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Bridging Hemispheres

The experiments of Sperry, Gazzaniga, and collaborators with calloso-
tomized patients shed profound light on the lateralization of human
brain functions, but did not provide much additional insight into the
functions normally subserved by the corpus callosum. Work on split
brains in humans and animals had made it clear that the corpus callosum
was essential for transferring information across the hemispheres when it
was available to only one hemisphere. Although this process is relevant
to our lateralized brain, it is not necessarily so in the brains of animals
that show a much lower degree of functional laterality.

The functions of the corpus callosum have in fact been an enigma for
many researchers over time. In the 1600s, Thomas Willis, of whom I
spoke in Chapter 2, suggested that the callosum receives sensory input
after it has been amplified by the lentiform body (i.e. the basal ganglia),
much as a lens does, and projects this information to the gray matter of
the cerebral cortex (Zimmer 2004). According to Willis, the corpus
callosum was associated with imagination by connecting the different
regions of the cerebral cortex. More modern interpretations have
pointed to a role of the corpus callosum in coordinating sensory and
motor information across the hemispheres, and some have argued that
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its emergence propelled further growth of the cerebral cortex by allowing
more extensive and integrated neural networks to operate synchroni-
cally. However, there is an apparent contradiction between the evolu-
tionary conservation of such a massive tract, and the relatively mild
symptomatic effects produced by surgical callosotomy on human
patients and animals, which can only be characterized in controlled
laboratory conditions. In this chapter, I will attempt to explain the
origin and functions of this massive tract, the largest of the human
brain, and its relationship to brain lateralization and hand control,
features that are relevant for speech and language origins.

Holding the Hemispheres Together

My Ph.D. thesis, with Eran Zaidel and Arne Scheibel as co-advisors, was
initially aimed at understanding the relationship between callosal anat-
omy and anatomical brain asymmetry in postmortem brains. Earlier
works, notably by Sandra Witelson, had reported sex and handedness
differences in callosal size, with females and left-handers having larger
callosums than right-handed males (Witelson 1985). This suggests that
there is an inverse relationship between interhemispheric connectivity
and brain lateralization. My interest was to make a direct anatomical-to-
anatomical comparison, assessing the extent of morphological asymme-
tries, and to directly estimate fiber counts in the callosum instead of
using cross-sections of the callosal area as had been done in previous
studies.

Human postmortem and monkey tract-tracing studies suggested that
different callosal regions bridge different cortical areas, such that the
callosum contains a back-to-front topographic map of the cortical
regions that project through it. Therefore, one could look for specific
callosal sectors in relation to circumscribed anatomical asymmetries, like
those of the planum temporale and the Sylvian fissure. Following
Witelson, we cross-sectioned the callosum at the midline between the
hemispheres, and parcellated it into a series of segments from back to
front, each presumably connecting different cortical areas (Aboitiz et al.
1992a). Since there are no clear anatomical landmarks to parcel this
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tract, the standard procedure was to subdivide it geometrically into
thirds according to its straight length (see Fig. 5.1). The anterior third
is called the genu, and the mid-third the callosal body. The posterior
third is subdivided into the posterior fifth, called the splenium, and the
region between the posterior third and the posterior fifth is called the
isthmus. The isthmus is usually the most slender callosal region, and
there is postmortem evidence that fibers from the planum temporale and
adjacent areas cross at this level to the other hemisphere. In my thesis, I
found no relationship between the callosal cross-section area and callosal
fiber density, supporting the notion that larger callosal sizes imply more
fibers crossing through, although with substantial interindividual var-
iance. In addition, I found partial support for my original hypothesis
that asymmetries in the planum temporale are associated with a smaller
isthmus area and fiber number, but only in males. However, the callosal
region we were targeting for planum asymmetries may have been the
wrong one, as recent studies by Giorgio Innocenti and collaborators
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Fig. 5.1 A midsagittal section of the corpus callosum. This structure is geo-
metrically subdivided into thirds, and in the posterior fifth. Insets show a
schematic of the distribution of fiber diameters in callosal regions connecting
different cortical areas
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indicate that callosal fibers connecting the left and right planum tem-
porales are located in the midportion of the callosal splenium (posterior
fifth), rather than in the isthmus as we speculated (Caminiti et al. 2013;
Innocenti et al. 2014). The relationship between callosal anatomy and
brain lateralization is still unclear as there have been many discrepant
reports, largely related to the different procedures used to determine
callosal connectivity, anatomical asymmetries and functional lateraliza-
tion (Dorion et al. 2000; Josse et al. 2008; Luders et al. 2010). Perhaps
due to the lack of confirmatory findings, the subject has lost much of its
initial impetus.

Nonetheless, there have been findings that support an association
between callosal connectivity and interhemispheric coordination. A
revealing study in this line was recently provided by Marcus Raichle’s
laboratory, the discoverer of the default-mode brain network (see
Chapter 2). Using fMRI, Raichle and collaborators analyzed slow spon-
taneous fluctuations (more than 10 seconds per cycle) in cortical activity
across the hemispheres in a child that had undergone a complete
callosotomy (Johnston et al. 2008). After surgery, they found that
while intrahemispheric correlations remained similar to condition before
surgery, interhemispheric correlations were practically lost post-surgery,
generating independent activity patterns in each hemisphere. In the
previous chapter, I mentioned the fMRI study by Hesheng Liu and
collaborators, in which interhemispheric correlations were higher in
sensorimotor than in higher-order cortical areas, indicating that callosal
connectivity is stronger for low-level processing regions; and that activity
in higher-level ipsilateral networks is organized asymmetrically (Wang
et al. 2014). In a more recent large-scale fMRI study, Kelly Shen and
collaborators evaluated the strength of functional connectivity between
homotopic regions across hemispheres, and compared these values with
heterotopic functional connectivity in different resting state conditions
(Shen et al. 2015). Heterotopic connectivity could be contralateral, that
is, connecting different cortical regions in separate hemispheres, or
ipsilateral, that is, connecting different cortical regions within a single
hemisphere. Notably, they observed that functional connectivity
between homotopic points in both hemispheres remained robust and
stable across conditions, while contralateral, or ipsilateral heterotopic
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connectivity was less stable, depending on the resting condition.
Furthermore, functional connectivity between homotopic regions
depended on the specific connections through the corpus callosum,
being stronger in sensory than association areas. This indicates that the
integration of information is stronger between homotopic regions than
between ipsilateral or contralateral heterotopic regions. Overall, this
evidence points to callosal participation in the maintenance of interhe-
mispheric integration. Nonetheless, in order to get more precise insight
into the functions of this structure, we need to go into some anatomical
detail about the microscopic structure of the callosum and its evolu-
tionary and developmental underpinnings, which I will do in the rest of
this chapter.

Mammals Are More Connected

Although it is the largest cerebral tract, the corpus callosum is not an
ancient structure. It is present only in placental mammals (i.e. rats, cats,
cows, monkeys, humans and many others), but is absent in marsupials
(like opossums and kangaroos) and monotremes (echidnas and platy-
podes). However, marsupials and monotremes have abundant interhe-
mispheric fibers, mainly running across the anterior commissure, a tract
located in the deep forebrain, which is disproportionately large in these
animals. A much smaller tract that also contributes to interhemispheric
communication is the hippocampal commissure, which connects the
two hippocampi in the dorsal hemisphere. In placental mammals, the
corpus callosum probably served as a shortcut for interhemispheric
fibers, as the pathway via the anterior commissure used by marsupials
is quite long and tortuous. An alternative attempt to minimize inter-
hemispheric axonal length is what is termed the fasciculus aberrans in
large-brained marsupials like kangaroos, which somewhat shortens the
distance traveled from the cerebral cortex to the anterior commissure
(Aboitiz and Montiel 2003). In non-mammals (birds, reptiles and
amphibians) there is a modest pallial commissure, homologous to the
hippocampal commissure of mammals, and an anterior commissure
connecting limbic regions like the amygdala. However, there are no
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reciprocal connections between the most expanding regions of the
cerebral hemispheres, which are comparable to the cerebral cortex of
mammals (Aboitiz and Montiel 2003). In addition, mammals are
unique in the conspicuous laminar arrangement of the cerebral cortex,
while the cerebral hemispheres of non-mammals have an overall globular
shape, with no evident lamination (I will come back to this below, and
in Chapter 9).

The corpus callosum originated in evolution through a major devel-
opmental innovation. Some 30 years ago, Michael Katz and collabora-
tors originally proposed that a “glial sling” bridging the two embryonic
hemispheres appeared in early placental mammals, allowing axons to
cross the midline (Katz et al. 1983). Subsequently, Linda Richards and
her team described in more detail the generation of this interhemispheric
bridge, which includes several glial specializations, and demonstrated
that it serves as a substrate for growth of cortical axons across the midline
between hemispheres (Lindwall et al. 2007; Suárez et al. 2014). As
brains get larger, as in humans, the glial bridge becomes increasingly
complex, with different cellular components involved.

As in other instances mentioned in this book, the genetic basis for the
generation of commissural connections seems to be significantly con-
served in evolution. There is a detailed molecular mechanism that allows
axons to grow across the midline and invade the other side of the brain,
which has been found at all levels in the nervous system of vertebrates,
insects and worms. This is based on the interplay between three key
proteins, called Robo, Slit and Comm. Slit is located in the midline and
repels Robo, which is expressed in axons that are impeded from crossing
to the other side. However, developing commissural axons stop expres-
sing Robo at some point and join another midline molecule, Comm,
which facilitates their growth across the midline (Dickson and Gilestro
2006). Notably, once axons have reached the other side, they start
expressing Robo again at their tip, which makes them unable to cross
back again. Richards and colleagues have found that different forms of
Slit are indeed expressed in cells of the callosal glial wedge, and Robo is
present in growing cortical axons. Likewise, mutant mice with inacti-
vated Slit or Robo genes display severe malformations in the developing
corpus callosum, as well as in many other fiber tracts. In addition to its
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axonal repellent function, Slit is required for the formation of the glial
bridge that serves as a substrate for callosal axon growth (Richards 2002;
Edwards et al. 2014; Unni et al. 2012). Thus, it appears that a major
genetic rearrangement took place in placental mammals, involving the
regulation of Slit, Robo and other genes, and the formation of a glial
pathway that permitted the growth of callosal fibers across the midline.
More recently, Richards and her team have reported a role of another
protein, Netrin, in callosal axon guidance and regulating Slit expression
during the formation of the corpus callosum (Fothergill et al. 2014).

There are rare genetic conditions in which the corpus callosum is not
present in humans or selected rodent breeds (Edwards et al. 2014). In
these cases, a robust longitudinal nerve tract called Probst’s bundle
develops on both sides of the brain, which may consist of prospective
callosal fibers that turn back on the same hemisphere, or may simply
reflect the compaction of a preexisting fiber tract (the cingulum bundle)
that normally becomes disaggregated as callosal fibers cross through it to
reach the midline (Stefanko 1980). Some genetic conditions, such as X-
chromosome-linked lissencephaly (a type of cerebral malformation),
Aicardi syndrome (also linked to the X chromosome), and ciliopathies,
in which cellular cilia (tiny and movable “hairs” in the cells) are defec-
tive, have been associated with callosal agenesis. Callosal agenesis is also
related to relatively severe cognitive impairments, including visual,
motor and cognitive deficits and autistic behavior. Thirty percent of
subjects with callosal agenesis have autistic symptomatology, and many
individuals with autism spectrum disorder have congenital reduction of
the callosal area. However, it is not known to what extent this correla-
tion is due to the absence of the callosum per se, or to a more pervasive
effect of the genetic disorder, affecting other neural and bodily systems.
Many individuals with callosal agenesis have adequate intelligence levels
and live relatively normal lives (if there is such a thing as a normal life).

Thus, interhemispheric connections are a new evolutionary acquisi-
tion, possibly associated with the origin of the mammalian cerebral
cortex. However, its original functions are still somewhat of a mystery.
As I have said, the interpretation of a role of the callosum in the
integration of the cerebral hemispheres makes sense. However, this
does not explain what its function was originally, when it was still a
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small tract (unless it appeared all at once, which I consider unlikely). It
also leaves open the question of how birds have developed such sophis-
ticated behavioral and cognitive skills without the help of interhemi-
spheric connectivity. In order to understand this, we will need to delve
into some anatomic and functional details that, although somewhat
intricate, can be enlightening in these points.

160 Million Fibers

The corpus callosum is by far the largest fiber tract in the brain,
which in humans contains some 160 million nerve fibers crossing the
midline. This is a number I know quite well as it was perhaps the
main result of my Ph.D. dissertation (Aboitiz et al. 1992b). I was not
the first, however, to study this famous tract. At about the same time,
Anthony LaMantia, working in his thesis with Pasko Rakic, was
making an electron microscopy analysis of the fine callosal structure
in the monkey brain (LaMantia and Rakic 1990a). Electron micro-
scopy is a highly detailed technique that cannot be reliably used with
humans because it requires pre-mortem preparation of tissue that
cannot be performed on humans. But despite its elegance,
LaMantia’s work was with monkeys, not humans. However, in
1954, the anatomist Joseph Tomasch published a light-microscopy
description of the fiber composition of four human callosums, a report
that had gone largely unnoticed (Tomasch 1954). I decided to
increase the sampling to 40 subjects, 20 males and 20 females.
When I started my thesis I had no idea how painstaking a job this
was going to be. At the time there were no adequate automatic
counting procedures and I had to count fibers of different cross-
section diameters for quite a long time. When I closed my eyes at
night all I could see were the tiny circles and dots depicting the cross-
sectioned myelinated and non-myelinated fibers under the intense
light coming through the microscope lens. In a way, I felt reassured
reading Ramón y Cajal’s autobiography at the time, as he mentioned
that when he went to sleep after a day of histological observations all
the neuronal shapes he had seen in the day would come back to mind
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to produce a synthesis of the most important and relevant features
among the effervescent diversity of neuronal types (Ramón y Cajal
2006).

One of the first relevant observations among this tedious work was
that callosal fiber sizes are quite variable (Fig. 5.1). There are many small
unmyelinated or slightly myelinated fibers, smaller than a micrometer in
diameter. In addition, there are progressively smaller proportions of
myelinated, medium-diameter (1 to 3 micrometers) and large-diameter
fibers (larger than 3 micrometers) (myelin is a sheath that covers some
axons to increase the propagation speed of nerve signals). Furthermore,
different fiber types, particularly the large-diameter fibers, are not homo-
geneously distributed along the callosum. I first realized this when
observing the posterior corpus callosum of a subject that showed a
striking concentration of very large diameter fibers in the posterior-
most region, where fibers connecting primary and secondary visual
areas travel. This was a hint that fiber composition was indeed variable
from subject to subject. However, looking at all the data in all callosal
regions and across all subjects, a conserved pattern appeared, with two
peaks of concentration of large diameter fibers. The first and largest is in
the posterior part of the callosal body (the posterior middle third), and
the second largest is located in the posterior most callosum (the back of
the splenium). These are regions that connect primary and secondary
somatosensory and motor areas (the posterior body), and visual areas
(the posterior splenium). On the other hand, the callosal genu (the
anterior third), which connects frontal and prefrontal areas, is character-
ized by high densities of small unmyelinated fibers. It was very stimulat-
ing to see that the findings by Tomasch with his small human sample,
and by LaMantia with macaques were highly consistent with my own.
These findings were not just an anatomical curiosity, as fiber diameter,
together with myelin wrapping, determines the conduction velocity of
nerve impulses. Therefore, they were of high functional relevance, mean-
ing that these are fibers connecting primary or secondary sensory and
motor areas that transmit their nerve impulses much faster than the
average callosal fiber, while in higher order or association areas (particu-
larly in the frontal region), callosal connectivity is generally slower.
Subsequent MRI studies, again including Giorgio Innocenti’s group,
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have assessed callosal fiber microstructure by fractional anisotropy, the
basis for tractographic analyses that I mentioned in Chapter 2 (Caminiti
et al. 2013). As I said, water diffusion is highly constrained by the
orientation of axons and myelin sheaths, and is more constrained
when the tract is highly packed and myelinated. Thus, a higher aniso-
tropy value in a tract implies more myelination and increased packing.
This technique is still in its beginnings, but in the future, it may provide
a non-invasive assessment of callosal fiber variability across subjects.

The Zipper Hypothesis

Why would fibers connecting early stage sensory and motor areas be so
fast-conducting? To get some insight into this question, we must first go
into some details about the development of callosal connectivity in
sensory and higher-order association areas. Innocenti, Caminiti and
colleagues first showed in the cat that there is an initial excess of callosal
fibers crossing the callosum, which decreases substantially soon after
birth, with only about a quarter of the callosal fibers at birth being
retained beyond the postnatal period (Innocenti et al. 1977; Innocenti
1981; Koppel and Innocenti 1983; Berbel and Innocenti 1988). These
findings concurred with those of LaMantia and Rakic with monkeys
(LaMantia and Rakic 1990b). Considering that I calculated 160 million
callosal fibers in humans, this means that in the human newborn there
could be as many as 640 million callosal fibers, with 480 million
retracting shortly after birth. This retraction process can also be observed
in gross morphology, as the cross-sectional area of the callosum transi-
ently diminishes after birth, only to begin growing again due to
increased fiber thickness, myelination and decreased fiber density. The
number of callosal fibers stabilizes in later development and for most of
adulthood, except with disease and advanced aging. Furthermore, this
initial exuberance indicates that there is a strong intrinsic tendency of
many fibers to cross the callosum, many more than are actually sup-
ported in adult life. Note that this process of terminal retraction is not
exclusive for callosal connectivity, but has been found to be a major
feature of the development of ipsilateral cortico-cortical connections as
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well, and may be related to the existence of critical periods for sensor-
imotor development, including language (see Chapter 10).

The studies by Innocenti’s group showed that concomitant with major
fiber loss, there is a drastic rearrangement of callosal projections around
birth, when initially callosal fibers evenly innervate all cortical regions
(Innocenti et al. 1977; Innocenti 1981, 1986; Innocenti Bressoud 2003;
Koppel and Innocenti 1983; Berbel and Innocenti 1988; Aggoun-
Zouaoui and Innocenti 1994). From then on, callosal development differs
between fibers connecting primary and secondary sensorimotor areas on
the one hand, and higher order cortical areas on the other. Only in
primary and secondary sensory (visual, somatosensory and auditory) and
motor areas, is there a topographic map of the sensory or motor surface.
This is the “homunculus” in sensory and motor cortices, and the repre-
sentation of the visual field in visual areas. You will recall that these maps
only correspond to the opposite part of the sensory surface. In auditory
areas, the situation is slightly different, as there is a “tonotopic” represen-
tation, corresponding to different auditory tones that are segregated in the
cochlea of the inner ear. Moving to higher order cortical areas, the sensory
or motor topography becomes diffuse, as these regions are involved in
more abstract processing mechanisms. Notably, the process of callosal
terminal retraction is much more pronounced in the primary and second-
ary areas than in higher order areas of the cortex. In the former, callosal
projections become restricted to a strip located in the borders between
adjacent sensory (or motor) areas, while fibers connecting higher order
areas are evenly eliminated across the surface (Fig. 5.2). Still, many more
fibers may remain connecting higher order areas than sensorimotor
regions. The projecting callosal strip that remains in sensory and motor
cortices is the representation of the sensory or motor midline of the
adjacent areas, so that the only sensorimotor regions connected through
the callosum are those corresponding to the medial part of the body and
the sensory field, like the visual midline, or the midline of the body
surface. Since each hemisphere only receives input from the contralateral
side, callosal fibers in these regions serve to connect the two hemi-
representations in the midline, forming a continuous sensory and motor
field across the hemispheres. In the regions of sensory or motor areas that
are far from the midline, representing say the periphery of the visual field,
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there are very few callosal fibers, if any. Likewise, callosal fibers connecting
the hand region of motor or somatosensory cortex are negligible, as in
these areas most callosal fibers connect midline body regions. Therefore,
tasks that are learned with one hand need to be transferred to the other
hemisphere via the higher-order areas that are intensively connected via
the callosum, and not by primary/secondary areas. Audition is in a way an
exception to this rule, as the surface of the cochlea does not map space
locations of sounds but rather different tones, with high tones at one
extreme and low tones at the other. Callosal projections in auditory areas
of the cortex cover different tonalities, but are still restricted to the edges
of auditory regions.

90˚

V1 V1

V2V2

MTMT

90˚

0˚0˚

90˚90˚

Fig. 5.2 The anatomical arrangement of adult callosal connections.
Although in the newborn, neurons project to the corpus callosum through-
out the sensory areas (in this case, V1 and V2), these projections undergo
severe retraction after birth and only those that connect regions related to
the sensory midline remain (0º), while those that represent peripheral
regions of the visual field (→90º) are lost. In higher-order areas, there is
also profound retraction, but evenly distributed across the respective areas
(in this case, area MT). The remaining neurons in adults continue projecting
to and from all parts of the respective areas, as well as projecting to addi-
tional areas. For simplicity, connections between primary and secondary
sensory areas are depicted only from left to right, and in area MT, these
are shown from right to left. In fact, all these projections are bidirectional.
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The uneven distribution of fiber sizes in the callosum now makes some
sense. In the first steps of visual or somatosensory processing, the events
that occur around the midline are usually the most relevant, and must be
rapidly processed in order for there to be continuous perception across the
two hemispheres. Ramón y Canal first proposed the midline rule, assert-
ing that callosal and other commissural connections establish the con-
tinuity of the two halves of the sensory map across the hemispheres
(Ramón y Cajal 1898). Further studies, including those by the Nobel
Prize winners David Hubel and Torsten Wiesel, supported the notion
that callosal fibers extend the visual network across hemispheres (Hubel
1988). More specifically, Jean-Christophe Houzel and others have pro-
posed that callosal fibers participate in the process of adaptation to and
prediction of a moving object, that passes in front of an observer from one
visual field to the other by crossing the vertical midline (Houzel et al.
2002). A beautiful experiment in this line was recently made by Kerstin
Schmidt and collaborators, who lightly anesthetized the right visual cortex
of a cat by lowering its temperature, and recorded neurons in the left
hemisphere while presenting moving stimuli in the contralateral visual
field (i.e. right) (Peiker et al. 2013). They found that these neurons
activated more strongly when stimuli entered the midline, predictably to
cross to the opposite visual field, as opposed to activation with movement
toward the periphery of the visual field. Thus, visual neurons may antici-
pate the movement of objects across the midline, perhaps in addition to
other functions involved in fusing the two visual images. This may require
very rapid communication across the callosum, and a similar situation
may hold for motor and somatosensory areas (both regions displaying the
highest concentration of large diameter fibers through the callosum).

Moving Maps to the Cortex

The fine anatomy of callosal fibers and its variability among species give
some hints about the original function of interhemispheric connections,
and may explain why other large-brained animals like birds never
developed this arrangement. We know that embryonic specialization
in early placental mammals permitted fiber growth across the midline,
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and that the callosum was advantageous because it provided a shortcut to
the other side of the brain. Nonetheless, we still have no clues about
what processing benefits they provided when they first appeared given
there must have been selective pressure favoring their development.

To clarify this point, let me remind the reader that the mammalian
cerebral cortex is quite different in shape from that of other vertebrates.
It is organized as a bidimensional sheet or lamina consisting of several
layers, as opposed to the brain of birds, which develops as a well-packed
three-dimensional neuronal network. The bidimensional arrangement of
the sensory cerebral cortex of mammals is particularly suited for the
development of topographically arranged maps of the sensory surfaces,
like the somatosensory homunculus or the representation of the visual
field (see above). Conversely, in reptiles, birds and other vertebrates,
spatial information about the environment is not processed in the
cerebral hemispheres, but in a laminar brainstem structure called the
optic tectum (see Fig. 5.3). In these animals, the cerebral hemispheres
behave like higher-order cortical areas, with no clear topographic sensory
or motor organization (Aboitiz and Montiel 2003). These differences are
reflected in the relatively small size of the mammalian superior collicu-
lus, the structure homologous to the bird’s tectum, an example support-
ing Robert Barton’s hypothesis of evolutionary independence of
different neural processing systems (see Chapter 3).

Thus, in mammals there has been a shift in the early sites of spatial
processing from the brainstem to the cerebral cortex. As I discussed
above, spatial processing poses the problem of midline fusion as each
side of the brain receives input from only half of the sensory surface.
Non-mammals have solved this problem by developing a tectal com-
missure that connects the two halves of the sensory field in the midbrain.
But as spatial maps moved to the cerebral hemispheres of mammals, the
problem of midline fusion became an issue, and interhemispheric con-
nections came as a solution. In the beginning, as in monotremes and
marsupials, the only available path for these fibers was through the
anterior commissure, which was still a long way but was perhaps better
than nothing. The corpus callosum came as an improvement that
permitted a shorter travelling distance. One could even stretch this
hypothesis and say that without interhemispheric connectivity mammals
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Fig. 5.3 The topographic representation of visual inputs in a reptile and a
mammal. In reptiles, the visual map is established in the optic tectum (gray),
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would never have generated or at least expanded the cerebral cortex as we
know it, not because of developmental but rather functional limitations.

Despite the attractiveness of the hypothesis of midline fusion, the
great majority of callosal fibers connects areas other than the sensory or
motor regions and is directed mainly to higher-order and association
areas involved in higher cognitive processes. It is likely that when this
pathway became available, first via the anterior commissure and then
through the corpus callosum, not only sensory and motor but also many
other fibers were able to traverse to the other hemisphere. As a side effect
of the initial benefit of midline fusion, fibers from other cortical regions
also made their way across the hemispheres, contributing to other
aspects of interhemispheric integration. This may have had the benefit
of generating more interconnected networks, but it still remains to be
proven that this design is any better than that of other animals without
interhemispheric connections, such as birds.

Robin Mihrshahi proposed that besides perceptual midline fusion,
interhemispheric integration of motor areas played a key role in the
evolution of the callosum (Mihrshahi 2006). In fact, some behavioral
functions may have strongly benefited from the development of cross-
hemispheric communication, such as bimanual coordination, a mam-
mal-specific behavioral pattern that relies on interhemispheric axons
connecting higher-order cortical areas. Bimanual coordination is
observed in most mammals, excepting those that have undergone ana-
tomical specializations for walking, swimming or digging; and is pretty
much absent in other vertebrates. Moreover, bimanual coordination
depends on hand dexterity, which is supported by the cortico-spinal
tract, another invention of the mammalian brain. Thus, bimanual
coordination is a result of the interplay between these two tracts, the
callosum and the cortico-spinal tract, and is extremely useful for beha-

Fig.5.3 (Continued)
and there is a tectal commissure (TC) that fuses both halves of visual repre-
sentation. In mammals, in addition to the optic tectum (in mammals this
structure is called superior colliculus), the visual map is also generated in
the visual cortex, where the corpus callosum serves to fuse the two represen-
tations at the midline.
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viors like nest building and especially food manipulation, features that
may have been very important in early mammalian evolution. Bimanual
coordination and hand dexterity are especially important in primates,
and foreshadowed the capacity for toolmaking and communication in
our immediate ancestors. William Hopkins and colleagues observed
chimpanzees fishing for termites with sticks, as they do in the wild.
They assessed the degree of hand preference and performance in this
task, and took tractographic measures of the fiber integrity of the corpus
callosum of all individuals (Phillips et al. 2013). They found increasing
connectivity through the corpus callosum in individuals with stronger
hand preference and performance, regardless of direction (left- or right-
handers), which supports the concept of an increasing sensorimotor (but
not necessarily higher-level) communication between hemispheres in
association with hand specialization. The authors also measured the
regional size of the corpus callosum and found no differences in relation
to handedness, which emphasizes the use of tractographic instead of area
analysis to study callosal connectivity.

There is ample evidence that the corpus callosum in humans is required
for everyday bimanual coordination tasks, like typing or eating with a knife
and fork, and of course toolmaking in our ancestors. Most of us learn these
tasks easily and they become daily routines, but acallosal patients have
difficulty with them, especially when these tasks are new and subjects have
to learn them. You will recall the alien hand syndrome I mentioned in the
previous chapter. While patients who underwent callosal surgery tend to do
badly in bimanual coordination tasks, subjects with callosal agenesis (who
are born without a corpus callosum) do much better in such tasks, showing
some compensatory capacity during development. Gazzaniga and collabora-
tors recently studied a patient undergoing callosotomy in successive stages,
where the anterior corpus callosum was sectioned in an initial operation,
and the posterior part was resected in a second procedure (Eliassen et al.
2000). With each hand, the patient had to simultaneously draw either
mirror image or non-mirror image figures following a model presented to
her. Mirror image drawings require tight bimanual coordination, for which
an intact corpus callosum may be needed. The patient was evaluated before
and after the first operation and after the second. Before surgery, the non-
mirror images were drawn poorly, but mirror images were drawn reasonably
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well. Sectioning the anterior callosum in the first operation had little effect
on either the mirror image or non-mirror image drawings. Nonetheless,
after sectioning the posterior callosum in the second operation, mirror
image drawing deteriorated, while non-mirror drawings improved, presum-
ably because there was less interference between the two hands. The authors
concluded that bimanual spatial coordination in visuomotor tasks is sig-
nificantly impaired by the absence of the corpus callosum, and considering
the critical role of the posterior callosum in this task bimanual integration is
likely conveyed by the parietal cortex.

Helene Sisti and collaborators used a bimanual task in which healthy
subjects had to move a cursor on a computer screen using two dials, with
different levels of difficulty during a learning period (Sisti et al. 2012). The
researchers studied the callosal regions of the subjects tractographically and
found a positive correlation between fractional anisotropy and behavioral
performance, but only in regions connecting prefrontal areas. This was
found only after a period of training, as the correlation was not significant
during early training sessions. In motor regions, the group led by Ulf
Ziemann assessed callosal fractional anisotropy and a functional measure
of interhemispheric connectivity using TMS with normal subjects and
neurologic patients that performed a bimanual finger-tapping task (Wahl
et al. 2015). They found that both structural and functional parameters
correlated with task performance. Thus, the callosal region, through which
bimanual coordination is executed, may depend on the specific task being
assessed. As I said above, callosal fibers from primary and secondary motor
areas are unlikely to participate in this task as these fibers are concentrated
in the body midline rather than in the hand or arm representation.

Transferring Sounds

The above holds well for visual, somatosensory and motor transfer, but
not so much for audition. We have seen that the auditory cortex is
different from the somatosensory or visual areas, as it has no spatial
representation of the auditory scene. Likewise, it appears that auditory
callosal fibers do not fit the pattern of visual and somatosensory fibers, as
they tend to be located in the anterior part of the splenium, which has an
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association area-like fiber composition. This may make sense because in
audition, much side-to-side information transfer already takes place at
very early neural processing levels in the brainstem. In the visual pathway
of mammals, brainstem side-to-side connectivity is very limited, and is
mainly performed via the tectal or collicular commissure. Thus, cortico-
cortical interhemispheric transfer may not need to be as rapid for
audition as it does for vision and touch. This has been shown by a series
of studies that measure interhemispheric transfer in the visual and the
auditory modalities that are based on a simple neuropsychological pro-
cedure called the simple reaction time task.

In the 1800s, Franciscus Donders designed the reaction time task to
measure the time required to perform a given computation (Newell
1989). In this task, subjects had to respond automatically to a visual
or auditory stimulus by pressing a button. The time taken to press this
button is the result of the sum of perceptual, motor and cognitive
processes. By manipulating the cognitive task and keeping the perceptual
and motor components constant Donders estimated the time the brain
takes to perform a specific cognitive process. Thus, he compared the
response time for automatic tasks and tasks that required a perceptual
choice, and found that the latter involved more time. A variant of this
task was used by John Stroop in the 1920s, in which subjects were
shown the names of colors (red, blue, green) written in different colored
ink, so that, for example, the word “red” was written in the same color or
a different color (Stroop 1935; MacLeod 1992). Subjects had to respond
to the color of the ink and not to the word. For example, if the word
“red” was written in blue, the correct answer was “blue”. Subjects took
longer to respond when the word was different from the color of the ink.
Around the same time, psychologist Albert T. Poffenberger designed an
experimental paradigm to measure the time needed for interhemispheric
transfer of sensory information, consisting of pressing a button with one
hand (left or right) as fast as possible after the appearance of a lateralized
stimulus in one visual field (left or right) (Poffenberger 1912). When the
stimulus was presented in the same visual field as the responding hand
(left visual field and left hand, or right visual field and right hand), the
response times were shorter than when the stimulus was presented to the
visual field opposite to the responding hand (left visual field and right
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hand, or right visual field and left hand). The difference was about 5
milliseconds, depending on the specific task. When the visual field and
responding hand were on the same side, the stimulus reached the
contralateral hemisphere, which also commands the contralateral hand
(see previous Chapter). However, if visual field presentation and
responding hand were crossed, the stimulus had to be transferred to
the opposite hemisphere to perform the manual response. This time
difference is considered an estimate of sensory interhemispheric transfer
through the corpus callosum.

However, Marco Iacoboni and Eran Zaidel showed that visual inter-
hemispheric transfer is quite different from auditory transfer. They
analyzed the crossed-uncrossed reaction time difference for auditory
and visual stimuli with a patient that had undergone a complete callo-
sotomy (Iacoboni and Zaidel 1999; Zaidel and Iacoboni 2003). They
found that the auditory crossed-uncrossed difference was rather small
and highly variable (less than 5 milliseconds), while the visual crossed-
uncrossed difference was much greater (between 25 and 45 millise-
conds), indicating that the auditory crossed-uncrossed difference is not
a reliable estimate of callosal interhemispheric transfer. Rebecca Woelfle
and Jessica Grahn also found in normal humans that interhemispheric
transfer took less time when auditory rather than visual cues were used
(Woelfle and Grahn 2013). The subjects, who were trained musicians
and non-musicians, performed a simple reaction task of pressing in
button in response to a visual or auditory stimulus. The crossed-
uncrossed difference was less for auditory than for visual stimuli, and
was slightly greater in musicians than non-musicians. As I have men-
tioned, the smaller crossed-uncrossed difference for auditory stimuli may
be explained by the fact that acoustic information can cross the midline
already in the brainstem, while in the visual system this occurs mostly at
cortical levels; or, in the case of normal subjects, because visual callosal
connections require longer axons than auditory connections due to the
anatomy of the neural pathways (see below). A recent and intriguing
finding in this line by Giorgio Innocenti and collaborators is a callosal
projection to the corpus striatum in monkeys and humans (Innocenti
et al. 2016) that is carried by thin fibers, with an estimated interhemi-
spheric transfer time of about 2 and 4 milliseconds in monkeys and
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humans, respectively, which fits with the results of standard neuropsy-
chological studies of interhemispheric transfer. Furthermore, callosal
corticostriatal axons originate mainly from sensory, motor and premotor
cortices (with an important exception in humans, which I will discuss
below), suggesting that simple sensorimotor interhemispheric transfer is
mediated by crossed cortico striatal projections through the corpus
callosum.

Time is of the Essence

Different species have different brain sizes and consequently inter-
hemispheric distance varies accordingly, such that in large-brained
species like us, callosal fibers are much longer than in mice.
Furthermore, interhemispheric delay may be especially detrimental
when information has to cross back and forth between the hemi-
spheres, as happens with more complex processing. In this line, James
Ringo, Robert Doty, Steve Demeter and Patrice Simard conjectured
in 1994 that more time is required to transmit information across the
hemispheres in species with larger brains as they have on average a
longer interhemispheric distance (Ringo et al. 1994). This imposes an
additional delay that they argued is detrimental for fine time-critical
neural computations in which multiple passes across the callosum
would make processing prohibitively slow. A simple solution is to
keep high-resolution processing, or reciprocal neural loops involved
in higher processing, restricted to a single hemisphere, leading to
hemispheric specialization. A not yet confirmed prediction from their
hypothesis was that all large-brained species like elephants and ceta-
ceans would also show a high degree of hemispheric specialization
(interestingly, elephants and cetaceans are also good vocal learners;
see Chapter 10).

Partly motivated by the above conjecture, my student Ricardo
Olivares made a comparative analysis of fiber composition in the poster-
ior corpus callosum of several domestic species of different brain sizes
(mouse, rabbit, cat, cow and horse) (Olivares et al. 2001). Ricardo
noticed that in each species, fiber sizes are distributed in an asymmetric
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bell-like curve in which one side of the bell (the left, closer to zero) is
very short and the other (the right), containing higher values, has a very
long tail. The peak of the curve includes the large majority of fibers and
reflects the most common diameter, or modal value. This shape is
similar to probability functions like Poisson’s or ex-Gaussian distribu-
tion. What is more striking is that the modal value changes little across
species regardless of brain size. Following Ringo and his colleagues, this
implies that interhemispheric transfer is in fact delayed in larger brained
species, as most callosal fibers do not significantly increase conduction
velocity concomitant with the physical separation of the two hemi-
spheres. On the other hand, the few largest-diameter fibers (the long
tail at the right of the bell) noticeably increased in diameter and conse-
quently in conduction velocity in larger brains. This strongly suggests
that some kinds of information can be rapidly transferred even in big
brains. As we saw earlier, many (but not all) of these large fibers
correspond to sensory and motor regions and may participate in midline
fusion. Nonetheless, provided that nerve fiber conduction velocity
increases linearly with fiber diameter, and scales directly with increasing
interhemispheric distance, we calculated the expected increases in fiber
caliber required for interhemispheric delay to remain constant, regardless
of brain size. We found that the increased size of the largest fibers is not
sufficient to maintain a constant interhemispheric delay as brains get
bigger, so that there is a toll on interhemispheric transmission.

Furthermore, we searched the literature for information about inter-
hemispheric transfer velocity and transmission times of visual fibers in
different animals, and found that species with laterally-directed eyes like
rabbits have very long transfer times as opposed to cats, with frontally-
directed eyes and shorter interhemispheric transfer times. The laterally
placed eyes of rabbits cover a visual field of almost 360 degrees around
their heads to maximize detection of predators, while carnivores like cats
and dogs depend strongly on frontal vision, and visual midline fusion
may be important for them to catch prey. Likewise, Olivares showed
that cats and dogs have a higher proportion of large or very large splenial
fibers than would be expected in ungulates, rabbits or rodents of the
same brain size, all of the latter having laterally placed eyes to different
degrees (Olivares et al. 2001). In addition to these findings, we found a
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significant difference in the relative size of the posterior callosum in
relation to total callosal area in frontal-looking species like carnivores
and humans, compared to laterally-looking species (mostly herbivores),
suggesting that these species devote a higher proportion of visual fibers
to the callosum, or have larger visual fibers (Olivares et al. 2000).

After our report, two laboratory groups published similar findings,
but with different samples of species. The first was led by Samuel
Wang, and included Patrick Hof as one of their collaborators.
Wang’s group has for some time been interested in describing scaling
regularities among different cellular brain components and brain size.
Shortly after our publication, these authors published preliminary
findings with a small sample of species similar to ours (adding a
primate, the macaque), and confirmed an increase in the diameter of
the large fibers in species with larger brains (Harrison et al. 2002).
They later confirmed these findings in a broader sample of species
from shrews to whales, and measured fibers in the posterior and
anterior portions of the callosal body (Wang et al. 2008). In line
with our conclusions, they showed that while modal fiber diameter
remained relatively constant across species, maximal fiber diameters
and the degree of myelination of these fibers rose steeply with
increasing brain size. Nonetheless, the associated increase in conduc-
tion velocity was not sufficient to maintain a constant interhemi-
spheric transmission time, which ranged from one to two
milliseconds in the smallest species to about 5 milliseconds in whales
(in humans, this value was calculated to be about 4 milliseconds).
Wang explains these findings in terms of a functional tradeoff
between the need to increase conduction velocity in larger brains
on the one hand, and the energy cost and the anatomical difficulty
of packing larger axonal volumes on the other, which is a reasonable
hypothesis that has to be tested.

The second finding was made by Giorgio Innocenti, Roberto
Caminiti, Patrick Hof and others, who analyzed the diameter and
anatomic position of callosal fibers originating from specific cortical
regions in different primate species (Caminiti et al. 2009). In a series
of important articles, they confirmed the previous findings of anterior to
posterior distribution of callosal fibers according to cortical topography,
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and the distribution of fiber diameters described before. The shortest
interhemispheric delays were found in areas connecting motor and
sensory regions, consistent with previous findings. Moreover, comparing
the sizes of axons from motor regions in the macaque, chimpanzee and
human, they reported conservatism in modal fiber diameter, and pro-
gressively greater maximal axon diameters in relation to increased brain
size. Again, the largest axons were not sufficiently fast to render a
constant interhemispheric delay. Moreover, differences in maximal
axon diameter were not evident from chimp to human. Notably,
although frontal regions have very thin callosal fibers, their interhemi-
spheric delays are rather short, because the distance traveled by axons is
shorter than in more posterior regions. On the other hand, fibers
connecting visual regions have to travel a long distance to the midline,
and consequently the interhemispheric delay is relatively high despite
there being a high proportion of coarse diameter fibers connecting these
areas. Another important point made by Innocenti’s group was that
there is greater intrinsic variability of fiber sizes and transmission times
in species with larger brains. Here, humans ranked higher than chimps.
Greater intrinsic variability was observed across callosal regions, but also
among fibers connecting specific brain regions. They concluded that
there tends to be a wider range of conduction velocities in species with
larger brains, which implies that there is a wider time frame for segregat-
ing neuronal circuits, particularly considering oscillatory activity. More
recently, Kimberley Phillips, Chet Sherwood, Patrick Hof and others
described the fiber composition of the corpus callosum in 14 primate
species, including humans, again confirming the same essential findings
(Phillips et al. 2015).

Finally on this point, Innocenti, Caminiti and Hof extended their
previous findings to language-related regions, finding cross-species con-
servatism in the size of callosal fibers originating from the planum
temporale in humans and chimpanzees (Innocenti et al. 2010). In
addition, William Hopkins, Chet Sherwood and colleagues found that
planum temporale asymmetries in the chimpanzee were associated with
a smaller proportion of large diameter fibers in the posterior corpus
callosum (Hopkins et al. 2012), which in a way is reminiscent of my
early results described at the beginning of this chapter (Aboitiz et al.
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1992b). Although in principle this is an interesting finding, in my
opinion this data needs to be consistently replicated before it can be
considered a fact.

Travelling Waves

As I said in Chapter 2, oscillatory activity is a hallmark of brain function,
speech and language being no exceptions to this. As David Poeppel and
colleagues have evidenced, speech processing takes place in a nested
symphony of neuronal oscillations in a wide but continuous frequency
range, from high frequency gamma activity involved in phoneme per-
ception to low-frequency delta oscillations related to large-scale language
processing like complex grammar and semantic associations (Chait et al.
2015). We also saw in Chapter 4 that speech perception and production
may involve complex bilateral interactions, therefore the question of
how these oscillations are coordinated across the hemispheres is crucial.
To achieve cross-hemispheric coordination information must be rapidly
transmitted across the hemispheres, very likely conveyed by high oscil-
latory frequency codes. Motor and somatosensory cortices contain the
largest axons in the corpus callosum, and are concentrated in the
representation of the sensorimotor midline, which includes the organs
of speech: the tongue, larynx and lips. However, we know little about
interhemispheric transmission during vocalizations. The study of inter-
hemispheric synchronization during normal and pathological speech
production may prove a valuable field of study that could be of clinical
relevance when considering neural plasticity mechanisms and compen-
satory effects in speech-impaired individuals.

In Chapter 3, I mentioned an article by György Buzsáki, Nikos
Logothetis and Wolf Singer that highlighted the conservation of oscilla-
tory brain activity across a wide variety of mammals from bats and mice
to humans, from very high frequencies at 100 or more cycles per second
that take place in the hippocampus, to very slow frequencies of about 10
seconds per cycle (Buzsáki et al. 2013). Just to remind the reader classical
human electroencephalographic waves are found in most mammals and
other vertebrates, including gamma, alpha, beta and theta waves, and
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have been associated with similar functions in all species. High-fre-
quency oscillations like gamma (at 40 cycles per second or more) are
considered to reflect local processing and cognitive contents, and are
distinguished from low-frequency oscillations (theta or slower waves)
that underlie the workings of large-scale networks that integrate different
local processes and contextual elements. The rainbow of oscillatory brain
frequencies is thus a highly preserved character across species regardless
of brain size, and probably reflects aspects of neuronal network dynamics
that are essential for local-global integration and self-organization. A
critical requirement for oscillatory dynamics is that stimuli or signals are
delivered at appropriate times in the respective neuronal groups, which
must be achieved by several physiological processes including synaptic
activity, dendritic integration, inhibitory processes and, especially
important for our concerns, close regulation of axonal conduction
velocity in the different circuits. Thus, in the same line as Ringo and
colleagues, Buzsáki, Logothetis and Singer claim that with increasing
brain size, time constraints become especially important for oscillatory
activity, which is partly compensated for by increasing conduction
velocity in a small group of axons. Our work and Innocenti’s on the
corpus callosum have shown that the range of axonal conduction velo-
cities amplifies as brains grow larger, which may have important con-
sequences for the dynamics of local-global processing in larger brains.

Interhemispheric distance is no more than 1 cm in the mouse brain,
but can reach 10–14 cm or more in the human brain, depending on the
regions being connected. Conduction velocity of the most abundant,
relatively small fibers (about 0.8 microns in diameter) is calculated to be
5–8 meters per second, producing an interhemispheric delay of about 2
milliseconds in the mouse, and 15 and 25 milliseconds in the human.
Low oscillatory frequencies like theta have periods of 100–250 milli-
seconds per cycle, so a delay of 2 milliseconds (mouse) or 20 millise-
conds (human) makes up a small proportion of the oscillatory cycle in
both species. In other words, these delays may do no harm to low-
frequency coordinated activity across the hemispheres. Even in humans,
the transmission delay takes about a tenth of the entire cycle, a variability
that is within the expected range. On the other hand, at higher frequen-
cies like gamma (40 cycles per second), with cycles lasting only 25
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milliseconds, the situation becomes more complicated for the human
brain. While in the mouse, 2 milliseconds of delay may not affect high-
frequency interhemispheric synchrony, the resulting delay in humans is
impossibly long to maintain accurate synchrony if callosal connections
are made via the average fibers. Larger callosal fibers, say more than 3
microns in diameter, transmit impulses at about 40 meters per second,
while the largest 0.1% of fibers, with axons 10 micrometers in diameter
or more, can transmit at 120 meters per second. This yields interhemi-
spheric delays of about 3 milliseconds for fibers 3 micrometers in
diameter, and close to 1 millisecond for the largest fibers, which may
fit within a 10% tolerance in the variability of gamma oscillatory gamma
cycles. These large fibers could allow high-frequency interhemispheric
synchrony in the human and other big brains (Aboitiz et al. 2003).

But is there any high frequency synchrony between hemispheres
after all? In the visual system, there are fast-conducting callosal fibers,
but the longer interhemispheric distance results in increased transmis-
sion delay. With single cell recording techniques, Andreas Engel, Wolf
Singer and collaborators were the first to observe interhemispheric
synchrony in pairs of neurons of the primary visual area of the cat.
Synchrony became disrupted after sectioning the corpus callosum
(Engel et al. 1991). Later, Engel, Ina Peiker and colleagues moved to
humans, using magnetoencephalography, a technique that records
magnetic field variations in the skull surface (as opposed to recording
electric fields in the EEG) (Peiker et al. 2015). They assessed visual
integration deficits in autistic subjects performing an object discrimi-
nation task with partially occluded figures. While controls showed
increased gamma coherence (a measure indicative of synchronic activ-
ity) in visual temporal areas during tasks that require information from
both hemispheres, autistic subjects failed to show this increase in such
tasks. But high frequency interhemispheric communication may be
more complex than a straightforward fit in the phase of the fast cycles.
Rafael Malach and his group used electrodes located directly on the
cortical surface of five individuals suffering pharmacologically intract-
able epilepsy, while monitoring brain activity during surgery (Nir et al.
2008). They observed strong, spontaneous slow-frequency cross-hemi-
spheric fluctuations in the activity of high-frequency oscillations,
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particularly gamma (above 40 cycles per second). That is, the intensity
of rapid oscillations fluctuate slowly, and these fluctuations are syn-
chronized in both cerebral hemispheres, a finding that is reminiscent of
the low-frequency interhemispheric synchrony reported with fMRI by
Marcus Raichle and collaborators (see above in this chapter).

On the other hand, callosal fibers connecting auditory regions usually
do not reach diameters as large as those of visual or somatosensory or
motor fibers, and consequently there is likely a smaller fiber contingent
able to support high frequency interhemispheric synchrony. However,
interhemispheric distance is shorter for auditory than for visual fibers,
which works in their favor. Saskia Steinmann, Christoph Mulert, Angela
Friederici, and other authors conducted a high-density EEG study with
healthy subjects participating in a dichotic listening task (Steinmann
et al. 2014). Besides analyzing the synchrony, the authors employed a
source estimation algorithm that, in combination with tridimensional
MRI brain reconstructions, allowed for reconstructing the deep location
of surface activity recorded on the scalp with EEG. Notably, the authors
found a specific increase in gamma synchrony between the right and left
auditory cortices, when subjects consciously perceived the syllable pre-
sented to the non-dominant ear (the left ear, projecting principally to
the right hemisphere). This is taken as evidence for high-frequency
interhemispheric transfer of auditory linguistic information.
Considering the close interhemispheric coupling that takes place with
speech perception and production, it is likely that cross-hemispheric,
high-frequency synchronic ensembles are relevant for speech perception
and production, and perhaps for bimanual motor tasks, a process that
must depend on a small contingent of fast-conducting fibers.

Integrating Speech, Emotion and Meaning

Callosal fibers may also play a role at higher levels of speech and
language processing in the temporal coordination of different speech
processes, especially the exchange of information between right-domi-
nant and left-dominant streams. A widely used strategy to study lan-
guage and semantic processing is the N400 event-related potential, a
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negative voltage deflection occurring about 400 milliseconds after sti-
mulus presentation (see Chapter 2). N400 and other similar potentials
have been associated with cognitive incongruencies in which two or
more stimuli are contradictory to each other. In the early eighties,
Marta Kutas discovered the N400 in a semantic congruence/incongru-
ence task where she presented phrases word-by-word on a screen that
had expected endings like “The coffee was too hot to . . . ”. In this
sentence, the last word is expected to be “drink” (Kutas and Hillyard
1980). Kutas presented different ending words, the expected one
(“drink”), and unexpected ones (say, “eat”, or even more unexpected,
“walk”). Comparing the event-related EEG curves for the expected and
unexpected ending words, there was an evident negative deflection
occurring at some 400 milliseconds for the incongruous words, which
was more pronounced the more incongruous the word was with the
content of the sentence. This was termed the semantic incongruency
effect, and was marked by N400 potential. Angela Friederici took
advantage of this technique to study interhemispheric processing in
partially callosotomized patients. Since syntax is represented mainly on
the left hemisphere, and prosody is right-hemisphere dominant, the
corpus callosum might be important to integrate the two processing
streams. Instead of semantic incongruency, Friederici’s group presented
inconguencies between the prosodic contour of a phrase and its syntactic
structure (Sammler et al. 2010). Notably, while normal subjects devel-
oped a good N400 effect after prosodic-semantic incongruencies,
patients with lesions in the posterior third of the corpus callosum failed
to show this effect. However, patients did show a normal semantic N400
effect, indicating that the deficit was specific for tasks being processed in
different hemispheres. In a subsequent study, Friederici’s team also
showed that patients with anterior callosal lesions displayed a normal
prosodic-syntactic N400 incongruency effect, supporting the participa-
tion of parieto-temporal interhemispheric connections in the integration
between intonation and phrase structure. This evidence is in line with
studies showing that patients with callosal agenesis perform poorly in
tasks requiring affective or nonliteral sentence understanding, like meta-
phors or proverbs (Paul et al. 2003; Rehmel et al. 2016). Analyzing the
callosal projection to the corpus striatum that I mentioned above,

Integrating Speech, Emotion and Meaning 201

http://dx.doi.org/10.1057/978-1-137-54060-7_2


Innocenti found that only in humans does this projection originate in
temporoparietal areas that fit Geschwind’s area in the language network
of the left hemisphere (Innocenti et al. 2016). Furthermore, this projec-
tion crosses through the callosal isthmus, and is proposed by Innocenti’s
group to participate in syntactic-prosodic integration.

There have been findings supporting interhemispheric interplay in
semantic processing. In an early study, Eran Zaidel and collaborators
presented subjects with words belonging to different semantic categories
(say, content words vs. action words) either in the left or the right visual
fields, or presented the same word simultaneously in both visual fields
(Mohr et al. 1994). Bilateral presentation improved recognition, but this
did not occur when pseudo words (phonetically correct, but meaningless
sequences of letters) were used as stimuli. This indicates that cross-
hemispheric interactions are in fact relevant for processing semantic
information. Warren Brown and his team also showed that subjects
with agenesis of the corpus callosum display poorer narrative contents
compared to IQ-matched controls, and have specific difficulties in
semantic and pragmatic interpretations of the discourse (Turk et al.
2010).

Large-scale processes involved in semantic and higher syntactic analysis
might relate to lower frequency neuronal oscillations that are more likely
associated with contextual information. In this line, my student Enzo
Brunetti conducted a variant of a lexical decision task in which words
belonging to different semantic categories (animals, man-made objects,
abstract nouns) and pseudo words were binaurally presented to subjects
that had to say whether or not the word they heard corresponded to one
of the pre-defined semantic categories, say animals (Brunetti et al. 2013).
Enzo observed overall phase synchronization increments at low frequen-
cies that were specific for the semantic category that was being used at the
moment, whichever it was as there were no differences among semantic
categories. However, the average topography of the synchronic networks
was specific for each category, despite there being significant individual
variability. Enzo also showed early increases in gamma synchrony asso-
ciated with semantic relevance for the task. Source analysis of this data
suggests that the synchronic networks at work are bilateral, at least for
low-frequency oscillations. This finding underscores the role of callosal
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communication in higher aspects of speech and language processing.
Overall, these findings are consistent with the recent report by
Alexander Huth and collaborators, who identified a widespread semantic
representation across the cerebral cortex, whose anatomical organization
seems to be conserved across subjects (Huth et al. 2016).

All in all, the corpus callosum provides a massive pathway for cross-
hemispheric integration, and despite time constraints, synchronic oscil-
latory activity can be performed in our large brains at relatively high
frequencies, although through a limited contingent of large and very
large diameter fibers. Its role in midline control, providing continuity
across the sensorimotor representations, may represent one of the most
basic and earliest functions of interhemispheric fibers, while processes
like bimanual coordination and some aspects of speech perception and
production (the corpus callosum may participate, but is not essential for
speech processes), may have appeared as late acquisitions. Another
question that remains is whether having such abundant interhemispheric
connectivity provides any processing advantage to the mammalian brain
over that of birds, some of which have shown cognitive capacities as
elaborate as those of many mammals, or even more so. Comparative
research in the organization of large-scale networks in mammals and
birds is needed to provide insight into this issue.
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