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Abstract
Sensory information is processed in specific brain regions, and shared between the cerebral hemispheres by axons that
cross the midline through the corpus callosum. However, sensory deprivation usually causes sensory losses and/or
functional changes. This is the case of people who suffered limb amputation and show changes of body map organization
within the somatosensory cortex (S1) of the deafferented cerebral hemisphere (contralateral to the amputated limb), as well
as in the afferented hemisphere (ipsilateral to the amputated limb). Although several studies have approached these
functional changes, the possible finer morphological alterations, such as those occurring in callosal axons, still remain
unknown. The present work combined histochemistry, single-axon tracing and 3D microscopy to analyze the fine
morphological changes that occur in callosal axons of the forepaw representation in early amputated rats. We showed that
the forepaw representation in S1 was reduced in the deafferented hemisphere and expanded in the afferented side.
Accordingly, after amputation, callosal axons originating from the deafferented cortex undergo an expansion of their
terminal arbors with increased number of terminal boutons within the homotopic representation at the afferented cerebral
hemisphere. Similar microscale structural changes may underpin the macroscale morphological and functional phenomena
that characterize limb amputation in humans.
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Introduction
The cerebral cortex has a great potential for neuroplasticity
along its lifespan, undergoing adaptive changes after intrinsic
and extrinsic influences from early development until adult-
hood. This adaptive plasticity can be observed in all primary
sensory brain areas after different kinds of deprivation, and
falls into at least 2 distinct categories (Lee and Whitt 2015): (1)
recruitment of the deprived sensory cortex for processing the
intact senses, known as “cross-modal recruitment” or “cross-
modal plasticity” and (2) experience-dependent refinement of

the spared sensory cortices, referred to as “compensatory plas-
ticity” (Payne 1996; Lent and Tovar-Moll 2015). In both cases,
morphological changes take place both at the neuronal level,
including axonal and dendritic arbors, and at the areal level,
including topographic representation maps (Buonomano and
Merzenich 1998; Fox 2002).

When sensory deprivation occurs during the most sensitive
(critical) period of neural development, larger changes take
place, involving not only local circuits but also long-range path-
ways as well (Bowlus et al. 2003; Staudt et al. 2004). This is the
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case of the thalamocortical pathway (Fox 2002) and of inter-
hemispheric connections (Pelled et al. 2007; Suarez et al. 2014).
Long-distance plasticity after sensory deprivation can also
involve the reorganization of homologous areas in the nonde-
prived hemisphere (Foeller and Feldman 2004; Petersen 2007).
Thus, morphological and functional changes occur not only in
the sensory maps of the cerebral hemisphere contralateral to
peripheral deprivation (heretofore named deafferented hemi-
sphere), but also in the one ipsilateral to peripheral deprivation
(afferented hemisphere) (Koralek et al. 1990; Simões et al. 2012).

In cases of limb amputation, and consequently peripheral
nerves transection, the central targets are not only limited to the
somatosensory cortical regions but also extend to the motor cor-
tex, with expanded representation of the body parts adjacent to
the amputated limb (Welker and Van der Loos 1986; Catania 2005;
Catania and Henry 2006). Within the primary somatosensory area
(S1), amputation can promote functional changes that have been
related to phantom sensations (Chen et al. 2012), such as expan-
sion of the cortical representation of the stump (Karl et al. 2001)
and a corresponding increase in interhemispheric connections
therein (Ramachandran et al. 1992; Hua et al. 2012).

Most interhemispheric connections cross the midline through
the corpus callosum, which is the major neural pathway connect-
ing cortical cerebral areas of both hemispheres (Aboitiz et al.
1992a, 1992b; Bloom and Hynd 2005). In S1, most anatomical and
functional studies performed to date have demonstrated more
abundant callosal connections in the areas of representation of
medial body portions (Jones and Powell 1968; Pandya et al. 1971;
Akers and Killackey 1979; Ivy et al. 1979). However, callosal projec-
tions representing peripheral body parts lateral to the midline
(such as the limb extremities) have also been described in man
(Maldjian et al. 1999), monkey (Pandya et al. 1971; Manzoni et al.
1986), cat (Caminiti et al., 1979), and rodents such as the mouse
(Ivy et al. 1979) and the agouty (Rocha et al. 2007).

Several studies propose that the corpus callosum provides a
pathway for homologous interhemispheric modulation of corti-
cal areas, possibly through a balance between excitation and
inhibition (reviewed in Bloom and Hynd 2005; Innocenti 2009;
and van der Knaap and van der Ham 2011). The relevance of
callosal connections to the issue of cortical plasticity after limb
amputation is that their modulatory effects in the opposite
hemisphere may be at the root of the mechanisms explaining
reduction and expansion of representation fields, as well as the
corresponding phantom phenomena.

Indeed, functional magnetic resonance imaging (fMRI) of
amputated humans evidenced a reduction of the fractional
anisotropy in the corpus callosum, suggesting alterations in the
callosal microstructure (Simões et al. 2012), together with an
expansion of both contralateral and ipsilateral representations
of body parts in the cerebral cortex. Accordingly, recent work
from our group has indicated that amputation in adult animals
causes changes in myelination of callosal fibers at the midline
(Vianna-Barbosa et al. 2017). Based on these findings, we rea-
soned that these phenomena may also be reflected onto even
more subtle morphological changes at the single-axon terminal
level. To clarify this possibility, we have developed an animal
model of great plasticity potential—early, forelimb-amputated
rats—and describe both the areal changes in the cerebral cortex
and the fine morphology of callosal axons that connect the
somatosensory representation of the forepaw. By use of 3D
reconstructions of labeled single-axons, we show an enlarge-
ment of axonal telodendria with an increase in the number of
synapses, that can be related with other phenomena reported
at a more systemic level of analysis.

Materials and Methods
Male adult Wistar rats (n = 24) obtained from the central animal
facility of the Institute of Biomedical Sciences, were submitted
to experimental procedures following the “Guide for the Care
and Use of Laboratory Animals” (NIH publication, No. 86-23,
revised 1985) and previously approved by the local Ethics
Committee for the use of animals (Protocol Number 046/2015).
All efforts were made to avoid animal suffering and to reduce
the number of animals used.

Forelimb Amputation

Newborn pups underwent forelimb amputation (Fig. 1A) by
using a previously described approach (Lane et al. 1995). Briefly,
the pups (<12 h old) were anesthetized by 5min hypothermia.
After testing for the absence of pain reflexes, the right forelimb
was cut at the level of the elbow, and the stump was electro-
cauterized to control for bleeding, after infiltration with a local

Figure 1. Outline of the experiment as described in the text. (A) The amputated

animal model. (B) The location of iontophoretic tracer microinjections into the

deafferented hemisphere, as well as the afferented hemisphere where labeled

axons were studied, both with the somatotopic maps delineated therein. (C)

The serial sections obtained from the brain, and 3D reconstruction of a callosal

axon, as an example.
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anesthetic (0.7% bupivacaine, Nortec Quimica, Brazil). The skin
was then closed with cyanoacrylate adhesive, the animals were
rewarmed, returned to their mothers, and maintained under
care in the vivarium until 3 months old, at which age (P90–
P120) the subsequent protocols were performed.

Electrophysiological Recordings

Electrophysiological recordings were performed to locate the
somatotopic representation of the forelimb within S1 of each
animal, and therefore better orient the injection of axonal
tracer. One day before surgery, all animals (0.30–0.35 kg) were
premedicated intramuscularly (IM) with 1.0mg/kg of dexa-
methasone (Decadron, Prodome, Brazil) to prevent brain
edema, and with 1.0mg/kg IM vitamin K (Kanakion, Roche,
Brazil) to avoid excessive bleeding during surgery. Immediately
before surgery, the animals received 0.1mg/kg IM of atropine
sulfate (Ariston, Brazil) and anesthesia was induced with a mix-
ture of 100mg/kg IM of ketamine (Ketalar, Parker, Brazil) and
with 5mg/kg IM of xylazine (Rompun, Bayer, Brazil). If neces-
sary, supplementary doses of ketamine were provided during
the surgical procedure. Body temperature was monitored and
maintained at about 37 °C with the help of a heating pad
(Homeothermic Blanket Control, Harvard Bioscience, USA).

Two groups of animals were utilized for axonal tracing: (1)
amputated (AMP, n = 6) and (2) nonamputated controls (CTRL,
n = 6). For both groups, the head of the animal was securely
placed in a stereotaxic apparatus (Insight, Brazil) and a small
craniotomy was made at the stereotactic coordinates AP = –2.0
and ML = 5.0, which correspond approximately to the forepaw
representation in S1 (Paxinos et al. 1980; Paxinos and Watson
2007). Then, extracellular multiunit electrophysiological responses
after peripheral tactile stimulation were recorded within S1 of
the left cerebral cortex (Fig. 1B). In each case, the forepaw (CTRL)
or stump (AMP) was mechanically stimulated by light touches
with a brush.

Tungsten microelectrodes were employed (9–12MΩ at 1 kHz,
FHC, USA) to record multiunit potentials which were amplified,
band-pass filtered between 1 and 3 kHz (ME04011, FHC, USA) and
sent to a notebook running the software Audacity (SourceForge.
net). Responses from tactile stimulation of the forepaw or stump
were identified and their cortical representation localized and
translated into stereotaxic coordinates. By the end of the record-
ing session, the electrode was removed and a glass capillary was
positioned in the same place for neuronal tract-tracer injection.

Axonal Tracer Injections and Labeling

In all the 12 animals (AMP and CTRL groups), we performed a
single iontophoretic microinjection of 10% Biotinylated Dextran
Amine 10 KDa (BDA, Molecular Probes, USA), diluted in phos-
phate buffer saline (PBS, pH 7.4, 0.1M). Microinjections were
made through a glass capillary (20–30 μm internal tip diameter)
inserted contralaterally to the amputation side (left cerebral
hemisphere, Fig. 1B), using stereotaxic coordinates previously
determined by electrophysiological recording of the forepaw
and stump representation in the left hemisphere of both experi-
mental groups (−1mm posterior and 3mm lateral to bregma).
Immediately after the electrophysiological identification of the
correct position of the forepaw S1 representation at the cortical
surface, positive current pulses of 5 μA (7 s ON, 7 s OFF) over
3–5min were applied with a current source (Stoelting, USA) on
the 10% Biotinylated Dextran Amine 10 KDa solution. By the end
of the surgery, the cerebral cortex was covered with gelfoam

(Absorbable Gelatin, Pharmacia, Brazil) and the cranial flap was
placed back and sealed with acrylic (Acrylic, JET, Brazil). The
skin was then sutured and treated with bactericidal cream
(Nebacetin, Chemical BYK, Brazil). Additionally, we applied an
extra-dose of 0.33mL of antibiotic (Pentabiotic, Roche, Brazil) to
prevent infections. After recovering from the anesthetic state,
the animals were then returned to their cages with food and water
ad libitum.

After 15 days, they were anesthetized with a lethal dose of
ketamine and perfused transcardially with PBS followed by 4%
paraformaldehyde in phosphate buffer (PF, pH 7.4, 0.1M). The
brains were removed from the skulls and cut coronally with a
vibratome (Leica VT 100 S, Germany) into serial 150 μm-thick
sections. The sections were washed 3 times for 20min each in
PBS and once in a solution of 3% Triton X-100 in PBS, before
being incubated overnight in the avidin/biotin/peroxidase com-
plex (ABC, diluted 1:200; Vector Laboratories, USA), at room
temperature under constant agitation. Peroxidase labeling was
obtained by reaction with diaminobenzidine (Sigma, USA)
intensified with nickel ammonium sulfate (Shu et al. 1988).
Finally, sections were dehydrated in rising concentrations of
alcohols, cleared in xylene, mounted onto glass slides and cov-
erslipped with Entellan (Merck, Germany).

Cytochrome Oxidase Histochemistry

In 12 additional animals (AMP, n = 6; CTRL, n = 6), we used cyto-
chrome oxidase (CO) activity to label the whole somatotopic
map in S1 (Wong-Riley 1989). For that purpose, the cerebral cor-
tex of each hemisphere was flattened between 2 glass slides
within a 4% paraformaldehyde solution, to allow the definition
of comparable tangential planes for all cortices. Serial tangen-
tial sections, 50 μm-thick, were cut with a vibratome (Leica VT
100 S, Germany), and incubated in a solution containing 0.03%
cytochrome C (Sigma, USA), 0.02% catalase (Sigma, USA) and
0.05% diaminobenzidine (Sigma, USA) in 0.1M PBS. Development
of the CO reaction was monitored regularly under microscopic
observation and interrupted when the signal/background level
was deemed satisfactory.

By careful examination at the microscope, 5 serial tangential
sections comprising layer IV were selected for the reconstruction
of S1 topographic map, as described below. For a correct recon-
struction, the blood vessels pattern was used to align adjacent
sections, and the shrinkage correction factor provided by the
reconstruction software was used to minimize size changes that
might have occurred during the histological procedures.

Morphometric Analysis and 3D Reconstruction

Twelve completely labeled callosal axons were selected from
the animals injected with BDA (AMP, n = 6; CTRL, n = 6; 1 axon
per animal), and reconstructed anterogradely from the midline
until their terminal endings at the target hemisphere (left hemi-
sphere in CTRL; afferented hemisphere in AMP, heretofore
named AMPaff; Fig. 1C). They were reconstructed blindly by dif-
ferent coauthors, directly from coronal sections (3 or 4 150 μm-
thick serial sections for each axon), using a ×60 oil immersion
objective of an Eclipse 90i microscope (Nikon, Japan) equipped
with a high-resolution camera (MBF Bioscience, USA) and a 3D-
motorized stage MAC5000 (MBF Bioscience, USA). The devices
were connected to a PC running the Neurolucida software (MBF
Bioscience, USA), thereby allowing recording and analysis of x,
y, and z coordinates of digitized points, with correction for tis-
sue shrinkage factor in the Z-axis (150 μm from the original
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thickness and 50 μm thick from the mounted tissue with a
shrinkage factor of 3) to match up the serial sections and
recover the original data. After careful microscope inspection of
the histological slides, only completely labeled callosal axons
were digitized. Axon segments with cut ends were not included
in the sample. Photomicrographs were made with a digital cam-
era attached to the microscope, and brightness and contrast of
the pictures were adjusted offline with Canvas XII (ACDC, USA).

Quantification and Statistical Analysis

In sections stained with CO histochemistry, we calculated the
volume of forepaw representation in S1 of CTRL hemispheres,
AMP deafferented (AMPdeaff) hemisphere and AMP afferented
(AMPaff) hemisphere. We also quantified the volume of barrels
within the forepaw representation, and volumes of the forepaw
representations and of barrels therein were blindly 3D-
reconstructed using the Neurolucida Systems (MBF Bioscience,
USA). The above volumes were computed by the software, tak-
ing cone-like figures drawn between each surface map from
the most superficial section to the deepest one containing layer
IV (MBF Bioscience, USA). In sections stained with BDA, the fol-
lowing morphometric parameters of axon terminals were ana-
lyzed in the cortical target region of callosal connections of S1
forepaw representation (Aguiar et al. 2013): area (total area con-
tained within the boundary of the most external points of the
arbor), volume (volume of a convex polygon obtained by con-
necting the tips of the most distal points of adjacent processes),
surface (estimate of the arbor area represented at the cortical
surface), perimeter (total length of the axon contour, either
open or closed, that takes the Z positions of the coordinates
into account), axonal axis orientation and scattering of axonal
arbors (size of the axon branched arbor as a solid polygon deli-
mitated by the tips of the distal axons segments). Additionally,
we counted the total number of boutons “en passant” and bou-
tons “terminaux”. Reconstructed axons were selected after
detailed microscope inspection, in order to verify that BDA
labeling was complete, filling entirely the axon and its branches
with no discontinuities or fragments. Values for these morpho-
metric parameters were expressed as box-plot graphs and com-
pared between 2 groups using Student’s t test or across
different groups using analysis of variance (ANOVA) and the
Tukey post hoc test, with α = 0.05.

Results
Forepaw Representation in S1 is Reduced in
Deafferented and Expanded in Afferented Hemispheres
After Amputation

CO labeling of the S1 forepaw representation (Fig. 2) and 3D
reconstruction analysis (Fig. 3) demonstrated alterations in S1
forepaw representation in both cerebral hemispheres of the
animals amputated at day of birth (P0).

Statistical analysis showed significant differences in volume
of the S1 forepaw representation between CTRL, AMPdeaff and
AMPaff hemispheres (F = 12.66; P < 0.01). As shown in Figure 3,
average forepaw representation volume is larger in the AMPaff
hemispheres (5.256 μm3 ± 0.513; P < 0.05) and smaller in the
AMPdeaff ones (1.845 μm3 ± 0.568; P < 0.006) when compared with
CTRL hemispheres (Fig. 3A). Similarly, the average volume of
barrels within the forepaw representation in S1 of AMPaff hemi-
spheres was larger (2.366 μm3 ± 0.304) than that in the CTRL
hemispheres (1.532 μm3 ± 0.261; P < 0.05). On the other hand, no

barrels were labeled by CO in the S1 forepaw representation of the
AMPdeaff hemispheres (Fig. 3B). Interestingly, the neighboring lower
lip S1 representation of the AMPdeaff hemispheres (4.985 μm3 ±
0.159) was expanded as compared with CTRL (2.983 μm3 ± 0.637;
P < 0.05). However, statistical significance was not reached between
AMPaff and CTRL hemispheres (Fig. 3C).

Single Callosal Axons From the Forepaw Representation
can be Followed From Midline Until Their Contralateral
Terminal Field

All BDA iontophoretic microinjections were confined to S1 fore-
paw representation of AMPdeaff hemispheres as shown by dou-
ble labeling in horizontal sections with both BDA and CO
histochemistry reactions (Fig. 4). Anterograde projections were
shown to reach other regions in the same cerebral hemisphere
associated with areas secondary somatosensory (S2), parietal
ventral (PV), and parietal rhinal (PR) (Fig. 4A), but also crossed
the callosal midline at the expected sector of the callosal body
(Fig. 4B) and formed a terminal field contralaterally within the
homotopic forepaw region of S1 (black arrowhead in Fig. 4C).

At the center of the tracer microinjection (indicated by the
pipette trajectory) a dense black central core of BDA deposit
was seen (Fig. 5A,C), varying from 200 to 400 μm diameter, sur-
rounded by labeled cell bodies and axonal segments spanning
from layers II/III to VI (Fig. 5C). Cortical layers were rendered
visible by background peroxidase activity (Fig. 5A,C). The termi-
nal segments of callosal axons projecting from deafferented S1
could be seen within the contralateral cortex at the homotopic
S1 forepaw representation (Fig. 5B), extending along all cortical
layers and restricted to S1 (Fig. 5D).

3D reconstructions of single axons show clearly their whole
arbors, and allow identification of boutons (Fig. 6). As shown

Figure 2. Serial horizontal sections, stained for cytochrome oxidase histochem-

istry, showing the somatotopic details of rat S1 for the 3 experimental groups.

The lower sections show the stack of drawings made for all sections. CTRL: con-

trol group; AMPaff: afferented hemisphere of amputees; AMPdeaff: deafferented

hemisphere. Purple and pink contours depict the pial upper and lower surface

of each section, respectively; light blue represents the barrels of the anterolat-

eral barrel subfield (ALBSF); orange shows barrels of the posteromedial barrel

subfield (PMBSF); grey depicts barrels of lower lip; yellow is for forepaw con-

tours; light and dark green represent forearm and hindpaw, respectively.
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qualitatively in the reconstructions, callosal arbors within
AMPaff S1 are enlarged, as compared with CTRL.

Callosal Terminal Arbors are Expanded in the
Afferented S1 Cortex of Early-Amputated Animals

The 3D reconstruction of single callosal axon terminals labeled
with BDA demonstrated that fibers arriving at the contralateral
representation of the forepaw in S1 match the homotopic somato-
sensory representation in the contralateral hemispheres both in
CTRL and AMP animals (Figs 7 and 8).

All 3D reconstructions analyzed showed axon terminals span-
ning infragranular and supragranular layers in the afferented

hemispheres. At all these layers there were synaptic en passant
and terminaux boutons (see below).

Table 1 displays a summary of the morphometric para-
meters measured in 3D reconstructions of callosal axons inner-
vating the representation of forepaw in the contralateral S1 of
both AMP and CTRL cases.

Noticeably, all morphometric parameters were larger in the
amputated animals (Fig. 9). Additionally, a further analysis of axo-
nal orientation and scattering revealed no changes in axonal ori-
entation, but a change in scattering of callosal axons within the
forepaw representation area of S1 in AMP animals (Fig. 10).

Terminal Boutons are More Numerous in Callosal
Axons Innervating the Expanded S1 Representation of
the Forepaw in the Afferented Hemisphere

Terminal boutons of the callosal axons originating from the fore-
paw representation in S1 contralateral to the limb amputation
(AMPdeaff), and situated within the contralateral afferented,
homotopic regions of the cortical areas (AMPaff) were present in
all cortical layers, except layer I. We found both en passant (Bp)
and terminaux (Bt) boutons in the terminal callosal axons labeled

Figure 3. Quantification of the forepaw and lip representation in S1. (A) The

reduction in total volume of forepaw S1 representation in AMPdeaff hemispheres

and its expansion in AMPaff hemispheres. (B) The total volume of the barrels

within the S1 forepaw representation. Note that no barrels were found within

S1 forepaw representation in AMPdeaff, while the volume of barrels within the

S1 forepaw representation was bigger in AMPaff as compared with CTRL ani-

mals. (C) The expansion of neighboring lip S1 representation in AMPdeaff, reach-

ing volumes higher than CTRL and AMPaff. *P < 0.05; **P < 0.01; ****P < 0.0001.

Figure 4. Double labeling of cytochrome oxidase and BDA histochemical reac-

tions in tangential sections. (A) The BDA injection site (white arrowhead) was

positioned in the forepaw representation of S1 and a terminal field of ipsilateral

corticocortical projections could be discerned in S2 (black arrowhead). (B) A sag-

ittal section of the corpus callosum shows the sector wherein the forepaw cal-

losal axons cross the midline (black arrowhead). (C) A tangential section of the

deafferented hemisphere shows the BDA callosal terminal site restricted to the

forepaw S1 representation (black arrowhead).

Callosal Axon Terminals Change Morphology After Amputation Bahia et al. | 5

Downloaded from https://academic.oup.com/cercor/advance-article-abstract/doi/10.1093/cercor/bhy043/4904065
by Universidade Federal do Parï¿½ user
on 20 March 2018



with BDA. Both the total number of Bp (t = 7.557; P = 0.0001) and
the total number of Bt (t = 3.289; P = 0.008) were higher in the
expanded forepaw representation of AMPaff than in the corre-
sponding hemisphere of CTRL (Fig. 11).

Discussion
Changes in Afferented and Deafferented S1 After Early
Forepaw Amputation

To the best of our knowledge, all mammals studied so far present
at least 3 complete representations (somatotopic maps) of the
contralateral body surface within the cerebral cortex, namely,
areas S1, S2, and PV (Kaas 1983; Kaas et al. 1983; Krubitzer and
Calford 1992; Inan and Crair 2007; Seelke et al. 2012). S1 has a
complete representation of the contralateral half of the animal’s
body, with a tail-to-face sequential arrangement in the parietal
cortex, in such a way that the tail and hindlimb are represented
more medially and the face more laterally, with the forelimb and
trunk occupying an intermediate position. S2 is located lateral
and caudal to S1 and has a less accurate topographic representation

of the contralateral body surface (Beck et al. 1996). There is a
third somatosensory representation identified in the parietal
region that was called the ventral parietal (PV) area (Krubitzer
et al. 1986). We here focused on S1 to investigate morphological
plasticity of maps and axons in limb-amputated rats. A peculiar
feature of the primary somatosensory cortex is an enlarged
representation of some particular regions of the sensory periph-
ery, such as the hands and lips in humans or the large mystacial
vibrissae (whiskers) and the forepaw in small rodents (Woolsey

Figure 5. Axonal labeling after BDA injection. (A) Coronal section showing injec-

tion site at left (notice indentation produced by pipette penetration at the sur-

face) in the deafferented hemisphere. (B) The projection field in the afferented

hemisphere at homotopic position in the same coronal section. (A and B)

Interrupted rectangles correspond to the enlarged fields below. (C) Labeled pyr-

amids appearing at the lower part of the photograph, close to the injection

area. (D) Enlarged view of the projection field shows a callosal axon (arrow-

heads) penetrating the cortical layers in the afferented hemisphere.

Figure 6. Two examples of reconstructed terminal arbors of single callosal

axons originating in the AMPdeaff S1 and terminating in the AMPaff homotopic

region, contralaterally.

Figure 7. 3D single fiber reconstruction of a callosal axon in a CTRL animal. (A)

A lateral profile of the callosal axon tree. (B) The diagonal view of the same

axon, and (C) shows its corresponding dorsal view. Note that the axonal tree is

restricted to a few sections.
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and Van der Loos 1970; Woolsey 2016). It is believed that this
selective cortical magnification is related not only to the density
of peripheral innervation, but also to intrinsic cortical factors
(Welker and Van der Loos 1986; Catania 1995; Catania and
Henry 2006) involving the need for a more sophisticated infor-
mation processing originated from these body parts.

These topographic representation maps are use-dependent,
dynamically maintained, and can be reorganized following
brain damage, spinal cord injury or peripheral neural loss (Xerri
2012). These maps can be revealed histochemically by the high
activity of cytochrome C oxidase, an enzyme involved in the
electron transport chain of the mitochondrial membrane
(Wong-Riley and Welt 1980; Land and Simons 1985; Arnold
et al. 2001). The development of the barrel fields and the entire
rat’s body surface representation (so-called “rattunculus”)
starts at first postnatal day (P1) (first 24 h after birth) and is

completed by P4 in S1 (McCandlish et al. 1989). It is conceivable
that this early phase of development comprises the critical
period for plasticity of the map and axons, as the present
results show, but this aspect needs further experiments with a
cross-sectional age design. The normal course of development
is changed by losses in the sensory periphery such as deaffer-
entation (McCandlish et al. 1996), resulting in anomalous topo-
graphic proportions of the body map.

The correspondence between the overall pattern of cyto-
chrome C oxidase labeling and the well-known somatotopic
map in S1 is believed to match the major sites of synaptic inter-
actions between thalamic afferents and cortical neurons
(White 1978; Feldman et al. 1999) and is subject to changes after
early sensory deprivation (Wong-Riley and Welt 1980; Wallace
and Fox 1999; Skibinska et al. 2000).

In this work, we aimed to evaluate the representation of the
forepaw within S1 under normal conditions and after early fore-
paw amputation, trying to replicate experimentally at a meso/
microscale level the data reported in long-term human amputees
(Hamzei et al. 2001; Karl et al. 2001; Simões et al. 2012; Yu et al.
2014; Williams et al. 2016). We showed that in the hemisphere
contralateral to the amputation (AMPdeaff), the representation of
the forepaw in S1 is smaller than in control animals, while the
lips are represented in a larger area, as if “invading” the forepaw
territory (Fig. 3). This agrees with previous work showing a devel-
opmental, time-dependent alteration in the somatotopic map of
the deafferented S1 in rodents (Waters et al. 1990; Barrera et al.
2013; Luhmann and Khazipov 2017) and humans (Simões et al.
2012). Further, the representation of the forepaw in S1 within the
opposite, afferented hemisphere (AMPaff) was larger than in non-
operated animals (Figs 2 and 3), in agreement with our previous
work in humans (Simões et al. 2012). Although results agree
between rats and humans, a reliable explanation of what hap-
pens in human amputees requires the advancement of technolo-
gies capable of showing microscale mechanisms in vivo in
humans, so far unavailable.

Once sensory information arrives at S1 from the body, it is
transferred (or shared) by callosal fibers (Bloom and Hynd 2005) to
homologous areas of the contralateral S1 (Krupa et al. 2004;
Ferezou et al. 2007), and the same applies to other sensorimotor
areas (Chovsepian et al. 2017). Callosal connections provide a
dynamic modulation of circuits in each hemisphere, both excit-
atory and inhibitory (mostly inhibitory: Makarov et al. 2008; van
der Knaap and van der Ham 2011). Therefore, it is conceivable
that after long-term absence of such crossed modulatory transfer
from the silent forepaw region in AMPdeaff S1, a reorganization of
circuits takes place, provoking an occupation of neighboring
regions by axons from the “empty” territory in opposite AMPaff
S1, and providing an enlarged input to the forepaw region.
Similar macroscale results were found in humans using fMRI
(Simões et al. 2012). These data motivated the next issue tackled
in this work: do callosal fibers projecting from the smaller fore-
paw representation in the AMPdeaff cerebral hemisphere to the
opposite, enlarged representation in AMPaff, show a correspond-
ingly dysmorphic pattern at the single-axon level?

Corticocortical S1 Connections From AMPdeaff to AMPaff

All iontophoretic injections of anterograde BDA were targeted
to the presumed representation of the forepaw in the deaffer-
ented S1, and exhibited a columnar central core surrounded by
labeled neuronal cell bodies plus axonal fragments belonging
to local intracortical circuits, spanning layers II to VI. Labeled
axons could be followed from the forepaw representation in S1

Figure 8. 3D single fiber reconstruction of a callosal axon in a AMP animal. (A) A

coronal view of the callosal axon tree. (B) A dorsal view of the same axon. (C

and D) The corresponding diagonal and lateral views, respectively. Similar to

the CTRL animals (Fig. 7), callosal axon trees in early amputated animals are

restricted to a few sections.
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within the AMPdeaff cerebral hemisphere until target regions in
the ipsilateral hemisphere such as S2, PV, and PR areas (Fig. 4).
Additionally, callosal axons could be followed until the homo-
topic sectors of contralateral S1 (Figs 5–8). This is in accordance
with the basic plan of feedforward projections as described by
different authors (Coogan and Burkhalter 1993; Alloway 2008),
although heterotopic projections do exist in lower numbers
(Houzel et al. 2002; Chovsepian et al. 2017).

Callosal connections are often considered as restricted to
the midline of sensory fields (Hayama and Ogawa 1997; but see
Houzel et al. 2002). Indeed, in S1 particularly, most of the

anatomical and functional studies performed so far have dem-
onstrated these corticocortical connections in the correspond-
ing cortical areas of representation of the medial portions of
the trunk (Jones and Powell 1968; Akers and Killackey 1978,
1979) with the presumed function of linking the 2 halves of the
cortical sensory maps, therefore, unifying the 2 halves of the
body (Berlucchi 1972, 1999, 2004, 2012).

However, in S1, callosal connections were found also lateral
to the midline (representing the extremities of the limbs), as
described in humans (Karol et al. 1970; Maldjian et al. 2014),
monkeys (Pandya and Rosene 1993), cats (Conti et al. 1986;

Table 1 Morphometric characteristics of callosal axons in the CTRL and AMP animals

Amputated (mean ± SD) Control (mean ± SD)

Area (μm2) 8.405e+008 (± 6.106e+007) 4.230e+008 (± 7.706e+007)
Volume (μm3) 2.879e+010 (± 3.318e+009) 2.399e+009 (± 8.170e+008)
Perimeter (μm) 2.180e+008 (± 8.837e+006) 1.481e+008 (± 3.702e+007)
Surface (μm2) 29 366 (± 1688) 37 921 (± 884.2)
Total number of boutons en Passant 160.8 (± 8.228) 78.00 (± 7.243)
Total number of boutons Terminaux 206.0 (± 21.28) 118.8 (± 15.68)

Figure 9. Box-plots of the morphometric analysis of callosal axon trees within the afferented hemisphere. (A) Area (μm2), (B) Volume (μm3), (C) Surface (μm2) and (D)

Perimeter (μm) of the callosal axon terminals connecting forepaw S1 representations. For all morphometric parameters analyzed, there were statistically significant

differences between AMP and CTRL groups. *P < 0.05.

Figure 10. Polar scattering histogram of average axonal tree dispersion of CTRL and AMP. Concentric circles represent 50 (circle 1), 100 (circle 2), 150 (circle 3) and 200

(circle 4) μm, respectively. Bins corresponding to orientations between 0°–120° and 0°–165° were grouped (shown in dark blue for CTRL and light blue for AMP, respec-

tively) and represent the predominant scattering orientation. The overlap shows the difference between CTRL and AMP.
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Manzoni et al. 1986) and, more recently, big rodents as the
agouti (Rocha et al. 2007). In rats, callosal connections have
been described in the forepaw region as well (Dawson and
Killackey 1987; Koralek et al. 1990), besides the whiskers repre-
sentation (Ferezou et al. 2007). Our results confirm these data
and provide qualitative and quantitative descriptions of the
fine axonal characteristics in normotypic and early-amputated
animals.

Feedforward connections from S1 targeting other somato-
sensory areas in the parietal cortex of the same side, as well as
those in the contralateral cerebral hemisphere in the homoto-
pic S1 have already been described for small rodents (Fabri and
Burton 1991; Hayama and Ogawa 1997) and big rodents (Rocha
et al. 2007), suggesting that tactile information originating from
S1 is processed in parallel in both cerebral hemispheres. This
feature supports the argument about the formation of neural
assemblies integrated into a functional network of the somato-
sensory system (Coogan and Burkhalter 1993; Douglas and
Martin 2004, 2007; Berger et al. 2009; Singer 2013) and gives sup-
port to the hypothesis that callosal axons may be relevant to
synchronize electrical activity between both cerebral hemi-
spheres in ways relevant for the dynamic connectivity linking
perceptually both halves of the world (Innocenti et al. 1995). In
addition, axonal projection into the contralateral cerebral cor-
tex appears to be of great topographic precision by nature,
albeit not necessarily independent of previous sensory experi-
ence (Iwamura et al. 2001, 2002).

Our results showed the exact location where “forepaw” callo-
sal axons cross the sagittal plane at the corpus callosum: immedi-
ately and vertically above the fornix, laterolaterally aligned with
S1 area, slightly posterior and superior to the anterior commis-
sure (Fig. 4B). Additionally, they confirm the fine topographic
organization of interhemispheric axons at the corpus callosum
(Pandya et al. 1971; Bozhko and Slepchenko 1988; Doron and
Gazzaniga 2008), and provide topographic information relevant
for ultrastructural studies in the callosum, as approached in other
studies of our group (Vianna-Barbosa et al. 2017).

Morphometric Analysis of S1 Forepaw Callosal Axons
Show Arbor Expansion After Amputation

In this work, we were able to reconstruct and analyze quantita-
tively single callosal axons that connect the forepaw regions in
S1 of normotypic and early amputated (P0) animals, aiming to
explain at a single-axon level the previous findings of forelimb
topographic changes within the somatosensory cortex of ampu-
tees. Our results built upon previous work on partial axonal
branches (De Paola et al. 2006), revealing the whole 3D morphol-
ogy of forepaw callosal axons and their arborizations in all corti-
cal layers (except layer I). Similar work was done for ipsilateral

corticocortical and thalamocortical axons in the normal rat
brain (Oberlaender et al. 2011; 2012).

Our 3D reconstruction analysis showed significant increases
in microstructural parameters such as area, perimeter, and sur-
face area, volume, and axonal tree scatter in the early ampu-
tated animals as compared with controls (Figs 9 and 10).
Additionally, we showed that the number of en passant and
terminaux boutons was larger in the early-amputated animals
than in the controls (Fig. 11).

Axons were selected for reconstruction according to the
completeness of labeling from the midline to the terminal field
with its boutons. This criterion to select the sample makes it
randomized in terms of layers of origin and callosal neuron
subtypes. But, on the other hand, it creates a potential limita-
tion by assuming that plasticity after deafferentation impacts
similarly all callosal neurons. This hypothesis, however, is
unlikely, since the morphological differences found between
experimental groups were very significant for all the quantified
parameters of the axonal arbors.

Stabilization of neural connectivity during postnatal critical
periods is activity-dependent and makes use of the activation
patterns to adjust the strength and number of synaptic connec-
tions (Changeux and Danchin 1976; Lubke et al. 2003; Maffei and
Turrigiano 2008). Also, during this developmental phase, a very
large number of synapses are formed (Rakic et al. 1986). Thus, it is
conceivable that the microscale axonal changes found in ampu-
tated animals were consequences of the early sensory depriva-
tion, imposed during the critical period of postnatal development,
that resulted in a less pronounced pruning usually attributed to
experience-dependent plasticity (Abbott and Nelson 2000; Gogolla
et al. 2007). This interpretation dates back to the seminal work of
Innocenti and collaborators (Innocenti et al. 1977, 1995; Aggoun-
Zouaoui et al. 1996) who discovered that callosal neurons, as well
as their axons and terminals in newborn animals outnumber
those in adults, being pruned along development under the influ-
ence of environmental cues. Direct, quantitative evidence for exu-
berance followed by pruning of callosal fibers at the midline has
been produced for cats (Berbel and Innocenti 1988) and for pri-
mates (LaMantia and Rakic 1990), suggesting that this kind of
plasticity could be a general developmental phenomenon in
mammals. Sensory deprivation during early postnatal develop-
ment, when axonal telodendria are being formed and refined
(Fenlon and Richards 2015), makes callosal axon arbors asymmet-
rical between both cerebral hemispheres (Broser et al. 2008). It is
also conceivable that differences between normal and amputated
callosal axon morphology is associated to the expansion of fore-
paw representation in the AMPaff hemisphere after early limb
amputation.

During synaptic formation and elimination, boutons are highly
plastic structures that strongly contribute to the remodeling of

Figure 11. The number of en passant and terminaux boutons. (A) Number of en passant boutons (Bp). (B) Number of the terminaux boutons (Bt). In both cases, there

are more boutons (of both types) in the axonal trees of the AMPaff than in the CTRL groups. **P < 0.008.
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specific functional circuits and can therefore have a great impact
on circuit plasticity of the whole brain (De Paola et al. 2006).
Morphologically, they can be classified as en passant boutons (Bp)
and terminaux boutons (Bt), both associated with excitatory syn-
apses (McGuire et al. 1984; Anderson and Martin 2001; Anderson
et al. 2002). Moreover, boutons addition or subtraction are likely
associated to synapse formation or elimination, respectively. It is
conceivable, thus, that the increase in the number of Bp and Bt in
the afferented S1 cerebral hemisphere (Fig. 11) may be related to
the enlarged forepaw representation therein (Figs 2 and 3), pro-
viding it with a greater number of callosal synapses for compen-
satory modulation of activity after amputation. What happens
with reciprocal callosal axons that connect the forepaw represen-
tation of the afferented cerebral hemisphere to the deafferented
side remains unknown.

There is evidence for widespread, continuous structural
plasticity of boutons located along terminal arbors, mediating
large-scale synaptogenesis, a phenomenon most pronounced
during critical periods (Gogolla et al. 2007). Since our data
showed an increase in the number of boutons (both Bp and Bt),
we can assume that it is a consequence of early amputation,
and therefore of the resulting sensory deprivation of S1 neu-
rons contralateral to amputation, which now respond to other
inputs from neighboring regions of the body surface cortical
representation (Arnold et al. 2001). The consequences are the
increase of the forepaw S1 representation within the afferented
cerebral hemisphere and a parallel increase in callosal axon
scatter, as shown in Figure 10.

Conclusions
We have shown that early amputation of the forepaw in rats
induces a reduction in its representation within S1 of the deaf-
ferented cerebral hemisphere (contralateral to the amputation),
but provokes an enlargement in the afferented side (ipsilateral
to the amputation). In addition, microstructural changes take
place in callosal axons from neurons of the reduced deaffer-
ented side which innervate the expanded forepaw representa-
tion on the afferented S1. Consistently, all measures of single
axons such as scatter of terminal arbors, as well as volume,
area and perimeter, display significant increases, together with
the number of terminal boutons. We hypothesize that the
expansion of the cortical field requires an equivalent expansion
in callosal axon innervation in order to compensate for the
imbalance created by early limb amputation. These changes
can be attributed to experience-dependent plasticity, which
characterizes synaptic development during the critical period,
as described in the somatosensory cortex (Wise and Jones 1976;
Foeller and Feldman 2004; Mizuno et al. 2007) after early sen-
sory deprivation.
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