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Abstract

Unilateral dorsal column lesions (DCL) at the cervical spinal cord deprive the hand regions of somatosensory cortex of
tactile activation. However, considerable cortical reactivation occurs over weeks to months of recovery. While most studies
focused on the reactivation of primary somatosensory area 3b, here, for the first time, we address how the higher-order
somatosensory cortex reactivates in the same monkeys after DCL that vary across cases in completeness, post-lesion
recovery times, and types of treatments. We recorded neural responses to tactile stimulation in areas 33, 3b, 1, secondary
somatosensory cortex (S2), parietal ventral (PV), and occasionally areas 2/5. Our analysis emphasized comparisons of the
responsiveness, somatotopy, and receptive field size between areas 3b, 1, and S2/PV across DCL conditions and recovery
times. The results indicate that the extents of the reactivation in higher-order somatosensory areas 1 and S2/PV closely
reflect the reactivation in primary somatosensory cortex. Responses in higher-order areas S2 and PV can be stronger than
those in area 3b, thus suggesting converging or alternative sources of inputs. The results also provide evidence that both
primary and higher-order fields are effectively activated after long recovery times as well as after behavioral and

electrocutaneous stimulation interventions.
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Introduction

Unilateral dorsal column lesions (DCL) at the level of the upper
cervical spinal cord that interrupt tactile afferents from one
hand initially impair hand use and deactivate cortical responses
to tactile stimulation in somatosensory areas 3b and 1. However,
hand use and cortical activation recover over weeks to months
after lesion (Jain et al. 1997, 2008; Darian-Smith and Brown 2000;
Darian-Smith and Ciferri 2005; Qi, Chen et al. 2011; Chen et al.
2012; Qi et al. 2013, 2014). Yet, very little is known about the
extents and mechanisms of reactivation in higher-order somato-
sensory areas such as the secondary somatosensory area (S2)
and the parietal ventral (PV) area over long recovery times after
such lesions (however, see Tandon et al. 2009). In most mam-
mals studied, including prosimians, primary and secondary
somatosensory areas are activated by independent parallel path-
ways from the thalamus (Garraghty et al. 1991). However, in
many higher primates, secondary somatosensory areas have

been reported to depend on activation in primary somatosen-
sory areas (Pons, Garraghty et al. 1987; Burton et al. 1990;
Garraghty, Florence, et al. 1990; Garraghty et al. 1991; Pons et al.
1992). In this study, we hypothesized that properties in higher-
order somatosensory areas of squirrel monkey strongly reflect
the reactivation in primary somatosensory cortex area 3b. To
test this hypothesis, we focused on characterizing neuronal
responsiveness, receptive field (RF) properties, and somatotopy
in the deprived hand regions in areas S2 and PV, and compared
these characteristics with those of reactivated primary somato-
sensory area 3b and higher-order somatosensory area 1 in
squirrel monkeys. Additionally, when possible, we made com-
parisons with neurons in reactivated hand regions of areas 3a
and 2/5. Note that we refer to areas 2/5 here due to the difficul-
ties in defining the border anatomically and functionally in the
current preparation. An important feature of the present study
is that results from area 3b and higher-order areas were
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compared within the same subjects, which allowed us to provide
a better understanding of the neural mechanisms of the func-
tional recovery and suggest therapeutic treatments for patients
after spinal cord injury (SCI).

A basic, but currently unanswered question concerns the
parts of the somatosensory system that are involved in the
recovery process. There is already clear evidence that many neu-
rons in the cuneate nucleus of the lower brainstem (Xu and Wall
1999; Woods et al. 2000; Darian-Smith and Ciferri 2006; Graziano
and Jones 2009; Kambi et al. 2014; Mowery et al. 2014, 2015) and
the ventroposterior nucleus of the thalamus are at least partially
reactivated (Garraghty and Kaas 1991; Rasmusson 1996a, 1996b;
Florence et al. 2000; Jain et al. 2008; see review in Schmid et al.
2016), or largely deactivated due to axonal withdrawal (e.g.,
Graziano and Jones 2009) after sensory loss. The reactivation
depends, in part, on the sprouting and new growth of preserved
afferents into the denervated portion of the cuneate nucleus
(Jain et al. 2000). The effects of such reactivations at early sta-
tions in the ascending somatosensory system could be relayed
to area 3b of primary somatosensory cortex and from there to
higher-order somatosensory areas. However, this process is
unlikely to reflect a simple relay from level to level without mod-
ifications. For example, neurons with RFs including more than
one body part are less frequently recorded in area 3b than in the
ventroposterior nucleus. Thus, the cortical reactivation appears
to be more extensive, and exhibits additional reorganization
compared with that in the cuneate nucleus and the ventropos-
terior nucleus, such that a more normal somatotopy occurs in
area 3b (Florence et al. 2000). Information from area 3b in
anthropoid primates is typically relayed to areas 1 and 2, and
then to area 5 (e.g.,, Pons and Kaas 1986; Padberg et al. 2007) as
part of a dorsal stream of processing for guiding motor behavior
that involves posterior parietal areas of cortex with projections
to premotor and motor areas (Stepniewska et al. 2005, 2016;
Gharbawie et al. 2011). Other projections from anterior parietal
cortex are to areas in the lateral sulcus, including S2, PV, and
ventral somatosensory (VS) areas (Andersen and Buneo 2002;
Battaglia-Mayer and Caminiti 2002; Coq et al. 2004). Presumably,
the effects of the reactivation and reorganization in area 3b are
relayed to higher-order somatosensory areas where further
modulations in reactivation patterns are expected, due to combi-
nations of cortical and subcortical inputs and intrinsic connec-
tions. While the reactivation of area 1 has been studied in a
limited fashion after a median nerve section (Merzenich, Kaas,
Wall, Nelson et al. 1983; Merzenich, Kaas, Wall, Sur et al. 1983),
the somatotopy of the reactivation differs considerably from
that in area 3b. To our knowledge, little is known currently about
the reactivations that likely occur in other higher-order somato-
sensory areas in primates after DCL, except for an important
mapping study in macaque monkeys (Tandon et al. 2009), and our
collaborative studies on squirrel monkeys (Wang et al. 2013; Yang
et al. 2014). Yet, higher-order somatosensory areas undoubtedly
have important roles in processing somatosensory stimuli, and in
guiding behavior.

Like area 3b, the responsiveness and somatotopy of higher-
order cortical areas after sensory loss can be studied with stan-
dard single microelectrode mapping methods. In New World
owl monkeys and squirrel monkeys, such mapping methods
reveal the hand to be represented in considerable detail in
areas 3b and 1 (Merzenich et al. 1978, 1987; Kaas et al. 1979).
The hand representations in areas 3a, 3b, 1, and 2/5 are all
accessible on the cortical surface for mapping. Areas S2 and PV
are on the upper bank of the lateral sulcus where they can be
studied with deeper electrode penetrations. Each areal

representation has its own characteristic pattern of somatoto-
pic organization (Cusick et al. 1989; Krubitzer and Kaas 1990,
1992; Qi et al. 2002; Coq et al. 2004). The RF sizes and neuron
response properties vary across these fields (see Kaas 2004 for
review). Here, we used microelectrode mapping methods to
determine the reactivation patterns of the hand representa-
tions in S2/PV and compare them with those of areas 3b and 1
after sectioning the hand afferents as they travel to the cuneate
nucleus in the spinal cord dorsal columns of squirrel monkeys.
Lesions at the higher (cranial) level of C4 eliminated most of
the inputs from the slowly adapting (SA) and rapidly adapting
(RA) cutaneous receptors of the hand. Lesions at lower (caudal)
levels of C5-C6 preserved enough afferents from digit 1 and a
small portion of digit 2 to maintain cortical activation.

Our findings suggest that the tactile responses in S2/PV pri-
marily depend on the activations in areas 3b and 1 that are
from the few surviving primary and secondary spinal cord pro-
jections to the cuneate nucleus (e.g., Liao et al. 2015; Liao et al.
2018). The properties of S2/PV neurons differ from those in
areas 3b and 1 by having larger RFs, possibly due to convergent
inputs from area 3b and 1. Removing areas 3b and 1 deactivates
S2/PV (see Kaas 2004 for review). However, S2 and PV also
receive considerable inputs from the ventroposterior inferior
(VPI) nucleus, which receives nociceptive and tactile inputs
from wide dynamic range neurons. Along with other cortical
connections, these alternative inputs may modulate the soma-
totopy and neural response of S2/PV neurons. Areas S2/PV are
proposed to be key areas in a networks involved in a memory
and object recognition by touch (e.g., Friedman et al. 1986).
Thus, treatments that promote the restoration of neural
responses in S2/PV could be critical in behavioral recovery and
tactile object recognition after DCL.

Materials and Methods

Subjects were 13 adult male squirrel monkeys (3 Saimiri sciureus,
9 Saimiri boliviensis, 1 Saimiri boliviensis puruviensis). All procedures
were approved by the Vanderbilt University Animal Care and
Use Committee and followed the guidelines of the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals. The current study is based on unpublished data col-
lected from areas S2/PV during previous studies of areas 3b and
1. Among these, three monkeys were used for fMRI studies with
electrocutaneous stimulation on the digits (Qi et al. 2016); three
monkeys were used for behavioral, electrophysiological, and
fMRI-BOLD studies with tactile stimulation on the digits (Qj,
Chen et al. 2011; Chen et al. 2012; Qi et al. 2013); and six mon-
keys were used in anatomical studies (Liao et al. 2016, 2018).
These previously published data from areas 3b and 1 are only
shown for the purpose of comparison. Data from two monkeys
(SM-H and SM-G), and all data from S2/PV was never previously
reported.

Intervention Conditions

A reach-to-grasp task was used as a therapeutic rehabilitation
for the affected hand (intensive training), or to detect impair-
ments of hand use after sensory loss (non-intensive testing
only). Squirrel monkeys use power grip (digits 2-5 and palm) to
pick up small objects. Digit 1 usually helps to manipulate or
grab larger objects. The training reinforced the use of the entire
hand and arm. Three monkeys (SM-J, SM-U, SM-Y; Table 1)
underwent intensive training of the impaired hand 5 days per
week for 3 months post-lesion, and were tested once a week
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Table 1 Subject characteristics
Group Cases Recovery time Lesion extent Lesion Intervention Post-lesional
(days) (est.) level conditions impairment
1 6 6
week weeks months
Intermediate-term SM-A 63 41% C4 ES +/- N/A N/A
Incomplete SM-H (Fig. 2) 142 64% C5-Cé No + - N/A
SM-D 56 77% C5-Cé6 Tested only + - N/A
SM-GE 57 79% C4-C5 ES + N/A N/A
Long-term Incomplete SM-T (Fig. 3)  321** 61% rC5 Tested only + + +
SM-Y 292 65% C5-Cé6 Intensive + + -
SM-U 414 86% C5 Intensive + + -
Intermediate-term SM-BB (Fig. 4) 49 98% rC5 ES + NA N/A
Complete SM-C 131* 98% C4 Tested only + - N/A
SM-O 48 99% C4 Tested only + + N/A
Long-term complete SM-RO (Fig.5) 253 100% C4 Tested only + + -
SM-W 266 100% c4 No + + +
SM-J 285 100% Cc4 Intensive + + +

**: two dorsal column lesions were made near the first DCL in monkeys SM-C and SM-T, the interval between two procedures was 44 (SM-T) and 68 days (SM-C), the
post-lesion recovery time and behavioral observation were started on the second lesion; ES, electrocutaneous stimulation; “+”, deficit observed; “~”, no deficit could
be detected; “+/-", observed initial deficit that was not sustained for 1 week; N/A, not applicable, no data.

until the final procedure. Another five monkeys (SM-O, SM-C,
SM-D, SM-T, SM-RO) underwent non-intensive testing only,
consisting of measuring performance 1-2 times per week. See
details in Qi et al. 2013. Another three monkeys (SM-A, SM-BB,
SM-GE) received low (2mA) and high (4 mA) electrocutaneous
stimulation on the digits before the lesion and three times
post-lesion at weeks 2, 4, and 6 for a separate MRI study (see
details in Qi et al. 2016). The stimulation was delivered through
gold leads and electrode gel (Spectra360, Parker Laboratories,
Fairfield NJ) placed on the lateral aspects of a distal finger pad
of the affected hand (same side of DCL). Each session had 20
runs, with each run composed of seven alternating 30s blocks
of baseline (stimulation-off) and single digit electrocutaneous
stimulation (stimulation-on; 8 Hz train of square wave, 2-ms
duration) on digits 1, 2, or 3.

Dorsal Column Lesion

A unilateral DCL was made under aseptic conditions and gen-
eral anesthesia (for more details, see Qi, Chen et al. 2011, Liao
et al. 2015, 2016). In brief, skin and muscle incisions were made
over the back of the neck to expose the dorsal vertebrae of C4-CS.
A small opening was made on the dorsal arch of the vertebrae of
the spinal cord, and the dura and pia covering the cervical spinal
cord were resected. The lesion was made with fine forceps and a
pair of surgical iris scissors. The dura was then replaced by
Gelfilm, and the incision site was closed. The monkeys were care-
fully monitored until they fully recovered from anesthesia before
they were returned to their home cage. The monkeys received
antibiotics (ceftiofur sodium; 2.2mg/kg, intramuscular; every
24 h) and analgesics (buprenorphine; 0.005-0.01 mg/kg intramus-
cular; every 8-12 h) for 3 days after surgery.

Microelectrode Mapping

Multi-unit microelectrode recordings were used to characterize
neuronal responsiveness, receptive properties, and topography.
Surgical procedures for cortical mapping have been fully
described elsewhere (Merzenich et al. 1978; Kaas and Florence
1997; Jain et al. 2008; Qi, Chen et al. 2011). Each monkey was

initially sedated by a ketamine injection (10-30 mg/kg, intra-
muscular), followed by isoflurane anesthesia (1-2%). A craniot-
omy and durotomy were performed to expose areas 3a, 3b, 1, 2/
5, and near the lateral sulcus for S2 and PV. The anesthesia was
switched to intravenous infusion of ketamine hydrochloride
(12 mg/kg/hr) for neuronal recordings. A low impedance tung-
sten microelectrode (1 MQ, Microprobes) was inserted perpen-
dicularly into the cortex with a hydraulic micromanipulator
(Narishige International USA), and placed in ~300pm spacing
with allowances for blood vessels. In areas 3a, 3b, 1, and 2/5,
the microelectrode was held between 25-40° off the vertical
plane. Recording angle in areas S2/PV was 40° off the vertical
plane for most of the cases.

Multi-neuronal responses were constantly evaluated as the
microelectrode passed through the layers of somatosensory
cortex (up to 1000pm in depth). To access the S2 and PV
regions, we made deep penetrations from the brain surface
(typically starting from the area 3b face region) up to
5000-6000 pm, where no response was encountered. Since we
found that the cortex usually did not respond to tactile stimula-
tion at or beyond the depth of 2000 pm below the pia surface,
we designated the recording sites at or above the depth of
1900 pm to areas 3b, or 3a or 1 based on the locations of the
penetrations in the reconstructed map. Recording sites at the
depth of 2000 pm or deeper were considered to be areas S2/PV.

For each penetration at the site where the strongest evoked
response occurred, we characterized the neuronal RF location,
size, and response preference to somatosensory stimuli.
Neuronal responses were classified as “cutaneous” when
evoked by light contact on the skin or hair movement, “high
threshold” when required taps to the skin, and “non-cutane-
ous” when only responsive to joint and muscle manipulation.
The minimum RF was determined to be the area of skin where
light touches with a hand held probe activated the recorded
neurons (Merzenich et al. 1978). At the end of the recording ses-
sions, electrolytic lesions were made by passing anodal direct
current (10pA) at strategic locations for later alignments of
recording results to cortical architecture from histological tis-
sue processing.
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Subcutaneous Digit Injections

To determine the spinal cord lesion level and extent, we subcu-
taneously injected a transganglionic transport tracer cholera
toxin subunit B (1% CTB, Sigma) or CTB conjugated to wheat
germ agglutinin-horseradish peroxidase (0.2% BHRP, List
Biological) into the distal phalanges of digits 1, 3, and 5 of both
hands, 4-7 days prior to the electrophysiological experiment.
See details in Qi, Chen et al. (2011)

Tissue Processing and Histology

Following the terminal mapping experiment, each monkey was
euthanized with a lethal dose of pentobarbital (120 mg/kg).
Once areflexive, the monkey was perfused transcardially with
phosphate buffered saline (PBS, pH 7.4), followed by 2-4% para-
formaldehyde in 0.1 M phosphate buffer (PB), and subsequently
10% sucrose-containing fixative. The brain and spinal cord
were removed, immersed in 30% sucrose in PB, and refrigerated
overnight. The spinal cord of 12 cases was cut at 40 pm in the
horizontal plane, and 1 case (SM-RO) was cut at 50 pym in the
transverse plane. The lower brainstem was cut at 40 pm in the
transverse (coronal) plane, and the cortex was cut in the tan-
gential plane for nine monkeys and in the coronal plane for
four monkeys.

In monkeys with the subcutaneous CTB injections, tissue
was processed to reveal transported CTB tracers (see Qi, Chen
et al. 2011 for details). In short, 1:4000 dilution of goat anti-
choleragenoid (List Biological Labs), 1:200 dilution of biotiny-
lated rabbit anti-goat IgG (Vector Laboratories PK-4005), and a
Vectastain ABC kit (Vector Laboratories PK-4005) and a Vector
VIP substrate kit (Vector Laboratories SK-4600) were used to
show the labeling in pink/purple color. In the case (SM-W),
BHRP was used as a neuroanatomical tracer, and tetramethyl-
benzidine (Gibson et al. 1984) reaction was used to reveal
labeled terminal fields in the brainstem and spinal cord. For the
cortex, every third section was processed for cytochrome oxi-
dase (CO, Wong-Riley 1979), myelin (Gallyas 1979), or vesicular
glutamate transporter 2 (VGLUT2) for architectonic analysis
(see Qi, Gharbawie, et al. 2011 for details).

Electrophysiological Map Reconstruction

The hand representation in somatosensory cortex was recon-
structed by relating RFs to corresponding recording sites in
Adobe Illustrator CS6 (Adobe Systems, San Jose, CA). See Qi,
Chen et al. 2011 for details. The reconstructed electrophysiolog-
ical maps in areas 3a, 3b, 1, and 2/5 were carefully superim-
posed on the images of brain sections processed for
architectural markers (e.g., myelin, CO, VGLUT2, and CTB) by
using small electrolytic reference lesions and other landmarks
(e.g., central sulcus (CS)) for alignments. For the deep penetra-
tions in cortex of the upper bank of lateral sulcus, a similar
strategy was used to construct a surface view of the cortex of
the unfolded lateral sulcus. The positions of the reference
lesions, the orientations of the electrode tracts, and the loca-
tions of the labeled neurons from tracer injection in area 3b (in
some monkeys) were considered. A step-by-step illustration
demonstrates how the electrophysiological map from S2/PV
was reconstructed (Supplementary Fig. S1). Note that even
though we attempted to be as precise as possible in recon-
structing the map of recording sties, small uncertainties remain
due to tissue distortion from flattening the cortex and the angle
of the microelectrode passing through cortical columns in areas
S2/PV.

Determining Boundaries of Somatosensory Areas 3a,
3b, 1, 2/5, and S2/PV

We used standard architectonic and electrophysiological map-
ping methods to define areal boundaries of the somatosensory
cortex (Carlson et al. 1986; Krubitzer and Kaas 1990). However,
when the DCL was severe, such that the majority of neurons in
somatosensory areas were unresponsive or response patterns
were altered, we primarily relied on the architectonic criteria to
estimate areal boundaries. Area 3b more densely expresses CO,
myelin, and VGLUT2. The established widths of hand regions of
areas 3b and 1 were also considered (e.g., Merzenich et al. 1978;
Kaas et al. 1979; Sur et al. 1982).

The squirrel monkey has a shallow central sulcus, and
defining areal boundaries by recordings near this sulcus pre-
sented challenges. Based on the response patterns of neurons
in the current cases and those in an earlier study (Sur et al.
1982), we designated recording sites from the pia surface to a
depth of 1290 pm along the anterior bank of CS to area 3a, and
recording sites between 1300 um to 2800 pm to area 3b. Beyond
2800 pm, we usually recorded no response, presumably because
the microelectrode entered the white matter. Recording sites
along the caudal bank of the CS between 1300 pm to 2800 pm
below the pia surface were considered to be in area 3b. These
distinctions agree well with the architectural boundaries.

The somatosensory areas S2 and PV are architectonically less
distinct in histological preparations (Krubitzer and Kaas 1990; Qi
et al. 2002; Coq et al. 2004). Nevertheless, with the guidance of
strategically placed electrolytic lesion markers, we were able to
overlay reconstructed microelectrode maps on images of the
flattened cortex sections. This was completed for nine monkeys,
as the cortex in the other four monkeys was cut coronally.
Overall, the S2/PV region was located just lateral to the area 3b
face region, but was mostly embedded in the upper bank of the
lateral sulcus. The contralateral body was represented head to
toe in a mediolateral sequence, and the arm and shoulder were
represented in both rostral (PV) and caudal (S2) locations in rela-
tion to the joined hand regions in the center of S2/PV (Cusick
et al. 1989; Krubitzer and Kaas 1990; Coq et al. 2004). Since it was
not possible to draw an exact border between the S2 and PV
representations due to reorganization and incomplete reactiva-
tion after the DCL, we refer to the region as areas S2/PV.

Quantitative Analysis

Evaluating the Extent of the Spinal Cord Lesion

We quantified and compared the areal sizes of labeled axonal
terminals in the cuneate nucleus ipsilateral and contralateral
with the DCL to better estimate the sparseness of hand inputs
in the first relay station (brainstem) after the lesion. Image]
software (NIH) was used to measure the areal size of CTB label
in the cuneate nucleus across rostrocaudal sections, and the
total labeled areal size was summed for both sides. The lesion
extent was estimated to be the percent of the areal reduction
on the lesioned side (see Qi, Chen et al. 2011 for more details).
The lesion extents were also estimated from reconstruction
from serial horizontal sections of the spinal cord into the trans-
verse view, and there were comparable agreements in the two
estimates. However, the quantitative density measures of
labeled areas were considered to be more accurate.

Quantitative Comparisons
We compiled data obtained from areas 3b, 1, and S2/PV for
each case, assigned values to independent variables, and
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devised a coding scheme to represent variables of interest.
Data from areas 3a and 2/5 were not included in the quantita-
tive comparison as these areas were less explored.

To investigate neuron responses to stimulation on the hand
and to reduce the data dimensions, we coded a 6-level variable
to correspond to the response field size. The value “1” was
assigned to a small field restricted to one digit or palm pad,
while “6” represented the largest field that included any parts
of the hand, arm, and face. The response strength was immedi-
ately categorized qualitatively as no response (NR), very weak,
weak (WR), or good response (GR) during the mapping session.
We then calculated the proportions of responding penetrations
within each somatosensory area of each subject, for the catego-
ries of response field size and response strength. For some
analyses and graphics, this 18-level variable of response
strength and RF size was reduced to 12 levels by combining the
response strength categories of “very weak” and “weak”. Due to
the expected differences in RF sizes between cortical somato-
sensory areas, we also calculated the proportions of penetra-
tions with WR and GR responses to the hand without regard for
RF size as follows: WR/(WR + GR) and GR/(WR + GR). To capture
the expected differences in responsiveness due to the lesion
severity, we calculated the proportion of penetrations with no
tactile responsiveness (NR) within the map of each cortical
area: NR/(NR + WR + GR).

Data were imported into statistical software (IBM-SPSS 24) for
analysis and graphics. Graphics used the response proportions
that were calculated for individual monkeys, shown summarized
across conditions. Nonparametric Mann-Whitney U and Kruskal-
Wallis tests were used to assess differences in the distributions
of response proportions. The factors considered were: the com-
pleteness of the DCL (100%-98%, or <98% complete), recovery
time, cortical area, reaching task condition, and exposure to elec-
trical stimulation (ES) of the hand. The recovery times used here
(150 or more days of recovery time, or <150 days after the effec-
tive lesion) are based on commonly used terms for patients with
SCI (e.g., Rowland et al. 2008). The injury phase has been defined
by Rowland et al. (2008) by time after SCI. Injury <2 h is primary,
immediate phase, <48h is early acute phase, <14 days is second-
ary subacute phase, <6 months is intermediate phase, and >6
months is chronic/late phase. We examined the correlation of
the percent of responses to the hand between different cortical
areas as an indicator of similarity of recovery after DCL.

Results

The primary goals were (1) to characterize the response proper-
ties in the hand regions of higher-order somatosensory areas
S2/PV, and 2/5 (if obtained), after weeks to months of recovery
from contralateral DCL, and to compare those response pat-
terns with other somatosensory areas 3a, 3b, and 1; and (2) to
evaluate the impact of lesion extents and post-lesion recovery
times, and possible role of interventions on the response prop-
erties in these areas. Some of the results from recording in
areas 3b and 1 have been fully described in other published
studies (Qi, Chen et al. 2011; Chen et al. 2012; Liao et al. 2016,
2018; Qi et al. 2016). For comparison purposes, we have
included some of these results in supplementary figures that
have been modified from the original published figures with
citations. A total of 9164 mapping sites were collected from 13
monkeys. Among those, 446 were in area 3a, 3512 in 3b, 1186 in
area 1, 144 in areas 2/5, and 3876 in S2/PV. All recording results
from areas S2/PV, illustrations of RFs, and data collected from
monkeys SM-H and SM-G are original. For most of the cases we

were able to anatomically verify the locations of the hand
region in areas 3b and S2/PV by superimposing the recon-
structed microelectrode map on tangentially cut cortical sec-
tions processed for CO, CTB, myelin, or VGLUT2. The RF sizes
representing the hand varied by area as expected, such that S2/
PV and area 2 were ranked as having the largest RFs, followed
by area 1, 3a, and 3b, respectively (x> = 94.351, df = 4, N = 1481,
P =157 x 107, Fig. 1).

The Effects of the Completeness of the DCL and the
Recovery Time on Cortical Reorganization

We divided the 13 monkeys into four groups based on com-
pleteness of DCL and recovery times (Table 1): (1) intermediate
recovery times with incomplete lesions (n = 4); (2) long-term
recovery times with incomplete lesions (n = 3); (3) intermediate
recovery times with complete or nearly complete lesions (n = 3);
and (4) long-term recoveries with complete or nearly complete
lesions (n = 3). Here, we present these results in four subsec-
tions, starting with the group with the least severe lesions and
the shortest recovery times, followed by groups with more
severe lesions and longer recovery times.

Intermediate-term Recovery with Incomplete DCL

Four squirrel monkeys (SM-A, SM-H, SM-D, and SM-GE)
received incomplete unilateral DCL (41%, 64%, 77%, and 79%
complete, respectively). The lesion was made at C4 in SM-A,
and at the gap between C4 and C5 in SM-GE, to partially deprive
inputs from the hand (Supplementary Fig. S2). The DCL in SM-
D and SM-H were at C5-C6 to deprive most of inputs from digits
3-5; however, some of the inputs from digit 2 might also be
affected. Inputs from the face, parts of the arm, and shoulder
were intact in all four monkeys. For each monkey, neuronal
responses from both primary and higher-order somatosensory
cortex contralateral to the DCL were mapped after 56-142 post-
lesion days (Table 1). Among these, three monkeys (SM-A, SM-
H, and SM-GE) were not trained or tested on the behavioral
task, but SM-D underwent non-intensive testing. Monkeys SM-
A and SM-GE received electrocutaneous stimulation of the
digits for an fMRI study (see Methods in Qi et al. 2016).

In monkey SM-H that had a 64% complete DCL for 142 days
(Fig. 2A), the somatotopy and responsiveness in the hand
region of area 3b resembled the normal pattern (Merzenich
et al. 1978; Sur et al. 1982). Digits 1-5 were represented in a
lateromedial progression with distal digits located rostrally,
and proximal digits and palm caudally (Fig. 2B). Neuronal RFs
in the mostly spared representations (e.g., digits 1-2, radial
palm) were small and restricted to part of digits and palm,
which were comparable with those of a normal monkey (Fig. 1,
panels SM-H and SM-G). However, neural RFs recorded from
the likely deafferented hand region (i.e., digits 3-5, and ulnar
palm) were generally large, involving multiple digits and palm
pads. Unlike normal monkeys, some neurons had RFs on both
dorsal and glabrous sides of hand. Neurons in the hand regions
of areas 3a and 1 were less responsive to touch on the hand
when compared with those of area 3b.

Neurons in the expected hand region of areas S2/PV
responded well to touch on single or multiple digits (Fig. 2C).
Representations of forelimb were found rostrally (presumably
PV) and caudally (presumably S2) to the hand representation of
S2/PV. We did not find responses to touch on the face in the
expected hand region of areas S2/PV. However, the somatotopy
of the hand region was somewhat disorganized. The response
strength to touch on the hand in areas S2/PV was comparable
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Figure 1. Schematic drawings of representative neuronal receptive fields determined from microelectrode recordings in areas 3b and S2/PV. The location and size of
receptive fields are color-coded and outlined on drawings of the face, body, and glabrous and dorsal surfaces of the hand. Note that the purpose of this illustration is
to depict overall differences in receptive field locations and sizes across monkeys with different dorsal column lesion (DCL) extents and recovery times.
Abbreviations: dor+glab, dorsal hair/skin and glabrous skin; dor+v, dorsal and ventral (hair/skin).

to area 3b neurons, and RF properties were similar to the nor-
mal pattern (Fig. 1). Despite slight variations between four
monkeys in this group, their somatotopy, responsiveness, and
neuronal RF sizes in areas 3a, 3b, 1, and S2/PV were similar
(Supplementary Figs S3 and S4) to those described for SM-H.
We only identified some neurons responsive to touch on the
hand in areas 2/5 in monkey SM-GE (Supplementary Fig. S4).

In summary, after incomplete DCL and intermediate recov-
ery times, neurons in the hand regions of S2/PV responded to
touch on digits and the hand, and the strengths of responses
were comparable to those of area 3b. However, somatotopy was
less organized. The degree of cortical reactivation did not seem
to vary within intermediate recovery times that ranged
between 56 and 142 days. Results from the four monkeys in
this group showed that the presence of neurons in areas S2/PV
with single digit RFs was usually concurrent with the presence
of neurons with single digit RFs in area 3b.

Long-term Recovery with Incomplete DCL
Three squirrel monkeys (SM-T, SM-Y, and SM-U) received
incomplete DCL (61-86%) at slightly lower levels (i.e., C5-C6) of
cervical spinal cord and recovery times ranged from 292 to 414
days (Table 1). Such lesion allowed some inputs from digit 1
and possibly digit 2 to be spared, and inputs from digits 3-5
were partly or mostly deprived. Inputs from the face, arm, and
shoulder remained intact. Monkeys SM-Y and SM-U experi-
enced intensive behavior training, and SM-T underwent non-
intensive testing. Since reactivation patterns in three monkeys
were slightly different due to the lesion level, behavioral train-
ing, and recovery time, here we described results by case.
Monkey SM-T had a 61% complete DCL with long-term
recovery (Fig. 3A). The somatotopy, neuronal responsiveness,
and RF sizes of neurons in areas 3b and 1 resembled those of
normal monkeys (Supplementary Fig. S5A). The representation
of forelimb in S2/PV was located in the upper bank of lateral
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Figure 2. Representative case for Group 1. Somatotopic maps of areas 3b, 1, and secondary somatosensory cortex (S2)/parietal ventral (PV) of squirrel monkey SM-H
after an intermediate-term, incomplete DCL (64% complete; 142 days) at the C5-C6 level. A. Drawing shows the reconstructed transverse view of DCL in the spinal
cord. Black shading depicts the area of tissue loss, dark gray surrounding the black shading depicts the area with abnormal tissue, and the light gray depicts the gray
matter of the spinal cord. B. The reconstructed somatotopic map shows that neurons in hand region of area 3b responded well (shown in solid circle) with a nearly
normal somatotopy. The hand region in area 1 is slightly less responsive. C. The reconstructed somatotopic map of the hand region in areas S2/PV obtained from
deep penetrations. Responses to touch on single digit, multiple digits, or larger areas involving the arm and hand were found between the representations of arm and
shoulders that are located rostrally (presumably PV) and caudally (presumably S2). Each symbol (i.e., solid circle, circle, diamond, and x) depicts the location and neu-
ronal responsiveness of one mapping site. Red stars mark the locations of electrolytic lesions made along those electrode penetrations. Neuronal receptive fields in
the body parts are color-coded, and color-coded stripes mark combinations of receptive fields in different body parts. Abbreviations: 3a, 3b, 1, 2/5, S2/PV, areas 3a, 3b,
1, 2/5, and S2/PV; a, anterior; C5-C6, cervical segments of C5-C6; CS, central sulcus; D1-D5, digits 1-5; Ds, multiple digits; FL, forelimb; GR, good response; H, hand; H +
FL, hand and forelimb; 1, lateral; LS, lateral sulcus; m, medial; NR, no response; p, posterior; VWR, very weak response to hard taps; WR, weak response; Scale bar is
1mminA, B, C.

sulcus, and at the same rostrocaudal location of area 3b face
region (Fig. 3B). The forelimb region of S2/PV was confirmed
with strategically placed electrolytic lesion markers (“c” and
“d”). The superimposed electrophysiological map of S2/PV
onto the CTB section indicated that the forelimb region was
near the labeled neurons and terminals after tracer injection
into the digit 2 representation of area 3b. The hand representa-
tions of S2/PV were roughly located between the rostral fore-
limb region (likely area PV) and caudal forelimb region (likely

area S2), resembling the normal somatotopy. We found that
neurons in the expected hand region of S2/PV responded well
to touch on single or multiple digits, palm pads, and the hand
and forelimb, and occasionally on glabrous and dorsal surface
of digits (Fig. 3C). These patterns were similar to those of nor-
mal New World monkeys (e.g., Cusick et al. 1989; Coq et al.
2004).

Monkey SM-Y had a complete DCL but at a slightly lower
level (C5-C6), hence the inputs from digit 1 and possibly digit 2
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Figure 3. Representative case for Group 2. Alignment of the somatotopic map of areas S2/PV and brain sections stained for cholera toxin subunit B (CTB) in monkey
SM-T after a long-term, incomplete DCL (61% complete; 321 days) at the C4-C5 level. A. Drawing shows the reconstructed transverse view of DCL in the spinal cord.
B. Photomicrographs of flattened cortical sections immunoreacted for CTB labeling showing CS, unfolded LS, and locations of strategically placed electrolytic lesions
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of a, b, ¢, and d. Among these, “c” and “d” are deep microelectrode penetrations inserted from the pia surface in the face region of area 3b into the hand region in S2/
PV in the upper bank of lateral sulcus. C. The reconstructed somatotopic map shows responses encountered from deep penetrations recorded in areas S2/PV. Scale
bar is 5mm in the low magnification image of panel B (left), and is 1 mm in all others. Abbreviations: C4-C5, cervical segments of C4-C5; CgS, cingulate sulcus. Other

conventions follow Figure 2.

were spared (Supplementary Fig. S2). This monkey was inten-
sively trained to use the impaired hand for the reach-to-grasp
task. As described in our early study (Liao et al. 2016), large-
scale reorganizations in the hand regions of areas 3b and 1
were found (Supplementary Fig. S6). The representations of
spared digits 1 and 2 were abnormally large. The digit 1 repre-
sentation expanded to, or even beyond, the expected territory
of digit 4, suggesting that the spared digit 1 inputs directly or
indirectly activated the deprived hand cortex.

Again, we found that the forelimb representations of S2/PV
were located in the upper bank of lateral sulcus near the
labeled foci after CTB injection into the digit 2 representation of
area 3b. The hand region was roughly located between the ros-
tral and caudal representations of the forelimb, resembling the
normal somatotopy. Although many deep microelectrode pene-
trations were made into this region, we only found few record-
ing sites that responded well to touch on multiple digits, digit
and palm pads, dorsal and glabrous digits, or hand and fore-
limb. Most of the mapping sites were unresponsive.

The third monkey SM-U had an extensive DCL (86% com-
plete) with longer survival time (414 days), and the impaired
hand was intensively trained on the reach-to-grasp task. As
indicated in our early publication (Liao et al. 2016), areas 3b and
1 underwent large-scale reorganizations (Supplementary
Fig. S7) including sites highly responsive to touch or taps on
digits, hand, or on both hand and forelimb. Many neurons had
abnormally large RFs involving glabrous and/or dorsal sides of
the entire digit, multiple digits, large portion of palmar pad, or
combinations of hand and forelimb, and occasionally hand and
face (see Fig. 1 for representative examples).

In areas S2/PV, some neurons responded well to touch on
the partially denervated hand, but more than half of neurons
responded weakly. Overall, the strengths of neural responses to
touch on the hand were generally weaker than those to touch
on the forelimb alone or on the forelimb and hand together.
Somatotopy was similar to that of SM-T and roughly resembled
the normal pattern, in which the arm and shoulder representa-
tions in PV and S2 were separated by the representations of
digits and hand in between. Neuronal RFs were usually large
except in a few mapping sites responsive to touch on digit 4
(Supplementary Fig. S7C). Most neuronal RFs involved glabrous
and/ or dorsal sides of hand, multiple digits, digits and palm, or
combination of hand and forelimb (Fig. 1). Both areas 3a and
2/5 were responsive to touch or taps on the digits and palm,
but the responsiveness was weaker in areas 2/5.

In summary, primary and higher-order somatosensory areas
were reactivated after incomplete DCL with long-term recovery
times. The reactivation patterns varied depending on the level
and the extent of DCL, and whether monkeys were intensively
trained to use to the impaired hand.

Intermediate-term Recovery with Complete or Nearly Complete DCL

Three squirrel monkeys (SM-BB, SM-C, and SM-O) were evalu-
ated 48-131 days after receiving nearly complete unilateral DCL
(98%, 98%, 99%, respectively). In monkeys SM-C and SM-O, DCL
at the C4 level deprived most of the inputs from hand. Monkey
SM-BB had a nearly complete DCL (98%) at C5 that spared some
inputs from digit 1 and the radial palm, but deprived inputs
from digits 2 to 5. All inputs from the face and most of the
inputs from the arm and shoulder remained intact in all three
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monkeys. Monkey SM-BB was not behaviorally trained and not
tested but received electrocutaneous stimulation of digits as
part of the fMRI study of Qi et al. (2016). Monkeys SM-C and SM-
O underwent non-intensive testing on the reach-to-grasp task.

In monkey SM-BB, neurons in the expected digit 1 territory
of areas 3b and 1 responded well to touch on the digit 1 and
radial palm (thenar pad, PTH), but the mostly deprived cortex
(expected representations of digits 2-5) was less responsive to
touch or taps on hand (Qi et al. 2016; see Supplementary
Fig. S5B). Some neurons in the hand region of S2/PV responded
to touch or light taps on multiple digits, palm, or combinations
of hand and forelimb/ shoulder (Fig. 4). Surprisingly, we also
found many neurons responding well to touch within small
RFs restricted to single digits 1, 3, 4, and 5 (Fig. 4C).

In monkeys SM-C and SM-O, scattered sites in the hand region
of area 3b responded to touch on digits 1-5 in a nearly normal
somatotopy, although neurons in the expected palm representa-
tion remained unresponsive (Supplementary Figs S8 and S9).
Neurons were less responsive in areas 3a, 1, and 2/5 in these two
monkeys. In monkey SM-O, neurons in the forelimb region of
areas S2/PV were generally not responsive (Supplementary
Fig. S8). Neurons in few recording sites responded to touch on
hand, forelimb, upper trunk, and occasionally on large areas
involving hand and face, or bilateral forelimbs. In monkey SM-C,
although some neurons responded well to peripheral stimulation
in the forelimb region of areas S2/PV, the somatotopy was abnor-
mal and largely disorganized. Besides a few sites where neurons
responded to touch on multiple digits, most reactivated neurons
in the hand region had large RFs involving the hand and the rest
of the forelimb, or arm and shoulder (Supplementary Fig. S9).

A SM-BB (98% DCL)

Area 3a was much less responsive in all three monkeys, and
areas 2/5 were partially responsive to touch on digits in SM-BB, SM-
C, and SM-O, but were not fully explored (Fig. 4, Supplementary
Figs S8 and S9).

In summary, in monkeys with severe DCL and intermediate
times of recovery, neurons in the deprived hand regions of pri-
mary and higher-order somatosensory areas were responsive
to touch on the hand in a roughly somatotopic pattern.
However, in two monkeys that had DCL at a higher level in the
spinal cord (C4), neurons in the hand region of S2/PV were
either not fully responsive, or responded to touch or taps
mostly to the forelimb alone, rather than to forelimb in combi-
nation with the hand. In contrast, in SM-BB after DCL at a lower
level (C5) and after electrocutaneous stimulation on the digits,
the hand regions of areas 3b and S2/PV were highly responsive
to touch on single or multiple digits.

Long-term Recovery with Complete or Nearly Complete DCL

Three squirrel monkeys (SM-RO, SM-W, and SM-]) received com-
plete or nearly complete DCL (estimated 100%) at a higher cervical
level (C4) that interrupted inputs from the entire hand, but inputs
from face, arm, and most of the shoulder were preserved. Neuronal
responses were examined following 253-285 days of recovery. Note
that monkey SM-] experienced intensive training and SM-RO
underwent non-intensive testing. SM-W was not behaviorally
trained or tested, and the affected forelimb was severely impaired
throughout the entire post-lesion time. The hand regions in areas
3a, 3b, 1, and S2/PV in all three monkeys were verified histologi-
cally. Parts of the results for the reorganized somatotopic maps in
area 3b have been published (Liao et al. 2016, 2018).

C Intermediate, near-complete

Figure 4. Representative case for Group 3. Alignment of the somatotopic map of areas S2/PV and brain sections stained for myelin in monkey SM-BB after an
intermediate-term, near-complete DCL (98% complete; 49 days) at the C5 level. A. Drawing shows the reconstructed transverse view DCL in the spinal cord.
B. Photomicrographs of a flattened and myelin stained section through somatosensory cortex showing the landmarks and locations of strategically placed electrolytic
lesions of a, b, ¢, and d (marked with red stars and yellow arrows). Among these, “a”, “b”, and “c” are deep microelectrode penetrations inserted into the hand region
of areas S2/PV in the upper bank of lateral sulcus. C. The reconstructed somatotopic map shows responses encountered from deep penetrations recorded in areas
S2/PV. Abbreviations: IAD, inferior arcuate dimple; SAD, superior arcuate dimple. Scale bar is 5mm in the low magnification image of panel B (left), and 1mm in all

others. Other conventions follow Figure 2.
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In monkey SM-RO, as briefly described in Liao et al. (2018),
neurons in more than half of the mapped sites in the hand
region in area 3b remained unresponsive to touch or taps
(Supplementary Fig. S5C). However, we found scattered map-
ping sites where neurons responded weakly to light taps on
single digits 1, 2, 4, and 5 with a roughly normal lateromedial
sequence along the rostral border of area 3b. Somatotopy, neu-
ronal responsiveness, and RF sizes in the hand region of area 1
resembled the response pattern of area 3b. This reactivation of
areas 3b and 1 in SM-RO suggested that a few undetected
spared axons might have survived the cut and restored the
hand responsiveness in somatosensory cortex. In areas S2/PV,
we found scattered neurons responsive to touch or taps on the
face, digits and hand, forelimb, trunk, and hindlimb from 53
deep penetrations (Fig. 5). The majority of mapping sites in the
expected hand region were either unresponsive or responded
weakly to hard tapping on the hand. Note that neurons outside
the affected hand region responded well to touch on the face,
arm or shoulder, trunk, and hindlimb, indicating that the less
responsive hand region of S2/PV was due to the specific
deafferentation.

In monkey SM-W, area 3b underwent large-scale reorganiza-
tion. Instead of responding to touch/taps on the hand, many
neurons in the deprived hand regions responded to touch or
taps on the face, forelimb, or the combination of the face and
forelimb (Supplementary Fig. S10). Somewhat differently, inten-
sive trained monkey SM-J had more neurons in the deprived
hand region of area 3b responded to touch or taps on the hand
(Supplementary Fig. S11). These observations suggested that
the intensive training might restore some cortical activation in
area 3b along with hand function after nearly complete DCL.
Neurons in area 1 were largely unresponsive in these two mon-
keys, regardless of the behavioral intervention. Similarly, the
somatotopy in the deprived hand region of areas S2/PV of both
monkeys was highly abnormal. Many neurons became

A SM-RO (100% DCL)

responsive to touch on the arm and shoulder, face, or the hand
and face. Surprisingly, the responsiveness of neurons with RFs
involving the hand was stronger than that in area 3b.

Neurons in deprived hand regions of area 3a in these three
cases were primarily unresponsive to touch and taps on the
hand, although neurons in the intact forelimb regions
responded well to touch or taps on the forelimb. In two mon-
keys (SM-W and SM-]) for which areas 2/5 were explored, neu-
rons were mostly unresponsive to touch or taps on the hand
and arm (Supplementary Figs S10 and S11).

In summary, nearly half of the recording sites in the
deprived hand regions of area 3b, and most sites in 3a, 1, and 2/
S, neurons were not responsive in all three monkeys.
Somatotopy and neuronal RF locations and sizes of deprived
hand regions of area 3b varied greatly from normal. Although
the response patterns in primary somatosensory area 3b were
different between the three monkeys, the reactivation patterns
between area 3b and higher-order somatosensory areas S2/PV
within the same monkeys were strikingly similar. Surprisingly,
in all three monkeys we encountered some neurons in S2/PV
that had stronger responses to touch on the hand than we
encountered in area 3b.

Neuronal Response Properties Associated with Hand
Use Behavior and Electrocutaneous Stimulation after
Lesion

Here, we examined if intensive training or electrocutaneous
stimulation benefited somatosensory reactivation after deaffer-
entation from hand in monkeys.

Intensive Training Effects
After monkeys recovered from DCL surgery, we closely
observed their cage behaviors, such as walking, climbing,

C Long, near-complete

o

m

x NR

D1 D3 BWD5 [ IPam
D2 W D4 Ds FL

H+FL

Face M Foot/HL

Trunk BESipsi H/FL

Figure 5. Representative case for Group 4. Alignment of the somatotopic map of areas S2/PV and brain sections stained for CTB in monkey SM-RO after a long-term,
complete DCL (100% complete; 253 days) at the C4 level. A. Drawing shows the reconstructed transverse view of DCL in the spinal cord. B. Photomicrographs of a flat-
tened cortical section immunoreacted for CTB labeling showing the landmarks and locations of strategically placed electrolytic lesions of a, b, ¢, and d (marked with
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arrows and stars). Among these, “a” and “c” are deep microelectrode penetrations inserted into the hand region of areas S2/PV in the upper bank of lateral sulcus. C.
The reconstructed somatotopic map shows responses encountered from deep penetrations recorded in areas S2/PV. Scale bar is 5 mm in the low magnification image
of panel B (left), and 1 mm in all others. Abbreviation: Ipsi, ipsilateral. Other conventions follow Figure 2.
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reaching, or manipulating food items. Immediately after DCL,
most monkeys were reluctant to reach for food or manipulate
food with their affected forelimb. Hand use progressively
improved over post-lesion weeks to month, although the
degree of recovery depended on the lesion level and severity.
By the time of the final procedure, most of the monkeys
showed little to no deficit. However, there were a few excep-
tions when the DCL was nearly complete to complete.

First, we used two extreme examples to evaluate the rela-
tionship between behavior deficit and cortical reorganization.
Both monkeys SM-J and SM-W had a complete DCL at C4, and
their recovery times were 285 and 266 days, respectively. While
monkey SM-J] was intensively trained to use the impaired hand,
SM-W was neither trained nor tested. SM-J had strong deficits
leading up to the final evaluation, but the task performance
recovered to a nearly normal level by the final behavioral test.
In contrast, SM-W had much stronger deficits in the affected
hand, not only for reach and grasp behavior, but also for fore-
limb walking and climbing through the entire evaluation
period. While many neurons in areas 3a, 3b, 1, and 2/5 of these
two monkeys remained unresponsive or responded weakly to
peripheral stimulation, we found responsive neurons in the
deprived hand region in area 3b and S2/PV in monkey SM-] to
taps on the glabrous and/or dorsal sides of digits, palm, and
forelimbs (Fig. 1, Supplementary Fig. S11). However, the reacti-
vated hand neurons in areas 3b and S2/PV in monkey SM-W
became responsive to high-threshold taps on large areas of
face and forelimb (Supplementary Fig. S10). This suggested that
the intensive training promotes favorable reactivation in the
deprived somatosensory cortex, and contributed to the behav-
ioral recovery of hand use.

Second, intensive training may shape the somatotopy in the
deprived somatosensory cortex when the DCL was incomplete.
In one non-intensively trained monkey SM-T (Supplementary
Fig. S5A) and monkeys without the behavior intervention (SM-
H, Fig. 2; SM-A, Supplementary Fig. S3; SM-GE, Supplementary
Fig. S4), the reactivated somatotopic maps in the partially
deprived areas 3b and 1 resembled those of normal monkeys,
despite that the responses were somewhat weaker. However,
in another two intensively trained monkeys (SM-U and SM-Y)
with the incomplete DCL, the hand region of somatosensory
areas 3b and 1 underwent large-scale reorganization. The
representation of spared digit 1 in area 3b expanded few mm
medial into the deprived territory (Supplementary Fig. S6), and
unusually large RFs occurred in the hand regions of areas 3b, 1,
and S2/PV (Fig. 1, Supplementary Fig. S7). The results suggested
that intensive training could reshape the functional map, espe-
cially when the DCL was incomplete. However, the restoration
of somatotopic map in areas 3b and 1 is limited when the
lesion is complete (SM-], Supplementary Fig. S11).

Electrocutaneous Stimulation Effect

Three monkeys (SM-A, SM-BB, and SM-GE) received low (2mA)
and high (4 mA) level electrocutaneous stimulation on distal fin-
ger pads of the hand before and 2, 4, and 6 weeks after a unilat-
eral DCL (see details in Qi et al. 2016). All three monkeys showed
robust recovery of somatotopy and responsiveness in the pri-
mary and higher-order somatosensory areas, despite the varying
lesion severities from 40 to 98% complete (Fig. 4, Supplementary
Figs S3 and S4). Specifically, we found that more responsive neu-
rons in the somatosensory areas, especially the S2/PV, had smal-
ler RFs (e.g., single digits or palm pads) on the affected hand
(Fig. 6) when compared with monkeys without the

electrocutaneous stimulation in the present study. This surpris-
ing finding requires further investigation.

Quantitative Comparisons

After categorizing penetrations by responsiveness and RF size,
we calculated the category proportions for each somatosensory
area of each monkey. Summarizing results across monkeys, we
compared the proportions of weak and GRs with hand stimula-
tion between areas 3b and 1, and S2/PV (Fig. 7). Because we did
not collect large samples from areas 3a, 2, and M1 in all cases,
we did not include these areas in statistical analyses.

Using our categorization methods for quantification, hypothe-
sis testing confirmed the expected results that, overall, area 3b had
smaller RFs than area 1 (H=87.72,df =2, N = 1359, P = 1.5 x 10‘6),
and area 1 had smaller RFs than S2/PV (P = 2.3 x 107°). All areas
tended to have higher proportions of hand responses with larger
RF sizes when the DCL was more complete with longer recovery
times (H = 102.92, df = 35, N = 240, P = 1.32 x 10~%). A summary of
the hand response proportions by area and category (Fig. 7A) illus-
trates several tendencies. DCL effectiveness and recovery time
affected area 3b, and area 1 to a lesser extent, such that larger pro-
portions of hand responses classified as GR and restricted to a sin-
gle digit or pad were found in cases after incomplete DCL with
intermediate-term recovery times; and the lowest proportions
(none, in area 1) were found after complete DCL with long-term
recoveries. In S2/PV, RFs restricted to a single digit or pad were
found in similar (but low) proportions across DCL conditions,
except after long-term complete DCL, in which no cases had single
digit RFs in S2/PV (see SM-H and SM-RO in Fig. 1). We also found
unexpected differences between areas S2/PV compared with areas
3b and 1 for the relative proportions of large RFs within the hand
and large RFs that included the hand along with the arm and/or
face. For schematics of RFs in example monkeys after different
lesion and recovery conditions, see Figure 1.

Across DCL conditions, broad RF locations were generally
consistent across areas within individual cases (Fig. 7B). When
comparing RFs across the three areas we quantified, area 3b
was the reference because the map was the most complete.
Most of the cases had 100% correspondence between the pres-
ence of RFs in area 1 and those found in area 3b (10/13), and the
presence of RFs in S2/PV and those found in area 3b (9/13).
Supplementary Figure S12 shows the detailed correspondence
of RF locations for the area maps for each case, from which the
percentages in Figure 7B were derived.

When the proportions of weak and good hand responses
were considered regardless of RF sizes for each area within
each monkey, areas 3b and 1 were similarly affected by the DCL
completeness and recovery time (Fig. 7C). The response propor-
tions classified as very weak and weak (WR) tended to be high-
er, and those classified as GR tended to be lower in cases after
(nearly) complete DCL with long-term recovery in area 3b (H =
7.824, df = 3, N = 13, P = 0.050) and area 1 (H = 7.350, P = 0.062).
The DCL completeness as a factor alone influenced the
response proportions in area 3b (U = 39, P = 0.010) and area 1 (U =
36.5, P = 0.027), while the recovery time alone did not (P = 0.295,
P = 0.101, respectively). The response proportions in S2/PV did
not vary detectably by lesion conditions (DCL and recovery time)
considered together (H = 1.354, P = 0.716) or separately (complete-
ness: P = 0.943; recovery time: P = 0.295). Overall, the proportions
of GR to touch on the hand were ranked significantly higher in
S2/PV than 3b (U = 567.5, N = 83, P = 0.009). Area 1 followed a pat-
tern similar to 3b (U = 558.5, N = 77, P = 0.063). These analyses
recapitulate our observations of unexpected GRs to the hand in
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SM-A (41% DCL at C4)

dorsum

Figure 6. Schematic drawings of representative neuronal receptive fields deter-
mined from microelectrode recordings in the hand region of areas S2/PV after
electrocutaneous stimulation on alternate digits 1-3 at pre- and 2, 4, 6 weeks
post-DCL. The location and size of receptive fields are color-coded and outlined
on the drawings of the glabrous and dorsal surfaces of the hand and forelimb.
Note that the size of receptive fields varies from one digit phalange to almost
the entire hand. Other conventions follow Figure 1.

S2/PV when few GRs to the hand were encountered in areas 3b
and 1 after a complete DCL.

In a corresponding trend, increased proportions of unre-
sponsive penetrations (NR) in S2/PV were associated with com-
plete DCL and long recovery times (Supplementary Fig. S13).
The NR penetrations were tallied from the entire map, but
because the mapped regions varied in S2/PV across cases, we
focused primarily on properties associated with responses to
touch on the hand.

The proportions of hand responses characterized as WR or
GR were examined with correlations between cortical areas
(Supplementary Fig. S14), which showed that the relationships
tended to be strongest between areas 3b and 1. Over all DCL
conditions combined, we found GR proportions were positively
correlated between areas 3b and 1 (p = 0.371, N = 49, P = 0.009);
but when assessed separately, a significant correlation was reli-
ably detected only in monkeys after incomplete DCL with long-
term recovery (p = 0.694, N = 12, P = 0.012). For WR over all DCL
conditions, areas 3b and 1 were also positively correlated (p =
0.483, N = 52, P = 2.92 x 107%). Statistically significant correla-
tions were found between areas 3b and 1 for WR in monkeys
after incomplete DCL with intermediate-term recovery (p =
0.563, N = 16, P = 0.023) and long-term recovery (p = 0.869, N =
12, P = 2.46 x 107, and after complete DCL with long-term
recovery (p = 0.644, N = 13, P = 0.018). In addition, WR in mon-
keys after incomplete lesions with intermediate-term recovery

showed correlation between areas 3b and S2/PV (p = 0.582, N =
16, P = 0.018) and between areas 1 and S2/PV (p = 0.521, N = 16,
P =0.039).

When examining the effects of hand-use training on
responses, we did not detect differences in the distributions of
the response proportions across categories of behavioral inter-
vention condition (H = 3.493, df = 5, N = 240, P = 0.624). There
was a tendency for cases with intensive training to be more
responsive to touch on the hand, particularly after nearly com-
plete lesions (H = 27.843, df = 17, N = 240, P = 0.047); however,
significant differences were not detected after the Bonferroni
correction for multiple comparisons.

We observed unexpected single digit and small RFs in S2/PV
in some cases. From our quantified data, we found greater
response proportions with smaller RF sizes in S2/PV for
intermediate-term cases that were exposed to the electrocuta-
neous stimulus versus tactile only (H =17.33,df=7,N=39,P =
0.015). In area 1, we found the opposite tendency: greater
response proportions with larger RF sizes (H = 21.172, df = 7,
N = 50, P = 0.004). However, the pairwise comparisons were not
significant after the Bonferroni correction. In area 3b, electrocu-
taneous stimulation exposure tended to result in greater pro-
portions of GR with small RF sizes (H = 35.522, df = 14, N = 47,
P = 0.001), but pairwise comparisons did not meet significance
criteria.

Overall, the responses in S2/PV reflect the patterns in areas
3b and 1, with caveats. S2/PV did not reflect the same trends in
response patterns associated with DCL conditions because S2/
PV tended to respond better to stimulation on the hand in the
more severe lesion conditions. Also, recovery time and lesion
extent interacted to cause different effects, but the factor with
greater influence over the responsive cortex was the lesion
extent. The effects of complete DCL after long-term recovery
resulted in greater proportions of large RFs in all areas, but S2/
PV did not directly reflect area 3b in responsiveness and soma-
totopy related to DCL severity.

Discussion

Our major findings in squirrel monkeys after DCL of varying
extents and recovery times are the following. (1) Overall, neuro-
nal responses in S2/PV typically reflected the patterns in area 1,
which reflected the activation in area 3b. After less than 6
months of recovery from unilateral DCL that interrupted affer-
ents from the hand, neurons in the hand regions in area 3b and
higher-order somatosensory areas 1 and S2/PV were responsive
to touch on the contralateral hand and forelimb. When the DCL
was complete or nearly complete after longer recovery times
(8-9 months), areas 3b, 1, and S2/PV underwent large-scale
reorganization, in which responses to touch on face and fore-
limb could be found in the affected hand regions. (2) RFs of
neurons in the deprived hand region in area 3b were usually
larger with more extensive lesions, and similar trends were
found in higher-order areas 1 and S2/PV. (3) Unexpectedly, neu-
ronal responses to tactile stimulation at some recording sites in
S2 and PV were stronger than those of areas 3b and 1.
Consistent with an earlier study using fMRI and microelec-
trode recordings in squirrel monkeys (Yang et al. 2014), the
present results indicated that after months of recovery with
incomplete DCL, neurons in the hand regions of areas 1 and S2
/PV were responsive to touch on the contralateral hand and
forelimb. The reactivation patterns were similar to those of
area 3b, and most importantly, were similar to those of normal
monkeys. However, with extensive DCL at high levels of the
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Figure 7. The percent of responses to the hand from areas of somatosensory cortex

for all cases indicate that the effects of DCL on response strength and receptive

field size vary by cortical area. Percent of weak responses (WR) and good responses (GR) were calculated from the total responses that included the hand for each
monkey by area. Results are color-coded for the four categories of DCL and recovery times (open circles). A. Median percent of hand responses (y-axis) plotted in cate-
gories to represent size and type of response field (x-axis) show similarities between areas 3b, 1, and S2, particularly for weak responses. B. Percent of receptive field
sites that were mapped in area 1 or S2/PV that were also mapped in area 3b, shown for each case. Receptive field (RF) sites were largely consistent between areas
within each case, across DCL conditions. Receptive field (RF) sites mapped in area 1 corresponded to those mapped in area 3b (at 100%), with exception of three cases

that matched between 75% and 87.5%. RF sites mapped in S2/PV were mapped in are
The presence of RF sites within location categories was counted to calculate the

a 3b in most cases (at 100%), with four cases that matched between 50% and 83%.
percent of matches: (RF; o s matches to RFsp)/(mapped RF; o s categories).

Response strength and the proportion of responses were not considered. RF location categories are similar to size categories in (A), but include individual digit repre-
sentations for specificity within cases (see Supplementary Fig. S12). C. Receptive field sizes (from A) are summarized into the categories for each brain area to com-

pare overall responsiveness in each area by DCL and recovery time. The median per:
be reduced compared with other cases, but this was not reflected in S2/PV and are:
across cortical areas.

spinal cord after longer times of recovery (8-9 months), large-
scale reorganizations usually occurred. Neurons in the affected
hand regions in areas 3b, 1, and S2/PV became responsive to
touch on the face and forelimb. The results of our comparisons
between areas 3b and S2/PV after DCL in squirrel monkeys
agree, in large part, with those of Tandon et al. (2009) in
macaque monkeys with DCL. The large-scale reorganizations in
somatosensory area 3b have been repeatedly reported in New

cent of GR in area 3b from cases with long-term (nearly) complete DCL tended to
a 1. The median percent of WR tends to increase after long-term complete DCL

World and Old World monkeys after DCL (Jain et al. 1997, 1998,
2008) and in other sensory loss models. After a more extensive
sensory loss produced by long-standing transections of the dor-
sal roots of the spinal cord that deprived the entire hand, fore-
limb, and shoulder, the entire hand-arm region of area 3b was
activated by touch on face (Pons et al. 1991). Similarly, when
Tandon et al. (2009) mapped areas 3b and S2/PV after long-term
(>1 year) nearly complete DCLs in macaques, expansions of the
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face representation into the expected hand territories were
extensive in all cortical areas.

Interestingly, we did not find extensive expansions of face
inputs into the affected hand region in areas 3b, 1, and S2/PV
when the DCL were incomplete, or at slightly lower levels in
the spinal cord so that inputs from the entire arm and shoulder
survived the cuts. Since the main subdivision of the brainstem
cuneate nucleus (rotunda) representing the hand of monkeys is
encapsulated by the neurons representing the forelimb
(Florence et al. 1989, 1991; Xu and Wall 1999), we suggest that
these surviving inputs from the forelimb, along with those
from the hand and digits prevent “face invasions” from the tri-
geminal system into the affected hand pathway. The post-
lesion sprouting of these surviving inputs could activate
deprived neurons in the cuneate nucleus, thereby preventing
the reactivation by inputs from the face.

Reactivation Patterns of Areas S2/PV Resemble those of
Areas 3band 1

One of the advantages of the present study is that we were able
to perform quantitative analyses across different somatosensory
areas within each monkey, and compare across monkeys with
different conditions including the lesion extent and recovery
time because of the relatively large sample size. Considering the
neural responsiveness in areas 3b, 1, and S2/PV quantitatively,
the lesion completeness tended to have more influence over
responsiveness than the recovery time. Overall, we found that
the lesion extent can exert different influences on different
areas of somatosensory cortex. The proportion of responding
neurons classified as weakly responsive to touch on hand in the
deprived parts of areas 3b and 1 significantly increased with the
lesion severity. In contrast, this effect of the lesion extent on
neuronal responsiveness was less pronounced in areas S2/PV.
Yet, comparisons of response patterns across areas 3b, 1, and
S2/PV within the same monkeys revealed that the reactivation
patterns in the primary and higher-order somatosensory cortex
were strikingly similar despite the differences between monkeys
in the lesion extent and recovery times.

In the cases with less extensive incomplete DCL, we found
that hand regions in areas 3b, 1, and S2/PV were highly respon-
sive, with more normal somatotopy and RF sizes. This favor-
able reactivation pattern was found particularly with shorter
recovery times for areas 3b and 1, while in S2/PV the properties
after longer recovery times tended to be as good as or better
than those after intermediate recovery times. In the cases that
had more severe lesions, long recovery times, and intensive
behavioral training, larger-scale reorganizations were found in
those areas. In monkeys with the nearly complete DCL and
intermediate times of recovery, neurons in the deprived hand
regions of areas 3b, 1, and S2/PV were not completely silent,
but were less responsive to touch or taps on the hand com-
pared with the monkeys with incomplete lesions. Another indi-
cation of the similarities between these somatosensory areas is
that the presence of neurons with single digit RFs in areas S2/
PV was usually concurrent with the presence of neurons with
single digit RFs in area 3b. The similarities in the reactivation
patterns between areas 3b, 1, and S2/PV in the present study
support the functional importance of serial processing of
somatosensory information in monkeys.

The issue of how tactile information is processed serially
and in parallel from the thalamus to primary and higher-order
somatosensory areas in primates is complicated, and remains
a matter of debate (see Iwamura 1998; commentary “Revisiting

parallel and serial processing in the somatosensory system”
from Garraghty in Dijkerman and de Haan 2007). Extensive con-
nectivity studies demonstrated that higher-order somatosen-
sory areas 1, S2, and PV receive strong, topographic inputs from
area 3b (Friedman et al. 1980, 1986; Pons, Wall, et al. 1987; Pons
et al. 1992; Burton and Fabri 1995; Krubitzer et al. 1995; Qi et al.
2002; Disbrow et al. 2003; Coq et al. 2004; Liao et al. 2013;
Ashaber et al. 2014). Also, cortical lesion studies showed that
ablations of the hand regions in somatosensory areas 3b, 1, and
2 of macaque monkeys initially eliminated tactile neuronal
responses in S2 (Pons, Garraghty et al. 1987; Pons et al. 1988,
1992; Burton et al. 1990). Garraghty, Florence et al. also found
that, “ablations of specific parts of the hand representations in
areas 3a and 3b immediately deactivated the corresponding
part of the hand representation in area 1” (1990), and ablations
of areas 3a and 3b, immediately deactivated corresponding
parts of PV (Garraghty, Pons, et al. 1990). However, Garraghty
et al. (1991) also found that immediately after ablations of the
forelimb region of the primary somatosensory area in prosim-
ian primates and tree shrews, all parts of S2 remained highly
responsive to cutaneous stimuli, suggesting a parallel proces-
sing of somatosensory information in these two species. Taken
together, the anatomical and physiological findings support the
hypothesis that the primary somatosensory cortex (S1), possi-
bly area 3b, is the major driving source for cutaneous activation
in area 1 and S2/PV in most anthropoid primates.

However, these higher-order areas not only receive direct
inputs from the primary somatosensory cortex area 3b, but
also from the thalamus, which could be an alternative source
of cortical activation. Area 1, like area 3b, receives substantial
thalamocortical inputs from neurons in the ventroposterior
nucleus (VP) that primarily convey the tactile information
(Jones and Powell 1970; Jones et al. 1979; Burton 1984), and
these connections could independently activate area 1. S2, on
the other hand, is innervated heavily by the inputs from the
VPI and the posterior thalamus (Friedman and Murray 1986;
Krubitzer and Kaas 1990, 1992; Qi et al. 2002), but sparsely from
VP neurons that have comparable functional characteristics
with those projecting to the area 3b (Krubitzer and Kaas 1992;
Zhang et al. 2001; Qi et al. 2002; Wu and Kaas 2003). Since VPI
and the posterior regions of the thalamus are parts of the spi-
nothalamic system (e.g., Apkarian and Hodge 1989; Stevens
et al. 1993; Stepniewska et al. 2003), these connections could
send information about noxious stimuli, temperature, and
touch to the S2 region (e.g., Craig 2006; Dum et al. 2009; for
review see Craig 2002). Furthermore, Zhang and colleagues
found that in marmosets, reversible inactivation of either S1
(Rowe et al. 1996) or S2 (Zhang et al. 1996) did not show strong
impact on the magnitude of evoked potentials in the other
area, similar to their findings in cats (Turman et al. 1992, 1995;
Rowe et al. 1996). These results support a parallel network for
tactile information in which S1 and S2 are hierarchically
equivalent in most mammals studied, including at least some
primate species.

Although results from the present study cannot directly
explain how tactile information is processed in a serial or par-
allel fashion in squirrel monkeys, our observations that the
reactivation patterns of area 1 and S2/PV resembled that of
area 3b strongly suggested that the higher-order somatosen-
sory areas likely depend on area 3b for cutaneous reactivation
after DCL. However, we also found that some S2/PV hand neu-
rons responded more strongly to tactile stimulation than those
in area 3b. Previous studies have shown that areas S2/PV
receive inputs from multiple cortical areas such as areas 3a,
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3b, 1, 2, and motor cortex (Friedman et al. 1980; Friedman and
Murray 1986; Cusick et al. 1989), and from several thalamic
nuclei including the VPI nucleus, anterior pulvinar, and poste-
rior nucleus of thalamus (Burton and Carlson 1986; Friedman
and Murray 1986; Krubitzer and Kaas 1992; Qi et al. 2002),
which are not directly affected by the DCL. Therefore, we spec-
ulate that the stronger responses observed in S2/PV are due to
the convergence of subcortical and cortical projections to S2/
PV that modulate the driving projections from areas 3b and 1.
Alternatively, the convergence of several weak inputs from
areas 3b and 1 on S2/PV neurons could produce stronger
responses.

Does Intensive Training Affect Cortical Reorganization
after DCL?

Considerable evidence supports the overall conclusion that
behavioral experience and activity-dependent plasticity are
critical for restoring functions after losses including nerve cut
(e.g., Florence et al. 2000), stroke (e.g., Nudo et al. 1996; Xerri
et al. 1996; see Dobkin 2007 for review), dorsal rhizotomy
(Darian-Smith and Ciferri 2005), and SCI (see Buonomano and
Merzenich 1998; Jones 2000; Tetzlaff et al. 2009; Fouad and
Tetzlaff 2012; Sofroniew 2018 for review). Our observations and
quantitative analysis support the idea that hand use training
promotes activity-dependent changes in behaviorally relevant
ways (see Taub et al. 2006; Allred et al. 2014 for review).

For two cases matched by (nearly) complete DCL and long-
term recovery (8-9 months), intensive training (SM-J) was asso-
ciated with more responsiveness to touch or taps on the digits
and hand in areas 3b and S2/PV than in the monkey without
intervention (SM-W). In cases with incomplete DCL and inten-
sive training, somatosensory areas underwent large-scale reor-
ganization, such that spared inputs from the digits, hand, and
forelimb expanded into deprived hand territories; and the
responsiveness to touch or taps on hand and forelimb was
much higher than that of monkeys without intensive training
(regardless of recovery time). For instance, in monkey SM-Y,
the representations of digits 1 and 2 were abnormally large in
areas 3b and 1, and scattered digit 1 representations were pres-
ent medially in the expected territories of deprived digits 4 and
5. We attribute this plasticity to the intense behavioral training
that required coordination of all digits and palm, forelimb, hin-
dlimb and trunk, although the reach-to-grasp task did not spe-
cifically reinforce the use of digit 1. Overall, these changes in
neural reactivation in the deprived cortex were associated with
behavioral recoveries of hand use in a reach-to-grasp task (Qi
et al. 2013). However, if the lesion was complete and at a higher
cervical level where the inputs from the entire hand and part of
forelimb were below the lesion, training alone was not effective
in restoring normal somatotopy and responsiveness. The per-
sistent deficits in functional recovery are most likely due to a
more complete loss of primary and secondary sensory inputs
from the hand.

As training alone is not sufficient for full recoveries in
patients after severe SCI, appropriate combinations of different
types of interventions including biological and pharmacological
treatments, and ES (all applied at optimized timings) may pro-
duce substantial improvement of anatomical and functional
recovery (e.g., Courtine et al. 2009; Garcia-Alias et al. 2009;
Schnell et al. 2011; Graziano et al. 2013; Weishaupt et al. 2013;
Zhao and Fawcett 2013; see Rossignol et al. 2007; Kaas et al.
2008; Houle and Cote 2013; Reed et al. 2016 for review).

Does electrocutaneous stimulation to the digits affect
cortical reorganization after DCL?

Notable experimental and clinical studies indicate that sensori-
motor ES plays a role in restoring function after spinal cord
injury (SCI) and stroke. Since the 1960s, ES in the form of func-
tional electrical stimulation (FES) has been used as a therapeu-
tic application for patients with SCI to improve muscle activity
to support and facilitate recoveries in standing, walking, hand
grasping, and other body functions due to injuries (Barbeau
et al. 2002; Donovan 2011; Rejc et al. 2017). FES uses safe levels
of electrical current to activate the damaged or disabled neuro-
muscular system in a coordinated manner in order to restore
lost functions. ES in the forms of somatosensory electrical
stimulation (SES) has been also reported in patients with
stroke. Wu et al. (2006) found that somatosensory stimulation
applied to a paretic limb can improve performance of a func-
tional test in patients with chronic stroke. This result supports
the notion that SES in combination with training protocols may
enhance the effects from neurorehabilitative treatments (see
Kakulas 2004; Dobkin 2007; Hamid and Hayek 2008; Ragnarsson
2008; Edgerton and Harkema 2011; Veldman et al. 2014 for
review). Although ES is widely used in clinical practice in
patients with SCI and stroke, the mechanisms of how ES affects
functional recovery at anatomical, physiological, and molecular
levels are not fully understood. Our results provide preliminary
insight that in monkeys that experienced ES, areas S2/PV
tended to be more responsive to touch on the digits, have smal-
ler RFs, and conformed more to normal somatotopic patterns.
The effects of ES on the proportions of responsive and small
RFs was supported by statistical analysis for areas S2/PV, but
not for areas 3b and 1.

The underlying mechanisms of these observations remain
unclear. The electrocutaneous stimulation activates not only
the cutaneous afferents from digits via the dorsal columns and
lateral funiculus in the spinal cord (Liao et al. 2015, 2018), but
also pain and other sensations via the spinothalamic pathway
(see Price and Mayer 1974; Kenshalo et al. 2000; Craig 2006;
McGlone et al. 2014 for review). Because the spinothalamic
pathway was not cut by the DCL, the ES may particularly
strengthen this pathway, along with any other spared spinal
cord afferents. The spinothalamic tract projects to several tha-
lamic nuclei with different functional roles, including to the
ventroposterior inferior (VPI) nucleus, and sparsely to the ven-
troposterior nucleus, both of which project to area 3b and other
areas. However, the thalamic targets of the spinothalamic pro-
jections appear to terminate mainly in insular cortex, as well as
areas S2 and PV and cingulate cortex, but only sparsely in areas
3b and 1 (Dum et al. 2009).

We conclude that after unilateral sensory loss due to DCL,
both primary and higher-order somatosensory areas are par-
tially or nearly fully reactivated over weeks to months of recov-
ery. Across a wide range of lesion extents and recovery times,
the reactivation patterns of higher-order somatosensory areas
1 and S2/PV closely reflect the reactivation patterns of area 3b,
with some exceptions. The occasional stronger responses seen
in deprived and recovered hand regions in S2 and PV may
reflect convergence of inputs from other cortical areas, such as
3b and 1, along with parallel inputs from the VPI of the thala-
mus. In addition, task-related use of the impaired hand or elec-
trocutaneous stimulation of the digits can promote recoveries
of function and cortical properties in higher-order areas S2/PV,
likely through the effects of activity-dependent plasticity on
small numbers of surviving sensory inputs. Determining
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whether painful levels of electrocutaneous stimulation are nec-
essary to improve responsiveness in S2/PV, and whether such
activation improves sensation, localization, and tactile object
recognition are important considerations for use as a clinical
intervention. Promising recoveries in subjects undergoing dif-
ferent types of ES combined with intensive task performance
(rehabilitation) for spinal cord injury (e.g., Angeli et al. 2018;
Inanici et al. 2018) indicate that mechanistic level knowledge is
the next step forward for readily implemented treatment after
injuries.

Supplementary Material

Supplementary material is available at Cerebral Cortex online.
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