisingly, in adult ferrets enucleated at P20 [8] and
adult rats and mice enucleated at P6 [5, 6], the callosal
pattern closely resembles that in normal adult animals in
both number and distribution of callosal neurons, indicating
that, unlike cats, visual experience is not required for the
maintenance of a normal complement of callosal neurons in
these species. Additional comparative studies will be required
for understanding why different species depend on early
visual experience to a different extent for the maintenance
of normal complements of corticocortical neurons.

7. A Longer Critical Period for
the Effect of Enucleation on the Size of
Cortical Visual Areas

Several reports have provided evidence that early enucleation
leads to a reduction in the surface area of striate cortex
[6, 30, 31, 35, 62, 63]. Studies of the effect of fetal enucleation
in macaques have concluded that the reduction in the size
of striate cortex is accompanied by a partial respecification
of the neighboring cortex into an additional, hybrid visual
cortex, called area X [62, 63], so that the overall surface area
of the neocortex remains unchanged [31]. Recently, Reillo
et al. [64] showed in the ferret that bilateral enucleation at
P1 induces a 35–40% reduction in the size of striate cortex.
However, unlike earlier findings in enucleated macaques,
these authors found that the surface area of the cerebral
cortex was also reduced, which led them to propose that
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enucleation at P1 does not lead to the respecification of
striate cortex or enlargement of neighboring areas. Bock
et al. [8] measured the cortical surface area of striate and
extrastriate cortex using MRI data obtained from a number
of ferret brains that were also used for analyzing the callosal
pattern in the same study. Enucleation at P7 was found to
cause a significant reduction in the size of striate cortex
relative to controls. Compared with the reduction reported
by Reillo et al. [64] in BEP1 ferrets, the reduction in striate
cortex was on average smaller in BEP7 ferrets (25.6%).
Although enucleation at P20 does not induce obvious
anomalies in the callosal pattern, it still produces a significant
reduction of the size of striate cortex. However, the reduction
in size was smaller (18.3%) than that observed in BEP7
ferrets, suggesting that the effect of enucleation is greater for
earlier enucleations, as previously reported for the macaque
monkey [31, 63]. Enucleation at P7 and P20 reduced the size
of extrastriate cortex by about 15% on average. This effect is
smaller than that observed in striate cortex, perhaps because
the effect of enucleation may be primarily restricted to only
parts of the total area we measured in extrastriate cortex,
a possibility that is worth exploring in future studies. In
agreement with Reillo et al. [64], these data from striate and
extrastriate cortex suggest that the reduction in striate cortex
does not result in the respecification of striate cortex or the
enlargement of extrastriate areas as reported previously in
the monkey [31, 62, 63]. Additional studies will be required
to explain why visual cortex of macaques and ferrets respond
differently to early binocular enucleation. In agreement with
findings in the ferret, Laing et al. [25] reported that, on
average, the size of area 17 in BEP0, BEP4 and BEP6 rats was
61%, 71.4%, and 83.9% of the size of area 17 in controls rats,
respectively. These results showed that the effect of bilateral
enucleation on the size of striate cortex was greater for earlier
enucleations, and that although smaller, the reduction in the
size of area 17 was still significant by P6, when enucleation no
longer induces anomalies in the callosal pattern. However,
as discussed in more detail below, the size of area 18a in
the rat was not significantly affected by enucleation at any
age studied. Preliminary results from our laboratory suggest
that the critical period for the effect of enucleation on the
size of striate cortex in the rat ends by the end of the
second postnatal week, at about the time of eye opening
(A. Andelin and J. Olavarria, unpublished observations). In
cats, unpublished measurements based on the anatomical
data from three normal and three BEP0 cats presented by
Olavarria and Van Sluyters [9] indicate that enucleation at
birth causes a 39.8% reduction in the size of striate cortex
(on average, a reduction from 339.46 mm2 to 204.36 mm2),
and a 34.8% reduction in the size of extrastriate cortex (on
average, a reduction from 510.75 mm2 to 332.70 mm2) as
defined in this previous study (the region containing areas
18,19, 20, 21, and LS in Figure 2(d)). When one considers
that the critical period for the effect of enucleation on
callosal connections in the cat appears to end prenatally (see
discussion above), the effects of bilateral enucleation at P0
on the size of visual areas in cats seem disproportionally
large compared with the average reduction in the size of area
17 caused by enucleations performed at P6 in rats (16.1%)

and P20 in ferrets (18.3%). This intriguing observation adds
to the finding described above that enucleation at birth
in cats produces a significant reduction in the number of
callosal cells without altering the overall pattern of callosal
connections [9, 36]. These observations suggest that in cats,
stabilization of normal numbers of callosal neurons as well as
the size of visual areas may depend on visual experience after
eye opening to a greater extent than in rats and ferrets.

The findings in ferret and rat that enucleation still
reduces the size of visual areas even if performed when it no
longer affects the development of callosal patterns suggests
that retinal influences continue to regulate the size of visual
cortex after the patterns of visual corticocortical connections
have become specified. These results further suggest that
retinal influences regulate several aspects of cortical devel-
opment through mechanisms that do not necessarily operate
during the same time window. Moreover, they indicate that
the pattern of visual corticocortical connections can develop
without obvious abnormalities even if striate cortex does not
reach its normal size. It is interesting to note that the finding
that area 17, but not area 18a, is reduced in enucleated rats
[25] contrasts with the observation that enucleation reduces
the size of both striate and extrastriate cortex in ferrets and
cats. Projections from the dLGN have been implicated in the
regulation of the size of visual areas (see [8], for references
relevant to this issue). In this context, these differences are
probably related to the fact that projections from the dLGN
are largely restricted to area 17 in the rat [65–67], while in the
ferret and cat, in addition to area 17, direct retinogeniculate
projections innervate area 18 and possibly other extrastriate
visual areas [39, 68–72]. Previous studies in the monkey have
shown that early enucleation reduces both the size of the
dLGN as well as the number of fibers ascending from this
nucleus [31, 62]. Subsequent studies have linked the effect of
enucleation on the size of striate cortex to the modulatory
influences that thalamic afferents, by means of diffusible
factors, exert over early stages of corticogenesis at the level
of the ventricular zone [73]. Reillo et al. [64] illustrated
that enucleation at P1 induces a noticeable reduction in
the size of the dLGN in the ferret, raising the possibility
that the reduction in the size of visual cortex observed in
BEP20 ferrets and BEP6 rats reflects a protracted effect of
enucleation on the size of the dLGN. Further studies are
needed to determine the effects of enucleation at different
ages on the sizes of both the dLGN and striate cortex, and to
compare these effects to corresponding data from monkeys
[31].

While enucleation at P7 in ferrets reduces the size of
extrastriate cortex and induces the development of abnormal
patterns of callosal connections, it does not cause significant
changes in the number of labeled callosal cells in this cortical
region compared to control ferrets. Since this cortical region
is smaller in BEP7 ferrets, this observation is consistent
with the finding that the percentage of extrastriate visual
cortex occupied by callosal connections is significantly larger
in BEP7 than in control ferrets [8]. It will be of interest
to perform stereological studies to investigate whether this
result applies only to callosal cells, or whether the total
number of neurons is preserved in extrastriate cortex of early
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enucleates, as it appears to be the case in striate cortex of
BEP1 ferrets [64]. It is tempting to speculate that the marked
changes observed in the callosal pattern of BEP7 ferrets may
be due, at least in part, to rearrangements imposed by the
need to accommodate approximately the same number of
callosal neurons in a significantly smaller cortical area. Along
this line of thought and in light of the differential effect of
bilateral enucleation on the sizes of areas 17 and 18a in the rat
[25], it is interesting to note that abnormalities in the callosal
pattern are generally more severe in area 17 than in area 18a
in this rodent (cf. Figures 1(A) and 1(B)) [6].

8. Predicting Critical Periods Using
Diffusion Tensor Imaging

Studies in ferrets [8], rats, and mice [5] indicate that
retinal influences are necessary for the development of
normal callosal patterns during a brief, well defined critical
period early in development. Moreover, comparison of these
results with developmental data available in these species
suggests that the critical period correlates with similar stages
of central visual development across species (see below).
However, at present it is difficult to accurately predict the
critical period in many species with prolonged gestation,
such as monkeys and humans, because detailed information
about prenatal brain development obtained with standard
anatomical techniques is lacking in these species. In what
follows we explore the possibility of predicting the critical
period for a certain species by comparing information about
its brain development obtained with non-invasive magnetic
resonance imaging (MRI) techniques with corresponding
MRI data from another species with a known critical period.

Diffusion tensor imaging (DTI), a recently developed
magnetic resonance imaging (MRI) technique, measures
parameters of water diffusion anisotropy that depend on the
shape and orientation of cellular elements, such as somas,
axons, and dendrites [74]. For instance, water diffusion is
less restricted along the length of axons and dendrites than in
an orthogonal direction because of the impediment imposed
by cell membranes [75]. Due to these properties, DTI shows
great potential as a non-invasive technique for studying the
development of cellular architecture and connectivity under
normal as well as pathological conditions. Moreover, because
DTI measurements are influenced by developmental changes
in all cellular, axonal, and neuropil (axons, dendrites, and
associated extracellular space) components in brain tissue,
this technique can provide a picture of the developmental
trajectory of the brain that is more comprehensively rep-
resentative, albeit less specific, than information obtained

with histological methods traditionally used for studying
CNS development at the systems level. Information on
developmental changes in DTI measurements is currently
available for many species including rats, ferrets, and humans
(see below), making it possible to predict the critical period
for a certain species based on the association between
the critical period and developmental DTI measurements
determined in another species.

The DTI technique is most frequently used to study
properties of white matter [74]. In the developing cerebral
cortex, water diffusion is influenced by cellular structures
that are different from those that influence water diffu-
sion in white matter. In developing white matter, water
diffusion anisotropy increases with maturation of axon
tracts, in association with several neural developmental
events including the formation of mature myelin [74, 76–
78]. However, in the developing cerebral cortex, it is the
reduction in water diffusion anisotropy that is related to
morphological differentiation. At stages prior to the onset
of myelin formation, immediately after pyramidal neurons
of the isocortex migrate from germinal zones to the cortical
plate, the neuropil consisting primarily of neuronal and glial
processes and the associated extracellular space begins to
differentiate [79]. Dendrites and axons start to develop as
simple elongated structures, oriented perpendicular to the
pial surface, an arrangement that induces anisotropy in water
diffusion because it selectively restricts water diffusion in
directions parallel to the pial surface [12, 76]. As dendrites
and axons arborize to form interconnected, functional neural
circuits [80], diffusion within cortex becomes increasingly
restricted in all directions, causing anisotropy of water
diffusion to become progressively smaller, although still
measurable, in the mature brain [81]. A commonly used
parameter to quantify diffusion anisotropy is fractional
anisotropy (FA, [82]) which ranges from 0 (isotropic diffu-
sion) to 1 (extremely anisotropic diffusion). The idea that
the reduction in FA associated with cortical development
arises from morphological differentiation of the neuropil
[12] is supported by the fact that the age-related decreases
in cerebral cortical FA coincide with developmental changes
in neuropil morphology [11, 83]. In order to quantify
cortical FA changes in absolute terms of CNS development,
it has been proposed that FA decreases exponentially from
a maximal value (FAmax) to the minimal value (FAmin)
observed at maturity [11]. In a simplified form of the expres-
sion proposed in [11], appropriate for assessing average FA
throughout the isocortex, and in which the terms reflecting
regional patterns in cortical FA have been ignored [13], FA
can be considered to depend on age

FA
(
age
) =

⎧⎪⎨
⎪⎩

FAmax, if age < tinit,

(FAmax − FAmin) exp
(
−age

τ

)
+ FAmin, if age ≥ tinit,

(1)

as illustrated in Figure 4. In this expression, the two
parameters tinit and τ relate FA to the trajectory of cortical

development. The parameter tinit reflects the time in which
pyramidal neurons have completed neurogenesis and
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migration to the cortical plate. The exponential decay time
constant, τ, reflects the rate of morphological development
of the neuropil. Importantly, for many species including
humans, cortical FA changes take place prenatally. Therefore,
to facilitate interspecies comparisons, the ages represented
in Figure 4 are expressed as days post conception even when
they fall after birth.

The progressive loss of cortical diffusion anisotropy with
age has been quantified for rat [10, 84, 85], mouse [86, 87],
ferret [11, 88], baboon [83], and human [12, 89–91]. To
assess the consistency of developmental stage dependent FA
changes between species, Leigland and Kroenke [13] ana-
lyzed published cortical FA data using the above expression,
in which the value of tinit for each species corresponds
to the time period immediately following the genesis and
subsequent migration of pyramidal neurons from ventric-
ular/subventricular zones to the cortical plate [11]. These
authors found a high degree of correlation between τ and
rates of neuroanatomical development quantified through
large-scale comparative meta analyses of CNS development
(see below) [15–17].

9. The Critical Period for the Effect of
Enucleation on Callosal Connections
Coincides with Similar Stages of
Cortical FA Decay in Rodents and Ferrets

When the critical periods in rodents and ferrets are correlated
with the developmental trajectories revealed by cortical FA,
it becomes apparent that the critical period occurs over a
remarkably similar developmental time span. In Figure 4, the
top graph illustrating how cerebral cortical FA decays with
development represents available data from rat, ferret, and
human. In order to fit the same curve, the data from each of
these groups were transformed by shifting each curve so that
the tinit values coincided and by scaling each species’ age by
a factor proportional to 1/τ. Analysis of the data presented
by Huang et al. [10] in the rat yields values of 22 days and
5 days, respectively, for tinit and τ (in which tinit is expressed
as days post conception (PC); tinit is postnatal day 0.5 for the
rat). Thus, for the rat, the critical period for interhemispheric
connectivity specification corresponds to times in which
cortical FA ranges from 0.50 (on day P4; PC 25.5) to 0.33 (on
day P6; PC 27.5) of the difference between FAmax and FAmin

(area shaded dark gray in Figure 4). By comparison, the
P7–P20 (PC48–PC61) age range investigated in enucleated
ferrets (light gray area in Figure 4) begins just prior to tinit

and extends until FA is 0.33 of the difference between FAmax

and FAmin. The values used for ferret tinit and τ were 49 days
post conception (which corresponds to P8) and 10.7 days,
respectively [11]. It should be noted that the critical period
has been determined with greater precision in rodent species
than in ferrets. It is therefore likely that future studies will
reveal that the ferret critical period extends through a shorter
time range. For instance, based on the relationship between
the critical period and FA curve in the rat, we predict that
the critical period for the ferret would extend approximately
from P15 to P20 (PC56 to PC61, between the gray lines in

Figure 4). For humans, the FA curve is based on data from
McKinstry et al., 2002 [12], in which tinit is 173 days post
conception and τ is 39.8 days. Assuming that the critical
period in humans relates to the FA decay curve as in rats,
we predict that the critical period for cortical connectivity
in humans extends from about 201 days (28.7 weeks) to
217 days (31 weeks) of gestation (between the gray lines in
Figure 4).

An alternative procedure for correlating developmen-
tal events across animal species was developed by Finlay
and coworkers [14–17]. Using published data identifying
the timing of specific developmental events obtained by
standard anatomical methods from many species, these
authors derived a time model, called Translating Time
(http://translatingtime.org/public/translate). This model is
based on three factors (a species score, an event score, and
an interaction term). The species score reflects the rate of
development of a particular species. The event score reflects
the timing of specific neural developmental events. The
interaction term reflects a slower rate of cerebral cortical
development in primates, relative to other structures in the
CNS. In addition to predicting the ages of many species at
specific neurodevelopmental events, this model can also be
used to translate the age of one species to that of another. An
in-depth comparison of interspecies DTI studies to results
obtained using the translating time model is given in [13].
Using this model the critical period determined in the rat
and mouse (P4–P6; PC25.5–PC27.5) translates to a period
extending from about 138 days (19.7 weeks) to 150 days (21.4
weeks) of gestation in humans. As illustrated in Figure 4,
the critical period for humans predicted this way (blue
bar) is significantly earlier than the one predicted using
the relationship between the critical period and FA decay
curve established with data from the rat (between the gray
lines in Figure 4). In contrast, predictions for the ferret
critical period based on either cortical FA data (between gray
lines) or the translating time model (from P11 to P15.5,
corresponding to PC52 to PC56.5, blue bar in Figure 4) are
relatively close to one another. It should be noted that the
ranges for both predictions for the ferret lie within the P7–
P20 (PC48–PC61) range examined experimentally in this
species [8], and that further studies will be required to test
these predictions in this species.

Our prediction of the critical period in humans based on
the FA decay curve is consistent with available developmental
data. In rodents and ferrets, fibers from the thalamus
penetrate layer 4 of the cerebral cortex before the onset of
the critical period. In rodents, thalamic fibers project to layer
IV in visual cortex as early as P3 [92], while in the ferret
fibers of thalamic origin can be observed in cortical layer
IV by the end of the first postnatal week [93]. By P6 in
rats [22, 50] and P20 in ferrets [51], corticocortical axons of
simple morphology begin invading upper cortical layers just
as supragranular layers differentiate from the cortical plate
[38, 52, 53]. These data suggest that the end of the critical
period in rodents and ferrets correlates with the arrival of
axon terminals into supragranular layers and the beginning
of arbor branching, which may contribute to the decrease of
cortical FA.
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Figure 4: Water diffusion anisotropy (FA) within the developing cerebral cortex versus postconceptional age. The upper trace is a plot of
the dependence of cerebral cortical FA on age, as given by (1) (see text). Below, abscissas for the plot are given in terms of postconceptional
ages in days, using tinit and τ values obtained by analyzing rat data reported by Huang et al. [10], ferret data from Kroenke et al. [11], and
human data from McKinstry et al. [12], following procedures described in [13] (see text for details). The dark gray shaded area represents
the lower and upper age bounds of the critical period for callosal connectivity using data available for the rat [5, 6] (the rat critical period,
P4–P6, corresponds to 25.5–27.5 days post conception). The light gray shaded area represents the ages explored in the ferret [8] (P7 and
P20, which correspond to 48 and 61 days post conception, resp.). The duration in days of gestation up to birth (P0) is indicated for each
species (arrows). Gray lines indicate time range corresponding to the critical period in rats (P4–P6), which predicts critical periods for ferret
(P15–P19; PC56–PC60) and human (PC201–PC217) according to the cortical FA trajectory. Blue bars indicate time ranges translated from
the rat critical period (P4–P6) to ferret (P11–15.5; PC52–PC56.5) and human (PC138–PC150), according to the Translating Time model
developed by Finlay, and coworkers [14–17].

In humans, Burkhalter et al. [94] described the develop-
ment of cortical architecture and local connections within
visual cortex in postmortem brains using the anatomical
tracer carbocyanine dye DiI and bisbenzimide counterstain-
ing of tissue sections. Following DiI injections into the
thalamic radiation below primary visual cortex of a 26-week-
old human fetus (182 gestation days), these authors observed
that presumed thalamocortical afferents had entered all
layers of the cortical plate forming a well-defined bundle
of fibers oriented perpendicular to the pia. Moreover, in
histological sections through visual cortex of a 29-week-
old human fetus (203 gestation days) they showed that
layers 2/3 were clearly differentiated from layers 4 and lower
layers, a pattern they described as “emerging cortical layers”.
These data are consistent with our prediction based on FA
cortical changes that the critical period in humans takes place
between 201 and 217 days of gestation (Figure 4). If accurate,
our estimate of the critical period in humans will be valuable

for differentiating between visual deficiencies secondary to
early prenatal damage of the visual pathway from those due
to pathologies of postnatal onset.

10. Using Diffusion Tensor Imaging to
Detect and Monitor Cortical
Abnormalities Induced by Bilateral
Neonatal Enucleation in the Ferret

Certain neurodevelopmental disorders are thought to be
associated with abnormalities in morphological differenti-
ation of the cerebral cortical neuropil [95]. Therefore, in
addition to using cortical FA to characterize the tempo
of CNS development, it is of interest to investigate the
possibility of also using FA measurements to develop strate-
gies for detecting and monitoring the deleterious effects
of pathological insults on cortical development, as well
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as for assessing the efficacy of therapeutic interventions
initiated at early stages of development while the brain is
still plastic. Previous studies have associated blindness with
abnormalities of the cerebral cortical neuropil. For instance,
Golgi studies of animals that have been dark-reared [96,
97], stripe-reared [98], or binocularly-enucleated [99, 100]
have documented effects on several aspects of dendritic
development in the cerebral cortex, including abnormalities
in dendritic fields of pyramidal cells, and reductions in the
number of dendritic spines. At the cellular level, enucleation
increases the length of callosal axon branches and total length
of arbors, without major effects on the number of branch
tips [101], and reduces the proportion of multiple synaptic
boutons in the visual callosal projection [102]. In view of the
massive effects that neonatal enucleation in the ferret has on
visual callosal connections, Bock et al. [18] decided to use
this animal model to explore the potential of DTI techniques
for detecting abnormal cortical development induced by
enucleation. These authors compared cortical FA between
control and BEP7 ferrets using values measured at P31, when
neuronal morphological differentiation is still underway.

Due to the widespread distribution of callosal connec-
tions in the brain, the overall cortical area affected by
enucleation can be readily estimated by determining which
regions contain abnormal callosal patterns. In turn, this
greatly facilitates the identification of areas to be analyzed
with DTI methods (Figure 5(a)). Data from one BEP7 animal
and one control are illustrated in Figure 5(a), in which
cortical FA has been projected onto lateral views of ferret
cerebral cortical surface models. This figure illustrates that
the BEP7 surface exhibits greater FA (brighter yellow) than
the control in visual areas (encircled by black dots) at P31,
while no differences in FA are apparent in a control, non-
visual area located more rostrally (encircled by blue-green
dots). Figures 5(b) and 5(c) compare histograms from two
BEP7 and two control ferrets, and illustrate that differences
in cortical FA are observed in visual areas (Figure 5(b)),
but not in the non-visual control area (Figure 5(c)). These
results show that cortical visual areas exhibiting differences
in callosal connectivity at adulthood were spatially correlated
with regions exhibiting altered cortical FA at P31. In agree-
ment with these results in ferrets, a preliminary comparison
performed at P6 between normal and P0-enucleated rats
revealed that anisotropy within deep layers of primary visual
cortex is increased in the enucleated rats compared with
normal animals [103]. These results provide further evidence
that binocular enucleation perturbs the normal development
of visual cortex, and supports the notion that DTI is
capable of detecting changes in connectivity associated with
binocular enucleation at early stages of brain development.
It is important to note that, in addition to the abnormalities
induced on callosal connections, enucleation at P7 in the
ferret likely affects several other visual connection systems,
including thalamocortical and ipsilateral, intrahemispheric
corticocortical projections [104–108]. It is therefore possible
that the effect on FA within cerebral cortical gray matter
observed over much of visual cortex of BEP7 ferrets reflects
the effect of enucleation on multiple pathways that either
terminate or originate in visual cortex.

In order to directly examine the cellular-level determi-
nants of the differences between control and BEP7 animals
observed by DTI, a procedure was developed to quanti-
tatively characterize orientation distributions of neuronal
processes in Golgi-stained cerebral cortical tissue (Figure 6)
[18]. For sets of visual and non-visual cortical locations,
Golgi-stained neurons were compared between control and
BEP7 animals. Figures 6(a) and 6(b) show that, in the
P31 cortex, radially-oriented apical dendrites appear as
dominant structures. To quantify the distributions of Golgi-
stained processes in BEP7 and control animals, the images
were skeletonized, and the resulting stained segments were
approximated as lines (red overlays, Figures 6(a) and 6(b)
[18]). Figure 6(c) shows that the distribution of line segment
polar angles for the BEP7 animal is narrower than it is
for the control Golgi field. When fitted to a Von Mises
distribution, it was found that the BEP7 field is characterized
by a higher concentration parameter, κ = 2.08, than for the
control field, in which κ = 1.41. Figure 6(e) shows 7 such
comparisons between BEP7 and control cerebral cortices,
at locations indicated in Figure 6(d). In visual areas, the
concentration parameters were higher for BEP7 than control
ferrets, consistent with a more uniform distribution of apical
dendrites for BEP7 ferrets compared to controls, whereas
such differences were not observed in non-visual areas. These
data suggest that the more coherent orientation of apical
dendrites observed in BEP7 ferrets accounts, at least in part,
for increases in cortical FA measured in visual cortex of these
animals.

11. Comparison with Other Studies and Future
Directions for the Use of Diffusion Tensor
Imaging to Characterize Cerebral
Cortical Neuropil Differentiation

One question that arises is whether abnormal development
of cellular elements not detectable by Golgi staining, such
as radial glial cells, underlies the cortical FA differences
measured in enucleated animals. For example, one study
presenting both DTI and immunohistochemical data on
cerebral cortical microarchitecture in the neonatal rat
brain [84] concluded that FA perturbations associated with
hypoxic ischemic injury were related to the quantity of
neuronal and glial fibers oriented approximately parallel
to apical dendrites. In normal ferrets, radial glial cells
differentiate into astrocytes by P21 [109], suggesting that
they do not contribute significantly to cortical FA at
the age this analysis was performed (P31). Moreover, the
possibility that enucleation somehow delays differentiation
of radial glia is unlikely because studies in other species
have shown that enucleation does not affect the timing of
other developmental milestones, such as the formation of
topographically organized corticocortical projections [6, 22].
Lastly, the findings reported in the ferret are consistent
with a study in the rat [101], which showed that bilateral
enucleation increased the length of axon branches and arbors
without changing the number of branches, as well as a study
in the rat showing that visual deprivation alters dendritic
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Figure 5: Visual cortical FA is increased in BEP7 ferrets, relative to controls, at P31. (a) Cortical FA is projected onto lateral cortical surface
models for one control and one BEP7 ferret, according to the red/yellow color scale (posterior is left, dorsal is up). The BEP7 surface exhibits
greater FA (brighter yellow) than the control in visual areas (encircled by black dots) at P31, while no differences in FA are apparent in a
control, nonvisual area located more rostrally (encircled by blue-green dots). Blue dots indicate the approximate location of the horizontal
meridian representation. Red dots indicate crowns of gyri. (b, c) Histograms represent data from either two BEP7 or two control ferrets.
Comparison of these histograms illustrates that differences in cortical FA are observed in visual areas (b), but not in the nonvisual control
area (c). Adapted from Bock et al. [18].

bundle architecture in rat visual cortex [110], and a study in
the mouse showing a reduction in the number of spines on
apical dendrites of pyramids in bilaterally enucleated animals
[99]. Together, these results suggest that DTI is capable of
detecting abnormalities induced by bilateral enucleation on
the differentiation of axonal and dendritic arbors in visual
cortex.

Several recent studies have described approaches for
quantitatively comparing light microscopy-based measure-
ments of axon and/or dendrite fiber orientations to DTI
results. Overall, the strategy commonly used by these studies
is similar to ours [18], namely, diffusion MRI measurements
are performed on aldehyde-fixed post mortem tissue, the
tissue is subsequently sectioned and stained, and an image
analysis procedure is applied to determine the statistical
distribution of fiber orientations within a specified region
of interest. Leergaard et al. [111] and Choe et al. [112]
have conducted analyses in which diffusion MRI data
from white matter were compared to 2D fiber orientation
distributions measured from myelin-stained tissue. These

two studies differed in their analysis of microscopy data.
While Leergaard and co-workers manually traced fibers,
Choe et al. performed an automated Fourier analysis to
generate fiber orientation distributions. Finally, Budde and
co-workers [113] used Fourier analyses of images of cerebral
cortical tissue following various neuronal and glial staining
procedures to reveal a role of gliosis in cortical FA changes
in adult cerebral cortex following traumatic brain injury. To
address limitations of 2D analysis, we have recently extended
the analysis of Golgi-stained tissue in the developing ferret
cerebral cortex to 3D by performing confocal microscopy of
reflected light [114]. This recent work will likely facilitate
future improvements in the precision with which water
diffusion MRI measurements of brain cellular morphology
can be validated.

The study by Bock et al. [18] provides evidence that
neonatal bilateral enucleation induces alterations of neuronal
processes that can be detected by DTI at early stages of devel-
opment, but some issues remain to be addressed in future
studies. First, the developmental trajectory of the difference
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Figure 6: Increased cerebral cortical diffusion anisotropy in the developing visual cortex accompanies reduction in the neuronal process
orientation distribution width. (a, b) Golgi-stained visual cortex tissue visualized at 10x magnification from a P31 control (a) and BEP7 (b)
ferret. Line segments (red) representing neuronal processes throughout a region of the cerebral cortex (corresponding to location 3 in (d))
are overlaid on (a), and on an image obtained from the same region of a BEP7 visual cortex at P31 in (b). The polar angle for each line
segment was determined, and in (c), histograms representing the distribution of polar angles are shown for the control (black data points)
and BEP7 (red data points) Golgi fields. (c) Solid lines represent the results of approximating the data points as a Von Mises distribution. The
distribution observed for the BEP7 field is narrower, and hence characterized by a larger concentration parameter κ, than for the control.
(d) Location of 5 other regions analyzed in control and BEP7 ferrets. Filled circles indicate fields obtained from coronal sections, and open
circles from axial sections. Filled and open orange circles indicate the locations of nonvisual areas (n.v.). (e) Concentration parameters for
the 5 other region of the visual cortex, obtained from pairs of coronal sections (solid bars in (e)) and axial sections (open bars in (e)). For
all 5 visual regions, κ is larger for BEP7 animals (red solid and open bars) than for controls (black solid and open bars). For visual locations
indicated with asterisks, 95% confidence intervals for BEP7 and control regions do not overlap [18]. Filled and open orange bars in (e)
represent data analyzed for nonvisual regions of BEP7 cortices, while filled and open gray bars in e represent regions of nonvisual cortex in
control cortices. Significant differences for nonvisual areas are not observed. Adapted from Bock et al. [18].

between normal and bilaterally enucleated ferrets must be
measured by examining brains at postnatal ages other than
P31 in order to identify the developmental stage in which
DTI is most sensitive for detecting abnormal morphological
development of cerebral cortical neurons. Second, while the
study of Bock et al. [18] shows that DTI has sufficient
sensitivity to detect enucleation-induced changes in neuronal
morphology using postmortem tissue, it is possible that
sensitivity differs when the procedure is performed in live
animals. Postmortem DTI studies are instrumental in studies
that validate DTI data with subsequent histological analyses,
but future experiments involving DTI measurements in live

ferrets and incorporating rapid image acquisition techniques
such as echoplanar imaging will be needed to explore the
possibility of extending these finding to living tissue in detail.

12. Conclusion

In conclusion, studies in rodents and ferret indicate that nor-
mal development of interhemispheric and intrahemispheric
corticocortical connections requires retinal input during
brief critical periods at early stages of pathway formation.
Moreover, these critical periods correlate with similar stages
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of brain development in these animals, suggesting that the
eyes guide the development of corticocortical connections
through common mechanisms across species. Based on the
observation that the relationship between the timing of
the critical period and the DTI-characterized developmental
trajectory is strikingly similar in rodents and ferrets, we
explored the possibility of using cortical DTI trajectories for
predicting the critical period in species, such as humans,
in which this period likely occurs prenatally. If accurate,
our estimate of the critical period in humans will be useful
for differentiating between visual deficiencies secondary to
early prenatal damage of the visual pathway from those due
to pathologies of postnatal onset. Finally, the MRI findings
reviewed above indicate that the effect of neonatal enucle-
ation on the development of callosal and other neuronal
systems in the ferret provide an ideal experimental model
for investigating the sensitivity of DTI for detecting abnor-
malities in neuronal architecture. Specifically, the model
described is amenable for systematically investigating how
patterns of water diffusion anisotropy within the cerebral
cortex change during early stages of development. Such
studies will be useful for understanding the morphological
factors underlying the DTI findings in human studies of
developmental disorders of the CNS. By avoiding potential
confounds related to in utero manipulations or preterm
birth, the use of newborn ferrets will greatly facilitate DTI
analysis of changes in diffusion anisotropy at stages of brain
development that in primate species occur before birth.
The studies reviewed here thus provide a strategy for using
DTI to identify abnormalities early in brain development,
thereby enabling therapeutic intervention before significant
reduction of brain plasticity occurs.
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