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Large-Scale Expansion of the Face Representation in
Somatosensory Areas of the Lateral Sulcus after Spinal Cord
Injuries in Monkeys
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National Brain Research Centre, Manesar 122050, India

Transection of dorsal columns of the spinal cord in adult monkeys results in large-scale expansion of the face inputs into the deafferented
hand region in the primary somatosensory cortex (area 3b) and the ventroposterior nucleus of thalamus. Here, we determined whether
the upstream cortical areas, secondary somatosensory (S2) and parietal ventral (PV) areas, also undergo reorganization after lesions of
the dorsal columns. Areas S2, PV, and 3b were mapped after long-term unilateral lesions of the dorsal columns at cervical levels in adult
macaque monkeys. In areas S2 and PV, we found neurons responding to touch on the face in regions in which responses to touch on the
hand and other body parts are normally seen. In the reorganized parts of S2 and PV, inputs from the chin as well as other parts of the face
were observed, whereas in area 3b only the chin inputs expand into the deafferented regions. The results show that deafferentations lead
to a more widespread brain reorganization than previously known. The data also show that reorganization in areas S2 and PV shares a
common substrate with area 3b, but there are specific features that emerge in S2 and PV.

Introduction
Brains of adult mammals remain remarkably plastic. The pri-
mary somatosensory cortex undergoes somatotopic reorganiza-
tion after injuries to the peripheral or spinal pathways (Jones,
2000; Chen et al., 2002; Jain, 2002; Kaas et al., 2008). Deafferen-
tations that deprive small regions of the cortex of its normal
inputs, such as transection of the nerves to the hand or amputa-
tion of one or more digits, lead to expansion of remaining inputs
from the hand into the deprived cortex (Merzenich et al.,
1983a,b, 1984; Garraghty and Kaas, 1991a). Such reorganization,
which is confined within the representation of the same body
part, has also been reported from a variety of other mammalian
species (Wall and Cusick, 1984; Calford and Tweedale, 1988;
Turnbull and Rasmusson, 1991; Dykes et al., 1995; McCandlish et
al., 1996). Injuries that deprive a large expanse of the cortex, such
as lesions of the dorsal columns of the spinal cord (Jain et al.,
1997, 2000, 2008) or transection of the spinal dorsal roots (Pons
et al., 1991) lead to what has been termed “large-scale” reorgani-
zation. Such injuries result in expansion of inputs from the face
into the deprived hand cortex. The face expansion in area 3b is
generally reported to be �10 –12 mm (Pons et al., 1991; Jain et al.,
2000), although expansion by as much as 20 mm was seen in one
monkey (Jain et al., 2008). A more limited medial expansion of

the face inputs is also seen after loss of a limb in humans and
nonhuman primates (Flor et al., 1995; Florence and Kaas, 1995).

Previous studies on reorganization of the somatosensory cor-
tex after injuries to the peripheral or spinal pathways have gener-
ally focused on area 3b. In addition, reorganization in area 1
(Merzenich et al., 1983a; Garraghty et al., 1990a), the ventropos-
terior (VP) nucleus of thalamus (Garraghty and Kaas, 1991b;
Lenz et al., 1994; Florence and Kaas, 1995; Davis et al., 1998; Jain
et al., 2008), and the cuneate nucleus of brainstem (Xu and Wall,
1997, 1999; Darian-Smith and Ciferri, 2006) have also been re-
ported. However, it is not known whether upstream cortical ar-
eas, the second somatosensory area (S2) and the parietal ventral
area (PV), which retain direct access to intact spinothalamic in-
puts after dorsal column lesions, also undergo reorganization.

It has been proposed that somatotopic reorganization results
in perceptual abnormalities such as phantom sensations, which
are experienced by patients with spinal cord injuries or amputa-
tions (Ramachandran et al., 1992; Flor et al., 1995; Kaas et al.,
1999; Jain, 2002). This proposal implies that topographically in-
appropriate sensory inputs must reach higher areas of the brain,
and merge into the preinjury, intact percept of the body, the body
schema, or neuromatrix (Head and Holmes, 1912; Bromage and
Melzack, 1974). Thus, the postinjury state of areas S2 and PV
could provide an important substrate for phantom sensations.

We made unilateral lesions of the dorsal columns at cervical
levels in adult macaque monkeys and determined whether areas
S2 and PV undergo topographic reorganization. Areas S2 and PV
were mapped after �1 year of recovery period. Area 3b was also
mapped in the same monkeys for comparison.

Materials and Methods
Animals. Five adult macaque monkeys (Macaca mulatta), four males and
one female, were used for these experiments. Three monkeys, LM01,
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LM31, and LM34, received lesions of the dorsal
columns of the spinal cord. The monkeys
weighed 5.9, 11.8, and 8.8 kg, respectively, at
the time of the lesion. Areas S2 and PV were
also mapped in two normal monkeys, NM14
and NM116, which weighed 3.7 and 3.3 kg at
the time of mapping. Data from two other
adult monkeys (NM24 and NM36) were used
to determine receptive field (RF) sizes for neu-
rons in normal area 3b (see Results). All animal
protocols were approved by the Animal Ethics
Committee of the National Brain Research
Centre, and the Committee for the Purpose of
Control and Supervision of Experiments on
Animals, Government of India, and con-
formed to National Institutes of Health
guidelines.

Dorsal column lesions. Unilateral dorsal col-
umn lesions were made at cervical levels in
three monkeys under sterile conditions. The
monkeys were anesthetized using a mixture of
ketamine (8 mg/kg, i.m.) and xylazine (0.4 mg/
kg, i.m.). Supplemental doses of anesthetics
were given at one-tenth of the initial dose as
required. The surgical site was prepared, a mid-
line incision was made above the dorsal spinal
cord, and the muscles were retracted. After
laminectomy, the dura was incised and re-
tracted, and dorsal columns were lesioned on
one side at cervical levels using a pair of sharp
fine forceps. The side for the lesion was selected
so as to minimize damage to surface blood ves-
sels. After the lesion, the dura was folded back
in place, the spinal cord was covered with gel
foam, and the muscles and the skin were su-
tured in layers. The heart rate, the core body
temperature, and blood oxygenation levels
were continuously monitored during the en-
tire procedure. Animals were given antibiotics,
analgesics, and dexamethasone (in reducing
dose) for 5 d after surgery. During the recovery
period, the animals were carefully monitored
for food and fluid intake, or any signs of self-
injury. No complications were observed and
recoveries were uneventful. For additional de-
tails of the surgical procedures, see Jain et al.
(1997, 2008).

Mapping of the somatosensory cortex. We
mapped area 3b and areas S2 and PV in three
monkeys �1 year after dorsal column lesions
(see Fig. 1). In addition, two monkeys were
mapped to determine the normal organization
of areas S2 and PV. For mapping, animals were
anesthetized with ketamine (8 mg/kg, i.m.) and xylazine (0.4 mg/kg,
i.m.). Anesthesia was maintained by additional doses of ketamine and
xylazine as required and supplemented with urethane (250 mg/kg, i.p.).
Dexamethasone (2 mg/kg, i.m.) was administered to prevent swelling of
the brain. The heart rate and blood oxygenation levels were continuously
monitored during the entire procedure. The core body temperature was
monitored with a rectal probe and maintained at 37°C with a warm-
water blanket placed under the monkey. Saline was administered intra-
venously, alternating with dextrose (5% in saline) every 4 h. The
monkeys were given enrofloxacin (5 mg/kg, i.m.) and glycopyrrolate
(0.015 mg/kg, i.m.) every 24 h during the long mapping sessions.

Tungsten microelectrodes (1 M� at 1 kHz; Microprobe) were used to
record from the somatosensory areas. For recordings from area 3b, the
electrode was inserted in the postcentral gyrus perpendicular to the brain
surface. Penetration points were placed �500 �m from each other. Re-
ceptive fields of neurons were determined at recording sites separated by

300 – 400 �m intervals along the depth of the sulcus. For mapping areas
S2 and PV, the electrode was inserted either parallel to the upper bank of
the lateral sulcus (three monkeys; two with lesion and one normal), or at
an angle approximately perpendicular to the upper bank of the lateral
sulcus (two monkeys; one with lesion and one normal) (Krubitzer et al.,
1995). The penetrations covered the upper bank of lateral sulcus, the
insular cortex, and parts of the lower bank of the lateral sulcus. The total
number of penetrations made in each monkey was based on our goal to
sample the organization of large portions of area 3b as well as areas S2 and
PV, while maintaining an optimal experimental duration. The mapping
sessions lasted 3– 4 d for each monkey. For determining RFs of neurons,
the body surface was stimulated by stroking the skin or hair with brushes,
or by tapping the skin with handheld wooden probes. The body parts
were also stimulated by tapping the muscles with fingers, pressing by
hand, or manipulating the joints. Responses of neurons were ascertained
by visual inspection of traces of action potentials on an oscilloscope and

Figure 1. Location of area S2 and PV in macaque monkeys. A, A dorsolateral view of the macaque brain showing locations of the
lateral sulcus (LS), intraparietal sulcus (IPS), and central sulcus (CS). The dashed line marks the location from where the section
shown in B was taken. The rectangle demarcates the area of the cortex shown in a flattened view in C. B, Drawing of a section from
the brain showing locations of area 3b (stippled) in the posterior bank of CS, and areas S2 and PV (hatched) in the upper and inner
bank of LS. The primary auditory cortex (Aud) is labeled for reference. The colored regions between sulcal landmarks correspond to
the similarly colored regions in C. The dashed line marks the middle of layer 4. C, Flattened view of part of the cortex shown
bounded by the rectangle in A. This flattened view was reconstructed from drawings of the brain sections such as the one shown in
B. The line corresponding to the medial lip of LS is drawn as a straight line. For details of the flattening procedure, see Materials and
Methods. The dashed vertical line marks the location from where the section shown in B was taken. The arrows marking the
directions are also valid for A. R, Rostral; M, medial. D, A composite of photomicrographs of cytochrome oxidase-stained sections of
the cortex through CS and LS from monkey LM31. The cortex was cut at an angle approximately perpendicular to the lateral sulcus
(see dashed line in A). The arrows point to small electrolytic lesions made to help determine the angle of the electrode tracks. Area
3b and the primary auditory cortex (Aud) are easily seen because of a darkly stained, prominent layer 4. Area 4 or the primary motor
cortex (M1), area 3a, and area 1 are also marked. These areas were demarcated using adjacent sections stained for Nissl substance,
acetylcholine esterase, or myelin. This section was caudal to the section outlined in B.
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using an audio amplifier. The RFs were drawn on photographs of body
parts of the monkeys. At all the recording sites, responses to the stimu-
lation of all parts of the body, including the face, were determined. The
experimenter mapping the RFs was unaware of the location of the elec-
trode in the brain. Toward the end of the mapping sessions, small elec-
trolytic lesions were made at specific sites to determine the angle of the
electrode tracks and to help align the somatotopic maps and histological
sections of the cortex (see Fig. 1 D). The lesions were made either by
passing 10 or 20 �A cathodal current for 10 s, or by continuously passing
10 �A current as the electrode was withdrawn from the brain at a rate of
25 �m/s. For other details of the mapping procedures, see Jain et al.
(1997, 2008).

Histology. After completion of the recording sessions, monkeys were
killed with a lethal dose of pentobarbital (17.5 mg/kg, i.v.) and perfused
transcardially with PBS (0.9% NaCl in phosphate buffer, 0.1 M, pH 7.4),
followed by 2 or 3% paraformaldehyde, and then by 2 or 3% paraformal-
dehyde in 10% sucrose. The brain and the spinal cord were removed and
cryoprotected overnight in 30% sucrose. The brain was blocked, frozen,
and cut into 50- or 60-�m-thick sections on a sliding microtome at an
angle perpendicular to the lateral sulcus. The spinal cord was cut in a
horizontal plane to reconstruct the lesion site. Different series of sections
from the brain were stained for cytochrome oxidase (CO) activity
(Wong-Riley, 1979), Nissl substance, acetylcholine esterase (AChE) ac-
tivity (Geneser-Jensen and Blackstad, 1971), or myelin (Jain et al., 1998)
to delineate boundaries between different cortical areas and to visualize
the electrolytic lesions (see Fig. 1 D).

Reconstruction of the spinal lesions. Sections of the spinal cord (see Fig.
4 D) were used to reconstruct the spinal cord in a coronal plane. Draw-
ings of the sections were made using a microscope equipped with camera
lucida. The maximal extent of the lesion and the widths of the gray and
the white matter were measured for each section and plotted on a graph
paper to reconstruct the spinal cord and the extent of the lesion (Jain et
al., 2008).

Reconstruction of the somatotopic maps. Sections of the cortex stained
for Nissl substance were drawn using a microscope equipped with cam-
era lucida. Location of layer 4 was marked on these drawings (see Fig.
1 B). Architectonic boundaries of cortical areas of the lateral sulcus and
the anterior parietal cortex were marked with the help of Nissl-, AChE-,
myelin-, and CO-stained sections. Locations and angles of the electrode
tracks were determined with the help of the electrolytic lesions and
marked on the drawings of the sections. The cortical surface was recon-
structed in a flattened plane using these drawings as described below.

The drawings were scanned using a flatbed scanner and imported into
Canvas X software (ACD Systems) for additional processing. The linear
dimension of the cortex along layer 4 was measured and drawn as a
straight line for each section (see Fig. 1C, dashed line). Distances between
the sulcal landmarks (lips and fundi of the sulci) and architectonically
defined areal boundaries were measured and marked on the line for that
section. The lines depicting all the sections were aligned to each other
such that the points marking the upper lip of the lateral sulcus were in a
straight line (see Fig. 1C). Corresponding points for boundaries of cor-
tical areas and sulci were joined to reconstruct a flattened view of the
cortex. Electrode tracks and recording sites along the tracks were trans-
ferred to the flattened view of the cortex. The topographic maps were
completed by drawing boundaries around mapping sites as per standard
conventions (Jain et al., 1995, 1997; Tandon et al., 2008).

In experiments involving recordings from the depths of sulci, partic-
ularly in the case of animals with deafferentations, a recording site could
be nonresponsive because of the electrode tip not being in the vicinity of
layer 4. Although in the figures we show only those recording sites that
were judged to be in the middle layers of the cortex, the possibility of
overestimating nonresponsive sites cannot be entirely ruled out.

Results
We determined somatotopic organization of areas S2, PV, and 3b
after long-term, unilateral lesions of the dorsal columns of the
spinal cord at cervical levels in three adult macaque monkeys.
These areas were also mapped in two normal monkeys. We de-

scribe below changes in the organization of areas S2 and PV and
relate these changes to reorganization in area 3b.

Normal organization of areas S2 and PV
Areas S2 and PV of macaque monkeys are located in the upper
bank of the lateral sulcus (Fig. 1), lateral to the body representa-
tions in the anterior parietal areas 1 and 2 (Burton et al., 1995;
Krubitzer et al., 1995), and may extend rostrally up to area 3b
(Disbrow et al., 2003; Padberg et al., 2009).

We mapped areas S2 and PV in two normal monkeys, NM14
and NM116. The observed somatotopy (Fig. 2) was similar to the
one reported previously (Burton et al., 1995; Krubitzer et al.,
1995). The hand representation was in the middle. It was bor-
dered rostrally and caudally by representations of the arm in areas

Figure 2. Organization of areas S2 and PV in a normal adult macaque monkey, NM116.
A, Areas S2 and PV (shaded in light gray) have a medial-to-lateral sequential representation of
the face, hand/arm, trunk, and lower limb. The border between area S2 and area PV is marked
by a dashed line. The thick gray lines depict the lips and the fundus of various sulci (Fig. 1C). The
thin black lines mark boundaries between representations of different body parts, as labeled.
The region shaded in dark gray corresponds to the face representation. B, Reconstruction of the
cortical surface as in A showing recording sites. The large dots mark the sites in which neurons
responded to tactile stimulation, and small dots mark nonresponsive sites. The stippled area in
the lower bank of the lateral sulcus is the core region of the auditory cortex (Aud) that was
delineated from sections stained for acetylcholine esterase. Conventions are as for Figure 1.
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PV and S2, respectively. Representations
of the trunk and lower limb were lateral to
the hand representation. The head and the
face representations were medial-most,
near the lip of the lateral sulcus. In normal
monkeys, there were no responses to
touch on the face in regions in which in-
puts from other body parts were present
(Krubitzer et al., 1995). In both monkeys,
neurons at all recording sites in S2 and PV
responded vigorously to touch or light
taps on the skin.

Reorganization of areas 3b and S2/PV
after dorsal column transections
We mapped areas S2 and PV, as well as
area 3b in three macaque monkeys with
unilateral lesions of the dorsal columns
�1 year after the lesion. In these three
monkeys, a total of 589 recording sites was
judged to be in the middle layers of areas
S2 and PV. This mapping density com-
pares well with the previous mapping
studies of these areas [584 recording sites
in five monkeys (Pons et al., 1987a); 181
recording sites in two monkeys (Pons et
al., 1988); 491 recording sites in areas S2
and PV in three monkeys (Krubitzer et al.,
1995)].

Areas S2 and PV are distinguished pri-
marily based on the progression of RFs on
the body surface as the electrode is moved
in a rostral to caudal direction (Burton et
al., 1995; Krubitzer et al., 1995; Disbrow et
al., 2003). Although we could easily ap-
proximate the boundary between areas S2
and PV in normal monkeys (Fig. 2), we
could not make this distinction in mon-
keys with lesions because the somatotopy,
neuronal responses, and the RFs were not
normal. In lesioned monkeys, we refer to
the somatotopic representation in the lat-
eral sulcus as S2/PV. Results from each
monkey are described below.

Monkey LM31
This monkey was mapped 20 months after
lesion of the dorsal columns on left side
(Fig. 3). The lesion at C3 spinal level was
complete except for minor sparing of the
ventromedial part of the dorsal columns.
There was also damage to the dorsal horn
and parts of the ventral horn (Fig. 3C).

Somatotopy in area 3b of the contrale-
sional right hemisphere of this monkey
showed extensive reorganization. We found responses to touch
on the face in the region in which inputs from the hand were
expected (Fig. 3A). Face-responsive neurons were found up to 9.3
mm medial to the normal hand–face border, which was the
medial-most part of area 3b that was mapped. For determin-
ing the extent of face expansion, the normal prelesion hand–
face border was placed near the tip of the intraparietal sulcus
(Florence and Kaas, 1995; Jain et al., 2008).

Because of sparing of some portions of the dorsal columns, we
also found responses to touch on the hand in area 3b (Fig. 3).
Receptive fields on the hand were large and confined to the gla-
brous palm, back of the hand, and proximal part of the dorsal
digit 1 (D1). No response could be evoked by stimulation of the
hairs (Schneider, 1990). Neuronal responses to stimulation of the
hand were not as vigorous as in area 3b of normal monkeys. In
the expected face region of area 3b, lateral to the tip of the intrapa-
rietal sulcus, the responses were normal. In this region, the RFs

Figure 3. Reorganization of areas 3b, S2, and PV in monkey LM31. A, Flattened view of the cortex that includes area 3b and
S2/PV (Fig. 1). The normal face representation in area 3b and the surrounding cortex, and area S2/PV is shown in pink. Note the
expansion of the face representation in area 3b as well as S2/PV (regions shaded in orange). The expected normal hand–face
border in area 3b is marked by a blue arrowhead. Note that, in this view, the caudal lip of the central sulcus is toward the bottom
part of the figure. B, Location of recording sites in area 3b and S2/PV. C, Extent of the spinal cord lesion shown in a coronal view. The
vertical dashed line marks the midline. NR, No response; UA, upper arm. For other conventions, see Figure 1.
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were small and neurons responded to light cutaneous touch or
movement of the hairs on the face (Nelson et al., 1980; Pons et al.,
1987b). All these features of area 3b organization are similar to
those reported previously for monkeys with partial lesions of the
dorsal columns (Jain et al., 1997, 2008).

In area S2/PV of the contralesional right hemisphere of this
monkey, there were only few recording sites in which neurons
responded to the stimulation of the hand (Fig. 3A). Responses
were evoked by stimulation of the deep receptors by taps or hard
taps on the hand. There were no responses to cutaneous touch or
light taps. Receptive fields of the neurons at these sites were con-
fined to the thenar pad, glabrous skin of D1, back of the hand, and
dorsal D1. The hand representation in S2/PV was much smaller
compared with that in normal monkeys.

At many recording sites in S2/PV, neurons responded to
touch on the face (Fig. 3A). One of the face-responsive regions
was at the normal expected location near the medial lip of the
lateral sulcus. However, neurons responding to stimulation of
the face were also present in the regions of the hand, arm, trunk,
and leg representations (Fig. 3A). Neurons responding to touch
on the face at these locations were not seen in normal monkeys
(Fig. 2) (Robinson and Burton, 1980; Krubitzer et al., 1995). At
some recording sites, neurons did not respond to the stimulation
of any body part. The data show that, after deafferentation by
lesions of the dorsal columns, there was expansion of the face
inputs into the hand and the trunk regions of area S2/PV. Neu-
rons responding to touch on the face were observed as far as 11

mm from the medial border of area S2/
PV. The total mediolateral extent of area
S2/PV in this monkey was 14 mm.

Neurons in area S2/PV of this monkey
also responded to stimulation of the arm,
lower limb, and trunk at normal locations
for these representations. Response prop-
erties of neurons at these sites and their
RFs were similar to those seen in normal
monkeys. However, at a few sites medial
to the hand region, there were responses to
taps on the dorsal upper trunk, indicating a
somewhat larger representation of the trunk
compared with normal monkeys.

Monkey LM34
Monkey LM34 was mapped 13 months after
unilateral lesion of the dorsal columns on
the left side at C3–C4 level (Fig. 4). The le-
sion was complete with slight sparing of the
medioventral dorsal columns. Ipsilateral gray
matter, mediodorsal parts of the ventral
funiculus, parts of the dorsolateral fu-
niculus, and the medial-most part of
the lateral funiculus were also damaged
(Fig. 4C,D).

In area 3b of this monkey, as for monkey
LM31, there was large-scale expansion of
the face representation into the deafferented
hand region (data not shown). Neurons re-
sponding to tactile stimulation of the face
were present throughout the hand region.
The face inputs were observed as far as 10
mm medial from the normal hand–face
border. At three recording sites, we also
found neurons responding to taps on the
hand. Two of these RFs were on the thenar

pad and one covered the entire palm. At two additional recording
sites, neurons responded to hard taps on the hand. These inputs
likely reflect minor sparing of fibers of the dorsal columns.

In area S2/PV of this monkey, as for monkey LM31, neurons
responded to tactile stimulation of the face at many abnormally
located recording sites. These recording sites were located in the
region in which responses to touch on the hand and other body
parts are normally seen (Fig. 4A). At some of the recording sites,
dual RFs on face plus arm were also observed. In this monkey, the
face expansion was 12 mm from the medial border of S2/PV.
The lateral-most face-responsive region shown in Figure 4
might be in the proposed ventral somatosensory (VS) area (Cu-
sick et al., 1989; Krubitzer et al., 1995).

In area S2/PV, we also found responses to touch on the hand at
a few recording sites. Receptive fields of neurons at these sites
were confined to the thenar pad. We did not encounter any neu-
rons with RFs on the digits or other parts of the hand. At the
remaining sites in area S2/PV, neuronal responses were evoked by
stimulation of the trunk or the lower limb. The response proper-
ties of these neurons and their RFs were as in normal monkeys.
There were few recording sites in which neurons did not respond
to stimulation of any body part. The normal face region of this
monkey was not mapped.

Monkey LM01
Monkey LM01 was mapped after lesion of the dorsal columns on
the left side at C4 level (Fig. 5). The lesion damaged the medial

Figure 4. Reorganization of areas S2 and PV in monkey LM34. A, Note the expanded representation of the face throughout
S2/PV (region shaded in orange). B, Location of the recording sites. C, The extent of the spinal cord lesion shown in a coronal view.
Outline of the gray matter on the left side is shown for reference. The horizontal line marks the location from where the section
shown in D was taken. D, A composite of dark-field photomicrographs of a horizontal section of the spinal cord showing the lesion
site (arrow). The dashed line marks the midline. Conventions are as for Figures 1 and 3.
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part of the dorsal columns. Dorsal column
fibers in the lateral half were spared, with
additional minor sparing in the ventral
most region of the medial part (Fig. 5D).
The damage extended to the dorsal parts
of the ventral horn and the intermediate
gray matter. Consistent with considerable
sparing of the dorsal columns, we found
many recording sites with responses to
touch on the hand in area 3b of this mon-
key (Fig. 5A). Receptive fields of the neu-
rons were distributed over the entire
glabrous skin of the hand except ulnar half
of the palm. However, neurons responded
to stimulation of deep receptors by taps,
and not to light cutaneous touch. The re-
ceptive fields were large, covering an en-
tire digit, a complete phalange of a digit,
or a palmar pad. Although an overall
somatotopy in the hand region, with rep-
resentations of D1 to D5 in a lateral-to-
medial sequence was clear, it was not as
well defined as in normal monkeys.

Despite considerable sparing of the
dorsal column fibers, there was large-scale
expansion of the face inputs into the hand
region of area 3b (Fig. 5A). Face inputs
were observed as far as 7.6 mm medial
from the normal hand–face border. Re-
ceptive fields of neurons in the deaffer-
ented hand region were on the hand, the
face, or covered parts of both the face and
hand. All these features of organization of
area 3b, including presence of dual RFs,
are similar to those reported previously
in monkeys with partial lesions of the
dorsal columns (Jain et al., 1997, 2000,
2008). The normal face representation,
lateral to the tip of the intraparietal sul-
cus, was unaltered.

In area S2/PV of this monkey, somato-
topy was more normal-like (Fig. 5B) com-
pared with the other two monkeys with
lesions. There was a well defined represen-
tation of the hand in the middle; the neu-
ronal responses to taps on the hand were
vigorous and the RFs were observed over a
much larger part of the hand, which included digits and the
thenar pad. The hand representation was bordered by arm rep-
resentations rostrally and caudally. Medial to the hand represen-
tation, near the upper lip of the lateral sulcus, neurons responded
to touch on the face as expected. Laterally, inputs from the leg
were observed at normal locations. At few recording sites, we also
found neurons with RFs on the tail and proximal leg. Neuronal
responses and the sizes of RFs in the trunk and the lower limb
regions were normal (Robinson and Burton, 1980; Krubitzer et
al., 1995). Neurons in the lateral-most part of the mapped region
had large and complex RFs that extended over the contralateral
arm as well as leg. This region corresponds to the location of the
proposed area VS (Robinson and Burton, 1980; Cusick et al.,
1989; Krubitzer et al., 1995).

Although the hand representation in S2/PV was normal-like
in this monkey, within the forelimb representation we found

responses to touch on the face at many recording sites. The face
inputs had, therefore, expanded into the hand region even in this
monkey with considerable sparing of the dorsal columns. The
lateral-most recording site in which neurons responded to touch
on the face was 8 mm from the medial border of area S2/PV.

Face-receptive fields in the reorganized parts of area 3b
and S2/PV
We compared sources of face inputs to the deafferented hand
regions of areas 3b and S2/PV in monkeys with spinal cord le-
sions. In the expanded face representation in area 3b of all the
three monkeys, all the RFs were on the chin (Fig. 6A,B). Simi-
larly, in area S2/PV, the majority (70%; n � 57) of the RFs in the
reorganized cortex were either entirely or partly on the chin (Fig.
6C,D). In S2/PV of monkey LM01, all such RFs were on the chin.
In monkey LM34, 18.2% of the RFs were entirely on the chin,

Figure 5. Reorganization of areas 3b and S2/PV in monkey LM01. A, A reconstruction of the posterior bank of the central sulcus
showing the somatotopic map in area 3b and the surrounding cortex. Note the expanded face representation (shaded in orange)
in the deafferented hand region. Normal location of the hand–face border is marked by a blue arrowhead on the top. The regions
in which neurons responded to touch on the hand as well as the face are hatched with an orange background. A more medial
partially mapped portion of area 3b with expansion of the face is not shown. B, Somatotopy in area S2/PV showing expansion of the
face representation (shaded in orange). The medial face area (pink) is at the normal expected location of the face representation.
Note large regions with responses to tactile stimulation of the hand, which were present because of considerable sparing of the
dorsal columns. C, Location of all the recording sites in area S2/PV. D, Extent of the lesion shown in a coronal view of the spinal cord.
Conventions are as for Figures 1 and 3.
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59.1% covered chin as well as other parts of the face or occiput,
whereas the remaining 22.7% did not include chin. Finally, in
monkey LM31, 58.6% of the RFs were on the chin, whereas the
remaining 41.4% did not include chin. Therefore, mostly chin
inputs expanded in both area 3b and S2/PV; however, in S2/PV of
two of the lesioned monkeys, the expanded face representation
also included other parts of the face.

Receptive fields on the hand in area 3b and S2/PV
We compared the hand representations in area 3b and S2/PV of
the lesioned monkeys. As described above, the three lesioned
monkeys had different extents of hand representations remaining
in these areas depending on the extent of sparing of the dorsal
column fibers. In area 3b of the lesioned monkeys, the hand RFs
were larger compared with RFs in area 3b of normal monkeys
(Fig. 7A,B), whereas in areas S2 and PV, the RFs were of similar
size in both normal and lesioned animals (Fig. 7C,D). To com-
pare across different monkeys, we quantified sizes of RFs on the
hand in area 3b and S2/PV. RFs for all monkeys were scaled to a
standard diagram of the hand, and the area covered by each RF
was measured using Canvas software. Our statistical analysis
showed that RF sizes in the two normal monkeys were not
significantly different ( p � 0.072 for area 3b, monkeys NM24
and NM36; p � 0.188 for S2/PV, monkeys NM14 and NM116;
Mann–Whitney rank sum test). We, therefore, averaged data
from the normal monkeys.

Comparisons between normal and lesioned monkeys showed
that, in area 3b, RFs in the lesioned monkeys were significantly
larger compared with those in the normal monkeys (Mann–
Whitney rank sum test). Figure 7E shows that the average size of
the RFs in area 3b of monkey LM31 was 15.8 times larger than

normal ( p � 0.001); in monkey LM34, it was 17 times larger
( p � 0.05); and in monkey LM01, it was 6.1 times larger ( p �
0.001). However, RF sizes in areas S2 and PV between the le-
sioned and the normal monkeys were not significantly different
(Fig. 7F). In monkey LM31, the average RF size was 1.2 times that
of normal monkeys ( p � 0.531); in monkey LM34, it was 0.85
times ( p � 0.624); and in monkey LM01, the average RF size was
0.90 times that in normal monkeys ( p � 0.612). Thus, the large
RFs on the hand in areas S2 and PV do not become larger after
deafferentations.

Discussion
Our results show that higher somatosensory areas S2 and PV of
macaque monkeys undergo large-scale reorganization after deaf-
ferentation by unilateral lesions of the dorsal columns of the
spinal cord. Reorganization in areas S2 and PV is similar to that
seen in area 3b, the primary somatosensory area. We discuss our
results in the context of plasticity of the adult somatosensory
system and its implications for understanding perceptual conse-
quences of the brain reorganization.

Reorganization at multiple levels in the
somatosensory system
Large-scale reorganization of area 3b resulting in expansion of
the face inputs into the deafferented hand region takes place after
transection of the cervical dorsal columns of the spinal cord (Jain
et al., 1997, 2000, 2008) or cutting of the dorsal roots from C2 to
T4 (Pons et al., 1991). Similar expansion of the face representa-
tion takes place in the VP nucleus of thalamus (Pons et al., 1991;
Jones and Pons, 1998; Jain et al., 2008) (but see Graziano and
Jones, 2009). Reorganization at multiple levels, the somatosen-

Figure 6. Comparison of receptive fields of neurons in the expanded face representation in areas 3b and S2/PV. A, Region of the face covered by receptive fields in the deafferented parts of area
3b of all the three monkeys with dorsal column lesions. Note that, in area 3b, only chin inputs expand. B, Figurines showing different kinds of receptive fields on the chin in the deafferented parts
of area 3b of the three monkeys. If the same receptive field was encountered multiple times, it is shown only once. C, Region of the face covered by all the receptive fields in the reorganized part of
area S2/PV in all the three monkeys. The top figurine shows combined receptive fields that were entirely on the chin; middle figurines, the composite of receptive fields that were on the chin but also
extended to the other parts of the face; and bottom figurines, the receptive fields that excluded the chin. D, Different kinds of receptive fields on the face in the reorganized parts of area S2/PV in the
three monkeys. Receptive fields at the same location encountered more than once are not shown separately.
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sory cortex, the thalamus, and the brain-
stem nuclei, is also seen after more limited
deafferentations. For example, intact ra-
dial nerve inputs expand after cutting of
the median and ulnar nerves to the hand
(Garraghty and Kaas, 1991a; Garraghty et
al., 1994; Xu and Wall, 1999; Churchill et
al., 2001), and inputs from the stump ex-
pand after amputation of a limb (Florence
et al., 2000). Topographic reorganization
in the primary somatosensory cortex and
the VP nucleus of thalamus is also seen in
humans after spinal cord injuries or am-
putations (Lenz et al., 1987, 1994; Davis et
al., 1998; Dostrovsky, 1999; Grüsser et al.,
2004) and in other mammalian species af-
ter chronic or acute deafferentations
(Dostrovsky et al., 1976; Devor and Wall,
1981; Wall and Cusick, 1984; Calford and
Tweedale, 1988; Byrne and Calford, 1991;
Turnbull and Rasmusson, 1991; Pettit and
Schwark, 1993; Rasmusson et al., 1993;
McCandlish et al., 1996; Faggin et al.,
1997). Here, we show that reorganization
of the adult brain is more extensive and
also takes place in higher somatosensory
areas S2 and PV (Fig. 8). Although areas
S2 and PV were not distinguished in the
lesioned monkeys (see Results), the pres-
ence of the expanded face representations
in the entire rostrocaudal extent of the so-
matosensory region of the lateral sulcus
indicates that both S2 and PV undergo
reorganization.

Sources of altered inputs to S2/PV
There are two major sources of inputs to
area S2 and PV in primates. Area 3b pro-
vides direct cortical inputs that terminate
in layer 4 (Friedman et al., 1986; Burton et
al., 1995; Disbrow et al., 2003). In addi-
tion, areas S2 and PV get direct thalamic
inputs from the ventroposterior inferior
(VPI) nucleus (Friedman and Murray,
1986; Stevens et al., 1993; Disbrow et al.,
2002). VPI in turn is a major recipient of inputs from the spino-
thalamic pathways (Apkarian and Hodge, 1989; Rausell and
Jones, 1991; Kaas, 1993). Since spinothalamic tracts were not
damaged in our monkeys, these inputs from the forelimb and
other body parts would continue to be relayed to areas S2 and PV.
However, this did not prevent large-scale expansion of the face
representation in S2 and PV. Since the only source of altered
inputs to area S2 (and PV) is area 3b, we propose that the reor-
ganization in areas S2 and PV reflects changes in area 3b. This
proposal is in conformity with the previous reports that area 3b
provides driving inputs to S2, and perhaps PV (Pons et al., 1987a,
1992; Garraghty et al., 1990b) (but see Zhang et al., 1996). Hier-
archical nature of processing in the somatosensory system, which
places area S2 upstream of area 3b, has been suggested before
(Friedman et al., 1986; Pons et al., 1987a, 1992; Kaas, 2004).

In our monkeys with lesions, areas S2 and PV remained re-
sponsive to tactile stimulation of the trunk and lower limb. It has
been shown previously that inputs from the trunk and lower limb

continue to activate neurons at their normal somatotopic loca-
tions in area 3b even in monkeys with complete lesions of the
dorsal columns (Jain et al., 2008), which could be attributable to
activation by inputs via the dorsolateral funiculus. Area 3b is
therefore the likely source of activating trunk and lower limb
inputs to S2/PV of the lesioned monkeys in the present study. In
addition, we also checked for responses to the stimulation of the
ipsilateral hand in the two normal and one lesioned monkey. In
S2/PV of the lesioned monkey, responses of neurons to the stim-
ulation of the ipsilateral hand were as in normal animals (Robin-
son and Burton, 1980). Receptive fields were found over nearly
the entire ipsilateral hand, whereas those on the contralateral
hand were restricted to the inputs via the spared fibers as de-
scribed above.

Nature of reorganization at multiple levels
Previous reports show that the nature of reorganization in both
the VP nucleus of thalamus and area 3b is mostly similar. In both

Figure 7. Receptive fields on the hand in areas 3b and S2/PV of normal and lesioned monkeys. A, B, Examples of receptive fields
on the hand in area 3b of two normal monkeys (A) and three monkeys with lesions of the dorsal columns (B). Note that the
receptive fields in the lesioned monkeys are large. C, D, Receptive fields of neurons in areas S2 and PV of normal monkeys (C) and
lesioned monkeys (D) are of similar sizes. E, F, The ratio of the average size of the hand receptive fields in the lesioned and the
normal monkeys for area 3b and area S2/PV, respectively. The dashed lines correspond to the ratio of 1. Note different scales for the
y-axes in E and F. *p � 0.05; ***p � 0.001; NS, not significant.
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area 3b and the VP nucleus, intact radial nerve inputs expand
after transection of the median and ulnar nerves (Wall et al.,
1986; Garraghty et al., 1994), inputs from the skin of the stump
expand after limb amputations (Florence and Kaas, 1995; Davis
et al., 1998; Lenz et al., 1998; Dostrovsky, 1999), and inputs from
the chin expand after lesions of the dorsal columns of the spinal
cord and dorsal root transections (Pons et al., 1991; Jain et al.,
1997, 2008; Jones and Pons, 1998). In the present study also, we
observed expansion of the chin inputs at majority of the record-
ing sites in areas S2 and PV. Expansion of inputs from the same
body part at different somatosensory processing levels suggests
that reorganization at higher levels could be a reflection of the
reorganization at a downstream level. It has been proposed that
reorganization in the VP nucleus of thalamus and area 3b reflects
reorganization in the cuneate nucleus of the brainstem, which
could be attributable to growth of intact chin afferents from the

adjacent trigeminal nucleus (Sengelaub et al., 1997; Kaas et al.,
1999; Jain et al., 2000). These changes could be propagated fur-
ther into areas S2 and PV.

We also observed differences in the nature of RFs in the reor-
ganized primary and secondary somatosensory areas. For exam-
ple, in area 3b, expansion of only the chin inputs was seen,
whereas in area S2 and PV at �30% of the recording sites, the
expanded face representation did not include chin inputs. Differ-
ences in the details of reorganization at different levels of neuraxis
have been noted before. Jain et al. (2008) reported extensive ex-
pansion of the inputs from the occiput region into the deaffer-
ented hand region in the VP nucleus, but expansion of the
occiput representations in the deprived hand region of area 3b
was restricted to its medial border. Florence et al. (2000) also
noted differences between the reorganization in the VP nucleus
and area 3b of monkeys with limb amputations. Details of reor-
ganization at each level differ, perhaps because of differences in
local features such as divergence and convergence of inputs (Flo-
rence and Kaas, 1995; Jones and Pons, 1998; Rausell et al., 1998;
Padberg et al., 2009), nature of horizontal connections (Manger
et al., 1997; Jones, 2000), extent of modulation by feedback con-
nections (Ergenzinger et al., 1998; Krupa et al., 1999; Parker
and Dostrovsky, 1999), extent of postlesion axon withdrawal
(Graziano and Jones, 2009), and local growth (Darian-Smith and
Gilbert, 1994). For example, it is possible that convergent inputs
from the expanded chin and occiput regions in area 3b give rise to
RFs overlapping both these body surfaces in S2/PV.

Perceptual consequences of plasticity
It has been proposed (Ramachandran et al., 1992; Jain, 2002) that
plasticity provides an anatomical and neurophysiological sub-
strate for referred phantom sensations that are experienced by
patients with amputation of a limb (Melzack, 1971; Katz and
Melzack, 1990; Ramachandran, 1993) or spinal cord injury
(Sweet, 1975; Ettlin et al., 1980; Coderre et al., 1993). These phan-
tom sensations often have a strong affective component (Ram-
achandran and Rogers-Ramachandran, 2000) and are known to
trigger preinjury memories of position and sensations of the af-
fected limb (Katz and Melzack, 1990). Abnormal output via re-
organized S2 and PV could act as a trigger for such phantom
sensations because somatosensory areas of the lateral parietal
cortex project via the granular and dysgranular insular cortex to
the amygdaloidal complex, and via perirhinal cortex to the hip-
pocampal formation, structures that have a role in memory
formation and mediating affective aspects of sensations
(Mishkin, 1979; Friedman et al., 1986) (but see Disbrow et al.,
2003). Interestingly, Ramachandran (1993) reports that, in
patients with amputations of an arm, phantom sensations are
evoked by touch on a large part of the face that includes the
chin, upper lip, and side of the face, the gamut of RFs on the
face in the reorganized S2 and PV observed by us.

Melzack (1990) proposed that neuromatrix, a diffuse network
of neurons, which remains mostly intact after spinal or peripheral
injuries, triggers phantom sensations. After injury to the dorsal
columns of the spinal cord, the hand region of S2/PV receives
somatotopically inappropriate face inputs from the reorganized
area 3b as well as normal hand inputs from VPI of thalamus. The
abnormal inputs would create a conflict in the readout from
S2/PV if somatotopy in these areas remained normal, resulting in
a touch on the face being perceived as a touch on the hand. The
present results suggest that location of such a trigger for phantom
sensations is likely to be upstream of cortical areas S2 and PV
since these areas get reorganized. Alternatively, intact corticospi-

Figure 8. A schematic showing large-scale reorganization at different levels in the somato-
sensory system after lesions of the dorsal columns. Expansion of the face inputs into the hand
region has been observed in the VP nucleus of thalamus, area 3b, and areas S2 and PV. A nearly
complete “filling in” of the deafferented regions was observed in the VP nucleus and area 3b,
whereas the expansion was patchy in areas S2 and PV. It is presently not known whether there
is a similar expansion of the face inputs into the cuneate nucleus of the brainstem, although
growth of afferents from the trigeminal nucleus into the cuneate nucleus has been shown (see
Discussion). The outline color indicates the expected representation (blue, hand; red, face) and
the fill color shows the observed representation after lesions of the dorsal columns (pink, normal
face; orange, expanded face). The solid arrows show lemiscal inputs; the dashed arrows indicate
the intact spinothalamic inputs via the VPI nucleus and the equivalent inputs from the face. The
thin dashed lines indicate weaker inputs. The overall convergence and divergence of the inputs
is much more extensive than shown here. For additional details and references, see Discussion.
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nal efferents from the somatosensory cortex (Murray and
Coulter, 1981) could provide a direct mismatch between inputs
and outputs. Motor output from the primary motor cortex also
remains normal after transection of the dorsal columns (N.
Kambi, S. Tandon, H. Mohammed, L. Lazar, and N. Jain, unpub-
lished observations). Such mismatches (Guillery, 2005; Reilly and
Sirigu, 2008) could also act as a perceptual trigger for phantom
sensations.
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Manger PR, Woods TM, Muñoz A, Jones EG (1997) Hand/face border as a
limiting boundary in the body representation in monkey somatosensory
cortex. J Neurosci 17:6338 – 6351.

McCandlish CA, Li CX, Waters RS, Howard EM (1996) Digit removal leads
to discrepancies between the structural and functional organization of the
forepaw barrel subfield in layer IV of rat primary somatosensory cortex.
Exp Brain Res 108:417– 426.

Melzack R (1971) Phantom limb pain: implications for treatment of patho-
logic pain. Anesthesiology 35:409 – 419.

Melzack R (1990) Phantom limbs and the concept of a neuromatrix. Trends
Neurosci 13:88 –92.

Merzenich MM, Kaas JH, Wall J, Nelson RJ, Sur M, Felleman D (1983a) Topo-
graphic reorganization of somatosensory cortical areas 3b and 1 in adult
monkeys following restricted deafferentation. Neuroscience 8:33–55.

Merzenich MM, Kaas JH, Wall JT, Sur M, Nelson RJ, Felleman DJ (1983b)
Progression of change following median nerve section in the cortical rep-
resentation of the hand in areas 3b and 1 in adult owl and squirrel mon-
keys. Neuroscience 10:639 – 665.

Merzenich MM, Nelson RJ, Stryker MP, Cynader MS, Schoppmann A, Zook
JM (1984) Somatosensory cortical map changes following digit ampu-
tation in adult monkeys. J Comp Neurol 224:591– 605.

Mishkin M (1979) Analogous neural models for tactual and visual learning.
Neuropsychologia 17:139 –151.

Murray EA, Coulter JD (1981) Organization of corticospinal neurons in the
monkey. J Comp Neurol 195:339 –365.

Nelson RJ, Sur M, Felleman DJ, Kaas JH (1980) Representations of the body
surface in postcentral parietal cortex of Macaca fascicularis. J Comp Neu-
rol 192:611– 643.

Padberg J, Cerkevich C, Engle J, Rajan AT, Recanzone G, Kaas J, Krubitzer L
(2009) Thalamocortical connections of parietal somatosensory cortical
fields in macaque monkeys are highly divergent and convergent. Cereb
Cortex 19:2038 –2064.

Parker JL, Dostrovsky JO (1999) Cortical involvement in the induction, but
not expression, of thalamic plasticity. J Neurosci 19:8623– 8629.

Pettit MJ, Schwark HD (1993) Receptive field reorganization in dorsal col-
umn nuclei during temporary denervation. Science 262:2054 –2056.

Pons TP, Garraghty PE, Friedman DP, Mishkin M (1987a) Physiological evi-
dence for serial processing in somatosensory cortex. Science 237:417–420.

Pons TP, Wall JT, Garraghty PE, Cusick CG, Kaas JH (1987b) Consistent
features of the representation of the hand in area 3b of macaque monkeys.
Somatosens Res 4:309 –331.

Pons TP, Garraghty PE, Mishkin M (1988) Lesion-induced plasticity in the
second somatosensory cortex of adult macaques. Proc Natl Acad Sci
U S A 85:5279 –5281.

Pons TP, Garraghty PE, Ommaya AK, Kaas JH, Taub E, Mishkin M (1991)
Massive cortical reorganization after sensory deafferentation in adult ma-
caques. Science 252:1857–1860.

Pons TP, Garraghty PE, Mishkin M (1992) Serial and parallel processing of
tactual information in somatosensory cortex of rhesus monkeys. J Neu-
rophysiol 68:518 –527.

Ramachandran VS (1993) Behavioral and magnetoencephalographic corre-
lates of plasticity in the adult human brain. Proc Natl Acad Sci U S A
90:10413–10420.

Ramachandran VS, Rogers-Ramachandran D (2000) Phantom limbs and
neural plasticity. Arch Neurol 57:317–320.

Ramachandran VS, Stewart M, Rogers-Ramachandran DC (1992) Perceptual
correlates of massive cortical reorganization. Neuroreport 3:583–586.

Rasmusson DD, Louw DF, Northgrave SA (1993) The immediate effects of
peripheral denervation on inhibitory mechanisms in the somatosensory
thalamus. Somatosens Mot Res 10:69 – 80.

Rausell E, Jones EG (1991) Histochemical and immunocytochemical com-
partments of the thalamic VPM nucleus in monkeys and their relation-
ship to the representational map. J Neurosci 11:210 –225.

Rausell E, Bickford L, Manger PR, Woods TM, Jones EG (1998) Extensive
divergence and convergence in the thalamocortical projection to monkey
somatosensory cortex. J Neurosci 18:4216 – 4232.

Reilly KT, Sirigu A (2008) The motor cortex and its role in phantom limb
phenomena. Neuroscientist 14:195–202.

Robinson CJ, Burton H (1980) Somatotopographic organization in the sec-
ond somatosensory area of M. fascicularis. J Comp Neurol 192:43– 67.

Schneider RJ (1990) Loss of information concerning hair displacement and
other somatic stimuli in the first somatic sensory cortex of unanesthetized
Macaca mulatta monkeys following dorsal funiculus transections. Exp
Brain Res 83:105–114.

Sengelaub DR, Muja N, Mills AC, Myers WA, Churchill JD, Garraghty PE
(1997) Denervation-induced sprouting of intact peripheral afferents into
the cuneate nucleus of adult rats. Brain Res 769:256 –262.

Stevens RT, London SM, Apkarian AV (1993) Spinothalamocortical projec-
tions to the secondary somatosensory cortex (SII) in squirrel monkey.
Brain Res 631:241–246.

Sweet WH (1975) “Phantom” sensations following intraspinal injury.
Neurochirurgia (Stuttg) 18:139 –154.

Tandon S, Kambi N, Jain N (2008) Overlapping representations of the neck
and whiskers in the rat motor cortex revealed by mapping at different
anaesthetic depths. Eur J Neurosci 27:228 –237.

Turnbull BG, Rasmusson DD (1991) Chronic effects of total or partial digit
denervation on raccoon somatosensory cortex. Somatosens Mot Res
8:201–213.

Wall JT, Cusick CG (1984) Cutaneous responsiveness in primary somato-
sensory (S-I) hindpaw cortex before and after partial hindpaw deafferen-
tation in adult rats. J Neurosci 4:1499 –1515.

Wall JT, Kaas JH, Sur M, Nelson RJ, Felleman DJ, Merzenich MM (1986)
Functional reorganization in somatosensory cortical areas 3b and 1 of
adult monkeys after median nerve repair: possible relationships to sen-
sory recovery in humans. J Neurosci 6:218 –233.

Wong-Riley M (1979) Changes in the visual system of monocularly sutured
or enucleated cats demonstrable with cytochrome oxidase histochemis-
try. Brain Res 171:11–28.

Xu J, Wall JT (1997) Rapid changes in brainstem maps of adult primates
after peripheral injury. Brain Res 774:211–215.

Xu J, Wall JT (1999) Evidence for brainstem and supra-brainstem contribu-
tions to rapid cortical plasticity in adult monkeys. J Neurosci 19:7578–7590.

Zhang HQ, Murray GM, Turman AB, Mackie PD, Coleman GT, Rowe MJ
(1996) Parallel processing in cerebral cortex of the marmoset monkey:
effect of reversible SI inactivation on tactile responses in SII. J Neuro-
physiol 76:3633–3655.

Tandon et al. • Reorganization of Somatosensory Areas S2 and PV J. Neurosci., September 23, 2009 • 29(38):12009 –12019 • 12019


