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Abstract

In the last five years, a number of detailed anatomical, electrophysi-
ological, optical imaging and simulation studies performed in a variety
of non-human species have revealed that the functional organization
of callosal connections between primary visual areas is more elaborate
than previously thought. Callosal cell bodies and terminals are clus-
tered in columns whose correspondence to features mapped in the
visual cortex, such as orientation and ocularity, are starting to be
understood. Callosal connections are not restricted to the vertical
midline representation nor do they establish merely point-to-point
retinotopic correspondences across the hemispheres, as traditionally
believed. In addition, anatomical studies have revealed the existence
of an ipsilateral component of callosal axons. The aim of this short
review is to propose how these new data can be integrated into an
updated scheme of the circuits responsible for assembling the primary
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Introduction

The major fiber bundle in the human
brain, the corpus callosum, contains around
200 million axons that link the two cerebral
hemispheres. Despite the amount of research
devoted to this pathway (1,2) and the great
popularity of the concept of lateralization of
functions, the neuronal mechanisms of inter-
hemispheric cooperation are largely un-
known. The lack of a general working model
for the functional organization of transcal-
losal circuits is probably due to the multiple
functions of callosal fibers, since they arise
from almost all regions of the neocortex. The
few generalizations on the sensory portions
of the corpus callosum are based on incom-

plete experimental data that are now being
complemented in such a way that the main
ideas ought to be rediscussed.

In associative areas, interhemispheric con-
nections exist between both heterologous
and homologous regions. In primary sensory
areas, however, the situation is considered to
be simpler since connections are presumed
to be essentially homotopic, i.e., they recip-
rocally link corresponding regions located in
symmetric sectors of the hemispheres. More-
over, most callosal connections between pri-
mary sensory cortices appear to be restricted
to portions of these areas where the “mid-
line” is mapped (reviewed in Ref. 3): in the
primary somatosensory cortex, callosal con-
nections are densely packed in regions repre-
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senting the central parts of the trunk, the
face, and the proximal segments of the limbs,
whereas they have been repeatedly reported
to be sparser or virtually absent from the
representation of distal segments. Similarly,
callosal connections within the primary vi-
sual cortex are often believed to be restricted
to the representation of the vertical midline
of the visual field. Since each hemisphere
only receives thalamic input from the con-
tralateral half of the body or the visual field,
it is reasonable to assume, as did Ramon y
Cajal (4), that one essential function of the
corpus callosum is to guarantee the continu-
ity of the sensory maps across the hemi-
spheres. The established view is, therefore,
that the fusion of primary cortical represen-
tations is achieved through precise, recipro-
cal, point-to-point callosal connections be-
tween cortical neurons whose receptive fields
are located along the midline fracture, as in a
string of press buttons.

The basic layout of the callosal connec-
tions between primary visual areas in adult
mammals has been reviewed recently (5).
Briefly, classical anatomical and electro-
physiological experiments, mostly performed
in cats, have demonstrated the following
features: a) Callosal connections are con-
centrated along the border between areas 17
(A17) and 18 (A18). This is not a sharp
boundary, but rather a transition zone whose
cytoarchitectonic and physiological response
properties are intermediate between those of
A17 and A18 (6,7). b) Extensive receptive
field mapping of the 17/18 border, confirm-
ing earlier recordings from the fibers run-
ning within the posterior part of the corpus
callosum (8), indicates that the callosally
connected parts of visual areas include, on
each side, the representation of the vertical
midline together with a narrow portion of the
ipsilateral hemifield (7). ¢) Recordings from
split-chiasm cats, in which the geniculocor-
tical and transcallosal pathways can be dif-
ferentially activated by visual stimulation of
one or the other eye, reveal that ipsi- and
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contralateral inputs converging onto callosal
recipient neurons are closely matched in
terms of retinotopic location, size, and orien-
tation selectivity (9,10). d) Taken as a whole,
these and other observations suggest that,
indeed, callosal projections are functionally
equivalent to corticocortical projections, be-
ing only longer-reaching (1,6).

During the last few years, however, a
number of detailed anatomical, electrophysi-
ological, imaging and simulation studies per-
formed by different research groups in a
variety of species have revealed that the
functional organization of callosal connec-
tions is more elaborate than previously
thought. Important pieces of recent informa-
tion deal with the columnar and retinotopic
arrangement of callosal connections. In ad-
dition, we shall mention unpublished obser-
vations from our laboratory about the ipsilat-
eral component of the interhemispheric inte-
gration. The aim of this short review is to
propose how these data can be integrated
into an updated scheme of the circuits re-
sponsible for assembling the primary visual
field map.

Relation of callosal patches to other
columnar modules

Early degeneration studies indicated that
the density of callosal terminals is not homo-
geneous across the cortical surface. On a
finer scale, callosal terminals and, to a lesser
extent, callosal neurons were later reported
to form a patchy pattern in many cortical
areas of various species, including the 17/18
border zone of the cat (6). In order to deci-
pher the functional logic of interhemispheric
projections, an important issue is how these
“callosal columns” relate to other modular
systems of the visual cortex. Given the pre-
sumed analogy between callosal and hori-
zontal connections, together with the match-
ing between thalamic and callosal inputs
converging onto target cells (see above), it
seemed natural to propose that callosal fi-
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bers connect neurons within columns of simi-
lar orientation selectivity. However, recent
studies have ruled out this hypothesis.

In 1994 and 1996, two independent stud-
ies demonstrated that both callosal neurons
and terminals are densely packed within cy-
tochrome oxidase-rich domains of the visual
cortex in cats (11) and macaques (12). Al-
though the connectivity associated with this
pattern has recently been elucidated in the
latter species (13), the functional signifi-
cance of cytochrome oxidase modules in
other species remains unclear. In 1997,
Schmidt et al. (14) used a combination of
deoxyglucose, optical recording and retro-
grade tracing in strabismic cats and con-
cluded that callosal projections were prefer-
entially established between columns of the
same orientation, as is the case for intra-
hemispheric long-range projections. How-
ever, although converging thalamic and cal-
losal inputs still appear to be matched for
orientation in strabismic cats (15), itis known
that the overall distribution of callosal pro-
jections and terminals is profoundly modi-
fied (16). Therefore, the relation of the pat-
tern of callosal connections to the columnar
systems of the visual cortex in normal adults
cannot be inferred from data obtained in
animals with altered visual experience. In-
deed, contrasting results were obtained by
Bosking et al. (17) who achieved optical
imaging of both orientation preference and
retinotopic position maps in normally reared
tree shrews. These authors concluded that
callosal connections lack the orientation
specificity characteristic of long-range hori-
zontal connections (18), but “are arranged in
atopographic fashion that links visuotopically
corresponding sites in the two hemispheres”.
If this turned out to be the case in other
species, callosal fibers would be more likely
to serve a function comparable to that of
local intrinsic networks, preserving the con-
tinuity of the visual field map across the
hemispheres. Finally, Olavarria (19,20) dem-
onstrated that the callosal mapping relates

neither to orientation specificity, nor simply
to retinotopy, but rather to areal location and
ocular dominance. The new results only ap-
peared after he made a careful distinction
between the 17/18 border and the flanking
parts of A17 and A18 themselves, and can be
summarized as follows: callosal neurons lo-
cated within the transition zone, where a
narrow portion of the ipsilateral visual field
is mapped, preferentially occupy contralat-
eral ocular dominance columns and project
to A17 and A18 of the opposite hemisphere.
In contrast, callosal neurons located slightly
off the vertical midline representation - i.e.,
within the lateral-most part of A17 and the
medial-most part of A18 - occupy ipsilateral
ocular dominance columns and converge onto
the opposite transition zone. This finding,
compatible with another recent report (21),
has important implications for understand-
ing how callosal connections are selected
throughout development (see Ref. 2). In ad-
dition, it calls for a reinterpretation of the
circuits presumed to be responsible for the
unification of the two hemi-representations
of the visual field.

Yet, Olavarria’s observations were based
on tangential plots of populations of cells
retrogradely labeled after fairly large tracer
injections. Therefore, they might not have
disclosed the complete connectivity scheme,
which must be even more intricate. Three-
dimensional reconstructions of biocytin-
labeled individual callosal axons from the
cat visual cortex revealed that they often
terminate into distinct radial columns of the
target hemisphere (5,22). For most axons,
the heaviest terminal columns are located
along the 17/18 border, while additional
branches with sparser boutons arborize within
A17 and/or A18. It is difficult to assess
whether such diverging terminal branches
would have incorporated the different trac-
ers used in Olavarria’s experiment, since his
injections were intentionally aimed at one or
the other cortical region. Actually, although
double- or triple-labeled cells do not seem to
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have been investigated systematically, a few
instances of overlap between populations of
callosal cells labeled by injections placed at
the 17/18 border and A17 can be detected
(see Figure 1 in Ref. 20).

In any case, it is important to emphasize
that many features (such as orientation,
ocularity, and spatial frequency) are mapped
onto the surface of the visual cortex, each
modular pattern being superimposed on the
retinotopic map, resulting in a multidimen-
sional layout that seemingly optimizes the
uniform coverage of each feature for each
point of the visual field (23). Therefore,
callosal neurons within an ocular dominance
column also display their own orientation
selectivity and the recent findings do not
contradict electrophysiological evidence of
matched orientation between thalamic and
callosal inputs both in normal and strabismic
cats (15).

Functional implications of the
topographic divergence of callosal
connections

A second critical issue is the topographic
precision of callosal connections. Record-
ings from split-chiasm cats indicated, in ad-
dition to matched orientation between tha-
lamic and callosal afferents, a precise corre-
spondence of retinotopic position, as evi-
denced by the high degree of receptive field
overlap, which increases progressively with
normal binocular experience (10). This was
compatible with the classic view that cal-
losal connections perform a point-to-point
topographic mapping between correspond-
ing loci located in symmetric regions of the
two hemispheres, and thereby contribute to
the construction of receptive fields in the
vicinity of the vertical midline.

Studies aimed at visualizing the overall
distribution of callosal projections using very
large injections of retrograde and antero-
grade tracers, or based on the patterns of
degeneration staining after section of the

J.-C. Houzel et al.

corpus callosum, have revealed that the dis-
tribution of callosal neurons is broader than
that of callosal terminals (11,19,24,25).
Therefore, one might assume a certain de-
gree of convergence onto the 17/18 border.
On the other hand, the fact that injections of
retrograde tracers in A17 or in Al8 label
cells at the contralateral 17/18 border (20)
suggests a possibility of divergent projec-
tions. Provided that the degree of anatomical
convergence and divergence is reasonably
small, these findings should not contradict
the electrophysiological data since, espe-
cially within regions of highly magnified
representation, the retinotopic distance be-
tween origin and target neurons would not
exceed the angular distance between their
receptive fields. However, by combining op-
tical mapping of retinotopic position and
retrograde labeling in tree shrews, Bosking
et al. (17) found that, although callosal con-
nections are highly topographical, “it is also
clear [...] that these connections provide in-
put from a moderate-sized region surround-
ing exact correspondence. Thus, a particular
site in one hemisphere would receive inputs
via callosal connections primarily from sites
in the other hemisphere that had overlapping
receptive fields, but also from sites whose
receptive fields could be displaced by as
much as the receptive field diameter of a
layer 2/3 neuron (5°)”. Even though optical
imaging data obtained for intact tree shrews
cannot be compared with receptive fields
plotted from split-chiasm cats, they strongly
suggest that many neurons receive callosal
inputs that are not congruent with their tha-
lamic input and therefore do not directly
contribute to the generation of minimum
response fields.

This assumption is supported by the ex-
amination of single callosal axons which, as
mentioned above, frequently distribute some
conspicuous terminal branches within A17
and/or A18, in addition to densely ramified
terminals packed along the 17/18 border
(5,22). Secondary terminal columns could
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be located as far as 2500 pm away from the
17/18 border. Although we did not attempt
to map the visual field representation before
processing the brains for serial reconstruc-
tion of single axons, retinotopy can be roughly
estimated on the basis of extensive receptive
field mappings of the lateral gyrus (10,24):
at the same rostrocaudal level, a displace-
ment of 2500 um on the cortical surface
away from the 17/18 border would corre-
spond to at least 15° of eccentricity within
the contralateral hemifield, for an elevation
of about -5° (Figure 1). Thus, far-reaching
callosal terminals are likely to contact neu-
rons whose receptive fields are not included
within the portion of the visual field trans-
ferred through the corpus callosum. On the
other hand, recordings from split-chiasm cats
indicated that, with very few exceptions (26),
transcallosally driven unitary responses elic-
ited by visual stimulation are virtually absent
outside the 17/18 border.

Possible role of callosal inputs near the
vertical midline representation

The discrepancy between the distribu-
tion of axonal terminals and physiological
responses emphasizes the issue of the func-
tion of the heterotopic callosal projections
terminating at the flanks of the 17/18 border.
Since most callosal neurons are binocular,
splitting the chiasm suppresses half of the
thalamic afferents that might drive callosal
neurons in intact animals. Therefore, one
cannot exclude the possibility that the ab-
sence of transcallosal responses outside the
17/18 border is an artifact due to the damp-
ening of normally suprathreshold inputs from
a subpopulation of callosal cells whose fir-
ing would be particularly dependent on bin-
ocular stimulation. Unfortunately, connec-
tivity studies using electrical stimulation,
which might have disclosed more subtle in-
puts, explored mainly the 17/18 border
(27,28). A simpler assumption is that, for
any given callosal axon, dense terminal col-

umns provide massive synaptic inputs and
trigger spiking responses of the target neu-
rons, whereas secondary terminal columns
with sparser boutons form weaker contacts
and provide only subthreshold activation.
Given that secondary columns frequently
occur in non-symmetric locations with re-
spect to the cell body of the parent neuron,
this arrangement could endow interhemi-
spheric networks with an interesting prop-
erty of anticipation. Let us consider a com-
mon situation where, as we keep a steady
frontal gaze, a car appears on the left and
crosses the entire visual field, from left to
right (Figure 2). As a result of the topogra-
phy of the retinogeniculocortical pathway
(for the sake of simplicity, we will restrict
the example to a feline-like A18), the visu-
ally driven activity in the cortex will first

A17
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Figure 1. Callosal axon with a
divergent termination pattern in
the cat visual cortex. Three-
dimensional reconstruction of a
callosal axon labeled by extra-
cellular injection of biocytin
within the 17/18 transition zone
in the cat. A, Coronal view of
the injection site (left hemi-
sphere) and contralateral ar-
borization of a single callosal
axon (right hemisphere). Arrow-
heads indicate the center of the
transition zone between areas
17 and 18 (A17, A18). B, En-
larged surface view of the ter-
minal arborization, obtained af-
ter rotation of the three-dimen-
sionally reconstructed axon and
correction for tissue shrinkage.
Arrowheads indicate the center
of the transition zone between
A17 and A18. C, Schematic dia-
gram illustrating the topographic
relation between the injection
site (left) and the terminal terri-
tories (right) of the axon shown
in A and B. Contralateral termi-
nal arborizations are arranged in
two main radial columns posi-
tioned along the 17/18 border -
within the representation of the
vertical midline - and three mi-
nor columns located in A17 and
in A18. One can infer from reti-
notopic maps that the location
of the most lateral column cor-
responds to the representation
of about 15 degrees of eccen-
tricity (modified from Ref. b).

Braz ) Med Biol Res 35(12) 2002
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appear in lateral parts of the right A18, and
then gradually shift towards more medial
loci as the moving object gets closer to the
center. As the car proceeds across the mid-
line and then towards the right periphery,
cortical activity shifts to the left hemisphere,
starting medially at the 17/18 border and
then assuming successively more lateral loci.
In a model with purely homotopic, point-to-
point, callosal connections (Figure 2B), cor-
tical activity is suddenly transferred from

Visual field Cortical maps
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Figure 2. Subthreshold heterotopic callosal inputs could pre-activate selected cortical
neurons. A, Visual field. As the observer keeps a steady frontal gaze, a moving car crosses
the visual field from left to right. The dotted line indicates the position of the vertical midline
of the visual field (central vertical meridian). Numbers 1 to 5 indicate the position of the car
at successive time points. B and C, Schematic maps of visual cortical area 18 (A18) and of
the 17/18 transition zone (TZ) of the left and right hemispheres. The vertical dotted line
separates the two sides of the brain. Callosal neurons and terminals are densely packed at
the transition zone (box), where the vertical midline is topographically represented once in
each hemisphere. Discs represent neighboring cortical loci, which are shaded according to
their state of activation, from the inhibited (white) to the basal level of activation (light gray)
to subthreshold excitation (dark stipple) to firing (black) and to correlated firing (black with
white center spot). Successive horizontal rows correspond to time points 1-5. B, As the car
proceeds from left to right, visually driven cortical activity (black discs) shifts from lateral to
medial loci in the right A18, and then from medial to more lateral loci within the left
hemisphere. With exclusively homotopic connections (black arrow) between the two TZ,
cortical activity is suddenly transferred from the right to the left hemisphere at the moment
when the moving object reaches the midline (time point 4). C, Heterotopic connections
providing subthreshold inputs are added. At time point 3, inputs converging from the right
A18 onto the left TZ enhance the excitability of the latter region before the object actually
reaches the midline, in a feature-selective manner (see text for details). At time point 4,
visually evoked responses at the left TZ are already correlated (“enhanced"), which could
speed up their further joint processing. At the same time point, subthreshold inputs
diverging from right TZ onto the left A18 extend the pre-selection process to regions
flanking the vertical midline representation. Inhibitory components (white arrows and
discs) are also included, which may permit the subsequent restraining of the network
activity.
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one hemisphere to the other at the time when
the object reaches the midline. According to
the classic view, the absence of a perceptual
break could be attributed to the duplicate
representation of the central visual field and
to continuity-providing connections between
the two maps. Additionally, one can now
insert reciprocal, non-mirror symmetric, het-
erotopic projections providing weak inputs
to the flank of A18 and the 17/18 border
(dashed and white arrows in Figure 2C). In
this case, subthreshold activation of 17/18
border sites driven by callosal neurons in the
right A18 would be initiated before the vi-
sual stimulus actually reaches the midline,
which might speed up further processing.
Similarly, at the next time point, callosal
neurons located at the right 17/18 border
would provide subthreshold activation of
left A18 recipient neurons, and prepare the
local network for processing incoming tha-
lamic inputs.

We propose that subthreshold transcal-
losal inputs influence ongoing activity in a
topographically organized manner, and
thereby enable the pre-activation of selected
neuronal populations within the hemisphere
that is not yet receiving any input through the
retinogeniculate pathway but that, with a
very high probability, will do so as soon as
the incoming stimulus reaches the vertical
midline. This anticipatory mechanism would
permit faster processing of stimulus features
that need to be integrated across the visual
field.

The scheme can be expanded with con-
nections to and from A17, and might also
include inhibitory components which, either
directly through inhibitory callosal neurons
(29) or indirectly via local interneurons (30),
could ease the returning of previously acti-
vated cortical loci to the basal level. Clearly,
this hypothesis does not involve solely
callosally connected neurons, but rather re-
lies on the participation of local intrinsic
networks within each of the two hemispheres.
It also provides a framework for top-down
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influences from higher-order areas to dy-
namically modulate the speed and scope of
interhemispheric integration, according to
spatiotemporal patterns of subthreshold ac-
tivity that would reflect the architecture of
callosal connections.

Several lines of evidence support this
hypothesis: a) Ongoing spontaneous activ-
ity, which is largely responsible for the great
variability of evoked neuronal responses, is
not random but rather reflects the functional
architecture of the visual cortex (31). Spike-
triggered averaging of images from the corti-
cal surface, obtained with voltage-sensitive
dyes, indicates that the fluctuations in excit-
ability are correlated across columns of simi-
lar orientation (32). b) These spatially orga-
nized spontaneous fluctuations of the basal
level of activity affect the latency of neu-
ronal responses to visual stimuli and en-
hance their correlation in a state-dependent
and feature-selective manner (33). c) Pre-
cisely correlated responses are more likely
to be grouped for further joint processing,
since synchronized inputs have a stronger
impact on high-order target neurons than
temporally uncorrelated spikes (reviewed in
Refs. 34,35). d) As is the case for long-range
horizontal connections, callosal connections
are selected during development according
to experience-dependent rules (6,15,36). Ac-
cordingly, their architecture is presumed
to reflect frequently occurring constellations
of features (37,38). e) Although individual
callosal axons display variable architectures
in adults, in most cases the geometrical prop-
erties of their different branches seem to
equalize the conduction delay to all their
terminal columns (5,39). Consequently, cal-
losal axons are likely to transmit synchro-
nous inputs to widely separated territories
within the target hemisphere. Such inputs
would elicit synchronous firing of postsyn-
aptic target neurons within regions receiving
dense callosal terminals, as well as exert
temporally correlated subthreshold influ-
ences within selected territories innervated

by less compact terminals. These correlated
modifications in membrane excitability
would allow a precise synchronization of the
very first spikes of the responses subsequently
evoked by the appearance of the visual stimu-
lus in the receptive fields of pre-selected
neurons (33). Actually, psychophysical evi-
dence indicates that such a grouping process
requires no more than a few tens of millisec-
onds (40). Topographically divergent cal-
losal connections, even though they appar-
ently do not participate in the construction of
visual receptive fields, could make a critical
contribution to speeding up perceptual bind-
ing.

Complementary roles for the widespread,
subthreshold callosal inputs can be consid-
ered. A recent electrophysiological study (41)
indicates that, after binocular vision is im-
paired for a few weeks in the adult cat by
monocular deprivation or ocular deviation,
transcallosal receptive fields lose their ori-
entation specificity and increase in size. Al-
though local modulation of inhibitory
mechanisms or genuine sprouting of callosal
arbors cannot be excluded, the authors sug-
gest that this plasticity is due to strengthen-
ing of previously weak synaptic inputs. Along
the same lines, subthreshold callosal inputs
could also provide a substrate for faster
changes, such as dynamic contextual modu-
lation of neuronal responses (42).

Callosal connections within the representation
of the peripheral visual field

Callosal connections between primary
visual areas that manifestly violate the verti-
cal midline rule are observed in rodents. In
addition to dense callosal connections packed
along the 17/18a border, the entire mediolat-
eral extent of rat striate cortex contains nu-
merous callosal cells and terminals, forming
a continuous band in infragranular layers
(43). Further experiments based on targeted
injections of retrograde tracers suggested a
dual connectivity scheme (44): a) at the 17/
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18a border, non-mirror symmetric recipro-
cal connections would link cortical loci with
roughly matching retinotopic projections
along the vertical midline representation, as
in cats; b) within A17, in contrast, callosal
connections would link mirror-symmetric
cortical regions, representing mirror-sym-
metric positions in the periphery of the vi-
sual field.

Using sensitive anterograde tracers and
computer-assisted microscopy, we confirmed
that the proposed connectivity scheme holds

C

Figure 3. Callosal neuron within the representation of the peripheral visual field in rat A17.
Three-dimensional reconstruction of a callosal neuron labeled by a small extracellular
injection of biocytin within the medial-most part of the left A17 in a rat. A, Outlines of a
coronal section of the rat brain, indicating on both sides the mediolateral extent of the
cytoarchitectonically defined A17 (thick black line) and the location of the vertical midline
representation (arrowheads) inferred from published retinotopic maps. This neuron con-
nects mirror-symmetric cortical loci representing the far periphery of the right hemifield (cell
body in the left hemisphere) and the far periphery of the left hemifield (terminal columns in
the right hemisphere). B, Enlarged frontal view of the whole neuron (gray: cell body and
dendritic tree; black: axon), as reconstructed from 29 consecutive, 70-um thick coronal
sections, whose outlines are delineated by the thin light lines. In the left hemisphere, an
ascending axonal collateral forms a terminal arbor within the column containing the cell
body. Same scale as in C. C, Dorsal view obtained after 90-degree rotation of the three-
dimensionally reconstructed neuron along the mediolateral axis and correction for tissue
shrinkage. In the left hemisphere, the degree of overlap between the dendritic and ipsilat-
eral axonal arbor can be appreciated. In the right hemisphere, two regions of dense
branching can be seen at different rostrocaudal levels. Rostral is at the top. D, Enlarged
coronal view showing the cell body (arrow), the dendritic arbor (gray) and the ascending
ipsilateral axonal collateral.

I
1000 pm
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at the level of individual neurons. Figure 3
shows one callosal neuron labeled by an
injection of biocytin in the medial-most re-
gion of the left A17, where the extreme
periphery of the right visual hemifield is
mapped. The axon travels rostrally to reach
the corpus callosum (Figure 3C), crosses the
midline, and then proceeds caudally to reach
a fairly symmetric location in the right hemi-
sphere, where the extreme periphery of the
left visual field is mapped. On its way, the
axon also sends an ascending collateral that
forms a very conspicuous terminal column,
about 1000 um more caudal than the other
one.

Although it is not known whether mirror-
symmetric projections provide supra- or sub-
threshold inputs to target neurons, they are
likely to be involved in processing requiring
large-scale integration of features across the
entire visual field. They could participate in
the computation of optic flow and other
visual cues related to locomotion (45) or,
likewise, in the detection of symmetric
shapes, which is behaviorally relevant not
only for highly specialized functions such as
face recognition in humans, but also for a
variety of tasks in different species (46).

Similar mirror-symmetric patterns of in-
terhemispheric connections have been dem-
onstrated or suggested in extrastriate areas
of'a number of species, such as areas 20a and
PMLS of cats (47) and area MT of macaques
and marmoset monkeys (48). Given the small
number of differentiated visual areas in ro-
dents, one may speculate that their less spe-
cialized primary visual area is responsible
for additional processing that is implemented
by supplementary areas committed to spe-
cific operations in higher mammals.

Ipsilateral axonal collaterals and
interhemispheric cooperation

So far, we have only addressed issues
regarding the organization and the function
of the signals transferred from one hemi-
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sphere to the other. However, several lines
of evidence suggest that callosal neurons
also provide ipsilateral inputs through ax-
onal collaterals arborizing within the hemi-
sphere of the parent cell body (Figure 3D).
The use of multiple fluorescent retrograde
tracers revealed that: a) callosal neurons sur-
vive the transection of their callosal axon
(49); b) a few extrastriate neurons projecting
to the contralateral 17/18 border also contact
the homologous ipsilateral region (50), and
¢) during development, many primary visual
cortical neurons with a transient callosal
projection end up by establishing contact
within the ipsilateral hemisphere (51). These
findings are compatible with the ultrastruc-
tural observation of synapses labeled in the
hemisphere contralateral to an injection of
retrogradely transported peroxidase (29), and
with occasional drawings of peroxidase-filled
callosal neurons showing proximal axonal
branches possibly directed to the ipsilateral
hemisphere in cats (52). Taken as a whole,
these findings are compatible with the possi-
bility that callosal neurons in A17 of adult
mammals send ipsilateral axonal collaterals.

To specifically address this issue, we
injected very small amounts of biocytin or
biotinylated dextran amine into the rat striate
cortex. With the help of a computer-coupled
light microscope (Neurolucida, Micro-
Brightfield Inc., Colchester, VT, USA), se-
lected callosal neurons were then recon-
structed in three dimensions from consecu-
tive coronal sections, including their entire
axonal tree as well as their dendritic arbors.
The neuron shown in Figure 3 was labeled
by an injection into medial A17. In addition
to the contralateral axonal arbor described
above, it also gives off a short-range recur-
rent branch, ascending radially shortly after
the axon hillock, and arborizing locally within
the column of the parent cell body. Other
callosal neurons, located along the vertical
midline representation at the 17/18a border,
display more widespread ipsilateral branches.
These can also be seen to stem from proxi-

mal segments of the axonal trunk but then
run parallel to the cortical surface and termi-
nate at variable distances away from the cell
body or, alternatively, to arise from more
distal portions of the axon, travel within the
subcortical white matter and then make a
sharp U-turn to re-enter the cortex. The topo-
graphic relationships between short- and
long-range ipsilateral projections and their
contralateral counterparts are currently be-
ing analyzed.

Since individual neurons with bi-hemi-
spheric collaterals provide inputs to both
hemispheres, they are presumably pivotal
players in the interhemispheric integration
of the visual scene. One current hypothesis
is that the grouping of object features is
achieved through the selection of neuronal
responses on the basis of their temporal cor-
relation (see above). Stimulus-dependent,
millisecond precision synchronization of in-
terhemispheric responses was shown to re-
quire the integrity of the corpus callosum
(53,54). Although such precise coupling
could theoretically be accomplished through
reciprocal connections or local oscillating
circuits, the simplest and fastest way to pro-
duce zero-phase lag synchronization between
remote groups of neurons is through com-
mon input. Callosal neurons with bi-hemi-
spheric axons appear to be unique candi-
dates to supply such inputs.

On the basis of computer simulation, we
have suggested previously that the architec-
ture of callosal axons seems very well suited
to promote the synchronous activation of
spatially dispersed terminal columns within
the target hemisphere. Adjustments of the
caliber of axonal branches feeding distinct
columns seem to compensate for their differ-
ential length, which would allow propagat-
ing action potentials to invade distant termi-
nal clusters almost simultaneously (see above
and Refs. 5,39). If a similar tuning of the
geometrical properties of ipsilateral branches
was to be achieved during development, the
architecture of bi-hemispheric callosal neu-
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rons would meet the criteria required for
providing common, synchronized inputs to
both sides of the brain.

As discussed above, it is not critical that
the inputs be strong enough to evoke the
firing of target cells. Temporally correlated
subthreshold influences could modulate
membrane excitability in such a way that
subsequent, stimulus-evoked discharges
would occur in synchrony. More important
is that elements receiving the synchronizing
influence actually represent subpopulations
of neurons selected according to criteria that
make some sense for further perceptual pro-
cessing. Therefore, the previously discussed
issue of the relation of “callosal columns”
with other modular domains needs to be re-
examined in light of the likelihood that post-
synaptic targets of callosal neurons in the
two hemispheres share some functional prop-
erties. For example, it will be interesting to
know whether ipsilateral terminals of cal-
losal axons are also located in cytochrome
oxidase-rich domains, since both contralat-
eral terminals and callosal cell bodies were
shown to be (11). Along the same lines,
determining whether ipsilateral terminals of
17/18 border callosal neurons are located in
the same or different ocular dominance col-
umns than ipsilateral terminals of A17 or
A18 callosal neurons, and whether this even-
tual bias corresponds or not to the bias ob-
served for contralateral terminals (see above
and Ref. 20), might help to understand the
functional logic of interhemispheric circuits.
In this respect, further investigations of the
functional topography of callosal connec-
tions will require approaches that allow the
analysis of the patterns of afferent and effer-
ent projections in both hemispheres. Three-
dimensional, whole-neuron reconstruction
allows direct analysis of topographic rela-
tions between local and remote targets of
individual neurons, which makes it a power-
ful, although time-consuming, approach.
Many of the questions discussed above could
be answered through experiments combin-
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ing reconstruction with multiple labeling,
optical imaging and multiple electrode re-
cordings in the same animal.

Conclusions

Rather than contradicting the classical
midline fusion hypothesis, the recent obser-
vations summarized here give new hints about
how interhemispheric integration could ac-
tually be achieved.

Callosal connections share some of the
properties of local intrinsic connections: by
preserving neighborhood relationships, they
do contribute to the generation of receptive
fields close to the vertical midline. However,
they do also connect neurons with non-con-
gruent receptive fields. On the other hand,
callosal projections share important traits
with long-range horizontal connections (55):
they are selected according to correlation
rules during development, and mediate pre-
cise temporal coupling between distant terri-
tories in adults. But they do not exclusively
link domains of matching orientation speci-
ficity. Interhemispheric connections between
the primary visual maps thus establish an
elaborate set of relationships among mul-
tiple elementary features of the visual scene
(orientation, retinotopy, ocularity).

A more comprehensive view of the role
of interhemispheric connections in the inte-
grated processing of sensory information
might emerge from the study of other species
and systems. Recently, physiological and
anatomical data were obtained for the ferret
(56,57), amodel which should help a) clarify
the issue of ocular vs retinotopic specificity
of callosal connections, since in this species
the primary cortical representation of the
central visual field is monocular (58), and b)
investigate early developmental events, since
ferrets are born at an earlier stage of neuro-
genesis than other carnivores. For instance,
what are the developmental constraints and
mechanisms governing the selection of ap-
propriate connections in either hemisphere?
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Along the same lines, the recent description
of the layout of visual commissural connec-
tions in a marsupial (Didelphis aurita, Ref.
59) should add to the evolutionary perspec-
tive. In the barrel cortex of the rat, it was
recently shown (60) that the stimulation of
each vibrissa produces a transcallosal inhib-
itory “echo” whose spatiotemporal scope
can be analyzed in detail due to the precise
topography of this system. The somatosen-
sory representation of the body is also highly
modular, and is therefore an appealing sys-
tem. In this respect, large Amazonian ro-
dents provide an unparalleled experimental
model since cortical maps can be investi-
gated in great detail across the smooth and
large surface of their brain, combining mod-
ern physiological and anatomical techniques,
such as optical mapping, multiple electrode
recordings and computerized morphometry.
Preliminary results obtained for the agouti
(Dasyprocta spp) indicate that, as was re-
ported for other species, callosal connec-
tions are not limited to the midline segments
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