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ABSTRACT

The present report compares the morphology of callosal axon arbors projecting from and
to the hind- or forelimb representations in the primary somatosensory cortex (SI) of the
agouti (Dasyprocta primnolopha), a large, lisencephlic Brazilian rodent that uses forelimb
coordination for feeding. Callosal axons were labeled after single pressure (n = 6) or ionto-
phoretic injections (n = 2) of the neuronal tracer biotinylated dextran amine (BDA, 10 kD),
either into the hind- (n = 4) or forelimb (n = 4) representations of SI, as identified by
electrophysiological recording. Sixty-nine labeled axon fragments located across all layers of
contralateral SI representations of the hindlimb (n = 35) and forelimb (n = 34) were
analyzed. Quantitative morphometric features such as densities of branching points and
boutons, segments length, branching angles, and terminal field areas were measured. Cluster
analysis of these values revealed the existence of two types of axon terminals: Type I (46.4%),
less branched and more widespread, and Type II (53.6%), more branched and compact. Both
axon types were asymmetrically distributed; Type I axonal fragments being more frequent in
hindlimb (71.9%) vs. forelimb (28.13%) representation, while most of Type II axonal arbors
were found in the forelimb representation (67.56%). We concluded that the sets of callosal
axon connecting fore- and hindlimb regions in SI are morphometrically distinct from each
other. As callosal projections in somatosensory and motor cortices seem to be essential for
bimanual interaction, we suggest that the morphological specialization of callosal axons in SI
of the agouti may be correlated with this particular function. J. Comp. Neurol. 500:255-266,
2007.  © 2006 Wiley-Liss, Inc.
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Somatosensory perception emerges from the encoding of
information coming from various peripheral mechanosen-
sory receptors and reaches the central nervous system
through distinct parallel channels. These channels con-
nect to several areas and nuclei in a progressive integra-
tion at both subcortical and cortical levels through net-
works of forward and feedback connections (DeFelipe et
al., 2002; Douglas and Martin, 2004; Kaas, 2004). At the
cortical level, interhemispheric projections provide infor-
mation necessary to integrate bilateral cortical activation
(Cardoso de Oliveira et al., 2001; Houzel et al., 2002;
Swinnen, 2002).

At the cellular level the morphological complexity of
dendritic and axonal arbors plays crucial roles in the
signal transformation through isolated neurons and net-
works, but, classically, quantitative analysis of neuronal
morphology have focused almost entirely on the dendritic
tree (Binzegger et al., 2005). In particular, this is the case
for the majority of studies dedicated to callosal connec-
tions in different species: rat (Hubener and Bolz, 1988),
golden hamster (Diao and So, 1991), cat (Voigt et al., 1988;
Olavarria, 2001), tree shrew (Pritzel et al., 1988), star-
nosed mole (Catania and Kaas, 2001), ferret (Manger et
al., 2004), mouse (Porter and White, 1986), as well as in
both human and monkey brains (Elston and Rosa, 2000;
Jacobs et al., 2001; Soloway et al., 2002).

It is well known that callosal activity is essential for the
cortical representation of bilateral integrated motor tasks
(Cardoso de Oliveira et al., 2001; Rokni et al., 2003), but
current knowledge of the structure of interhemispheric
axons is very limited. In order to fill this gap it is relevant
to investigate the morphometry and the topology of inter-
hemispheric connections in animals with less complex
brains and simpler bimanual manipulation (restricted to
the forelimbs, for example) (Kaas, 2004). This is the case
of the rodent agouti (Dasyprocta primnolopha), which was
used as an experimental animal in the present study.

Agouti is the name of a group of burrowing rodents of
the genus Dasyprocta (Linnaeus, 1776), native to tropical
America, possessing a medium-sized body (about 3.5 kg)
with diurnal habits and terrestrial habitat, which uses the
forelimbs to manipulate food while eating, sitting on their
hindlimbs. The agouti has a large lisencephalic brain well
suited for mapping studies that poses fewer experimental
difficulties than both gyrencephalic species (e.g., pri-
mates) and small lisencephalic rodents (e.g., rat).

Moreover, the agouti displays bimanual motor skills
that are likely to rely on a higher degree of bilateral
cooperation between the forelimbs as compared to the
hindlimbs. We hypothesized that the morphology of so-
matosensory cortex (SI) callosal projections would reflect
such differences, thus being instrumental in unraveling
the participation of callosal connections in these bilateral
behaviors.

In previous studies we demonstrated that terminal ar-
bors from intrinsic axons in the visual cortex of cat and
cebus monkeys (Amorim and Picanco-Diniz, 1996a,b;
Gomes-Leal et al., 2002) can be differentiated on the basis
of their morphometric features, which include density of
branch points, boutons, and segments/mm as well as av-
erage segment length. Reasoning that the same might
apply to agouti SI callosal axons, we compared the mor-
phological features of axon samples from two different
regions of the somatosensory topographic map (hind- and
forelimbs), with an aim at detecting differences that could
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be related to behavior. Computer-assisted reconstruction
of callosal axon fragments was performed following a pre-
viously established protocol (Amorim and Picango-Diniz,
1996a; Gomes-Leal et al., 2002), as was the analysis of
morphometric parameters such as segment length,
branching points, and densities of branching points, seg-
ments, and boutons (“en passant” and “terminaux”). Fol-
lowing Binzegger et al. (2005), we expected that the inves-
tigation of similar and/or different features of callosal
axonal fragments would contribute to current debate re-
garding diversity versus stereotypy of cortical neurons
(DeFelipe et al., 2002; Douglas and Martin, 2004; Migliore
and Shepherd, 2005).

Our results show that axon terminals of SI callosal
fibers to the hind- and forelimb representations of the
agouti display distinct morphometric properties that may
be related to object manipulation by forelimbs, as opposed
to postural and locomotion movements by hindlimbs.
These findings reveal the existence of morphologically dis-
tinct channels of interhemispheric connections at the level
of primary sensory area in rodent cortex.

MATERIALS AND METHODS

Surgical procedures, electrophysiological
recording, and tracer injection

Eight animals received a single injection of the antero-
grade tracer biotinylated dextran amine (10 kD) into the
left SI representation of the forelimb (n = 4), or of the
hindlimb (n = 4), as assessed by intracortical multiunit
recordings. All experimental procedures followed the Prin-
ciples of Laboratory Animal Care (NIH publication No
86-23, revised 1985), as well as the Local Ethics Commit-
tee on Experimental Animal Research of the Federal Uni-
versity of Pard, Brazil. Eight male adult agoutis weight
2.7-3.2 kg were used in the present investigation. Ani-
mals were donated by Emilio Goeldi Zoo-Botanic Museum,
under license of the Brazilian Institute of the Environ-
ment and Renewable Natural Resources (IBAMA, 207419-
0030/2003) and maintained in the animal facility of Fed-
eral University of Para. One day before the recording
session the animal was premedicated with dexametha-
sone (Decadron, Prodome, 1.0 mg/kg, intramuscular (i.m.))
to prevent brain edema and vitamin K (Kanakion, Roche,
1.0 mg/kg, i.m.) to avoid excessive bleeding. On the follow-
ing day, anesthesia was induced by i.m. injection of a
mixture of ketamine (10 mg/kg) and xylazine (1 mg/kg).
Anesthesia level was monitored by testing corneal reflex
and supplementary doses were administered as needed.
Body temperature was maintained at about 37°C. All ef-
forts were made in order to use as few animals as possible
and to minimize unnecessary animal discomfort, distress,
and pain.

The head of the animal was secured with ear and mouth
pieces into a standard headholder (David Kopf, Germany)
and a craniotomy was performed to expose part of the left
SI region. A varnish-insulated tungsten microelectrodes
(1 M° at 1 kHz; FHC, Bowdoinham, ME) positioned with a
micromanipulator was used to explore cortical multiunit
activity (David Kopf). The multiunit signal was differen-
tially amplified, bandpass-filtered between 1 and 3 kHz
(ME04011, FHC), and fed simultaneously to a dual-beam
storage oscilloscope (1476A, BK Precision, Yorba Linda,
CA) and an audio monitor (SR771, Sansui, Japan). Me-
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TABLE 1. Summary of the Experimental Cases and Labeling

Delivering
procedure/
Subject histochemical reaction Injection site Sectioning plane Contralateral projection
Cc 02 Iontophoresis/BDA SI (HL)-LH LH-tangential
RH-coronal SI (HL), SII
Ce 03 Pressure/BDA SI (FL)-LH Tangential SI (FL, F), SII (FL)
Ce 04 Tontophoresis/BDA SI (FL)-LH LH-tangential
RH-coronal SI (FL), SII (FL)
Ce 12 Pressure/BDA SI (FL)-LH Tangential SI (FL, F), SII (FL)
Cc 10 Pressure/BDA + CO SI (FL)-LH Tangential SI (FL, F, IL), SII (FL), PR
Cc 11 Pressure BDA SI (HL)-LH Tangential SI (HL), SII (HL)
Cc 16 Pressure/BDA SI (HL)-LH Tangential SI (HL), SII (HL)
Ce 17 Pressure/BDA + CO SI (HL)-LH Tangential SI (HL, T), SII (HL)

BDA: biotinylated dextran amine; CO: cytochrome-oxidase; SI: primary somatosensory area; SII: secondary somatosensory area; PR: perirhinal cortex; FL: forelimb; HL: hindlimb;

LH: left hemisphere; RH: right hemisphere; T: trunk; IL: lower lip; F: face.

chanical stimuli consisting of simple touches or scratches
applied on the body surface with sticks and brushes were
used to determine somatosensory-driven responses of
small clusters of neurons and explore the somatotopic
cortical map in SI. After both stereotaxic and electrophys-
iological determination of the desired cortical location, a
single pressure (n = 6 animals) injection of 0.05 pL of 10%
BDA (10 kD, Molecular Probes, Eugene, OR), diluted in
0.1 M phosphate buffer (PB, pH 7.4), was made through a
glass capillary (40-50 pm internal tip diameter). Two
additional animals received an iontophoretic injection of
the same tracer applying positive pulses of 2 pA for 20 ms
(pipette tip 40 pm). Animals were allowed to recover with
food and water ad libitum in the colony. After 15-30 days
they were again anesthetized and placed in the head-
holder for a new series of multiunit mapping of the con-
tralateral (right) somatosensory areas. Electrolytic lesions
were produced by applying negative pulses of 10 pA for 10
seconds. At the end of the experiment animals were per-
fused through the aorta with warm 0.9% saline solution
followed by 4% paraformaldehyde in PB.

Histological procedures and anatomical
reconstructions

Both hemispheres of six subjects and the left hemi-
sphere of two other cases were dissected from subcortical
structures and flattened overnight in fixative between
glass slides to be cut on a vibratome (Pelco 1000, Ted
Pella, Redding, CA) into serial, tangential 100-pm-thick
sections. In two of the cases the right hemispheres were
cut into coronal 200-pm-thick sections (see Table 1). Iden-
tification of recording and injection sites was assessed by
the location of microelectrode electrolytic lesions. Serial
tangential or coronal sections from the hemispheres con-
tralateral to the injection were processed to reveal BDA-
labeled callosal axons. All sections were incubated over-
night in avidin-biotin complex (ABC, Vector Laboratories,
Burlingame, CA, 1:200), and processed for nickel-
intensified DAB reaction (Shu et al., 1988). Two of the
experimental cases (Cc 10 and Cc 17, Table 1) were also
histochemically processed for cytochrome oxidase (CO) ac-
cording to the method of Wong-Riley (1979) in addition to
BDA. In these cases electrophysiological mapping could be
correlated with the architectonic boundaries in tangential
sections. Finally, sections were mounted on gelatinized
slides, dehydrated, cleared, and coverslipped with Entel-
lan (Merck, Darmstadt, Germany). In experimental cases
Cc 02 and Cc 04, the brains were cut parallel to the coronal
plane. In order to reveal cortical lamination, some sections

of these animals were counterstained with cresyl violet.
Bidimensional reconstruction of the flattened hemi-
spheres was achieved using a camera lucida by matching
anatomical landmarks across serial superimposed sec-
tions. Thus, the precise cortical location of each injection
site in the fore- or hindlimb representation of the left SI
area could be compared and correlated with anatomically
and functionally determined regions of the right hemi-
sphere, where labeled interhemispheric axons terminate.
Table 1 summarizes the experimental cases and axon
terminals analyzed in the present work.

For three-dimensional (3D) reconstruction, each axon
terminal was digitized directly from the sections using a
60X oil immersion objective on a Optiphot-2 (Nikon, Ja-
pan) microscope equipped with a motorized stage
(MAC200, LUDL, Hawthorne, NY) and coupled to a com-
puter running Neurolucida software (MicroBrightField,
Colchester, VT), thereby allowing for x, y, and z coordi-
nates of digitized points to be stored and analyzed. For the
purpose of the present investigation, a digitized axon ter-
minal corresponds to an entire segment with its branches
included in one tangential section (100 pm thick). For
quantitative analysis, we chose axon terminals that pre-
sented, as much as possible, real true ends within a single
section. Smaller trees presenting thicker cut ends were
not included in the sample.

Sixty-nine callosal axon terminals (35 at the hindlimb
and 34 at the forelimb representation) of the homotopic
projection, located mainly within layers IT and III, but also
extending to layer V and VI, were analyzed by Neuroex-
plorer software (MicroBrightField). A number of morpho-
metric features were measured, including densities of
branching points, segments, and boutons per millimeter of
axon length. Average densities were computed by dividing
the total number of appendages (branching points, seg-
ments, or boutons) by the total axon length, obtained by
the sum of all intermediate segment lengths. Planar
branching angle (in degrees) was measured between each
pair of segments at all branching points, in the plane
defined by the two rays drawn from the beginning of a
branch to its next node or ending. The surface area of an
axon terminal was calculated on the basis of the diameters
that were assigned to different parts of the processes
while tracing them. These calculations treat each process
segment as right frustum. Surface Area = (Pi * (R1 + R2)
*sqrt (R1 - R2) * (R1 - R2) + (L * L). R1 is radius at the
start of line segment, R2 is radius at end of line segment,
L is length of line segment (MicroBrightField). Most of the
parameters used to measure the morphometric features
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were expressed in density values (number of the occur-
rences of each morphometric feature per fragment divided
by the total length of the fragment). Therefore, the results
in each case were not affected by the terminal size or by its
incomplete labeling and visualization (Amorim and
Picanco Diniz, 1996; Gomes-Leal et al., 2002).

Statistical analysis

Statistical analysis followed similar procedures de-
scribed elsewhere (Steele and Weller, 1995; Schweitzer
and Renehan, 1997; Gomes-Leal et al., 2002). We first
investigated the presence of features shared by eventual
terminal groups in our sample by submitting all of the
following quantitative variables to an initial cluster anal-
ysis: densities of branches, of segments, of boutons en
passant, of boutons terminaux, segment length, terminal
area, planar angle of bifurcations, and limb cortical rep-
resentation from where axon terminals were drawn. The
axon classes suggested by such cluster analysis were fur-
ther assessed by a forward stepwise discriminant function
analysis using the software Statistica 6.0 (Statsoft, Tulsa,
OK), in order to determine which variables discriminate
between two or more naturally occurring groups. This
procedure determines whether groups differ with regard
to the mean of a variable, and then to use that variable to
predict group membership, thereby revealing which vari-
ables provided the best separation of classes suggested by
cluster analysis. In addition, arithmetic mean and stan-
dard deviation were calculated for the variables chosen as
best predictors for groups. In all cases, 10 to 12 terminals
from each subject were the object of multiple measure-
ments using a dedicated software (Neuroexplorer, Micro-
BrightField) to process data obtained with Neurolucida.
On rare occasions outliers were detected and excluded
from all samples based on standard deviations using stan-
dard statistical test to detect extreme values in the sample
(Ayres, 2005). Parametric statistical analysis was done
and two-tailed Student’s ¢-tests for two related samples
were applied for comparison between axonal groups sug-
gested by multivariate data analysis. Statistical signifi-
cance was accepted at the 95% confidence level (P < 0.05).

Photomicrographics and image processing

Photomicrography was done with a digital camera
(Coolpix 950) attached to a Nikon microscope (Mod
Optiphot-2). Brightness and contrast of the pictures were
adjusted with Adobe Photoshop (Sand Jose, CA) cs2 soft-
ware.

RESULTS

Injection sites and patterns of
contralateral labeling

Figure 1 illustrates an injection site of BDA in the SI
representation of the agouti hindlimb. All injection sites
exhibited a dense black central core, varying from 0.4-2.5
mm, surrounded by a thinner dark brown halo, where
individual cell bodies and axonal segments appeared well
defined. In general there was a straight correlation be-
tween the injection site core and extent of the contralat-
eral labeling.

Injection sites were always restricted to the forelimb or
the hindlimb representation, and yielded conspicuous an-
terograde labeling of axonal fragments in both hemi-
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Fig. 1.
the position of the injection site in SI (asterisk). Other sensory areas
like SII, AI, and VI are also depicted after cytochrome-oxidase histo-
chemistry (A). Photomicrography of the tracer injection illustrated in
A, localized at the hindlimb representation of agouti’s SI (B). Scale
bar = 1 mm.

Schematic picture of case Cc 17 (see also Table 1) showing

spheres. In the hemisphere contralateral to the injection,
multiple labeled sites were usually observed, with dense
terminal labeling in the corresponding limb representa-
tions of SI and SII, and heterotopic fields in other areas
and/or body parts representations (see below). As shown
in Figure 2, the correspondence of body representation
sectors between the injection site and the contralateral
labeling was ascertained by electrophysiological recording
and cytochrome oxidase stain (Dias et al., 2003). For the
same volume of injected BDA, a higher intensity of homo-
topic interhemispheric labeling was found in the forelimb
(FL) than in the hindlimb (HL) representation.

Heterotopic interhemispheric SI projections were found
both after HL. and FL injections. After FL injections, la-
beled axon terminals were present in both inferior lip and
face representations as well as in other cortical areas,
such as SII and perirhinal cortex. However, after HL
injections labeled axon terminals were present in trunk
representations and in SII.
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Fig. 2. Tangential reconstructions of ipsi (top) and the contralateral
(bottom) labeled hemispheres of case Cc 17 (A), in which injections were
done into the hindlimb representation. Similar reconstructions for case
Cc 10 (B), in which injections were done into the forelimb representation.
Injection sites (dark and gray areas in top drawing) are indicated on the
ipsilateral hemisphere surface, and recording sites (symbols), BDA-
labeled regions (light gray areas), and electrolytic lesions (*) are indi-
cated on the contralateral hemisphere (bottom drawings). Thick lines:
contours of the tangential section. Thin continuous lines: contours of SI

Most labeled structures in the contralateral hemi-
sphere were anterogradely labeled axons, but some
scattered retrogradely labeled cell bodies were also
found (see Discussion). Interhemispheric axonal frag-
ments both in the FL and in the HL areas were

* Hindlimb
A Forelimb
4 Lower Lip
® Upper Lip
e Face/vibrissae
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area, as indicated by the envelope of CO-dense regions on alternate
section of the right hemisphere, where electrophysiological mapping was
performed. Note the match between functionally and anatomically de-
fined areal boundaries. For the drawing of the left (injected) hemisphere,
where recording was limited to the injection site, the CO-contours from
the right hemisphere were mirror-imaged and superimposed (thin gray
lines) to give an approximation of the cortical territories in the ipsilateral
side. LS, lateral sulcus; A, anterior; P, posterior. Scale bars = 5 mm; 1
mm (enlargements).

mainly distributed orthogonal or parallel to the pial
surface. In all experimental cases contralateral axonal
terminals were distributed throughout the cortical
depth, mainly in layers II and III, but also extended to
layer V and VI.
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General morphology and multivariate
analysis of callosal axons in the forelimb
and hindlimb representations

Qualitatively, significant differences could be devised
for FL. and HL axons. FL axons (Fig. 3A) are more
branched and the parental segment gives rise to shorter
and more compact secondary branches than HL axons
(Fig. 3B). Figure 3C,D correspond to a sample of the Neu-
rolucida drawings of Type II and Type I axonal fragments.
The latter run over longer cortical distances compared
with FL axon terminals. Except for the very thick parental
segment, axonal branch thickness was similar between
terminals found in FL. and HL regions of SI. Both FL and
HL axons presented boutons terminaux and boutons en
passant, and statistical analysis revealed quantitative dif-
ferences in their respective numbers (see below).

Morphometry and multivariate analyses of
FL and HL axons

In order to avoid bias in our interpretation of callosal
axonal morphology, we submitted the variables from the
axon sample to a cluster analysis followed by a discrimi-
nant analysis. Figure 4 displays the dendrogram resulting
from cluster analysis performed on the data for 69 SI
callosal axon terminals (Arabic numbers in the x axis).
This multivariate analysis suggested mainly two classes
of axons in the sample, termed I and II.

Discriminant analysis indicated three major variables
contributing to discrimination between the groups sug-
gested by cluster analysis (Table 2). These morphometric
parameters were axonal field area, density of boutons
terminaux, and of branching points. Type II axons present
higher axonal field area and densities of branching points
and of boutons terminaux than Type I axons (Table 3, Fig.
5; P < 0.05). Both axonal types present similar density of
en passant boutons (Fig. 5, P > 0.05). The variables “den-
sity of segments/mm” and “average segment length (pm)”
do not contribute to group formation according to discrimi-
nant analysis (Fig. 5; P > 0.05). Nevertheless, when we
compared HL and FL axon terminals without segregation
of axon types, we found significant differences for all mor-
phometric features except for branching angle (Fig. 5).
67.56% of the Type II fragments was detected in the FL
representation, whereas Type I axon terminals were
mainly found in the HL representation (71.87%).

DISCUSSION

The aim of the present study was to compare the mor-
phology of callosal axon terminals that project to the HL
and FL representations of SI of the agouti. Cluster anal-
ysis of the axonal fragments suggested that there are two
axon types, termed Types I and II. A discriminant analysis
suggested that these presumptive groups can be separated
on the basis of their axonal field area, density of boutons
terminaux/mm, and branching points/mm. Statistical
comparisons have shown the applicability of this multi-
variate approach, by which axons that project to both FL
and HL representations of agouti SI can be separated from
each other. Moreover, it was possible to correlate HL ax-
ons to Type I axons and FL axons to Type II axons.
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Callosal connections of agouti SI:
comparisons with other mammalian species

The morphometric properties of callosal connections in
the agouti brain have not been described before. The dem-
onstration that these interhemispheric connections target
the representation of the distal extremities in SI is in
opposition to some previous descriptions in other species,
such as raccoon (Herron and Johnson, 1987), cat (Ebner
and Myers, 1965; Jones, 1967; Jones and Powell, 1968),
monkey (Pandya and Vignolo, 1968; Jones and Powell,
1969), and rat (Akers and Killackey, 1978; Killackey et al.,
1983; Olavarria et al., 1984; Hayama and Ogawa, 1997).
These previous reports suggest that only medial regions of
the body are interconnected through the corpus callosum.
However, our results confirm and expand other studies in
monkeys (Killackey et al., 1983), tree shrews (Cusick et
al., 1985), rats (Hayama and Ogawa, 1997), rabbits (Le-
doux et al., 1987), and raccoons (Guillemot et al., 1992),
which described callosal connections in regions of limb
representation. In most of these species, callosal connec-
tions were described as sparse in the limb representation;
however, the rabbit callosal connections described by Le-
doux et al. (1987), using electrophysiological recordings
and horseradish peroxidase tracing, showed intense label-
ing in the HL and FL representations in all cortical layers,
particularly in Layers IT and III. These results are similar
to the agouti interhemispheric projections as described in
the present report. However it is well documented that
some species that use the forepaw in sensory and motor
tasks do have few callosal connections in primary forepaw
cortex: monkey (Killackey et al., 1983), tree shrew (Cusick
et al.,, 1985), rat (Hayama and Ogawa, 1997), raccoon
(Guillemot et al., 1992), and star-nosed mole (Catania and
Kaas, 2001). For example, in the monkey brain the hand
representation of M1 exhibited a modest homotopic cal-
losal projection, as judged by the small number of labeled
neurons within the region corresponding to the contralat-
eral injection, but in contrast, the supplementary motor
area (SMA) hand representation showed a dense callosal
projection to the opposite SMA. After injection of an an-
terograde tracer (BDA) in the hand representation of M1,
only a few small patches of axonal label were found in the
corresponding region of M1, as well as in the lateral pre-
motor cortex, and virtually no label was found in the SMA.
Injections of the same anterograde tracer in the hand
representation of the SMA, however, resulted in dense
and widely distributed axonal terminal fields in the oppo-
site SMA, motor areas, while labeled terminals were
clearly less dense in M1 (Rouiller et al., 1994). This sug-
gests that highly corticalized species, such as primates,
which present bilateral forelimb coordination, have few
callosal connections in primary cortex, but many in
higher-order cortex. On the other hand, species that also
present bilateral forepaw use, but have smaller brains,
like the agouti, have many callosal projections constricted
at their primary cortices.

Stereotypy and diversity in callosal neurons seem to
coexist both in the same and in different regions of the
brain in different species. Indeed, Vercelli and Innocenti
(1993) after Lucifer yellow intracellular injections in
lightly fixed brain slices guided by retrograde fluorescent
labeling, have shown no significant differences between
dendritic morphometric features of visual callosal neurons
of supragranular homotopical projections inside the same
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Fig. 3. Photomicrographs and camera lucida drawings of ag-  tomicrographs correspond to high-power photomicrographs in A,B.
outi’s SI callosal axon arbors. A,B: Camera lucida drawings (upper) C,D: Graphic representations of Type II and Type I, respectively,
and photomicrographs (lower) of axon terminals Type II and Type camera lucida drawings. A, B scale bar corresponds to: 50 pm; 20
I, respectively (according to cluster analysis), illustrating fine de- pm and 10 pm respectively. C, D scale bar 50 pwm. Scale bars = 50
tails of the axonal morphology. Dashed white squares on the pho- pm in A,B, 20 pm and 10 pm, respectively; 50 pm in C,D.
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Fig. 4. Dendrogram resulting from cluster analysis performed on the data (Table 2) for 69 SI callosal
axon terminals (Arabic numbers). Proposed classes of axons are designated Types I and II. F, forelimb

(gray lines); H, hindlimb (black lines).

TABLE 2. Forward Stepwise Discriminant Function Analysis Summary for

the Data
Wilks’  Partial
Variables lambda lambda F-remove P-level Tolerance
Area 0.949 0.332 130.585 0.000 0.814
Density of 0.354 0.892 7.892 0.006 0.674
branching points
Density of boutons 0.330 0.956 2.950 0.091 0.810

terminaux

area. However, striking differences have been found be-
tween neurons in different areas, and the infragranular
neurons exhibited heterogeneous morphologies. In the
present report it was described that axonal fragments of
homotopical callosal neurons of the agouti somatosensory
cortex, inside the same area, present different morpholo-
gies in different topographical regions. In both cases (ag-
outi somatosensory and kitten visual projections) stereo-
typy and diversity were present. It remains an open
question how this stereotypy and diversity detected inside
and between areas, both at the axonal and dendritic lev-
els, contribute to the callosal physiology.

Additionally, we found a stronger axon labeling in the
FL than in HL representation of the agouti, a result that
has not been observed in the rabbit (Ledoux et al., 1987).
It is possible that that this strong projection to the FL
representation in the agouti might be associated with

TABLE 3. Morphometric Features of Hindlimb and Forelimb Axon Arbors

Morphometric
feature 1 I P Forelimb Hindlimb P
Branching points/mm 2.31 3.23  0.01 3.73 2.03 0.00
Boutons en passant/ 39.85 39.00 0.72 43.00 35.89 0.002
mm
Boutons terminaux/ 3.59 5.02 0.00 6.50 2.28 0.00
mm
Segments/mm 6.89 6.35 0.43 7.75 5.49 0.001
Segment length 171.87 173.28 0.93 136.77 207.46 0.00
(pm)
Terminal field area  424.76 905.81  0.00 822.87 546.57 0.00
(pum)

behavioral peculiarities of this species. While forepaws in
the rabbit are used predominantly for locomotion, in the
agouti they are used both for locomotion and for active
tactile examination and manipulation of food. The great
representation of the FL in the agouti (Pimentel-Souza et
al., 1980) may be related to intermanual coordination, a
function that may be associated with the callosal projec-
tions (Swinnen, 2002). Since intermanual coordination
might require more complex circuits that occupy a larger
cortical space, the greater interhemispheric axonal cover-
age described for the HL might be just a direct conse-
quence of the relative magnification of the forepaw repre-
sentation. Furthermore, bilateral (hand and food)
receptive fields have been described for callosal neurons in
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Fig. 5. Density of branching point (A), segment density (B), boutons en passant (C), boutons termi-
naux (D), segment length (E), and field area (F) of axon arbors of SI somatosensory callosal projections
in the agouti. (*P < 0,05), two-tailed Student’s ¢-test. F, forelimb; H, hindlimb.

monkeys (Iwamura et al., 1994; Iwamura and Tanaka,
1996; Taoka et al., 1998), with a higher density of bilateral
receptive fields in the hand representation (Iwamura,
2000). These receptive fields were also found in the HL
representation of the rat somatosensory cortex
(Armstrong-James and George, 1988), which might be
related to behavioral tasks that impose HL reciprocal
activation.

In humans (Jacobs et al., 2001) and monkeys (Rokni et
al., 2003), the coordination of hands and fingers relies on
communication through the corpus callosum to an even
greater extent than proximal limb movements (Iwamura
et al., 2001). This bilateral activity in SI is due to the fact
that hands and fingers are controlled mainly by the con-
tralateral hemisphere, whereas the arms can also be con-
trolled to a significant degree by the ipsilateral hemi-
sphere (Brinkman and Kuypers, 1972). The agouti usually
sits on its HL, leaving the FL free for food manipulation
while eating. This behavior requires intermanual coordi-

nation and some kind of interhemispheric integration. We
propose that the specialized interhemispheric connections
to the FL representation of SI are involved in this inter-
manual sensory-motor task coordination. The agouti so-
matosensory cortex is mainly activated by stimulation of
the contralateral side of the body (Pimentel-Souza et al.,
1980), but ipsilateral or bilateral activation were not sys-
tematically investigated in this species and, therefore,
this possibility still requires experimental confirmation.
Heterotopic interhemispheric SI projections were found
both after HL and FL injections. After FL injections, la-
beled axon terminals were present in both inferior lip and
face representations as well as in other cortical areas,
such as SII and perirhinal cortex. The agouti uses the lips
and vibrissae to explore food before catching it with the
mouth. It manipulates objects using intermanual coordi-
nated movements, together with the lips and mouth, to
explore it before deciding to eat or to hide the object. We
suggest that heterotopic connections to these SI regions
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may be correlated with the integration of these sensory-
motor actions.

The observation of callosal projections from SI to SII in
the agouti confirm and expand previous studies in other
mammals using neurotracers (Pandya and Vignolo, 1968;
Jones and Powell, 1969; Herron and Johnson, 1987; Ko-
ralek and Killackey, 1990; Krubitzer and Kaas, 1990; Kru-
bitzer et al., 1998; Catania and Kaas, 2001) as well as
neuroimage techniques in humans (Disbrow et al., 2000).

Different morphometric patterns of callosal
axons of agouti SI

Cluster analysis of our axon sample suggested two ma-
jor groups of callosal axons projecting to FL. and HL rep-
resentations: Types I and II. Type II axonal terminals
present a compact arborization, higher density of branch-
ing points and boutons terminaux/mm, and larger axonal
field areas than Type I. The latter presents longer and less
ramified branches, running over longer cortical distances,
but innervating a smaller cortical area. Callosal Type II
axons were found mainly in the FL, and Type I in HL
representation.

The axonal field area seems to be an important distinc-
tive morphometric feature of axonal pathways in the
mammalian cortex. Quantitative multivariate analyses of
axons projecting from caudal to rostral inferior temporal
cortex of squirrel monkeys revealed the presence of three
axonal groups distinguished by their axonal field area,
according to discriminant analysis (Steele and Weller,
1995). Type I axons, the smallest in terminal arbor area,
were located predominantly within the dorsal rostral in-
ferior (ITC) temporal cortex. Type III axons, largest in
areal extent, and Type II axons, intermediate, terminated
in the ventral rostral inferior temporal cortex and within
a third, transitional region between them (Steele and
Weller, 1995). These three classes of axons might corre-
spond to different types of visual information entering
rostral inferior temporal cortex (Steele and Weller, 1995).
Other studies by our group in cat (Gomes-Leal et al., 2002)
and cebus monkey (Amorim and Picango-Diniz, 1996a,b)
striate cortex, using iontophoretic biocytin injections, also
demonstrated that intrinsic axons of this cortical region in
these mammalian species can be separated in Types I and
II on the basis of average segment length and density of
axonal boutons, as revealed by cluster and discriminant
analyses.

Callosal projections of somatosensory and motor corti-
ces seem to be essential for bimanual interaction. In the
agouti, this bilateral sensorimotor behavior is restricted to
the forelimbs, which are used in integrated form to ma-
nipulate food while eating. In the present study the two
classes of agouti’s callosal axons might represent morpho-
logical specializations related to different modalities of
somatosensory information entering the callosal path-
ways in order to homotopically interconnect those regions
of limb and face representation in SI. Callosal axon arbors
within the FL representation area are more compact and
dense than those in the HL area, in accordance with the
predominant role of the former for intermanual coordina-
tion related to food intake. It is possible that these circuits
represent the neuroanatomical basis of feeding behavior
in this species.
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Technical considerations

Although rare, unwanted retrograde labeling has been
eventually found as a result of large neurotracer injection
volumes (King et al., 1989; Chevalier et al., 1992). We
detected labeled neuronal cell bodies in the contralateral
hemisphere that could be associated with retrograde
transport by labeling of fibers of passage. This labeling
was more evident in the experimental animals submitted
to pressure injections. In both cases (pressure and ionto-
phoretic injections), retrograde labeling has been associ-
ated with low, but not with the high molecular weight
BDA used in our study (Brandt and Apkarian, 1992; Ver-
celli and Innocenti, 1993; Reiner et al., 2000; Kobbert et
al., 2000). Retrograde labeling with 10 kDa BDA has not
been reported extensively, although it is clear that, like
other tracers, BDA is taken up by axons that have been
damaged by the injection (Brandt and Apkarian, 1992).
There is also evidence that BDA can be taken up by intact
axon terminals at the injection site (Jiang et al., 1993).
This is particularly a concern for large injections, because
in this case BDA can be transported both anterogradely
and retrogradely and, therefore, labeled afferents cannot
be discerned from axons belonging to projection neurons
within the same injection site (Deurveilher and Semba,
2005). This cannot be completely excluded in the present
investigation, but the protocol used, for example, includ-
ing a small micropipette inner diameter (~40-50 nm),
certainly minimized this possibility.

Although retrograde labeling sometimes occurred even
with micropipette injections, retrogradely labeled cells in
the contralateral hemisphere were rare and faintly la-
beled. Considering that this faint retrograde labeling oc-
curred in both FL and HL injection sites, we concluded
that this is not a contributor to the differences between
the axonal types described in the present report. Transyn-
aptic labeling was not found in previous studies (Brandt
and Apkarian, 1992) and no evidence for it was found in
the present work.

Finally, 3D anatomical reconstructions of axon termi-
nals from a single thick section assume that part of the
axonal tree is located in adjacent sections. Incomplete
reconstructions imply that only metric features (for exam-
ple, density of boutons/mm), which do not depend on the
order of the segments, are suitable for analysis. This fact
was considered for the morphometric analysis of callosal
axons performed in the present study, providing consis-
tent quantitative data that show the same tendencies in
each individual group of terminals.

With respect to the histochemical labeling of agouti
isocortex, the pattern of CO reactivity often revealed the
limits of SI, a result similar to those seen in small rodents
using this and other histochemical techniques (Wallace,
1987; Pereira et al., 2000; Freire et al., 2004, 2005). The
electrophysiological maps of SI were strictly correlated
with the boundaries revealed by CO.

CONCLUSIONS

The study of callosal connections of distal limb portions
of S1 of the agouti present data in support of three major
conclusions: First, both locations have callosal connections
with matching S1 locations in the other hemisphere, as
well as in other cortical areas, mainly S2, but also perirhi-
nal cortex. Second, the axon arbors of callosal neurons can
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be quantitatively classified into two types, differing in
arbor type, branching, and synaptic density. Third, since
our data showing that FL axon terminals present great
similarity (but not always), and different morphology
when compared to the HL axon terminals, it is reasonable
to suppose that there is both stereotypy and diversity in
the organization of callosal connections.
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